[bookmark: _GoBack]Scientific Bases for Assessment, Prevention, and Management of Biostimulatory Impacts in California Wadeable Streams


Prepared for: 
The California Environmental Protection Agency
State Water Resources Control Board
(Agreement Number 07-110-250)




By 
Martha Sutula, Raphael Mazor, Susanna Theroux, [OTHERS]
Southern California Coastal Water Research





September 2018




DRAFT

SCCWRP Technical Report #1048



[bookmark: _Toc526505101]Executive Summary
The State Water Board staff is proposing to adopt a statewide water quality objective for Biostimulatory Substances and a program to implement it, as an amendment to the ISWEBE Plan.  Phase I will establish the consistent conceptual foundation and approach supporting the interpretation of the narrative biostimulatory objective, applicable to all surface waters and establish numeric guidance for wadeable streams.  As a part of this amendment, the State Water Board intends to establish an Implementation Plan to protect Biointegrity, which provides the conceptual basis for the protection of aquatic life–related beneficial uses and implementation guidance specifically for wadeable streams. This document provides a synthesis of science supporting the development of numeric guidance to protect wadeable streams from eutrophication by 1) providing general conceptual models of risk pathways by which nutrient pollution and eutrophication can impair beneficial uses in wadeable streams, 2) providing a review of eutrophication indicators that can serve as the basis for assessing beneficial use protection status and 3) summarizing available science supporting the selection of numeric targets to protect waterbodies against biostimulatory impacts.  Three key findings of this work are summarized below. 

1. A large body of research provides a solid foundation for linking biostimulatory impacts to impairment of beneficial uses in aquatic ecosystems. Over four decades of scientific research in eutrophication of wadeable streams provides sound scientific basis to develop conceptual models linking biostimulatory substances and conditions to eutrophication responses and their impacts on beneficial uses on California wadeable streams. 
Most Important Risk Pathways Associated with Impairment of Sensitive Uses by Nutrient Pollution and Eutrophication. Aquatic life -related uses, ALU, are grouped to include: COLD, WARM, MIGR, RARE, and SPWN beneficial uses. Birds, amphibian and terrestrial wildlife are represented under WILD, MIGR, and RARE. Poor water quality can be linked to human or aquatic/wildlife uses.
	Use
	Altered Aquatic Life
	Toxin Contaminated or Low Yield Fisheries
	Poor Taste and Odor
	Poor Aesthetics
	Impeded Water Intake
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2. Several response indicators are recommended for use in eutrophication assessment, based on 1) a strong linkage to beneficial uses, 2) robust signal: noise in assessing eutrophication, 3) well vetted SOP with accepted practices for interpretation and 4) can establish the mechanistic linkage between the response indicator and biostimulatory substances and conditions via empirical or dynamic simulation models. These indicators, along with data on biostimulatory substances (TN and TP) and other biostimulatory drivers can be used provide a robust assessment of eutrophication. 
Summary of wadeable streams biostimulatory indicators recommended for use in wadeable streams biostimulatory assessment. Absence from list does not imply that other indicators cannot be used, based on expert judgment. Beneficial use (BU) type refers to major pathway of impact to aquatic life (AL) related uses or to human (H) uses. 
	 Indicator
	Designation
	BU Type
	Routinely Use in SWAMP?

	Organic matter accumulation
	
	
	

	Benthic algal biomass (benthic chl-a) 
	Primary
	AL, H
	Y

	Water column biomass (water column chl-a)
	Primary
	AL, H
	

	Benthic or floating macroalgal percent cover 
	Supporting
	H
	Y

	Benthic AFDM 
	Primary
	AL
	Y

	Water column or benthic chemistry
	
	
	

	Continuous DO and pH
	Primary
	AL
	

	DO Diel range
	Primary
	AL
	

	GPP
	Supporting
	AL
	

	Dissolved organic carbon, trihalomethane
	Supporting
	H
	

	Aquatic Community Structure
	
	
	

	Benthic algal community composition (ASCI)
	Supporting
	AL
	Y

	BMI community composition (CSCI)
	Supporting
	AL
	Y

	Harmful Algal Bloom 
	
	
	

	Benthic cyanoHAB toxin
	Supporting
	H, AL
	

	Benthic cyanoHAB cell density
	Supporting
	H, AL
	Y

	Particulate cyanoHAB toxin
	Primary
	H
	

	
	Supporting
	 AL
	

	Particulate cyanoHAB cell density
	Supporting
	H, AL
	

	CyanoHAB toxin concentration in tissue
	Primary
	H
	

	
	Supporting
	AL
	

	SPATT toxin concentration
	Supporting
	H, AL
	

	Causal (Biostimulatory Substances and Conditions)
	
	
	

	Nitrogen, phosphorus and organic matter
	Primary
	AL, H
	Y

	Hydromodification, physical habitat, light, temp.
	Supporting
	H, AL
	Y



3. A review of studies conducted in California and elsewhere produced a range of biostimulatory thresholds that can serve as the basis for Water Board staff decisions on numeric guidance. These thresholds are based the following relationships (indicators for available thresholds shown in bold) on impacts to aquatic life related uses:
· ↑ TN, TN, Benthic Chl-a, and AFDM ↓ Algal, BMI Community Integrity
· ↑ TN, TN, Sestonic Chl-a ↓ Algal, BMI, Fish Community Integrity
· ↓ DO ↓ Fish and Invertebrate Physiological and Lethal Impacts, BMI Community Integrity
· ↑ pH Range ↓ Fish and Invertebrate Physiological and Lethal Impacts
· ↑ TN, TN, Benthic Chl-a↑ DO Diel Variability ↓ Fish, Algal, BMI Community Integrity
· ↑ TN TP, Sestonic Chl-a ↑ Cyanotoxins ↑ Fish, Algal, BMI, Wildlife Physiological/Lethal Impacts
And to human uses:
· ↑ TN TP Sestonic Chl-a ↑ Cyanotoxins ↓ Drinking Water Source Quality, REC1, Food Safety
· ↑ Macroalgal % Cover, Benthic Chl-a ↓ REC2
· ↑ DOC and Trihalomethanes↓ Drinking Water Source Quality↑ Water Treatment Cost
The numeric values of those thresholds depend on pathway of impact, risk tolerance, aquatic life or human use protection endpoints and source data. DO and pH objectives are found in each of the Regional Board basin plans; while CCHAB and the State Water Board staff are coordinating guidance for cyanoHAB cell density and toxin concentrations. We defer to that group for the basis of guidance. Among the strongest evidence are thresholds derived from protection endpoints for bioassessment indices for benthic macroinvertebrate (BMI; California Stream Condition Index -CSCI) and algae (algal stream condition index-ASCI), summarized for a selected confidence level, in the table below.  
Range of TN, TP thresholds, Benthic Chl-a, AFDM associated with protection of CSCI and ASCI_H at a relative probability of 90% confidence, at varying levels of percentile of reference, from 30th to 1st. compared to reference distribution and taxon-specific changepoints for eutrophication factors. 
	Benchmark
	Total N
	Total P
	Chl-a
	AFDM

	Derived thresholds- CSCI
	
	
	
	

	Eutrophication threshold for Ref30
	0.34
	0.024
	14
	12

	Eutrophication threshold for Ref10
	0.59
	0.104
	28
	20

	Eutrophication threshold for Ref01
	1.95
	0.401
	65
	37

	Derived thresholds- ASCI
	
	
	
	

	Eutrophication threshold for Ref30
	0.13
	0.026
	24
	17

	Eutrophication threshold for Ref10
	0.32
	0.080
	43
	30

	Eutrophication threshold for Ref01
	1.67
	0.394
	122
	80

	Reference distributions (n= number of reference sites

	90th percentile - Statewide (n=524)
	0.25
	0.058
	31
	27

	90 - Chaparral (n=76)
	0.24
	0.075
	34
	20

	90t- Central Valley (n=1)
	0.16
	0.027
	23
	13

	90t- Deserts and Modoc (n=38)
	0.51
	0.104
	46
	35

	90t- North Coast (n=106)
	0.14
	0.030
	22
	15

	90t- South Coast (n=115)
	0.31
	0.039
	34
	62

	90t- Sierra Nevada (n=164)
	0.15
	0.058
	24
	17

	Taxon-specific changepoints
	
	
	
	

	Diatom Increasers
	0.44
	0.082
	47
	18

	Diatom Decreasers
	0.38
	0.048
	11
	11

	Soft bodied algae Increasers
	0.58
	0.075
	26
	19

	Soft bodied algae Decreasers
	0.17
	0.034
	36
	15

	BMI Increasers
	0.65
	0.091
	71
	31

	BMI Decreasers
	0.65
	0.080
	31
	20



CA-derived TN and TP thresholds are comparable to literature values and state criteria, but at or below best available treatment technologies for municipal wastewater, particularly for TN. A high false positive error rate occurs with application of any single lowest (CSCI or ASCI) REF10-based thresholds to predict biointegrity; additional investigation on this is warranted, as is discussion on relevant threshold and use as multiple lines, all of which will impact false positive and negative error rates. 
Use of these thresholds or other thresholds should be informed by clear guidance on duration, frequency and seasonal considerations (wet versus dry weather, winter versus summer) and use of the indicators as multiple lines of evidence. The scientific basis for this guidance can be added as policy options become clarified.  
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1. [bookmark: _Toc526505105]Introduction and Purpose 
[bookmark: _Toc526505106]1.1	Introduction and Purpose of Document
Eutrophication is a major environmental concern in wadeable stream ecosystems worldwide (Dodds and Welch 2000, USEPA 2006), with demonstrated links between anthropogenic land use changes in the upstream watershed and adverse impacts to stream ecosystem condition and services. These impacts include restructuring of foundational algal and aquatic plant communities, resulting in high biomass of soft-bodied filamentous algae (Dodds and Biggs 2002), which generally outcompete benthic diatoms and smother habitat for invertebrates and fish. Increased autotrophic and heterotrophic production result in wide fluctuation in dissolved oxygen and chronically low DO (Dodds et al. 1998). Stream benthic macroinvertebrate (BMI) communities shift in direct response to increased nutrient enrichment and eutrophication (Jessup et al. 2015), towards an increase in pollution tolerant taxa, but lowered total BMI density and biomass. Fish-kills and lowered fishery production occur (Miltner 2010), along with increased frequency and extent of toxic harmful algal blooms, and poor water quality (Bates et al. 1989, Bates et al. 1991, Trainer et al. 2002, Carlton et al. 2009, Heiskary and Bouchard 2015). All these changes significantly impact human uses, including stream withdrawls for potable uses, direct impacts to recreational and commercial fisheries (e.g., salmonids), and impacted aesthetics due to nuisance blooms, poor odor and taste. These impacts have significant economic and social costs (Turner et al. 1998). According to the U.S. Environmental Protection Agency (USEPA), eutrophication is one of the top three leading causes of impairments of the nation’s waters (USEPA 2001, 2006). Scientifically-based state water quality objectives and tools that relate these objectives to management controls are needed to protect against adverse effects from eutrophication.
Assessment approaches and water quality goals (WQG) are needed to prevent wadeable stream eutrophication from occurring and to provide numeric targets to restore watersheds where adverse effects have occurred.  While nutrient pollution (including forms of nitrogen and phosphorus) is a leading cause of eutrophication, scientific literature has demonstrated the shortcomings of using ambient nutrient concentrations alone to diagnose this problem (Welch et al. 1989, Fevold 1998, Chetelat et al. 1999, Heiskary and Markus 2001, Dodds et al. 2002, Heiskary and Bouchard 2013). Other factors that can cause or significantly contribute to eutrophication are associated with the conversion of watersheds to developed land uses, such as hydromodification, altered water temperature, and light availability, etc. (Paerl et al. 2011).  In addition, biological response to nutrients depends on a variety of mitigating factors such as basin morphology and substrate characteristics, stream hydrology, biological community structure, grazing and seed populations. Thus, high nutrient concentrations are not an obligatory indicator of eutrophication and low concentrations do not necessarily indicate absence of eutrophication (Heiskary and Bouchard 2015).  
The California State Water Resources Control Board (State Water Board) has an alternative approach to regulating eutrophication impacts of nutrient pollution through an existing “biostimulatory” water quality narrative objective (WQO). As used here, “biostimulatory” refers to refers to substances such as nutrients (i.e., nitrogen and phosphorus) or conditions, such as altered temperature, hydrology, etc. that can cause eutrophication (Figure 1.1) and can impact beneficial uses (Table 1.1).  All California Regional Water Quality Control Boards (Regional Water Boards) have a narrative biostimulatory objective, e.g., “waters shall not contain biostimulatory substances in concentrations that promote aquatic growths to the extent that such growths cause nuisance or adversely affect beneficial uses” (Central Coast Water Board Basin Plan 1990); similar narrative language is used throughout California Water Board Basin Plans (Table 1.2). While narrative biostimulatory objective theoretically covers a wide range of environmental drivers, no consistent guidance exists to interpret this narrative objective in wadeable streams to prevent eutrophication or to guide nutrient management actions across the state. 
[image: ]
[bookmark: _Toc524109880][bookmark: _Toc526489934]Figure 1.1. Conceptual representation of biostimulatory conditions and substances that result in eutrophication.  Photo from Santa Margarita River. 

[bookmark: _Toc526489904]Table 1.1. Designated Beneficial Uses in California Surface Waters. We note that while this document does not provide specific guidance pertaining to estuarine and marine-related uses, the Water Board is charged with protecting downstream uses in selecting numeric guidance, so these uses are relevant to wadeable stream numeric guidance. 
	Agricultural supply
Areas of special biological significance
Aquaculture 
Cold Freshwater Habitat 
Freshwater Replenishment 
Groundwater Recharge 
Fish Migration 
	Hydropower Generation 
Municipal and Domestic Supply 
Navigation 
Industrial Process Supply 
Shellfish Harvesting 
Fish Spawning 
Tribal Use 
Commercial and Shell Fisheries
	Rare and Endangered Species 
Water Contact Recreation 
Noncontact Water Recreation 
Estuarine Habitat
Warm Water Habitat 
Marine Habitat 
Cultural Use 
Wildlife Habitat





[bookmark: _Toc526489905]Table 1.2. Biostimulatory objective language, from each Regional Water Board Basin Plans 
	North Coast. Waters shall not contain biostimulatory substances in concentrations that promote aquatic growths to the extent that such growths cause nuisance or adversely affect beneficial uses.

	San Francisco. Waters shall not contain biostimulatory substances in concentrations that promote aquatic growths to the extent that such growths cause nuisance or adversely affect beneficial uses. Changes in chlorophyll a and associated phytoplankton communities follow complex dynamics that are sometimes associated with a discharge of biostimulatory substances. Irregular and extreme levels of chlorophyll a or phytoplankton blooms may indicate exceedance of this objective and require investigation.

	Central Coast. Waters shall not contain biostimulatory substances in concentrations that promote aquatic growths to the extent that such growths cause nuisance or adversely affect beneficial uses.

	Los Angeles. Biostimulatory substances include excess nutrients (nitrogen and phosphorus) and other compounds that stimulate aquatic growth. In addition to being aesthetically unpleasant (causing taste, odor, or color problems), this excessive growth can also cause other water quality problems. Waters shall not contain biostimulatory substances in concentrations that promote aquatic growth to the extent that such growth causes nuisance or adversely affects beneficial uses.

	Central Valley. Water shall not contain biostimulatory substances which promote aquatic growths in concentrations that cause nuisance or adversely affect beneficial uses.

	Lahontan. Waters shall not contain biostimulatory substances in concentrations that promote aquatic growths to the extent that such growths cause nuisance or adversely affect the water for beneficial uses.

	Colorado. Waters shall not contain biostimulatory substances in concentrations that promote aquatic growths to the extent that such growths cause nuisance or adversely affect beneficial uses. Nitrate and phosphate limitations will be placed on industrial discharges to New and Alamo Rivers and irrigation basins on a case-by-case basis, taking into consideration the beneficial uses of these streams.

	Santa Ana. Excessive growth of algae and/or other aquatic plants can degrade water quality. Algal blooms sometimes occur naturally, but they are often the result of excess nutrients (i.e., nitrogen, phosphorous) from waste discharges or nonpoint sources. These blooms can lead to problems with tastes, odors, color, and increased turbidity and can depress the dissolved oxygen content of the water, leading to fish kills. Floating algal scum and algal mats are also an aesthetically unpleasant nuisance. Waste discharges shall not contribute to excessive algal growth in inland surface receiving waters.

	San Diego. Excessive growth of algae and/or other aquatic plants can degrade water quality. Algal blooms sometimes occur naturally; however, they are often the result of waste discharges or nonpoint source pollutants. Algal blooms depress the dissolved oxygen content of water and can result in fish kills. Algal blooms can also lead to problems with taste, odors, color, and increased turbidity. Floating algal scum and algal mats are also an aesthetically unpleasant nuisance. This general condition is known as eutrophication. Concentrations of nitrogen and phosphorus, by themselves or in combination with other nutrients, shall be maintained at levels below those which stimulate algae and emergent plant growth. Threshold total phosphorus (P) concentrations shall not exceed 0.05 milligrams per liter (mg/L) in any stream at the point where it enters any standing body of water, nor 0.025 mg/L in any standing body of water. A desired goal to prevent plant nuisance in streams and other flowing waters appears to be 0.1 mg/L total P. These values are not to be exceeded more than 10% of the time unless studies of the specific water body in question clearly show that water quality objective changes are permissible, and changes are approved by the Regional Board. Analogous threshold values have not been set for nitrogen compounds; however, natural ratios of nitrogen to phosphorus are to be determined by surveillance and monitoring and upheld. If data are lacking, a ratio of N: P = 10:1, on a weight to weight basis shall be used.



To address this issue, the State Water Board is proposing to adopt a statewide water quality objective for Biostimulatory Substances and a program to implement it, as an amendment to the Water Quality Control Plan for Inland Surface Water, Enclosed Bays and Estuaries of California (ISWEBE Plan; SWRCB 2014). Key principles for this planned policy were proposed by Water Board staff (Table 1.3). Because California is a large state and has a tremendous number and diversity of waterbodies, staff proposes that numeric biostimulatory guidance will be adopted in three phases.  Phase I will establish the consistent conceptual foundation and approach supporting the interpretation of the narrative biostimulatory objective, applicable to all inland, enclosed bays, and estuarine waterbodies, and establish numeric guidance for wadeable streams.  As a part of this amendment, the State Water Board intends to establish an Implementation Plan to protect Biointegrity, which provides the conceptual basis for the protection of aquatic life–related beneficial uses and numeric guidance specifically for wadeable streams. For this document, wadeable streams are defined as follows:
	Rivers and streams are the freshwater wetlands and deepwater habitats contained within a channel with a linear path of flow and ocean derived salinities of <0.5 ppt.  Rivers and streams are further classified into wadeable and non-wadeable streams.  Wadeable streams, creeks and small rivers are thus called because they are shallow enough to be sampled using methods that involve wading into the water. They typically include waters classified as 1st through 4th order in the Strahler Stream Order classification system (based on the number of tributaries upstream), but some large rivers greater than the 5th Strahler Stream order can be wadeable, particularly if they have intermittent flow. This classification into wadeable and non-wadeable is useful because it generally points to the types of response indicators that are applicable in each type of riverine environments and because numeric guidance developed based on wadeable stream bioassessment monitoring.  We note that some response indicators typical of non-wadeable streams can be of use in wadeable rivers, and visa-versa. Thus, this is meant to serve as a general guide, rather than a hard and fast rule.  
[bookmark: _Toc422997697][bookmark: _Toc524109866]The purpose of this document is to provide a synthesis of science supporting the development of numeric guidance to protect wadeable streams from eutrophication.  It has three aims. First, it provides general conceptual models of risk pathways by which nutrient pollution and eutrophication can impair beneficial uses in wadeable streams. Second, it provides a review of eutrophication indicators that can serve as the basis for assessing beneficial use protection status. Third, it summarizes available science supporting the selection of numeric targets to protect waterbodies against biostimulatory impacts.  
This document builds off the organizing assumptions and scientific principles, summarized in Sutula (2018), which provide an overarching approach to the assessment of biostimulatory impacts in California waterbodies (Table 1.4).These principles are derived by two decades or more of technical and policy discussions on approach to nutrient objectives (nutrient numeric endpoint or NNE; Tetra Tech 2006) that frame the Water Board staff preferred policy approach to addressing eutrophication (SWRCB 2014) and their current focus on biostimulatory objectives. They are also supported by more than a decade of experience in implementing and honing these principles through several TMDLs. These organizing assumptions and scientific principles are meant to provide a clear context and technical foundation for, but not to supercede, State Water Board policy decisions on biostimulatory objectives. 

[bookmark: _Toc526489906]Table 1.3. The State Water Board established five guiding principles which frame the regulatory approach for the Biostimulatory-Biointegrity Project and provide important context for the science required to support policy options under consideration (State Water Board Biointegrity Work Plan 2010; State Water Board Nutrient Control Plan 2014; State Water Board Focus Group Outreach Document, 2016). 
	The State should develop objectives that address nutrient pollution and biostimulatory conditions (Figure 1.1). Environmental variables such as hydrology, etc. can modify ecosystem response to nutrients. Anthropogenic activities that alter these environmental variables can be biostimulatory, even under low-nutrient conditions. Therefore, the Biostimulatory Substances Amendment should address both nutrient pollution and biostimulatory conditions.

	The State should develop narrative nutrient objectives with numeric guidance. The Biostimulatory Substances Amendment could include: a statewide numeric objective or a statewide narrative objective (with a numeric translator), and various regulatory control options for point and non-point sources including a watershed management approach. The numeric objective or numeric guidance is hereto referred as numeric guidance for simplicity.

	Numeric guidance should have a strong linkage to beneficial use. Eutrophication results in adverse ecological responses in a water body. These ecological responses are directly linked to beneficial uses. The State Water Board is considering the option that the Biostimulatory Substances Amendment may consist of a set of numeric endpoints for these ecological response indicators and numeric targets for nutrients.

	The State should have numeric guidance for all water body types. The State Water Board intends to develop numeric guidance that translates the narrative objective for all water body types.

	There should be statewide consistency with eco–regional flexibility. Statewide consistency is important for equity among stakeholders; however, the State has many different ecosystems, each of which has varying biological characteristics. Therefore, a defensible statewide program must accommodate the unique qualities of each ecoregion. 



 It is important to note that, in addition to nutrient enrichment and eutrophication, California’s complete suite of nutrient-related policies also addresses toxicity of certain forms of nitrogen, including toxicity of ammonia nitrogen to aquatic life and human health risks associated with elevated concentrations of nitrate and nitrite nitrogen in drinking water.  The policy related to ammonia toxicity is not being updated at this time and nitrogen toxicity is not addressed further in this document.  It is noted that the toxic levels for drinking water for all forms of inorganic nitrogen are generally greater than concentrations that are considered stimulatory or even saturating for plant and algal growth, and thus do not of themselves provide protection against adverse effects of nutrient enrichment.    



[bookmark: _Toc526489907]Table 1.4. Key organizing assumptions and scientific principles supporting the biostimulatory policy (see explanation on each principle summarized from Sutula 2018). 
	1. “Biostimulatory drivers” are defined as substances such as nutrients (i.e., nitrogen and phosphorus and associated organic matter) or conditions, such as altered physical habitat, temperature, hydrology, etc. that can cause eutrophication.

	2. Assessment of biostimulatory impacts is based on the diagnosis of eutrophication and its consequences (e.g., poor odors and taste, cyanotoxins); inclusion of causal nutrients or other biostimulatory drivers are part of a comprehensive causal assessment and risk prevention approach.

	3. Biostimulatory impacts to beneficial uses will be assessed through an assessment framework developed for each waterbody type, with indicators that represent lines of evidence.

	4. Assessment of biostimulatory impacts should consider evidence for impacts to both human and wildlife (aquatic and terrestrial) related beneficial uses.

	5. Statewide indices of biological integrity can be used as assessment endpoints from which to derive ranges of biostimulatory targets that are protective of aquatic life related beneficial uses.

	6. To address total “biostimulatory” potential, thresholds should be based on total nutrients (as opposed to dissolved inorganic form) and for both nitrogen and phosphorus, as opposed to just controlling what is considered the limiting nutrient on-site (either nitrogen or phosphorus).

	7. Eutrophication symptoms may be caused by biostimulatory drivers far-field from the waterbody, and thus assessment of biostimulatory impacts should take a watershed-wide approach. 

	8. Biostimulatory conditions can be a focal point of development of watershed-specific numeric targets and adaptive management strategies.

	9. Implementation options to address biostimulatory conditions and substances should recognize the complexity of these drivers and how they can vary spatially and temporally from watershed to watershed and among certain waterbodies.

	10. Generic conceptual models of biostimulatory impacts to waterbodies, presented here, should be refined to illustrate key hypotheses for how biostimulatory substances and conditions are linked to eutrophication symptoms and their relationship to designated waterbody uses. 



