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EXECUTIVE SUMMARY 

This report describes a preliminary research effort to modify whole effluent toxicity (WET) testing 

protocols designed for continuous flow discharges for application to episodic and/or ephemeral 

discharges such as those associated with storm water runoff. The effort was undertaken in response 

to a Naval Base San Diego industrial stormwater National Pollutant Discharge Elimination System 

(NPDES) permit (R9-2013-0064) condition that allows the Navy to assess and propose alternative 

testing parameters. This report’s research (at the time it was conducted) was done for Naval Base San 

Diego by environmental toxicologists at the Navy’s Space and Naval Warfare Systems Center Pacific 

(SSC Pacific).  

The technical approach taken was to modify the WET testing method to simulate a range of 

exposure conditions found at the end-of-pipe. The test conditions matrix included: acute and chronic 

endpoints with commonly used test organisms; copper, zinc, and a combination of the two toxicants 

at various concentrations found to cause toxicity under standard WET testing; and short-term 

exposure conditions representing the 50th, 75th, and 95th percentile historical rainfall durations 

observed in San Diego over the past 55 years. The initial testing culminated in its application to 

multiple stormwater samples collected from Naval Base San Diego outfalls during a single rain event 

in March 2016. All testing was conducted concurrently with standard test method durations for 

comparison.  

Chronic toxicity tests with purple sea urchin (Strongylocentrotus purpuratus) embryos and acute 

toxicity tests with the mysid shrimp (Americamysis bahia) were performed using standard 

Environmental Protection Agency (EPA) 96-hr continuous exposures alongside pulsed exposures of 

3, 6 and 12-hr toxicant exposures, followed by transfer to uncontaminated seawater for the remainder 

of the 96 hr. Copper, zinc and a combination of the two were tested at concentrations ranging from 

5.8 to 3,200 µg/L and 20 to 20,880 µg/L for copper and zinc, respectively. Copper and zinc were 

selected as these are commonly elevated constituents and often the cause of toxicity in stormwater at 

San Diego Naval Bases (Katz et al. 2006) and other Non-Navy stormwater discharges (Kayhanian et 

al. 2008). Additionally, stormwater samples collected from Naval Base San Diego were tested in a 

similar manner using the standard and modified EPA methods.  

Toxicity tests with single and mixed metals, and stormwater samples, resulted in progressively 

lower toxicity with reduced contact time to the sample when compared to standard static 96-hr 

exposures. The effect was more pronounced for zinc than copper for both test species. Median 

effective concentrations (EC50) ranged from a factor of 2 to 186 higher (less toxic) under the pulsed 

conditions relative to the standard 96-hr exposure. Stormwater samples collected from NBSD 

consisted of a wide range of copper and zinc concentrations. As with the copper and zinc tests, the 

stormwater results also showed a consistent progressively lower toxicity with reduced contact time to 

the sample.  

The results of this study showed that modifying standard WET test methods is a feasible approach 

to accurately access short-term exposure conditions. The tests, which were conducted over a range of 

realistic conditions for both a chronic and acute endpoint presented consistent results lending 

confidence in their application. All the tests displayed a significant progressive reduction in toxicity 

with decreasing exposure time. The toxicity determined with standard 96-hr static tests overestimated 

that of short-term exposures over a wide range (<1 to 2 orders of magnitude) depending on the 

exposure duration, toxicant, and endpoint evaluated. The implication is that exposure duration is as 

critical a testing condition as the exposure concentration when evaluating toxicity. Although the test 

procedures focused on exposure conditions likely to occur at the end-of-pipe, those conditions are  
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still conservative in comparison to actual exposures that occur once the stormwater is discharged to, 

and mixes with, receiving waters. Though these initial results are highly promising, additional testing 

and evaluation is required prior to implementation of a pulse-based methodology for compliance 

testing. 
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ACRONYMS 

BMP   Best Management Practices 

CETIS  Comprehensive Environmental Toxicity Information System 

Cu   Copper 

DO   Dissolved Oxygen 

EC50   Median Effective Concentration 

ELAP  Environmental Laboratory Accreditation Program 

EMA   EnviroMatrix Analytical, Inc. 

FSW   Filtered Seawater 

HDPE  High Density Polyethylene  

HSB   Hypersaline brine 

ICP-AES  Inductively Coupled Plasma Atomic Emission Spectroscopy 
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LC50   Median Lethal Concentration 

LCL   Lower Confidence Limit 

NBSD   Naval Base San Diego 

ND   Non-Detect 

NIWC Pacific Naval Information Warfare Center Pacific 

NPDES  National Pollutant Discharge Elimination System 

SPAWAR  Space and Naval Warfare 

SSC Pacific  SPAWAR Systems Center Pacific 

TST   Test for Significant Toxicity 

TU   Toxic Unit 

UCL   Upper Confidence Limit 

USEPA  Environmental Protection Agency 

Weck  Weck Laboratories 

WET  Whole Effluent Toxicity 

Zn  Zinc 
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1. INTRODUCTION 

This report describes a preliminary research effort to modify Whole Effluent Toxicity (WET) 

testing protocols designed for continuous flow discharges for application to episodic and/or 

ephemeral discharges such as those associated with storm water runoff. The research for this report 

was conducted in response to a Naval Base San Diego (NBSD) industrial National Pollutant 

Discharge Elimination System (NPDES) permit (Permit R9-2013-0064) condition that allows the 

Navy to assess an alternative approach to evaluating stormwater discharges and propose alternative 

toxicity testing parameters. Current compliance requirements for San Diego Navy installations apply 

standard acute (lethal) WET testing to first-flush stormwater collected directly from the end-of-pipe. 

The Navy’s permits indicate that there may be a potential transition to the use of chronic (sub-lethal) 

WET testing in future permits. These requirements are in contrast to the State’s toxicity draft 

guidance document (SWRCB, 2012) that applies WET testing to effluents once they are fully mixed 

in receiving waters. While the Navy supports that approach and has considerable scientific data that 

warrant setting the point-of-compliance in receiving waters, the Regional Water Quality Control 

Board (RWQCB), San Diego has mandated end-of-pipe testing with no consideration for mixing. 

Thus, this research effort focused on developing methods that could be applied to end-of-pipe 

samples while addressing more realistic exposure conditions generated by these types of episodic 

short-lived discharges.  

