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Laboratory single-species toxicity tests are used to assess the effects of contaminants on 

aquatic biota.  Questions remain as to how accurately these controlled toxicity tests predict site-

specific bioavailability and effects of metals.  Concurrent 42-day Hyalella azteca exposures were 

performed with cadmium and final treated municipal effluent in the laboratory and at the 

University of North Texas Stream Research Facility.  Further laboratory testing in reconstituted 

hard water was also conducted.  Endpoints evaluated include survival, growth, reproduction, and 

Cd body burden.  My results demonstrate that laboratory toxicity tests may overestimate toxicity 

responses to cadmium when compared to effluent dominated stream exposures.  Discrepancies 

between endpoints in the three tests likely resulted from increased food sources and decreased 

cadmium bioavailability in stream mesocosms. 
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Introduction 

  

Standard laboratory toxicity tests are an efficient and economical way to identify 

uncertainty associated with effects of contaminants on aquatic biota in the environment.  

However, their simplistic design often does not approach a level of environmental realism that 

allows the researcher to achieve a realistic approximation of exposure (Crossland 1994).  

Naturally occurring physical, chemical, and biological processes such as intensity and spatial 

distribution of natural light, wind, flow rate, temperature, and dissolved oxygen levels cannot 

readily be accurately reproduced under laboratory conditions (Chappie and Burton 1997).  

Factors such as these are known to significantly affect how much of a contaminant is available to 

do harm to an organism (Lowell et al. 1995, Bervoets et al. 1996).  Other factors such as high 

organic content and suspended solids that may not be present in normal laboratory exposures can 

form complexes with or otherwise detoxify a toxicant and can significantly affect the predictive 

power of laboratory toxicity tests (Stephenson and Mackie 1989, Jackson et al. 2000).   

Aquatic organisms in the natural environment are seldom, if ever, subjected to one 

contaminant at a time at a constant intensity, as is often the case in routine laboratory testing.  

Most aquatic organisms are subjected to a myriad of low-level contaminants throughout their life 

cycle and must simultaneously adapt to countless natural stressors such as the threat of predation, 

variability in water quality, extremes of temperature, and food scarcity.  It is in the more realistic 

approximation of natural variation that surrogate systems can be useful experimentally.  

Organisms living in effluent dominated systems have a high probability of experiencing 

multiple contaminate exposures due to the often complex nature of effluents.  The large number 

of effluent dominated streams, common in the arid southwestern United States, and the large 
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number of humans and other biota that depend on return flow as a significant water source 

demand that we strive to better understand the fate and effects of contaminates in such systems.  

Dorn (1996) states that approximately 23% of permitted discharges receive less than 10-fold 

dilution.  The Trinity River south of the Dallas/Ft. Worth, TX metroplex is often greater than 

90% return flow from wastewater treatment plants (Dickson et al. 1989). 

Model aquatic systems are research tools that allow ecologists to address hypotheses on a 

manageable scale with the benefit of control or reference systems as well as replication that aids 

in statistical interpretation of data (Kennedy et al. 2003).  They provide a type of “bridge” 

between arguably over-simplified single-species laboratory toxicity tests and field-testing, which 

can often be so logistically and experimentally complicated as to be prohibitive.  In addition, 

mesocosm systems allow for chemical manipulation without impacts to natural systems 

(Kennedy et al. 2003).  However, considerable care must always be used if laboratory and/or 

mesocosm tests are to be used to make predictions about effects of field exposures (Underwood 

1995).   

This research was conducted, in part, using a series of outdoor, freshwater stream 

mesocosms.  Design and use of similar types of systems for toxicological research are 

summarized in Tables 1 and 2.  Many other types of surrogate aquatic systems have been 

described in the literature.  Lentic freshwater systems have been used extensively (Graham et al. 

2000, Kreutzweiser et al. 2002, Seguin et al. 2002), as have limnocorrals which are enclosures of 

portions of natural ponds or lakes (Bird et al. 1995, Dieter et al. 1996, Liber et al. 1997).  Use of 

estuarine and marine mesocosms occurs (Lauth et al. 1996, Chandler et al. 1997, Kaag et al. 

1997), but is less common.   
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The bulk of stream mesocosm toxicology studies have been conducted using surfactants 

(Belanger et al. 1993, Fairchild et al. 1993, Gillespie et al. 1998, Harrelson et al. 1997, Kline et 

al. 1996).  Other studies have focussed on a wide variety of toxins including, for example, 

herbicides (Carder and Hoagland 1998, Austin et al. 1991), insecticides (Mitchell et al. 1993), 

effluents (Crossland et al. 1992, Amblard et al. 1990), and heavy metals (Clements et al. 1990, 

Kiffney and Clements 1994).  It is the latter class of contaminants with which this research is 

concerned. 

Mesocosm studies are not without their potential shortfalls of realism.  Such factors as 

scale and edge effects, shading, over simplicity of biological organization, temporal limitations 

inherent in experimentation, and inability to extrapolate to a variety of ecosystem types can be 

problematic.  A particular mesocosm system may not always be characteristic of a broad range of 

environmental settings; however, design of a system can provide for easy change between 

system configurations (i.e. substrate, flow, water depth, shading, presence or absence of 

macrophytes, etc.) to allow for a close focus on a particular environmental interest or concern.  

One must be careful to realize that although mesocosms are a step up in complexity from bench-

top laboratory tests, they still are undoubtedly much less complex than the natural environment. 

To perform a thorough risk assessment, one must have a clear understanding of exposure and 

effects.  This is why surrogate systems such as pond and stream mesocosms should not take the 

place of laboratory toxicity tests.  Rather, the two should be used together in a complementary 

manner. 

Costs inherent to designing, constructing, and maintaining model aquatic systems can be 

prohibitive to their use.  Because of this fact, one must be sure that a significantly higher degree 

of certainty about a question being investigated is obtained through their use.  One must decide 
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when the extra costs in money, time, and labor associated with mesocosm testing are worth it.  

