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ABSTRACT   31 

As prolonged dry periods and extreme rain events are expected to increase due to climate 32 

change, the monitoring and treatment of urban stormwaters during rain events becomes of 33 

heightened concern. Of particular interest is road runoff in urban areas, which has been 34 

found to be acutely lethal to salmonids and frequently contains elevated concentrations of 35 

metals and organic contaminants. In this study, samples of road runoff stormwaters were 36 

collected in the Metro Vancouver area of British Columbia, Canada and assessed for acute 37 

lethality to rainbow trout (Oncorhynchus mykiss). Three of the four stormwaters tested 38 

exhibited complete mortality after the 96-h test. The causes of toxicity in samples that 39 

exhibited toxicity were characterized by using Toxicity Identification Evaluation (TIE) 40 

techniques, and included zinc, as well as an organic constituent. Subsequent investigation 41 

of the organic component implicated 6PPD-Q, and the potential contribution of 6PPD-Q 42 

to acute toxicity of rainbow trout was assessed by performing TIE techniques on a standard 43 

solution of 6PPD-Q in parallel with collected stormwater. Chemical analysis of the solution 44 

phase 6PPD-Q concentration using Condensed-Phase Membrane Introduction Mass 45 

Spectrometry (CP-MIMS) was used to support toxicity assessments. This is the first study 46 

to use the TIE approach to provide a fingerprint for 6PPD-Q toxicity.  47 
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INTRODUCTION  52 

Stormwater is a significant source of pollution that can cause adverse effects to aquatic 53 

organisms. Road runoff is a type of stormwater which has been identified as particularly 54 

damaging to the aquatic environment (Driscoll et al 1990). Importantly, extensive work 55 

conducted by researchers in Washington state has recently identified a tire preservative by-56 

product within road runoff (6PPD-Quinone) as the cause of mortality to coho salmon in 57 

urban streams (Tian et al. 2021). This compound was subsequently shown to be acutely 58 

lethal to juvenile rainbow trout at concentrations of less than 1 part per billion or µg/L 59 

(Nair et al. 2023). Work by several groups is currently underway to assess the extent of the 60 

environmental risk from 6PPD-Q in British Columbia waterways (Lo et al. 2023, 61 

Monaghan et al. 2021, Rodgers et al. 2023); an acute water quality guideline was also 62 

established in BC for the compound (BC WLRS, 2025). Although this work is in its 63 

infancy, it is clear that 6PPD-Q is present in urban waters in greater Vancouver and on 64 

Vancouver Island (Jaeger et al. 2024; Monaghan et al. 2021, 2023), as is the case for other 65 

urban areas in Canada (Challis et al. 2021; Helm et al. 2024; Johannessen et al. 2022) and 66 

the world (Chen et al. 2023). 67 

The management of stormwater in urbanized areas is particularly important during ‘first 68 

flush’ events - rain that follows extended dry periods. This phenomenon is characterized 69 

by the accumulation of pollutants on impervious surfaces during the dry period followed 70 

by a flush of those pollutants into the aquatic environment driven by precipitation (Peter et 71 

al. 2020). Prolonged dry periods followed by extreme rainfall events, a situation that is 72 

expected to increase in frequency as a result of climate change (Burn et al. 2011; Christidis 73 

et al. 2015; Dierauer et al. 2020; Leung and Qian 2003), provide a worse-case scenario for 74 
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this flush of pollutants, and is characterized by 1) higher concentration of pollutants due to 75 

their accumulation over the dry period, 2) less dilution given the initial low flow condition 76 

of streams, and 3) higher quantity of stormwater, resulting in higher velocity, greater 77 

entrainment of suspended solids, and reduced natural attenuation of contaminants prior to 78 

entering receiving waters. 79 

Stormwater management in the municipalities of Metro Vancouver (British Columbia, 80 

Canada) provides an illustrative case study for the adverse effects of urbanization on 81 

aquatic environments receiving stormwater. The management of stormwater is conducted 82 

under the auspice of the Integrated Stormwater Management Plans (ISMPs), which have 83 

been created for watersheds within the region (Metro Vancouver, 2014). The ISMPs 84 

measure the water quality at representative sites in each watershed, downstream of 85 

stormwater inputs, but there is no requirement to directly measure the water quality of 86 

stormwater. Due to the paucity of assessments of stormwater quality, relatively little is 87 

known about the concentrations of pollutants in, or the toxicity of, urban stormwaters in 88 

BC. Moreover, the biological monitoring conducted in urban watersheds of the Metro 89 

Vancouver area, as part of the ISMPs, has highlighted the reduced quality of the aquatic 90 

environment, likely due to poor-quality stormwater. For example, monitoring sites exposed 91 

to urban stormwater in the Alouette River (Maple Ridge, BC) and Cougar Creek (Delta, 92 

BC) watersheds have indicated the condition of benthic invertebrate communities to be 93 

generally poor (City of Maple Ridge 2021; and City of Delta and City of Surrey 2009, 94 

respectively). 95 

Large, ongoing changes in demographic and climate factors could further challenge the 96 

management of stormwater. For example, climate change is altering the hydrology of 97 
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watersheds in British Columbia, Canada. Rising temperatures, particularly in the winter 98 

season, are leading to a broad-scale shift in runoff regimes from snowmelt-dominated to 99 

rainfall-dominated (Brice et al. 2021). With the shift to rainfall-dominated runoff, the 100 

management of that rain runoff is of increased importance. Also, as the populations in the 101 

greater Vancouver and Fraser Valley areas have increased dramatically over the past 20 102 

years, there are tens of thousands more cars on the roads, more impervious surfaces, and 103 

large infrastructure projects involving new freeways and bridges to facilitate traffic flow - 104 

all of which result in changes to the natural hydrology and concomitant increases in traffic 105 

related contaminant loads. Thus, the risk to the aquatic environment from stormwater could 106 

be substantially increasing as these first flush scenarios increase in frequency and 107 

magnitude. 108 

In this study, we collected stormwaters from two high-traffic locations in Metro Vancouver 109 

during rain events directly following a long period of dry weather (> 100 days since a 110 

>10mm 24-h rain event). We used a standard acute toxicity method with rainbow trout to 111 

assess the toxicity of the stormwaters and subsequently investigated the cause of toxicity 112 

with Toxicity Identification Evaluation (TIE) techniques (United States Environmental 113 

Protection Agency, 1991). To aid in assessing the possible contribution of 6PPD-Q to 114 

toxicity in rainbow trout, we also performed TIE techniques and tests on a standard solution 115 

of 6PPD-Q (i.e., the compound spiked into clean laboratory water).  116 

MATERIALS & METHODS 117 

Sampling dates, locations and rain information 118 

Downspouts from onramps to high-traffic bridges, the Golden Ears Bridge (GEBS) and 119 

Alex Fraser Bridge (AFBS), were sampled on October 21 and 24, 2022; two 20-L carboys 120 
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were collected of each sample with the exception of AFBS-21 which only had one 20-L 121 

carboy. A grab sample (two 20-L carboys) was also collected from a ditch within a 122 

rainwater garden (RG TW) receiving the runoff from AFBS on October 24. The 24-h rain 123 

amounts for the collection dates and the timing of sample collection in comparison to 124 

hourly rain amounts at the Environment and Climate Change Canada (ECCC) weather 125 

station proximate to the collection sites are presented in Table 1 and Figure S1.  Additional 126 

information on the extent of antecedent dry conditions is reported through prior rain events 127 

of >1mm, >5mm and >10mm at the respective weather stations in Table S1. For example, 128 

prior to the rain on October 21, 2022, there was no rain (i.e., <1mm) recorded in the month 129 

of October at the ECCC stations proximate to the Maple Ridge and Delta sample collection 130 

sites. Samples were stored in the carboys at 4 ±2°C in the dark when they were not being 131 

used for testing.   132 

Toxicity test method 133 

The acute toxicity of each of the stormwaters was assessed using an acute lethality test 134 

method with rainbow trout (OECD No. 203, 2019). Briefly, ten juvenile rainbow trout (0.3-135 

0.8g) were introduced into the sample and survival determined over a 96-h exposure 136 

period; single concentration tests were initially conducted on the undiluted full-strength 137 

stormwaters. Stormwater samples were pre-aerated and aerated continually during the test. 138 