The underlying rationale for addressing a modification to the standard WET protocol is that 

standard WET testing protocols expose test organisms for substantially longer periods of time (48 

hours to 7 days) than the discharges themselves are present at the end-of-pipe (almost always less 

than 24 hours). The hypothesis is that this approach significantly overestimates the potential toxic 

impact. If applied properly, a modification to generate more realistic exposure conditions will still 

provide an appropriate level of protection, particularly given that the exposure at the end-of-pipe will 

be further reduced once it mixes in the receiving environment. 

This research was conducted in 2015-2016 by environmental toxicologists at the Naval 

Information Warfare Center Pacific (NIWC Pacific). The report describes the background and 

rationale for the research, results of laboratory and stormwater testing, and a discussion of, and 

recommendations for, additional method development to ensure the efficacy of these methods in 

future compliance monitoring.  

1.1 BACKGROUND 

Toxicity testing for compliance monitoring of industrial storm water discharges was first 

introduced by the RWQCB, San Diego in 1997 and applied to Navy permits in 2002. At that time 

stormwater monitoring required that first-flush (first hour of flow) end-of-pipe samples meet a 90% 

survival 50% of the time, and 70% survival 90% of the time, requirement. As part of the permit 

conditions, the Navy undertook an extensive assessment of stormwater runoff chemistry and toxicity 

from its facilities discharging to San Diego Bay starting in 2002. Results of the Navy’s study (Katz et 

al., 2006) showed that while stormwater was acutely toxic in ~30% of samples, caused primarily by 

copper and zinc, receiving waters were found to be non-toxic for acute and chronic tests 100 and 

98% of the time, respectively. The Navy concluded that toxicity testing at the end-of-pipe 

overestimated the toxic impacts found in receiving waters because the testing did not take into 

account the exposure conditions found there. The Navy recommended that future testing be 

conducted in receiving waters or by adjusting end of pipe tests for mixing or shorter toxicity testing 

durations to provide a more accurate prediction of the toxic effect. The RWQCB, San Diego did not 

agree with this approach, stating that they were required to monitor the discharge. 
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Several iterations of the toxicity requirements were promulgated in the ensuing years in other 

industrial NPDES permits. The California State Water Resources Control Board developed a draft 

toxicity guidance that applied chronic WET testing to samples fully mixed in receiving waters 

(SWRCB, 2012). However, the guidance provided a caveat that allowed regional boards to apply the 

exact same testing on 100% effluent samples. The outcome is that Navy NPDES permits since 2013 

require acute WET tests on end-of-pipe samples with the potential for eventually applying chronic 

tests in the same way. The permits also allowed the Navy to re-evaluate alternative approaches to 

testing including addressing the role of mixing in receiving waters. 

1.2 TECHNICAL APPROACH 

The technical approach taken in this study was to modify the WET testing method to simulate a 

range of exposure conditions found at the end-of-pipe. The range of conditions was derived from 

historical rain duration data, industrial stormwater runoff data associated with San Diego Naval 

Facilities, and toxicological test results evaluated for various organisms and endpoints. The test 

conditions matrix included: an acute and chronic endpoint for sensitive species typically used for 

toxicity evaluations; copper, zinc, and a combination of the two toxicants at various concentrations 

found to cause toxicity under standard WET testing; and short-term pulsed exposure conditions 

representing the 50th, 75th, and 95th percentile historical rainfall durations observed in San Diego over 

the past 55 years. The initial testing culminated in its application to multiple stormwater samples 

collected from Naval Base San Diego outfalls during a single rain event in March 2016. All testing 

was conducted concurrently with standard test method durations for comparison.  
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2. MATERIALS AND METHODS 

2.1 SELECTION OF PULSED EXPOSURE DURATIONS 

Experimental pulsed exposure times were derived from a National Oceanic and Atmospheric 

Administration database of San Diego International Airport rainfall recorded over the 55-year period 

between 1951 and 2006. The dataset included 2,284 days of precipitation values ≥ 0.1 inch measured 

on an hourly basis. The total number of hours measured each day were tabulated and assessed for 

their cumulative probabilities. These results are shown in Figure 2-1. The 50th, 75th, and 95th 

percentile rainfall durations of 3, 6 and 12 hours, respectively were chosen to span the range of 

reasonable testing conditions. Runoff durations are observed to be virtually the same as rainfall 

durations at Navy facilities because the drainages there are relatively small with a high percentage of 

impervious surfaces. An example of this rainfall-runoff relationship is shown in Figure 2-2 for a 

recent storm event at NBSD. 

 

Figure 2-1. Cumulative frequency of rainfall duration over 24 hr periods when rain >0.1” was 
recorded between 1951 and 2006 (N= 2,284). The 50th, 75th and 95th percentiles were used to 
derive the pulsed exposure regimes for this study. 
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Figure 2-2. Example of rainfall and runoff during a storm event measured at NBSD Outfall 73 
(parking area) showing runoff and rainfall durations are virtually the same. 

The pulsed exposure experimental design was modified from standard USEPA methods (USEPA 

1995, 2002a) and is shown graphically in Figure 2-3. Standard testing with reference toxicant 

materials or effluent samples typically requires the exposure of the test population to the undiluted 

sample under a static or static-renewal (replacement of test solution at one or more time points with 

the same stored test solution) conditions for the duration of the experiment. Modifications to this 

testing regime were made so that the organism exposures to either the reference toxicants (in this 

case copper or zinc, or both) or the effluent samples (stormwater) were made at the beginning of the 

exposure period followed by transfer to NIWC Pacific laboratory dilution water (uncontaminated 

0.45 µm filtered seawater (FSW) collected near the mouth of San Diego Bay) for the remainder of 

the test. This exposure design ensured that all testing was conducted for the full 96-hr duration of the 

standard WET test. 
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Figure 2-3. Pulsed exposure experimental design. 

2.2 SELECTION OF TEST ORGANISMS 

The toxicity testing species for this study were selected because they are permit-relevant species 

representing both acute and chronic endpoints (USEPA 1995, 2002a). The test species included 

opossum (mysid) shrimp (Americamysis bahia) and purple sea urchins (Strongylocentrotus 

purpuratus). The test endpoints included 96-hr survival and 96-hr embryo-larval development for 

mysids and sea urchins, respectively.  