For some stable, hydrophilic compounds there may be little difference between toxicological 

endpoints elucidated in laboratory and mesocosm or field-testing.  However, for chemicals 

known to be volatile, hydrophobic, which sorb to organic matter, or otherwise experience 

interferences that may affect bioavailability, more information may be gained from using model 

ecosystems and/or field-testing.  The purpose of my research is to determine if there is 

significant difference in toxicological endpoints between laboratory and stream mesocosm 

chronic exposures of Hyalella azteca Saussure 1857 to cadmium. 

Because toxicologists with rare exception (Schindler and Turner 1982) are unable or 

unwilling to conduct experimental chemical exposures in natural water bodies, steps toward 

validation of laboratory toxicity tests can be conducted using a test system perceived to be closer 

to reality, such as mesocosms (Sanders 1985, Guckert et al. 1993, Versteeg et al. 1999, Pascoe et 

al. 2000).  For example, Pascoe et al. (2000) examined the differences in results from a variety of 

laboratory and outdoor systems of differing complexity using four reference chemicals: lindane, 

copper, 3,4-dichloroaniliine (DCA), and atrazine.  Lentic and lotic surrogate systems were used.  

A variety of in vitro cellular/subcellular preparations, algae, protozoa, and benthic and pelagic 

macroinvertebrates were exposed to reference chemicals singly and in simple multi-species 

groups.  Single species responses as well as structural and functional community responses were 

examined in this study.  The authors compared the laboratory-derived and outdoor mesocosm 

“most sensitive toxicity response” for each reference chemical.  With one exception, adverse 

effects were not detected either for single organisms or for structural and functional 

characteristics of the community at concentrations below those identified in the laboratory 

toxicity tests (Pascoe et al. 2000). 
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Guckert et al. (1993) conducted simultaneous laboratory single-species and mesocosm 

testing of the cationic surfactant dodecyl trimethyl ammonium chloride (TMAC).  The authors 

found comparable effect levels for the single species and mesocosm tests that included 

ecosystem-level effects such as community structure and function.  Clements et al. (1990) 

compared macroinvertebrate community responses to copper in laboratory and field 

experimental streams of comparable size.  In their study, laboratory streams used dechlorinated 

tap water as a water source and field streams used natural river water.  As in the study by Pascoe 

et al. (2000), responses to Cu were seen at lower concentrations in the laboratory than in outdoor 

streams.  Versteeg et al. (1999) compared chronic laboratory single-species and experimental 

system effect levels in the literature for a variety of organisms and compounds including heavy 

metals, pesticides, surfactants, and general organic and inorganic compounds.  The authors 

concluded that a battery of laboratory-generated chronic test data (> five species) can be used to 

establish concentrations protective of model ecosystems and, very likely, whole ecosystems 

(Versteeg et al. 1999). 

Although validation of laboratory based assays using more complex micro- or mesocosm 

systems is useful and important, validation of tests in natural systems is also a necessary step if 

we are to further our understanding of the true predictive value of common toxicity testing 

(Cairns 1983, 1986; Underwood 1995).  Field validation was beyond the scope of my research; 

however, a laboratory-to-field validation using amphipods and cadmium was conducted by 

DeWitt et al. (1999).  The authors conducted simultaneous 10-d laboratory and field exposures 

using the estuarine amphipod Paracorophium lucasi Hurley 1954, and found that amphipod 

sensitivity in laboratory tests was greater than or equal to sensitivity in situ.  Many other 

examples of laboratory-to-field validation experiments exist in the literature.  For example, 
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Niederlehner et al. (1990) evaluated the predictive validity of a multi-species microcosm test 

using caged field exposures downstream from the discharge of a complex effluent.  The authors 

found fewer accurate predictions of environmental effects by mesocosm tests the further 

downstream cages were placed from the discharge.  In another example of this type of research, 

Dyer and Belanger (1999) compared the responses of dominant invertebrate taxa exposed to a 

municipal effluent in an experimental stream facility (ESF) to those of the same taxa found in 

routine field samples.  The index of community sensitivity was used as the basis for comparison.  

The authors showed a close correlation between the sensitivity rankings of the field-collected 

invertebrates and those found in the ESF and suggested the use of low mesocosm to field 

assessment or safety factors when extrapolating invertebrate taxa results from their ESF to the 

field. 

H. azteca, commonly known as scuds, are freshwater amphipods (Crustacea: 

Amphipoda).  They are widely distributed across North and South America, including North 

Texas, in warm mesotrophic or eutrophic lakes that support aquatic plants (US EPA 2000).  They 

are also found in lower densities in ponds, sloughs, marshes, rivers, ditches, streams, and springs 

(US EPA 2000).  They are sexually reproducing, epibenthic detritivores that burrow into the 

surface of the sediment (US EPA 2000).  Hyalella are omnivorous, feeding on epiphytic growth, 

dead animal and plant material, and often on live plant material such as filamentous green algae 

(Covich and Thorp 1991). 

Hyalella are commonly used in sediment toxicity testing due to their ease of culture, 

ready availability, life history, and behavioral characteristics.  The US EPA (2000) published a 

guidance document for the use of Hyalella in short (10-d survival and growth) and long-term 

(42-d survival, growth, and reproduction) chronic sediment tests.  Hyalella are also effective test 
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organisms in water-only exposures. For example, Borgmann and Norwood (2002) used caged 

Hyalella suspended above sediments in Imhoff settling cones in a laboratory test.  The test was 

used to determine metal bioaccumulation from the overlying water of metal (Cd, Co, Cu, and Ni) 

contaminated sediments.  In an earlier study, Borgmann et al. (1991) conducted water-only tests 

with Hyalella and Cd to determine if there was higher correlation between Cd body burden and 

chronic toxicity than between aqueous Cd concentration and chronic endpoints.  In both of the 

above-mentioned studies, a small piece of cotton gauze was used as a substrate for the Hyalella.  

Phipps et al. (1995) used Hyalella in water only tests to determine the relative sensitivity of 

Hyalella, Chironomus tentans Fabricius 1805, and Lumbriculus variegates Müller 1774 to ten 

contaminants, including Cd and four other metals, Ni, Cu, Zn, and Pb.  Hyalella was found to be 

the most sensitive to all five metals of the three species tested in this study.  Duan et al. (2001) 

used Hyalella in water-only exposures to determine if exposure to Cd, Zn, or low pH resulted in 

significant differences in survival functions (SFs) among different genotypes exhibiting variation 

at three specific loci.  SFs represent the probability that an organism survives longer than 

specified time periods, as a function of genetic distance.  SFs were found to be significantly 

related to genotype, and the authors suggest the use of genetic distance as a bioindicator.   