Additional information on the toxicity test method, including statistical analysis, can be 139 

found in Supplemental Information and Table S2. 140 

Following observation of acute lethality in the undiluted stormwater, a multi-concentration 141 

test, prepared with dilutions using clean laboratory water (dechlorinated Metro Vancouver 142 

tap water), was used to determine the median lethal concentration of two of the stormwaters 143 
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(LC50; %v/v). Test setups for these LC50 tests, and subsequent TIE tests described below, 144 

were reduced in test volume and the number of organisms exposed to conserve remaining 145 

stormwater volumes. These modifications have been used in previous investigations to 146 

effectively characterize causes of toxicity to rainbow trout (e.g., Bailey et al., 1999; Hughes 147 

et al., 2017). The results of the LC50 tests were used to identify the quantity of toxicity and 148 

the appropriate sample concentration (%v/v) to conduct subsequent TIE treatments and 149 

toxicity tests (i.e., within 4-fold of the sample LC50 to avoid overwhelming the TIE 150 

treatment; USEPA, 1991). 151 

Phase I TIE - Screening  152 

The cause of toxicity was investigated using TIE approaches summarized in USEPA 153 

guidance documents (USEPA 1991, 1992a and 1992b); TIEs were conducted with 154 

stormwaters that presented significant acute lethality to rainbow trout (i.e., >50%), and for 155 

which sufficient sample volume remained. TIE treatments are based on physico-chemical 156 

manipulations of samples, followed by toxicity tests, designed to define a certain property 157 

of the toxicant (e.g., organic, filterable, volatile, metal, etc.) or, with further investigation, 158 

the specific identity of the toxicant (e.g., ammonia, copper, etc.). Our TIE approach with 159 

the stormwaters is outlined in Figure 1. First, a screening TIE (‘Phase I’) was used to 160 

determine if the cause of toxicity originated from two groups of commonly observed 161 

toxicants in stormwaters: chelatable (to ethylene diamine tetraacetate; EDTA) trace metals 162 

and/or organic compounds (removable by C18 solid phase extraction). The treated 163 

stormwaters were tested in parallel with an untreated stormwater sample; a 48-h duration 164 

of exposure was used for the initial TIE screening tests. Additional details on the EDTA 165 

and C18 treatments are provided in the Supplemental Information.  166 
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If stormwater toxicity was reduced by EDTA treatment, and not C18 treatment, additional 167 

metal-targeted treatments were conducted as part of the Phase II TIE. Conversely, if the 168 

C18 treatment reduced toxicity, and not the EDTA treatment, additional organic-targeted 169 

treatments were conducted as part of Phase II. In addition, analysis of specific constituents 170 

of the stormwaters were used to support the Phase II TIEs and, ultimately, spiking studies 171 

with suspected toxicants were conducted in the Phase III TIEs to confirm causes of toxicity. 172 

The duration of the toxicity test during Phase II and III was 96 h.   173 

Phase II TIE – Metals 174 

Following confirmation of toxicity reduction by EDTA, additional TIE treatments were 175 

employed on the stormwater to aid in the identification of the trace metal associated with 176 

toxicity. These treatments included additional concentrations of EDTA (25, 50 and 100 177 

mg/L), thiosulphate addition (can chelate and reduce the bioavailability of certain trace 178 

metals; 10 and 25 mg/L) and a metals fractionation experiment. The metals fractionation 179 

experiment was conducted by increasing the pH of discrete fractions of stormwater to 8.0, 180 

8.5, 9.0 and 10.0 with the addition of 1 M NaOH. After a 2-hr equilibration period, pH 181 

adjusted samples were filtered (0.45 µm cellulose nitrate membrane) and readjusted back 182 

to the initial pH (±0.2) with 1M HCl. Each discrete pH filtration treatment was tested for 183 

toxicity concurrently with the unadjusted sample. The pH adjustment and filtration 184 

treatment removes metals as insoluble hydroxide and carbonate precipitates; because 185 

different trace metals form these insoluble precipitates at different pH values, the process 186 

separates the trace metals into different fractions (e.g., pH 8.5 versus pH 10.0). The 187 

speciation (i.e., proportion of metal in the ionic Me2+ form) of various trace metals at the 188 

different pH conditions in the stormwater was modelled using PHREEQC (USGS, version 189 
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3.6.2), and was compared to the associated toxicity test results to provide additional 190 

evidence as to the specific trace metal causing toxicity.  191 

Phase III TIE - Confirmatory studies with zinc 192 

Toxicity tests were conducted with zinc (added as zinc sulfate heptahydrate; EMD 193 

Chemicals) spiked into the stormwater whose toxicity was suspected to be due to zinc. The 194 

concentration of zinc was approximately doubled in the spiked sample, and the sample was 195 

tested for toxicity to rainbow trout in a dilution series (i.e., LC50), in parallel with a dilution 196 

series of the un-amended sample; metals analysis was used to confirm accurate Zn-spiking, 197 

as well as concentrations of other metals (ICP-MS; ALS Laboratories, Burnaby, BC). 198 

Comparison of zinc concentrations and the patterns of toxicity in the Zn-spiked and 199 

unamended stormwater were used to confirm Zn as the cause of toxicity. Specifically, two 200 

hypotheses were tested: 1) toxicity would increase by approximately two-fold in terms of 201 

% sample when comparing the Zn-spiked and unamended stormwater; but 2) would be 202 

essentially the same when comparing the toxicity estimates for the spiked and unamended 203 

samples when expressed as a function of Zn concentration.  204 

To further characterize the toxicity of zinc under the low hardness conditions commonly 205 

observed in stormwaters, additional acute toxicity tests were conducted with rainbow trout 206 

in site and laboratory waters. Specifically, a sample of the North Alouette River, a receiving 207 

water with low hardness conditions (5 mg/L as CaCO3), and laboratory water 208 

(dechlorinated Metro Vancouver tap water) at two different hardness conditions (11.5 and 209 

21.0 mg/L as CaCO3), were spiked with zinc to determine their respective acute toxicities 210 

(i.e., LC50s) under these conditions.   211 
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Phase II TIE – Organic compounds 212 

Following successful removal of toxicity by the C18 SPE, the C18 columns used for 213 

extraction of the stormwaters were eluted with pure methanol to recover organic 214 

compounds; toxicity associated with the elution is necessary to confirm the presence of an 215 

organic toxicant in the sample. The eluted methanol was added back (C18 add-back) into 216 

clean laboratory water (dechlorinated Metro Vancouver tap water) at various 217 

concentrations, referred to as 3X, 2.5X, 1.25X and 0.62X (nominally equivalent to 300%, 218 

250%, 125% and 62% concentration of the organics in the full-strength sample, 219 

respectively). Subsequently, the organic compounds were further fractionated using a 220 

methanol:water (MeOH:H2O) gradient elution of additional C18 columns loaded with 221 

stormwater; the gradient elution produced discrete fractions of MeOH:H2O of 50%, 70%, 222 

75%, 80%, 85%, 90%, 95% and finally three consecutive pure methanol elutions (100-1%, 223 

100-2% and 100-3%, respectively). These discrete fractions were added into clean 224 

laboratory water and tested for toxicity to rainbow trout in a same manner as the C18 add-225 

back. A solvent control was prepared with the highest percentage of methanol used in the 226 

C18 treatments, and tested to confirm that the addition of methanol itself did not produce 227 

toxicity. 228 

The C18 fractionation facilitates the identification of the cause of toxicity as it isolates the 229 

suspect organic compounds within a discrete fraction, rather than the larger pool of all 230 

extractable organic compounds present in the C18 add-back. As different organic 231 

compounds have different hydrophobicity, they elute in the C18 fractionation at different 232 

times in the MeOH:H2O gradient relative to their respective polarities. For example, 233 

tannins and lignins (a wood by-product) elute early in the MeOH:H2O gradient (Bailey et 234 
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al. 1999), diazinon (an organ-phosphorus pesticide) at a mid-point (Bailey et al. 1996) and 235 

naphthenic acids at mid- to later-points in the gradient (Hughes et al. 2017).  236 

Phase III TIE - Confirmatory studies with 6PPD-quinone 237 

A commercial, neat standard of 6PPD-quinone was purchased from HPC Standards 238 

(Atlanta, Georgia, US), and a stock solution of the 6PPD-quinone was prepared by adding 239 

the red solid into pure methanol (HPLC grade; Fisher Chemical). A 96-h rangefinder test 240 

was conducted at test concentrations of 5 ng/L, 50 ng/L, 500 ng/L, 5000 ng/L, and 50000 241 

ng/L based on previous work with rainbow trout (Brinkmann et al. 2022). After the 242 

rangefinder test, seven LC50 tests were performed with rainbow trout in laboratory water 243 

using a narrower range of concentrations, and a mean 96-h LC50 was estimated based on 244 

the results of these tests. Analytical confirmation of 6PPD-Q, using the analytical technique 245 

described below, was conducted for test solutions from one of these LC50 tests.  246 

A 6PPD-Q solution containing 2.5 Toxic Units of the compound (i.e., a concentration of 247 

2.5 times the mean 96-h LC50) was then prepared in laboratory water and tested for toxicity 248 

following a number of TIE treatments. The objective of the treatments and subsequent 249 

toxicity tests was to develop a toxicity ‘fingerprint’ for the compound within the USEPA 250 

TIE framework. The TIE treatments employed on the 6PPD-Q standard solution included 251 

those also employed on the stormwater samples (i.e., EDTA, thiosulphate, pH fractionation 252 

and filtration, and C18 extraction, elution and fractionation), as well as pre-aeration (10-253 

20 mL air/min/L of sample for two hours) and filtration (0.45µm cellulose nitrate).  254 

6PPD-Q analysis 255 

Analysis of 6PPD-Q by Condensed Phase Membrane Introduction Mass Spectrometry 256 
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(CP-MIMS) was used to support the development of a 6PPD-Q “fingerprint” within the 257 

