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 Ecological Risk Assessment for Salmon Using Spatially and Temporally Explicit Exposure Modeling: Moving Forward Mark Teply,*,1 Steven Cramer,2 and Nicholas Poletika3 1Cramer
 
 Fish Sciences, 677 Woodland Square Lp., Lacey, WA 98503 Fish Sciences, 600 NW Fariss Rd., Gresham, OR 97030 3Dow AgroSciences LLC, 9330 Zionsville Rd., Indianapolis, IN 46268 *E-mail: [email protected] 2Cramer
 
 Applying well-understood aspects about the spatial and temporal distribution of salmon in a watershed can lead to more ecologically realistic and substantially different estimates of their exposure to agricultural pesticides compared with worst-case assumptions. Use of a spatially and temporally specific framework has other implications for regulatory decision-making, specifically: 1) a requirement to account for the sources and magnitude of model uncertainty, and 2) the determination of population effects requires accounting for multiple exposure levels. The increased complexity of the framework pays off by informing decision-makers of the range of risk agricultural pesticides pose to salmon and of targeted opportunities for efficient risk mitigation. Use of spatially and temporally explicit exposure models face several obstacles which can be overcome with education, outreach, and further development of these model frameworks. Such efforts are recommended given the gains these models provide.
 
 Introduction Pacific salmon (Oncorhynchus spp.) exhibit repeatable patterns of movement and habitat use during their life in freshwater (1). They are diadromous: they spawn and rear in freshwater streams, migrate to sea where they grow and mature, and then return when mature to their natal stream to spawn. The cold, © 2012 American Chemical Society In Pesticide Regulation and the Endangered Species Act; Racke, K., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 2012.
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 gravel-bottom streams to which salmon are adapted are generally found in forested areas in the upper portions of river basins, and often several hundred kilometers from the ocean (1). The migratory life history of salmon is an adaptive strategy that takes advantage of secure and productive opportunities for spawning and early rearing in freshwater, while also harnessing high growth opportunities in the ocean. As mature salmon return to freshwater to spawn, they home accurately to their natal area within a watershed. Many juveniles remain in these natal areas throughout their freshwater rearing, while others exercise a range of migratory patterns within freshwater to seek out seasonal opportunities that are advantageous elsewhere in the basin (non-natal areas). Migrations that redistribute juveniles within freshwater are timed to avoid seasonally unfavorable circumstances, such as low flow and high temperatures during summer, so migrations typically occur in spring and fall (1, 2). The lower elevation and valley bottom portions of river basins that may provide good rearing opportunities during fall through spring are often inhospitable and avoided by juveniles during summer. These lower portions of the basin are also where the floodplain is generally broadest and where agriculture is a common land use. Juvenile salmon also show fine-scale habitat preference when rearing—in response to factors such as water velocity and prey availability (3, 4). In short, it is fairly well-understood when and where salmon occur and how this pattern changes throughout the freshwater portion of their life cycle. Because the presence of both pesticides and fish vary independently over time and space, we would expect the exposure of fish to pesticides in their natural habitats to vary widely over time and space. However, ecological risk assessments typically have not accounted for the spatial and temporal distribution of Pacific salmon in freshwater. Instead, they have been based on the simplifying worst-case assumption that 100% of a salmon population is exposed to an environmental stressor of interest (e.g., agricultural pesticides at a given concentration). They do not consider that, due to the spatial and temporal variability of fish distribution and environmental stressors, exposure may be less than 100%. And, by assuming the worst-case, they do not provide decision-makers with information about the range of exposure that could occur. This simplifying assumption underlies ecological risk assessments in two recent Biological Opinions (5, 6) which will be a focus in this chapter. In this chapter, we provide a brief recap of the recently published Intersect model (7, 8) which accounts for the spatial and temporal variability of salmon exposure to agricultural pesticides in freshwater. This model was used to predict the exposure of juvenile spring Chinook (O. tshawytscha) to the organophosphorous insecticides chlorpyrifos, diazinon, and malathion, and the carbamate insecticides carbaryl, carbofuran and methomyl in the Willamette Basin, Oregon. We demonstrate here how such models can provide information about the range of pesticide exposures and how this information can be used to better represent population effects. We also address several obstacles these models face for acceptance as regulatory models.
 