Cadmium is a relatively rare, naturally occurring heavy metal (Fassett 1980).  

Anthropogenic sources by which Cd enters the environment include as by-products from zinc 

smelting, coal combustion, mine wastes, electroplating processes, iron and steel production, 

pigments, fertilizers, and pesticides (US EPA 1980, Hutton 1983).  Other non-point sources 

include urban runoff, air deposition from fuel combustion, and runoff from highways of dust 

from tire wear that can be washed into nearby water-bodies (US Department of Health and 

Human Services 1993). 
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The United States Geological Survey (USGS) (Durum et al. 1971) conducted a survey of 

metals, including Cd, in surface freshwater in all 50 states (Fassett 1980).  This study found 1-10 

ppb Cd in 302 of 720 sites tested (41.9%) and greater than 10 ppb in 29 of the 720 sites (4.0%), 

with a maximum measured value of 130 ppb (Durum 1971, Fassett 1980).  The US 

Environmental Protection Agency’s (US EPA) STORET databases shows that Cd levels in 

waters in and around Denton, TX, where this research was conducted, are normally less than 10 

ppb, but have been measured at concentrations up to 95 ppb (STORET Database). 

Despite the fact that invertebrates are among the most sensitive organisms to metal 

pollution, little is known about the mechanisms of toxicity or sites of action by which Cd affects 

invertebrates (Wood et al. 1997).  In many cases, there is a lack of understanding of basic 

physiological processes (waste excretion, osmoregulation, respiration, etc.) as they relate to 

metal exposure in invertebrates (Wood et al. 1997).   

More is known about mechanisms of Cd uptake in amphipods than mechanisms of toxic 

action.  Wright (1980) demonstrated using radiolabelling techniques and Gammarus pulex 

Linnaeus 1758 that most cadmium uptake in amphipods may be internal as opposed to 

adsorption to the body surface and that the exoskeleton, hepatopancreas, and haemolymph are 

major sites of Cd storage.  Cadmium uptake was found to most likely be a function of 

“accidental active uptake” by which Cd substitutes for calcium in a Ca regulatory mechanism by 

using the active process inhibitor 2:4 dinitrophenol (DNP) Wright (1980).  This process of active 

uptake is deemed “accidental” because no known physiological function for Cd exists (Wright 

1980). 

Many environmental factors are known to affect metal bioavailability, including Cd, to 

aquatic organisms.  Probably the most widely considered of these is the effects of hardness. 
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Water hardness is a measure of the divalent cations found in a water body with calcium, Ca2+, 

and magnesium, Mg2+, being the dominant species in freshwater.  Increased water hardness is 

known to decrease metal bioavailability.  The ameliorative effect of increased water hardness has 

been attributed to competition between free metal ions and Ca2+ and Mg2+ ions for binding sites 

at the site of ionoregulation, usually gill surface sites (Stephenson and Mackie 1989; Jackson et 

al. 2000).  Site-specific hardness values are used to adjust the aquatic life criteria for cadmium.  

The aquatic life total cadmium criterion continuous concentration in µg/L is calculated by the 

formula e(.7409[ln(hardness)]-4.719) (US EPA 2001).  This criterion for the hardness values at which 

these experiments were conducted is approximately 0.4 ppb. 

Alkalinity and salinity are also known to reduce metal bioavailability.  These two factors 

affect the speciation of metal ions by increasing ion-pair formation  (Jackson et al. 2000).  

Alkalinity is the measure of buffering capacity of a water body.  Increased alkalinity results in 

formation of M-CO3 ion pairs.  Salinity results in formation of M-Cl+ and M-Cl2 complexes.  

Formation of these ion-pairs and others (i.e. SO4
2- and F-) reduces the amount of free metal ion, 

M2+, present and increases the prevalence of less toxic complexes (Jackson et al. 2000).  It is the 

free metal ion that is generally accepted as being the most toxic metal species. 

pH also affects metal bioavailability.  Lower pH results in higher metal ion solubility, and 

thus, increases bioavailability.  However, low pH can also enhance competition between H+ and 

metal ions for cell surface binding sites, which may work to decrease bioavailability (Jackson et 

al. 2000). 
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Materials and Methods 

 

Description of Stream Research Facility 

The University of North Texas Stream Research Facility (UNTSRF) is located at the City 

of Denton Water Reclamation Plant near Pecan Creek in Denton, TX.  The facility consists of 

twelve flow-through artificial stream mesocosms (Figure 1).  Eight of the 12 streams were used 

in this study.  The streams are constructed out of marine-grade plywood, sealed with a coating of 

fiberglass resin, and painted with a layer of non-toxic butyl based paint.   

At the upstream end of each stream is a mixing box for the introduction and mixing of 

chemicals with source water.  Each mixing box contains a series of fiberglass baffles to ensure 

complete mixing of water and contaminant before introduction to the stream channel. Streams 

were dosed from stock Cd solutions contained in 50-L carboys using high-precision peristaltic 

pumps (SciLog, Inc., Middleton, WI, www.scilog.com).   

Each stream channel is 4.88 m long by 0.61 m wide (Figure 2).  The stream channels are 

divided into two sections of differing slope.  The upper half of each channel, resembling a riffle 

zone, has a 1% slope of 2.54 cm / 50.80 cm.  The lower half has a slope that is half as steep, 1.27 

cm / 50.80 cm, and is representative of a slower-moving, depositional area.  The substrate used 

in the stream channels was washed pea gravel 10 to 15 mm in diameter mixed with accumulated 

organic matter. The substrate type and the slope of the stream channels were chosen to be 

representative of low-order, rocky bottom streams found in the north Texas region.  

At the end of each stream channel is a 568-L fiberglass pool in which the Hyalella 

exposures were conducted.  Water flows out of the pools by way of a drainpipe and is returned to 

the head of the wastewater treatment plant (WWTP) for treatment.  To mimic canopy cover of 
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low-order streams, all streams are covered by a shading tarp that blocks approximately 40% of 

photosynthetically active radiation (PAR).  

