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The role of toxic chemicals in regulating fish populations has received much attention recently. Review papers have been written, workshops have been convened, and an interdisciplinary IEP Project Work Team has been established to investigate contaminant effects on the estuary’s aquatic resources. A common goal has been to evaluate data to determine whether toxic chemicals have contributed to declines in fish populations (eg, striped bass, delta smelt) of the delta and Suisun Bay. These discussions have also tried to identify data gaps and set research priorities. Wide differences in interpretation of the evidence suggest an urgent need to establish a common methodology for assessing the impacts of contaminants. Recently, I have been evaluating information for the EPA. In this article I summarize my approach and results, hoping to contribute to the development of a common ground in evaluating the effects of pesticides on fish populations.

Differences in interpretation of contaminant-related studies arise from professional differences in the tenets of toxicology, population biology, and public policy. Toxicologists and population biologists study biology at different levels of organization. Toxicology reflects the medical and pharmacological disciplines with their focus on the individual, while population biology reflects the approaches of demography, physiology, natural history and genetics, by emphasizing the proportional importance of different effects on the population (Hutchinson 1978; Halffman 1995). The two fields remain sharply divided. The Clean Water Act requires that United States waterways remain “fishable and swimmable”. Policy-makers address public concerns over pollutant impacts through the human-based perception that chemicals are bad and impacts to individuals are important. Thus, toxicological methods have been perceived as an adequate evaluation of problems for aquatic populations.

A 3-species bioassay is used as the standard test for water quality impacts on aquatic resources. The bioassay has been a valuable tool and is a necessary part of any evaluation of pollutant impacts on “ecosystem health”. However, by itself the bioassay does not provide reliable evidence of population-level impacts. Bioassays provide vital information on lethality, growth impacts, reproductive success, behavior, and other responses of individual organisms to impaired waters, usually under laboratory conditions. However, identification of population level effects requires information on the extent of exposure to the population, as well as importance of inter-species interactions and other anthropogenic effects that may act concurrently. This important distinction has been regularly identified by interdisciplinary scientific panels charged with evaluating the bioassay’s effectiveness (Cairns et al 1981; Levin et al 1989). Population biologists have long wrestled with the problem of translating laboratory and small-scale field results to explain population dynamics (Bennett 1990).

How should we define a population level impact, and how do impacts occur? As a working criterion, a population-level impact of a class of potential toxicants such as pesticides would have to reduce annual year-class success or depress a population’s size, such that its effect is measurable and detectable relative to other potential effects (entrainment, predation, etc).

Population impacts can be direct or indirect. Evaluation of direct impacts requires identifying the spatio-temporal co-occurrence (at various scales) of pesticides and susceptible life stages of fishes. Indirect impacts are typically more subtle, requiring identification of links between sublethal exposure or depression of food abundance and effects on individual growth or reproduction (Bennett et al 1995). In addition, bioaccumulation of pesticide residues can impair egg and/or larval quality, or even alter the genetic structure of populations, potentially affecting their persistence. Finally, once the potential for significant impact has been established, we need to determine whether this effect is significant relative to, or interactive with, other factors affecting a population’s dynamics (Bennett and Moyle in press).

To address these concerns, I have been evaluating the spatio-temporal co-occurrence of pesticides and larval fish in the delta at several scales, identifying data gaps, and developing a list of research priorities. Due to space considerations, I emphasize the potential for direct impacts of diazinon and possible relative effects of several other factors.

[image: image1.png]



Spatio-Temporal Scales of Pesticides and Fish Larvae
To address population level impacts, we must know the extent to which toxic chemicals co-occur with young fish in space and time. Overall, however, current sampling for chemicals and fish is mismatched in space and time. Most fish sampling has been in the delta and Suisun Bay, whereas most water quality testing has been upstream of Sacramento and Vernalis. Most data on chemicals come from the daily/bi-daily water quality analyses for about 20 chemicals done by USGS since 1991 at Sacramento and Vernalis (MacCoy et al 1995). These data indicate that over the past 5 years, diazinon was the second most frequently detected and most frequently toxic chemical entering the delta. In general, concentrations of detected pesticides, particularly rice pesticides, and mortality in bioassays have declined since the mid-1980s, although many instances exist where bioassays have detected toxicity yet water quality analyses failed to identify the agent(s) potentially causing mortality.

Kuivilla and Foe (1995) have shown that pesticides (primarily diazinon) enter the delta in pulses that gradually decrease in concentration and toxicity to Ceriodaphnia in bioassays as the pulses pass through the delta. Pesticides in low concentration are regularly detected in Suisun Bay. In the San Joaquin River, recent modeling of the fate of pesticide pulses (by Chris Enright, DWR) indicates that more than 80% of a pulse can end up at the pumping facilities at low flow rates and greater than 45% during the April-May higher flows when the Head of Old River barrier is installed (Figure 1). Thus, normal project operations may greatly reduce San Joaquin River toxic input to the delta.

Interannually, pesticide concentrations in the rivers vary greatly with rainfall and application. Because pesticide pulses occur after rainfall events, wet years may produce pulses of higher concentration and duration than dry years. Figures 2-5 show that maximum concentrations and durations of diazinon and methidathion were much higher in 1993 than 1992 at both Sacramento and Vernalis: Sacramento maximum 155 ng/L in 1992 and 605 ng/L in 1993; Vernalis maximum 553 ng/L in 1992 and 866 ng/L in 1993.

