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Concentrations of selenium (Se), manganese (Mn), zinc (Zn), cadmium (Cd), lead

(Pb) and arsenic (As) were measured in the water column, sediment and biota, in conjunction

with selected physicochemical data, from representative wetland types at a mining site within

Salt Lake County, Utah, USA. The selected field sites included Oolitic Pond (lentic) and Lee

Creek (lotic), which are moderately contaminated brackish, alkaline aquatic wetlands

managed by a copper mining industry. These fishless wetlands are located in a geographic

region that poses risk to migratory shorebird populations from dietary Se. A spatial sampling

study demonstrated the extent of variation in total Se concentration within the wetlands. With

the exception of the sediment compartment, Se concentration did not differ significantly along

the 2-mile length of Lee Creek or within the Pond. The differences in sediment total Se

concentrations between the Creek East and West segments characterize lower Lee Creek as

having two segments distinguished by unique processes that influence the sediment Se

accumulation profiles. Se accumulation trends were observed temporally over 3-years (2000

to 2002) and over two seasons (spring and autumn). Total Se body burden in benthic

invertebrates was more clearly associated with sedimentldetritus Se concentrations than with

surface water concentrations. Three invertebrate groups dominated the aquatic invertebrates

assemblage in the lotic and lentic benthos; primary consumers (Chironomidae, Diptera),

generalist feeders (Hemiptera) and predators (Odonata). The chironomid larvae accumulated

1.3 to 39 times the trace metal concentrations of the Hemiptera or odonate taxa, independent

of trace metal type (essential or non-essential) or wetland occupation. Organism-specific

factors, such as habitat selection and preferential feeding habits, were proposed to influence

benthic invertebrate accumulation profiles by modifying trace metal exposure. Mixed diets,

trophic omnivory and the complexity of wetland biogeochemistry limit the power of stable
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nitrogen fractionation signatures to define benthic food web relationships. Wetland site-

specific processes impacted Se accumulating efficiency, with trace metal concentrations from

4 to 7 times greater within the lentic benthic system than the lotic. The fractionation of the

natural abundant stable carbon isotopes revealed the importance of sedimentary and detrital

organic carbon as dietary sources for the benthic food web. Sediment organic content was not

significantly associated with sediment, or invertebrate, Se accumulation profiles. Ecological

risk assessments based on sound understanding of metal chemistry and the interactions

between the sediment matrix and benthic organisms are necessary to provide tools for

environmental management.
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CHAPTER 1. INTRODUCTION

BACKGROUND

Selenium and trace metals

Trace metals have certain unique properties and characteristics, distinct from organic

substances, which create difficulty in determining ecological risk (1). Because they are

naturally occurring and ubiquitous in the environment, metals can concentrate at a particular

site (e.g. related to a specific point source discharge) or on a regional scale (e.g. related to a

particular watershed) due to natural processes. Metals can occur in the environment in various

chemical forms. These different forms influence availability, hence extent of toxic effect, to

organisms. The bioavailability and persistence of metals are generally controlled by external

environmental conditions. These characteristics create challenges when assessing risk of

metals in ecosystems.

Organisms have adapted to a wide range of metal concentrations, having developed

detoxification pathways (transformation, storage and excretion) for regulating excessive metal

uptake. Metals can be essential for biotic health, resulting in an effect threshold for both

deficiency and excess. This creates uncertainty in the use of the bioaccumulation factor (BAF)

as standard body burden indices of toxicity (1, 2). Essential metals, such as manganese (Mn),

zinc (Zn), selenium (Se), and potentially cadmium (Cd) are necessary for the normal growth,

development and reproduction of organisms (1). As a cofactor of superoxide dismutase, an 02

evolving enzyme, Mn catalyzes essential life processes that involve electron transfer (e.g.

respiration and nitrogen fixation). Zinc i s a c ofactor o f DNA and R NA p olymerase and i s

involved in the hydrolytic transformation of carbon dioxide; Cd has been shown to play a role

in the carbonic anhydrase enzyme when Zn levels are depleted. Se is a metalloid that is

mediated by a DNA directed process into an enzyme (glutathione peroxidase) as the

selenocysteine amino acid. This enzyme is critical for combating oxidative damage at a

cellular level.

Trace metals, including essential metals, act as toxicants at some concentration when

accumulation rate exceeds the rate of detoxification and elimination (3). For example, Se is an

environmental teratogen to oviparous wildlife (avian and fish) exposed to relatively low

concentrations in the diet (<4 pgIg) and surface water (20 .tg/L) (4). Historical evidence of

severe impact by Se to populations of fish species at Belews Lake, North Carolina (5, 6) and

migratory shorebirds and waterfowl nesting at Kesterson Wildlife Refuge (7, 8) demonstrated

the need for increased research into Se toxicity in aquatic systems. Table 1.1 provides a range
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of toxic concentrations of Mn, Zn, Cd, Pb, As and Se to avian, fish and aquatic invertebrate

organisms from various water and dietary exposure pathways. Depending on the organism or

metal, the extent of accumulation, and the difference between essentiality and toxicity, can be

quite large (3).

Table 1.1. Trace metal toxic concentrations in organisms from various exposure sources.