The source of water for the streams is final treated municipal effluent from the WWTP.  

Water is pumped from the dechlorination basin of the WWTP by two 0.5 horsepower pumps to 

two 55,000 L above ground storage tanks.  A float switch in one of the storage tanks controls the 

pumps.  The streams are then fed by gravity flow from the tanks.  Valves at the top of each 

stream allow for control of flow.  The flow rate of the streams was maintained at 32.0 (+/- 2.1) 

L/minute. 

Hyalella azteca - Culturing 

 H. azteca were cultured in flow-through 75-L aquaria.   Culture water was Denton tap 

water dechlorinated by carbon filtration.  Red maple leaves (Acer rubrum) were used as a 

substrate and food source for the cultures.  Flaked fish food was fed ad libitum three times per 

week.  Maple leaves were soaked in a 30% salt-water solution made with dechlorinated tap water 

for 30 days prior to addition to cultures.  This was done to remove indigenous organisms and to 

remove tannic acid from the leaves.  At the end of the 30-day period, the water was changed 

daily for three days, and then the leaves were rinsed several times with dechlorinated tap water to 

flush out tannins as well as to remove any residual salt before the leaves were added to the 

cultures.  Appropriate age Hyalella were collected from mass cultures by sieving.  Hyalella were 

added to their respective test by pipetting under the water’s surface four days after sieving to 

ensure that amphipods injured during the sieving process were not included in testing. 

Experimental Design 

Three chronic tests of Cd effects on H. azteca were performed. Concurrent laboratory and 

stream mesocosm tests, using the final treated municipal effluent as a water source, were 
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conducted.  Nominal Cd treatment levels for these tests were 0.0, 5.0, 20.0, and 80.0 ppb for the 

stream mesocosm study and 0.0, 5.0, 10.0, 20.0, 30.0, and 80.0 ppb for the laboratory study.  All 

tests were conducted late September through December 2001.  The laboratory test was begun 

three days after the stream mesocosm test for logistical reasons involving set-up and breakdown 

of tests.  Effluent for the concurrent laboratory test was collected from the pool section of the 

control streams.  This water was dosed independently in the laboratory.  An additional laboratory 

test was conducted after the completion of the concurrent tests.  This test used reconstituted hard 

water (RHW) instead of effluent as a water source.  RHW was formulated by adding to water 

from a Milli-Q® water purification system 192.0, 120.0, 120.0, and 8.0 mg/L of NaHCO3, 

CaSO4 · 2H2O, MgSO4, and KCl, respectively, following US EPA (1991a) (Millipore 

Corporation, Bedford, MA, www.millipore.com).  Nominal cadmium concentrations for this test 

were 0.0, 0.3125, 0.625, 1.25, 2.5, and 5.0 ppb.  Measured aqueous Cd concentrations for all 

tests are presented in Table 5.  All tests were 42 days in duration.  All laboratory tests were static 

renewal, renewed by hand every three days.  Renewals were carried out by gently transferring 

organisms by pipette under the water’s surface.  All laboratory exposures were conducted in 300-

ml, high-form, lipless beakers.  Cadmium sulfate crystals (3CdSO4 · 8H2O) were used as the 

source of Cd in the stream tests.  Cadmium AA reference solution (Cd metal dissolved in 2% 

nitric acid) was used as the source of Cd for laboratory tests.   

The experimental design for both tests was adapted from EPA’s current guidance 

document for testing toxicity of sediment-associated contaminants with freshwater invertebrates 

(US EPA 2000) and Ingersoll et al. (1998).  Ten Hyalella were placed in each of 12 replicates 

per treatment on Day 0.  On Day 28, four of the 12 replicates were collected for measurement of 

survival and growth.  Growth was measured by dry weight.  Hyalella were placed into tare-
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weighed pans, dried for 24 hours at 60 °C, allowed to cool to room temperature in a dessicator, 

and then weighed on a microbalance to obtain dry weight.  On Day 42, the remaining eight 

replicates were collected for measurement of survival, growth (dry weight), and reproduction 

(number of young per female).  During the test period, each cage or beaker of Hyalella was fed 1 

ml of YCT per day.  YCT was made according to the procedure given in US EPA (2000).  This 

method results in 1.7 – 1.9 g solids/L (UE EPA 2000).  A 5.0 cm x 10.0 cm piece of cotton gauze 

was added to each cage or beaker to serve as a substrate for Hyalella. 

Stream Mesocosm Test 

 Hyalella cages (Figure 3) were constructed out of rectangular 250-ml high-density 

polyethylene bottles.  Holes were cut into two opposite sides of each cage with a rotary cutting 

tool to allow movement of water through the cages.  Stainless steel mesh with 0.25 mm2 

openings was placed over the holes and secured into place using aquarium grade non-toxic 

silicone. Cages were then placed in PVC racks and suspended in the pool section of each stream 

with string tied to the sides of each pool (Figure 2).   Each treatment level was replicated once in 

the stream mesocosm exposure, and treatment levels were assigned to streams (Table 3) by using 

a random number table (Zar 1999). 

Water Quality 

A multiprobe was placed in the pool section of stream 11, a control stream, for the 

duration of the study.  It was used to take hourly measurements of dissolved oxygen (DO), pH, 

total suspended solids (TSS), and ammonium (NH4
+).  Water samples were taken every three 

days when the laboratory renewal water was collected for analysis of alkalinity, hardness, and 

total organic carbon (TOC).  
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 Aqueous dissolved Cd concentrations from the stream study were determined by graphite 

furnace atomic absorption spectroscopy (GFAAS) by the City of Denton Municipal Laboratory.  

Aqueous total and dissolved Cd concentrations from the two laboratory studies were determined 

by GFAAS at UNT using identical methods.  All aqueous metals samples were digested using 

the HotBlockTM metals digestion system following procedures from EPA Method 200.2 

(Environmental Express, Mt. Pleaseant, SC, www.environmentalexpress.com, US EPA 1991b).  

This procedure calls for adding 1.0 ml and 0.5 ml of trace metal grade nitric and hydrochloric 

acid, respectively, to a 50.0 ml water sample and digesting at 95.0 ºC for 2.5 hours. 