USEPA TIE framework, and to aid in the identification of this compound as the possible 258 

cause of toxicity in stormwater. Samples of 6PPD-Q standard solutions and stormwaters 259 

were sent to Vancouver Island University (Nanaimo, BC) for analysis. The laboratory 260 

standard solution samples were analyzed within two weeks of preparation, but analyses for 261 

the stormwater samples were not conducted until six months after sample collection; 262 

therefore, the results for stormwater should be considered as qualitative supporting 263 

information on the presence of the compound.  264 

CP-MIMS methods are described in Monaghan et al. (2023). Briefly, a PDMS hollow-fiber 265 

membrane (Permselect, MedArray, Inc., Ann Arbor, MI) is placed in a sample and 266 

membrane-permeable compounds are entrained in an acceptor phase solvent 267 

(heptane/methanol/formic acid) flowing through the membrane lumen. Compounds are 268 

detected by an electrospray ionization (ESI) triple-quadrupole mass spectrometer (ESI-269 

MS/MS; QSight 220, PerkinElmer, Waltham, MA) using multiple MS/MS transitions 270 

including 299 → 256 as quantifier ion and both 299 → 243 and 299 → 100 as qualifier 271 

ions. Ionization efficiency and long-term instrument drift is monitored using a 20 μg/kg 272 

13C6-6-PPDQ internal standard included in the acceptor solvent. Quantification is carried 273 

out based on 6-PPDQ-d5 internal standard spiked at 150 ng/L into all samples and 274 

standards. All measurements were run in triplicate and the reported as mean concentration. 275 

Typical relative standard deviations for this approach are ca. 15% (Monaghan et al 2023; 276 

Jaeger et al 2024). 277 
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RESULTS AND DISCUSSION  278 

Acute Toxicity 279 

The stormwater samples exhibited a broad range of toxicity to rainbow trout, with severity 280 

varying depending on location and duration of the antecedent dry period. Samples from 281 

both locations on the first sampling date, with an extended antecedent dry period (Table 282 

S1), exhibited 90-100% mortality within the first 24 h, compared with the second set of 283 

samples collected three days later which exhibited 0 to 50% mortality within this timeframe 284 

(Table 2). Our toxicity tests demonstrate that road runoff from two Metro Vancouver sites 285 

was acutely lethal to rainbow trout on two separate sampling events. Three out of the four 286 

samples tested exhibited 100% mortality within 96 h, suggesting a high potential for 287 

adverse effects in the receiving environment.  288 

Roads have been known to be a major source of contaminants for many years (Williams et 289 

al. 1974), and road runoff in the urbanized environment of Metro Vancouver (British 290 

Columbia, Canada) was shown to be acutely lethal to aquatic life (e.g., Daphnia pulex) 291 

nearly 40 years ago (Hall and Anderson, 1988). Despite this, to our knowledge, no studies 292 

have demonstrated the acute lethality of highway runoff to salmonids in BC. Conversely, 293 

research in recent years has extensively documented this phenomenon with coho salmon 294 

in the urbanized Seattle Washington, USA, area (e.g., French et al. 2022), and toxicity to 295 

rainbow trout has been observed in road runoff from Ontario, Canada (Mayer et al. 2011; 296 

Rokosh et al. 1996). Researchers in the 1990s used road usage >30,000 vehicles a day to 297 

classify a site as ‘urbanized’ and demonstrated that the associated road runoff was likely 298 

to produce pollutant concentrations associated with adverse effects to the environment 299 

(Driscoll et al. 1990). The runoff collected from our study was from highways that 300 
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exceeded this daily vehicle usage and the observed level of toxicity is consistent with that 301 

data. 302 

Acute lethality to rainbow trout is used as a primary tool by the federal Fisheries Act 303 

(Department of Fisheries and Oceans, 2019) and the provincial Environmental 304 

Management Act (British Columbia, 2003) to define the discharge of deleterious 305 

substances and to regulate effluents. As such, these stormwaters would meet the criteria 306 

for the release of a deleterious substance, and even though it has been stated that the 307 

stormwaters are regulated under the Fisheries Act (i.e., through the ISMPs; Metro 308 

Vancouver, 2012), municipal stormwaters are not regulated or monitored in the same 309 

manner as other effluents, which require routine sampling for contaminant levels and 310 

toxicity tests. The toxicity testing conducted in this study of municipal stormwaters 311 

suggests that the intended goals (e.g., protection of aquatic life) of the ISMPs are not being 312 

met and that additional management practices may be necessary.   313 

Interestingly, the toxicity of the stormwater collected from the receiving raingarden ditch 314 

was reduced appreciably in comparison to the untreated AFBS stormwater collected at the 315 

same time; 100% survival was observed at 24-h in the RG-TW sample, compared with 316 

50% survival in the AFBS–24 sample (Table 2). This pattern was consistent with the 96-h 317 

results, where 50% of the exposed fish were still alive in RG-TW, compared with complete 318 

mortality in the AFBS–24 stormwater. Green infrastructure has been proposed as a solution 319 

to improve stormwater quality, and scientific evidence continues to demonstrate its abilities 320 

in this regard (Sharma and Malaviya, 2021). Our data demonstrated that a rainwater garden 321 

treating stormwater from a downspout reduced the toxicity of the stormwater 2.2-fold; the 322 

LC50 of the untreated downspout sample (AFBS-24) was 43.8% (v/v) in comparison to 323 
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the LC50 of 100% (v/v) in the adjacent rainwater garden ditch sample (RG-TW). Notably, 324 

other researchers have specifically demonstrated the reduction of organic compounds like 325 

6PPD-Q (Mcintyre et al. 2023, Rodgers et al. 2023) and trace metals like zinc (Trowsdale 326 

et al. 2011) as a result of bioinfiltration.    327 

Both the AFBS–24 and GEBS–21 stormwaters had sufficient toxicity (and remaining 328 

volume) to proceed with TIEs. Of note, the LC50s (in % v/v) of the AFBS–24 (43.8%) and 329 

GEBS–21 (56.7%) stormwaters (Table S3 and S4, respectively) allowed for the TIEs to 330 

use undiluted (100% v/v) stormwater for treatments and testing (i.e., the undiluted samples 331 

were within four-fold of their respective LC50s).  332 

Phase I TIE - Screening 333 

There were clear differences in the effectiveness of the TIE treatments on the two 334 

stormwaters. At 48 h, the toxicity of AFBS–24 was removed by EDTA treatment, and the 335 

toxicity of GEBS–21 was removed by the C18 treatment (Table 3), respectively. This 336 

implies that chelatable trace metals are responsible for toxicity in AFBS and organic 337 

constituents were responsible for toxicity in GEBS. To confirm these findings, the C18 338 

columns used to extract organic compounds from the two stormwaters were eluted with 339 

methanol to recover the organic compounds, and spiked into laboratory control water at a 340 

nominal 3X concentration; this process with GEBS–21 produced toxicity to rainbow trout 341 

within 48 hours (Table 3), thus confirming that an organic toxicant was present, since it 342 

could be both removed from the stormwater by the C18 column, and then recovered in a 343 

solvent elution of the column. Conversely, the methanol add-back with AFBS–24 did not 344 

produce any toxicity within 48 hours, confirming the lack of an organic constituent 345 

contributing to toxicity in this sample. Collectively, the Phase I results for AFBS-24 346 
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indicated that a chelatable trace metal was responsible for toxicity, and more detailed 347 

treatments targeting specific trace metals were applied to this sample. Similarly, the Phase 348 

I results clearly indicated that an organic toxicant was the cause of toxicity in GEBS–21, 349 

and subsequent treatments targeting organics were applied to this stormwater. 350 

Phase II TIE - Metals (AFBS-24) 351 

Toxicity related to trace metals was further investigated with treatments designed to 352 

differentiate between metals potentially contributing to toxicity (Figure 2). EDTA 353 

concentrations of 10 and 25 mg/L reduced toxicity, and 50 mg/L completely removed 354 

toxicity confirming trace metal toxicity (lethality to trout re-appeared at 100 mg/L EDTA 355 

presumably due to excess EDTA in the soft water conditions [30 mg/L as CaCO3] of the 356 

stormwater). Thiosulphate addition (S2O3
2-) was ineffective at reducing AFBS–24 toxicity. 357 

Furthermore, the thiosulphate addition increased the toxicity of the sample (from 40% 358 

survival in the untreated to 0% survival in the 25mg/L thiosulphate addition). The lack of 359 

toxicity reduction upon thiosulphate addition ruled out copper, cadmium and mercury as 360 

toxicants and the increase in toxicity was suggestive of zinc (Oh et al. 2008). The pH 361 

fractionation tests demonstrated a stepwise increase in survival with increases in the pH 362 

adjustment of AFBS–24 prior to filtration; survival was 60%, 80% and 100% in samples 363 

filtered at pH values of 8.0, 8.5 and 9.0 respectively, compared with 40% survival in the 364 

untreated sample (i.e., pH 6.5). The decrease in toxicity at the various pH values was highly 365 

correlated (R2 of 0.97) with the modelled percentage of ionic zinc at the different levels of 366 

pH (modeled using PHREEQC; Figure S2 and S3).  367 
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Phase III TIE – Zinc (AFBS-24) 368 

