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Abstract

Filtration by constructed marshes might help detoxify wastewater and help restore fish populations nearby.  In San Francisco Bay, our field bioassays in plastic /mesh enclosures for two-week periods suggested generally high survival of threespine stickleback, Gasterosteus  aculeatus, and most other common organisms enclosed in situ in treated reclaimed water marsh effluent (~5 ppt salinity) compared with similar survival in reference marshes at various higher salinities.  Dilution with bay water attracted diverse animals to cages more than in reference sites, possibly due to dense zooplankton from the wastewater marsh.  This marsh effluent has shown no other major short-term detriments compared with other marsh water, cautiously supporting filtration by constructed marshes and future use of field bioassays for environmental monitoring.  However, each marsh shows risks of mortality for some species under extreme conditions, and fish behavior might attract these species to concentrated food resources and low salinities, even if areas are polluted or would be otherwise detrimental for prolonged exposure.

Introduction

Laboratory bioassays can assess toxicity originating from water chemistry.   One means to integrate effects of multiple environmental stressors under relatively natural conditions may be bioassays under field conditions, which may fluctuate day and night, and may add additional combinations of factors that together determine distribution, abundance, mortality, and behavior of aquatic organisms, “Environmental Health,” including fishes and their foods.  Confining local animals under prolonged exposure to particular stressors may help determine realistic worst-case responses of animals.

Pollution from wastewater discharge into bays has caused severe damage to local fauna (Filice, 1959; Nichols, 1979; Luoma and Cloern, 1982; Josselyn, 1989) and more economical and environmentally wise alternatives for wastewater disposal are in demand.  Biological filtration of sewage pollutants by marsh sediment and plants has received special attention locally as a technique to dispose of wastewater, decreasing pollutants in water (Demgen, 1989; Josselyn, 1989).

The Hayward Constructed Wastewater Marsh Project, in southern San Francisco Bay, receives nearly 20 million liters of secondary treated sewage from municipal and light industrial sources daily.  Preliminary chemical analysis of the wastewater and animals throughout marsh filtration over nearly one week of residence time, showed significant net decreases in major metals, 

yielding low concentrations of  manganese, iron, and copper, detectable in most invertebrates (~400-600 ppm) but not in nearby fishes.  Absence of fishes up in the wastewater mash is attributed to high ammonia.  Kitting et al. (1994) provides more detailed descriptions of these areas.

Our initial ecological surveys on effects of this experimental marsh effluent reported higher species richness and densities of invertebrate and fish populations compared to our similar control sites (Ouverney, 1993; Kitting et al. 1994; Kitting, 1996).  It was feasible that fishes found inside this experimental marsh effluent might only tolerate the channel as a brief feeding ground, for its high concentration of invertebrates, and predators might not tolerate remaining permanently, due to the possibly excessively polluted conditions or salinity fluctuations from that effluent.  This investigation tested whether common fishes and invertebrates could indeed withstand continuous exposure to direct effluent from a marsh fed by treated sewage.

Methods

During spring (April) and summer (July) of 1992, a 1m2  aluminum cage was placed at an experimental wastewater marsh effluent site (EXP) and at a pair of control sites (CNT), 500 meters south of EXP, in South San Francisco Bay.  Mean salinities at EXP reached ~15 ppt (1:1 marsh effluent to bay water) during mid tides and 25 ppt at CNT.  Cages had open bottoms, enclosing mud to a depth of 10 cm, with 5-mm mesh secured atop the cages.  Approximately eight shrimp, Palaemon macrodactylus, and threespine stickleback, Gasterosteus aculeatus, were added to cages, then monitored every 2 days for mortality rates.

High survival of animals at mid salinity and intermediate levels of wastewater marsh effluent in cages led to these subsequent field bioassays right at the point of wastewater marsh discharge to San Francisco Bay.

Organisms tested in these field bioassays were collected at locations 500 meters south from the wastewater marsh effluent.  Organisms were then measured, and multiple individuals ~5~10 cm in total length were placed immediately in 20-liter plastic buckets at an experimental site (EXP) and control site (CNT) during summer (from July 24 to August 14) and fall (from October 7 to 30) of 1992.

Subsequent, less systematic sampling sought to detect any major changes in survival of common aquatic animals at this and an additional reclaimed water marsh, in Martinez, CA, in northern San Francisco Estuary.