 Cadmium body burden was measured in those organisms sacrificed on Days 28 and 42 of 

the study.  These organisms were digested according to EPA Method 3050B using the HotBlock 

metals digestion system (US EPA 1998).  This procedure calls for digestion with a mixture of 

trace metal grade nitric acid and 30% hydrogen peroxide at 95 ºC for approximately 2.0 hours.  

This digestion procedure was verified using certified lobster hepatopancreas reference material 

(Tort-2, National Research Council, Canada).  Cadmium concentrations were determined by 

GFAAS.  

Statistical Analyses 

 Statistical significance of response variables was determined at α = 0.05 for all tests.  

Proportional mortality data were arc sine (square root (y)) transformed prior to hypothesis 

testing.  Analyses of mortality data were performed by one-way ANOVA and a Dunnett’s 

multiple range test for the laboratory effluent and laboratory RHW experiments using SAS 

(Version 8.2).  Statistical power calculations were performed for   these ANOVAs.  Minimum 

significant differences (MSDs) in percent difference from controls were 25.6, 30.3, 32.9, and 

44.7% in the laboratory effluent Day 28, laboratory effluent Day 42, laboratory RHW Day 28, 
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and laboratory RHW Day 42 data sets, respectively.  The higher MSD observed for the 

laboratory RHW Day 42 ANOVA is likely due to high (55.0%) control mortality by Day 42 of 

that exposure.  Analysis of mortality data in the stream mesocosm test was performed by nested 

ANOVA using a method of hand calculation in Sokal and Rohlf (1995) for unequal sample sizes 

along with a Dunnett’s multiple range test.  Unequal sample sizes occurred due to the loss of 

some samples as a result of some Hyalella escaping from cages with loose screens.   

 Analysis of growth and reproduction data was performed by a parametric student’s t-test 

or the non-parametric Mann Whitney two-sample U test, where appropriate, in cases in which 

significant mortality exists in all but one treatment level.  Where this was not the case, an one-

way ANOVA and a Dunnett’s multiple range test was used.  Significance testing of the 

correlation between the variables weight per organism and young per female was tested with a 

Spearman rank correlation using SAS (Version 8.2). 

 

Results 

 

Water Quality 

 Mean dissolved oxygen, pH, temperature, specific conductance, and turbidity data are 

presented in Table 4.  Mean daily turbidity values are shown graphically in Figure 4.  Turbidity 

values for the effluent were highly variable (Figure 4) with a coefficient of variation of 152.5 and 

187.9 for the laboratory effluent and stream mesocosm test, respectively.  The spikes in turbidity 

responsible for this variation observed during mid-October, 2001 (Figure 4) coincide with rain 

events totaling 12.3 cm between 10-5-2001 and 10-13-2001 measured at a NOAA weather 

station in southeast Denton, TX (NOAA NCDC web site).  An increase in depth and a drop in 
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specific conductance (data not shown), also indicating precipitation, for this time period were 

recorded in Pecan Creek as a result of water quality monitoring performed cooperatively by the 

University of North Texas, the City of Denton, and U.S. EPA in the EMPACT (Environmental 

Monitoring for Public Access and Community Tracking) program (ECOPLEX web site).  TOC 

concentrations in the RHW test and effluent tests were 3.0 (+/- 2.24) mg/L and 8.96 (+/- 1.06) 

mg/L, respectively.  This measured RHW TOC value is a mean of TOC measurements taken in 

exposure chambers that includes the organic carbon added by the addition of YCT and Hyalella 

waste and not a mean of measurements of newly formulated RHW.  Measured aqueous total and 

dissolved cadmium concentrations are presented in Table 5.  Measured Cd concentrations were 

more variable in the stream mesocosm exposure than the laboratory exposures due to the 

difficulty in maintaining constant Cd concentrations over a 42-day exposure period in an outdoor 

flow-through system (Table 5).  Higher variability in measured aqueous Cd concentrations was 

observed in both effluent tests relative to the RHW exposure due to the difficulty associated with 

the measurement of metals in a complex effluent (Table 5). 

Mortality 

All tests met the acceptability requirement of 80% control survival on Day 28 set by US 

EPA (2000) for a 42-day H. azteca sediment test; however, high (55.0 %) mortality in the control 

group of the laboratory RHW test at Day 42 should be noted.  The LC50 with associated 95% 

confidence limits, NOEC, LOEC, and GM-MATC (geometric mean - maximum acceptable 

toxicant concentration) for Day 28 and Day 42 of each test are shown in Table 6.  Relative 

sensitivity of the mortality endpoint throughout the three tests was as follows: laboratory (RHW) 

>> laboratory (effluent) > stream mesocosms.  The calculated LC50s for the laboratory effluent 

test Day 42 and the laboratory RHW test Day 28 are estimates obtained by extrapolation due to 
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the fact that treatment levels did not bracket the 50% response level.  LC50 values were adjusted 

by Abbott’s Correction, which normalizes data to control values (Finney 1977).  While not true 

water effect ratios (WER) as defined by US EPA (1994) because all tests were not conducted 

side-by-side, LC50 and GM-MATC effect ratios were calculated in order to compare the 

mortality endpoint of each of the three tests.  These ratios are presented in Table 7. 

Growth 

 Growth data (as dry weight per organism) are presented in Figure 11 for Day 28 and 

Figure 12 for Day 42.  Mean weight of organisms in the controls on Day 42 in the stream 

mesocosm test (1.62 (+/- 0.33) mg/organism) was approximately three-fold that of the laboratory 

effluent test (0.48 (+/- 0.13) mg/organism) and four-fold greater than the laboratory RHW test 

(0.40 (+/- 0.06) mg/organism).  The Hyalella from the 0.3125 and 2.5 treatment levels from Day 

28 of the laboratory RHW test weighed significantly less than controls (p = 0.0213).  All other 

treatments (Days 28 and 42) that were not statistically significantly different than controls for 

mortality were not significantly different than controls for growth.  Figure 13 shows differences 

in size and appearance of control organisms from all three tests on Day 42.  Stream mesocosm 

organisms were much larger and darker in color than organisms from both of the laboratory tests. 