2.3 TEST MATERIAL 

2.3.1 Selection of Stock Solutions 

All test dilutions were made using NIWC Pacific laboratory filtered seawater (0.45 µm FSW 

collected from the mouth of San Diego Bay, CA). Test concentrations were prepared by volumetric 

addition of reagent grade copper and/or zinc stocks directly into FSW. All stock solutions and test 

concentrations were sub-sampled for verification and were analyzed by State of California 

Environmental Laboratory Accreditation Program (ELAP) certified laboratories, including either 

EnviroMatrix Analytical, Inc. (EMA) in San Diego, CA or Weck Laboratories (Weck), in the City of 

Industry, CA using USEPA method 6010 or by USEPA method 1640, respectively (USEPA 2007, 

1996). 

Analytical methods, method detection limits and reporting limits for copper and zinc are provided 

in Table 2-1. 

 

 

 

 

 

84 Hour 0.45µm Filtered Seawater Exposure 

3 Hour 
Exposure

93 Hour 0.45µm Filtered Seawater Exposure

90 Hour 0.45µm Filtered Seawater Exposure 
6 Hour 

Exposure

12 Hour 
Exposure

96 Hour 
Exposure
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Table 2-1. Analytical Methods, Detection and Reporting Limits for Copper and Zinc. 

Study Type Analyte Test Method 
MDL* 
(µg/L) 

RL* 
(µg/L) 

Laboratory 

Stormwater Copper ICP-MS; EPA 1640 0.007 0.02 
NIWC 
Pacific 

Stormwater Zinc ICP-MS; EPA 1640 0.23 0.77 
NIWC 
Pacific 

Mixed Metal Copper ICP-MS; EPA 1640 0.004 0.01 Weck 

Single & Mixed 
Metal 

Zinc ICP-MS; EPA 1640 0.04 0.20 Weck 

Single Metal Copper and Zinc 
ICP-AES; EPA 

6010 
2 100 EMA 

MDL – Method detection limit 

RL – Reporting limit 

* Note that the MDL and RL can change based on the dilution made for a given sample. See Appendix A through C 
for analytical reports from the laboratories. 

 

Table 2-2 summarizes the experimental design and copper (Cu) and zinc (Zn) test concentrations 

that were tested for each species and pulse duration in single metal pulsed toxicity exposures. These 

concentrations were selected based on results from preliminary “range-finding” experiments using 

similar test methods, values found in peer-reviewed literature and historical laboratory results 

generated at NIWC Pacific. Concentrations were established in order to elicit a dose response in the 

species tested over the short exposure periods. Laboratory controls (uncontaminated 0.45 µm FSW 

from the mouth of San Diego Bay) were conducted concurrently for all experiments. 

The mixed metal (copper and zinc) portion of this study was conducted only for the mysid acute 

survival test. It was assumed that Cu and Zn would contribute equally to the total toxicity due to 

similar mechanism of toxicity (Bellas et al. 2008). Using the Philips et al. (2003) Toxic Unit (TU) 

method (TU= concentration divided by LC50) single metal TU were considered a baseline, yielding 

TUs of 1. Using data generated from the single metal pulsed and static exposures, exposure 

concentrations for the mixed metal exposure were determined. Half of a TU for both Cu and Zn as 

determined from the single metal exposures we used as the basis concentration for the mixed metal 

exposure. Assuming equal contribution from Cu and Zn, 0.5 TUCu + 0.5 TUZn should elicit the same 

toxic response as each metal did individually at one TU each. To ensure that a dose response was 

observed, additional concentrations above and below the combined 0.5 TUCu + 0.5 TUZn were 

included. 

For the stormwater samples, the highest concentration tested for the echinoderm embryo-larval 

development test was 64%, due to the addition of hypersaline brine (HSB) to bring the final salinity 

to 34 parts-per-thousand (ppt) (USEPA 1995). For the mysid survival test, stormwater sample 

salinity was increased to 34 ± 2 ppt by the addition of synthetic sea salts (Crystal Sea Marine Mix®) 

(USEPA 2002a), resulting in an undiluted stormwater sample. Concurrent brine and salt controls 

were tested for the embryo-larval development and mysid survival test, respectively. 
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Table 2-2. Experimental Design, Test Concentrations and Testing Dates for Static and Pulsed 
Exposures. 

Test 
Test 

Initiation 
Date 

Test Species 
Exposure 
Duration 

(hr) 
Nominal Test Concentrations 

Copper 
Exposures 

 

15 Nov 
2015 

S. purpuratus 
96 (Static) 0, 5.8, 8.4, 12, 17.2, 24, 31.3 µg/L 

3, 6, & 12 0, 31.3, 62.5, 125, 250, 500 µg/L 

28 Oct 2015 A. bahia 
96 (Static) 0, 50, 100, 200, 400, 800 µg/L 

3, 6, & 12 0, 200, 400, 800, 1600, 3200 µg/L 

Zinc 
Exposures 

 

25 Mar 2016 S. purpuratus 
96 (Static) 0, 20, 40, 80, 160, 320 µg/L 

3, 6, & 12 0, 1280, 2560, 5120, 10240, 20480 µg/L 

10 Dec 
2015 

A. bahia 

96 (Static) 0, 125, 250, 500, 1000, 2000 µg/L 

3, 6, & 12 
0, 500, 1000, 2000, 4000, 8000, 16000 

µg/L 

Mixed 
Metals 

Exposures 
29 Apr 2016 A. bahia 

96 (Static) 
Cu: 16.9, 33.8, 67.6, 135, 270 µg/L 
Zn: 63.8, 128, 255, 510, 1020 µg/L 

3 
Cu: 184,369,738, 1475, 2950 µg/L 

Zn: 1305, 2610, 5220, 10440, 20880 
µg/L 

6 
Cu: 99.4, 199, 398, 795, 1590 µg/L 

Zn: 489, 979, 1957, 3914, 7828 µg/L 

12 
Cu: 30.0, 59.9, 120, 240.6, 479 µg/L 
Zn: 258, 515, 1030, 2060, 4120 µg/L 

Stormwater 
Exposures 

8 Mar 2016 

S. purpuratus 
96 (Static) 64%* 

3, 6, & 12 64%* 

A. bahia 
96 (Static) 100% 

3, 6, & 12 100% 

* Highest concentration tested due to the addition of hypersaline brine to adjust salinity to 34 ppt. 
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2.3.2 Stormwater Sample Collection 

Stormwater samples consisted of runoff grab samples collected from industrial areas in Naval Base 

San Diego (NBSD) on March 7th, 2016 by NIWC Pacific personnel. Precipitation prior to and during 

the collection period was approximately an hour. Samples were collected in 1 L HDPE cubitainers 

and hand carried in insulated coolers with blue ice to the NIWC Pacific Bioassay Laboratory. Sample 

collection and receipt times are summarized in Table 2-3. Copies of chain of custody forms are 

provided in Appendix C. Water quality parameters including pH, dissolved oxygen (DO), salinity 

and temperature were measured immediately upon receipt at the Bioassay Lab and prior to testing. 