Dissolved and total metal analysis of AFBS–24 determined 763 ug/L of total Zn present in 369 

the stormwater with a high proportion in the dissolved state (i.e., >90% dissolved/total). In 370 

the confirmatory spiking study, the concentration of Zn was approximately doubled in 371 

AFBS–24 (i.e., to 1400 µg/L; a 1.8-fold increase) which resulted in a concomitant increase 372 

in toxicity based on percent sample, indicating a proportional increase in the level of 373 

toxicity relative to the zinc addition (Table 4). Moreover, when the LC50s for the 374 

unamended and zinc-amended samples were expressed in terms of the concentration of 375 

zinc, they were within 15% of each other, further indicating that zinc was similarly 376 

responsible for toxicity in both samples. Collectively, these data confirmed zinc as the 377 

primary cause of toxicity in AFBS–24, with no indication of any additional contributions 378 

to mortality.  379 

Zinc has been reported to be a causative agent in other stormwater monitoring programs 380 

which have used targeted toxicity testing. For example, a similar Zinc TIE fingerprint was 381 

found in Californian stormwaters where testing with Ceriodaphnia dubia and fathead 382 

minnows; they determined EDTA chelation and pH-adjustment were effective in toxicity 383 

reduction, but thiosulphate chelation and C18 were not (Kayhanian et al. 2008). A similar 384 

pattern of toxicity reduction was also observed in TIE treatments of a tire leachate that 385 

demonstrated zinc toxicity to C. dubia (Nelson et al. 1994).  386 

Testing results from leachates of tire wear/crumb, a primary contaminant source in road 387 

runoff, have frequently determined zinc as the tire component most often associated with 388 

adverse effects to aquatic organisms. Such effects have been reported across a wide range 389 

of taxa, including algae (Gualteri et al. 2005; Marwood et al. 2011; Wik et al. 2009), plants 390 
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(Kim et al. 2023), invertebrates (Gualteri et al. 2005; Kim et al. 2023; Lu et al. 2021; 391 

Marwood et al. 2011; Rist et al. 2023; Wik et al. 2009; Yang et al. 2022), amphibians 392 

(Gualteri et al. 2005) and fish (Kim et al. 2023; Marwood et al. 2011; Wik et al. 2009).  393 

To provide further insight on the response of rainbow trout to zinc under the low hardness 394 

conditions typically associated with stormwater, additional acute lethality tests with zinc 395 

were conducted between hardness levels of 5 and 30 mg/L as CaCO3 using laboratory and 396 

ambient waters, as well as data from AFBS–24 stormwater. Collectively, these data 397 

demonstrated a strong hardness-dependency of zinc LC50s across this range of hardness 398 

conditions (R2 of 0.96; Figure S4). For comparison, the LC50 for zinc tested in North 399 

Alouette River water at a hardness of 5 mg/L CaCO3 was estimated as 70.7 µg/L, 400 

considerably lower than the 450 µg/L value obtained in AFBS-24 at 30 mg/L hardness. 401 

The increased sensitivity to trout from zinc under low hardness conditions was consistent 402 

with previous studies (e.g., Bailey et al. 1999), and that this elevated level of risk is of 403 

particular concern to Metro Vancouver as a result of the naturally low mineralization of 404 

water in the region.  405 

Phase II TIE – Organic compounds (GEBS-21) 406 

Additional C18 columns used to remove the toxicity of GEBS–21 were eluted with 407 

methanol to further assess the toxicity of the organic compounds in this stormwater sample. 408 

Lethality was observed at add-back concentrations of 2.5X and 3.0X of the eluted organics 409 

relative to the sample, but 1.25X was non-lethal (Table S5). Thus, since the untreated 410 

stormwater exhibited toxicity at full-strength (i.e., at 1X), there was only partial recovery 411 

of the toxicity in the organic extraction and recovery process.  412 

A methanol fractionation of C18 columns loaded with GEBS-21 conducted at an add-back 413 
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rate of 5X did not result in substantive lethality in any of the eleven discrete fractions 414 

created from the GEBS–21 organics (≤25% mortality observed; Table S6). This further 415 

demonstrated poor recovery of the possible organic compounds responsible for toxicity in 416 

this stormwater, in addition to the possibility that the toxicant eluted across multiple 417 

fractions.  418 

At the time of this investigative testing (late 2022), research was just becoming available 419 

on the sensitivity of rainbow trout to 6PPD-Q (Brinkmann et al. 2022), and the authors 420 

were curious about the possibility of the unknown organic toxicant in GEBS-21 being the 421 

tire toxin which had been associated with acute lethality to other salmonids from road 422 

runoff collected elsewhere (Tian et al. 2020). Analytical techniques for 6PPD-Q were also 423 

just becoming more widely available (Monaghan et al. 2021), and combined with the recent 424 

availability of a commercial standard, a more thorough investigation into 6PPD-Q toxicity 425 

and its potential linkage to toxicity in GEBS-21 became possible. Of note, given the 426 

“unknown” status of the organic toxicant in this sample, it was important to develop 427 

multiple lines of evidence to implicate 6-PPDQ as the actual cause of toxicity.  428 

Phase III TIE – 6PPD-Q (GEBS-21) 429 

Toxicity tests and CP-MIMS analysis with 6PPD-Q were used to obtain additional insights 430 

into the possibility that the toxicity from organic constituents observed in GEBS–21 was 431 

due to 6PPD-Q. Test solutions in one of the seven LC50 tests conducted with 6PPD-Q 432 

determined the analyzed concentrations to be only 60% of nominal concentrations (Figure 433 

S6). An investigation into the off-nominal concentrations was conducted by analyzing the 434 

6PPD-Q stock solution prepared in the study. The analysis of the stock determined that it 435 

was 66% of the expected/nominal concentration (n = 4). Thus, all of the nominal LC50s 436 

https://doi.org/10.26434/chemrxiv-2025-djbsk ORCID: https://orcid.org/0009-0008-7320-4967 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2025-djbsk
https://orcid.org/0009-0008-7320-4967
https://creativecommons.org/licenses/by-nc-nd/4.0/


calculated for 6PPD-Q were adjusted for analyzed concentrations by a correction factor of 437 

0.66. This resulted in the mean LC50 (and standard deviation) of the seven tests with 6PPD-438 

Q of 976 ng/L (± 212 ng/L). The mean LC50 from several tests at our laboratory with 439 

rainbow trout (976 ng/L) was similar to thresholds determined by others for this species; 440 

Brinkmann et al. (2022) reported a 72-h LC50 of 1000 ng/L, Nair et al. (2023) reported a 441 

96-h LC50 of 640 ng/L, and Enthalpy Analytical (2024) reported a 96-h LC50 of 1800 442 

ng/L. 443 

A standard solution of 2.5 Toxic Units (TU) of 6PPD-Q (i.e., 2.5 times the mean LC50). 444 

was tested with a range of TIE treatments to determine if the response pattern, or 445 

“fingerprint” matched that obtained with the tests conducted on GEBS-21. The majority of 446 

the TIE treatments applied to this 2.5 TU solution were ineffective in reducing the toxicity 447 

of the solution, including 0.45 µm (cellulose nitrate) filtration, EDTA addition, 448 

thiosulphate addition, and pH 10 filtration (Table S7). Supporting CP-MIMS analysis 449 

highlighted only marginal reductions in 6PPD-Q concentrations as a result of the TIE 450 

treatments (<20%; Table S8). In contrast, the C18 extraction treatment completely 451 

removed toxicity, and 6PPD-Q concentrations were below the limit of detection (ca. 5 452 

ng/L) in C18 filtrates (Table S8). However, despite the effectiveness of the C18 extraction 453 

in removing 6PPD-Q toxicity, toxicity was not recovered in methanol elutions of the C18 454 

columns tested at 1.0X and 2.0X add-back rates (Table S7). Thus, poor recovery of 6PPD-455 

Q toxicity was observed in the C18 elution process of the 2.5 TU 6PPD-Q solution. Indeed, 456 

only 440 ng/L of the 6PPD-Q was recovered in the 1X add-back, representing only 22% 457 

of the initial 1975 ng/L (Table S8). Of note, poor recovery of the organic toxicant was also 458 

observed in elutions of C18 columns used to extract GEBS-21, potentially a function of 459 
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the chemical properties of the toxicant, or indicative of an underlying issue with the 460 

extraction and elution process itself. 461 

An investigation into the cause of the poor recovery of 6PPD-Q in the C18 extraction 462 

process identified a 60% loss of 6PPD-Q following pumping through the peristaltic tubing 463 

used in the process (Table S8). Sorption to silicone, as demonstrated by other investigators 464 

working with 6PPD-Q (Hu et al. 2023), was the likely cause of this loss. Subsequently, 465 

specific C18 columns (10g Hypersep C18; Thermo Scientific) amenable for use with 466 

vacuum filtration were employed to eliminate the peristaltic tubing in the extraction 467 

process and reduce the loss.  468 

A C18 methanol fractionation subsequently conducted with the 2.5 TU solution of 6PPD-469 