Reproduction 

 Reproduction data, as number of young per female, are presented in Figure 14.  All 

treatments that were not statistically significantly different than controls for mortality on Day 42 

were not significantly different than controls for reproduction.   Mean reproduction in the 

controls on Day 42 in the stream mesocosm test (22.93 (+/- 9.53) young/female) was 

approximately four-fold that of the laboratory effluent test (5.62 (+/- 2.81) young/female) and 

approximately 24-fold greater than the laboratory RHW test (0.97 (+/- 1.69) young/female).  The 
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number of young per female was highly significantly correlated (p < 0.0001, rs = 0.7812) with 

weight per organism across the three tests. 

Body Burden 

Day 28 and Day 42 measured Cd body burden data are presented in Table 8. Average 

bioaccumulation factors (BAFs) for each of the three tests were calculated by dividing the mean 

measured Cd body burden in µg/g or ppm Cd by the mean measured total aqueous Cd 

concentration (ppm) at each treatment level for Day 28 and Day 42 and obtaining an average of 

these ratios.  The calculated average BAFs were: 2,580.6 (stream mesocosm test) < 3,625.9 

(laboratory effluent) < 7,382.0 (laboratory RHW).  This indicates that Hyalella exposed in 

reconstituted water accumulated a much higher percentage of ambient Cd than did the Hyalella 

in the effluent tests.  

 

Discussion and Conclusions 

 

Despite the fact that the RHW had a higher mean hardness value (162.7 mg/L as CaCO3) 

than the effluent (139.6 mg/L as CaCO3), significant reductions in survival were observed at 

much lower concentrations in the laboratory RHW test than in the laboratory effluent and stream 

mesocosm exposures (Tables 6 and 7).  This is due, in part, to a reduction in bioavailability 

caused by the much higher mean TOC content of the effluent (8.96 mg/L) versus the RHW (3.00 

mg/L).  The presence of other binding ligands such as Cl- and SO4
2- (not measured) in the 

complex effluent that may not have been as prevalent or absent in the RHW could have also 

played a role in reducing bioavailability (Stephenson and Mackie 1989).  Therefore, when 

compared to the more complex effluent, the use of RHW overestimates toxicity.  However, poor 
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reproduction, growth, and high control mortality late in the 42-day RHW test indicates that the 

specific RHW used may not be suitable for long-term Hyalella testing and the results from the 

RHW exposure should be interpreted with caution.  US EPA (2000) notes that there has been 

variable success using reconstituted waters for long-term (> 10 day) Hyalella tests in other 

laboratories (McNulty et al. 1999, Kemble et al. 1998, 1999).  It is recommended that further 

long-term water-only exposures with reconstituted waters of differing composition be conducted 

to investigate this problem.  Other possible sources of water for use in long-term Hyalella testing 

are dechlorinated tap water or well water from a known-to-be uncontaminated site.  Initial testing 

has resulted in 97.5% survival in 42-day water-only Hyalella tests with dechlorinated tap water 

using cotton gauze as a substrate (Stanley and Kitamura, unpublished data).  The relatively poor 

health of the RHW control organisms might also be explained, in part, by a lower food quality 

than the organisms exposed in the effluent due to the fact that algae and other organic materials 

that were present in the effluent may not have been available as a food source to the organisms 

exposed in RHW. 

 Despite the same water source and approximately the same Cd concentration (Table 5) in 

the laboratory effluent and stream mesocosm tests, there were marked differences in all 

endpoints measured between these two tests.  Significant mortality on Day 42 was seen at much 

lower concentrations in the laboratory effluent test than in the stream mesocosm test (Tables 6 

and 7).  Also, organisms exposed in the stream mesocosms grew to be much bigger and had 

many more young per female than the organisms exposed in the laboratory effluent test (Figures 

11 – 13).  This difference in growth and reproduction between the two effluent tests shows that 

the general health of the Hyalella caged in the stream mesocosms was greater than that of their 

laboratory counterparts.  I believe that this disparity is due to one or a combination of the 
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following reasons.  First, there was notable algal growth inside the stream mesocosm cages that 

was not present in the beakers of the concurrent laboratory study.  This likely served as an 

additional food source for the stream mesocosm Hyalella, allowing them to grow larger and thus 

reproduce more, as growth has been shown to be significantly correlated with reproduction in 

Hyalella (Moore and Farrar 1996) and other invertebrates.  Second, despite the fact that care was 

taken to disturb the Hyalella as little as possible, the added stress of test renewals by pipette 

every three days could have had a negative impact on the overall health of the laboratory 

organisms.  Lastly, because water for renewals of the laboratory effluent test were taken as grab 

samples from the effluent and the stream mesocosm test was flow-through, it is possible that 

differences in water quality could have played a role in observed differences in measured 

endpoints even though mean water quality measurements were similar (Table 4). 

The Biotic Ligand Model (BLM) is a recently developed tool that uses measured water 

quality parameters to predict site-specific metal speciation, bioavailability, and toxicity to select 

aquatic organisms (DiToro et al. 2000).  Versions of the BLM exist for copper and silver; 

however, the Cd BLM, as well as versions for zinc, lead and nickel, are currently under various 

stages of development and US EPA review (Brooks 2003).  Because water quality endpoints 

measured in these experiments are those needed to use the BLM, data from this study would be 

ideal to test the predictive capability of the model once the Cd BLM is completed and the 

appropriate model parameters are calculated to allow the model to predict toxicity to H. azteca.  

Future research should be directed in this area. 

These experiments demonstrate the difficulty in using laboratory toxicity testing to 

accurately predict the fate and effects of cadmium to aquatic invertebrates in more complex 

systems.  Both laboratory exposures were conservative in relation to the stream mesocosm 
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exposure; however, the laboratory exposures overestimated the toxicity shown in the streams and 

were not good predictors of the exposure/effects scenario in the stream mesocosms.  This 

research also further demonstrates the utility of using Hyalella in water-only laboratory and 

caged in situ toxicity testing. 
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TABLES 

 

Table 1  Use of Stream Mesocosms: Physical Parameters.  Adapted from Kennedy et al. (2003). 