Replicates of bioassays at both Hayward sites took place simultaneously.  Buckets were prepared by cutting a 20-cm hole in each lid, covered with 1-mm nylon mesh, attached with inert thermoplastic glue.  Buckets were rinsed with tap water, deionized water, and then sea water several times, before being attached inside channels to remain submerged even during low tide, about 5 m away from the marsh effluent pipes.  Animals inside EXP buckets were exposed daily to a full range of salinities and water quality from 100 % marsh effluent at 5 ppt (as up in the marsh) during low tides, to higher bay water concentrations at 15-20 ppt during high tides (~20 % marsh effluent).  Animals in CNT buckets were exposed to higher salinities reflecting that of bay water and an analogous salt marsh, between 25 and 30 ppt.

Numbers of live and dead animals in bioassays were recorded every 2-3 days, over a two-week period.  Salinity and temperature were measured during each visit.  Despite occasional disappearance of buckets, four to twenty individuals for each species (except for a single longjaw mudsucker goby, Gillichthys mirabilis, as noted) were tested per season.  Low populations of organisms and loss of buckets limited the number of individuals tested (Ouverney, 1993).  Hence, some species were tested numerous times during each season and results represent a compilation of data from the various tests.  For each test, two replicate buckets were prepared, with equal numbers of animals of the same species inside each bucket.  Palaemon shrimp had to be tested separately from fishes, mainly gobies, due to predation.  Most fishes tested were juveniles, except for threespine stickleback (TL 4 cm) and yellowfin goby (TL 15 cm,) Acanthogobius flavimanus, which were available primarily as small adults.  Native California horn snails, Cerithidea californica, and eastern mud snails, Ilyanassa obsoleta, included equal numbers of juvenile and adult sizes, ~1cm and ~3cm long.

After the summer bioassays, snails were not replaced with new individuals in the fall, but instead remained inside both EXP and CNT buckets until the fall bioassays.  Hence snails were exposed to conditions in both sites for up to three months, while bioassays for all other animals restarted with new individuals in the fall.

Small food particles could enter the bioassay buckets through the top mesh.  In addition, small pieces of wood and roots covered with epifauna were enclosed with organisms in buckets to serve as protection and food resources.  

Percentage of live animals over time was plotted for each site during summer and fall of 1992.  Because most juveniles and adults of both snail species showed high survival in fall buckets at both sites, they were not plotted for that season.

The first author’s subsequent field bioassays at these and additional marshes, through 2004, used modified plastic minnow traps with mesh and plant debris inside with most of these species, and additional common fishes and invertebrates, year round.

Results and Discussion

Threespine stickleback and Palaemon shrimp added to 1m2 cages in 15 ppt salinity and at CNT (at ~25 ppt) persisted over one week.  The 5-mm mesh size allowed for recruitment of other, smaller, threespine stickleback into the cage during high tides, and these smaller stickleback accumulated over long periods.  Results for most invertebrates and fishes after eight days of exposure to ~100 % marsh effluent generally showed close similarities between control (CNT) and experimental (EXP) sites, described below.  Statistically, no significant nor nearly significant differences appeared in numbers of surviving individuals at the end of the field bioassays comparing the two major sites, using the two seasons as replication (Mann-Whitney U test, U’>0.5, P>0.32 for each species).   Mortality for some species was detectable while others showed no mortality at both sites.

Summer bioassay controls include data only for the first eight days, due to loss of both buckets (Fig. 1A), while all 14 days of bioassays at EXP are shown in Fig. 1B.  During the first eight days of summer bioassays in CNT buckets, all animals survived except for 100% mortality of topsmelt, Atherinops affinis, and 20 % of threespine stickleback (Fig. 1A).  At EXP (Fig. 1B), all animals survived these first eight  days of summer bioassays, except 100 % of the topsmelt,  20 % of the stickleback, and 20 % of juvenile eastern mud snails and 10% of horn snails.  

At CNT, adults and juveniles of both snail species remained active through the eight days of the experiment.  Also, none of the rainwater killifish, Lucania parva, died in either CNT (Fig. 1A) or EXP (Fig. 1B) field bioassays.  After eight days, those animals that remained in EXP showed no major mortality except for declines in Palaemon shrimp and yellowfin goby.  During summer, neither of these animals were included in controls, nor plotted in figures, because very few were found at control sites during this season.

In the fall, field bioassays during 14 days yielded results roughly similar to those of the summer.  Except for one adult horn snail, all other snails of both species remained alive beyond the summer bioassays and throughout the later 14 days in the fall bioassays.  Snails were not included in fall figures (Figure 2A and 2B) to make figures clearer.  In addition, a 50 % decline in Palaemon shrimp occurred at CNT buckets (Fig. 2A), and the remaining four shrimp survived until the end of the experiment.  At EXP, fewer Palaemon shrimp died early in the experiment (20 %), but all died after day 10 (Fig. 2B).  Among the fishes in fall bioassays, 100 % of threespine stickleback died after day 12 at CNT (Fig. 2A) and after day 6 at EXP (Fig. 2B).  All rainwater killifish survived at both sites.  Pacific staghorn sculpin died by day 5 at CNT, and by day 3 at EXP.  Furthermore, a single longjaw mudsucker goby caught along the Hayward shore was placed in buckets at EXP and survived all 14 days of the test.

