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Abstract Samples were collected from the Tijuana River under both dry weather (baseﬂow) conditions and during wet weather, and tested for toxicity using Ceriodaphnia dubia tests. Toxicity of waters in the Tijuana River was generally low under baseﬂow conditions, but increased markedly during high ﬂow runoff events. In order to determine the temporal pattern of toxicity during individual rain events, sequential grab samples were collected using an autosampler at 5–7 h intervals after the start of the rain event, and tested for acute toxicity. In all cases, peak toxicity values (ranging from 2.8 to 5.8 TU) for each storm occurred within the ﬁrst 1–2 h of initiation of the rain event, and were statistically higher (using the 95% CL) for each of the pre-storm base ﬂow values. However, there was no statistically signiﬁcant correlation ðpo0:05Þ between ﬂow rate and toxicity when all storm data was pooled. Additionally, we used toxicity identiﬁcation evaluation (TIE) procedures to attempt to identify the classes of chemicals that account for this early storm toxicity. Solid phase extraction was the only treatment that showed consistent and signiﬁcant ðPo0:05Þ removal of toxicity. These TIEs, conducted on the most toxic sample of the river’s ﬂow during runoff events, suggest that nonpolar organics may be responsible for such toxicity. The temporal pattern of toxicity, both during a given storm event and seasonally, indicates that wash-off from the watershed by rainfall may deplete the supply of toxicity available for wash-off in subsequent events, so that a clearly consistent relationship between ﬂow and toxicity was not evident. r 2003 Elsevier Ltd. All rights reserved. Keywords: Aquatic toxicity; Ceriodaphnia bioassay; Tijuana River; First-ﬂush; Runoff; Stormwater



1. Introduction Uncontrolled urban runoff can have adverse impacts on receiving waters. New approaches to stormwater management, which seek to retain natural landscape features while addressing water quality improvement, include wetlands or ponds constructed as stormwater management units. However, because of the dynamic nature of volume and water quality of stormwater ﬂows, it has been difﬁcult to predict the optimal size and hydraulic loading rates for most efﬁcient performance of these aquatic systems. In particular, the effect of the *Corresponding author. Tel.: +1-619-594-2905; fax: +1619-594-6112. E-mail address: [email protected] (R.M. Gersberg).



initial pollutant concentrations on the performance of these systems should not be ignored [1]. Since the performance of wetlands in pollutant removal is strongly suggestive of a ﬁrst-order model [2], a high percent removal of mass load of pollutants will usually occur if the initial concentration is high. In this case, aquatic treatment systems may be sized to efﬁciently treat only the ﬁrst-ﬂush of runoff within the wetlands, with later ﬂows bypassed to assure a higher hydraulic residence time and optimal treatment. For proper design of such natural treatment systems, it is important to know the relationship between contaminant concentration and the ﬂow hydrograph. However, in most cases, this information is difﬁcult to obtain using a ‘‘chemical by chemical’’ approach. Due to the recent industrialization of the US-Mexico border,
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and an inadequate infrastructure in this border region, the Tijuana River has been shown to be among the largest source of many toxic chemicals to the Southern California Bight (Southern California Coastal Water Research Project SCCWRP, 1992 [3–5]. de Vlaming and Nordberg-King [6] found that single-species toxicity tests are in most cases, reliable quantitative predictors of biological effects from toxic pollutants. Accordingly, in this study, we used toxicity bioassays of sequential samples of runoff as an indicator of the temporal loading of toxics in runoff from the Tijuana River watershed. Additionally, we used toxicity identiﬁcation evaluation (TIE) procedures to attempt to identify the classes of chemicals that account for the greatest fraction of toxic loading, so that future control strategies could be efﬁciently designed and implemented.