Additionally, total and dissolved copper and zinc were analyzed in the stormwater samples in-house 

by NIWC Pacific (ICP-MS; USEPA 1996; Table 2-1). 

Table 2-3. Collection and Receipt Times of Stormwater Samples from NBSD 

Station ID Matrix Type 
Sample 

Collection 
Date/Time 

Sample Receipt 
Date/Time 

Outfall 73 Stormwater Grab 3/7/2016 1045 3/7/2016 1130 

Pier 10 Influent Stormwater Grab 3/7/2016 0935 3/7/2016 1130 

Pier 10 Effluent Stormwater Grab 3/7/2016 0943 3/7/2016 1130 

Pier 13 Base Stormwater Grab 3/7/2016 0853 3/7/2016 1130 

Pier 13 Mid Stormwater Grab 3/7/2016 0902 3/7/2016 1130 

Pier 13 End Stormwater Grab 3/7/2016 0916 3/7/2016 1130 
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2.4 CHRONIC TOXICITY TEST METHODS 

As determined by the rainfall history observed (Figure 2-1), chronic testing was conducted using 

modified standard USEPA methods (USEPA 1995; Table 2-4) to conservatively estimate stormwater 

scenarios that are likely to be observed at the end-of-pipe. The purple sea urchin embryo-larval 

development tests were conducted in 25 µm Nitex screen polycarbonate tubes placed in 400 mL high 

density polyethylene (HPDE) tri-corner beakers at 15 ± 1 °C. Following the pulsed exposure 

duration, screen tubes (Figure 2-4 and Figure 2-5) were removed from metal or stormwater 

containing solutions, gently rinsed with FSW, and placed into clean tri-corner beakers containing 

FSW for the remainder of the 96-hr test period. As a quality control measure to ensure that the 

transfer methods did not negatively impact the embryos, a set of lab controls underwent transfers as 

well. At the end of the exposure period, the contents of the screen tubes were gently rinsed with FSW 

into 30 mL scintillation vials and preserved with 1 mL of 10% buffered formalin in seawater. The 

tests were then evaluated for normal larval development on an inverted microscope at 100x 

magnification. Statistical analyses to calculate median effective concentrations and confidence 

intervals were conducted with the statistical software Comprehensive Environmental Toxicity 

Information System (CETIS) v1.8.7.16 (Tidepool 2012). Stormwater data was analyzed using the 

Test of Significant Toxicity (TST) procedure to determine if there were significant differences 

relative to the controls. TST methods examine whether the results of a given sample relative to its 

respective control differs by an a priori prescribed amount rather than whether they are the same, as 

in traditional hypothesis testing (USEPA 2010). For the sea urchin test, the a priori critical percent 

difference is set at 25%. 

 

Figure 2-4. Test set up for sea urchin embryo exposures. 

Standard water quality measurements (DO, temperature, salinity and pH) were monitored daily. 

Concurrent reference toxicant tests using either Cu or Zn, as appropriate, were conducted as a quality 

control measure to assess the health of the organisms and technical performance of the method. Test 

specifications can be found in Table 2-4. 
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Figure 2-5. Generalized diagram comparing static 96-hr exposure and pulsed exposures 
during which test organisms were transferred from test solution (red) to uncontaminated 
seawater (blue) at designated time. 

 

96 hr

Static Pulsed

3-12 hr 84-93 hr
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Table 2-4. Purple Sea Urchin Embryo-Larval Development Toxicity Test Specifications  

Test organism Strongylocentrotus purpuratus (purple sea urchin) 

Test organism source Field collected off of Point Loma, San Diego, CA 

Test endpoints 96 hr Embryo-Larval Development Success (Proportion Normal) 

Test solution renewal None 

Feeding None 

Test Chamber size/type 
Pulsed Exposures: 400 mL polyethylene (HDPE) tri-corner containers with 
polycarbonate screen tubes with 25 µm mesh 
Static Exposures: 30 mL scintillation vial 

Test solution volume 
Pulsed Exposures: 250 mL 
Static Exposures: 10 mL 

Test temperature 15 ± 1 °C 

Test salinity 34 ± 2 ppt 

Light quality Ambient laboratory illumination 

Light intensity 10-20 µE/m2/s (Ambient laboratory levels) 

Photoperiod 16 hr light/ 8 hr dark 

Aeration None. 

No. of organisms per 
chamber 

250 eggs, appropriate sperm density to provide > 90% fertilization success 
(determined in a pre-test trial). 

No. of replicates 4 or 5 

Dilution water 
Filtered (0.45 µm) natural seawater collected from near the mouth of San 
Diego Bay at NIWC Pacific Laboratory 

Test duration 
Exposure for 3, 6, or 12 hr followed by exposure to clean 0.45 µm filtered 
seawater for the remainder of the 96 hr test period 

Test acceptability  
criteria  

≥ 80% normal development in surviving controls; 
< 25% Minimum Significant Difference (MSD) 

Reference toxicant 
Copper sulfate 
Zinc Sulfate 

Test protocol EPA 600/R-95/136 (USEPA 1995), ASTM E1563-98 (2012) 
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2.5 ACUTE TOXICITY TEST METHODS 

Similar to the chronic tests, acute testing was conducted using modified standard USEPA methods 

(USEPA 2002a; Table 2-5) to conservatively estimate stormwater scenarios that are likely to be 

observed at the end-of-pipe based on the historical rainfall data (Figure 2-1). Mysid exposures were 

conducted in 500 mL disposable plastic cups at 20 ± 1 °C. Following pulsed exposures, mysids were 

carefully poured onto an 80-µm Nitex screen and thoroughly rinsed with FSW. Mysids were then 

rinsed gently into new clean plastic cups containing FSW for the remainder of the exposure period. 