Q and the revised C18 extraction method produced complete mortality in the 80% and 85% 470 

MeOH fractions (tested at 2X), which was also consistent with where the vast majority 471 

(i.e., 95%) of the 6PPD-Q concentrations were observed (Figure 3). The 6PPD-Q 472 

concentrations in these fractions were also greater than the toxicity threshold for rainbow 473 

trout determined at the laboratory (i.e., LC50 of 976 ng/L), further supporting the 474 

identification of the toxic 6PPD-Q fractions. Using the revised C18 extraction process, 475 

coupled with the elution and fractionation procedures, 93% of the 6PPD-Q in the original 476 

2.5 TU solution was recovered in the MeOH fractions. Thus, these results clearly 477 

demonstrated that the revised procedures were able to fractionate the 6PPD-Q effectively 478 

and recover the large majority of the compound that was originally present. 479 

The similarities in patterns of toxicity and recovery observed in the TIE treatments with 480 

GEBS-21 stormwater and the 6PPD-Q standard solution were suggestive of toxicity due to 481 

6PPD-Q in the stormwater. Notably, the effectiveness of the C18 in removal of GEBS-21 482 
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toxicity was similar to that observed with the 6PPD-Q standard solution. In addition, the 483 

low level of recovery of toxicity in the elution of the C18 for the GEBS-21 sample (23% 484 

recovery; Table S4 and S5) matched the initial low recovery of 6PPD-Q from the standard 485 

solution in the C18 extraction and elution process (22% recovery; Table S8), suggesting 486 

similar chemical properties and sorption to the silicone tubing. Further, 6PPD-Q was 487 

recovered in the same methanol fractions (predominantly 80 and 85% methanol) prepared 488 

from GEBS-21, compared with the elution pattern obtained from the methanol 489 

fractionation of the 6PPD-Q standard solution (Figure 3, Table S6 and Figure S5). While 490 

these data are suggestive, developing the necessary data to demonstrate similarities 491 

between the TIE profiles of the unknown toxicant and 6-PPDQ took an extended period of 492 

time relative to performing routine TIE and it was not possible to conclude with absolute 493 

confidence that 6PPD-Q was responsible for the toxicity initially observed in GEBS-21. 494 

Due to a ~6 month delay between sample collection and analysis, the concentration was 495 

determined to be 210 ng/L in GEBS-21, well under the threshold for acute toxicity for 496 

rainbow trout; additional information on the 6PPD-Q concentrations in GEBS-21 and 497 

toxicity of the stormwater samples over time are presented in Table S9 and S10. When 498 

compared with reported degradation rates for the compound (i.e., half-lives of less than 499 

two days at room temperature when exposed to atmosphere (Monaghan et al. 2023), and 500 

from weeks to several weeks when sealed with no headspace at 4-5° C (Lo et al. 2023; 501 

Lane et al. 2024), it is plausible that original concentration in the sample exceeded toxic 502 

thresholds and was responsible for the toxicity initially observed in the untreated GEBS-503 

21 stormwater and the organic fraction isolated from it.  504 

Interestingly, a number of studies with tire leachate and rainbow trout, conducted prior to 505 
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the discovery of 6PPD-Q, identified an unknown toxicant causing mortality to rainbow 506 

trout (Kellough 1991, Day et al. 1993, Anthony et al. 1995). Two of these studies did not 507 

observe any toxicity to invertebrates (Daphnia spp.) or other fish (goldfish - Kellough 508 

1991; fathead minnows - Day et al. 1993) exposed to the same tire wear solutions. Of note, 509 

investigative analysis of the non-polar compounds in these solutions identified aromatic 510 

organics containing nitrogen (Anthony et al. 1993, 1995; Kellough 1991). The subsequent 511 

identification of 6PPD-Q (C18H22N2O2) as a causative agent in tire leachate (Tian et al. 512 

2021), and the elevated sensitivity of certain salmonids to this compound (Brinkmann et 513 

al. 2022), suggests that these previous investigations may have observed trout mortality as 514 

a result of 6PPD-Q in the tire leachates. 515 

Since its discovery, the acute toxicity of 6PPD-Q has been well documented to several 516 

species of fish in laboratory exposures (Brinkmann et al. 2022), yet studies demonstrating 517 

this effect in actual stormwater samples are limited. Salmonids exposed to road runoff in 518 

Washington were found to die within hours of exposure to stormwater bearing 6PPD-Q 519 

(French et al. 2022); although this occurrence has not been well documented in the 520 

scientific literature in other regions, reports of pre-spawn mortality of coho salmon 521 

(identified by dead females with fully retained eggs) from Metro Vancouver streamkeeper 522 

groups suggest that this phenomenon is also likely occurring in this region (Pacific 523 

Streamkeepers, 2020). Indeed, our data implicates 6PPD-Q as the causative agent in 524 

toxicity to rainbow trout in stormwater collected from Metro Vancouver, and monitoring 525 

of 6PPD-Q concentrations during rain events in BC has identified 6PPD-Q concentrations 526 

routinely exceeding the threshold for coho salmon (Monaghan et al. 2023). Importantly, 527 

the TIE fingerprint created in this study for 6PPD-Q, particularly elution in specific toxic 528 
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C18 fractions (i.e., 80% and 85% methanol), could be used in future investigations 529 

attempting to identify and quantify the effects from this compound. Combining the TIE 530 

approach with analytical screening for the compound (e.g., CP-MIMS) would provide 531 

additional ability to establish causal relationships between 6PPD-Q and observed effects. 532 

Implications for stormwater monitoring 533 

Without historical data on the toxicity of local road runoff, it is not possible to know if 534 

toxicity is increasing over time, but projections of longer dry periods and increased 535 

frequency of extreme rain events, suggest there is potential that stormwater is becoming 536 

more toxic. Of particular note, recent changes in regional demographic conditions towards 537 

increasing population densities in historically rural areas are potentially driving changes in 538 

stormwater quality in addition to broad scale shifts in climate patterns.  539 

Monitoring stormwater can be problematic in that stormwater runoff is a complex mixture 540 

often containing multiple potential toxicants. Thus, a powerful fractionation tool is 541 

necessary to identify constituents responsible for adverse environmental effects so that the 542 

identified toxicants can become priority targets for management. As shown here, the TIE 543 

approach provides the ability to identify toxic agents and quantify the level of associated 544 

toxicity in stormwater samples. Specifically, samples that exhibited similar levels of 545 

toxicity were clearly demonstrated to be caused by toxicants with very different chemical 546 

properties, environmental implications and potential mitigation strategies.   547 

Our testing with 6PPD-Q and zinc demonstrates there is potential for an even greater risk 548 

to salmonids exposed to these two compounds in local stormwaters as a result of species 549 

sensitivities and local water chemistry, respectively. Our data reinforces previous work that 550 

rainbow trout are 10-fold less sensitive than coho salmon to 6PPD-Q, which have been 551 
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reported to have LC50s of 41 and 95 ng/L for coho salmon (Lo et al 2023 and Tian et al. 552 

2022, respectively). Taken at face value, our data suggest that the stormwater sample 553 

GEBS-21 would have been toxic to coho even at a 20-fold dilution.  554 

Additional monitoring, particularly acute toxicity tests and targeted analyses of 555 

contaminants, could provide further insight into the potential for increasing stormwater 556 

toxicity as a result of changing demographic and climate conditions. However, the existing 557 

level of toxicity clearly justifies additional monitoring and appropriate remedial responses, 558 

particularly in the context of the intended goals of the ISMP program, the federal Fisheries 559 

Act, and the overall declines in salmonid populations throughout the region.  560 
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Tables and Figures 789 

Use of Toxicity Identification Evaluation Techniques to Isolate Causes of Acute Lethality 790 

to Rainbow Trout in Municipal Stormwaters: Case Studies with Zinc and 6PPD-Q. 791 

Josh Baker*, Ian Cronshaw, Joseph Monaghan, Erik Krogh, Howard Bailey 792 

Table captions  793 

Table 1. Stormwater sample collection details. 794 

 795 

Table 2. Rainbow trout survival and water quality measured in acute lethality tests 796 

of stormwaters. 797 

 798 

Table 3. Rainbow trout survival in untreated and treated stormwater samples. 799 

 800 

Table 4.  Rainbow trout survival in untreated and zinc-spiked AFBS–24, and zinc-801 

spiked North Alouette River 802 

 803 

Figure captions 804 

Figure 1. Toxicity Identification Evaluation (TIE) schematic applied to 805 

stormwaters. 806 

 807 

Figure 2. Toxicity to rainbow trout after 96 hours in untreated and metal-targeting 808 