2. Methods The Tijuana River watershed (TRW), situated in both the United States and Mexico (Fig. 1), is approximately 4465 km2, with about 72% of the watershed in Mexico and 28% in the United States. Table 1 shows that open (undeveloped) areas comprise over 90% of the total watershed area, and contribute nearly 70% of the runoff. Residential areas, while only comprising about 4% of the total watershed contribute almost 10% of the total runoff. The Tijuana River watershed is classiﬁed as a Mediterranean Dry Summer Sub-tropical type, containing distinct dry and wet seasons. More than 90% of the mean annual precipitation occurs during 6-month period between November through April. The Tijuana River’s main tributaries include Tecate Creek, Cottonwood Creek, Rio de Las Palmas, and the Rio Alamar. Most of the streams of the watershed are ephemeral due to the rainfall pattern and the development of surface water impoundments. The impoundments in the Tijuana River watershed include Morena and Barrett Dams in the US portion and Rodriquez and El Carrizo Dams in the Mexican portion of the watershed. These reservoirs collect runoff from approximately 77% of the total watershed land area, and capture an estimated 70% of the runoff volume [7]. Since ﬂows from the large unurbanized portion of the watershed are impounded by reservoirs, the peak ﬂows seen to occur early in a storm event reﬂect the runoff from the highly urbanized lower portion of the watershed including Tijuana, Mexico. Fig. 1 shows the location of the sampling site where the autosampler was located in the Tijuana River watershed. In order to follow the temporal pattern of toxicity, we performed sampling during four rain events in 1999–2000 (March 25, 1999; April 1, 1999; April 6, 1999 and March 5, 2000.) Five to seven 1-l storm water grab samples were taken from the Tijuana River at the



Fig. 1. Map of the Tijuana River area in San Diego County, USA showing the sampling site where the autosampler was placed at Hollister Street. The inset shows where the study site is located within the binational Tijuana River watershed.



Hollister Street Bridge for each of these four events. Samples were stored on ice during the sampling period and then transported on ice to the laboratory where acute toxicity tests were initiated within 24 h on these samples. A programmable ISCO 6700 standard sampler with rain gauge and bubble ﬂow module was used to collect all of the wet weather samples for both acute and chronic toxicity testing, as well as to monitor the river’s ﬂow rate. This autosampler was programmed to begin sampling as soon as the rain gauge measured 0.125 cm of precipitation, and to take grab samples in hourly intervals thereafter. In this way, our ﬁrst sample was deﬁned as ‘‘time 0’’ at the beginning of the rain event. The rainfall information for each storm event sampled is shown in Table 2. Included are the total precipitation amount, the hourly rainfall intensity, the number of antecedent dry days, and the number of antecedent storm events. Three dry weather samples were also collected and tested for chronic toxicity. These were taken as grab samples of the Tijuana River during baseﬂow conditions on April 20, 2001; May 5, 2001 and May 30, 2001. Ceriodaphnia dubia acute toxicity tests were performed according to the US EPA [8,9] protocols US EPA [8,9]. A starter colony of approximately 100 adult C. dubia was purchased from Aquatic BioSystems, Inc. located in Fort Collins, Colorado. This starter colony was then cultured using a mass culture technique. This technique produced a healthy population of C. dubia, whose females were producing 10–15 neonates per molt.
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Table 1 List of land use areas and relative size and contribution to runoff within the Tijuana river watersheda Subbasin



Percentage of watershed



Open Commercial Residential Industrial Public Other Unknown Water Extractive industry Total watershed a



Runoff contribution (in km)



Percentage of runoff



90.95 0.28 4.09 0.43 0.19 1.00 2.61 0.40 0.05



136,405,719 2,401,661 18,991,883 3,516,146 1,536,355 9, 999, 721 16, 287, 905 6,452,209 445,450



69.58 1.23 9.69 1.79 0.78 5.10 8.31 3.29 0.23



100.00



196,037,050



100.00



From [7].



Table 2 Rainfall parameters for each of the storm events sampled for toxicity testing Date of rain event



Total precipitation (cm)



Average intensity (cm/h)



Maximum intensity (cm/h)



Number of previous rain eventsa



Antecedent dry daysb



March 25, 1999 April 1, 1999 April 6, 1999 March 5, 2000 Jan 10, 2001 Feb 23, 2001 March 6, 2001 April 10, 2001 April 21, 2001



1.37 2.08 0.41 1.75 2.95 1.85 1.98 0.89 2.24



0.11 0.21 0.02 0.11 0.13 0.10 0.10 0.06 0.19



0.30 0.46 0.13 0.41 0.79 0.36 0.43 0.20 0.89



14 15 16 6 5 9 12 15 16



10 7 4 10 2 3 5 3 10



a Based on number of previous events within that storm season. Based on an interval of at least 6 h without 0.01 in. between storms, and storms being over 0.1 in. b Dry days are considered days with storms of less than 0.1 in.