As a quality control measure to ensure that the transfer methods did not negatively impact the 

mysids, a set of lab controls underwent transfers as well. Statistical analyses to calculate median 

lethal concentrations and confidence intervals were conducted with the statistical software CETIS 

(Tidepool 2012). Stormwater data was analyzed using the TST procedure to determine if there were 

significant differences relative to the controls with the acute a priori critical percent difference set at 

10% (USEPA 2010). 

Daily survival counts in each replicate were conducted and standard water quality measurements 

(DO, temperature, salinity and pH) were monitored daily. Concurrent reference toxicant tests using 

either copper or zinc when appropriate were conducted as a quality control measure to assess the 

health of the organisms. Test specifications can be found in Table 2-5. 
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Table 2-5. Mysid Survival Toxicity Test Specifications 

Test organism Americamysis bahia (mysid shrimp) 

Test organism source Aquatic Research Organisms, Hampton, NH 

Test endpoints Survival 

Test solution renewal None 

Feeding 
Feed 40 newly hatched Artemia nauplii per larvae twice daily, morning and 
evening 

Test Chamber size/type 500 mL Plastic Cups 

Test solution volume 50 – 250 mL (dependent on exposure chamber volume) 

Test temperature 20 ± 1 °C 

Test salinity 34 ± 2 ppt 

Light quality Ambient laboratory illumination 

Light intensity 10-20 µE/m2/s (Ambient laboratory levels) 

Photoperiod 16 hr light/ 8 hr dark 

Aeration 
None, unless DO concentrations fall below 4.0 mg/L, then aerate all 
chambers. 

No. of organisms per 
chamber 

5 

Age of test organism 5 days; 24 hr range in size 

No. of replicates 4 

Dilution water 
Filtered (0.45 µm) natural seawater (FSW) collected from near the mouth of 
San Diego Bay at NIWC Pacific Laboratory 

Test duration 
Exposure for 3, 6, & 12 hr followed by transfer to clean 0.45 µm filtered 
seawater (FSW) for remainder of the 96 hr test period 

Test acceptability criteria ≥ 90% survival in controls 

Reference toxicant 
Copper sulfate 
Zinc Sulfate 

Test protocol EPA 821/R-02/012 (USEPA 2002) 
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3. RESULTS 

Test results for all lab controls met all test acceptability criteria of ≥ 80% normal larval 

development or ≥ 90% survival for the sea urchin and mysid tests, respectively. All water quality 

parameters measured were within the recommended ranges for the duration of the tests. Raw test data 

and bench water quality sheets are provided in Appendix A through C. 

All data presented were deemed acceptable for reporting purposes. A few QA/QC deviations from 

EPA and internal protocols occurred and were noted on raw data sheets. A thorough review of the 

data and test procedures for the sea urchin embryo-larval development tests and the mysid survival 

tests did not identify any likely impacts on test results of these deviations. Explanations are provided 

below, and a glossary of the qualifier codes used on the test datasheets is provided in Appendix D. 

3.1 QA/QC 

3.1.1 Single Metal Exposures 

The 96-hr static reference toxicant test for sea urchin embryo-larval development that was run 

concurrently with the Cu single-metal pulsed study did not result in a median effective concentration 

(EC50). The mean Cu EC50 value of 14.8 µg/L from three peer reviewed studies was used for 

comparisons to pulsed exposures (literature based EC50 values: 14.8 µg/L: Arnold et al. 2010, 15.3 

µg/L: Phillips et al. 1995, 14.3 µg/L: Rosen et al. 2008; mean EC50 = 14.8 µg/L). 

Table 3-1 and Table 3-2 summarize the nominal and verified copper and zinc concentrations that 

were used in both the purple sea-urchin embryo-larval development and the mysid survival tests, 

respectively. 

  



 

 

Table 3-1. Summary of Nominal and Verified Copper Concentrations from Static and Pulsed 
Exposures. 

Test Species 
Exposure Duration 

(hr) 

Nominal Copper 
Concentration 

(µg/L) 

Verified Copper 
Concentrationa 

(µg/L) 

S. purpuratus 

3, 6, & 12 0 ND 

3, 6, & 12 31.3 15.0 

3, 6, & 12 62.5 36.0 

3, 6, & 12 125 81.0 

3, 6, & 12 250 179 

3, 6, & 12 500 367 

A. bahia 

3, 6, & 12 
96 (Static) 

0 ND 

96 (Static) 50 44.4 

3, 6, & 12 
96 (Static) 

100 88.8 

3, 6, & 12 
96 (Static) 

200 178 

3, 6, & 12 
96 (Static) 

400 355 

3, 6, & 12 
96 (Static) 

800 693 

3, 6, & 12 1600 1390 

3, 6, & 12 3200 2970 

a USEPA method 6010 (EMA); ND=below method detection limit. 

 
  



 

 

Table 3-2. Summary of Nominal and Verified Zinc Concentrations from Static and Pulsed 
Exposures. 

Test Species 
Exposure Duration 

(hr) 

Nominal Zinc 
Concentration 

(µg/L) 

Verified Zinc 
Concentration 

(µg/L) a 

S. purpuratus 

3, 6, & 12 
96 (Static) 

0 6.1 

96 (Static) 20 37 

96 (Static) 40 63 

96 (Static) 80 120 

96 (Static) 160 220 

96 (Static) 320 480 

3, 6, & 12 1280 1900 

3, 6, & 12 2560 3900 

3, 6, & 12 5120 7700 

3, 6, & 12 10240 15000 

3, 6, & 12 20180 31000 

A. bahia 

3, 6, & 12 
96 (Static) 

0 13 

96 (Static) 125 100 

96 (Static) 250 180 

3, 6, & 12 
96 (Static) 

500 398 

3, 6, & 12 
96 (Static) 

1000 753 

3, 6, & 12 
96 (Static) 

2000 1520 

3, 6, & 12 4000 3280 

3, 6, & 12 8000 5430 

3, 6, & 12 16000 16700 

a USEPA method 1640 (Weck) for S. purpuratus, USEPA method 6010 (EMA) for A. bahia. 

 

  



 

 

3.1.2 Mixed Metal Exposures 

For the mysid survival test, concurrently conducted single metal (Cu & Zn) static exposures met 

test acceptability criteria of 90% survival in the controls and the LC50 values generated for Cu and Zn 

both were within acceptable historical and/or literature ranges (Table 3-6). 

Table 3-3 summarizes the nominal and verified concentrations of Cu and Zn in the mixed metal 

exposures for each of the pulsed time exposures, as each pulsed exposure had unique concentrations. 