 198 In Pesticide Regulation and the Endangered Species Act; Racke, K., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 2012.
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 Model Overview This section provides a brief recap of the Intersect model (7, 8). Readers should consult the original publications (7, 8) for a detailed description and demonstration of the model. Development of Intersect involved adapting an existing exposure analysis framework (9) to consider fish migration among habitat units and fish use of habitat proportional to its quality (Figure 1). Temporally, we accounted for differences in juvenile life-history pathways and their use of natal and non-natal streams over an entire brood year in 42 biweekly time steps. We used estimates of juvenile passage at migrant trap locations to track the differing proportions of juveniles that emigrate from natal streams in which they were spawned downstream to non-natal stream reaches where they reared or passed through, and ultimately outmigrate to the ocean in the spring and fall. In the Willamette Basin, for instance, most spring Chinook complete their juvenile rearing in natal streams in the upper portions of the basin before emigrating downstream. Spatially, we accounted for differences in the extent of fish use in 859 distinct reaches covering 8 tributary subbasins and 3 mainstem subbasins. Within each reach, we accounted for preferences exercised by spring Chinook salmon for specific types of habitat. Key determinants included stream area, habitat type (e.g., pools, riffles, backwater), and stream width. Combined, this information was used to account for the proportion of adult-equivalent juveniles (juveniles that will survive to become spawning adults) produced in the basin that can be found in any habitat during any time-step. This information was then integrated with spatially and temporally explicit information about agricultural pesticide concentrations to determine the proportion of juvenile adult-equivalent salmon co-occurring with high pesticide concentrations during any time-step. As a first approximation, we estimated the proportion of juvenile salmon that rear in habitats where higher pesticide concentrations could occur (i.e., low velocity habitats near areas where agricultural pesticides are used and could be transported to the stream via drift or runoff). The recent Biological Opinions (5, 6) assume that higher pesticide concentrations would occur in off-channel, backwater habitat occurring within 1,000 ft of agricultural land cover. Based on this assumption, we estimated that 13% of all juvenile adult-equivalents in the Willamette Basin used such habitats (7). Practically, this represents an upper bound to the probability of exposure. This outcome is substantially different than the worst-case assumption of exposure to agricultural pesticides (i.e., 100%). A key reason for this outcome is that most agricultural pesticide use in the Willamette Basin occurs along streams crossing the valley floor, and not natal to spring Chinook. Most juvenile spring Chinook rear in their natal streams upstream of agricultural lands (Figure 2). In the valley bottom where the broad floodplain provides most of the agricultural land, high stream temperatures during summer, lower habitat quality, and predation are among factors contributing to avoidance of non-natal reaches (10–13). Those juveniles that do rear in non-natal reaches prefer to rear in off-channel, backwater habitat; however, such habitat is limited. Stream surveys indicate that backwater habitat accounts for only about 5% of total rearing habitat in non-natal streams (14–16). Thus, most juveniles use higher velocity, 199 In Pesticide Regulation and the Endangered Species Act; Racke, K., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 2012.
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 edge habitat along the main channel. Because the amount of backwater habitat is limited in the Willamette Basin, the proportion of the population rearing in backwaters is, therefore, limited. Overall, such detail about patterns of fish and pesticide use in the Willamette Basin provides the regulatory decision-maker with more information relevant to risk assessment than when assuming 100% exposure.
 
 Figure 1. The Intersect modeling framework for determining the probability of juvenile salmonid presence (adult-equivalents) across time and space.
 