Culture water was composed of 35% Perrier Mineral Water and 65% ultrapure (or distilled) water where it was aerated at least 24 h prior to use. Culture water was tested daily for alkalinity, hardness, pH, dissolved oxygen (DO), and temperature. A Hach Titration kit was used to measure hardness and alkalinity, while pH was measured by an Orion Research Model 601A digital ionanalyzer, and DO measurements were obtained from an YSI Model 51B oxygen meter. Ceriodaphnia cultures were fed daily at a rate of 0.1 ml Yeast Trout Chow (YTC) and 0.1 ml algae concentrate per C. dubia US EPA [8,9]. The algae concentrate consisted of the alga Selenestrum capricornutum. Both the YTC and the alga were purchased from Aquatic BioSystems Inc. The Ceriodaphnia cultures were kept in 600-ml beaker with a 16/8-h day/night photoperiod. This photoperiod was obtained by the use of a ﬂuorescent light controlled by a timer. Acute toxicity tests using Ceriodaphnia dubia were performed according to EPA protocols US EPA [8,9],



with the following modiﬁcation. Since so many samples were being taken (hourly) and tested to deﬁne the temporal pattern of toxicity, the method was modiﬁed to reduce the number of neonates needed by reducing the sample test concentrations used (nominally six) to three for the event on March 25, 1999 (control, 50%, and 100% Tijuana River water) and to ﬁve levels (control, 12.5%, 25%, 50% and 100% Tijuana River water) for events on April 1, 1999, April 6, 1999 and March 5, 2000. Each concentration of 25 ml and the control (pure culture water) were placed into 30-ml vials. Five thirdbrood neonates less than 24 h old were then placed into each vial using a glass Pasteur pipet. Four replicates were used for each test concentration. Acute reference toxicity tests, using sodium chloride (NaCl), were performed concurrently with the acute toxicity tests. Culturing, diet and environmental protocol methods were based on EPA methods US EPA [8,9]. In 2001, we performed toxicity testing and TIE procedures on the most toxic sample of the wet weather
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runoff at this same site (Hollister Street) on the Tijuana River for ﬁve additional rain events (January 10, 2001; February 23, 2001; March 6, 2001; April 10, 2001 and April 21, 2001). In order to identify the most toxic sample during the rain events sampled in 2001, we performed acute (48-h) toxicity tests on three grab samples taken at hourly intervals (1 h before, at or nearest peak ﬂow, and 1 h after) the time of peak ﬂow. In this case, due to limitations in volume that could be sampled during the storm, only one vial per test concentration was used for such range ﬁnding tests. Then, only the sample showing the highest acute toxicity, was used for the TIE testing procedures. Toxicity tests (also known as baseline toxicity tests) were performed according to US EPA [8,9] procedures for TIE experiments US EPA [8,9]. After 2-day acute toxicity tests identiﬁed the most toxic sample of the wet weather runoff, this sample was diluted with culture water to 6.25%, 12.5%, 25% and 50% Tijuana River water. In addition to these dilutions, testing was also performed with both a culture water control and undiluted Tijuana River water. All 48 or 96 h tests were completed with 10 neonates, except those from January 10, 2001, which were completed with 5 neonates. Each concentration of 25 ml and the control (pure culture water) were placed into 30-ml vials. However, due to limitations in the sampling volumes taken by the autosampler, and the fact that we needed to perform acute toxicity testing prior to the TIE procedure, we only used one vial per test concentration for these tests. TIE tests were initiated after the range ﬁnding acute toxicity tests were completed, which was within 72–96 h after sampling. The physical and chemical characteristics of the toxicants were broadly deﬁned using the Phase I toxicity characterization methods known as toxicity identiﬁcation evaluation US EPA [8,9]. The seven categories of toxicity tests conducted include: initial toxicity, baseline toxicity test, ﬁltration test, aeration test, C-18 solid phase extraction test, EDTA addition test, and sodium thiosulfate addition test. Adjustment of pH was used throughout the Phase 1 tests to provide more information on the nature of the toxicants. The baseline toxicity test was initiated on the same day as the TIE characterization tests for wet weather samples. Several modiﬁcations were made to the method due to limitations in the sampling volumes taken by the autosampler, the fact that we needed to perform acute toxicity testing prior to the TIE procedure, and the volume of water needed to complete a TIE. First, all the test organisms were placed within a single sample vial (25 ml of test water). This prevented the acquisition of reproductive data, because the number of females per vial was unknown. All tests were completed with ten third brood neonates, except for the event of January 10, 2001, which was done using 5 individuals.