[bookmark: _Toc526505107]1.2	Document Organization
The document is organized as follows:
Section 1: Introduction, Purpose, Policy Context, and Organization of Document, Important Definitions
Section 2: Biostimulatory Conceptual Models and Candidate Indicators for Wadeable Streams
Section 3: Summary of Science Supporting Selection of Numeric Targets in Wadeable Streams
  
[bookmark: _Toc291474557]
2. [bookmark: _Toc526505108][bookmark: _Toc261867228][bookmark: _Toc290373919]Conceptual Models and Indicators to Assess Biostimulatory Impacts in Wadeable Streams 
[bookmark: _Toc526505109][bookmark: _Toc290373924]2.1	Conceptual Models of Eutrophication in Wadeable Streams 
A simple generic conceptual model of wadeable stream ecological response to eutrophication can be described (Figure 2.1, Sutula 2018). 
Wadeable streams, in their natural and undisturbed state, feature low biomass and low productivity, but high diversity of a mosaic of primary producers (Paul et al. 2018), including benthic diatoms, soft-bodied algae (e.g., macroalgae), submerged and emergent aquatic vegetation, and cyanobacteria, with a high percentage of pollution intolerant or rare taxa. The good water clarity typically provides strong light penetration to the bottom, enhancing benthic over planktonic primary producers. In oligotrophic and mesotrophic streams (Dodds 2007), dissolved organic nutrients dominate the nutrient pool, which are conserved and recycled through the activity of heterotrophic microbes (bacteria, archaea and fungi; Findlay 2010).  The diversity of habitats and food sources, with low ranges of natural stressors (nutrient forms, DO, pH, cyanotoxins), provide the basis for a complex matrix of community of primary producers, primary consumers (herbivores) and predators. 
With watershed development, a series of factors change the range of natural variation in nutrients, light, temperature, and substrate (Hynes 1970, Cushing and Allan 2001, Delong and Brusven 1992, Miltner and Rankin 1998). Nutrient inputs are increased, changing the concentrations and ratios of nitrogen, phosphorus and silica, as well as micronutrients and trace elements and increasing the percentage of bioavailable nitrate, ammonium and phosphate relative to dissolved organic forms. Loss of floodplain habitat and riparian corridors increases light availability and increases temperature, a condition that is heightened as streams are armored to optimize the channel for flood control. Watershed development also reduced to changes in the flow and sedimentation, including increased retention time, decreased scour, and changes in substrate (including increased embeddedness of cobbles and pebbles with fine grained sediments). In some landscapes, turbidity increases, decreasing light penetration to the bottom. Invasive organisms can proliferate, in some cases reducing pressure from grazers that can exert a top down control on primary producer biomass.
The increased biostimulatory substances and conditions (nutrients and alterations in environmental factors) can result in: 
1) Changes to aquatic autotrophs (primary producers) and heterotrophs, 
2) Altered physical habitat, water and sediment biogeochemistry, and 
3) Altered community structure of secondary (invertebrates) and tertiary consumers (fish, birds, mammals). 
This cascade of effects has a direct effect on the ecosystem services and beneficial uses that wadeable streams provide (Table 2.1), including: 
· Reduced habitat for and direct impacts to aquatic life (including WARM, COLD, WILD) 
· Reduced protection of biodiversity including rare, threatened and endangered species and migratory and spawning habitat (RARE, SPWN, MIGR) 
· Declines in productivity of commercial and recreational fisheries (SHELL, COMM, AQUA).
· Poor visual aesthetics and increased odors (REC2)
· Maintenance of good water quality (MUN, REC1, COMM, AQUA, SHELL) 

[bookmark: _Toc526489908]Table 2.1. Most Important Risk Pathways Associated with Impairment of Sensitive Uses by Nutrient Pollution and Eutrophication. Aquatic life -related uses, ALU, are grouped to include: COLD, WARM, MIGR, RARE, and SPWN beneficial uses. Birds, amphibian and terrestrial wildlife are represented under WILD, MIGR, and RARE. Poor water quality can be linked to human or aquatic/wildlife uses. 
	Use
	Altered Aquatic Life
	Contaminated or Low Yield Fisheries
	Poor Taste and Odor
	Poor Aesthetics
	Impeded Water Intake
	Poor Water Quality

	ALU
	X
	
	
	
	
	X

	MIGR/WILD/RARE
	X
	X
	X
	
	
	X

	COMM/SHELL/AQUA
	X
	X
	
	
	
	X

	TRIB/CULT
	X
	X
	X
	X
	X
	X

	MUN
	
	
	X
	
	X
	X

	IND
	
	
	
	
	X
	

	REC-1
	
	
	X
	
	
	X

	REC-2
	X
	X
	X
	X
	
	X



Note: This table attempts to highlight the major stressor-response factors associated with a specific beneficial use.  Additional stressor-response relationships may also affect use support but are judged to be less likely as a primary cause of impairment of that use.  

The changes that occur along the eutrophication gradient are described in detail below, with specific eutrophication indicators and measures linked to pathways of impairment (Table 2.2). 


[image: ]
[bookmark: _Ref346203085][bookmark: _Toc346280385][bookmark: _Toc422997692][bookmark: _Toc524109882][bookmark: _Toc526489935]Figure 2.1. Example of simplified conceptual model for pathways in which nutrients and other biostimulatory conditions result in adverse ecosystem responses, which impact ecosystem services and impair beneficial uses in waterbodies
[bookmark: _Ref346217661][bookmark: _Ref326835201][bookmark: _Ref68599761][bookmark: _Toc422997699][bookmark: _Toc524109868]
[bookmark: _Toc526489909][bookmark: _Toc422997700] Table 2.2.  Linkage of eutrophication impairment pathways to specific measures of organic matter accumulation, altered benthic and water column chemistry and harmful algal blooms and associated toxins in wadeable streams. 

	Response Indicator
	Altered Aquatic Life
	Contaminated or Low Yield Fisheries
	Poor Taste and Odor
	Poor Aesthetics
	Impeded Water Intake
	Poor Water Quality

	Organic Matter Accumulation

	Benthic and/or Planktonic Algal Biomass (as chl-a) 
	X
	X
	X
	X
	X
	X

	Benthic or floating macroalgal percent cover 
	X
	X
	X
	X
	X
	X

	Benthic or planktonic AFDM, or organic C, N, P 
	X
	X
	X
	X
	X
	X

	Aquatic macrophytes: biomass, shoot height, density 
	X
	
	
	
	X
	X

	Aquatic macrophyte percent cover
	X
	
	
	X
	X
	

	Water Column or Benthic Chemistry

	Continuous DO and pH; Diel range
	X
	X
	
	
	
	X

	Water column biological or sediment oxygen demand 
	X
	X
	
	
	
	X

	Gross Primary Production or Trophic State
	X
	X
	
	X
	
	X

	Dissolved organic carbon, trihalomethane
	
	X
	
	
	
	X

	Aquatic Community Measures

	Planktonic or benthic algal community composition
	X
	X
	
	
	
	

	Benthic macroinvertebrate community composition
	X
	X
	
	
	
	

	Harmful Algal Bloom

	Benthic CyanoHAB cell density and toxin
	X
	X
	X
	X
	
	X

	Particulate CyanoHAB cell density and toxin
	X
	X
	X
	X
	
	X

	CyanoHAB toxin concentration in tissue
	X
	X
	X
	
	
	X

	SPATT Toxin concentration
	X
	X
	
	
	
	X
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[bookmark: _Toc526505110]2.1.1 Changes in Autotrophic (Primary Producers) and Heterotrophic Communities
The primary producer community in wadeable streams directly responses to these changes by 1) increasing accumulated biomass of algae (diatoms and soft-bodied algae), aquatic plants, and toxigenic cyanobacteria; high biomass species such as filamentous algae, which form attached and floating mats, sometimes up to several meters in length, can dominate biomass and shade out other species, such a diatoms, which form periphytic mats on substrate underneath (Figure 2.2, left panel, Dodds and Gudder 1992; Fetscher et al. 2016) and 2) decreasing diversity of algal species composition, favoring pollution tolerant species to the exclusion of the sensitive taxa (Stevenson 1996, Pan et al. 1996, Stevenson and Smol 2001). and aquatic plants (e.g. Vitousek et al. 1997, Nijboer and Verdonschot 2004, Allan 2004, Heiskary and Bouchard 2016), 3) favoring the proliferation of toxigenic cyanobacteria, though naturally occurring in streams (Fetscher et al. 2016), which constitute both poor food quality as well as a potential risk to human and aquatic life from exposure to cyanotoxins, and 4) in some cases, such as ag-dominated streams where high turbidity prevents light from reach bottom, the dominant algae shift from benthic forms to phytoplankton (Sand-Jenson et al. 2000).
	[image: ]
	[image: ]


[bookmark: _Toc526489936]Figure 2.2. Examples of (left panel) attached and floating filamentous algal mats and (right panel) detrital organic matter in the Santa Margarita River (from Sutula et al. 2018). 
Along this gradient of increased nutrient availability and organic matter accumulation, biomass of heterotrophic microbes (bacteria, archaea, and fungi) also increases (Olapade and Leff 2005, Davis et al. 2010, Suberkropp et al. 2010), which contributes to enhanced decomposition in the benthic boundary layer.  This microbial secondary production converts organic matter (including dissolved) into new bacterial biomass, which can be ingested and assimilated by macroconsumers (e.g., Wiegner et al. 2005, Findlay 2010). Less is understood about the changes in bacterial diversity along the eutrophication gradient and application of microbial metabarcoding to stream bioassessment is still in its infancy.
[bookmark: _Toc526505111]2.1.2. Changes to Physical Habitat, Water and Benthic Chemistry
Physical Habitat. Increased biomass of autotrophs (primary producer) and heterotrophs in wadeable streams has multiple impacts. High biomass blooms can cause a dampening of streams velocity, reducing reoxygenation at the surface or inducing water column stratification (with supersaturated conditions at the surface and anoxic conditions at depth or within the mat; Dodds and Biggs 2002), and sedimentation or smothering of stream substrates. Scour of high algal biomass upstream can be deposited throughout the stream drainage network, depositing fine-grained detrital organic matter and fundamentally altering habitat for benthic invertebrates and spawning fish (Figure 2.2, right panel, Welch et al. 1989, Chessman et al. 1992, Hawkins et al 1982).  
[image: ]Dissolved Oxygen and pH. The accumulation of algal and microbial biomass exerts a strong effect on stream chemistry.  Labile carbon sources associated with photosynthesis and respiration cause large diel DO and pH swings; labile carbon sources from dead algae and microbial biomass accelerate decomposition (Gray et al. 2002), leading to decreased oxygen concentrations in the water column and sediments, as the biological oxygen consumption exceeds the oxygen supply (Cloern 2001, Meyer-Reil and Koster 2000, Harper 1992; Mallin et al. 2006, Dodds 2007).
[bookmark: _Toc526489937]Figure 2.3 Diel swings in DO and pH associated with high algal and heterotrophic biomass in Fallbrook Creek, Santa Margarita River watershed. A late season rain event on May 7th scoured algae from this site, thus dampening the effect on the amplitude the diel swing. From Sutula and Shultz (2018).  

In the absence of oxygen, microbes use alternative electron acceptors (nitrate, manganese, iron, sulfate, and carbon dioxide) to oxidize organic material, resulting in release of hydrogen sulfide (in freshwater systems, found in marine shales) and/or ammonium, both of which are toxic to many aquatic organisms (Meyer-Reil and Koster 2000, Eyre and Ferguson 2002, Harper 1992). Anaerobic decomposition also increases release of phosphate from the sediments, potentially exacerbating conditions of nutrient enrichment (Harper 1992).
Gross Primary Production, Ecosystem Metabolism, and Trophic State. Dodds (2007) defined eutrophication in lotic habitats as an increase in factors that leads to greater whole-system heterotrophic or autotrophic metabolism. Stream ecosystem metabolism (EM) is comprised of both gross primary production (GPP), which essentially represents photosynthesis by aquatic autotrophs, and ecosystem respiration (ER), which comprises organic matter breakdown by both autotrophs and heterotrophs. Stream EM is an integrative measure of stream structure and function and a fundamental indicator of nutrient and organic matter cycling (William-son et al. 2008; Izagirre et al. 2008). Because carbon cycling drives other nutrient cycles and provides a food-web base via autotrophic production and processing of allochthonous materials (Findlay 2016), factors that control rates of stream metabolism will probably regulate other properties such as nutrient process rates and secondary production (Meyer et al. 2007). Thus, trophic state is strongly linked to the biological condition gradient (Jackson and Davies 2006), which underpins the integrity of aquatic life, the maintenance of efficient in-stream denitrification (Alexander et al. 2008), and respiration of organic matter, all of which are ecosystem services, with related beneficial uses. 
Freshwater HAB Toxins. Toxin exposure from both planktonic and benthic cyanobacterial blooms poses a significant risk to humans and their pets and lifestock, aquatic life and wildlife (Anderson-Abbs et al. 2016). In recent years, harmful algae blooms from cyanobacteria (CyanoHABs), and associated cyanotoxins, have gained national attention due to increases in the frequency and severity of blooms, and their impacts on drinking water sources, on bivalves and recreational fisheries, causing concerns of bioaccumulation to aquatic and human food chains. Cyanobacterial harmful algal blooms (CyanoHABs) are composed of genera that produce a number of toxins (Table 2.2).  Health effects on humans are generally well documented. For example, anatoxins and saxitoxins are neurotoxic. Anatoxin-a at sufficient doses produces paralysis, asphyxiation, and death. Saxitoxins are the causative agents in human paralytic shellfish poisoning. Microcystins are a family of at least 80 congeners that are primarily hepatotoxic. Cylindrospermopsin primarily targets the liver, but also affect the kidney, spleen, thymus, and heart via inhibition of protein synthesis. All cyanobacteria produce lipopolysaccharides (LPS) in their cell walls (Chorus and Bantram 1999); dermal contact with LPS can cause skin rashes. Another common metabolite of cyanoHAB blooms is α-amino-β-methylaminoproprionic acid (BMAA), has been implicated in increased risk of neurodegenerative diseases (e.g., amyotrophic lateral sclerosis and Parkinson’s disease in human epidemiological studies; Chiu et al. 2011, Kisby et al. 2011) following chronic exposure (Dunlop et al. 2013). 
Most cyanobacteria produce several different types of toxins, except for nodularin which is only produced by Nodularia spumigena. Anabaena species, including flos-aquae/ lemmermannii/ circinalis, may be the most toxically versatile of all the cyanobacteria as they can produce all the toxins, including BMAA, microcystins, cylindrospermopsin, anatoxin-a, anatoxin-a(S) and saxitoxins, save nodularin (Table 2.2). Nodularin is only produced by Nodularia spumigena. Another versatile toxin producer is Aphanizomenon flos-aquae which produces BMAA, cylindrospermopsin, anatoxin-a and saxitoxins (Table 2.2).  Planktothrix also produces four different toxins including BMAA, microcystins, anatoxin-a and saxitoxins. The cyanobacteria Cylindrospermopsis raciborskii from whence cylindrospermopsin was originally isolated also produces saxitoxins (Table 2.2). Benthic cyanobacteria are also versatile when it comes to toxin production. For example, Oscillatoria limosa can produce microcystins as well as anatoxin-a while Lyngbya wollei can produce saxitoxins and dermatotoxins (Table 2.2). 
[bookmark: _Toc414425008][bookmark: _Toc425913522][bookmark: _Toc426399072]Table 1.3. Toxins produced by cyanobacteria. Based on data from Cox et al. 2005, Sivonen and Borner 2008, Cheung et al. 2013. From Berg and Sutula (2015)
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There are several well-documented problem areas in California that have been monitored through either assessment studies or water quality monitoring programs. Some of the areas with recurrent toxic cyanobacteria blooms include the Klamath River watershed (including Copco and Iron Gate Reservoirs), Clear Lake, Pinto Lake, lower Sacramento and San Joaquin Rivers and Delta, Lake Elsinore and several East San Francisco Bay Area lakes. The Klamath River and Pinto Lake have been placed on the State’s 303d list due to impairment caused by cyanotoxins. In the Klamath River Watershed, high cell densities of Microcystis aeruginosa and high concentrations of its toxin, microcystin, have been observed since 2004 (Kann 2004; Jacoby and Kann 2007; Fetcho 2007; Moisander et al. 2009). Microcystis aeruginosa cells and microcystin have been documented in mussels (bivalves) and fish tissue collected from the river (Kann 2008). Concern with impact to recreational uses has caused the State to agree on voluntary listing guidance for cyanoHABs (Table 2.5, OEHHA 2012) and to undertake an annual pre-4th of July and Labor Day recreational lakes assessment to assess safe-to-swim. Wadeable stream habitats that are downstream of affected lakes pose a risk to human, aquatic life and wildlife uses. 
Freshwater HABs and associated toxins can impact freshwater, estuarine and marine aquatic and wildlife uses and are not just an issue with lentic waterbodies. Recent statewide assessment surveys of wadeable streams found that benthic cyanobacteria and related cyanotoxins are widely present, suggesting that these streams can be a significant cyanotoxin source to receiving waters (Fetscher et al. 2015). In statewide studies conducted from 2007 through 2013, samples were collected from more than 1,200 wadeable stream reaches. Analysis revealed a high occurrence of potentially toxic benthic cyanobacteria taxa, and detection of microcystins in one-third of reaches and 34% of stream kilometers. Detected toxins included lyngbyatoxin, saxitoxins, anatoxin-a, and microcystins (Fetscher et al. 2015). Additionally, the State Water Quality Control Board’s Surface Water Ambient Monitoring Program (SWAMP) has measured cyanotoxins in sediment at the bottom of major watersheds in most of the sampling sites. The mortality of over 30 endangered California Sea Otters (Enhydra lutris) in Monterey Bay was determined to be due to microcystin intoxication, with ingestion of contaminated marine bivalves suggested as a primary mechanism (Miller et al. 2010). Pinto Lake, a eutrophic lake that experiences frequent cyanobacteria blooms and drains to Monterey Bay via the Pajaro River, was identified as the primary source of the toxin (Miller et al. 2010; Kudela 2011). Microcystin-laden water from the Pajaro River, and other tributaries to the Bay, flows to the coast where the toxin is biomagnified by bivalves, and ultimately consumed by otters (Miller et al. 2010). In tank studies, microcystins have been shown to bioaccumulate in commercially and recreationally-harvested invertebrates such as Pacific oysters (Crassostrea gigas) and mussels (Mytilus edulis) (Miller et al. 2010). Microcystins were shown to be present and persistent in most of the coastal watersheds that flow to the Monterey Bay National Marine Sanctuary from a 3-year time-series survey (Gibble and Kudela 2014); nutrient loading was determined to be a significant predictor of microcystin concentrations in the watersheds (Gibble and Kudela 2014). These studies have shown cyanotoxins to have far reaching effects downstream of their origin and have promoted cyanotoxins from predominantly a freshwater issue to a land-sea interface problem (Howard et al. in prep).
Dissolved Organic Carbon and Trihalomethanes. Trihalomethanes (THMs) are byproducts of drinking water treatment that result from the chlorination or bromination of certain dissolved organic carbon (DOC) compounds.  THMs include several known and suspected carcinogens, creating concern for drinking water safety.  Algal metabolites and decomposition products present in raw water are candidates for THM production (USEPA 2000b, Nigel et al. 1998, Plummer and Edzwald 2001).  USEPA (2003) suggests a maximum contaminant level of 0.080 mg/L total THM at any point in the water distribution system.  Higher levels of TOC also increase the amount and costs of disinfectants required to achieve disinfection goals.
The DOC content of natural waters can be increased by algal production; however, in most cases, the total DOC supply is dominated by loading of organic compounds from the watershed.  It is unlikely that response endpoints for nutrients would be defined solely in terms of DOC or specific THM precursors.  However, information from water treatment system operators on acceptable levels of algae and DOC in raw water consistent with meeting THM guidelines is an important input to the determination of nutrient-associated impairment of MUN water uses.  
[bookmark: _Toc526505112]2.1.3 Changes to Primary and Secondary Consumers
Algae and aquatics plants are consumed by primary consumers (herbivores) or after they die, the organic matter is added to the detrital cycle and either decomposed by decomposers (bacteria and fungi) or ingested by detritivores. Secondary consumers (predators; benthic invertebrates, fish, amphibians) rely on these energy sources from primary consumers. These consumers form the basis of the wadeable stream food webs and are fundamental to aquatic life related uses. Examples include benthic and pelagic invertebrates, fish, amphibians, birds and mammals that depend on the riparian habitat for food and refuge. Here we focus on benthic macroinvertebrates (BMI) and fish, especially salmonids, because of linkage to key beneficial uses associated with aquatic life protection (Mazor et al. 2016, San Diego Regional Board Proposed Bioobjectives Policy; www.waterboards.ca.gov/sandiego/water_issues/programs/basin_plan/bio_objectives/) and ecosystem services (e.g., COMM). 
Wadeable stream benthic macroinvertebrate (BMI) and fish communities respond to physical habitat (flow and scouring velocities, substrate particle size, and relief, lithology, diversity of primary producers, and presence of organic matter and woody debris), all of which determine the diversity of microhabitats available for invertebrate colonization (Harper 1992, Malmqvist 2002, Wallace and Webster 1996, Hawkins et al. 1982, Cushing and Allan 2001, Mainstone and Parr 2002) and spawning. Physiochemical parameters such as water temperature, light, dissolved oxygen, pH, cyanotoxins et al. and toxic metabolites (ammonium, etc.) also influence community structure (Voshell 2002, Harper 1992, Cushing and Allan 2001). Other biological factors are controls on food supply, such as composition of autotrophic and heterotrophic communities, as well as competition and predation (Harper 1992, Wallace and Webster 1996, Hawkins et al. 1982). These responses are species-, genus- or functional group specific; these specific responses can be used in a diagnostic mode to identify if the biostimulatory drivers are related to direct impacts of e.g., nutrient, temperature, DO or pH, and/or to indirect pathways of organic matter accumulation and the impacts on habitat and food supply. 
All these physical and chemical gradients become increasingly altered as eutrophication progresses in wadeable streams, modifying the physical and chemical habitat (as described above) outside the range of tolerance of sensitive taxa and altering the balance of functional feeding groups that rely on a diversity of organic matter sources or predation (Figure 2.4; Wallace and Webster 1996). In invertebrates, the net outcome is a decline in the diversity and abundance of organisms, with a shift away from “clean water taxa” and grazers to favor scrapers and detritivores (e.g., Oligochaeta, Lumbriculidae; Miltner and Rankin 1998, Chambers et al. 2006). Fish communities respond typically with a reduction in diversity and domination by pollution tolerant species (Heiskary and Bouchard 2016). Both fish and BMI respond to lower DO by reducing metabolism, resulting in decreased growth and lower predation efficiency (Wannamaker and Rice 2000, Harper 1992). In addition, the production and release of ammonium and sulfide during hypoxic conditions may adversely affect reproduction and survival (Gray et al. 2002, Miltner and Rankin 1998, Hickey et al. 1999).  High pH levels can be toxic to fish and other organisms. High pH levels damage fish gills, eyes, and skin, and affect fish reproduction. High pH levels also increase the toxicity of some substances, such as ammonia. Low DO can also inhibit larval settlement (Baker and Mann 1992). The effects of cyanoHAB toxins on aquatic life, wildlife and domestic animals are generally not well-studied; a State Water Board review and data gaps analysis is in progress and should inform future sponsored research (Mehinto et al. in prep). 
[bookmark: _Toc526505113]2.1.4 Linkage of Wadeable Stream Eutrophication to Impaired Uses
Cumulatively, these impacts to algal, BMI and fish result in direct impacts to aquatic life, including impaired warm water (WARM) and Coldwater fisheries (COLD), as well as spawning (SPAWN) and migratory (MIGR) habitat for salmonids. Amphibians, mammals and birds depend on wadeable stream for forage, refuge and water. Altered trophic structure, low food quality or bioaccumulation of toxins in fish and invertebrates can directly impact these wildlife (WILD), including rare or threatened and endangered (RARE), and migratory species (MIGR). 

[image: ]
[bookmark: _Toc526489938]Figure 2.4  Examples of pathways of adverse impacts of eutrophication on consumers, incuding benthic invertebrates and fish. 

Wadeable stream eutrophication is responsible for direct impacts to human water resources and recreational uses. Several distinct pathways exist through which these impacts can occur (Nixon 1995, Paerl et al. 2011). First, human uses are impacted by poor aesthetics (REC2) that result from visual scums, high biomass blooms, and odor that can result from decaying algal or bacterial biomass (Suplee et al. 2012) as well as diminished ecotourism potential from reduced biodiversity (WARM, COLD, RARE, WILD, MIGR, SPAWN).  Second, impacts to recreational and commercial uses (WARM, COLD, COMM, AQUA, SHELL) occur from the reduced abundance and biodiversity of aquatic and terrestrial wildlife (e.g., salmonids, crabs, bivalves, sportsfish) and from harmful algal blooms. Third, primary contact recreation (REC1) is directly impacted through the exposure of harmful algal blooms toxins from swimming, fishing, boating (including via aerosolized pathways) and from proliferation of pathogenic bacteria. Fourth, reduced quality of drinking water sources occurs from high HAB toxins, DOC, and production of chlorinated trihalomethanes (MUN), which poses significant costs to water purveyors to remove to assure safe drinking water for the public. 
[image: ]

[bookmark: _Toc526489939]Figure 2.5  Examples of pathways of adverse impacts of eutrophication on human uses, including water supply and water resources and recreational uses. 

[bookmark: _Toc526505114]2.2. Evaluation of Candidate Eutrophication Indicators 
[bookmark: _Toc526505115][bookmark: _Toc294244970]2.2.1 Criteria for Selection of Candidate Eutrophication Indicators
The following criteria were used in the reviews of existing science to evaluate the utility of each indicator for use in a wadeable stream eutrophication assessment framework. 
Indicators Should:
· Have a clear link to beneficial uses 
· Must be able to show a trend either towards increasing or/and decreasing eutrophication with an acceptable signal: noise ratio
· Have a predictive relationship with causal factors such as nutrients and biostimulatory drivers, modeled empirically (as a statistical relationship or mechanistically through tools such as a simple dynamic simulation models) 
· Have a scientifically sound and practical measurement process, with available SOP 
· Have a scientific basis for a numeric target
It would be beneficial if indicators also:
· Were easy to understand to a non-technical audience (unambiguous)
· Is currently in routine use in statewide ambient monitoring programs
· Were adaptable for use at a range of spatial scales

[bookmark: _Toc526489910][bookmark: _Hlk524332851]Table 2.3.  Evaluation of wadeable stream eutrophication response measures vis-à-vis evaluation criteria. Asterisk (*) denotes applicability to eutrophication diagnosis at the metric level. Number represents strength of measure for each evaluation criterion, from 3 = best to 1= worst, while no number indicates no basis. Y= used in SWAMP or PSA assessments. H= human uses (REC1, MUN); AL = Aquatic life uses (WARM, COLD, WILD, RARE, SPAWN, MIGR)
	Biostimulatory Indicator
	Linkage to BU
	BU Type
	Robust Signal: Noise
	Cost Effective 
	In Routine Use
	SWAMP or PSA?
	Model to Biostimulatory Drivers?
	Basis for Numeric Target?