Table 3-3. Summary of Nominal and Verified Copper and Zinc Concentrations for Mysid survival 
mixed metal static and pulsed exposures.  

Pulse Duration 
(hr) 

Cu-Nominal 
Concentration  

(µg/L) 

Cu-Verified 
Concentrationa  

(µg/L) 

Zn- Nominal 
Concentration  

(µg/L) 

Zn- Verified 
Concentrationa 

(µg/L) 

Laboratory 
Control 

0 1.6 0 6.4 

3 
 

184 190 1305 1800 

369 350 2610 3900 

738 880 5220 7400 

1475 1500 10440 15000 

2950 3100 20880 30000 

6 
 

99.4 99.0 489 850 

199 200 979 1500 

398 440 1957 2500 

795 770 3914 5200 

1590 1600 7828 11000 

12 

30 34 258 360 

59.9 72.0 515 910 

120 120 1030 1500 

240 340 2060 3100 

479 570 4120 5900 

96 (Static) 
 

16.9 21.0 63.8 81.0 

33.8 34.0 128 150 

67.6 71.0 255 320 

135 140 510 860 

270 280 1020 1600 

a USEPA 1640 method (Weck) 

  



 

 

3.1.3 Stormwater Exposures 

All tests were conducted within the required 36-hour holding time. Samples were received within 3 

hrs of collection and the temperatures of the samples were outside of the EPA recommended range of 

0-6 °C upon receipt at the NIWC Pacific Laboratory; however, samples were in a state of cooling 

during transit, meeting ELAP requirements. Samples were stored at 4 °C in a refrigerator until test 

initiation. 

Water quality parameters upon receipt of stormwater samples at NIWC Pacific are summarized in 

Table 3-4 and Appendix C. Sample temperatures reflect that that the samples were brought to the lab 

very quickly after collection. Total and Dissolved Cu and Zn concentrations for the stormwater 

samples are shown in Table 3-5, along with the calculated difference based on highest concentration 

tested (64%) for sea urchin embryo-larval development tests due to the addition of hypersaline brine. 

Table 3-4. Water Quality Parameters Measured Upon Receipt at NIWC Pacific from 
NBSD Stormwater Samples Collected on March 7, 2016. 

Station/Sample 
ID 

Temp 
(°C) 

Dissolved 
Oxygen 
(mg/L) 

pH 
(units) 

Salinity 
(ppt) 

Outfall 73 14.2 8.0 7.77 0.0 

Pier 10 Influent 14.2 8.1 6.72 0.0 

Pier 10 Effluent 14.2 8.2 7.27 0.1 

Pier 13 Base 14.2 8.1 7.01 0.1 

Pier 13 Mid 14.2 8.2 7.09 0.1 

Pier 13 End 14.2 8.0 7.01 0.0 

Table 3-5. Total and Dissolved Cu and Zn Concentrations in NBSD Stormwater Samples Collected 
on March 7, 2016. 

Station/Sample 
ID 

Cu – Total 

(µg/L) a 

Cu - 
Dissolved 

(µg/L) a 

64% Cu - 
Dissolved 

(µg/L)b 

Zn - Total 
(µg/L) a 

Zn - 
Dissolved 

(µg/L) a 

64% Zn - 
Dissolved 

(µg/L) b 

Outfall 73 56.7 48.9 31.3 384 343 219.5 

Pier 10 Influent 24.2 17.2 11.0 220 162 103.7 

Pier 10 Effluent 25.1 15.0 9.6 230 145 92.8 

Pier 13 Base 21.0 0.23 0.1 350 34 21.8 

Pier 13 Mid 83.6 51.4 32.9 994 600 384.0 

Pier 13 End 75.4 55.9 35.8 2361 2137 1367.7 

a USEPA method 1640 (NIWC Pacific); b Calculated concentration based on highest concentration tested (64%) for 
sea urchin embryo-larval development tests due to the addition of hypersaline brine. 

  



 

 

For the stormwater pulsed exposure study, the 3 hr and 6 hr pulsed exposure data for the sea urchin 

embryo-larval development test are not presented here. The data did not meet necessary requirements 

for TST analysis due to several outliers that reduced required replication. A single statistical outlier 

was observed in the 12-hr data for one of the replicates of the Pier 13 Mid sample (11% normal 

development) using Grubb’s test with a significance level set at 0.01. This replicate was removed 

from analysis. 

Standard reference toxicant tests with copper that were conducted concurrently with the 

stormwater evaluations for both species had median effective concentration (EC50) value or median 

lethal concentration (LC50) within two standard deviations of the internal historical mean, indicating 

sensitivity to copper was consistent with that historically observed for these organisms (Table 3-6). 

Table 3-6. Results Summary for the Copper Reference Toxicant Tests 
Concurrently Conducted with the NBSD Stormwater Samples Collected on 
March 7, 2016. 

Species & Endpoint 
LC50 or EC50 

(µg/L copper) a 
Historical mean ± 2 SD 

(µg/L copper) a 

Sea Urchin Embryo-Larval 
Development 

18.0 18.6 ± 9.4 

Mysid Shrimp Survival 253 259 ± 146 

 a Reported values are based on nominal (unmeasured) concentrations. 

3.2 COPPER EXPOSURES 

For the chronic sea urchin embryo-larval development tests, all of the pulsed exposures with 

copper showed a reduction in toxicity relative to the static exposure. The EC50 values and the 95% 

lower and upper confidence intervals for copper for the static and each pulsed exposure were 

calculated based on verified concentrations and are shown in Figure 3-1.EC50 values for the pulsed 

exposures were 8-20 times greater than that of the published static exposure EC50 value reported for 

this species (Figure 3-1). 

For the acute mysid survival tests, a similar trend was observed in that the pulsed exposures with 

copper showed a reduction in toxicity relative to the static exposure with LC50 values all greater than 

that observed (ranging from factor of 2 to 11) in the static exposure (Figure 3-2). The LC50 values 

and the 95% lower and upper confidence intervals for copper for the static and each pulsed exposure 

were calculated based on verified concentrations and are shown in Figure 3-2. 

 

 



 

 

 

Figure 3-1. Median effective concentrations (EC50, labeled at each bar) and 95% confidence 
intervals for copper derived from the purple sea urchin embryo-larval development test. *96-hr 
static data are from the mean Cu EC50 value of 14.8 µg/L from three peer-reviewed studies (see 
section 3.1). 