TIE treatments of AFBS-24 (EDTA-mg/L; Thiosulphate (ThioSO4)-mg/L, 809 

filtration at differing pH levels). 810 

 811 

Figure 3. Toxicity to rainbow trout in C18 methanol fractions (solid line with open 812 

circles) prepared from 6PPD-Q standard solution. Recovery 813 

(concentration in ng/L) in each fraction (grey columns) in comparison to 814 

average LC50 determined to rainbow trout (6PPD-Q threshold: dashed 815 

line). 816 

 817 

 818 

  819 
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Table 1  820 

Stormwater ID 

Location 
Date of 

collection 

24-h rain 

(mm)1 Description Coordinates 

GEBS – 21 Golden Ears 

bridge 

downspout 

49.222848, -

122.669079 

October 21, 

2022 
2.5 

GEBS – 24 
October 24, 

2022 
27.6 

AFBS – 21 Alex Fraser 

bridge 

downspout  

49.155958, -

122.941457 

October 21, 

2022 
2.3 

AFBS – 24 
October 24, 

2022 
16.9 

RG TW 

Rain garden 

adjacent to 

AFBS 

49.156173, -

122.941047 

October 24, 

2022 
16.9 

1- Recorded at the ECCC weather station proximate to the Maple Ridge and Delta 821 

collection sites, respectively. 822 

 823 

Table 2 824 

Stormwater 

ID 

Water Quality1 Survival (%) 

pH 
Conductivity 

(µS/cm) 
24-h 96-h 

GEBS – 21 6.7 316 10 0 

GEBS – 24 6.9 25 100 80 

AFBS – 21 7.1 617 0 0 

AFBS – 24 7.0 86 50 0 

RG TW 6.7 77 100 50 

1- Water quality recorded at test initiation. 825 

Table 3  826 

Stormwater ID 

48-h survival (%) 

Untreated 
Trace metal 

treatment1 

Organic 

compounds 
treatment2  

Isolated organic 

compounds3 

GEBS – 21 0 0 100 0 

AFBS – 24 20 100 0 100 

1- 10 mg/L EDTA 827 
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2- Solid phase extraction with octadecyl (C18) column  828 

3- C18 methanol elution in clean laboratory water (concentrated to 3X sample 829 

equivalents) 830 

Table 4   831 

Test 

concentration  

(% v/v) 

96-h survival (%) 

Unamended 

AFBS–241 

Zn-spiked  

AFBS–242 

Zn-spiked  

North Alouette River3  

Control (0) 100 100 100 

6.2 100 100 100 

12.5 100 100 100 

25 100 100 90 

50 80 0 60 

100 0 0 40 

LC50 (95% CL; 

%v/v) 
61.6 (48.0 – 78.9) 35.4 (25 -50) -- 

LC50 (95% CL; 

µg/L Zn) 

444.8 (346.6 – 

569.7) 

511.2 (361.0 – 

722.0) 
70.7 (33.1 – 151.1) 

1- 763 µg/L Zn (total); 720 µg/L Zn (dissolved) 832 

2- 1400 µg/L Zn (total) 833 

3- 102 µg/L Zn (total) 834 

  835 

https://doi.org/10.26434/chemrxiv-2025-djbsk ORCID: https://orcid.org/0009-0008-7320-4967 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2025-djbsk
https://orcid.org/0009-0008-7320-4967
https://creativecommons.org/licenses/by-nc-nd/4.0/


 836 

Figure 1 837 

 838 

 839 

  840 
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 841 

Figure 2 842 

  843 

 844 

 845 
 846 

Figure 3 847 
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Supplemental Information  849 

Use of Toxicity Identification Evaluation Techniques to Isolate Causes of Acute Lethality 850 

to Rainbow Trout Exposed to Municipal Stormwaters: Case Studies with Zinc and 6PPD-851 

Q. 852 

Josh Baker*, Ian Cronshaw, Joseph Monaghan, Angelina Jaeger, Erik Krogh, Howard 853 

Bailey 854 

 855 

Weather information 856 

Prior to sampling of the stormwaters on October 21 and 24, 2022, the previous rain event 857 

of >1mm at both study areas was on September 16, 2022 (Table S1). A prior rain event of 858 

>10mm was not recorded in either August or September, with early July being the closest 859 

previous significant rain event at the study areas. The timing of the sampling of the GEBS, 860 

AFBS and RG-TW stormwaters on October 21 and 24, 2022, is shown in Figure S1 in 861 

comparison to the hourly rain recorded at the local weather station. 862 

 863 

Table S1.  Historical rain events prior to October 21, 2022.   864 

Sample Location (City) 
24-h Rain  

(mm) 
Previous date of occurrence 

GEBS (Maple Ridge1) 

> 1 September 16, 2022 

> 5 September 16, 2022 

> 10 July 7, 2022 

AFBS and RG-TW (Delta2) 

> 1 September 16, 2022 

> 5 July 3, 2022 

> 10 July 3, 2022 

1- Pitt Meadows (Airport), British Columbia, Canada; Environment Climate Change Canada (ECCC) 865 
weather station (https://tinyurl.com/3exxvb44) 866 

2- Delta (Burns Bog), British Columbia, Canada; ECCC weather station 867 

  868 
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 869 

 870 

Figure S1. Rain recorded at local weather station; Maple Ridge in grey and Delta 871 

in black on 21st (top) and 24th (bottom). Sampling time of stormwaters 872 

indicated with data labels. 873 
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Toxicity test methods 875 

The initial acute toxicity tests followed procedures outlined in OECD No. 203 (Table S2). 876 

Tests were conducted with a single-concentration on the undiluted stormwater or on five 877 

dilutions of the stormwater to determine the LC50. Test volumes were 10 to 16L depending 878 

on the size of the fish to maintain a loading density of <0.5 g/L. The juvenile rainbow trout 879 

were screened for quality prior to the initiation of testing (i.e., coloration, swimming). A 880 

reference toxicant test was conducted on each batch of fish used in the study. The batch of 881 

rainbow trout were only used if they had a previous 7-d cumulative mortality rate of less 882 

than 5%. Several toxicity tests were conducted to determine with rainbow trout to 883 

determine the 6PPD-Q LC50 using this method. 884 

Subsequent TIEs tests maintained the majority of details (e.g., similar age and source of 885 

fish, temperature) but used reduced volumes and number of fish to reduce the sample 886 

volumes required. Phase I TIE tests were conducted with four or five fish in 2 to 2.5L, as 887 

were Phase II and III TIE tests targeting metals. Phase II and III TIE tests targeting organics 888 

(i.e., the C18 methanol add-back and fractionations) used two replicates of 750mL with 889 

two fish in each replicate.  890 

 891 

Table S2.  Rainbow trout (Oncorhynchus mykiss) acute survival test. 892 

Organism information 
Juvenile (0.2-0.8g) rainbow trout from local fish 

hatcheries 

Test type 

Static (i.e., no solution renewal or feeding);  

48 or 96 hour duration; 

Single concentration (100% v/v) or 

Multi-concentration (100, 50, 25, 12.5 6.25% v/v) 

Environment 

Temperature= 15 ± 1°C 

Lighting of 100-500 lux on 16:8 light:dark photoperiod 

Aeration of 6.5 ±1 mL/min/L 
Dilution water: dechlorinated municipal (Metro 

Vancouver) tap water (hardness of 18-23 mg/L as 

CaCO3) 

Test Measurements 

pH, conductivity, dissolved oxygen and temperature 

were measured at test initiation and test completion; 

evaluated for survival daily 

 893 

Statistical analysis 894 

Statistical analyses of effect concentrations based on sample (%v/v), zinc or 6PPD-Q were 895 

conducted using CETIS version 2.1.4 (Tidepool Scientific Software, McKinleyville, CA, 896 

USA).    897 
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TIE test methods 898 

The trace metal treatment employed on the stormwaters was the addition of 10 mg/L of 899 

ethylene diamine tetraacetate (EDTA) which binds primarily to trace metals, including 900 

copper, cadmium and zinc, and reduces their bioavailability. Thus, a reduction in toxicity 901 

following treatment with EDTA indicates that a metal that can be chelated with EDTA is 902 

likely responsible for toxicity. The stormwaters were allowed to complex with EDTA for 903 

2 hours prior to toxicity test initiation.  904 

The stormwater sample which had toxicity reduced by EDTA was also treated with 10 and 905 

25 mg/L of sodium thiosulphate (S2O3
2-) and evaluated for toxicity. Thiosulphate is a 906 

reducing agent that can eliminate residual oxidizers, but also can chelate and reduce the 907 

bioavailability of certain trace metals, such as copper and cadmium. Thus, a reduction in 908 

toxicity following treatment with thiosulphate implicates specific metals as responsible for 909 

toxicity.   910 

The organic compound treatment employed on the stormwaters was positive pressure 911 

filtration through a C18 solid phase extraction (SPE) column (1 g ENVI-18; Supelco, 912 