	Organic Matter Accumulation

	Benthic and/or planktonic algal biomass (benthic chl-a, water column chl-a) 
	3
	AL
	3
	3
	3
	Y
	3
	3

	Benthic or floating macroalgal percent cover 
	3
	AL, H
	1
	3
	3
	Y
	1
	AL= 1, H = 3

	Benthic or planktonic AFDM, or organic C, N, P 
	3
	AL
	3
	3
	3
	Y
	3
	3

	Aquatic macrophytes: biomass, shoot height, density 
	2
	AL
	
	1
	1
	
	1
	

	Aquatic macrophyte percent cover
	1
	AL
	
	3
	3
	Y
	1
	

	Water and Benthic Chemistry

	Continuous DO and pH; Diel range
	3
	AL
	3
	2
	3
	
	3
	3

	Water column or sediment oxygen demand
	1
	AL
	1
	1
	1
	
	3
	

	Ecosystem metabolism and trophic state
	2
	AL
	2
	1
	1
	
	3
	

	Dissolved organic carbon, trihalomethane
	3
	H
	3
	3
	3
	
	3
	1

	Aquatic Community Measures

	Planktonic or benthic algal community composition
	3
	AL
	3 *
	3
	3
	Y
	2
	3

	Benthic macroinvertebrate community composition
	3
	AL
	3*
	3
	3
	Y
	2
	3

	Harmful Algal Blooms

	Benthic cyanoHAB cell density and toxin
	3
	H, AL
	2
	3
	3
	Y
	2
	1

	Particulate cyanoHAB cell density and toxin
	3
	H, AL
	3
	3
	3
	Y
	2
	3

	CyanoHAB toxin concentration in tissue
	3
	H, AL
	3
	3
	3
	
	2
	3

	SPATT toxin concentration
	2
	H, AL
	3
	3
	2
	
	1
	1



[bookmark: _Toc526505116]2.2.2 Evaluation of Algal Abundance, Aquatic Plants, and Organic Matter Accumulation Indicators
Algae, aquatic plants, and associated detrital organic matter are ubiquitous and essential components of all stream ecosystems (Stevenson 2014; Stevenson and Smol 2003, Findlay 2016), provide numerous ecosystem services and have a direct relationship to many beneficial uses designated by the State of California (see Section 2.1.2). They are the primary energy source for many stream food webs, fixing carbon from the atmosphere through photosynthesis, which is then transmitted through the web via consumer pathways, the primary mechanism for support of WARM and COLD water beneficial uses, and thus by association other aquatic life uses (RARE, SPWN, MIGR, COMM, AQUA, SHELL). They are represented by a vast range of different species, growth forms, and life histories. They strongly regulate nutrient uptake and sequestration and the oxygenation of the water column. Perturbation of the natural stream primary producer community can result in the impairment of one or more of these essential functions. Commercially and recreationally (COMM) important fisheries species have a life-history stage that is dependent on balanced algal and aquatic plant communities in wadeable streams, including several species of salmonids. The biomass and community composition of algae, aquatic plants, and associated detrital organic matter can influence the population structure and growth rates of invertebrates and fish and in supporting terrestrial migratory birds and threatened and endangered amphibians and riparian dependent mammals, thus linking to WILD, MIGR and RARE beneficial uses. 
In wadeable streams with good light penetration to the stream bottom, most organic matter accumulation will be expressed as benthic or periphytic mats are found on a variety of different stream substrates (e.g., sand, pebbles, cobble, and boulders). In turbid streams or in deep pools, sestonic algae (phytoplankton) may dominate. The most commonly used of these biomass indicators are benthic or sestonic chlorophyll a (benthic chl-a or water column chl-a), ash-free dry mass (AFDM) or carbon, nitrogen and phosphorus content (Ruttenberg and Goñi 1997), algal biovolume (Barbour et al. 1999, USEPA 2000), or macroalgal percent cover (Fetscher et al. 2009, 2014). Benthic chl-a is a measure of one of the photosynthetic pigments found in algae and has a long history of application for estimating algal biomass in aquatic systems (USEPA 2000). ADFM or particulate organic carbon, nitrogen or phosphorus gives the organic matter or elemental weight of all algal and non-algal components in the system (e.g.  leaf litter and other non-algal detritus, microbes, small invertebrates, etc.) and is thus useful as a total measure of organic matter accumulation. Though AFDM is more commonly used (Fetscher et al. 2009), CHN is a more precise measure of organic carbon and nitrogen content that provides more information on the source of organic matter (terrestrial carbon with highly lignified, nitrogen-poor carbon content, or algal and microbial carbon with highly labile nitrogen-rich carbon sources; Ruttenberg and Goñi 1997).  Biovolume is often used to estimate algal biomass (Barbour et al. 1999). For this estimate, the approximate dimensions of living cells are taken using microscopy and geometric equations used to estimate the volumetric mass of organic matter. Biomass can be estimated using published cell volume to biomass conversions. Percent cover of algae (diatoms, soft-bodied macroalgae) and vascular aquatic vegetation is routinely estimated via visual estimates using a point-intercept method based on 11 transects within a 150 m reach in the California multihabitat sampling protocol (Fetscher et al. 2009). Percent cover of vascular aquatic vegetation is estimated with algae in the Fetscher et al. 2009 protocol, but biomass is not routinely sampled in wadeable stream rapid bioassessments. In deepwater channels, such as in the San Joaquin and Sacramento Rivers, floating and submerged aquatic vegetation may be a more useful indicator of eutrophication, with direct impacts to navigation and water intakes via clogging (Boyer and Sutula 2016). 
[image: ]Few rivers algal communities are dominated by true phytoplankton, largely because the residence time is generally short, and phytoplankton are “washed out” before they can develop (Wehr and Descy 1998).  Other limitations include the general lack of stratification combined with turbidity which may lead to suspended algae spending less time in ideal light conditions than true lentic phytoplankton.  Nevertheless, large, low gradient streams may develop a large biomass of true phytoplankton, at least for part of the year (lower flow) in part of the channel (slower moving, higher residence time segments), in parts that are managed (above dams), or in ag- or timber- dominated areas with high suspended solids loads that prevent light from reaching the bottom (Figure 2.6).  Distinguishing true phytoplankton from tychoplankton (suspended benthic algae) is not possible using only chlorophyll a, but pathways of impact to aquatic life and human uses are similar (see conceptual models above).  Therefore, sestonic (water column) chl-a is a reasonable measure of algal biomass or organic matter accumulation, analogous to benthic chl-a, that is applicable to some California wadeable streams. Use of in situ continuous instruments such as data loggers that measure chlorophyll-a fluorescence are practical for use over extended periods, but their outputs must always be tied back to discrete chl-a in water column samples for the results to be interpretable. 
[bookmark: _Toc526489940]Figure 2.6 Sestonic, phytoplankton blooms in an ag-dominated channel of Central Coast. Photo credit: NRCS.usda.gov

Overall, algae and organic matter have a long history of use as ecological indicators, with a strong signal: noise ratio in the assessment of eutrophication (Section 2.1.2, Figure 2.6) and benthic and sestonic algal and organic matter indicators readily meet the evaluation criteria for consideration as a line of evidence of eutrophication. (Stevenson 2014; Stevenson et al. 2010; Stevenson and Smol 2003). They can be feasibly measured are easily sampled and processed using a wide variety of cost-effective methods, most notably in California wadeable streams with a well-established and state adopted protocol (Fetscher et al. 2009). Lastly, algal measurements are readily interpreted by scientists, policy makers, and the public (USEPA 2000), with strong evidence of benthic chl-a, AFDM, and percent cover thresholds that can support decisions on numeric targets (Mazor et al. 2016, Fetscher et al. 2014, Supplee et al. 2009), based on a robust statewide dataset with an extensive network of reference sites (Ode et al. 2016). Evidence for sestonic algal thresholds on aquatic life cannot be derived from statewide bioassessment data because SWAMP does not undertake sampling that can provide basis for empirical stress-response modeling. However, some basis exists for suggested thresholds, based on the published studies in different regions. No basis currently exists for cover thresholds for vascular aquatic plants. 
While benthic algal chl-a and organic matter measures generally have a strong signal: noise ratio, some comparison among these measures is warranted. Benthic organic matter distribution in streams is inherently patchy and temporally variable, with precision declining rapidly in streams with algal biomass of > 50 mg/m2 chl-a (Fetscher et al. 2009). Reasons behind this include: 
1. A high degree of patchiness is common in macroalgae, which is often the primary contributor to high values of algal biomass (Sheath et al. 1986, Wehr and Sheath 2003); a higher density of sampling that is typically being assessed through the Fetscher et al. (2009) rapid assessment protocol may be needed to overcome some of the sampling error contributed by the patchiness. 
2. The chlorophyll: carbon cell content in benthic algae can vary due to genus or taxa level differences as well as physiological responses to light levels in the streams.  
3. Measures of AFDM typically at the low end of the disturbance gradient can be naturally carbon-enriched (e.g., forests with terrestrial carbon inputs; Biggs 2000a). This would render AFDM an indicator prone to false positives at the low end of the disturbance gradient, without controlling for exogenous factors or use of bioconfirmation (EPA 2013). 
4. Of all algal components, percent macroalgal cover has the best correspondence to aquatic life measures (e.g., CSCI, ASCI) but overall has a moderate to poor signal: noise ratio with aquatic life, probably because cover is not a direct measure of accumulated biomass. Both macroalgal cover and total biomass has a strong linkage to recreational use impacts (Suplee et al. 2009). The signal: noise ratio macroalgal cover may be improved with alternative approaches that better capture spatial patchiness of high biomass filamentous algae (e.g., drones). 
[bookmark: _Toc526505117]2.2.3 Algal or Benthic Macroinvertebrate Community Composition
[bookmark: _Hlk525712474]Wadeable stream biological communities reflect overall ecological integrity (i.e., chemical, physical, and biological integrity), integrate the effects of different stressors over time and thus provide a broad measure of their aggregate impact under fluctuating environmental conditions, referred to as the biological condition gradient (BCG, Figure 2.7). Biological assessment, or “bioassessment,” is a way to measure ecosystem health based on the living organisms at a given location. To achieve this, scientists examine communities of organisms such as invertebrates (e.g., insects, crustaceans), fish, algae, and plants to quantify their numbers and species. Summarized community data provides key information about the condition of aquatic ecosystems. BMI and algal bioassessment have seen widespread implementation in California water quality protection programs, including routine ambient condition assessments (e.g., SWAMP perennial stream survey (PSA), and reference condition monitoring program; RCMP, Ode et al. 2007), waterbody biointegrity impairment listings and associated regulatory actions, and routine monitoring in point source and nonpoint source discharge permits. This implementation program for stream bioassessment is supported by well-established protocols, training and quality assurance (Ode et al. 2016a, Fetscher et al. 2009), and a broad network of minimally disturbed reference sites (Ode et al. 2016b). As a result, a robust statewide bioassessment dataset exists, representing both BMI and algal assemblage and OM responses as well as a comprehensive set of eutrophication drivers (nutrients, flow, temp, etc.) with which to investigate the relationships and identify thresholds between eutrophication gradients and BMI and algal assemblage (Fetscher et al. 2014, Mazor et al. in prep). 
[bookmark: _Toc526489941][image: ]Figure 2.7 The Biological Condition Gradient (BCG) is a conceptual model that describes the changes in aquatic communities, measured by aquatic life indicators, as a function of stress (Davies and Jackson 2006; Figure 3.1). This model describes the predictable transition of biotic communities, as measured by ALU indicators, as a function of increasing stress, from pristine to slightly modified ecological condition, then moderate, and finally, very low ecological condition. These relationships can be linear or non-linear in nature; a wide variety of statistical methods have been used to model the fundamental relationships among stressors, community responses, and environmental co-factors that mediate response to stress.

State adopted bioassessment indices represent biotic integrity protection endpoints from which to derive biostimulatory targets (Paul et al. in prep). These bioassessment indices, which score the condition of aquatic life, e.g., BMI, benthic algae, fish, etc. based on the diversity and relative abundance of species, relative to the range of natural variability in minimally disturbed reference sites with comparable natural gradients, have seen  widespread global use in stream management, used in routine interpretation of stream bioassessment data, in regulatory biocriteria (Davis and Simon 1995, Council of European Communities 2000, USEPA 2002, Yoder and Barbour 2009), pollution discharge permits, stream restoration targets, and as the basis for nutrient criteria development (Paul et al. in prep).   In California, a long-term goal of the Surface Water Ambient Monitoring Program (SWAMP) bioassessment program has been to use multiple indices of ecological condition in conjunction to produce more complete assessments of stream health than provided by any single index alone. SWAMP-adopted BMI (California Stream Condition Index, CSCI) and the provisional algal bioassessment indices (Algal Stream Condition Index (ASCI) provide unequivocal management endpoints with which to protect wadeable stream aquatic life from eutrophication (Mazor et al. 2016, Theroux et al. in prep). As such, they are representative the collection of freshwater aquatic life uses (WARM, COLD, SPWN, RARE, MIGR, COMM, AQUA, SHELL). Because both CSCI and ASCI are tuned to generalized disturbance gradients, they are not specifically “diagnostic” of eutrophication (Mazor et al. 2016, Theroux et al. in prep). However, both sets of indices respond strongly to eutrophication gradients in California wadeable streams (Mazor et al. in prep).  Thus, CSCI and ASCI represent biointegrity protection endpoints with which to derive biostimulatory targets for nutrients and organic matter (Paul et al. in prep).
Beyond the use of CSCI and ASCI indices to derive biostimulatory protection endpoints, specific taxa or component metrics within each index are diagnostic of causal pathways of impacts to benthic invertebrates and algae, based on functional traits (Vreira et al. 2006, Poff et al. 2006, EPA 2012) that are either experimentally determined or based on empirical stress response relationships. Work to expand these taxa or metric-specific stress-response relationships for California specific taxa is ongoing, in tandem with work to assemble the information into a rapid causal assessment framework (D. Gillett, personal communication). This information seems appropriate to include as a supporting line of evidence to identify potential causal pathways of eutrophication (e.g., DO, organic matter enrichment, nitrogen toxicity, etc.), as new research becomes available.  
[bookmark: _Toc526505118]2.2.4 Harmful Algal Bloom Cell Density and Toxin Concentrations
Human, aquatic life and wildlife effects of cyanoHAB and associated toxins are generally well documented and the linkage to beneficial uses clear. CyanoHABs impacts human uses through significant health risks from primary contact recreation (REC1), drinking water (MUN), agricultural water supply (AG), and through consumption of contaminated fish and shell fish (COMM, AQUA, SHELL). For example, the anatoxin and saxitoxin are neurotoxic. Anatoxin-a at sufficient doses produces paralysis, asphyxiation, and death. Saxitoxins are the causative agents in human paralytic shellfish poisoning. Microcystins are a family of at least 80 congeners are primarily hepatotoxic. Cylindrospermopsin primarily targets the liver, but also affect the kidney, spleen, thymus, and heart via inhibition of protein synthesis. All cyanobacteria produce lipopolysaccharides (LPS) in their cell walls (Chorus and Bantram 1999); dermal contact with LPS can cause skin rashes. Another common metabolite of cyanoHAB blooms is α-amino-β-methylaminoproprionic acid (BMAA), has been implicated in increased risk of neurodegenerative diseases (e.g. amyotrophic lateral sclerosis and Parkinson’s disease in human epidemiological studies; Chiu et al. 2011, Kisby eta l. 2011) following chronic exposure (Dunlop et al. 2013). REC2 is impacted via reduced aesthetics from scum forming blooms and poor water clarity. CyanoHABS and toxins can impact all aquatic life and wildlife related uses (WARM, COLD, EST, MAR, SPWN, RARE, MIGR, etc.) via several different pathways reviewed in Zanchett and Oliveira-Filho (2013).
For this reason, the State Water Board has undertaken several actions to begin to formulate a comprehensive CyanoHAB monitoring and event response strategy. SOPs are now available, including guidance documents for the collection of field cyanotoxin samples (Berg et al. 2017; mywaterquality.ca.gov/habs/resources/field.html) and laboratory resources for analyses of toxin samples by LC-MS and Elisa assay. Toxins can be monitored in particulate (sestonic) or benthic algal mats (using the Fetscher et al. 2009 protocol) in fish, mammalian or shellfish tissue, or by passive sampling (solid phase absorption tracking or SPATT, Kudela 2011), which captures the dissolved fraction. Concern with statewide impact to recreational uses has caused the State to agree on voluntary listing guidance for cyanoHABs (Table 3.16, CCHAB 2016). 
CyanoHAB cell density and toxin concentration are well vetted indicator of eutrophication that meet nearly all biostimulatory evaluation criteria, depending on whether the source of toxins is benthic or sestonic. The linkage of toxic cyanoHABs to biostimulatory substances and conditions is well documented, as the global occurrence of cyanoHABs, including the benthic N2 fixing genera Lyngbya and some Oscillatoria and the non-N2 fixing genera Microcystis and Planktothrix, has prompted a great deal of research into the conditions that favor the growth of these species (Chorus and Bartram 1999; Carmichael 2008; Paerl and Huisman 2008; Hudnell 2008, 2010; O’Neill et al. 2012; Paerl et al. 2011, Paerl and Paul 2012, Berg and Sutula 2016). These conditions typically include ample supply of nutrients, calm water and stratified or low flow conditions, plenty of irradiance and warm water temperatures (Figure 2.89), the effects of which are all heightened by climate change (Paerl et al. 2016). In contrast, among the most successful strategies to mitigate blooms of cyanoHABs include reducing the supply of nutrients, followed by hydrological management, e.g. increasing the flow of water to promote mixing and destratify the water column (Table 2.10, from Paerl et al. 2016). Appropriate nutrient reductions and management of other biostimulatory factors can be modeled mechanistically to chlorophyll a (benthic or sestonic), which can be described have a risk-based relationship with cyanotoxins (Yuan et al., Sutula et al. 2016). CCHAB has published toxin evaluation guidelines are available for the protection of human health for particulate (sestonic) samples (Table 3.16), but no thresholds are available for benthic cyanotoxins, which are expressed areal rather than volumetric estimates.  Other statewide guidance is available for freshwater fish and shellfish consumption (e.g. OHHEA 2012).  Finally, SPATT as a tool has not undergone rigorous calibration and thus while SPATT concentrations can roughly approximate water column concentrations (Kudela et al. 2010), it hasn’t been cleared for regulatory application (Sutula and Senn 2016). No EPA or California state guidance exists to consider thresholds that are protective of aquatic and terrestrial wildlife.  Towards that end, Mehinto et al. (in prep) are preparing a comprehensive review of cyanoHAB aquatic toxicity effects for State Water Board staff to consider the possibility of guidance to protect aquatic life.  provide a global review of available literature on impacts to aquatic life.

[bookmark: _Toc526489911]Table. 2.6 Major CyanoHAB genera, their ability to fix N2, harmful characteristics and toxins produced, and the range of potential mitigation strategies, from Paerl at al. (2016). Notations are defined as S, some species; M, most species; *, only feasible in relatively small system; #, only in systems that exhibit vertically-stratified conditions during bloom periods; $ following environmental assessment and only if dredge spoils can be deposited outside the watershed.
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[bookmark: _Toc414344854][bookmark: _Toc425914483][bookmark: _Toc426399094][bookmark: _Toc526489942]Figure 2.8. Conceptual model of factors affecting algal blooms (including HABs) including warmer water, drought and decreased flow, decreased mixing, increased residence time, and increased N and P inputs from agricultural, industrial and urban sources. From Paerl et al. 2011.
[bookmark: _Toc526505119]2.2.5 Indicators of Water Column or Benthic Chemistry
Eutrophication exerts a strong effect on stream chemistry and water quality, which as a direct linkage to ecosystem services and beneficial uses. In this section four sets of indicators are reviewed:
· Dissolved oxygen, pH, and oxygen demand
· Gross primary production, ecosystem respiration, and trophic state
· Dissolved organic carbon and trihalomethanes

Dissolved Oxygen, pH, and Oxygen Demand. Surface water dissolved oxygen (DO) defines the living conditions for oxygen-requiring (aerobic) aquatic organisms.  DO can be expressed as a concentration (mg L-1) or as percent saturation, relative to the concentration in air. DO concentrations reflect an equilibrium between oxygen-producing processes (e.g. photosynthesis) and oxygen-consuming processes (e.g. respiration), and the rates at which DO is added and removed from the system by atmospheric exchange (aeration and degassing) and hydrodynamic processes (e.g. accrual/addition from rivers and hyporheic exchange). pH, defined as the logarithm of the hydrogen ion concentrations, is related to DO concentration through the uptake or release of CO2 during photosynthesis and respiration. 
Eutrophication produces excess organic matter that fuels the development of surface water hypoxia (i.e. surface water dissolved oxygen concentration <  2 mg DO L-1) and , in some cases, anoxia (<0.5 mg DO L-1) as that organic matter is respired (Diaz 2001). Aquatic organisms have well defined ranges of tolerance for DO and pH and thus these indicators have a strong linkage to aquatic life related beneficial uses.  The response of aquatic organisms to low DO will depend on the intensity of hypoxia, duration of exposure, and the periodicity and frequency of exposure, and US EPA has an extensive database documenting adverse effects of low DO on a variety of fish and invertebrates with respect to juvenile and adult survival, reproduction and recruitment (EPA 2003). DO oxygen minima have direct effects on BMI and fish community measures (e.g. Miltner 2010, Jessup et al. 2015).  
Similarly, surface water pH affects the normal physiological functions of aquatic organisms, including the exchange of ions with the water and respiration (Alabaster and Lloyd 1980). The acceptable range of pH to aquatic life, particularly fish, depends on numerous other factors, including prior pH acclimatization, water temperature, dissolved oxygen concentration, and the concentrations and ratios of various cations and anions that forms the basis for buffering alkalinity. pH outside of a narrow range of 5.0-9.0 is directly lethal to fish, with most waters, particularly those with healthy, diverse, and productive fish and macroinvertebrates communities having a pH between approximately 6.5 and 8.5 units (Ellis 1937; McKee and Wolf 1963; NTAC1968; NAS 1972). Large diel DO and pH swings, decreased oxygen concentrations and pH in the water column and sediments have a direct impact on certain sensitive algae, benthic invertebrates and upper level consumers (e.g. salmonids).  Supersaturated oxygen conditions can be indicative of excessive algal photosynthetic activity and can be exacerbated by rapid increases in water temperature. Total gas supersaturation can cause direct harm to fish when total dissolved gas saturation increases enough to cause “gas bubble trauma”, which can be fatal.  The condition occurs when gas bubbles, primarily nitrogen and/or oxygen, are released into the bloodstream and accumulate in the skin, eyes, and gills of fish (Weitkamp, 2008) and can be induced with oxygen supersaturation alone (Edsall and Smith 2008).  Impacts of DO and pH on sestonic and benthic organisms would thus have a direct impact on important beneficial uses, including food web support for aquatic life related uses. Poor water quality and increased heterotrophic bacterial production would adversely affect the health of recreational swimmers, sailboarders, and boaters (REC-1) and decrease aesthetic enjoyment (REC-2) through nuisance buildup and smell during decay.   
Biochemical oxygen demand (BOD) is a measure of rate of oxygen consumption. BOD is a standardized chemical procedure for determining the rate of consumption of DO by aerobic biological organisms in the water column to break down organic material present in a given water sample at certain temperature over a specific time (APHA 1998). It is a measure that has been used commonly in wastewater monitoring and it is widely used as an indicator of the organic pollution from effluent. BOD is listed as a conventional pollutant in the U.S. Clean Water Act, so BOD limitation in NPDES permits are a common practice (Claire et al 2003). BOD is a rate; high rates of BOD do not necessarily imply low oxygen, because other factors may prevent the buildup of low conditions in the water column (e.g. aeration). Therefore, while direct measures of dissolved oxygen concentrations have a clear linkage to beneficial uses, BOD is linked, but only indirectly, and must be interpreted with care for use as eutrophication measures in wadeable streams habitat. 
Overall, DO and pH have a long history of use as water quality indicators readily meet the evaluation criteria for consideration as a line of evidence of eutrophication. They can be feasibly measured are easily sampled with continuous measurements recorded at regular intervals for days to years (membrane or optical electrodes) deployed on data sondes with well-established protocols available. Peer-reviewed modeling approaches exist to model both the mean and diurnal variability of DO and pH and their response to eutrophication drivers, though modeling these conditions will typically involve dynamic simulation models rather than empirical load-response models. Successful modeling of DO requires estimates of BOD and sediment oxygen demand (DiTorro and Fitzpatrick 1993), the latter of which can be very difficult to constrain in wadeable streams. Modeling of diel variability is more strongly linked to live algae and aquatic plant biomass in situ (Tetra Tech 2006). Lastly, measurements are readily interpreted by scientists, policy makers, and the public (USEPA 2000), with existing DO and pH objectives that exist in all basin plans. 
Ecosystem Metabolism and Trophic State. Gross primary production (GPP) has been linked to decline of ecosystem health in lakes and estuaries (Nixon 1995, Carson 1997), and trophic state categories ranging from oligotrophic, mesotrophic, eutrophic and hypereutrophic have been developed to describe the large-scale effect of trophic state on the ecosystem and, for example, fisheries yield (Figure 2.9, Nixon 1995), anoxic hypolimnion and oxygenated waters (i.e., the difference between a mesotrophic and a eutrophic lake) and subsequent increases in the prevalence of cyanobacterial blooms, eutrophication- resistant animals, decreased water clarity, and taste and odor problems in lakes (Dodds 2002). 
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[bookmark: _Toc398192176][bookmark: _Toc433370087][bookmark: _Toc526489943]Figure 2.9. Comparative evaluation of fishery response to nutrients along continuum of oligotrophic, mesotrophic, eutrophic and dystrophic states of primary productivity (Nixon 1995). Although higher nutrient inputs initially increase the productivity of fisheries, ecological systems worldwide show negative effects as nutrient loading increases and hypoxic or anoxic conditions develop. Each generic curve in the lower half of the figure represents the reaction of a species guild to increasing nutrient supplies. From Diaz and Solow (1995).