 Example Application for Evaluating Direct Effects When evaluating direct effects, the question becomes: what fraction of juveniles co-occurs with pesticide concentrations expected to result in adverse effects through direct contact? We answered this question in the Willamette Basin (7) using a pesticide concentration profile derived from the National Water Quality Assessment program (17). We chose a station that occurred in low-velocity habitat that was adjacent to and draining from the highest concentration of agricultural land use in the basin, and recorded the highest pesticide concentrations in the basin. The monitoring record covered up to 13 years of observations from which we derived the return frequency of occurrence for several pesticide concentrations. Readers should consult the original publications (7, 8) for a detailed description of the derivation of this profile. Generally, peak concentrations occur in the late fall and winter during periods of greater precipitation and surface runoff. 200 In Pesticide Regulation and the Endangered Species Act; Racke, K., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 2012.
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 Figure 2. Natal (shaded lines) and non-natal streams used by spring Chinook salmon in the Willamette Basin relative to agricultural land (shaded areas). While this timing of peak concentrations generally coincides with peak emigration from natal streams in the Willamette Basin, exposure was capped by the 13% of salmon predicted to use off-channel, backwater habitat adjacent to agricultural lands. We predicted that nearly all of these juveniles co-occurred with at least the lowest detectable concentration of these pesticides. However, the probability of exposure to successively higher levels decreased rapidly to 2% at 0.5 µg/L, and none at 1.0 µg/L. Co-occurrence with elevated concentrations was greatest in the late fall and winter during periods of greater precipitation and runoff (leading to higher pesticide concentrations) which coincide with peak movement of spring Chinook salmon to rearing habitat in non-natal streams. Example Application for Evaluating Indirect Effects When evaluating indirect effects, the question becomes: what fraction of the juvenile population co-occurs with pesticide concentrations expected to adversely affect components of the environment that fish rely on? We answered this question 201 In Pesticide Regulation and the Endangered Species Act; Racke, K., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 2012.
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 in the Willamette Basin (8) by evaluating reductions in aquatic invertebrates on which juvenile salmon feed. Recognizing that the extent of habitats expected to yield higher pesticide concentrations was limited, we chose to evaluate indirect effects via reduction in carrying capacity in backwater, off-channel habitats— rather than a reduction in growth as would be appropriate if exposure were 100%. Several studies demonstrate a strong relationship between carrying capacity and prey abundance (18–21). Our framework considered the reduction in relative abundance of prey taxa comprising the spring Chinook diet in the Willamette Basin. We accounted for the spatial and temporal distribution of prey taxa (22–24) and estimated effects using species sensitivity distributions normalized to the most toxic compound, assuming additive toxicity and similar sensitivity across taxa. Using the pesticide profiles described above, we estimated that prey base reduction in off-channel, backwater habitats could be as much as 30%. Co-occurrence of this reduced prey base with fish use was greatest in the late fall and winter when higher pesticide concentrations coincided with peak rearing in non-natal streams and when the predominance of prey were from more sensitive taxa. Overall, we found that the basin-wide reduction in carrying capacity was about 5%. We posited that this lost capacity is probably compensated elsewhere via increased occupancy (emigration to other habitats) not accounted for in the model.
 
 Implications for Decision Making By applying well-understood aspects about the spatial and temporal distribution of juvenile salmon, the Intersect model provides a reasonable basis to find that the exposure of juvenile salmon to agricultural pesticides could be less than 100%. A recent workshop devoted to spatially explicit exposure models (25, 26) asserted that such estimates are “more ecologically realistic”. Use of such a framework has other implications for decision-making. One is that by using a more complex model, informed by disparate data sources, the question of model uncertainty becomes relevant. The other is that the determination of population effects now requires accounting for multiple exposure levels across the basin. We address both of these in this section. Evaluating Model Uncertainty There are two main sources of uncertainty that can underlie spatially and temporally explicit exposure models. One is the variability about the many model inputs used to characterize patterns of fish use, prey effects, and pesticide concentrations. Some variability is natural within these systems and some variability reflects errors in the data used to inform these models. The second key source of uncertainty is our lack of complete understanding about how these systems work. The patterns of fish use, pesticide use, and prey response can be more complex than an already complex model represents. Ostensibly, the recent 202 In Pesticide Regulation and the Endangered Species Act; Racke, K., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 2012.
 
 Downloaded by CORNELL UNIV on November 8, 2012 | http://pubs.acs.org Publication Date (Web): November 6, 2012 | doi: 10.1021/bk-2012-1111.ch014
 