Median response values (LC50, the lethal concentration producing 50% mortality to the test organism) were calculated in accordance with US EPA [8,9] Hypothesis Testing Flowchart [10] approved statistical methods. ToxCalc, a statistical application designed for analyzing and reporting dose–response data generated from aquatic toxicity testing, was used to calculate the LC50s. Toxicity data (LC50s) were converted to toxic units (TU=100/LC50) so that data were directly proportional with toxicity magnitude. The 95% conﬁdence limits (CL) were used to identify any signiﬁcant differences among the samples within each storm. Pearson correlation coefﬁcients were also analyzed to test if a relationship existed between ﬂow rate and toxicity.



3. Results The levels of daily temperature, dissolved oxygen, pH, hardness, and alkalinity readings for the culture water, and for the runoff dilutions in the toxicity tests, all fell within the acceptable range of moderately hard water type set by the US EPA [8,9]. Reference toxicant (NaCl) tests were performed concurrently with all acute toxicity tests in 1999–2000, in order to ensure consistent results among the test. The results of the reference toxicity tests showed that the EC50s values were within a consistent range of two standard deviations set by the US EPA [8,9] When comparing the 95% CL, no single test was signiﬁcantly different from another. These results indicated that the test organisms did not exhibit any variable sensitivity to the toxicant from test to test. 3.1. Dry weather data Dry weather (baseﬂow) samples from the Tijuana River for all three dates tested (April 20, 2001; May 5, 2001 and May 30, 2001) showed very low toxicity, with mean survival (in 48 h tests for all three dates) of 97% at a concentration of 100% Tijuana River water. At a sample dilution of 50% Tijuana River water and 50% dilution water, mean survival for all three tests was 100%. 3.2. Wet weather data The temporal pattern of the toxicity testing during four different storm events during 1999–2000 is shown in Figs. 2–5. Toxic Units (TU) were determined by calculating 100/LC50. In all cases, peak toxicity values (ranging from 2.8 to 5.8 TU) for each storm occurred within the ﬁrst 1–2 h of initiation of the rain event, and were statistically higher (using 95% LC) than for each of the pre-storm base ﬂow values. However, there was no
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Fig. 2. Acute toxicity (vertical bars) of wet weather runoff (March 25, 1999) in the Tijuana River, as a function of time after the start of the storm event. Flow rate (m3 s1) at time of sampling is denoted by (E) symbol. Histogram bars are the mean of 4 replicate samples, and the histograms are bracketed by the conﬁdence interval.
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Fig. 4. Acute toxicity (vertical bars) of wet weather runoff (April 6, 1999) in the Tijuana River, as a function of time after the start of the storm event. Flow rate (m3 s1) at time of sampling is denoted by (E) symbol. Histogram bars are the mean of 4 replicate samples, and the histograms are bracketed by the conﬁdence interval.
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Fig. 3. Acute toxicity (vertical bars) of wet weather runoff (April 1, 1999) in the Tijuana River, as a function of time after the start of the storm event. Flow rate (m3 s1) at time of sampling is denoted by (E) symbol. Histogram bars are the mean of 4 replicate samples, and the histograms are bracketed by the conﬁdence interval.