Higher concentrations during times of higher flows suggest that more runoff mobilizes higher concentrations of pesticides, which contrasts with the intuitive notion that higher flows reduce pesticide concentrations through dilution. This counter-intuitive hypothesis and the results supporting it indicate a need for more information, such as pesticide application rates and locations and understanding water movement within the valley.

At a smaller scale, some habitats vary in apparent toxicity and in their importance for species of special concern. In dry years, drainage ditches and backwater areas appear to accumulate chemicals and remain toxic to bioassay organisms until washed out by heavier rains (Foe 1995). For example, in most years about 70% of yolk-sac delta smelt larvae are collected in the Cache Slough complex and adjoining Sacramento River. Figure 6 shows the densities of the most common species of fish larvae (including delta smelt) sampled from six sites (DFG egg/larval survey) with bioassay results using Ceriodaphnia at three nearby sites (Cache Slough at Long Island, Steamboat Slough, and Cache Slough near Ryer Island) and from several drainage sites upstream (Ulatis Creek, Sutter Island Drain, and Elkhorn Slough, respectively). After a mild rain, Ulatis Creek apparently received pesticide runoff and remained toxic to test organisms for at least 3 weeks until a stronger-rain event flushed the chemicals through the downstream site (Cache Slough at Long Island), which remained non-toxic. Overall, toxicity was low throughout spring 1992 near the larval sampling sites. This comparison indicates the need for more detailed water quality sampling in critical habitats.

Exposure of fish larvae to pesticide pulses may be the product of the independent probabilities of fish larvae occurrence and contaminant occurrence. Each of these probabilities needs to be analyzed at several spatio-temporal scales. The available data indicate that very few species co-occur with diazinon pulses in late winter. Figures 2-5 show the densitites of all fish larvae collected at six sites (DFG egg/larval survey) between Walnut Grove and Sacramento and at four sites beginning about 10 miles downstream of Stockton, the closest stations to Vernalis. At the time of the diazinion pulses, only prickly sculpin larvae were present at measurable abundance. Most species of larval fishes don't appear until April or May. Potential exposure may also be probabilistic at much sm aller scales. Figure 7 compares the highly variable occurrence of striped bass larvae from continuous sampling at Bryte (every 12 hours by USBR) and from a site immediately downstream from Sacramento (every 4 days by the DFG egg/larval survey) with the largest pulse of molinate, a rice pesticide, passing the Sacramento site in 1991. While larvae occur with increasing pesticide concentrations, they do not completely overlap with the peak pesticide concentrations at either larval sampling site. This further suggests the need for concurrent sampling to identify the extent to which exposure of fish to pesticides is probabilistic.
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Indirect Effects
Indirect effects are subtle, and little documentation is available on their relative importance in the estuary. The most commonly proposed indirect impact is through pesticide impacts on fish food supplies at critical times. Many copepoda and cladocera are highly susceptible to the levels of pesticides detected in the estuary. However, the effects of pesticides on zooplankton populations will require similar analyses that identify the spatio-temporal extent of exposure. Particularly important will be careful consideration of most zooplankter’s very short generation times and high population resilience. In addition, changes in species composition are indicative of a reticulate rather than linear nature of many ecosystems (Strong 1992). For example, much speculation has been directed at the dramatic decline of rotifers in the delta since 1979, in part because they appear to be an important component in the diet of first-feeding delta smelt. However, many “whole-pond” experiments have clearly demonstrated with various pesticides that concentrations that reduce copepod and cladoceran populations actually produce rotifer blooms within days of application (Lucassen and Leeuwangh 1994). This is due to the higher tolerance of rotifers to pesticides, their short generation times (about 2-7 days), and the fact that many copepods and cladocerans are competitors and predators of rotifers. Perhaps more challenging is the difficulty of detecting food limitation in larval fishes (Bennett et al 1995).
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Relative Effects on Populations
Population level impacts of contaminants must be compared with other factors influencing a population to assess relative importance and potential interaction. In one such study, Bennett et al (1995) investigated the relative importance of starvation and toxic exposure on larval striped bass throughout larval habitat during the drought years 1988-1991. Morphological and histopathological indices of starvation and impairment were developed for striped bass under laboratory conditions. Comparisons to over 500 field-caught specimens provided no indication of starvation, but a 27-30% occurrence of poor liver condition in 1988-1990, which fell to 15% in 1991. Contaminant analyses in the field and closer examination of liver organelles with electronmicroscopy suggested the liver alterations were due to exposure to rice pesticides. Such sublethal exposure might eventually lead to mortality due to an inevitable reduction in larval growth rates associated with the liver alterations (Bennett et al 1995). Following a change in pesticide use by rice farmers, pesticide toxicity in bioassays dropped by about 50% and liver condition improved by about 50%. However, the striped bass 38mm index remained very low in 1991, suggesting that larvae succumbed to various other factors affecting survival during the drought years. This example suggests the interactive nature of factors potentially regulating year-class success, as well as the limitations of the sole use of bioassays for defining population level impacts.

This field study and various modeling efforts point out the inadequacy of single-factor explanations for population regulation, and particularly year-class success (Bennett and Moyle in press). Particularly with the limited resources available for restoration, it is essential to develop interdisciplinary cooperation, mutually acceptable evaluation procedures, and integration of diverse arguments into our understanding of estuarine dynamics and needs. The interagency and inter-university forums provided by the Interagency Program project work teams are an ideal starting point for progress toward this end.
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