In streams, Dodds (2006, 2007) defined eutrophication in lotic habitats as an increase in factors that leads to greater whole-system ecosystem metabolism (EM), comprised of GPP and total respiration (Garnier and Billen 2007). Unlike lakes and estuaries, clear delineation of trophic boundaries does not occur in rivers systems, because they have higher rates of atmospheric reoxygenation and thus anoxia is rare, so alternative methods are required for describing trophic states in stream ecosystems. While in theory, GPP and EM is an extremely useful indicator of eutrophication in wadeable streams, several factors argue against their routine and immediate use in a eutrophication assessment framework. First, while relatively standard procedures are available to measure whole-ecosystem rate of GPP and R in flowing waters (Odum, 1956; Hall, 1972; Erdman, 1979; Bott, 2006; McCutchan and Lewis, 2006; Reichert et al., 2009), including open-system single-station and two-station methods, the procedures require substantial expertise and specialized techniques, notably the correction of atmospheric reaeration, most accurately through the measurement of air-water ratios of argon gas (Honzdo et al. 2013). Second, while some seminal studies have been conducted showing the influence of light and nutrients on GPP (Lamberti &Steinman, 1997; Mulholland et al., 2001), temperature, organic matter, hydrology, and, nutrients in driving rates of ER (Mulholland et al., 2001; Sinsabaugh, 1997, 2002), and urban and agricultural development on whole system EM, relative to reference sites (Bernot et al. 2010), insufficient data are available to adequately characterize the EM response of California wadeable streams along major eutrophication gradients, given the strong influence of natural and anthropogenic factors on the expression on EM. Data are available for New Mexico wadeable streams (Jessup et al. 2015), linked to 4-hour productivity measures, with analyses of thresholds. In summary, stream GPP, respiration and net EM can provide valuable information on effects of organic matter impacts on stream ecosystem function, but because of expertise required for routine measurements, it is recommended that they used as supporting indicators, rather than primary indicators and only when available as peer-reviewed science.

DOC and Linkage to Trihalomethanes. The production of algae in surface waters is linked to high levels of dissolved organic carbon (DOC). DO poses problems for water resources for two reasons. First, trihalomethanes can be generated from drinking water treatment that result from the chlorination or bromination of DOC compounds and include known and suspected carcinogens, creating concern for drinking water safety.  Algal metabolites and decomposition products present in raw water are candidates for THM production (USEPA, 2000b; Nigel, et al., 1998; Plummer and Edzwald, 2001).  The higher the levels of TOC in source waters the greater is the cost and difficulty of meeting the removal goals.  Given the general lack of data on DOC in California wadeable streams, it is not recommended that response endpoints for nutrients would be defined solely in terms of DOC or specific THM precursors.  However, information from water treatment system operators on acceptable levels of algae and DOC in raw water consistent with meeting THM guidelines is an important input to the determination of nutrient-associated impairment of MUN water uses, which could be used as a supporting line of evidence in eutrophication assessment.  


[bookmark: _Toc524697503][bookmark: _Toc526505120]2.3 Biostimulatory Substances and Conditions
Biostimulatory drivers of eutrophication consist of nutrient pollution (including forms of nitrogen and phosphorus) and other environmental factors can cause or significantly contribute to eutrophication. Like nutrient pollution, these factors, such as hydromodification, physical habitat alteration, altered water temperature, and light availability, and grazing pressure are associated with conversion of watersheds and coastal zones to developed land uses (Figure 2.8, Cloern 2001, Paerl et al. 2011). Climatic change, specifically global warming, increased water column vertical stratification, and heightened frequency and intensity of drought and storm events can exacerbate these biostimulatory conditions, thus modulating eutrophication (Paerl et al. 2011). 
In wadeable streams, nutrients and organic matter are considered a primary line of evidence of eutrophication because: 1) both nutrients and organic matter are strongly correlated with responses in benthic macroinvertebrates (Mazor et al. in prep, Fetscher et al. 2014) and thus use of this causal indicator has a strong signal: noise ratio, 2) measures for their measurement are cost-effective with available standard operating procedures for the collection and measurement of all nutrient forms and adopted by SWAMP (Fetscher et al. 2009), 3) use as a causal indicator to assess eutrophication is scientifically well-accepted and readily interpretable, and 4) modeling approaches are readily available that can link these drivers to eutrophication responses.  Other biostimulatory drivers (flow, physical habitat alteration, temperature, light regime, etc.) meet these four criteria, but their use in a biostimulatory assessment framework is best as a supporting line of evidence, integrated into restoration and water resource management discussions at a watershed scale. 
[bookmark: _Toc526505121]2.3.1 Nutrient and Organic Matter Pollution
The nutrients nitrogen (N), phosphorus (P), and silica (Si) are elements that can be found in both natural environment and anthropogenically impacted environments in several different forms (Table 2.7). These forms can be freely dissolved or associated with organic matter, which can either be from current or legacy sources. Total nitrogen (TN) is a measure of all forms of dissolved and particulate N present in a water or sediment sample. Nitrogen exists in water both as inorganic and organic species, and in dissolved and particulate (organic matter) forms. Inorganic nitrogen is found both as oxidized species (e.g. nitrate (NO3-) and nitrite (NO2-)) and reduced species (e.g. ammonia (NH4++NH3) and nitrogen gas (N2)). DIN comprises NO2-+NO3++NH4+. Dissolved organic nitrogen (DON) is found in a wide range of complex chemical forms such as amino acids, proteins, urea and humic acids, found in both surface waters and sediment pore waters. Nitrogen is an integral component of organic compounds such as amino acids, proteins, DNA and RNA. Particulate N can be found in suspended in the water column (e.g. as phytoplankton or detrital organic matter) or in the benthos or sediments, associated with the periphyton biofilm.  In the water column, the particulate nitrogen pool consists of plants and animals, detrital organic matter, as well as ammonium adsorbed onto mineral particles. Total phosphorous (TP) is a measure of all the various forms of P (dissolved and particulate) found in water, sediment or benthic biofilm.  Dissolved P is available for primary producer uptake, and consists of inorganic orthophosphate (e.g. H2PO4-, HPO42-, PO43-) and organic phosphorus-containing compounds (DOP), found in both surface waters and sediment pore waters. Particulate P can be found in suspension or in the sediment. The particulate P pool consists of plants and animals, detrital organic matter, P in minerals and phosphate adsorbed onto iron oxyhydroxides on mineral surfaces. The adsorption and desorption of phosphate from mineral surfaces forms a buffering mechanism that regulates dissolved phosphate concentrations in rivers and estuaries. 
Some portion of the particulate N pool is subject to rapid mineralization while the particulate P pool can be desorbed from particles and is biologically available, albeit over longer timescales (Fan et al. 2017). For this reason, USEPA recommends establishing water column TN and TP targets for waterbodies, to capture the all fractions that can ultimately impact ecosystem health (Paerl et al. 2011). Measures of benthic organic matter accumulation, reviewed previously, can capture all autochthonous (produced in situ by biostimulatory drivers) and allochthonous sources, including legacy organic matter. 
[bookmark: _Toc290366318][bookmark: _Toc292101455]Two forms of nitrogen do not occur in high concentrations in the natural environment and can have significant impacts to aquatic life: ammonia and urea. Ammonia nitrogen is a common byproduct of industrial and municipal wastewater streams, fertilizers, and natural processes. It includes both the ionized form (ammonium, NH4+) and the unionized form (ammonia, NH3).  Elevated unionized ammonia (NH3) can be acutely toxic to aquatic animals and is a common cause of fish kills, because it can readily diffuse across gill membranes (Sampaio et al. 2002). Fish are more sensitive then invertebrates, but recent information suggests that some types of mussels are very sensitive to ammonia (Newton and Bartsch 2007). Environmental conditions such as pH and temperature can greatly alter the toxicity of unionized ammonia to organisms.  A list of specific types of effects is given in Table 2.8 Ionized ammonia (NH4+) does not pass as easily through gill membranes, so it is appreciably less toxic than the unionized form (Camargo and Alonso 2006). Exposure duration and frequency strongly influence the severity of effects (Milne et al. 2000). Early life stages of fish are more sensitive than juveniles or adults. Hence, effects are more likely to occur during seasons when early life stages are present.  In addition, unionized ammonia can cause toxicity to Nitrosomonas and Nitrobacter bacteria, inhibiting the nitrification process, the conversion of ammonium to nitrate. This inhibition can result in increased ammonium accumulation in the aquatic environment, intensifying the level of toxicity to bacteria and aquatic animals (Carmargo and Alonso 2006).

[bookmark: _Toc526489912]Table 2.7. Nutrient species relevant biostimulatory impacts to beneficial uses.
	Form
	Nitrogen
	Phosphorus

	Dissolved Inorganic
	Nitrate (NO3-) + nitrite (NO22-) 
	Ortho-phosphate (PO4-2) is considered freely dissolved. Measurements of phosphate are “soluble reactive phosphorus (SRP),” which includes o-phosphate plus P that is loosely adsorbed to particles. 

	
	Ammonium (NH4+; in dynamic equilibrium in natural waters with unionized or free ammonia)
	

	Dissolved Organic
	Dissolved organic nitrogen (often a large portion of total nitrogen in natural waters especially those less impacted by human activities)
	Dissolved organic phosphorus (can be a large portion of total phosphorus in natural waters unless impacted by human activities or during periods of active decomposition of organic matter (e.g. algal bloom die-off).

	Particulate
	Particulate organic nitrogen (detritus left from pieces of undecayed or partially decayed organic matter)
	Particulate organic phosphorus (associated with live or dead organic matter)

	
	Particulate inorganic nitrogen (insignificant in natural waters and usually not considered)
	Particulate inorganic phosphorus (typically associated with minerals)



Urea has been identified as a nutrient source that can be taken up by phytoplankton (Gilbert, Magnien et al. 2001; Anderson, Gilbert et al. 2002; Kudela, Lane et al. 2008).  Loadings of urea have increased in certain areas, primarily due to the increased use of urea-based fertilizers (Anderson, Gilbert et al. 2002; Gilbert, Harrison et al. 2006).  There is some evidence that certain phytoplankton species, mostly flagellates, prefer uptake of urea over other nitrogen forms and that urea can increase the toxicity of a bloom (as reviewed in (Anderson, Gilbert et al. 2002; Kudela, Lane et al. 2008).  Some of these flagellates have been identified as harmful or nuisance species (Gilbert, Magnien et al. 2001; Anderson, Gilbert et al. 2002; Gilbert, Harrison et al. 2006; Kudela, Lane et al. 2008).  Experiments using local harmful algal species (coastal California and Bay species) showed some preferential uptake of urea when ambient nutrient concentrations were low (Kudela, Lane et al. 2008).  It has also been suggested that urea may sustain harmful blooms (Gilbert, Magnien et al. 2001; Kudela, Lane et al. 2008).  In Chesapeake Bay, high urea concentrations were measured prior to a spring HAB bloom (Gilbert, Magnien et al. 2001).  The unusually high urea levels were correlated with high springtime precipitation that may have increased urea loading prior to the bloom.  However, there is some evidence that urea may have an inhibitory effect on nitrate uptake by phytoplankton (Kudela, Lane et al. 2008). Given urea use as fertilizer continues to rise, urea will likely to continue to form a greater portion of the dissolved organic nitrogen (DON) pool available for primary production (Gilbert, Harrison et al. 2006), potentially driving future blooms. 
[bookmark: _Toc290366319][bookmark: _Toc292101456][bookmark: _Toc526489913]Table 2.8. Effects of elevated ammonia in fish (from US EPA 2010).
	Effects
	Reference

	Decreased respiratory function causing hyperventilation
	Lease et al. 2003; Twitchen and Eddy 1994; IPCS 1986

	Impairment of nerve function; peripheral and central nervous system effects causing hyperexcitability
	Sampaio et al. 2002, Twitchen and Eddy 1994, IPCS 1986

	Convulsions and coma
	Twitchen and Eddy 1994; IPCS 1986

	Damage to gill epithelia causing asphyxiation, proliferation of gill tissue
	Lang et al. 1987

	Stimulation of glycolysis and suppression of Krebs cycle, causing progressive acidosis and reduction in blood oxygen-carrying capacity
	Camargo and Alonso 2007

	Uncoupling of oxidative phosphorylation, causing inhibition of ATP production and depletion of ATP in the basilar region of the brain
	Camargo and Alonso 2007, Sampaio et al. 2002

	Disruption of blood vessels and osmoregulatory activity, causing stress to the liver and kidneys
	Camargo and Alonso 2007, Sampaio et al. 2002, Bosakowski and Wagner 1994

	Repression of immune system, causing increased susceptibility to bacteria and parasitic diseases
	Camargo and Alonso 2007, Sampaio et al. 2002

	Reduction of Na+ to potentially fatally low levels
	Twitchen and Eddy 1994



At a statewide scale, the USGS SPARROW models for California (Saleh and Domagalski 2015, Domagalski and Saleh 2015) provides annual loading estimates for both nitrogen and phosphorus from mostly HUC6 watersheds (Fig 2.5) and is a starting point for watershed specific discussions of nutrient and organic matter sources.  Sources of nutrient pollution released to wadeable streams are diverse, and include agriculture, animal husbandry, aquaculture, septic tanks, urban wastewater, urban stormwater runoff, industry, and fossil fuel combustion. Nutrients enter aquatic ecosystems via the atmospheric deposition, surface water, or groundwater. Nutrients can be through current sources or legacy organic matter loading (e.g. from abandoned sewage disposal). Among regions and from watershed to watershed, there are signiﬁcant variations in the relative importance of nutrient sources and pathways that contribute to eutrophication of local and coastal waterbodies. 
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[bookmark: _ihv636]Figure 2.10.   Results from USGS SPARROW model for California.  Left panel represents delivered TN loads (from Domagalski and Saleh 2015), while right panel delivered TP loads (Saleh and Domagalski 2015). Yield is the amount of N or P per unit area of land per year. (Kg/m2/yr).
[bookmark: _Toc524697505][bookmark: _Toc526505122]2.3.2 Irradiance, Water Clarity, and Temperature
Solar radiation is of fundamental importance of all aquatic ecosystems. Irradiance is central to metabolism and photosynthesis, and thus plays an important role in the growth, diversity and density of algae and aquatic plants, as algal and aquatic plants species have an optimal range of irradiance. In addition, the absorption of thermal energy and the dissipation of heat have profound effects on thermal structure, water mass stratification, and circulation patterns.  Changes in radiant energy, e.g, from physical habitat alteration (e.g. engineered channels, removal of riparian habitat, hydromodification), natural events (fires and floods), and climate change can impact the composition and relative abundance of primary producers, which compete for light and space. As an example of this, canopy forming species of submerged macrophytes dominate in many shallow water bodies with increasing eutrophication, due to reduced scouring velocities and reduced water clarity from algal blooms that limit benthic primary producers. Cyanobacteria such as Microcystis, can grow very close to the surface by tolerating irradiance levels that are inhibitory to other members of the phytoplankton community, increasing their cell densities past the point where they would ordinarily become light-limited by self-shading (Carey et al. 2012). 
Temperature is one of the most important factors in controlling the growth rate and community composition of primary producers (Robarts and Zohary 1987, Butterwick et al. 2005, Reynolds 2006, Paerl and Huisman 2008) and prokaryotes responsible for the respiration of dead and decaying organic matter. Temperature will have profound influences in restructuring primary producer communities. For example, the difference in the optimum growth temperatures of the various phytoplankton taxa is hypothesized to become increasingly important in determining phytoplankton community composition as global temperatures continue to increase above 20°C (Lehman et al. 2005, Paerl and Huisman 2008). Reynolds (2006) suggests that in freshwater ecosystems with a mixed phytoplankton assemblage, all else being equal, cyanobacteria will be able to grow faster and outcompete other phytoplankton taxa as the temperature increases. With continued climate change and global warming, there’s an increased risk that cyanoHABs will become increasingly competitive vis-à-vis diatoms which often dominate community composition in temperate regions.
Finally, temperature controls the growth rate of all prokaryotes responsible for the respiration of dead and decaying organic matter, thus exerting a major control on oxygen demand and hypoxia as well as other key rates of nutrient transformations in the water column and in the sediments (e.g. nitrification, denitrification, sulfate reduction, etc.). 
[bookmark: _Toc524697506][bookmark: _Toc526505123]2.3.3 Hydromodification and Physical Habitat Alteration
USEPA (1993) defines hydromodification as the “alteration of the hydrologic characteristics of coastal and noncoastal waters, which in turn could cause degradation of water resources.” Hydromodification can occur through urbanization (water withdrawals, and inter-basin transfers, channelization and channel modification, construction of dams and impoundments, streambank and shoreline erosion, as well as hydrograph modification) and climate change (REFs). Net impervious surface, increases with urbanization, leading to accelerating runoff velocities and increases in base hydrological flows. Changes in climate encompass both short-term changes, such as seasonal or annual variability that can lead to conditions such as drought, and long-term changes that are being triggered by global climate change. Climate change in California will impact hydrological patterns. Preliminary studies of downscaled models indicate an increase in overall temperature in California, a shift from less snow to more rain, and an increased frequency of extreme drought and storms. Under these conditions, the magnitude and duration of hydrological flows will accelerate runoff velocities and alter base flows. Water resource management has had a tremendous impact on natural hydrological budget of all of California (Reisner 1986), through dams, flood control of streams and rivers, water withdrawls and interbasin transfers). These changes have fundamentally altered basic physical and hydrodynamic forcing of aquatic habitats, which constitute major controls on eutrophication. 
Taken together, these alterations can result in a myriad of impacts that lead to physical habitat[footnoteRef:2] alteration, modified hydrographs and hydroperiods, stratification, and altered hydraulic residence times. The ecological impacts are strongly linked to eutrophication, via pathways of altered channel substrate (including hardscaping), increased sedimentation, higher water temperature, longer residence time, reduced surface water reaeration.  The outcomes are several-fold—including but not limited to higher organic accumulation, lower dissolved oxygen, and a fundamental shift in natural biological communities, including a loss of fish and other aquatic populations. As drought-prone California increasingly focuses on development of sustainable water supplies that promote conservation, water-use efficiency, conjunctive use, wastewater recycling, groundwater remediation, and desalination, each of these actions will have consequences for nutrient pollution and eutrophication. This will likely result in circumstances in which reducing eutrophication may in direct competition with other human uses such as flood control, water recycling and reuse.  [2:  Physical habitat, as used here, typically includes aquatic macrophytes, riparian vegetation, and
woody debris measures because of their role in modifying habitat structure, light input, and providing nutrient input by way of organic material, even though they are biological measures.] 

[bookmark: _Hlk525715127]Two toolkits are emerging that may be useful in identifying pathways of hydromodification and physical habitat influence on eutrophication in California wadeable streams, particularly if employed within a watershed context. First the State is investing in the development of flow ecology tools that relate hydrologic change to responses in instream biological communities that can be used to establish management targets. Stein et al. (2017) has applied the Ecological Limits of Hydrologic Alteration (ELOHA) framework (Poff et al. 2010) to assess the effect of flow alteration on the condition of regional biological communities. The framework includes elements of stream classification, estimation of flow alteration and development of flow ecology relationships based on the response of biological communities to changes in flow. These hydrologic indicators have been developed for CSCI (Stein et al. 2018) and are under development for ASCI (E. Stein, personal communication). As tools become available statewide, it may be a useful approach for identifying whether flow alteration may be a causal factor in eutrophication. To be useful, additional work is required to identify specific hydrologic metrics that have a causal relationship with eutrophication indicators to provide a supporting line of evidence for causal pathways of impact. 
SWAMP’s physical habitat assessments, conducted as a routine part of bioassessment, collects a wealth of data that helps interpret biointegrity, including impacts from biostimulation (Ode et al. 2016). Evaluations of physical habitat data, along with data on biostimulatory substances and conditions, may determine if failure to meet biointegrity goals may be attributable to factors beyond biostimulation, such as hydromodification or direct alteration of the habitat. To support the analysis of physical habitat data, Rehn et al. (2018) have developed an Index of Physical-Habitat Integrity (IPI), which consists of five metrics:
Ev_FlowHab = evenness of flow habitat types
H_SubNat = diversity of natural substrate types 
PCT_SAFN = percent sand and fine substrate 
XCMG = riparian vegetation cover (upper canopy, mid-canopy, and groundcover)
H_AqHab = diversity of natural in-channel cover types

As with the CSCI, metrics for the IPI are scored with site-specific benchmarks that account for the diverse types of streams found in California. High IPI scores (i.e., close to 1) indicate that a stream’s habitat is similar to reference, whereas lower scores (e.g., <0.85, or the 10th percentile of reference calibration sites) indicate that habitat may be altered. These metrics have a strong relationship with the CSCI and other measures of biological condition. In addition, several habitat metrics reflect biostimulatory processes, characterizing drivers of or responses to eutrophication (e.g. percent algal cover types and macrophyte cover; poor scores for these metrics may be supporting evidence of a biostimulatory impact. For example, a decrease in riparian vegetation cover (XCMG) may show an increase in light or a decrease in riparian buffering of nutrients, both of which may promote biostimulation. Other metrics do not have a strong link to biostimulation (e.g., substrate diversity); poor scores for these metrics may be evidence of non-biostimulatory impacts to biointegrity.
Habitat drivers of and responses to biostimulation that are measured in the standard SWAMP bioassessment protocol (Ode et al. 2016) are summarized in Table 2.9 below. Selected metrics that characterize these habitat components are highlighted.

[bookmark: _Toc526489914]Table 2.9 List of physical habitat disturbance type and specific metrics that characterize that type. 
	Type
	Metrics that characterize habitat disturbance

	Increased light availability
	% canopy cover (XCDENMID)
Riparian vegetation cover (XCMG)[footnoteRef:3],[footnoteRef:4] [3:  Metric is part of the Index of Physical Habitat Integrity (IPI)]  [4:  Metric has been modeled to account for natural variability] 


	Stagnation
	Evenness of flow habitats (Ev_FlowHab)2,[footnoteRef:5] [5:  Metric has been demonstrated to be suitability for statewide assessment without modeling to account for natural variability] 

% slow water (PCT_SLOW)
Discharge (FL_Q_M)
Mean water velocity (XWV_M)

	Decreased riparian buffering
	Riparian vegetation cover (XCMG)2,3

	Increased temperature
	Mean water temperature (XWTC)



Physical habitat and hydrologic metrics are considered in this synthesis as “supporting lines,” understanding that expert judgment must provide the basis for use of specific metrics and how they could be employed within a watershed context. 
[bookmark: _Toc524697507][bookmark: _Toc526505124]2.3.4 Other Biostimulatory Factors
Additional to the above-mentioned factors, several others may influence eutrophication, including grazing by higher trophic levels (Jassby 2008, Cloern et al 2011) and exposure to toxic compounds such as herbicides and pesticides. For example, substantial variability exists in sensitivity to herbicides among cyanobacteria compared with other phytoplankton such as green algae and diatoms (Peterson et al. 1997, Lurling and Roessink 2006), potentially leading to dominance by HAB species.  Herbicides or pesticides may depress growth or consumer grazing of algae or aquatic plants on site, but blooms may form downstream once the inhibitory effects of the chemicals have dissipated. 
[bookmark: _Toc524697508][bookmark: _Toc526505125]2.3.5 Origins, Variability and Natural Background in Biostimulatory Substances and Drivers
Biostimulatory drivers can be local, regional or global in origin, with high temporal and spatial variability, and some component of natural background forcing that can contribute to eutrophication symptoms. Biostimulatory drivers can be in situ (e.g. sediment benthic flux of nutrients, legacy organic matter), upstream sources or within the hydrological basin or watershed (e.g. nutrient inputs, organic matter loading scoured from upstream algal blooms, regional (e.g. atmospheric deposition), or global (elevated CO2, temperature from global).  Biostimulatory drivers can be temporally and spatially variable, driven by factors such as complexity of land use within a watershed, climate forcing, and watershed and coastal hydrodynamics.  Natural background conditions (e.g. geology, headwater springs) can produce locally-elevated nutrient concentrations or biostimulatory conditions that should be considered in the synthesis of biostimulatory drivers within a watershed.  Climate events such as drought, fires, flood events, etc.  can dramatically change biostimulatory conditions within a watershed for extended periods. Such natural background and event-driven biostimulatory conditions should be considered when developing and establishing compliance for biostimulatory targets.  
[bookmark: _Toc526505126]2.4 Summary of Review of Indicators for Use in Wadeable Streams Biostimulatory Assessment

wadeable streams eutrophication conceptual models and review of the scientific basis for assessment yielded a suite of indicators that can be used to diagnose biostimulatory impacts. Response indicators were reviewed on the basis for whether they: 1) had a strong linkage to beneficial uses, 2) had a strong eutrophication signal: noise ratio, 3) were cost effective and were in widespread implementation, 4) could be modeled to link with biostimulatory drivers, and 5) have a scientific basis for the establishment of thresholds. Nutrients are a primary line because of their strong linkage to aquatic life (Mazor et al. in prep). Table 2.10 summarizes the indicators that are prioritized for synthesis of thresholds that can serve as the basis for numeric guidance (Section 3). Exclusion from this table does not imply that scientific evidence of eutrophication based on other indicators cannot be used in the assessment or prevention of biostimulatory impacts. 