 

Figure 3-2. Median lethal concentrations (LC50, labeled at each bar) and 95% confidence 
intervals for copper derived from the mysid survival test. 

  



 

 

3.3 ZINC EXPOSURES 

The EC50 values and the 95% lower and upper confidence intervals for zinc for the static and each 

pulsed exposure were calculated based on verified concentrations and are shown in Figure 3-3. For 

the chronic sea urchin embryo-larval development tests, the pulsed exposures with zinc showed a 

reduction in toxicity relative to the static exposures. EC50 values for the pulsed exposures were 112-

186 times greater than that of the static exposure (Figure 3-3). 

The LC50 values and the 95% lower and upper confidence intervals for zinc for the static and each 

pulsed exposure were calculated based on verified concentrations and are shown in Figure 3-4. For 

the acute mysid survival tests, a similar trend was observed in that the pulsed exposures with zinc 

showed a reduction in toxicity relative to the static exposures with LC50 values all greater than that 

observed from the 96-hr static exposure (Figure 3-4). 

 

Figure 3-3. Median effective concentrations (EC50, labeled at each bar) and 95% confidence 
intervals for zinc derived from the purple sea urchin embryo-larval development test. 



 

 

 

Figure 3-4. Median lethal concentrations (LC50, labeled at each bar) and 95% confidence 
intervals for zinc derived from the mysid survival test. 

3.4 MIXED METALS EXPOSURES 

The LC50 values and the 95% lower and upper confidence intervals for the single metal static 

exposures of copper and zinc were calculated and are shown in Table 3-7. 

For the mixed metal exposures, the LC50 values and associated 95% lower and upper confidence 

intervals were calculated based on verified concentrations for each metal individually for the static 

and each pulsed exposure and are shown in Figure 3-5. The mixed metals study shows consistent 

reduction in toxicity for both copper and zinc with shorter exposure periods as was seen with the 

single metal exposures. 

Figure 3-6 summarizes the result of the Toxic Unit (TU) calculations. To calculate the Toxic Unit 

(TU), the LC50 values determined for each metal in the mixture were divided by its LC50 value 

determined during the single metal tests. The resulting TUs for each metal were then summed to 

generate a combined TU for the mixture. Since it was assumed that Cu and Zn would contribute 

equally to the total observed toxicity, a TU value greater than one indicates that a greater amount of 

Cu and Zn, in combination, was needed to elicit a toxic effect relative to their equivalent single metal 

exposures (Figure 3-6). The lower TUs observed for copper suggest that it was the primary toxicant 

in these tests. 

 

 

 



 

 

Table 3-7. Summary of Median Lethal (LC50) Copper and Zinc Concentrations for the Single 
Metal Mysid Survival Test with Corresponding 95% Upper (UCL) and Lower Confidence Limits 
(LCL). 

Exposure 
Duration 

(hr) 
Metal 

LC50 
(µg/L) 

95 % LCL 
(µg/L) 

95% UCL 
(µg/L) 

96 (Static) 

Cu 223 182 288 

Zn 689 575 825 

 

 

Figure 3-5. Median lethal concentrations (LC50, labeled at each bar) and 95% confidence 
intervals for copper and zinc derived from the mysid survival test with mixed metals. 

 



 

 

 

Figure 3-6. Toxic Units (TU) for copper and zinc derived from the mysid survival test with mixed 
metals. 

  



 

 

3.5 STORMWATER EXPOSURES 

Statistical analyses for the sea urchin embryo-larval development tests were performed against the 

brine control, as brine was added to increase the salinity of all of the samples. Statistical analyses 

were conducted using the TST method. 

Table 3-8 and Figure 3-7 summarize the mean percent normal embryo-larval development for the 

12 hr pulsed exposure and the 96 hr static exposure for the stormwater samples collected on March 7, 

2016. Development values ranged from 0 to 91% of control in the 96 hr static tests and from 94 to 

97% in the 12 hr pulsed exposure tests. Five of the six samples were identified as toxic in the 96 hr 

static exposure test, whereas no samples were identified as toxic in the 12 hr pulsed exposure test. 

Table 3-8. Results Summary for Chronic Purple Sea Urchin Embryo-Larval Development Test on 
NBSD Stormwater Samples Collected on March 7, 2016 for the 12 hr Pulsed Exposure and the 96 
hr Static Exposure. 

Pulse Duration 
(hr) 

Station/Sample ID 
Mean % Normal 

(± SD) 

% Difference 
from Brine 

Control 

TST Procedure 
Toxicity Decision 

- Lab Control 100 (0.0) - - 

- Brine Control 99 (1.0) - - 

12 

Outfall 73 94 (2.5) 5.5 Non-Toxic 

Pier 10 Influent 97 (1.9) 2.5 Non-Toxic 

Pier 10 Effluent 97 (3.0) 2.0 Non-Toxic 

Pier 13 Base 96 (3.0) 3.0 Non-Toxic 

Pier 13 Mid 94 (1.7) 5.3 Non-Toxic 

Pier 13 End 95 (2.5) 4.5 Non-Toxic 

96 (Static) 

Outfall 73 0 (0.0) 100 Toxic 

Pier 10 Influent 9.3 (6.1) 89.4 Toxic 

Pier 10 Effluent 11 (3.8) 90.7 Toxic 

Pier 13 Base 91 (3.0) 8.6 Non-Toxic 

Pier 13 Mid 0 (0.0) 100 Toxic 

Pier 13 End 0 (0.0) 100 Toxic 

 

  



 

 

 

Figure 3-7. Mean percent normal (±SD) for chronic sea urchin embryo-larval development test on 
stormwater samples collected from NBSD on March 7, 2016 for the 12 hr pulsed exposure and the 
96 hr static exposure. 

For the acute mysid survival test, statistical analyses were performed against the salt control, as 

artificial sea salts were added to increase the salinity of all of the samples. Statistical analyses were 

conducted using the USEPA TST Calculator Tool (USEPA 2010). Table 3-9 summarizes and Figure 

3-8 graphically shows the mean percent survival for the 3, 6, and 12 hr pulsed exposures and the 96 

hr static exposure for the stormwater samples collected on March 7, 2016. For the 96 hr static 

exposure, the samples Pier 13 Mid and Pier 13 End resulted in a toxic response compared to the salt 

control. All other samples were non-toxic. Under the 12 hr pulsed exposure method, the Pier 13 Mid 

and Pier 13 End samples continue to exhibit a toxic response compared to the salt control, while all 

other samples were non-toxic. For the 6 hr pulsed method, only the Pier 13 End sample continued to 

have a toxic response. For the 3 hr pulsed method, all samples were non-toxic relative to the salt 

control. Figure 3-9 shows the survival results for Pier 13 Mid and Pier 13 End with decreasing 

toxicity with decreased exposure time. 