Overall, field bioassays showed that animals exposed directly and continuously to maximum concentrations of the Hayward experimental wastewater marsh 
effluent, at nearly 5 ppt salinity, yielded mortalities similar to those animals exposed to bay water at control sites, at 25 ppt.  In almost all cases, animals with high mortalities at CNT site also showed high mortality at EXP.  Subsequent, analogous tests at a range of additional, lower-salinity control sites (Kitting, 1996) and Mt. View Sanitary District’s wastewater McNabney Marsh near Martinez, CA, showed that survival of common fishes and invertebrates in these additional control and wastewater marshes is very high, with exceptions (in most marshes) due to periodic warm, calm weather and low oxygen.

Among the four fish species tested in both major (Hayward) sites, Pacific staghorn sculpin, Leptocottus armatus, and topsmelt, A. affinis, were the ones unlikely to withstand test confinements at either site.  On the other hand, rainwater killifish, L. parva, showed high survival under these extreme conditions, even subjected to ~100% wastewater marsh effluent, as in maximum exposures used in other assays, e.g. MacKinlay and Buday (2002).  High killifish survival suggests that killifish may play an important role in the colonization of a wastewater marsh.  Threespine stickleback, Gasterosteus aculeatus, appeared to have intermediate tolerance of exposure in small enclosures, and may be a suitably sensitive bioassay species.

Better understanding of fish behaviors may be an important factor to consider in confinement experiments such as these.  To some species, such as topsmelt, which requires large areas (Green, 1968), testing survival by confining individuals into 20-liter buckets evidently is not a suitable approach for such species.
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Figure 1A and 1B.  Summer field bioassays, where each paired enclosure began with 4-6 fish of each species, and 20 snails of each species.  Control site is Figure A.  Experimental Wastewater Marsh outflow is Figure B.  The arrow at 8 days indicates the end of the comparison period (due to loss of control enclosures).
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Figure 2A and 2B.  Fall field bioassays, where each paired enclosure began with four threespine stickleback, ten rainwater killifish, two staghorn sculpin, one longjaw mudsucker goby, four Palaemon shrimp, plus (not shown with 95% survival over 3 months) twenty horn snails and twenty mudsnails.  Control site is Figure A.  Experimental Wastewater Marsh outflow is Figure B.

Furthermore, interpretations of bioassay tests on juvenile fishes are difficult due to their high natural mortality rate, up to 99 % during first 130 days of life (Bagenal and Braum, 1978), and high sensitivity to most pollutants (Johansen et al., 1985).  Therefore, basic evidence for survival in bioassays under hypothetically extreme conditions in the field can be instructive.  Field bioassays may integrate multiple field effects on aquatic animals, as ionic stress (Rogers et al., 2003) and dissolved organics (McGeer et al., 2002) can modify metal sensitivity in certain fishes, particularly likely in wastewater marshes.  Yet bioassay survival merely shows that an animal tolerates those persistent conditions, while contaminants may be building up in these predators apparently attracted to high food concentrations, despite possible contaminants.

In general, the Hayward treated wastewater effluent does not seem to affect animals very differently than San Francisco Bay water.  Hence, biological filtration by marsh soil and plants may indeed be a possible alternative to open-water waste disposal, to pursue.  Yet the bay control sites themselves may be detrimental with prolonged exposure, possibly too saline for these estuarine species.  Even water from a wastewater marsh, lowering salinities toward historic estuarine levels, may be as suitable as are high-saline conditions in this bay subjected to extreme freshwater diversion.  Roughly 60% dilution with bay water showed no mortality in 1m2 cages and also appeared to attract diverse animals to be more common than at reference sites, possibly due to dense zooplankton from the wastewater marsh.  This marsh effluent has shown no other major short-term detriments compared with other marsh water, cautiously supporting filtration by marshes and future use of field bioassays.  However, fish behavior might attract various estuarine species at least periodically, during tidal migrations, to concentrated food resources and low salinities, even if sites are contaminated or otherwise detrimental to some of those species during prolonged exposure to extreme environments.

Major longer-term advantages and disadvantages (Lau-Wong, 1990) of such techniques for constructing marsh habitats remain to be tested (Josselyn, 1989) as experimental marshes themselves continue to be developed while alternative sources for estuarine low salinities tend to be diverted from historic estuaries.
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