[bookmark: _Toc526489915]Table 2.10.  Summary of wadeable streams biostimulatory indicators recommended for use in wadeable streams biostimulatory assessment. Absence from list does not imply that other indicators cannot be used, based on expert judgment on a watershed basis. Beneficial use (BU) type refers to major pathway of impact to aquatic life (AL) related uses or to human (H) uses. 
	 Indicator
	Designation
	BU Type

	Organic matter accumulation
	
	

	Benthic algal biomass (benthic chl-a) 
	Primary
	AL, H

	Water column all biomass (water column chl-a)
	Primary
	AL, H

	Benthic or floating macroalgal percent cover 
	Primary
	H

	Benthic AFDM 
	Primary
	AL

	Water column or benthic chemistry
	
	

	Continuous DO and pH
	Primary
	AL

	DO Diel range
	Primary
	AL

	GPP
	Supporting
	AL

	Dissolved organic carbon, trihalomethane
	Supporting
	H

	Aquatic Community Structure
	
	

	Benthic algal community composition (ASCI)
	Supporting
	AL

	BMI community composition (CSCI)
	Supporting
	AL

	Harmful Algal Bloom 
	
	

	Benthic cyanoHAB toxin
	Supporting
	H, AL

	Benthic cyanoHAB cell density
	Supporting
	H, AL

	Particulate cyanoHAB toxin
	Primary
	H

	
	Supporting
	 AL

	Particulate cyanoHAB cell density
	Supporting
	H, AL

	CyanoHAB toxin concentration in tissue
	Primary
	H

	
	Supporting
	AL

	SPATT toxin concentration
	Supporting
	H, AL

	Causal (Biostimulatory Substances and Conditions)
	
	

	Nitrogen and phosphorus and associated organic matter
	Primary
	AL, H

	Hydromodification, physical habitat, light and temperature regime
	Supporting
	H, AL





3. [bookmark: _Toc526505127]SYNTHESIS OF THRESHOLDS SUPPORTING DECISIONS ON NUMERIC GUIDANCE FOR BIOSTIMULATORY OBJECTIVES
Section 1 of this report summarizes the organizing assumptions supporting the Water Board staff’s preferred approach to biostimulatory objectives. Section 2 established the foundation for the causal pathways by which biostimulatory substances and conditions can results in eutrophication and the pathways by which those impacts impair uses. It prioritized a set of response and biostimulatory indicators for use in eutrophication assessment, based in part on availability of science that supports the selection of numeric targets to protect wadeable streams against biostimulatory impacts.  This section synthesizes that science on thresholds for recommended primary or supporting lines of evidence (Table 3.1), with the goal of supporting decisions by Water Board staff on numeric guidance for wadeable streams biostimulatory assessment, prevention and management.

In this document, we define “targets” to refer to policy decisions on the numeric limits of biostimulatory indicators for wadeable stream uses, while “thresholds” refer to the output of scientific analyses that are intended to inform conversations among the Water Board and its advisory groups on targets. Generally, we define thresholds as either 1) “the change point at which there is an abrupt change in an ecosystem property or where small changes in an environmental driver produce large responses in the ecosystem” (Grossman et al. 2006) or 2) “the value of an environmental driver that has a proscribed probability of meeting an ecosystem protection goal.” Thresholds have also been associated with the concept of resilience and a transition between alternate stable states (Resilience Alliance and Sante Fe Institute 2004).  These state changes may be associated with either abrupt changes in one or more response variable as a key driver crosses a threshold value. Cuffney et al. (2010) further distinguish between resistance thresholds (e.g., a sharp decline in ecosystem condition following an initial no effect zone) and exhaustion thresholds (a sharp transition to zero slope at the end of a stressor gradient at which point the response variable reaches a natural limit). This document refers to a variety of types of thresholds relevant for discussion of policy decisions on targets, which are further defined in the approach to synthesis and key terms (Section 3.1).

[bookmark: _Toc526489916]Table 3.1.  Scientific basis for wadeable streams biostimulatory indicator numeric target. Beneficial use (BU) type refers to major pathway of impact to aquatic life (AL) related uses or to human (H) uses. 
	 Indicator
	BU Type
	Key Literature Sources

	Aquatic Community Structure
	
	

	Benthic algal community composition (ASCI)
	AL
	ASCI (Theroux et al. in prep), Expert Biological Condition Gradient (BCG) Interpretation (Paul et al. in prep)

	BMI community composition (CSCI)
	AL
	CSCI (Mazor et al. 2016), Expert BCG) Interpretation (Paul et al. in prep)

	Causal (Biostimulatory Substances and Conditions)
	
	

	Nitrogen and phosphorus
	AL
	CA Stress-Response and reference percentiles (Mazor et al. in prep, Fetscher et al. 2014)

	Organic matter accumulation
	
	

	Benthic algal biomass (benthic chl-a) 
	AL
	CA Stress-Response and reference percentiles (Mazor et al. in prep, Fetscher et al. 2014)

	Water column all biomass (water column chl-a)
	AL
	Central Coast Basin Plan, US stress response and reference percentile (various)

	Benthic AFDM 
	AL
	Stress-Response and reference percentiles (Mazor et al. in prep, Fetscher et al. 2014)

	Benthic or floating macroalgal percent cover 
	H
	Suplee et al. 2009, Jakus et al. 2017

	
	AL
	Stress-Response and reference percentiles (Mazor et al. in prep, Fetscher et al. 2014)

	Water column or benthic chemistry
	
	

	Continuous DO and pH
	AL
	All Regional Water Board Basin Plans

	DO Diel range
	AL
	Central Coast Basin Plan, Jessup et al. 2015

	Dissolved organic carbon, trihalomethane
	H
	Literature, Basin Plan

	Harmful Algal Bloom 
	
	

	Benthic cyanoHAB toxin
	AL, H
	Literature

	Benthic cyanoHAB cell density
	AL, H
	Literature

	Particulate cyanoHAB toxin
	H
	CCHAB State Guidance

	Particulate cyanoHAB cell density
	H
	CCHAB State Guidance

	CyanoHAB toxin concentration in tissue
	H
	State Guidance

	
	AL
	Literature

	SPATT toxin concentration
	H, AL
	Literature




[bookmark: _Toc526505128]3.1. Approach to Synthesis and Key Terms
This synthesis draws on three types of literature to provide a summary of thresholds that can serve as the basis for policy decisions on biostimulatory targets: 
1. Peer-reviewed literature derived from California wadeable stream studies, using SWAMP-approved protocols
2. Peer-reviewed global literature derived from streams in other ecoregions;
3. Grey literature that summarizes state or national policy, including Water Board Basin Plans, on numeric targets or criteria using similar or complementary approaches. 
Overall, these literature sources generally rely on one or more of EPA suggested methods for the development of criteria for nutrients or other eutrophication response parameters, including (USEPA, 2001): 1) reference approach, 2) empirical stressor-response approach, and 3) cause-effect approach.  The reference waterbody approach involves characterization of the distributions of biostimulatory drivers in “minimally disturbed” waterbodies. Nutrient concentrations are chosen at some statistical percentile of those reference waterbodies. The empirical stress-response approach involves establishing statistical relationships between the causal or stressor (in this case nutrient concentrations or loads) and the ecological response (changes in algal or aquatic plant biomass or community structure, changes in sediment or water chemistry (e.g., dissolved oxygen, pH).  The cause-effect approach involves identifying the ecological responses of concern and mechanistically modeling the linkage back to nutrient loads and other co-factors controlling response (e.g., hydrology, grazers, denitrification, etc.). The stressor-response approach can be further broken down into analytical approaches to determine the ranges at which a stream ecosystem transitions from no apparent effects to increasing effects in response to increasing stress (e.g., from low to high nutrient or organic matter levels) have typically involved one or more of the following (US EPA 2010, Figure 3.1): 
1. Changepoint Analyses. Use of statistical methods to determine breakpoints or abrupt changes (henceforth referred to as “thresholds”) in an aquatic life indicator measures as a function of increasing stressor levels and relating such changes to desired beneficial use goals. As defined by Cuffney et al., resistance and exhaustion thresholds are both examples of slope thresholds, detected by methods such as piece-wise regression.  Change point or step-like thresholds have also been used to detect reference and non-reference populations from field data, denoting an abrupt discontinuity in magnitude of a response variable along a stressor gradient, but not necessarily associated with a change in slope (Qian et al. 2003).  This approach is appropriate when responses are known to be discontinuous along a stressor gradient, or when the management goal is to minimize response, rather than to protect a clearly established ecological state. 
2. Beneficial Use (BU) Protection Endpoint. Use of conditional probability or logistic regression models to estimate stressor “levels” that are linked to a quantitative assessment endpoint for an indicator representative of beneficial use support (e.g., an established bioassessment index score). This approach is appropriate when the stressor affects the likelihood of achieving a clearly established management goal (e.g., CSCI scores greater than 0.79), or when incremental increases in stress is known to elicit a response.
[image: ]*Biointegrity Goal   * Related Stressor Level 
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[bookmark: _Toc526489944]Figure 3.1. Examples of statistical approaches to determining the point along stressor gradient where ecosystem response shifts from no-effect to adverse-effects. The left panel illustrates an example “step function” in the relationship between stressor and ecological response; here statistical methods can be used to identify the level of stress (or threshold, as indicated by the dashed line) at which an aquatic life indicator value changes abruptly. The right panel illustrates a quantile regression in which a target value for a benthic macroinvertebrate or algal bioassessment index score is used to interpolate the level of stressor (e.g., nutrient concentrations or algal biomass) that should not be exceeded in order to protect biointegrity.  
[bookmark: _Toc526505129]3.2 Biostimulatory Thresholds Protective Aquatic Life Related Uses
We found evidence to support discussion of biostimulatory targets (in bold), based on the linkage to the following aquatic life measures (in italics):
· ↑ TN, TN, Benthic Chl-a, and AFDM ↓ Algal, BMI Community Integrity
· ↑ TN, TN, Sestonic Chl-a ↓ Algal, BMI, Fish Community Integrity
· ↓ DO ↓ Fish and Invertebrate Physiological and Lethal Impacts, BMI Community Integrity
· ↑ pH Range ↓ Fish and Invertebrate Physiological and Lethal Impacts
· ↑ TN, TN, Benthic Chl-a↑ DO Diel Variability ↓ Fish, Algal, BMI Community Integrity
· ↑ TN TP, Sestonic Chl-a ↑ Cyanotoxins ↑ Fish, Algal, BMI, Wildlife Physiological/Lethal Impacts
This information is summarized in the following sections. 
[bookmark: _Toc526505130]3.2.1 Basis for BMI and Algal Aquatic Life Protection Endpoints[footnoteRef:6] in California  [6:  For definition, see appendix I. ] 

Several studies of California wadeable streams have established a solid scientific foundation for the selection of aquatic life use protection endpoints, based on a percentile of reference approach (Figure 3.2) for BMI (Mazor et al. 2016) and algae (Theroux et al. in prep). A biological condition gradient (BCG) model, developed through expert interpretation of raw taxonomic data, provided further support to interpreting the relevance of percentile of reference approach to loss of ecosystem structure and function along the BCG gradient (Paul et al. in prep).  Figure 3.3 shows the crosswalk of CSCI and ASCI_H 30th, 10th and 1st percentile of reference with BCG categories. BCG Bin 3 (evident loss of structure, minimal loss of ecological function) was most closely related to the 10th percentile of reference, while BCG 4 was closely related to the 1st percentile (moderate loss of structure, minor loss of function (Paul et al. in prep). Other ASCI indices (ASCI_D and ASCI_SBA) were coarser in their resolution of BCG tiers (Paul et al. in prep), perhaps because of their overall performance and sensitivity to eutrophication gradients (Theroux et al. in prep). 
[image: ]
[bookmark: _Toc526489945]Figure 3.2 Graphical representation of the percentile of reference approach, as applied to CSCI scores from reference sites, showing the 30th, 10th and 1st percentile, with narrative descriptions of condition “bins.”  Data from Mazor et al. (2016).

[bookmark: _Toc525198223][bookmark: _Toc525823121][bookmark: _Toc525876648][image: ]
[bookmark: _Toc526489946]Figure 3.3 Crosswalk of BCG narratives and BCG-derived CSCI and ASCI scores (right side of each panel) to a percentile of reference narratives and scores (left sides of each panel). Figure not drawn to scale. Data from Paul et al. (in prep).

Available literature, synthesized here, provides support for the establishment of statewide TN, TP, benthic chl-a, and AFDM targets protective of aquatic life related beneficial uses. Two studies provide strong evidence for thresholds protective of BMI and algal community structure, based on stress-response modeling. These values were further compared with changepoints derived for individual taxa, and with selected percentile of reference of values for these indicators (statewide and by ecoregion, from Fetscher et al. 2014), and with published literature and adopted criteria in other U.S. states. Statistical approaches used in these studies do not allow for distinguishing thresholds between COLD and WARM uses, and thus what is derived is applicable to both.
Mazor et al. (in prep) derived the basis for these thresholds at a 90% relative probability that they are protective of prospective aquatic life endpoints, CSCI and the ASCI, at a range of stringency of protection levels, from the 30th to the 1st percentile of reference, using logistic regression models. These percentiles of reference represent different narratives of ecological protection, grounded in a biological condition gradient (BCG) expert synthesis (Paul et al.  in prep). Sensitivity of relative probability level was explored (80%, 90% and 95%); the full range of threshold combinations explored are available in Mazor et al. (in prep), supplemental Table 3. However, the 90th percentile or higher is recommended for further consideration based on the greatest number of models that were statistically validated and the congruence with a 10% allowable exceedance frequency in the Water Quality Control Policy for Developing California’s Clean Water Action Section 303(d) list (www.waterboards.ca.gov).  Specific thresholds varied on level of desired protection (30th versus 1st percentile of reference), which is a policy decision. Three indices are available for ASCI, but the hybrid soft-bodied algae (SBA) and diatom version, herein referred to as ASCI_H had a better signal to noise ratio in its response to environmental gradients (Theroux et al. in prep) and better resolution with a BCG crosswalk than the diatom and SBA ASCIs. Thus, only the results for the CSCI and ASCI_H are highlighted here.
[bookmark: _Toc526505131]3.2.2 TN and TP Thresholds Protective of Biological Integrity
In general, thresholds of response of both BMI and algae occurred across a tight range of TN and TP values, though algae were generally more sensitive to increases in nutrient concentrations than BMI (Figure 3.4, Mazor et al. in prep). Specific thresholds varied on level of desired protection (30th versus 1st percentile of reference), but analyses for the 10th percentile of reference for the indices yielded thresholds of 0.32 to 0.59 mg/L TN and 0.08 to 0.10 mg/L TP (Table 3.2).  Thresholds associated with ASCI_SBA and ASCI_D were typically higher (Mazor et al. in prep). 
Fetscher al. (2014) derived changepoints based on the same data sources using variety of statistical approaches to relate TN and TP concentrations to breakpoints in CSCI and H20, the Southern California precursor to the statewide provisional ASCI_H (Fetscher et al. 2013). Fetscher et al. (2014) found changepoints of 0.3-0.5 mg/L TN and 0.05-0.08 mg/L TP, corresponding to exhaustion thresholds for both metric level and index level responses (Figure 3.5).  The ranges of these breakpoints are just above the 10th percentile of reference protection endpoints, signaling that TN and TP values above these breakpoints (e.g. lower than 10st percentile of reference) would not be protective of BMI and algal biointegrity. This changepoint is clearly visible from Titan analysis plots showing BMI and algal (diatom and SBA) increaser versus decreaser taxa relative to TN and TP concentration gradients (Mazor et al. in prep; Figure 3.6).

[bookmark: _Toc526489917]Table 3.2 Range of TN and TP thresholds associated with protection of CSCI and ASCI_H at a relative probability of 90% confidence, at varying levels of percentile of reference, from 30th to 1st. Relative risk is provided for calibration versus validation datasets. All targets passed validation (i.e., the lower 95% confidence interval of the relative risk estimate was greater than 1 for both calibration and validation data sets. BI goal refers to CSCI or ASCI endpoint (30th, 10th or 1st). 
	BI
Goal
	Index
	Total Nitrogen
	Total P

	
	
	Threshold
(mg/L)
	Relative Risk
	Threshold
(mg/L)
	Relative Risk

	
	
	
	Cal
	Val
	
	Cal
	Val

	Ref30
	ASCI_H
	0.13
	4.0
	3.9
	0.026
	2.6
	2.9

	Ref30
	CSCI
	0.34
	2.5
	2.2
	0.024
	2.1
	1.6

	Ref10
	ASCI_H
	0.32
	11.3
	17.3
	0.080
	5.6
	5.0

	Ref10
	CSCI
	0.59
	3.6
	3.3
	0.104
	3.6
	2.9

	Ref01
	ASCI_H
	1.67
	9.6
	10.0
	0.395
	6.4
	3.1

	Ref01
	CSCI
	1.95
	3.9
	3.3
	0.401
	3.3
	2.5



These CSCI and ASCI 10th percentile TN and TP ALU protection and changepoint thresholds were just above the 75th percentile of statewide and ecoregional reference stream reaches (0.10 – 0.31 mg/L TN and 0.020 – 0.040 mg/L TP, Table 3.3, Fetscher et al. 2014). 
Thresholds derived from ALU biointegrity goals (Mazor et al. in prep) and changepoint analyses (Fetscher et al. 2014) were in close agreement with the range of changepoint analyses for TN and TP in streams throughout the US (Table 3.4). This consistency is surprising given that most studies were conducted in different biogeographic provinces (i.e., east of the Rocky Mountains), across a diverse array of stream types (Evans-White et al. 2013), in regions with cooler climates and those with higher levels of precipitation year-round than that which represents the bulk of our study region, and some were conducted in rivers rather than wadeable streams. Mazor et al. (in prep) findings are most comparable to that of Jessup et al. (2015) in New Mexico wadeable streams, because of geology, topographic gradients, and flow regime (3.5). The range of California wadeable stream thresholds are also squarely within the range of adopted nutrient criteria in US states, which range from 0.18 – 2.0 mg/L TN and 0.03 -0.49 mg/L TP (Table 3.6).  

[bookmark: _Toc382554837][bookmark: _Toc384455458]

[bookmark: _Toc526489918]Table 3.3. Median, 75th, and 95th percentiles of raw (unweighted) TN, TP benthic chlorophyll a, AFDM, and macroalgal percent cover (PCT_MAP), statewide and by region, at Reference sites (both probability and targeted datasets included). SE: standard error of the mean; CI: confidence interval (95%). 
	Statistic by Primary Producer Indicator type
	Statewide
	Chaparral
	Central Valley1
	Deserts-Modoc
	North Coast
	South Coast
	Sierra Nevada

	
	n=263
	n=56
	n=1
	n=10
	n=41
	n=74
	n=81

	Chlorophyll a (mg/m2)
	Median
	6.9
	8.9
	23.0
	10.7
	6.2
	12.5
	3.1

	
	75th
	14.6
	16.4
	
	26.5
	9.2
	24.4
	7.9

	
	95th
	44.1
	46.2
	
	32.0
	25.1
	124.8
	28.3

	AFDM
(g/m2)
	Median
	5.4
	6.2
	12.9
	13.4
	4.0
	16.3
	3.7

	
	75th
	11.9
	10.0
	
	23.9
	6.0
	26.8
	5.8

	
	95th
	34.0
	19.7
	
	36.7
	14.8
	130.6
	12.2

	Macroalgal percent cover
(%)
	Median
	7.0
	3.5
	41.0
	30.5
	5.5
	9.5
	7.0

	
	75th
	22.9
	15.9
	
	36.8
	15.0
	26.0
	23.0

	
	95th
	45.7
	38.9
	
	55.9
	36.5
	60.0
	50.3

	TN (mg/L)
	Median
	0.091
	0.090
	0.155
	0.223
	0.090
	0.138
	0.065

	
	75th
	0.161
	0.144
	
	0.281
	0.117
	0.308
	0.100

	
	95th
	0.462
	0.264
	
	0.467
	0.212
	0.925
	0.185

	TP (mg/L)
	Median
	0.019
	0.022
	0.027
	0.027
	0.016
	0.018
	0.021

	
	75th
	0.032
	0.042
	
	0.041
	0.020
	0.035
	0.032

	
	95th
	0.074
	0.088
	
	0.079
	0.045
	0.106
	0.060


1 The Central Valley ecoregion had only one site in the Reference site disturbance class; values in the table represent the results of this single site.



[image: ]
[bookmark: _Ref522694511][bookmark: _Toc526489947]Figure 3.4. Targets for eutrophication indicators that provide a 90% relative probability of exceeding a range of biointegrity goals.  Points represent the estimated threshold, and lines represent the 95% confidence interval around the estimate. Color indicates the biointegrity index that was evaluated. Points plotted on the right edge of a panel indicate that a target was not found within the evaluated range of the eutrophication factor; similarly, lines that extend to the edge of a panel indicate that the confidence limits extended past the evaluated range of the eutrophication factor. Dark-hued symbols indicate eutrophication targets that met validation criteria (i.e., relative risks significantly > 1 in both calibration and validation data sets), whereas light-hued symbols indicate targets that did not meet validation criteria

[bookmark: _Toc378521813][image: ]

[bookmark: _Toc384455677][bookmark: _Toc526489948]Figure 3.5. From Fetscher et al. 2014. Ranges of thresholds of ALU response by “ALU category” for two biomass and two nutrient gradients.  Circles correspond to the mean of thresholds within each category, and triangles are the medians. Dashed lines indicate the 75th percentile of the indicator in question among Reference sites statewide.
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[bookmark: _Toc526489949]Figure 3.6 Titan plots showing changepoints in species presence/absence as a function of increasing TN  (left panel) and TP concentration (right panel). From Mazor et al. (in prep). 
[bookmark: _Ref524084685][bookmark: _Toc524084175][bookmark: _Toc526489919]Table 3.4. Change point thresholds for stream responses to nutrient concentrations, summarized across aquatic life indicators. Min: Minimum reported threshold. Max: Maximum reported threshold. TP and TN concentrations are in mg/L
	[bookmark: _Hlk524360572]Citation
	Region
	ALI measure(s)
	gradient(s)
	threshold detection method
	min. TP 
	max. TP 
	min. TN)
	max. TN 

	Fetscher et al. 2014
	California
	BMI, algae
	biomass, nutrients
	TITAN, nCPA, CART, piecewise regression, BRT
	0.011
	0.267
	0.13
	2.1

	Jessup et al. 2015
	New Mexico
	BMI, algae, DO minima, DO diel variability
	biomass, nutrients
	nCPA
	0.029
	0.067
	0.26
	0.52

	Baker et al. 2010 
	Everglades
	BMI
	TP
	TITAN and nCPA
	0.015
	0.019
	-
	-

	Black et al. 2011
	western US
	diatoms
	TN, TP
	piecewise regression
	0.03
	0.28
	0.59
	1.79

	Caskey et al. 2005
	Indiana
	Fish and BMI
	Biomass, nutrients
	nCPA
	0.083
	0.144
	1.03
	2.61

	Miltner 2010
	Ohio
	BMI
	Nutrients and Biomass
	nCPA
	0.048
	0.078
	-
	-

	Evans-White et al. 2009
	KS., MS, NE 
	BMIs
	TN, TP
	nCPA
	0.05
	0.05
	1.04
	1.04

	Paul et al. 2007
	SE PA
	BMIs, diatoms
	TP
	nCPA
	0.038
	0.064
	-
	-

	Qian et al. 2003
	Florida Everglades

	BMIs
	TP
	changepoint with nonparametric & the Bayesian methods
	0.011
	0.014
	-
	-

	Richardson et al. 2007
	
	algal, macrophyte and BMI
	TP
	Bayesian change point analysis
	0.008
	0.024
	-
	-

	Smith et al. 2010
	New York
	BMI, diatom
	TN, TP
	nCPA
	0.009
	0.07
	0.41
	1.2

	Smith et al. 2007
	New York
	BMIs
	TP, NO3
	Hodges-Lehmann estimation
	0.065
	0.065
	0.98 (NO3)
	0.98 (NO3)

	Smucker et al. 2013a
	Connecticut
	diatoms
	TP
	boosted regression trees
	 0.019 
	0.082
	-
	-

	Stevenson et al. 2008
	Mid-Atlantic Highlands
	diatoms
	TP
	loess regression & regression trees
	0.012
	0.027
	-
	-

	Wang et al. 2007
	Wisconsin
	fish, BMIs
	TN, TP
	regression tree analysis & 2-dimensional KS techniques
	0.06
	0.09
	0.54
	0.61

	Weigel and Robertson 2007
	Wisconsin
	fish, BMIs
	TN, TP
	regression tree analysis
	0.06
	0.06
	0.64
	0.64




[bookmark: _Toc526489920]Table 3.5 Candidate nutrient threshold values based on 90th percentile of reference and stress-response change point analyses in wadeable streams of New Mexico, based on frequency distributions and ranges of endpoints by nutrient and stream class. From Jessup et al. (2015). 
[bookmark: _Toc525822900][bookmark: _Toc525823097][bookmark: _Toc525876624][image: ]

[bookmark: _Toc526489921]Table 3.6 Summary of CA numeric TN and TP translator (San Diego Board) and adopted nutrient criteria for rivers and streams across U.S. States and Territories. All TN and TP values are given in mg/L. Guam values are for Nitrate-N and phosphate-P. Dashes represent no indication that numbers were derived or established. 
	State
	Year Published
	Criteria Categories
	Total Nitrogen
	Total Phosphorus

	California, San Diego 
	2016
	Numeric translator 
	1.0
	0.1

	Minnesota
	2015
	North
	-
	0.05

	
	
	Central
	-
	0.1

	
	
	South
	-
	0.15

	Wisconsin
	2010
	Rivers
	-
	0.1

	
	
	Streams
	-
	0.075

	Florida
	2012
	Panhandle West
	0.67
	0.06

	
	
	Panhandle East
	1.03
	0.18

	
	
	North Central
	1.87
	0.3

	
	
	Peninsular
	1.54
	0.12

	
	
	West Central
	1.65
	0.49

	New Jersey
	1981/2011
	
	--
	0.1

	Hawaii
	2014
	Wet season (Nov-Apr)
	0.25
	0.05

	
	
	Dry season (May-Oct)
	0.18
	0.03

	American Samoa
	2013
	
	0.3
	0.175

	Northern Marianas
	2014
	Class 1 (no discharge)
	0.75
	0.1

	
	
	Class 2
	1.5
	0.1

	Guam
	2010
	S1 (no discharge)
	0.025 NO3
	0.10 orthoP

	
	
	S2
	0.05 NO3
	0.20 orthoP

	
	
	S3
	0.10 NO3
	0.50 orthoP

	Puerto Rico
	2016
	SD
	1.7
	0.16

	New York
	2016
	
	--
	0.020-0.100

	Montana
	2014
	
	0.3
	0.020-0.039 

	Colorado
	2012
	Cold
	1.25
	0.11

	
	
	Warm
	2.01
	0.17


 
[bookmark: _Toc526505132]3.2.3 Benthic Chlorophyll-a and AFDM Thresholds Protective of Biological Integrity
In general, thresholds of aquatic response of both BMI and algae to benthic chl-a (live algal biomass) versus AFDM (total live algal biomass and detrital organic matter) occurred across reasonably narrow values at REF30 to REF10 percentiles, with a wide range at the REF01 percentile (Table 3.7).  In contrast to TN and TP, BMI were generally more sensitive than algae to these organic matter variables (Figure 3.4, Mazor et al. in prep).  Using the 10th percentile of reference as CSCI and ASCI_H ALU protection endpoints yielded 28 to 43 mg/m2 chl-a and 20 – 30 g/m2 AFDM. 
[bookmark: _Toc526489922]Table 3.7 Range of benthic chl-a and AFDM thresholds associated with protection of CSCI and ASCI_H at a relative probability of 90% confidence, at varying levels of percentile of reference, from 30th to 1st. Relative risk is provided for calibration versus validation datasets. All targets passed validation (i.e., the lower 95% confidence interval of the relative risk estimate was greater than 1 for both calibration and validation data sets. BI goal refers to CSCI or ASCI endpoint (30th, 10th or 1st). 
	BI
Goal
	Index
	Benthic Chl-a (mg/m2)
	AFDM (g/m2)

	
	
	Threshold

	Relative Risk
	Threshold

	Relative Risk

	
	
	
	Cal
	Val
	
	Cal
	Val

	Ref30
	ASCI_H
	24
	2.1
	1.7
	17
	2.0
	1.7

	Ref30
	CSCI
	14
	1.7
	1.8
	12
	2.0
	1.7

	Ref10
	ASCI_H
	43
	4.3
	4.0
	30
	3.3
	2.6

	Ref10
	CSCI
	28
	2.3
	2.2
	20
	2.4
	1.9

	Ref01
	ASCI_H
	122
	5.4
	8.9
	80
	3.0
	4.1

	Ref01
	CSCI
	65
	3.2
	3.0
	37
	3.1
	2.4



Fetscher et al. (2014) found mean changepoints of 19 - 40 mg/m2 for benthic chl-a and 12 - 23 g/m2 AFDM, corresponding to exhaustion thresholds for both metric level and index level responses (Figure 3.5).  The ranges of these breakpoints are roughly within the 10th percentile of reference protection endpoints (Mazor et al. in prep; Figures 3.7-3.8). 
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[bookmark: _Toc526489950]Figure 3.7 Titan plots showing changepoints in species presence/absence as a function of increasing benthic chl-a by species (left panel) and by grouping of BMI and algal increasers versus decreasers). X -axis on both plots is benthic chl-a (mg/m2). From Mazor et al. (in prep). 
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[bookmark: _Toc526489951]Figure 3.8 Titan plots showing changepoints in species presence/absence as a function of increasing AFDM (mg/cm2) by species (left panel) and by grouping of BMI and algal increasers versus decreasers). X-axis on both plots is AFDM (mg/cm2). From Mazor et al. (in prep). 