statistically signiﬁcant correlation ðpo0:05Þ between ﬂow rate and toxicity when all storm data were pooled. This is evident for example, during the storm event of March 5, 2000 (Fig. 5), where the peak toxicity occurred at 2 h while the peak ﬂow did not occur until 6 h into the event. In an attempt to identify the nature of the contaminants in the ﬁrst ﬂush of runoff that may be responsible
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Fig. 5. Acute toxicity (vertical bars) of wet weather runoff (March 5, 2000) in the Tijuana River, as a function of time after the start of the storm event. Flow rate (m3 s1) at time of sampling is denoted by (E) symbol. Histogram bars are the mean of 4 replicate samples, and the histograms are bracketed by the conﬁdence interval.



for the initial peak in toxicity that was observed, we performed toxicity identiﬁcation evaluations on fractions of ﬁve sampled storm events (during 2001) that corresponded with the period of peak ﬂow rate and showed the highest acute toxicity (ranging from 2.25 to 10.0 TU’s). Survival of test organisms in these acute toxicity tests (48 h) for wet weather is shown in Fig 6. Wet weather samples were relatively toxic, with mean
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Tijuana River Water Concentration Fig. 6. Percent survival of C. dubia in acute toxicity testing (48 h) of wet weather runoff in the Tijuana River for 5 rain events (January 10, 2001; February 23, 2001; March 6, 2001; April 10, 2001 and April 21, 2001). Bars shown as only slightly above x-axis represent 0% survival. The control (0%) is dilution water tested for toxicity.



survival (for all ﬁve tests) of 0% in undiluted (100%) Tijuana River water (as well as the 80% and 60% river water samples), 36% at a concentration of 40% Tijuana River water, and 66% at a concentration of 20% Tijuana River water. 3.3. Toxicity identification evaluations Toxicity identiﬁcation evaluations (TIE) were then performed on the ﬁve wet weather samples (January 10, February 23, March 6, April 10 and April 21, 2001) taken at or near the peak of acute toxicity. Samples tested were collected at hours 1, 4, 3, 2 and 3 for each of the ﬁve storms respectively. Results for 48-h TIE testing for three of the ﬁve storm events sampled (February 23, April 10 and April 21, 2001) are shown in Fig. 7. In all of these tests, SPE was the only treatment that showed signiﬁcant toxicity removal. However, in two of



the other TIE tests (January 10 and March 6, 2001) at 48 h, nearly all TIE treatments (except aeration at pHI or pH3) still showed low toxicity and high survival (>50%). Additionally, for March 6, 2001 storm event, even the undiluted Tijuana River water showed low toxicity (90% survival) after only 48 h. Therefore for these two storm events, the TIE results for 96 h testing, is presented in Fig. 8. At 96 h, the toxicity of river runoff in the March 6, 2001 event was clearly evident, with only 20% survival in undiluted Tijuana River water compared to >70% survival, in all SPE treatments as well as aeration (at either pHI and pH11). For the storm event of January 10, 2001, only SPE treatment and aeration (at pH11) showed toxicity removal at 96 h (Fig. 8). For the three 48-h TIE tests shown in Fig. 7, the high survival of only the SPE treatments (among all of the TIE tests) was replicated at 96 h. Indeed, for all of the TIE tests at 96 h, mean survival in SPE treatments
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TIE Treatment Fig. 7. Percent survival (48 h) of C. dubia in toxicity identiﬁcation evaluation testing of wet weather runoff in the Tijuana River for 3 rain events (February 23, 2001; April 10, 2001 and April 21, 2001). Survival percent is shown after treatment by solid phase extraction tests (SPET) at the initial pH (pHI), pH3 and pH11, as well as aeration at these same pH values. Bars shown as only slightly above xaxis shown for 100% Tijuana River water (sample) concentration and aeration treatment represent 0% survival. Aside from SPET, all other TIE treatments (in addition to aeration) also showed 0% survival. The column control is dilution water run through a SPE column (after its been washed with methanol) and tested for toxicity.
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TIE Treatment Fig. 8. Percent survival (96 h) of C. dubia in toxicity identiﬁcation evaluation testing of wet weather runoff in the Tijuana River for 2 rain events (January 10, 2001 and March 6, 2001). Survival percent is shown after treatment by solid phase extraction tests (SPET) at the initial pH (pHI), pH3 and pH11, as well as aeration at these same pH values. Bars shown as only slightly above x-axis shown represent 0% survival. The column control is dilution water run through a SPE column (after it’s been washed with methanol) and tested for toxicity. Aside from SPE treatment and aeration (shown here), all other TIE treatments showed survival values equal to or less than that for 100% Tijuana River water.