  
References      Circulation          Length/Size             Volume/Flow 
 
Austin et al. 1991   FT    0.245 m   18.0 L/min 

 
Belanger et al. 1990   FT    0.76 m    1.0-1.6 L/min 
Clements et al.1990 

Clements 1999    
Farris et al. 1994 
 
Belanger et al. 1993, 1995, 2000 FT    12.0 m    166.0 L/min 
Guckert et al.   1993          
Lee et al.  1997        
      
Dorn et al. 1996, 1997a, 1997b FT    4.9 m    77.0 L/min 
Gillespie et al. 1996, 1997, 1998    
Harrelson et al. 1997 

Kline et al. 1996     
 
 
  
Copyright 2003 by CRC Press.  Used by permission.       **Table Continues** 
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Table 1  (continued) 
 
References      Circulation   Length/Size             Volume/Flow 
 
Haley et al.  1995   FT    110.0 m   1,241.0 L/min 
Hall et al.  1991  
 
Hermanutz et al. 1992 FT    520.0 m   0.57 m3/min (winter), 

                   0.76 m3/min       
 
Kreutzweiser and Capell 1992 FT    6.0 m    14.0 L/min 
 
Crossland et al.  1992   PRC    5.0 m    10.0 L/h 
Maltby 1991   
Mitchell et al. 1993   
Pascoe et al.  2000  
 
Richardson and Kiffney 2000  FT    2.5 m    0.1-0.2 L/s 
 
Note:  RC = recirculating.  FT = flow-through.  PRC = partially recirculating.  Single-spaced references imply the use 

of the same systems.
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Table 2 Use of Stream Mesocosms: Chemicals Tested and Response Variables.   
Adapted from Kennedy et al. (2003).   

       
Reference             Chemical(s)  Structural    Functional 
 
Austin, et al. 1991   herbicide  A, biomass   
(periphyton) 
         
Belanger, et al. 1990   Cu        mortality, growth,  
(clams)            bioaccumulation 
 
Belanger, et al.  1993   surfactant       mortality, growth, 
(clams)            reproduction,  

    cellulolytic enzyme     
     activity, larval 

         colonization 
   

Belanger, et al.  1995   surfactant  A, biomass, H´   drift 
(invertebrates)            trophic functional  
             feeding group 
 
Belanger, et al.  2000   surfactant  A, biomass, H´   productivity,  
(periphyton, protozoa,          biodegradation of  
invertebrates)            test chemical   
 
Clements, et al. 1990   Cu   A 
(invertebrates) 
 
 
Copyright 2003 by CRC Press.  Used by permission.       **Table Continues** 
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Table 2  (continued) 
       

Reference              Chemical(s)  Structural    Functional 
 
Clements 1999   Cd, Cu, Zn  A     invertebrate  
(invertebrates)           survival, drift,  

predation rate 
 
Crossland,, et al. 1992  effluent  A                feeding rate, drift 
(invertebrates) 
    
Dorn, et al.  1996, 1997a, 1997b LAE   A, biomass    drift, mortality,  
(fish, invertebrates,           growth,reproduction,  
macrophytes, periphyton)          chlorophyll &  

pheophytin  
content 

 
Farris, et al.  1994   Zn        cellulolytic enzyme  
(clams and snails)          activity,  

bioaccumulation 
 
Gillespie, et al.  1996, 1998  LAE   A      drift 
(invertebrates) 
 
Gillespie, et al.  1997   LAE   A       feeding rate, drift 
(invertebrates) 
 
 

**Table Continues** 
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Table 2  (continued) 
       

Reference              Chemical(s)  Structural   Functional 
 
Guckert, et al.  1993   surfactant  A, functional    primary production, 
(periphyton, protozoa,      group composition,  drift, recruitment 
invertebrates)       H´ 

 
Haley, et al. 1995   effluent  A, biomass, H´  mortality, growth,  
(fish, invertebrates,          histopathology,  
periphyton)           chlorophyll,  

   production 
 
Hall, et al. 1991   effluent  A, biomass   mortality, growth,  
(fish, invertebrates,          histopathology,  
periphyton)           reproduction,  

    chlorophyll, 
production 

 
Harrelson, et al.  1997   LAE       mortality, growth,  
(fish)            reproduction,  

behavior 
 

Hermanutz, et al. 1992  Se       bioaccumulation,  
(fish)            mortality, growth,  

development, reproduction 
  
 

             **Table Continues** 
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Table 2  (continued) 
       

Reference             Chemical(s)   Structural   Functional 
 
Kline, et al.  1996   surfactant  A    mortality, growth,  
(fish, zooplankton)           reproduction, 
             swimming performance 
        
Kreutzweiser and Capell 1992 pesticides      mortality, drift 
(invertebrates)      
     
Lee, et al.  1997   surfactants   A, community   surfactant  
(periphyton)       biovolume   biodegradation,  
           heterotrophic respiration 

         
Maltby 1991    effluent      scope for growth 
(invertebrate)     
 
Mitchell, et al.  1993   lindane   A    drift, feeding rate, 
(invertebrates, periphyton)         photosynthetic rate 
 
Pascoe, et al.  2000   Cu, lindane,  A, biomass   drift, precopula        
(invertebrates, periphyton)  3,4-dichloroaniline     disruption, growth, 
     (DCA), atrazine     photosynthesis, 
             chlorophyll 
 
Richardson and Kiffney 2000 Cu, Zn, Mn, Pb A    emigration (drift),  
(invertebrates, periphyton)        chlorophyll, 

       bacterial respiration 
 
Note: H´ = diversity. A = abundance. LAE = linear alkyl ethoxylate surfactant. 
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Table 3 Stream Mesocosm Treatment Level Assignments 
 
         Stream #  Nominal Treatment Level 
  

3 & 11    Control 
 4 & 12    5.0 ppb 
 2 & 7    20.0 ppb 
 5 & 9    80.0 ppb 
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Table 4 Mean (+/- 1 SD) Water Quality Parameters.  ND = Non Detect. 
 