Sigma-Aldrich; 10 mL/min with less than 1000mL of sample through each column). This 913 

treatment removes non-polar and moderately polar organics from the sample; therefore, a 914 

reduction in toxicity following C18 extraction would suggest that the toxicant was an 915 

organic compound. Elutions of the columns were conducted at 1 mL/min, which included 916 

the 2-mL elution of pure methanol for the C18 add-back, and the 2-mL sequential volumes 917 

of the MeOH:H2O gradient for the fractionation.  918 

 919 

LC50 toxicity test results 920 

The multi-concentration toxicity test results for AFBS-24 and GEBS-21 are shown in Table 921 

S3 and S4, respectively. The LC50s were estimated with linear regression models using 922 

CETIS (version 2.1.4; Tidepool Scientific Software, McKinleyville, CA, USA).  923 

 924 

  925 
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Table S3. Rainbow trout acute LC50 survival test with AFBS–24 926 

CL = Confidence Limit 927 
1- Estimated using linear regression model  928 

Table S4. Rainbow trout acute LC50 survival test with GEBS–21  929 

CL = Confidence Limit 930 
1- Estimated using linear regression model  931 

 932 

933 

Concentration (% v/v) 96-h Survival (%) 

Laboratory Control 100 

6.25 100 

12.5 100 

25 80 

50 40 

100 0 

Test endpoint (% v/v)  

96-h LC50 (95% CL)1 43.8 (21.2 – 82.8) 

Concentration (% v/v) 96-h Survival (%) 

Laboratory Control 100 

6.25 100 

12.5 100 

25 100 

50 40 

100 20 

Test endpoint (% v/v)  

96-h LC50 (95% CL)1 56.7 (38.6 – 97.2) 
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Zinc follow-up testing and analysis 934 

Additional understanding of the trace metal toxicity of AFBS-24 was estimated by 935 

modelling the proportion of trace metals in their ionic and complexed forms using 936 

PHREEQC. The major ion and trace metal chemistry was input to the PHREEQC 937 

modelling software with the differing pH levels used in the TIE Phase II for the AFBS-24 938 

sample. The resultant ionic/complexed ratio of the metals was compared to the rainbow 939 

trout mortality observed from tests with these Phase II TIE treatments; results for copper, 940 

cadium and zinc are shown in Figure S2. Of note, the complexation of copper and cadmium 941 

do not follow the mortality trend observed. Cadmium stays in its ionic form up until pH 942 

9.0 and therefore would not be removed by the pH 9.0 filtration, yet toxicity is removed by 943 

this treatment. Copper is completely complexed at pH levels of 8.0 and 8.5, yet toxicity 944 

remains at these pH filtration levels. In contrast, the proportion of zinc that remains ionic 945 

is reduced sequentially from 6.9 (untreated) to 8.0, 8.5 and 9.0 in parallel with the 946 

sequential reduction in toxicity at these treatment levels. Indeed, the proportion of ionic Zn 947 

correlated with the toxicity observed (Fig S3; R2 of 0.97) confirming its pattern of 948 

speciation best followed observed toxicity patterns in the pH filtration fractionation.        949 

The zinc LC50 determined in the AFBS-24 sample was compared to other Zn LC50s 950 

determined in receiving waters and laboratory waters. First, a sample of North Alouette 951 

River was collected (coordinates 49.242649, -122.579962) and spiked with Zn (nominal of 952 

100 µg/L and analyzed of 102 µg/L). A serial dilution was prepared with the river Zn-953 

spiked sample and tested to determine the LC50. Also, data from zinc reference toxicant 954 

tests conducted with the laboratory dilution water at two hardnesses were reviewed. The 955 

resultant zinc LC50s from AFBS-24, North Alouette River and the two laboratory waters, 956 

are plotted versus hardness in Figure S4. The strong correlation of toxicity versus hardness 957 
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(R2 of 0.96) is as reported elsewhere (Bailey et al. 1999) and further demonstrates the 958 

importance of hardness in the consideration of the acute toxicity of zinc.     959 

  960 
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961 

962 

 963 

Figure S2. Percentage of ionic (Me2+) and complexed trace metals at various pH 964 

values of AFBS–24 (predicted with Phreeqc) [columns] and rainbow 965 

trout mortality in pH filtration fractionation of AFBS–24 [red line].          966 

A: Cadmium, B: Copper and C: Zinc 967 
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 969 

Figure S3  Percentage of ionic/complexed zinc versus rainbow trout mortality  970 
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 972 

Figure S4 Acute toxicity (LC50) of zinc to rainbow trout at different hardness. 973 

Laboratory water was two forms of dechlorinated tap water (at 974 

hardness of 12 (pre-2021) and 21 mg/L (post-2021) as CaCO3, 975 

respectively). AFBS-24 LC50 estimate based on triplicate average of: 976 

1) initial LC50 test with the sample (Table S3) and subsequent 2) 977 

unamended and 3) Zn-spiked tests with the sample (Table 4) 978 
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C18 methanol elution add-back toxicity test results for GEBS-21 and AFBS-24 981 

The C18 methanol elution added into clean laboratory induced rainbow trout mortality for 982 

the organics isolated from GEBS-21 but not those from AFBS-24 (Table S5). This 983 

confirmed the ability of the C18 treatment in removing the GEBS-21 toxicity and the cause 984 

of the toxicity as organics. A dilution series of the isolated GEBS-21 organics determined 985 

the LC50 to be 2.44X (or 244% v/v) sample. This was much higher than the untreated 986 

sample (56.7%v/v; Table S4) indicating a poor recovery of the toxicity from the C18 987 

column for the GEBS sample.  988 

The GEBS-21 organics were further fractionated using a sequential methanol elution of a 989 

C18 column loaded with the stormwater. Testing the fractions produced from this at 5X 990 

resulted in 25% mortality and 25% stress in the 80% fraction (Table S5), which was the 991 

fraction which had the highest recovery of 6PPD-Q (Figure S6). As these tests were 992 

conducted with two replicates of 800mL with two fish, this only represented one dead fish. 993 

Additional testing was conducted to determine the cause of the poor recovery of organics 994 

and the possibility of 6PPD-Q toxicity.  995 

Table S5. Mortality (%) of rainbow trout (Oncorhynchus mykiss) at 48-h in 996 

methanol elutions of C18 columns used to extract organics from 997 

stormwaters (add-back X=% sample equivalents).   998 

Sample  Mortality (%) 

Laboratory Control 0 

Methanol/Solvent Control 0 

AFBS – 24 3X 0 

Laboratory Control 0 

Methanol/Solvent Control 0 

GEBS – 21 3X 100 

Laboratory Control 0 

Methanol/Solvent Control 0 

GEBS – 21 0.16X 0 

GEBS – 21 0.31X 0 

GEBS – 21 0.62X 0 

GEBS – 21 1.25X 0 

GEBS – 21 2.5X 66 

LC50 estimate of extracted organics 2.44X (i.e., 244% v/v) 
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Table S6. Mortality (%) of rainbow trout (Oncorhynchus mykiss) at 48-h in C18 999 

methanol fractions of GEBS-21 (concentrated to 5X).   1000 

Sample/Treatment  Mortality (%) 

Laboratory Control 0 

Methanol/Solvent Control 12.5 

25% Methanol:Water 0 

50% Methanol:Water 0 

70% Methanol:Water 0 

75% Methanol:Water 25 

80% Methanol:Water 251 

85% Methanol:Water 0 

90% Methanol:Water 0 

95% Methanol:Water 0 

100-1% Methanol:Water 0 

100-2% Methanol:Water 0 

100-3% Methanol:Water 0 

1- One fish stressed (dark, surfacing); 50% mortality+stressed 1001 

 1002 

  1003 
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 1004 

Figure S5. Recovery of 6PPD-Q from C18 methanol fractions of GEBS–21 1005 

stormwater (concentrated to 5X); columns represent percentage of 1006 

compound recovered in each fraction in relation to entire 1007 

fractionation and data labels indicate concentration determined.  1008 
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CP-MIMS analysis on 6PPD-Q solutions 1010 

CP-MIMS analysis of 6PPD-Q test solutions in one of the seven LC50 tests determined the 1011 

analyzed concentrations to be only 60% of nominal concentrations (Figure S6). An 1012 

investigation into the off-nominal concentrations was conducted by analyzing the 6PPD-Q 1013 

stock solution prepared in the study. The analysis of the stock determined that it was 66% 1014 

of the nominal concentration. Thus, all of the nominal LC50s calculated for 6PPD-Q were 1015 

adjusted for analyzed concentrations by a correction factor of 0.66. 1016 

 1017 

 1018 

Figure S6.  Nominal (target) vs. measured (CP-MIMS)  for  6-PPDQ LC50 1019 

samples. Points represent the average of n = 3 analytical replicates, 1020 

error bars represent the standard deviation across the set. 1021 
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TIE Testing and CP-MIMS analysis 1023 

A solution of clean laboratory water spiked with 2.5 Toxic Units of 6PPD-Q (i.e., 2.5 times 1024 

the LC50 concentration) resulted in complete mortality (Table S7). A 50% dilution of this 1025 

solution also resulted in complete mortality but a 25% dilution did not, indicating the 1026 

toxicity in the solution was as expected. A number of TIE treatments applied to this 2.5*TU 1027 