 
These CSCI and ASCI 10th percentile benthic chl-a ALU protection and changepoint thresholds were just above the 75th percentile of statewide and ecoregional reference stream reaches (7.9 – 23 mg/m2). For AFDM, the range of ALU and protection thresholds (20 - 30 g/m2) overlapped with the 75th percentile of Desert-Modoc and South Coast reference sites (24 and 27 g/m2, respectively; Table 3.2, Fetscher et al. 2014). 
Although benthic chl-a is a commonly measured parameter in eutrophication assessments of wadeable streams, far less literature outside of California has been devoted to quantifying thresholds protective of BMI or a balanced algal community, compared to nutrients (Table 3.8). BMI REF10 thresholds with a 90% relative probability level (28 mg/m2) are somewhat higher than the mean monthly benthic chl-a of 13-20 mg/m2 were associated with a 50% reduction in the percentage of Ephemeroptera, Plecoptera, and Trichoptera (EPT) taxa in New Zealand streams (Biggs 2000).  The distinction between mean versus peak is critical in interpreting impacts. Biggs (2000) found that benthic invertebrates can continue to thrive when benthic algal abundance is elevated for a short duration, but that more substantial adverse effects would occur with chronic algal blooms. Unfortunately, time course sampling that would be helpful to relate the one-time sample taken during the perennial stream assessment spring-summer index period to mean monthly or maximum statistics has not been conducted for California on a large scale sufficient to support comparable analysis. These values are substantially lower than that of Miltner et al. (2010), who found a change point at 107 mg/m2 related to changes in the abundance of EPT taxa in Ohio streams, but within the same range (40 mg/m2) of predicted benthic chl-a that is protective of having a low percent (i.e., < 5%) of cyanobacteria abundance (Carleton et al. 2009). 
Although targets arising from the present study were derived based on biointegrity measures specific to algal and benthic macroinvertebrate assemblage composition, comparisons may be made to literature linked to other aquatic life. For example, Biggs (2000) asserted that protection of salmonids affords a slightly higher algal biomass threshold than is protective of sensitive benthic invertebrate species; mean monthly benthic algal biomass in New Zealand streams that are “renowned for their trout fisheries” was 23 mg/m2, with average maximum biomass of 171 mg/m2. Quinn and McFarlane (1989) at 21°C link abundance of macroalgae > 120 mg/m2 chl-a led to depressed DO (i.e., < 5 mg/L). For California streams, algal indicators of both oxygen-saturated waters and of oxygen-depleted waters showed exhaustion thresholds of 45 and 115 mg/m2 chl-a, respectively (Fetscher et al. 2014). Although temperature and other site-specific factors play a role in determining the amount of algal biomass that would result in depression of stream DO, the scientific basis for establishing separate biomass endpoints for COLD and WARM wadeable streams remains unclear.


[bookmark: _Toc526489923]Table 3.8 Summary of literature sources of benthic chlorophyll-a thresholds (mg/m2) for wadeable streams
	Region
	Type
	Protection Endpoint
	Benthic Chla (mg/m-2)
	Source

	
	
	
	
	

	California 
	Wadeable streams
	CSCI and H20 mean change point
Oxygen saturated Algal spp
Oxygen Depleted Algal spp.
	19-40
45
115
	Fetscher et al. 2014

	New Zealand
	Wadeable streams
	50% reduction EPT taxa, Mean monthly
High quality trout fisheries 
	13-20

Mean of 23, with maximum of 171
	Biggs 2000

	
	Blue Earth River (site specific
	Low percentage of cyanobacterial abundance
	40 
	Carleton et al. 2009

	North American Streams and Rivers
	Oligotrophic
Mesotrophic
Eutrophic
	Reference based approach, based on data distribution of full disturbance gradient; mean values
	<20
20-70
>70
	Dodds et al. (1988)

	Indiana 
	wadeable streams
	Invertebrate and fish community metrics

EPT Taxa
	20.9 mean low
98.6 mean high
27.2
	Caskey et al. 2005 



As with benthic chl-a, peer-reviewed literature provided little in the way of examples of wadeable stream studies using quantitative methods to detect AFDM thresholds of effect on BMI and algal assemblage structure. The range found to be protective of 90th percentile of CSCI and ASCI reference was greater than that of Biggs (2000), in which a 50% reduction in the number of EPT taxa was found to correspond to AFDM levels > 5 g/m2, with similar caveats as those stated above regarding difference in mean monthly versus maximum. It is worth noting that Biggs (2000a) does not recommend specific criteria for AFDM, because “AFDM is more prone to large measurement error with low biomass accrual.” It may be advisable to: 1) consider how to use AFDM in multiple lines of evidence, particularly at low end of the disturbance gradient, particularly in Desert Modoc and South Coast, where reference ranges overlap with ALU and changepoint analyses, and 2) move California’s PSA program toward piloting a carbon-enrichment measure that provides information on carbon source as well as biomass. For example, benthic C: N ratio can be used to indicate algal (labile) versus terrestrial (refractory) sources of carbon to sediments (e.g., Ruttenberg and Goñi 1997).  
[bookmark: _Toc526505133]3.3 Other Biostimulatory Thresholds Protective of Aquatic Life Uses 
[bookmark: _Toc526505134]3.3.1 Sestonic (Water Column) Chl-a and Associated TN and TP Thresholds
Most wadeable streams in California typically do not develop such high phytoplanktonic biomass due to a combination of residence time and turbidity limitations. For this reason, current SWAMP bioassessment programs (except for the Regional Central Coast CCAMP assessment) do not measure water column chl-a, and sestonic algal thresholds protective of aquatic life could not be derived from empirical stress-response relationships of statewide bioassessment data. However, published studies in different regions provide some basis for thresholds, presented below. 
Many states have set stream chl-a criteria at range of 7-30 µg/L, based on a combination of stream types and use designation, where < 10 is a resistance threshold protective of higher quality habitat and > 30 µg/L is an exhaustion threshold associated with strong diel DO variability, loss of pollution sensitive BMI and fish, and increased risk of cyanoHABs (Table 3.9).  Within California, a value of < 15 µg/L was established by the Central Coast Water Board as protective of wadeable streams based on a number of lines of evidence, including: 1) their own long-term use as a screening value, 2) maximum acceptable value used by North Carolina for cold water(lakes, reservoir, and other waters subject to growths of macroscopic or microscopic vegetation designated as trout waters; North Carolina Administrative Code 15A NCAC 02B .0211), 3) values established by Oregon an average chlorophyll a concentration of <15 µg/L as a criterion nuisance phytoplankton growth in lakes and rivers (OAR, 2000), 4) a value of <8 µg/L is recommended as a eutrophic threshold for plankton in EPA’s Nutrient Criteria Technical Guidance Manual for Rivers and Streams (2000b). Note that ranges are slightly lower for mean values (e.g. < 7 µg/L) than for single grab samples (< 10 µg/L), so differences in these ranges among studies aren’t necessarily meaningful. The best relationships of sestonic chl-a with nutrients were typically found in open canopy (e.g. ag or urban sites) during low flow conditions (Royer et al. 2008). 
TN and TP thresholds associated with these protection endpoints tended to increase with river Strahler order, from headwater streams to large rivers (Table 3.9). Levels associated with COLD and WARM wadeable streams streams were generally within the same range as the 90% relative probability for CSCI and ASCI REF10 and REF01 (Table 3.2). TSS has a strong control on whether chl-a is expressed in the water column at a given nutrient level (Figure 3.9, right panel, Carlton et al. 2015); however, at higher turbidity levels and nutrient levels and thermally stratified water columns, cyanoHABs may be at a competitive advantage over other phytoplankton because of the ability to form surface (scum) blooms (Figure 3.9, left panel, Carlton et al. 2009, Berg and Sutula 2015). 
We note that it is not straightforward to provide guidance in which stream types benthic versus sestonic chl-a thresholds would apply; determining the dominant primary producer depends on many site-specific conditions.  Adding water column chl-a as parameter to monitoring program in areas downstream of dams and in tributaries with in timber or ag-dominated landscapes or with low water clarity may be a practical solution to the issue; in such cases, either benthic or sestonic chl-a thresholds could apply. 
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[bookmark: _Toc526489953]Figure 3.9 Left panel: simulated mean (summer 2000) chl-a (solid line) and cyanobacterial percentage of sestonic   algal biovolume at reach B-54 of the Blue Earth River (dashed line) as a function of TSS. Right panel: percentage sestonic cyanobacteria in different reaches of five Minnesota Rivers in summer 2000 as a function of TN (top) and TSS (bottom). From Carlton et al. 2009.
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[bookmark: _Toc526489924]Table 3.9 Summary of sestonic chlorophyll-a values from peer-reviewed literature-based sources. Single sample = SS
	Region
	Type
	Protection Endpoint
	Threshold
	

	
	
	
	Chl-a(ug/L)
	TN (mg/L)
	TP (mg/L)
	Source

	Central Coast California
	wadeable streams
	Literature
	15, SS
	--
	--
	Worcester et al. (2010)

	North American Streams and Rivers
	Oligotrophic
Mesotrophic
Eutrophic
	Reference based approach, based on data distribution of full disturbance gradient
	< 10, SS
10-30, SS
>30, SS
	<0.70
0.70-1.5
>1.5
	<0.025
0.025-0.075
>0.075
	Dodds et al. (1988)

	North American temperate rivers and streams
	Oligotrophic
Mesotrophic
Eutrophic
	Autotrophic state boundaries calculated from reference distributions of TN and TP 
	2-6, SS

4-12, SS
	0.285

0.714
	0.029

0.071
	Dodds (2006)

	Minnesota
	Wadeable COLD
	Fish community, BMI taxa richness, diel DO range, TP inflection point
	7, mean
	--
	0.050
	Heiskary and Bouchard (2016)

	
	Wadeable WARM
	
	18, mean
	--
	0.100
	

	
	Large Rivers
	
	35, mean
	--
	0.150
	

	
	Blue Earth River (large river) 
	Inflection point in % blue green algae
	<20, SS 
	--
	0.1
	Carlton et al. 2009

	Ohio
	Large rivers
	Fish IBI
24-hour diel range (±3.5 mg/L DO)
BOD (< 2.5 mg/L)
	<30 protective
	--
	0.130
	Miltner et al. (2010)

	Illinois
	Wadeable streams, open canopy (ag dominated)
	Inflection point with TP
	< 10, SS
	--
	0.07
	Royer et al. 2008

	Red River Basin (Arkansas, Louisiana, New Mexico, Oklahoma, and Texas)
	Large river
	Inflection points with TN and TP
	< 10, SS
	0.9-2.11
	0.11-0.23
	Haggard et al. 2013

	Oregon Rivers
	Rivers and streams
	Not specified
	< 15, SS
	--
	--
	OAR, 2000

	North Carolina
	COLD lakes and rivers
WARM lakes & rivers
	Not specified
	< 15, SS
< 40, SS
	
	
	NC 2002

	EPA Rivers and Stream Criteria
	
	
	< 8
	
	
	EPA 2000



[bookmark: _Toc526505135]3.3.2 Dissolved Oxygen and pH: Water Board Basin Plans
The basis for DO and pH targets are Regional Water Board basin plan objectives. All Regional Board Basin Plan feature some element of an absolute concentration target for DO (e.g. > 5 mg/L). Most specify WARM versus COLD water objectives and a designated averaging period. Some give an alternative objective based on percent saturation or percent deviation from natural (Table 3.10). 
The literature does contribute some useful information on interpretation of thresholds which, though currently addressed through the Water Quality Control Policy for Developing California’s Clean Water Action Section 303(d) list (i.e. 7-day mean of DO minima, www.waterboards.ca.gov), is often the subject of discussion in science supporting site specific DO targets (e.g. Tetra Tech 2018). Several studies have found strong correlations of BMI and invertebrates with DO minima metrics (e.g. Jessup et al. 2015, DO minima of 5.0 mg/L and Miltner et al. (2010, DO minima of 5.25-5.86 in large rivers to protect invertebrates), which lends support for the use of the 7-day mean of DO minima in current State Water Board Impaired Waters Policy in wadeable streams. 
[bookmark: _Toc526489925]Table 3.10 Summary of freshwater DO objectives excerpted from Regional Board Basin Plans. From www.waterboards.ca.gov
	Region 1: WARM: 5.0 mg/L daily minimum and 6 mg/L for 7-day moving average; COLD 6 mg/L daily minimum and 8 mg/L 7-day moving average; SPWN, 9 mg/L daily min and 11 mg/L 7-day moving average

	Region 2: 5 mg/L WARM; 6 mg/L COLD, 7 mg/L COLD and SPWN

	Region 3: 5.0 mg/L at any time. Median values should not fall below 85 percent saturation because of controllable water quality conditions.

	Region 4: 5 mg/L WARM; 6 mg/L COLD, 7 mg/L COLD and SPWN

	Region 5: Waters designated WARM 5.0 mg/l, COLD 7.0 mg/l, SPWN 7.0 mg/l

	Region 6: > 80% saturation, or 10% of natural; concentrations specified for COLD, WARM or SPWN below
[image: ]

	Region 7: WARM 5 mg/L, COLD 8 mg/L, WARM and COLD: 8 mg/L

	Region 8:  5 mg/L for waters designated WARM, or 6 mg/L for waters designated COLD, because of controllable water quality factors. In addition, waste discharges shall not cause the median dissolved oxygen concentration to fall below 85% of saturation or the 95th percentile concentration or fall below 75% of saturation within a 30-day period

	Region 9: 5 mg/L WARM; 6 mg/L COLD



For pH, Regional Board Basin Plans are more comparable. Regions 1, 2, 4, 6 and 9 specify no more than a 0.5 change from “natural conditions” with a range not exceed 8.5 and not to fall below 6.5. Regions 5 and 8 specify the same pH range, but do not specify a limit on change from natural conditions. Region 3 has a slightly different pH range (not to pH of < 7 and > 8.5). 
[bookmark: _Toc526505136]3.3.3 DO Diel Variability and Associated TN and TP Thresholds
As defined in this document, diel DO variability is the mean of the diel range (maximum-minimum), divided by two. There are two mains sources of information on DO diel variability and its impact on beneficial uses: a study of streams in the Central Coast region of California (Worcester et al. 2010), and literature (both gray and peer-reviewed) summarizing studies conducted elsewhere. 
[image: ]Based on a study by Worcester et al. (201), the Central Coast Water Board established diel limits for the protection of wadeable streams from biostimulatory impacts. This study proposed 13 mg/L as an upper limit for sites that always met WARM and COLD water DO objectives. A diel variability of 2.0 mg/L for COLD and 3.0 mg/L always meet COLD and WARM water DO objectives, respectively (Figure 3.10), but a screening level value of 1.25 mg/L (analogous to DO diel variability) was established based on the biostimulatory potential of NO3, established as a threshold at 1 mg/L NO3. In comparing the 1.25 mg/L screening value with the values that always met DO objectives (2.0 and 3.0 mg/L for COLD and WARM, respectively), the value of 1.25 likely has more significance, because DO minima are flow and temperature dependent (i.e. influenced by solubility and reaeration rates). 
[bookmark: _Toc526489954]Figure 3.10 Range of diel variability in 24-hour deployments of DO for Central Coast streams that always met COLD (top panel) and WARM (bottom panel) DO objectives. From Worcester et al. (2010)

The second source includes peer-reviewed and grey literature on diel variability thresholds that correspond to percentiles of reference sites, fish and benthic macroinvertebrate community measures (Figure 3.11). Of these, a New Mexico state study of wadeable streams to support nutrient criteria development is probably the most applicable to wadeable streams in arid portion of California due to similar, geology, topographic gradients, and biological communities and has a stronger statistical and conceptual basis for threshold development than Worcester et al. (2010). Jessup et al. (2015) established protection endpoints for diel ranges, based on the 90th percentile of reference streams (Table 3.12), with a range of diel variability of ±0.9 in high velocity “steep” streams to ±2.04 in “flat” low gradient channels, with ±2.51 in “volcanic” streams (presumably more highly productive streams of igneous/metamorphic geology), numbers that bracket the Central Coast screening value of ±1.25 mg/L.
[image: ][image: ]

[bookmark: _Toc526489955]Figure 3.11 Left Panel: Schematic of diel oxygen fluctuations as a function or autotrophic photosynthesis (daylight only) or autrotrophic and heterotrophic respiration (day and night) for a 24-hour period. Center line represents “mean” trend in DO. Diel range = maximum – minimum, while the amplitude is referred to as the “variability”. Right Panel: examples of relationship between diel DO variability (termed flux here) and % tolerant fish individuals. 75th percentile additive quantile regression smoothing (AQRS) showing upper breakpoint only. From Minnesota River Nutrient Study, Heiskary and Bouchard (2015)

[bookmark: _Toc526489926]Table 3.11 Threshold ranges for Delta DO derived from reference distributions (Ref Dist. 90th), the reference distribution 90% confidence interval (Ref Dist. CI90), regression interpolation range (Reg Int Range), change point analyses (CPA) median and CPA ranges associated with benthic macroinvertebrates (BMI) and nutrients. NA refers to where thresholds did not pass the validation test. Delta DO = DO range = 2* diel variability. From Jessup et al. (2015).  [image: ]

[bookmark: _Toc526489927]Table 3.12 Summary of diel DO thresholds and associated TN and TP protection thresholds from peer-reviewed and grey literature-based sources. 
	Region
	Type
	Protection Endpoint
	DO Diel Variability Threshold (± mg/L)
	Nutrient Thresholds (mg/L)
	

	
	
	
	
	TN
	TP 
	Source

	Central Coast, California
	Screening Value
	O2 deficit associated with NO3 biostimulation
	1.25
	1 mg/l NO3[footnoteRef:7] [7:  Worcester et al (2010) note re: rationale for 1 mg/L screening. No sites from the Coldwater data reference set and only one site from the warm water reference data set had nitrate-N concentrations that exceeded 1.0 mg/L NO3-N as an average (Figures 3 and 4). The single site that exceeded this value was located below a dam and was well oxygenated as a result.” We believe that the status of this site as well oxygenated below a dam would bias towards selection of a high NO3 screening level value, because oxygen deficit would be depressed from atmospheric reaeration.  ] 

	--
	Worcester et al. (2010)

	
	COLD
	Reference or near reference that always met either COLD or WARM DO objectives
	2.0
	
	
	

	
	WARM
	
	3.0
	
	
	

	New Mexico
	Volcanic
	BMI Changepoint median
90th percentile of reference
	--
2.51
	
0.36
	
0.059
	Jessup et al. (2015)

	
	Flat
	BMI Changepoint median
90th percentile of reference
	1.21
2.04
	
NS
	
0.099
	

	
	Steep
	BMI Changepoint
90th percentile of reference
	--
0.085
	
0.30
	
0.035
	

	Minnesota
	Wadeable COLD
	Fish community, BMI taxa richness.
	3.0
	--
	0.050
	Heiskary and Bouchard (2016)

	
	Wadeable WARM
	
	3.5
	--
	0.100
	

	
	Large Rivers
	
	4.5
	--
	0.150
	

	Ohio
	Wadeable Streams
	High quality
Management
	3.0
3.5
	0.44 DIN
1.1 DIN
	0.04
0.1
	Miltner (2010)