    Laboratory (Effluent) Streams  Laboratory (RHW) 
     
DO     5.9 (1.1)   6.7 (1.1)  6.1 (1.8) 
(mg/L) 
  
pH    7.1 (0.2)   7.0 (0.3)  7.9 (0.1) 
 
Temperature    25.3 (1.5)   24.5 (1.6)  24.3 (0.9) 
(C) 
 
SpCond   712.2 (21.8)   715.7 (28.9)  557.2 (34.1) 
(uS/cm) 
 
Turbidity   18.3 (27.9)   19.0 (35.7)  1.15 (0.7) 
(NTU) 
 
NH4

+     1.1 (1.2)   1.1 (1.1)  ND 
(mg/L) 
 
Hardness   139.6 (9.0)   139.6 (9.0)  162.7 (6.1) 
(mg/L as CaCO3) 
 
Alkalinity   87.7 (13.3)   87.7 (13.3)  109.3 (4.1) 
(mg/L as CaCO3) 
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Table 5 Mean Measured Aqueous Cd Concentrations (ppb (+/- 1 SD)) 
Nominal   Total   Dissolved 

 
Streams Control   3.00 (1.67)  not measured  

5.0     6.82 (3.56)  not measured 
20.0    22.97 (10.48)  not measured 
80.0    77.35 (30.80)  not measured 

 
Laboratory Control    1.53 (0.82)  0.98 (0.39)   
(Effluent) 5.0    4.53 (0.57)  3.49 (0.59) 

10.0    10.35 (0.49)  10.08 (0.88) 
20.0 18.81 (1.22)  15.07 (2.60) 
30.0     29.23 (3.44)  23.41 (4.64) 
80.0    77.13 (1.88)  68.64 (4.92) 

 
Laboratory Control   ND   ND 
(RHW) 0.3125    0.48 (0.04)  0.40 (0.09) 

0.625    0.94 (0.10)  0.69 (0.08) 
1.25    1.34 (0.05)  1.11 (0.15) 
2.5    2.49 (0.11)  1.99 (0.28) 
5.0    5.09 (0.42)  3.35 (0.30) 
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Table 6  Mortality Endpoints (ppb Cd) 
 
          95% Confidence Limits 

      Test Day  LC50*  Lower Upper  NOEC           LOEC    GM-MATC 
 
Laboratory (effluent) 28  18.77  14.40 22.15  < 4.53  4.53  2.63 
    42      4.45** (< 4.53) 0.00 11.39  < 4.53  4.53  2.63 
 
Laboratory (RHW)  28      5.66** (> 5.09) 3.78 18.02  2.49  5.09  3.56 
    42  1.12  0.57 1.63  0.48  0.94  0.67 
 
Streams   28  14.22  12.39 16.32  6.82  22.97  12.52 
    42  14.10  9.99 16.73  6.82  22.97  12.52 
 
           *  Corrected with Abbott’s Formula 
 

**  Values are estimates obtained by extrapolation.      
      Treatment levels did not bracket LC50. 
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Table 7 LC50 and GM-MATC Effect Ratios  
 
        Day 28       Day 42       Average of Day 28 and Day 42 
 
    LC50 GM-MATC  LC50 GM-MATC  LC50 GM-MATC 
 
Laboratory (effluent) 3.32 0.74   3.99 3.93   3.65 2.34 
Laboratory (RHW) 
 
Streams            2.51 3.51   12.65 18.67   7.58 11.09 
Laboratory (RHW) 
 
Streams   0.76 4.76   3.17 4.76   1.96 4.76 
Laboratory (effluent) 
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Table 8  Day 28 and Day 42 Cd Body Burdens (µg/g Cd (+/- 1 SD).  ND = Non Detect 
 

Laboratory (RHW)    Laboratory (Effluent)    Streams 
 
Treatment            Treatment        Treatment                            
Level  D 28  D 42        Level         D 28    D 42  Level        D 28    D 42 

 
 Control  ND  ND  Control         1.82 (0.34)     0.06 (0.13) Control        1.40 (0.20)        0.74 (0.21) 
 0.3125  0.59 (0.14) 0.61 (0.11) 
 0.625  0.84 (0.27) 1.00 (0.32) 
 1.25  4.53 (0.95) 24.80 (4.86) 
 2.5  32.18 (5.15) 41.49 (7.36) 
 5.0  41.18 (6.63) 49.87 (5.09)     5.0         20.70 (4.80)     25.08 (5.37)  5.0        20.94 (2.09)      18.48 (5.35) 
                                                                   10.0         42.92 (7.84)     52.74 (6.29) 
                                                                    20.0         50.84 (6.52)     71.15 (5.07)  20.0              96.74 (15.50)    109.77 (10.56) 
                                                                    30.0         126.20 (7.32)   142.6 (19.85) 
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FIGURES 

 

Figure 1  The University of North Texas Stream Research Facility  
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Figure 2 Stream Channel, Pool, Multi-probe, and Hyalella Cages 
 

 
 
 
 
 
 



 36

Figure 3 Hyalella cage 
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Figure 4 Daily Mean Effluent Turbidity (error bars are +/- 1 SD) 
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Figure 5 Laboratory Effluent Test Day 28 Mortality (error bars are +/- 1 SD; asterisks     
                        indicate statistically significant difference from control) 

                                                                                                                                                         
 
 
Figure 6 Laboratory Effluent Test Day 42 Mortality (error bars are +/- 1 SD; asterisks    
                        indicate statistically significant difference from control) 
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Figure 7 Stream Mesocosm Test Day 28 Mortality (error bars are +/- 1 SD; asterisks    
                        indicate statistically significant difference from control) 

 
Figure 8 Stream Mesocosm Test Day 42 Mortality (error bars are +/- 1 SD; asterisks    
                        indicate statistically significant difference from control) 
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Figure 9   Laboratory RHW Test Day 28 Mortality (error bars are +/- 1 SD; asterisk    
                        indicates statistically significant difference from control)  

 
 
Figure 10   Laboratory RHW Test Day 42 Mortality (error bars are +/- 1 SD; asterisks    
                        indicate statistically significant difference from control) 
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Figure 11 Day 28 Mean Weight per Organism (error bars are +/- 1 SD; asterisks    
                        indicate statistically significant difference from control)  

 
 
 
 
 
Figure 12 Day 42 Mean Weight per Organism (error bars are +/- 1 SD) 
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Figure 13 Control Organisms - Day 42 
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Figure 14 Day 42 Reproduction (error bars are +/- 1 SD) 
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