 Biological Opinions (5, 6) compensate by assuming the worst-case scenario (100% exposure). However, more detailed assessments are possible. Detailed sensitivity analyses were conducted for our demonstrations in the Willamette Basin (7, 8). We evaluated uncertainty in several key parameters influencing patterns of fish use (extent of natal habitat, percentage of juveniles rearing in non-natal habitat, and percent area of backwater, off-channel habitat) as well as prey reduction (diet composition, prey availability, and toxicity effects). We found that although there were statistical uncertainties, these factors varied within physical or biological limits. Extent of natal habitat, for instance, is fairly well-understood in the Willamette Basin. While it can vary year-to-year as climate variability affects stream conditions, it is limited by the availability of suitable substrate and cool temperatures which generally decrease from the headwaters to the mouth (10, 11). Readers should consult the original publications (7, 8) for a detailed description of limits bounding key parameters. By varying these factors one-at-a-time within these limits, we found that the fraction of juvenile adult-equivalents that rear in habitats where high pesticide concentrations occur would vary less than 5% and that reduction in overall carrying capacity under such circumstances would also vary by less than 5%. Greater concern about model uncertainty tends to be expressed where pesticide use varies among crops and among years, and because low-frequency monitoring programs may not detect peaks in pesticide concentrations. Detailed sensitivity analyses were conducted for our demonstrations in the Willamette Basin (7, 8) that evaluated statistical uncertainty in the monitoring record. We did this by calculating tolerance limits (confidence limits about percentiles in the data distribution) to assess a range of upper-end exposure outcomes. We found that it could affect exposure estimates substantially. We found, for instance, that no juvenile adult-equivalents co-occurred with average pesticide concentrations exceeding 1.0 µg/L (this is because the monthly average never exceeded this concentration threshold in the monitoring record). In contrast, if concentrations everywhere were at the 95% upper confidence limit of the 95th percentile (estimated from the monitoring record), nearly 12% would exceed the 1.0 µg/L threshold. These analyses are instructive, but are not necessarily realistic because they assume that a given concentration level occurred everywhere agricultural land is present, all the time. To overcome this simplifying assumption, in this chapter we instead evaluated exposure outcomes when pesticide concentrations vary in accordance with the frequency of concentration levels observed in the monitoring record. We used the same monitoring record as in our Willamette Basin study (7, 8) and conducted 1,000 simulations where we randomly chose monthly values representing the upper extent of the 25th, 50th, 75th, and 100th percentile of the frequency distribution. For our simulations, we still assumed that concentrations would occur everywhere when they were simulated to occur. With these simulations, we were able to characterize the range of exposure levels—not just point estimates—occurring at various concentration thresholds (Figure 3). We found that nearly all fish in off-channel, backwater habitats near agricultural lands are exposed to detectable concentrations of the six agricultural pesticides in mixture. As the concentration threshold increases, exposure decreases but the 203 In Pesticide Regulation and the Endangered Species Act; Racke, K., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 2012.
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 average exposure level calculated from the simulations is greater than the point estimate we calculated assuming an average concentration level. Such a detailed assessment is made possible using the Intersect framework and is more useful for understanding the potential range of exposure outcomes.
 
 Figure 3. A range of exposure outcomes at various concentration thresholds resulting from stochastic simulation of monthly pesticide concentration levels.
 
 Evaluating Population Effects The recent Biological Opinions (5, 6) use the change in lambda, the intrinsic population growth rate, as a key determinant of ecological risk. If the difference between lambda for an exposed population and that for an unexposed population exceeded one standard deviation for the unexposed population, then the exposed population was determined to be at significant risk. In their analysis, lambda was affected by first-year survival. First-year survival was determined for several individual pesticide concentrations assuming 100% exposure of juvenile salmon. Several endpoints were evaluated. Conducted over a range of concentration levels, these analyses yielded a range of lambda values, each representing the effects of 100% exposure to a single pesticide concentration. These analyses are instructive, but are not necessarily realistic because they assume that the entire population is exposed to a single concentration level. To determine population effects when a substantial fraction of juvenile salmon is unexposed, and when the remaining fractions are exposed to multiple concentration levels, a similar but different approach must be employed. As we can interpret from Figure 3, a large fraction of juvenile adult-equivalents could be exposed to no or low pesticide concentrations (where survival would be relatively unaffected) but lesser fractions could be exposed progressively higher concentrations levels (where survival could be affected). To account for this, we 204 In Pesticide Regulation and the Endangered Species Act; Racke, K., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 2012.
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 have to consider the fractions exposed to different concentration levels and the direct and indirect effects to these fractions. For this chapter, we demonstrate this concept via calculation of an exposure-weighted first-year survival rate. We use the first-year survival rates reported for several concentration levels in the recent Biological Opinions (5, 6) as representative of effects occurring at each concentration level. Use of these survival rates in this manner requires several simplifying assumptions that warrant further research; however, they remain useful for demonstration. For progressively higher concentration levels, we first determine the fraction of the population co-occurring with each concentration. We then multiply these fractions by the first-year survival rates reported for each concentration level. Finally, we sum these products over all concentration levels to yield an exposure-weighted first-year survival rate. By weighting, we yield an overall survival rate that is more representative of population-level effects in a system where fish use and pesticide use vary in time and space. For instance, using the range of pesticide concentrations in Figure 3 and first-year survival rates reported for 60-day exposure to chlorpyrifos reported in the recent Biological Opinion (5), we calculated an exposure-weighted first-year survival rate of about 0.51%. To get this result, we first calculated the fraction of the unexposed population (100% - 13% = 87%). Of the 13% that are exposed, we calculated the fractions exposed to 0.01 µg/L, 0.1 µg/L, and so on up to 20 µg/L. For this demonstration, we used the maximum values reported in Figure 3 for our calculations. For example, the fraction of the total population exposed to 0.1 µg/L is
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