(pooled) was not signiﬁcantly ðpo0:05Þ different from the control (dilution water). In order to conﬁrm the fact that non-polar organic compounds removed by SPE treatment were the major cause of the toxicity observed, we performed a methanol



elution test on the samples. For three of the storms assayed by TIE the methanol eluate yielded 100% mortality in the test organisms. For the other two storms, survival for the methanol eluate was 10% (or less) as compared to 90% for the control.
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4. Discussion Dry weather toxicity testing of base ﬂows in the Tijuana River showed very low background toxicity to the test organisms. Similar results were found by Riveles and Gersberg [11] for the Tijuana River, who measured toxicities of 10.0 and 4.0 TU for stormwater runoff, while dry weather samples showed values of 1.0 and 1.3. Our results show that toxicity was generally highest during the initial 1–2 h of the runoff event (Figs. 2–5). A number of studies have shown that initial shock loading of pollutants can be delivered during the initial phase of a runoff event [12–14]. These initial high loadings have been termed the ﬁrst ﬂush of a runoff event [13]. A study performed by SCCWRP [3–5] took multiple samples from the Los Angeles, San Gabrie, and Ballona Rivers during storm events in Los Angeles Country. These samples were then tested for toxicity using the Microtox Toxicity Analyzer System. The results of this study indicated that there was an elevated level of toxicity in runoff waters at the beginning of the storms that corresponded with the ﬁrst peak in ﬂow rate. These results are very similar to the ﬁndings of this study that found the majority of peak toxicities at the ﬁrst sharp increase in ﬂow rate. However, the relationship between ﬂow rate and toxicity is not simple, as evidenced by the lack of correlation between these variables. Correlations between C. dubia toxicity and ﬂow rate were not signiﬁcant at po0:05: These results are similar to the ﬁndings of the study conducted by SCCWRP [3–5], which found that there was no consistent relationship between toxicity and variations in creek ﬂow of stormwater from Ballona and Malibu Creeks using the sea unchin fertilization and abalone larval development tests. It has been documented that there is substantial within and between-storm variability in toxicity in runoff SCCWRP [3–5]. Such variability arises from differences in ﬂow conditions of the river, temporal variability among source contributions, storage-discharge relationships in the watershed, and biological processes. SCCWRP [3–5] showed that in runoff into the Los Angeles River, concentrations of suspended solids, metals, and chlorinated hydrocarbons all increased with increasing ﬂow. However, they found that toxicity was inversely related to ﬂow, and concluded that dissolved components probably cause the toxicity observed in the Microtox test of runoff samples. Bumgardner et al. [15] showed that build-up and wash-off effects could be identiﬁed through multiple linear regression with serial rainfall parameters such as cumulative rainfall to date, and found that at least for certain pollutants, wash-off from the watershed by rainfall depletes the pollutant supply available for wash off in subsequent events, so that a clearly consistent relationship cannot be expected. Indeed in our testing during the rainy season of 2001, toxicity was shown to