6PPD-Q solution, including EDTA addition, Thiosulphate addition, vacuum filtration 1028 

through a 0.45µm filter (cellulose nitrate membrane), vacuum filtration through a 0.45µm 1029 

filter at pH 10, and vigorous pre-aeration, did not remove the toxicity. The C18 filtration 1030 

completely removed the toxicity of this solution (i.e., 0% mortality).  1031 

The success of the C18 filtration implied that the 6PPD-Q compound was binding 1032 

efficiently on the column. Despite this, methanol elution of the C18 columns, added into 1033 

clean laboratory water, did not induce rainbow trout mortality even at a 2X concentration 1034 

(Table 7). Thus, 2.5 TUs were removed from the solution by the C18 column but less than 1035 

0.5 TUs were recovered from the C18 columns.  1036 

Analysis of 6PPD-Q in the untreated and TIE treated 2.5*TU solutions confirmed the 1037 

findings of the toxicity tests (Table S8). For instance, 6PPD-Q concentrations in the 1038 

ineffective TIE treatments remained within 20% of the concentration of the initial 2.5*TU 1039 

solution , whereas the C18 treatment, the only treatment effective at toxicity reduction, had 1040 

concentrations below detection (5ng/L). The poor recovery in the C18 add-back was 1041 

confirmed when only 22% of the 6PPD-Q was recovered. Insight on the 78% loss of the 1042 

6PPD-Q in the C18 process, was assisted by the identification that 60% loss could be 1043 

attributed to the peristaltic silicone tubing used in the process as a solution containing 2485 1044 

ng/L had only 1007 ng/L after it was only pumped through the tubes without any C18 1045 

process (Table S8).  1046 

  1047 
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Table S7. Mortality (%) of rainbow trout (Oncorhynchus mykiss) at 48-h in 1048 

Toxicity Identification Treatments of a 2.5 Toxic Unit solution of 1049 

6PPD-Q.   1050 

Sample/Treatment  Mortality (%) 

Laboratory Control 0 

EDTA Control 0 

Thiosulphate Control 0 

C18 Control 0 

Untreated 6PPD-Q (2.5 Toxic Unit) 100% 100 

Untreated 6PPD-Q 50% 100 

Untreated 6PPD-Q 25% 0 

EDTA Treated 100 

Thiosulphate Treated 100 

0.45 µm filtration 100 

pH 10 filtration 100 

C18 Treated 0 

Aeration Treated 100 

Laboratory Control 17 

Methanol/Solvent Control 0 

6PPD-Q C18 Elution 0.25X 0 

6PPD-Q C18 Elution 0.50X 0 

6PPD-Q C18 Elution 1.0X 0 

6PPD-Q C18 Elution 2.0X 0 

 1051 
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 1053 

Table S8. CP-MIMS analysis of 6PPD-Q in standard solutions  1054 

Sample 
6PPD-Q 

ng/L 
Recovery from baseline sample 

2.5 TU 6PPD-Q solution 

(baseline) 
1975.4 -- 

0.45 um filtration 1850.8 94% 

pH 10 filtration 1761.7 89% 

Thiosulphate chelation 2374.0 120% 

EDTA chelation 1986.6 101% 

C18 extraction <LOD 0% 

C18 Add-Back 1X 440.3 22% 

C18 Add-Back 2X 753.3 38% 

2.5 TU 6PPD-Q solution1 2485.4 -- 

Pumped through peristaltic 

tubing (from C18 process) 
1007.0 40% 

1- Used only for tubing investigation and not toxicity tests 1055 
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6PPD-Q analysis of GEBS-21 1057 

The GEBS-21 sample was collected on October 21, 2022 and analyzed for 6PPD-Q on 1058 

May 16, 2023, 207 days after collection. Triplicate average of the CP-MIMS analysis 1059 

reported the 6PPD-Q concentration as 210 ± 26 ng/L (Table S9). Interestingly, C18 1060 

columns that were loaded with GEBS-21 sample on January 11, 2023, which were then 1061 

eluted in methanol fractions on March 15, 2023, added back into clean laboratory at 5X, 1062 

had a total of 649 ng/L 6PPD-Q. Despite the 5X concentration of the organics, it was later 1063 

determined that only 22% of 6PPD-Q was recoverable using the C18 techniques employed. 1064 

The concentration of 6PPD-Q in whole GEBS-21 sample could therefore be approximated 1065 

as 591 ng/L at the time of C18 fractionation (649 ng/L/5[for 5X concentration]=130 ng/L, 1066 

130 ng/L/0.22[for 22% recovery]= 591 ng/L). Overall, the difference between the measures 1067 

on the fractions and the whole sample and the time that elapsed between these samples 1068 

suggests that 6PPD-Q was degrading (or sorbing to suspended material) in GEBS-21 in 1069 

4°C storage, and that the sample had initial concentrations that were higher at initial testing.  1070 

The half-life of 6PPD-Q in solution exposed to atmosphere at room temperature has been 1071 

demonstrated to be on the order of a few days (Hiki et al. 2021;Monaghan et al. 2023). 1072 

Meanwhile, the half-life has been reported to be approximately 14 days when sealed at 4 1073 

degrees in clean laboratory water (Lo et al. 2023). These studies on the half-life being from 1074 

days to weeks under varying conditions, provides further evidence that the GEBS-21 was 1075 

likely well above the toxic threshold for rainbow trout (976 ng/L) during the initial testing 1076 

several months prior to the analytical confirmation. 1077 

Hiki, K. et al. Acute Toxicity of a Tire Rubber-Derived Chemical, 6PPD Quinone, to Freshwater Fish and 1078 

Crustacean Species. Environ. Sci. Technol. Lett. 2021, 8, 779-784. DOI: 10.1021/acs.estlett.1c00453. 1079 

Lo, B. P et al. Acute toxicity of 6PPD-quinone to early life stage juvenile Chinook (Oncorhynchus 1080 

tshawytscha) and coho (Oncorhynchus kisutch) salmon. Environ Toxicol Chem 2023. DOI: 10.1002/etc.5568   1081 

Monaghan J et al. Automated, High-Throughput Analysis of Tire-Derived p -Phenylenediamine Quinones 1082 

(PPDQs) in Water by Online Membrane Sampling Coupled to MS/MS. ACS EST Water 2023. 3(10):3293–1083 

3304. doi:10.1021/acsestwater.3c00275. 1084 

 1085 

  1086 

  1087 

https://doi.org/10.26434/chemrxiv-2025-djbsk ORCID: https://orcid.org/0009-0008-7320-4967 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.1021/acsestwater.3c00275
https://doi.org/10.26434/chemrxiv-2025-djbsk
https://orcid.org/0009-0008-7320-4967
https://creativecommons.org/licenses/by-nc-nd/4.0/


Table S9. CP-MIMS analysis of 6PPD-Q in GEBS-21 1088 

Sample 
6PPD-Q 

ng/L 

GEBS-21 (Rep 1) 205.2 

GEBS-21 (Rep 2) 237.6 

GEBS-21 (Rep 3) 186.7 

GEBS-21 Average 209.8 

Sum of C18 fractions (Fig S5) 649.1 

 1089 

Toxicity over time  1090 

The AFBS-24 and GEBS-21 untreated samples were each tested five times over the study 1091 

period. The AFBS-24 full-strength sample had 0% survival the first and last time it was 1092 

tested and LC50 values were not substantially different between the two LC50 tests on the 1093 

sample conducted several weeks apart (Table S10). Thus, the results from this sample 1094 

indicate the toxicity did not dissipate substantially during storage in the study period and 1095 

that interpretation as to the cause of toxicity for AFBS-24 would be representative 1096 

throughout the study. Only one LC50 test was conducted on GEBS-21 and therefore less 1097 

can be interpreted on the dissipation of the quantity of toxicity of this sample. Although, a 1098 

50% survival rate was observed in final testing of the sample (i.e., an LC50 could be 1099 

estimated at 100% sample), which was higher than the LC50 determined earlier in the study 1100 

(Table S10). This is suggestive that the toxicity of GEBS-21 had degraded significantly 1101 

over the study period. As 6PPD-Q was suspected to be the cause of toxicity in this sample, 1102 

and the reported degradation observed for this compound, described above, the dissipation 1103 

of toxicity of the GEBS-21 would corroborate with the potential reduction in 6PPD-Q 1104 

concentrations in the sample.  1105 
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Table S10. Toxicity of AFBS-24 and GEBS-21 samples over time  1108 

Sample/Test Date 
Survival in the 100%v/v 96-h LC50  

%v/v (95% CLs) 96-h 

AFBS-24    

Oct 24, 2022 0 -- 

Dec 28, 2022 0 43.8 (21.2 – 82.8) 

Dec 29, 2022 0 -- 

Jan 11, 2023 40 -- 

Feb 9, 2023 0 61.6 (48.0 – 78.9) 

GEBS-21    

Oct 24, 2022 0 -- 

Dec 28, 2022 20 56.7 (38.6 – 97.2) 

Dec 29, 2022 0 -- 

Jan 11, 2023 33 -- 

Mar 15, 2023 50 -- 
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