	
	Large rivers
	Fish IBI change point
	3.5
	
	0.130
	Miltner et al. (2010)



Diel variability in regions like Minnesota and Ohio have less relevance than New Mexico because of stream type, alkalinity, temperature and (nonwadeable) flow regimes. However, comparison of this literature and nutrient concentrations derived to protect against diel variability is informative. Heiskary and Bouchard (2015) and Miltner (2010) have suggested ±3.0 -4.5 mg/L diel variability is a change point for a significant increase in pollution tolerant fish and BMI taxa (e.g. Figure 3.11, right panel), supporting change point analyses on BMI in New Mexico (Jessup et al. 2015). 
The New Mexico diel endpoints resulted in TN and TP thresholds of 0.30-0.36 mg/L TN and 0.035 – 0.099 mg/L TP, which fall within the comparable 90th confidence thresholds protective of the 10th percentile of CSCI and ASCI (Table 3.6), but lower than the Minnesota and Ohio suggested criteria of 1.1 mg/L DIN (NO3+ NH4) and 0.05-0.13 mg/L TP (Heiskary and Bourchard 2015, Miltner 2010). 
[bookmark: _Toc526505137]3.3.4 CyanoHAB Cell Density and Toxins
CyanoHABs toxins (Table 3.13) can impact aquatic life at all taxonomic levels, including bacteria, algae and plants, aquatic invertebrates, fish and marine mammals and can also impact wildlife (e.g. piscivorous birds; however, no EPA or California state guidance exists to consider thresholds that are protective of aquatic and terrestrial wildlife.  Towards that end, Mehinto et al. (in prep) are preparing a comprehensive review of cyanoHAB aquatic toxicity effects for State Water Board staff to consider the possibility of guidance to protect aquatic life.  Zanchett and Oliveira-Filho (2013) provide a global review of available literature on impacts to aquatic life. That literature is briefly summarized here, to provide some perspective of comparison to guidance to protect human uses (see Section 3.4.2), but this section is not intended to inform numeric targets at this time, pending the outcome of the Mehinto et al. (in prep) review.   Note that planktonic as well as benthic cyanobacteria found in wadeable streams pose a significant risk from produced toxins such as microcystins, lyngbyatoxin, saxitoxins, and anatoxin-a (Fetscher et al., 2015), in addition to the role that streams play as a conduit of cyanotoxins produced in lentic waterbodies that can impact downstream uses (Miller et al. 2010). 
Impacts of cyanotoxins on aquatic life is probably the best studied for invertebrates. Cyanotoxins can influence the structure of zooplankton communities when cyanobacteria are the dominant group (Chorus and Bantram 1999). Impacts of microcystins to Daphnia include reduced filtration capacity, neuromuscular communication, enzyme phosphatase activity (Chen et al. 1995), survival of offspring (Siqueria and Oliveira-Fihlo, 2005), lethality (Rohrlack et al 2005). Saxitoxins have been documented to impact Daphnia swimming rate (Haney et al. 1995), survival, reproduction and somatic growth (Nogueira et al. 2004). Cyanobacteria also form colonies or filaments that exert a mechanical influence on the filtration process of zooplankton individuals (Ferrao-Filho 2009). Mollusks can be impacted by cyanotoxins; moderate accumulation of microcystins within tissues of a gastropod Lymnaea resulted in strongly reduced egg production (Gerard et al. 2005). Other impacts of microcystin include low rates of good intake, filtration, absorption and fecal loss, and net energy balance (growth) (Juhel et al. 2006). Some species or strains of cyanobacteria present toxins that endanger aquatic organisms. Acute effects that may be seen include reduced survival and diminished swimming movements, which may even include complete paralysis (Landsberg 2002). There are also chronic effects, such as reduced fecundity and population growth rate, which may appear because of sub-lethal concentrations (Zanchett and Oliveira-Filho 2013).
Diatoms and submerged aquatic vegetation can also be impacted. Cyanotoxins can inhibit photosynthesis in other cyanobacteria (Wiegand and Pflugmacher 2005, Singh et al. 2007), green algae (Singh et al. 2007), red algae, and diatoms (Pflugmacher 2002). Microcystins reduced growth of submerged aquatic Ceratophyllum dermersum at 1.0 μg L−1 after 6 weeks, while a higher dose 5 μg L−1 reduced growth after 3 weeks. 
[bookmark: _Toc526489928]Table 3.13 Summary of toxins from cyanobacterial blooms, including genera and action mechanism (from Zanchett and Oliveira-Fihlo 2013). [image: ]
Cyanotoxins significantly impact fish (salmonids, carp, zebrafish, loach, chub, medaka), via pathways of feeding, dermal contact, or through passive exposure as gills during breathing (Zanchett and Oliveira-Filho 2013). Effects include significant mortality (Palíková et al. 2007, Oberemm et al. 1999, 1997, Liu et al. 2002), developmental abnormalities (Liu et al 2002), damage to liver, heart, kidney, skin, gills, and spleen [3], delayed hatching, lower numbers of hatched embryos, suppression of embryonic development, disturbed regulation of air bladders, and inhibition of antioxidant production (glutathione S-transferase; Palíková et al. 2005), and hepatic necrosis (Tencalla et al. 1994). Table 3.14 summarizes dose-response levels in fish from toxicity of microcystins (Zanchett and Oliveira-Filho 2013). 
[bookmark: _Toc526489929]Table 3.14 Toxicity of microcystins for some species of fish. From Zanchett and Oliveira-Fihlo (2013).
[image: ]
Cyanotoxins can impact marine mammals, migratory birds, wading and dabbling ducks, as well as terrestrial wildlife. Ibelings et al. (2005), microcystin levels were especially high in the livers of planktivorous fish, putting piscivorous birds at risk. In the same study, microcystins were found in 80% of all zooplankton samples and 89% of all samples of Dreissena polymorpha. Freshwater HABs and associated toxins can impact estuarine and marine uses. The mortality of over 30 endangered California Sea Otters (Enhydra lutris) in Elkhorn Slough and Monterey Bay was determined to be due to microcystin intoxication, with ingestion of contaminated marine bivalves as the primary mechanism (Miller et al., 2010). Microcystins have been shown to bioaccumulate in commercially and recreationally-harvested invertebrates such as Pacific oysters (Crassostrea gigas) and mussels (Mytilus edulis) (Miller et al., 2010). No summarized data on levels of impacts of cyanotoxins to wildlife was found. However, California Office of Environmental Health Hazard Assessment’s (OEHHA) recommended action levels might be a reasonable analogy to impacts on wildlife when exposure routes are similar, e.g. drinking, dermal exposure, etc. (Table 3.15). 
[bookmark: _Toc526489930]
Table 3.15 California Office of Environmental Health Hazard Assessment (OEHHA) recommended cyanotoxin action levels under selected scenarios (from OEHHA 2012). 
[image: ]
[bookmark: _Toc526505138]3.4 Biostimulatory Thresholds Protective of Human Use Protection Endpoints
We found evidence to support discussion of biostimulatory targets (in bold), based on the linkage to the following human use protection measures (in italics):
· ↑ TN TP Sestonic Chl-a ↑ Cyanotoxins ↓ Municipal Drinking Water, Primary Contact Recreation, Food Safety
· ↑ Macroalgal % Cover, Benthic Chl-a ↓ Recreational Aesthetics
· ↑ DOC and Trihalomethanes↓ Municipal Drinking Water ↑ Water Treatment Cost
This information is summarized in the following sections. 
[bookmark: _Toc526505139]3.4.1. CyanoHAB Cell Density, Toxin Concentrations, and Associated Chl-a and Nutrient Thresholds
Conceptually, biostimulatory substances and condition increase the risk of cyanoHAB blooms. Cyanotoxins have a direct impact on human uses, such as REC1 (primary contact recreation) from dermal contact and ingestion from surface water and aerosolized toxins, REC2 (non-contact recreation) from unaesthetic surface scums, MUN (drinking water) from ingestion and bathing, and AG, COMM, AQUA and SHELL from human consumption of contaminated food supply (agricultural products that are contaminated through cyanotoxin contaminated irrigation water, fish and shellfish; Table 3..13). Here we provide a summary of current state guidance and literature, where state guidance is not available, relating exposure to impaired uses for: 
· Cyanobacteria cell densities and cyanotoxins during an active bloom (measured as particles retained on a filtered sample), 
· via consumption of contaminated tissue (cyanotoxin tissue concentrations) 
· estimated via passive sampling (i.e. SPATT) 
Cyanotoxin Cell Densities and Particulate Toxin Concentrations. In 2015, the USEPA released health advisories for drinking water (MUN) for the cyanobacteria toxins, microcystin and cylindrospermopsin. The recommended 10-day health advisory values are 0.3 μg/L for total microcystin and 0.7 μg/L for cylindrospermopsin for children younger than school age (values are 1.6 μg/L for microcystin and 3.0 μg/L for cylindrospermopsin for all other ages).
The USEPA included cyanobacteria and cyanotoxins on the drinking water Contaminant Candidate List as constituents that may require regulation under the Safe Drinking Water Act. Toxin thresholds for drinking water (USEPA, 2015) and recreational water (CCHAB Voluntary Guidance Document; MyWaterQualityPortal.ca.gov) have been developed (Table 3.16) and represent California’s currently accepted trigger levels for cyanotoxin impacts to human health. Note that since existing guidance is based on acute exposure or Tolerable Daily Intake (e.g. World Health Organization guidelines for microcystins), an impact is assessed based on one-time exposure; consider chronic effects are an area of emerging concern (e.g., Ger et al. 2009; Goldstein et al. 2008; Hiolski et al. 2014) that should be considered as more data become available.
[bookmark: _Toc526489931]Table 3.16. CCHAB trigger levels for cyanotoxin impacts to human health (from MyWaterQualityPortal.ca.gov). 
[image: ]
OEHHA has recommended health-based toxin exposure thresholds (also known as “action levels”) to protect humans, pets, and livestock during recreational exposure for three cyanotoxins (microcystins, cylindrospermopsin, and anatoxin-a). These health-based exposure thresholds are summarized in 3.15 and published in the “Toxicological summary and suggested action levels to reduce potential adverse health effects of six cyanotoxins” (OEHHA, 2012; http://www.oehha.ca.gov/risk/pdf/cyanotoxins053112.pdf). Clearly pets and livestock are not aquatic life or wildlife but related more to human designated uses, though the act linkage to which beneficial uses would need to be clarified by Water Board staff. 
Tissue Cyanotoxin Concentrations. Action levels have also been developed for fish and shellfish consumption. These exposure thresholds are levels at which no health effects are anticipated and indicate additional action (i.e. monitoring) may be advised and are based on the OEHHA (2012) tissue concentrations numbers (Table 3.15). 
SPATT. SPATT based monitoring accumulates dissolved toxins (as opposed to contained in particulate cells) in surface waters. There no direct correlation between SPATT toxin concentrations and grab sample concentrations, but SPATT categories of risk can be defined based on comparison of SPATT with grab and tissue samples (Lane et al. 2010; Kudela 2011, Sutula and Senn 2015). We acknowledge that this is a source of uncertainty, but the advantages of SPATT for routine monitoring (Mackenzie et al. 2004) outweigh these concerns and thus potentially could justify the use of SPATT as a supporting line of evidence. Based on this science, Sutula and Senn (2011) proposed that the following triggers be considered for assessment of San Francisco Bay waters, based on the work of Kudela 2011 and Lane et al. 2010: 
· Below the warning level <100 ng/g)
· Warning level: 100-250 ng/g
· Action level: >250 ng/g
Chl-a, TN, and TP Thresholds with Reduced Risk of CyanoHABs. The State Water Board staff may choose to consider establishing sestonic chl-a and nutrient thresholds for wadeable streams, associated with an increased risk of cyanoHAB abundance or toxin concentrations (e.g. Yuan et al. 2014, Yuan and Pollard 2015, Sutula et al. 2017). For example, using National Lakes Assessment data, Yuan and Pollard 2015 found that thresholds for TN and chl a may help protect against frequent occurrence of high microcystin (MC). “Paired” TN and Chl-a thresholds associated with a desired frequency of occurrence of 0.1 (10% risk) for MC ≥ 1 µg/L were 0.57 mg/L TN with 37 µg/L chl-a or 1.1 mg/L TN with 3 µg/L chl-a. As expected, reducing the desired frequency of occurrence to 0.05 (5% risk) also reduces the threshold concentrations to were 0.250 mg/L TN with 14 µg/L chl-a or 0.40 mg/L TN with 1 µg/L chl-a. The State Water Board recently has funded work to develop threshold science for lakes, including linkage to increased risk of cyanoHAB blooms associated with chl-a, TN and TP. Therefore, we choose to leave a placeholder in this document for forthcoming science associated with that work.   Such an approach could also be used to investigate the relationship between benthic chl-a and benthic cyanotoxins, though conclusions from these analyses may be hampered by the lack of a regulatory threshold for benthic cyanotoxins. 
[image: ]
[bookmark: _Toc526489956]Figure 3.12 Examples of probability-based relationships that describe risk of exceeding a microcystin value of 1 µg/L with increasing sestonic chl-a, TN, and TP. From Yuan et al. 2014.  
[bookmark: _Toc526505140]3.4.2 Macroalgal Percent Cover, Benthic Chl-a Impacting Recreational Use
Aesthetic nuisance conditions are caused by the fraction of stream surface covered by visible benthic algal mats, especially filamentous green algae (e.g. Cladophora spp). EPA recommends end user surveys to determine levels of macroalgal cover or algal biomass that is linked to impairment of recreational use. Although California has not undertaken recreational use surveys, two Western states Montana (Suplee et al. 2009) and Utah (Jakus et al. (2017), completed surveys employing a similar rigorous methodology, with highly consistent findings on levels of percent macroalgal cover and (related) benthic algal biomass that represent “desirable” recreational user experiences (Figure 3.13). Both Suplee et al. (2009) and Jakus et al. (2017) found that benthic chl-a of 150 mg/m2, with associated macroalgal cover categories > 20 % resulted in a 30-70% drop in percent “desirable” responses either by mail- or on-river surveys. This is consistent with Welch (1988; > 20%, > 150 mg/m2) for north American temperate streams and a West Virginia study (Responsive Management, 2012; > 25%). These literature values of > 20 to > 25 % cover that are representative of recreational aesthetic impacts are within the same range of the percent macroalgal cover range that was protective of 90% confidence level REF10 thresholds for CSCI (13%) and ASCI (21%) (Mazor et al. in prep). 
[image: ]
[bookmark: _Toc526489957]Figure 3.13 Percent desirable responses from the By-Mail and On-River Surveys. Each histogram set of two bars represents a photograph, with associated benthic chl-a biomass (40-1280 mg/m2) top line of X -axis and the representative percent cover range taken from field notes associated with each photograph below each biomass estimate.  Error bars are the 95% confidence level of each proportion, expressed as percent error.Modified from Suplee et al. (2009). 

Differences exist between California versus Montana and Utah benthic algal biomass protocols that makes comparison of biomass levels that are deemed protective of recreational use problematic. For example, Montana DEQ requires that for all samples where filamentous algae is present, the “Hoop Method” be used, regardless of stream substrate, in which the floating mat is sampled comprehensively within an area roughly equivalent to the bottom of a 5-gallon bucket. This contrasts with California’s Fetscher et al. (2009) protocol, which is optimized for algal taxonomy and therefore likely representing a biased low benthic chl-a estimate of the filamentous mat at higher biomass levels (Sutula et al. 2018). The implication of this is that REC2 algal thresholds from Montana (Suplee et 2009) and Utah (Jakus et al. 2017) cannot be used as a basis for California biomass thresholds protective of REC2. 
Instead, we analyzed California ambient stream bioassessment data to look at the relationship between % cover categories and benthic chl-a, using the dataset and approaches described in Mazor et al. (in prep; Figure 3.14). Benthic chl-a of 19 to 41 mg/m2 had a 90% probability of meeting macroalgal percent cover goals in the range of 13% to 30%, which was roughly comparable to CSCI and ASCI 90% probability REF10 thresholds of 28-58. In contrast, 50% goal, which the Central Coast Water Board has utilized to protect REC2 (Worcester et al. 2010) corresponded to a biomass of 123 mg/m2. This value exceeds exhaustion thresholds for BMI and algal aquatic life protection (Fetscher et al. 2014), at CSCI and ASCI ranges that have narratives “very likely altered” (Mazor et al. 2016) with moderate to severe loss of structure and function (Paul et al. in prep).  
[image: ]
[bookmark: _Toc526489958]Figure 3.14 Scatter plot of benthic chl-a on X-axis versus percent cover on Y axis (left panel) and (right panel) relative probability of meeting attached macroalgal percent cover (MAP) goal of 13, 30, 50, and 70 % cover. Dashed red lines in graph on left represent this range of cover targets. Dashed lines on the right panel graphic indicate threholds associated with different levels of confidence from 95%, 90% and 80% (top to bottom). 

However, percent cover, as currently measured by the Fetscher et al. (2009) SOP, is not recommended as a primary line of evidence because 75th and 90th reference ranges are substantially higher than those suggested by user surveys (Table 4.1, next section).

[bookmark: _Toc526505141]3.4.3 DOC and Trihalomethane
The dissolved organic carbon (DOC) content of natural waters can be increased by algal or microbial production; however, in most cases, the total DOC supply is dominated by loading of organic compounds from the watershed.  Higher levels of DOC also increase the amount and costs of disinfectants required to achieve disinfection goals. DOC is a concern to drinking water because trihalomethanes (THMs) are byproducts of drinking water treatment that result from the chlorination or bromination of certain DOC compounds.  THMs include several known and suspected carcinogens, creating concern for drinking water safety.  Algal metabolites and decomposition products present in raw water are candidates for THM production (USEPA, 2000b; Nigel, et al., 1998; Plummer and Edzwald, 2001).  
EPA has Disinfectants and Disinfection Byproducts Rules (www.epa.gov/dwreginfo/stage-1-and-stage-2-disinfectants-and-disinfection-byproducts-rules). Stage 1 Disinfectants and Disinfection Byproducts Rule (DBPR) reduces drinking water exposure to disinfection byproducts and applies to community water systems and non-transient non-community systems, including those that add a disinfectant to the drinking water during any part of the treatment process. The Stage 2 DBPR strengthens public health protection by tightening compliance monitoring requirements for THM et al. brominated byproducts. The rule targets public water systems (PWSs) with the greatest risk. USEPA (2003) suggests a maximum contaminant level of 0.080 mg/L total THM at any point in the water distribution system.  Stage I Disinfection Byproducts Rule requires removal of TOC by water treatment plants when the source water concentration exceeds 2 mg/L.  DOC/TOC levels are naturally elevated in the Sacramento-San Joaquin Delta, and CALFED (2004) has an objective of 3 mg/L organic carbon in source water, although greater concentrations are frequently reported (Chen et al., 2008).
We are not recommending that biostimulatory targets be defined solely in terms of DOC or specific THM precursors.  However, information from water treatment system operators on acceptable levels of algae and DOC in raw water consistent with meeting THM guidelines is an important input to the determination of biostimulatory-associated impairment of MUN water uses.

4. [bookmark: _Toc526505142]Summary 
[bookmark: _Toc225238909][bookmark: _Toc261867226][bookmark: _Toc290373917]This document provides a synthesis of science supporting the development of numeric guidance to protect wadeable streams from eutrophication by 1) providing general conceptual models of risk pathways by which nutrient pollution and eutrophication can impair beneficial uses in wadeable streams, 2) providing a review of eutrophication indicators that can serve as the basis for assessing beneficial use protection status and 3) summarizing available science supporting the selection of numeric targets to protect waterbodies against biostimulatory impacts.  Three key findings of this work are summarized below. 

1. A large body of research provides a solid foundation for linking biostimulatory impacts to impairment of beneficial uses in aquatic ecosystems. Over four decades of scientific research in eutrophication of wadeable streams provides sound scientific basis to develop conceptual models linking biostimulatory substances and conditions to eutrophication responses and their impacts on beneficial uses on California wadeable streams. 
Most Important Risk Pathways Associated with Impairment of Sensitive Uses by Nutrient Pollution and Eutrophication. Aquatic life -related uses, ALU, are grouped to include: COLD, WARM, MIGR, RARE, and SPWN beneficial uses. Birds, amphibian and terrestrial wildlife are represented under WILD, MIGR, and RARE. Poor water quality can be linked to human or aquatic/wildlife uses.
	Use
	Altered Aquatic Life
	Toxin Contaminated or Low Yield Fisheries
	Poor Taste and Odor
	Poor Aesthetics
	Impeded Water Intake
	Poor Water Quality

	AL-Related Uses
	X
	
	
	
	
	X

	MIGR/WILD/RARE
	X
	X
	X
	
	
	X

	COMM/SHELL/AQUA
	X
	X
	
	
	
	X

	TRIB/CULT
	X
	X
	X
	X
	X
	X

	MUN
	
	
	X
	
	X
	X

	IND
	
	
	
	
	X
	

	REC-1
	
	
	X
	
	
	X

	REC-2
	X
	X
	X
	X
	
	X




2. Several response indicators are recommended for use in eutrophication assessment, based on 1) a strong linkage to beneficial uses, 2) robust signal: noise in assessing eutrophication, 3) well vetted SOP with accepted practices for interpretation and 4) can establish the mechanistic linkage between the response indicator and biostimulatory substances and conditions via empirical or dynamic simulation models. These indicators, with data on biostimulatory substances (TN and TP) and other biostimulatory drivers, can be used provide a robust assessment of eutrophication. 


Summary of wadeable streams biostimulatory indicators recommended for use in wadeable streams biostimulatory assessment. Absence from list does not imply that other indicators cannot be used, based on expert judgment. Beneficial use (BU) type refers to major pathway of impact to aquatic life (AL) related uses or to human (H) uses. 
	 Indicator
	Designation
	BU Type
	Routinely Used in SWAMP PSA?

	Organic matter accumulation
	
	
	

	Benthic algal biomass (benthic chl-a) 
	Primary
	AL, H
	Y

	Water column biomass (water column chl-a)
	Primary
	AL, H
	

	Benthic or floating macroalgal percent cover 
	Supporting
	H
	Y

	Benthic AFDM 
	Primary
	AL
	Y

	Water column or benthic chemistry
	
	
	

	Continuous DO and pH
	Primary
	AL
	

	DO Diel range
	Primary
	AL
	

	GPP
	Supporting
	AL
	

	Dissolved organic carbon, trihalomethane
	Supporting
	H
	

	Aquatic Community Structure
	
	
	

	Benthic algal community composition (ASCI)
	Supporting
	AL
	Y

	BMI community composition (CSCI)
	Supporting
	AL
	Y

	Harmful Algal Bloom 
	
	
	

	Benthic cyanoHAB toxin
	Supporting
	H, AL
	

	Benthic cyanoHAB cell density
	Supporting
	H, AL
	Y

	Particulate cyanoHAB toxin
	Primary
	H
	

	
	Supporting
	 AL
	

	Particulate cyanoHAB cell density
	Supporting
	H, AL
	

	CyanoHAB toxin concentration in tissue
	Primary
	H
	

	
	Supporting
	AL
	

	SPATT toxin concentration
	Supporting
	H, AL
	

	Causal (Biostimulatory Substances and Conditions)
	
	
	

	Nitrogen, phosphorus and associated organic matter
	Primary
	AL, H
	Y

	Hydromodification, physical habitat, light, temp.
	Supporting
	H, AL
	Y



3. A review of studies conducted in California and elsewhere produced a range of biostimulatory thresholds that can serve as the basis for Water Board staff decisions on numeric guidance. These thresholds are based the following relationships (indicators for available thresholds shown in bold) on impacts to aquatic life related uses:
· ↑ TN, TN, Benthic Chl-a, and AFDM ↓ Algal, BMI Community Integrity
· ↑ TN, TN, Sestonic Chl-a ↓ Algal, BMI, Fish Community Integrity
· ↓ DO ↓ Fish and Invertebrate Physiological and Lethal Impacts, BMI Community Integrity
· ↑ pH Range ↓ Fish and Invertebrate Physiological and Lethal Impacts
· ↑ TN, TN, Benthic Chl-a↑ DO Diel Variability ↓ Fish, Algal, BMI Community Integrity
· ↑ TN TP, Sestonic Chl-a ↑ Cyanotoxins ↑ Fish, Algal, BMI, Wildlife Physiological/Lethal Impacts
And to human uses:
· ↑ TN TP Sestonic Chl-a ↑ Cyanotoxins ↓ Drinking Water Source Quality, REC1, Food Safety
· ↑ Macroalgal % Cover, Benthic Chl-a ↓ Recreational Aesthetics
· ↑ DOC and Trihalomethanes↓ Drinking Water Source Quality↑ Water Treatment Cost
The numeric values of those thresholds depend on pathway of impact, risk tolerance, aquatic life or human use protection endpoints and source data. DO and pH objectives are in Regional Board basin plans. CCHAB and the State Water Board staff are coordinating guidance for cyanoHAB cell density and toxin concentrations; we defer to that group for the basis of guidance; derivation of sestonic and benthic chl-a thresholds (and associated TN and TP) protective against risk of cyanoHAB toxins can be developed or refined from improved monitoring. 
Among the strongest evidence are TN, TP, benthic chl-a and AFDM thresholds derived from protection endpoints for bioassessment indices for benthic macroinvertebrate (BMI; California Stream Condition Index -CSCI) and algae (algal stream condition index-ASCI), summarized for a selected confidence level, in the table below (see Table 4.1 below). Based on biological condition gradient (BCG) expert interpretation (Paul et al. in prep), the 10th percentile of reference equates to evident loss of structure, minimal loss of ecological function, while the 1st equates to moderate loss of structure, minor loss of function. CA-derived TN and TP thresholds are within range of other literature and state criteria (Figure 4.1) and just below best available treatment technologies for municipal wastewater, particularly for TN.
[bookmark: _Toc526489933]Table 4.1 Range of TN, TP thresholds, Benthic Chl-a, AFDM associated with protection of CSCI and ASCI_H at a relative probability of 90% confidence, at varying levels of percentile of reference, from 30th to 1st. compared to reference distribution and taxon-specific changepoints for eutrophication factors. Red text highlights reference distributions that are higher than the derived Ref10 threshold, or taxon-specific change-points that are below the derived Ref10 threshold. SBA: soft-bodied algae. BMI: Benthic macroinvertebrates. n: number of reference sites. 
	Benchmark
	Total N
	Total P
	Chl-a
	AFDM
	% cover

	Derived thresholds- CSCI
	
	
	
	
	

	Eutrophication threshold for Ref30
	0.34
	0.024
	14
	12
	10

	Eutrophication threshold for Ref10
	0.59
	0.104
	28
	20
	13

	Eutrophication threshold for Ref01
	1.95
	0.401
	65
	37
	26

	Derived thresholds- ASCI
	
	
	
	
	

	Eutrophication threshold for Ref30
	0.13
	0.026
	24
	17
	18

	Eutrophication threshold for Ref10
	0.32
	0.080
	43
	30
	20

	Eutrophication threshold for Ref01
	1.67
	0.394
	122
	80
	33

	Reference distributions
	
	
	
	
	

	90th percentile - Statewide (n=524)
	0.25
	0.058
	31
	27
	39

	90 - Chaparral (n=76)
	0.24
	0.075
	34
	20
	42

	90t- Central Valley (n=1)
	0.16
	0.027
	23
	13
	41

	90t- Deserts and Modoc (n=38)
	0.51
	0.104
	46
	35
	50

	90t- North Coast (n=106)
	0.14
	0.030
	22
	15
	29

	90t- South Coast (n=115)
	0.31
	0.039
	34
	62
	43

	90t- Sierra Nevada (n=164)
	0.15
	0.058
	24
	17
	35

	Taxon-specific changepoints
	
	
	
	
	

	Diatom Increasers
	0.44
	0.082
	47
	18
	17

	Diatom Decreasers
	0.38
	0.048
	11
	11
	18

	SBA Increasers
	0.58
	0.075
	26
	19
	16

	SBA Decreasers
	0.17
	0.034
	36
	15
	23

	BMI Increasers
	0.65
	0.091
	71
	31
	68

	BMI Decreasers
	0.65
	0.080
	31
	20
	28



[bookmark: _Toc526489959][image: ][image: ]Figure 4.1 Ranges of literature derived TN (left panel) and TP (right panel) thresholds relative to adopted state criteria. Top panel represents threshold derived from CA wadeable stream bioassessment data (Mazor et al. in prep, Fetscher et al. 2014). In ASCI and CSCI REF30-01 bars, mean represents REF10. REF75th and 90th are the ecoregional ranges, while the mean line represents the statewide mean. Middle panel represents published studies of change point analyses (nCPA) for other states/territories and includes a variety of stream types including wadeable and nonwadeable streams. Bottom panel summarizes adopted criteria. Ranges in bar represents adopted criteria for different stream types or classes. NMAR = Northern Mariana, AS =American Samoa, PR= Puerto Rico
 The benthic chl-a 90th percentile of reference for some regions is above the REF10 CSCI and ASCI thresholds, but generally within the 95th percent confidence levels for these thresholds (~± 10 mg/m2; Figure 4.2), pointing to the patchy nature of this indicator. Other states use benthic chl-a to protect REC2 uses; comparison of CA benthic chl-a protective of comparable REC2 % cover categories points to obvious differences in benthic chl-a protocols among states and therefore not informative to CA benthic chl-a targets. Macroalgal algal % cover thresholds, either from an aquatic life or REC2 use (<20-25% cover), are problematic because of high % cover at reference sites (Table 4.1), which is likely an artifact of the measurement protocol; alternative protocols should be explored as % cover has strong linkage to REC2 uses.
[bookmark: _Toc526489960][image: ]Figure 4.2 Threshold benthic chl-a ranges for CA wadeable stream bioassessment data (top panel; Mazor et al. in prep and Fetscher et al. 2014), compared to other literature values protective of aquatic life (bottom panel). Mean of ASCI and CSCI REC30-01 bars represents REF10. REF75th and 90th show the ecoregional range and the statewide mean line. Change point analyses =nCPA. Thresholds protective of BMI and trout in New Zealand (NZ) are mean values; IL thresholds are protective against > 10% BGA. North American (N.A.) trophic state range represent boundaries of oligotrophic and eutrophic streams, while IN values represent min, mean and max change points for BMI, algae and fish.  
[bookmark: _Toc526489961][image: ]
[bookmark: _Toc526489962]Figure 4.3 Ranges of biomass associated with achieving recreational use-related macroalgal cover targets, derived from CA bioassessment data (top panel) versus other state guidance/criteria protective of recreational use (bottom panel).  Other state adopted criteria/guidance for macroalgal cover protective of REC2 have typicaly been in the range of <20-25%; within CA, the Central Coast Water has used 50% cover to be protective of REC2. 