have a signiﬁcant ðp ¼ 0:05Þ negative correlation with cumulative rainfall. This suggests that build-up and wash-off processes may dominate for chemicals that cause toxicity in the Tijuana River watershed. SCCWRP [3–5] studied several rivers, including the Tijuana River, in Southern California to determine the temporal pattern of toxicity. They found that relative toxicities (ﬂow-weighted) were generally higher before a storm event and decreased as the storm progressed. Samples from the Tijuana River had the highest ﬂow weighted toxicity in 1988, due perhaps to raw sewage, industrial wastes, and agricultural wastes that were discharged into the river south of the International Border SCCWRP [3–5]). This was contrary to the ﬁndings of the present study where the initial low ﬂow samples were generally less toxic then samples taken at increased ﬂow rates (Figs. 2–5). This difference could be due to the fact that they used a different test organism (Microtox System), whose sensitivity could vary from C. dubia. Another explanation for this difference is the fact that in 1991 a diverter was installed at the border to capture untreated sewage ﬂows from the city of Tijuana, Mexico. The study conducted by SCCWRP [3–5], before the installation of the diverter, could have been measuring toxicity due to sewage at low ﬂows. As the storm event increased, the toxic sewage could have been diluted by the less toxic stormwater runoff, thus reducing toxicity as the storm event increased. The high toxicity that was evidenced in the wet weather runoff (Fig. 6) was rather efﬁciently removed by SPE treatment (Figs 7–8), pointing to the important role that non-polar organics may play in causing the observed toxicity to Ceriodaphnia US EPA [8,9]. The fact that the toxicity removed by the SPE column treatment was quantitatively recovered by subsequent methanol elution, suggests that non-polar organics are probably responsible for the observed toxicity. On the other hand, treatment by EDTA showed no signiﬁcant effect, this indicative of the fact that metals probably do not play a major role on the toxicity observed in the wet weather runoff into the Tijuana River. The above conclusions conﬁrm the ﬁndings of a toxicity identiﬁcation evaluation (TIE) done on stormwater in the Tijuana River by Riveles and Gersberg [11], who performed toxicity identiﬁcation evaluation analyses on two different storm events and showed that non-polar organics were most probably the cause of the acute and chronic toxicity observed to C. dubia. Causes of this toxicity may include detergents and surfactants, as well as petroleum hydrocarbons and pesticides. However, our data do not point to any single class of these chemicals that was responsible for the toxicity. Using Ceriodaphnia dubia tests, pulses of diazinon toxicity were detected over a 10-year period in California’s Central Valley, and throughout the state diazinon and chlorpyrifos toxicity to C. dubia occurs year-round
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in waters receiving drainage from urban areas [16]. Although diazinon and chlorpyrifos toxicity are also efﬁciently removed by the SPE columns we employed in our TIE testing, and the time to mortality (mostly within 48 h) suggested that these insecticides might be playing a role, chemical testing for these speciﬁc chemicals or the use of PBO (piperonyl butoxide) to speciﬁcally identify such toxicity, was beyond the scope of our experiments. The results of our TIE testing do contrast with those from TIE testing in Ballona Creek in Los Angeles County, CA, where SCCWRP [3–5] found that EDTA treatment was the sole TIE method that removed toxicity from wet weather runoff, implying metals were the source of such toxicity. It is important to note here however, that our TIE testing was performed on samples collected in 2001, and it is inappropriate to infer that the chemical causes of toxicity in 2001 were the same as for our samples tested in 1999 and 2000. Additionally, SCCWRP [3–5] measured their effects using marine test species (sea urchin fertilization and abalone larval development). Very possibly, the cause(s) of toxicity varied according to test species, and differed in various months and from year-to-year related to variations in chemical use both seasonally and between years. Urbanization has had a profound impact on the arid landscape of Southern California during the past century. As urbanization increases, pollutant loads entering rivers and streams also increase, particularly during rain events. The type and concentrations of pollutants are dependent on various factors including the build-up/wash-off rates of chemical contaminants and the amount of precipitation and runoff. Our ﬁndings indicate that toxicity in runoff in the Tijuana River watershed generally shows a ﬁrst ﬂush pattern (Figs. 2–5), similar to what has been shown in other watersheds for certain dissolved [14] and suspended [13] pollutants. However, the lack of a clearly consistent relationship between toxicity and ﬂow rates suggest that other hydrologic factors may affect the mass loading of toxicity, and that predictive relationships for engineered controls must still await more information on all the complex factors that control these processes.



5. Conclusions *



*



Toxicity of ﬂows in the Tijuana River is generally low under baseﬂow conditions, but increases markedly during high ﬂow runoff events. Accordingly, most of the toxic loading from this binational watershed is delivered to the downstream Tijuana Estuary during wet weather. Toxicity identiﬁcation evaluations conducted on the most toxic samples of the river’s ﬂow during rain events showed that non-polar organics were most



*
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probably responsible for the in-stream toxicity observed. The temporal patterns of toxicity, both during a given storm event and seasonally, suggest that washoff from the watershed by rainfall depletes the supply of such toxicity available for wash-off in subsequent events, so that a clearly consistent relationship between ﬂow and toxicity was not evident.
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