  



 

 

Table 3-9. Results Summary for Acute Mysid Survival Test on NBSD Stormwater Samples Collected 
on March 7, 2016 for the 3, 6, and 12 hr Pulsed Exposures, and the 96 hr Static Exposure. 

Pulse Duration 
(hr) 

Station/Sample ID 
Mean % Survival 

(± SD) 
% Difference 

from Salt Control 
TST Procedure 

Toxicity Decision 

- Lab Control 100 (0.0) - - 

- Salt Control 95 (10.0) - - 

3 

Outfall 73 95 (10.0) 0.0 Non-Toxic 

Pier 10 Influent 90 (11.5) 5.3 Non-Toxic 

Pier 10 Effluent 100 (0.0) -5.3 Non-Toxic 

Pier 13 Base 95 (10.0) 0.0 Non-Toxic 

Pier 13 Mid 95 (10.0) 0.0 Non-Toxic 

Pier 13 End 90 (11.5) 5.3 Non-Toxic 

6 

Outfall 73 95 (10.0) 0.0 Non-Toxic 

Pier 10 Influent 100 (0.0) -5.3 Non-Toxic 

Pier 10 Effluent 95 (10.0) 0.0 Non-Toxic 

Pier 13 Base 100 (0.0) -5.3 Non-Toxic 

Pier 13 Mid 90 (11.5) 5.3 Non-Toxic 

Pier 13 End 65 (19.1) 31.6 Toxic 

12 

Outfall 73 100 (0.0) -5.3 Non-Toxic 

Pier 10 Influent 90 (11.5) 5.3 Non-Toxic 

Pier 10 Effluent 90 (11.5) 5.3 Non-Toxic 

Pier 13 Base 100 (0.0) -5.3 Non-Toxic 

Pier 13 Mid 75 (10.0) 21.1 Toxic 

Pier 13 End 55 (25.2) 42.1 Toxic 

96 (Static) 

Outfall 73 90 (11.5) 5.3 Non-Toxic 

Pier 10 Influent 90 (10.0) 5.3 Non-Toxic 

Pier 10 Effluent 95 (10.0) 0.0 Non-Toxic 

Pier 13 Base 100 (0.0) -5.3 Non-Toxic 

Pier 13 Mid 75 (10.0) 21.1 Toxic 

Pier 13 End 25 (25.2) 73.7 Toxic 

 

 



 

 

 

Figure 3-8. Mean percent survival for acute mysid test on stormwater samples collected from 
NBSD on March 7, 2016 for the 3, 6, and 12 hr pulsed exposures and the 96 hr static exposure. 

 

 

Figure 3-9. Mean percent survival for acute mysid test on stormwater samples Pier 13 Mid and 
Pier 13 End collected from NBSD on March 7, 2016 for the 3, 6, and 12 hr pulsed exposures and 
the 96 hr static exposure. 
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4. DISCUSSION AND CONCLUSIONS 

The results of this study showed that modifying standard WET test methods is a feasible approach 

to accurately assess short-term exposure conditions. The tests, which were conducted over a range of 

realistic conditions for both chronic and acute toxicity endpoints, presented consistent results lending 

confidence in their application. All the tests displayed a significant progressive reduction in toxicity 

with decreasing exposure time. The toxicity determined with standard 96 hr static tests overestimated 

the toxicity of short-term exposures by a factor of between 2 and 186, depending on the exposure 

duration, toxicant, and endpoint evaluated. 

The higher effects concentrations from the short-term pulsed testing showed that the test organisms 

are relatively protected over shorter exposure intervals. This enhanced level of protection was 

observed in the sea urchin embryo-larval development test results, whereby even exceptionally high 

levels of zinc did not cause toxic effects in short term exposures. This outcome is consistent with 

other studies that found that the fertilization membrane may provide a level of protection during the 

earliest developmental life stages of the organism (Buznikov et al. 2007; AMEC, 2015). The 

implication is that exposure duration is as critical a testing condition as the exposure concentration 

when evaluating toxicity. It also suggests that further testing at various developmental life stages is 

important in evaluating the efficacy of the pulsed exposure method. 

The laboratory pulsed testing procedures were conducted under conditions that reflected realistic 

stormwater conditions found at the end-of-pipe at San Diego Navy facilities. It included a range in 

the stormwater runoff durations expected as well as the type and magnitude of the toxicant 

concentrations. The observed level of toxicity in both laboratory and stormwater samples were 

consistent and repeatable with comparable results to other pulsed exposure studies with different 

toxicants and pulse durations (Dupuis and Kreutzberger 2003, Butcher et al. 2006, Diamond et al. 

2006, Hoang et al 2007a, Hoang et al. 2007b, Hoang 2007c, AMEC, 2015). The simple modification 

of the standard WET procedure provides a reasonable logistical change that could easily be 

implemented in future testing. 

Although the test procedures focused on exposure conditions likely to occur at the end-of-pipe, 

those conditions are still conservative in comparison to actual exposures that occur once the 

stormwater is discharged to, and mixes with, receiving waters. This is corroborated by repeated 

testing that consistently showed no adverse effects to similar toxicity test endpoints and near 

background chemical concentrations when samples were collected from the receiving environment 

immediately adjacent to stormwater outfalls (Katz et al. 2006). 

Though these initial result are highly promising, additional testing and evaluation are 

recommended prior to implementation of a pulsed methodology for compliance testing, In particular, 

additional testing should include: 

 Examining timing of the onset of the pulse during laboratory exposure 

 Consideration of the effects of repeated pulses 

 Evaluation of the most sensitive, not just earliest life stages of test organisms 

 Potential for latent effects following the standard exposure duration 

 Receiving water testing 

 Inter-laboratory comparisons 

 Comparison of costs of pulsed testing vs. static testing 

We believe that this methodology can and should be implemented into stormwater testing 

compliance monitoring once the above testing is completed and there is a sufficient level of 

repetition to provide a statistical assessment. 
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