AFDM is prone to false-positives at the low end of the disturbance gradient but represents a useful indicator to diagnose organic matter loading from legacy or upstream sources; we recommend that it be retained for use with careful consideration of multiple lines of evidence and applicable threshold (Figure 4.4). 
[bookmark: _Toc526489963][image: ]Figure 4.4 Ranges of AFDM of aquatic life thresholds derived from California wadeable stream bioassessment data (Mazor et al. in prep, Fetscher et al. 2014). In ASCI and CSCI REC30-01 bars, mean represents REF10. REF75th and 90th is the ecoregional range, while the mean line represents the statewide mean. Change point analyses are designated as nCPA. 

Sestonic or water column chl-a, though not routinely measured in SWAMP wadeable stream bioassessments, is a useful eutrophication indicator in turbid streams particularly found in ag- or timber-dominanted landscapes where light is prevented from reaching the bottom. Other literature sources, typically in the range of ~10-15 µg/L, including California Central Coast Regional Water Board biostimulatory objectives, can be used as the basis for numeric target decisions. 
[bookmark: _Toc526489964][image: ]
[bookmark: _Toc526489965]Figure 4.5. Ranges of literature derived Sestonic Chl-a thresholds  and adopted state criteria for wadeable versus nonwadeable streams. All threshold criteria sources above orange line are for wadeable streams and nearly all from peer-reviewed literature sources. The exception is the CA Central Coast Regional Water Board, which adopted 15 µg/L to interpret their biostimulatory objective, based on peer-reviewed literature sources. Below the line includes literature sources or adopted criteria for either non-wadeable streams or streams and rivers where the type is not specified (NS). 
DO diel variability is an extremely useful indicator for watershed management discussions of appropriate targets because it can be readily modeled using steady state or dynamic approaches without the need to constrain all BOD or SOD that can ultimately limit use of DO objectives. Among available literature, the most relevant may be New Mexico, which ranged from ± 0.9 mg/L DO for high gradient stream to ± 2.5 mg/L DO in highly productive (volcanic) streams, which brackets the Central Coast Water Board screening value of ± 1.25 mg/L TN and TP thresholds associated with the below DO diel variability ranges were within the same order of magnitude as those derived for CSCI and ASCI REF10 endpoints.   
[bookmark: _Toc526489966][image: ]
[bookmark: _Toc526489967]Figure 4.6 Ranges of literature derived diel variability thresholds (California versus other states) relative to adopted state criteria. Ranges of NM, MN, and OH are from change point (nCPA) analyses. 

A high false positive error rate occurs with application of any single lowest (CSCI or ASCI) REF10 -based thresholds to CA bioassessment to predict biointegrity; additional investigation on the reason for these errors is warranted, as is discussion on relevant threshold and use as multiple lines, all of which will impact false positive (and false negative) error rates. 
Use of these thresholds or other thresholds should be informed by guidance on duration, frequency and seasonal considerations (wet versus dry weather, winter versus summer) and use of the indicators as multiple lines of evidence. The scientific basis for this guidance can be added as policy options become clarified.
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[bookmark: _Toc526505145]Important Definitions
For those outside the regulatory world, distinction between terms like “criteria,” “standards”, “objectives,” and “endpoints” can be confusing. The purpose of this section is to provide definitions of the terms that are linked closely to how the eutrophication framework can be implemented. 
Eutrophication: Eutrophication is defined as the acceleration of the delivery, in situ production of organic matter, and accumulation of organic matter (Nixon 1995). One main cause of eutrophication in estuaries is nutrient over enrichment (nitrogen, phosphorus and silica). However, other factors influence primary producer growth and the build-up of nutrient concentrations, and hence modify (or buffer) the response of a system to increased nutrient loads (hereto referred to as co-factors). These co-factors include hydrologic residence times, mixing characteristics, water temperature, light climate, grazing pressure and, in some cases, coastal upwelling. 
[bookmark: _Hlk525820861]Indicator: A characteristic of an ecosystem that is related to, or derived from, a measure of biotic or abiotic variable, that can provide quantitative information on ecological condition, structure and/or function. With respect to the water quality objectives, indicators are the ecological parameters for which narrative or numeric objectives are developed. 
Measure or metric: The precise measure of an indicator, with a standard operating procedure, that represents the output of an observations. Examples of this is algal biomass (indicator), which can be measured by water column chlorophyll-a, in situ chlorophyll fluorescence, or remotely sensed chl-a, etc. all parameters. 
Water Quality Standards: Water quality standards are the foundation of the water quality-based control program mandated by the Clean Water Act. Water Quality Standards define the goals for a waterbody by designating its uses, setting criteria to protect those uses, and establishing provisions to protect water quality from pollutants. A water quality standard consists of three basic elements:
1. Designated uses of the water body (e.g., recreation, water supply, aquatic life, agriculture; Table 1.1), 
1. Water quality criteria to protect designated uses (numeric pollutant concentrations and narrative requirements), and
1. Antidegradation policy to maintain and protect existing uses and high-quality waters. 
Water Quality Criteria: Section 303 of the Clean Water Act gives the States and authorized Tribes power to adopt water quality criteria with sufficient coverage of parameters and of adequate stringency to protect designated uses. In adopting criteria, States and Tribes may:
· Adopt the criteria that US EPA publishes under §304(a) of the Clean Water Act; 
· Modify the §304(a) criteria to reflect site-specific conditions; or 
· Adopt criteria based on other scientifically-defensible methods. 

The State of California’s water criteria are implemented as “water quality objectives,” as defined in the Water Code (of the Porter Cologne Act; for further explanation, see below). 
States and Tribes typically adopt both numeric and narrative criteria. Numeric criteria are quantitative. Narrative criteria lack specific numeric targets but define a targeted condition that must be achieved. 
Water Quality Objectives: The Water Code (Porter-Cologne Act) provides that each Regional Water Quality Control Board shall establish water quality objectives for the waters of the state i.e., (ground and surface waters) which, in the Regional Board's judgment, are necessary for the reasonable protection of beneficial uses and for the prevention of nuisance. Note that the Water Board terms “beneficial uses” are essentially equivalent to the federal term “designated uses.” The State of California typically adopts both numeric and narrative objectives, which are promulgated through a public process and incorporated into basin plans. Numeric objectives are quantitative. Narrative objectives present general descriptions of water quality that must be attained through pollutant control measures. Narrative objectives can be accompanied by a numeric translator, which could consist of a suite of numeric assessment endpoints and targets (see definition below), along with guidance on their interpretation. Once a narrative objective is established, guidance can be updated over time with policy actions that are less arduous than establishment of objectives themselves.  
Numeric Assessment Endpoint: Numeric endpoints are policy decisions, or public ally accepted guidance, on the numeric values that define the management protection goal, either for human ecosystem services and beneficial uses (e.g. COMM, AQUA, SHELL, etc.) or that of aquatic life (e.g. MAR, EST, SPWN) or terrestrial wildlife (MIGR, RARE), typically represented by an indicator or biological response or human use (e.g. percent individuals affected by carapace dissolution, toxin concentration in Dungeness crab). The represent the “response” of the ecosystem to a causal (anthropogenic) driver. 
Numeric Targets: Numeric targets are policy decisions that are the output of translation of numeric assessment endpoints (management goals) into desired levels of chemical or physical (causal) drivers. 
Threshold: “Endpoints” and “targets” to refer to policy decisions, while “thresholds” refer to the output of scientific analyses that are intended to inform conversations among the Water Board and its advisory groups on targets. Generally, we define thresholds as “the point at which there is an abrupt change in an ecosystem property or where small changes in an environmental driver produce large responses in the ecosystem” (Grossman et al. 2006).  Thresholds have also been associated with the concept of resilience and a transition between alternate stable states (Resilience Alliance and Sante Fe Institute 2004).  These state changes may be associated with either abrupt changes in one or more response variable as a key driver crosses a threshold value. Cuffney et al. (2010) further distinguish between resistance thresholds (e.g., a sharp decline in ecosystem condition following an initial no effect zone) and exhaustion thresholds (a sharp transition to zero slope at the end of a stressor gradient at which point the response variable reaches a natural limit). Another category of thresholds is “benchmarks,” used to refer to specifically to experimental treatment levels in which “no observed effect; NOE” or “lowest observed effect; LOE,” can derived.

image1.emf
Hydromodification

Nitrogen and Phosphorus 

Loading

Light availability 

Organic Matter Loading

Physical Habitat 

Alteration

Temperature


image2.png
EcosYSTEM
(EUTROPHICATION)

ImpACTS TO

ImPACTS TO

BiosTmuLATORY

EcosysTeEm

BENEFICIAL

DRIVERS

SERVICES RESPONSE

Uses

Change in
Nutrient
Loading

Change in
Light Regime

Increased
Prmary

Producer

Biomass

Increased
Harmtl Algal
Blooms.

Altered Nutrent
Foms,
Concertration &
Ratios

Increased
Metatolism, Diet

taminated
d

Impaired
Aquatic Life
Uses

Impaired

Wildife
[

Temperature
AReration

Increased
Organic Matter

Increased Net
Respiration,
Hypoxia &
Hypercapria

Impaired
Viater
Supply Uses

Flow AReration

Shifs in Algae &
AquaticPlant
‘Communties

Increased Toxic
Metatoltes HAB
toxins, NH4, .S

Impaired
Recreational
Uses

Physical
Habitat
Aeration

Prolferation of
prokanyotes,
incluing enteric
bectera

Impeded

Human Uses

Changein
Biological
Communities

Altered Habitat
and Food Supply

Increased D!
&
tohalomethanes

Impaired

ofAquatic
Life




image3.png




image4.png




image5.png
g ® g 3
) S 5
§ § §
2 16 2 16 e
ol
g £ £
= = 055 =
7 0% 2 050 ]
2o 3 oss i
£ o0 g 040 H
o7 s
88 § 100 5
3 g ® H
3 3 3
® 80 ® 7 ®
Bt 3 ° Ey
£ s g ¢ g
8 s g 7 3
[
o6 o8
aaf! o6
. . \,\, .
: L
80 80
78

8
03-16-17 03-18-17 03-20-17 05-07-17 051317 07-16-17  07-22-17




image6.emf
bacteria consume DO as 

they respire OM

Direct Effects

Live biomass causes 

wide DO and pH 

fluctuations

excessive organic 

matter (OM) 

accumulation

Smother habitat

Bio-

stimulatory 

Conditions

Toxicity

1/24/1/25/1/26/Temp (oC)101214161820222426282/252/262/27101214161820222426284/144/164/18101214161820222426285/275/306/2101214161820222426287/67/77/87/97/10101214161820222426281/24/1/25/1/26/DO (mg/L)0246810122/252/262/270246810124/144/16

4/18

0246810121/24/1/25/1/26/pH7.27.47.67.88.08.22/252/262/277.27.47.67.88.08.24/144/164/187.27.47.67.88.08.2Lower Santa Margarita River Sites 2-4

5/27 5/30 6/2

0

2

4

6

8

10

12

5/275/306/27.27.47.67.88.0

8.2

7/67/77/87/97/10

0

2

4

6

8

10

12

7/67/77/87/97/107.27.47.67.88.0

8.2

Site 3Site 3Site 2Site 3Site 3

7

6

5

4

3

2

1 2   3   4  5

Day

Dissolved Oxygen 


image7.emf
excessive organic 

matter (OM) 

accumulation

Reduced 

Aesthetics

Higher Risk of 

Toxic Blooms

Pathogenic bacteria 

proliferate

Bio-

stimulatory 

Conditions


image8.emf

image9.emf

image10.png
Anabaenopsis
Aphanizomenon
Cylindrospermopsis
Dolichospermum
Gloeotrichia
Lyngbya

Microcystis
Nodularia

Nostoc
Phormidium
Planktothrix
Raphidiopsis
Synechococcus

CyanoHAB
genus

N
fixation

X X X X X X X X X X X X X

HAB
characteristics

X

X

Toxins

produced

W OO N WO OO

3
Mitigation options

(numbered in order of priority)

© 1 © ©

o o ©O ©

(=2}





image11.emf

image12.emf

image13.png




image14.png




image15.jpeg
Aquatic life
Indicator Response

Statistical Change Point
Detection

i change in
magnitude

Stressor Gradient

Identify Quantitative Thresholds For
an Indicator of Beneficial Use

181 Target Score (e.g.
cscl)

Stressor Gradient

* Targeted IBl score * Related stressor level





image16.emf
Mean: 1.0

30

th

percentile: 

0.92

10

th

percentile: 

0.79

1st percentile: 

0.63

Likely

intact

Poss.

altered

Likely

altered

Very

likely

altered


image17.emf
Reference

1.2

1.0

0.8

0.6

0.4

BCG

0.2

Likely intact

BCG3

BCG4

BCG5

BCG6

Possibly altered

Likely altered

Very likely 

altered

BCG2

0.92

0.79

0.63

0.33

1-2. Minimally altered 

structure and function

3. Evident changes in 

structure, minimal 

loss of function

4. Moderate changes 

in structure, minor 

loss of function

5. Moderate changes 

in structure and 

function

6. Severe loss of 

structure and function

CSCI

1.03

0.83

0.63

Likely intact

Possibly altered

Likely altered

Very likely 

altered

0.93

0.83

0.70

0.97

0.67

1.23

0.30

ASCI_H

1-2. Minimally altered 

structure and function

3. Evident changes in 

structure, minimal 

loss of function

4. Moderate changes 

in structure, minor 

loss of function

5. Moderate changes 

in structure and 

function

6. Severe loss of 

structure and function

Reference BCG


image18.jpg
BCG4 A B —
BCG31g ——
Ref01 1 —
Refl04
© .
T Ref301 3
O) T T
2F 0 1
[
(@)
o AFDM
=
Q -
o BCG4q — —e— =
BCG31 <~
Refo1q — “e—
Refl04 5
Ref301 ¥
10 20 30

Total P
BCG4{ — —=
BCG31s =
Ref01 ——
Ref104 «*
Ref301 &
00 05 10 15
% cover
| BCG4+ e .
BCG3{ —%=
Ref01 1 T
Refl04 =
Ref301 ——

0 20 40 60 80

Eutrophication target

Chl-a
BCG4 - S T
BCG3{ —="—
Ref01 e —
Refl04 =
Ref301 ==

0 50 100 150 200

Biointegrity index
¢ ASCID
¢ ASCI_H
*+ ASCLS
¥ Bsel





image19.jpeg
; :
—Ao——————— _‘_é— @ sensitive
H H ®/low nutrients
! | ® eutrophication
I - —._“'_1 [®lintegrative
I ! ®mean
_!*.— .—1 A median
I I
I I
0 10 20 30 40 50 60 70 80 90 100 110 120 5 10 15 20 25 30 35 40

chiorophyll a (mg/m?)

AFDM (g/m?)

Ot ——te——

I |

i i

i i

B e —— —_——
i i

| I

0 02 04 06 08 1 12 14 16 18 2 22 0.05 01 0.15 02 025

TN (mg/L)

TP (mg/L)




image20.jpeg
Encyonopsis
Helisoma
Zygnema

Total N (mg/L)

a

Nostoc
Diatoma
Staurosira
Psammothidium
‘Gomphoneis
Chantransia
Gomphonema
Sellaphora
Hannaea
Gomphosphenia
Tolypothrix
Ulothrix
Navioula
Amphora
Diadesrmis
Homoeothrix
Oedogonium
Nitzschia
Reimenia
Placoneis
Eubrianax
Pseudostaurosira
Vaucheria
Encyonema
Narpus
Chamaesiphon
Drunella
Cladophora
“Apatania
Physa_Physella
Cyclotelia
Tabularia
Bacilaria
Paraleptophiebia
Epithemia
Rhizoclonium
‘Phormidium
Fallceon
Antocha
Surirella
Pleurosira
Cratioula
Optioservus
Rhopalodia
Fragilaria
Lepidostoma
Hesperoperta
Tiyblionella
Luticola
Gyrosigma
Meridion
Amphipleura
Ephydridae
Arctopsyche
Achnanthidium
‘Saenedesmus
Calothrix
Mougeotia
Rhithrogena
Glossosoma

Fallacia
Catineuria
Zaitzovia
Rhyacophila
Hippodonta
Caloparyphus_Euparyphus
Ampumixis
Diphetor
Ostracoda
Halamphora
Synedra
Caloneis
Rhoicasphenia
Tricorythodes
Pediastrum
Eolimna
Hydroptila
Mayamaea
Denticula
Monoraphidium
Hemerodromia
Ochrotrichia
Mensmopedia
Oooystis
Chiorella

™
A
2
v
A
2
e
2
a
x
<
v
Vx
A4
%
v
X
v
%
X
o
-
o
s
v
v
14
X
A
bé
b
v
i
a
-y
o
A
v
v
%
X
2
53
X
=
v
g
a
2
2
Iy
2
v
X
oy
2
3
A

Assemblage
I Bmi
B Diatom
M sBA

Response

A increasers

7 Decreasers

05 1.0
Changepoint




image21.jpeg
Total P (mg/L)

Periinodes A z
Octogomphus_specularis - A
Nevicula -
Eurotia -
Zygnema -
Planothidiurm <
Skwala -
Mougeotia -
Homoeothnix |
Encyonema <
Encyonopsis
Heteroleibleinia -
Melosira =
Nitzsohia -
Ampumixis |
Chamaesiphon -
Parlibellus -
Arctopsyche -
Cymbella
Gongrosira 4
Drunella -
Psammothidium -
Tolypothrix <
Amphipleura |
Optioservus
Nostoc o
Gomphoneis |
Epithemia <
Amphora <
Aphanothece -
Calothrix o
Achnanthidium <
Craticula 4
Surirella
Fallacia
Placoneis
Eubrianax <
Diatoma o
Pseudosteurosira =
Hippodonta <
Paraleptophlebia <
Tabularia -
Ostracoda
Heteroplectron =
Rhizoclonium -
Tricorythodes o
Luticola o
Bacillaria -
Halamphora -
Cyclotella
Apatania |
Antocha -
Epeorus -
Calineuria <
Gomphonema <
Cladophora -
Fallceon o
Gyrosigma o
Tryblionella <
Rhyacophila -
Ephydridae -
Diadesmis -
Fragileria
Oedogoniurm -
Reimeria |
Argia -
Synedra -
Sellaphora <
Eolimna
Staurosita =
Mayamaea -
Hydroptila
Tychonema o
Pleurosira -
Denticula -
Pediastrum -
Hemerodromia - :

0.01 0.05 0.10
Changepoint

Assemblage
[ BM

I Diatom
W sBA

qaq?

Response
A Increasers

v Decreasers

< B D
BEEBEIIgtIared Lol .

JOTR)
pd<
o1





image22.png
‘Table 26. Candidate nutrient threshold values based on frequency distributions and ranges of endpoints by
nutrient and site cass.

TFRE TN Moderate TSt
TN geference 90 quantile 069 mg/L 0.42 mg/L 0.30 mg/L
0% confdence nterval  0.62-0.85 038-051 026-034
Stressorresponse median ____0.52 mg/L 033mg/L 026 mg/L
. TotighVoleanic T2 FlatModerste 10 Steep
Reference 30 quantie 0.105 mg/L 0.061 mg/L 0,030 mg/L
0% confidence ntel  0.089-0.114  0.051-0069  0.016-0053

Stressor-response median 0,067 mg/L 0.066 mg/L 0.029 mg/L
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Fig. 4 Simulated mean (summer 2000) benthic chlorophyll a (solid
line) and cyanobacterial percentage sestonic algal biovolume at reach
BE-54 (dashed line) as a function of TSS concentration, with TP and
TN fixed at hypothetical criteria of 100 gl and 27 mg/,
respectively
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Figure 3. Examples of 75"-percentile additive quantile regres-
sion smoothing (AQRS) showing data sets with upper and mid-
point lower thresholds (% sensitive fish individuals, Central region,
biomonitoring data) (A) and midpoint threshold only (% intoler-
ant fish individuals, Central region, biomonitoring data) (B), and
upper breakpoint only (% tolerant fish individuals, River Nutrient

Study) (C).
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Table 27. Threshold ranges for Delta DO derived from reference distibutons (Ref Dist 90°), the reference
distibuton 30% confidence nterval (Ref Dist CI30), regression iterpolation range (Reg Int range),
change-point analyss (GPA) median, and CPA ranges associated with benthic macroinvertebates (BMI)

and nutrents.

T Figh- TP et

Vo Moderate TPsteep Al Classes
Ref Dist 507 502 208 17 a5
Ref Dist 190 313724 352727 140-237 327713
Reg Int range NA 334-405 NA NA
CPAmedian NA 20 NA 230
CPABMIrange NA 188-2.44 NA 156-2.46
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Table 1. Main toxins from cyanobacteria. including genera of main producers and action m

Chemical
Cyanotoxins Genera of main producers Action mechanism
classification
Hepatotoxins
Anabaena, Planktothrix, Cyclic Inhibition of protein
Microcystins
Nostoc, Anabaenopsis Heptapeptides phosphatases type 1 and 24
Inhibition of protein
Nodularins Nodularia Cyclic Pentapeptides
phosphatases type 1 and 24
Cylindrospermopsis raciborskii, Glutathione and protein
Cylindrospermopsins Aphanizomenon ovalisporum, Guanidine alkaloids  synthesis as well as
Aphanizomenon oflos-aquae cytochrome P450.
Neurotosins
Trreversible link to the
Anabaena,
Anatoxin-a Alkaloid nicotinic receiver S of
Aphanizomenon, Planktothrix
acetylcholine
Trreversible inhibitor of
Anatoxin-a(s) Anabaena Organophosphate
acetylcholinesterase
Dinoflagellates: Alexandrium,
Pyrodinium, Gymnodinium
Cyanobacteria: Anabaena circinalis, block sodium channels in
Saxitoxins Carbamate alkaloids
Aphanizomenon sp.. Aphanizomenon nerve axons
gracile, Cylindrospermopsis
raciborskii, Lyngbya wollei
Dermatotosins
potent fumor promoters, acting
Lyngbyatoxin-a Iymghya Alkaloid through potentiation of protein
kinase C (PKC)
potent fumor promoters, acting
Iymgbya, Schizothrix, Plankiothrix
Aplysiatoxin Alkaloids through potentiation of protein
(Oscillaroria)
kinase C (PKC)
Lipopolysaccharides Lipopoly- Inflammatory agents.
popotysa Cyanobacteria in general popey fory ae
@ps) saccharides gastrointestinal irritants
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Species Tosic concentrations Effects References
Mortality and abormalities such as:
pericardial edema and fubular heart
0-500 pg MC-LRL, during
Losch (sguruns mzolpis) bradycardia, homeostass, poor yolk 31
e sesumption, small head, curved body
and ai, sbnomul hatching
Clb (Leuciscus cephalus) 055, 50 yg MC-LR or MCRRIL _ Dose-dependent decrease of survivalrate. ___[46]
Retarded survivalrate and growth.
05.5.50 ug MC-LR or MC-RRIL:
Zebrafish (Danio rerio) Survival rate reduced by 40%. )
5.50 pg MCLRLL
weight reduced by 25%.
Dose dependeat mortality of embryos.
Microinjection MC-LR Hepatobiliary damages such as
Medaka (Onzias latipes)  1-10 g /mL (0.1-2 pg or 1-20pg.  hepatobiliry hypertrophy. hepatic “n
of toxiinjected) ‘hemorrhage and necrosis at late
development stages
Rainbow trout 05.5.50 g MC-YR o MCRRL
Stimulated hatching 53]

(Oncorhynchus mykiss)

and 50 pg MC-LRIL
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Action levels for selected scenarios

Microcystins'  Anatoxin-a  Cylindro- Media (units)
spermopsin

Human recreational uses? 0.8 90 4 Water (ug/L)
Human fish consumption 10 5000 70 Fish (ng/g) ww®
Subchronic water intake,
dog* 2 100 10 Water (pg/L)
Subchronic crust and mat Crusts and Mats
intake, dog 0.01 03 004 (mg/kg) dw®
Acute water intake, dog® 100 100 200 Water (ug/L)
Acute crust and mat intake, Crusts and Mats
dog 0.5 0.3 0.5 (mg/kg) dw®
Subcf;ronic water intake, 0.9 40 5 Water (ug/L)
cattle’
Subchronic crust and mat 041 3 0.4 Crusts and Mats
intake, cattle” : ' (mg/kg) dw®
Acute water intake, cattle” 50 40 60 Water (ug/L)
Acute crust and mat intake, 5 3 5 Crusts and Mats
cattle” (mg/kg) dw®

! Microcystins LA, LR, RR, and YR all had the same RfD so the action levels are the same.
2 The most highly exposed of all the recreational users were 7- to-10-year-old swimmers.
Boaters and water-skiers are less exposed and therefore protected by these action levels. This level
should not be used to judge the acceptability of drinking water concentrations.
* Wet weight or fresh weight.
* Subchronic refers to exposures over multiple days.
° Based on sample dry weight (dw).
° Acute refers to exposures in a single day.
7 Based on small breed dairy cows because their potential exposure to cyanotoxins is greatest. See
Section VI for action levels in beef cattle.




image37.png
Primary Triggers *

Total Microcystins b 0.8 g/l &g/l 20 g/
Anatoxin-a Detection 20 g/ 90 g/l
Cylindrospermopsin Lpg/l apg/l 17 pg/t

Secondary Triggers

Cell Density (Toxin Producers)

4,000 cells/mL

Site Specific Indicators of Cyanobacteria

Blooms, scums,
mats, ect.

© The primary triggers are met when ANY toxin exceeds criteria
® Microcystins refers to the sum of all measured microcystin variants. (See Box 3)
©Must use an analytical method that detects < 1ug/L Anatoxin-a.
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