Element Organism Source aCOfle Effect

Mn N/A

Zn bHen Diet 32 Reproduction

As bMallard Diet 0.0 11 Reproduction

Cd 'Mallard Diet 4.4 Reproduction

Pb bQuail Diet 0.066 Reproduction

Se bMallard Diet 0.71 Reproduction

cFish Diet 4 to 11 Reproduction

dAquatic Invert Freshwater 2 to 25 Change in diversity

aConcentration: water matrix tg/L; solid matrix ig/g dry weight, bUS EPA 2003

cDeForest D.K. et al. 1999, Lemly 1993. Note: site to site variability has been demonstrated

for fish and birds., dAquatjc invertebrates: Crane et al 1992

Trace metals in aquatic food webs

Wetlands are biogeochemical complex aquatic systems, known to retain and

concentrate trace metals that are mobilized (i.e. soluble) due to environmental (e.g.

precipitation, volcanic activity) and anthropogenic (e.g. irrigation, coal combustion, and

mining) processes. The presence of microbial colonies in oxygen-depleted zones of wetlands

creates reactive e nvironments that allow for the transformation and transitioning of a wide

array of nutrients, metals, and pollutants. As a result of unique biogeochemistry, wetlands are

often designed to remove and remediate organic and inorganic toxins introduced via surface

waters. Wetlands range in size, function and hydrologic dynamics, but common factors

include hydrophytic vegetation and inundation of water for periods of time.

A food web is an interconnected web of food chains representing the feeding

relationships of organisms within an ecosystem. The detritus food web is a food chain

pathway in which the living primary producers (green plants) are not consumed by grazing

herbivores, but eventually form litter (detritus) on which decomposers (microorganisms) and

detritivores feed, with subsequent energy transfer to various levels of consumers. The key
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distinction between the detritus versus a grazing pathway lies in the fate of the primary

producers.

Trace metals are found ubiquitously in aquatic environments, including surface water,

sediment, and biota. In these environments, metal chemistry includes numerous oxidation

states and forms (e.g. soluble, insoluble and sorbed). Mobility and availability of trace metals

range with chemical form and compartmentalization, and are determined by physical-chemical

properties such as dissociation constants, solubility and reduction-oxidation potentials (9).

For example, Sc can exist in numerous oxidation states (VI, IV, 0, -II) and as inorganic and

organic compounds in natural aquatic systems. Upon introduction into the surface water, the

inorganic oxyanions selenate [Se (VI)] and selenite [Se (IV)] cycle to the sediment

compartment upon complexation, reduction, assimilation, transformation and mineralization

processes (10, 11). Schematic 1.1 provides an example of processes mediating Se transitioning

between surface water, sediment and biota in the San Francisco Bay, CA, USA.

Schematic 1.1. Conceptual model of selenium cycling from the dissolved state to consumer
organisms (e.g., bivalves, fish) in the San Francisco Bay, California
http://web.odu.edu/webroot%5Corgs%5CSCI%5Ccolsciences.nsf/pages/ocen cutter_spec
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In freshwater systems, trace metals have high bioconcentration factors (surface water

to biota concentration ratios). Though it has been established that metals bioaccumulate from

food source to aquatic invertebrates, they show limited ability to biomagnify up the aquatic

invertebrate food chain (3). Though biomagnification has been observed in a few cases within
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fish food webs (12), Se does not significantly biomagnify through both terrestrial (13) and

aquatic (2, 14) food chains. Trace metal biomagnification is not, however required for toxic

effects to occur. Lab studies show a clear association between the biotransfer of Se from prey

to predator with developmental and mortality effects for the predator (13). Concurrently,

empirical and laboratory evidence indicate the significance of accumulation and toxic

response from metal trophic transfer through the food web as compared to availability from

water (15, 16). Thus it is necessary to consider trace metal association with dietary source

concurrently with aquatic organism metal body burdens when assessing trace metal

accumulation behavior in aquatic systems.

Trace metals and ecotoxicity

The regulatory criterion for a trace metal in aquatic systems is under constant

challenge, and currently metals and metal compounds are under review for means to classify

persistence, bioaccumulation and toxicity (PBT) to aquatic organisms (17). The ability to

perform protective and reasonable ecological risk assessments for trace metals is limited

because of the characteristics sited above and the complexity of biological, chemical and

physical processes in aquatic systems. Site specific production of various chemical states and

trace metal forms mediate the extent of availability, rate of accumulation and assimilation by

aquatic organisms making up the food web of sensitive fish and bird species. Commonly,

surface water is monitored and risk extrapolated to organisms from the dissolved trace metal

concentrations. For a trace metal threshold to be appropriate it must be based on a
bioaccumulation model that a ccounts for the site-specific factors that influence trace metal

form and availability to organisms (18) and to consider the most appropriate matrix for the

toxicological endpoint and organism at risk (19).

The freshwater quality criteria for Se is currently under challenge (20) and alternative

criteria assessments are under development (18, 21). Assessment of a site-specific based

approach is offered as a means to account for differences in the bioaccumulation potential of

Se in natural systems (22). Empirical evidence indicates a distinct influence of hydrodynamic

processes (e.g. higher flushing rates and lower sediment and surface water biotic productivity

within flowing water as compared to standing water aquatic systems) on Se food web

accumulation patterns (21, 23, 24). Despite the recognition of sediment as an accumulator and

facilitator of trace metals into food webs, knowledge of the behavior of trace metals in

freshwater sediments and subsequent effects on biota is not extensive (25). Canton and Van

Derveer offer a sediment-based criterion for Se, which indicates the importance of sediment

organic matter (OM) in the transition of Se from surface water to sediment (24, 26).



Concurrently, risk assessment studies need to consider concentrations of metals in field

populations of benthic invertebrates as valuable indicators of the degree of contamination and

potential risk to higher trophic wildlife. Lab and field observations have detennined dietary

source to be equal or greater importance for availability to and assimilation by aquatic

organisms (16, 27). Thus site-specific processes, which include water hydrodynamics (flowing

versus standing), sediment characteristics (OM) and ecology (food webs) are suggested to

influence selenium form, availability, and food web accumulation, indicating these factors

offer valuable perspectives when considering the challenges of developing selenium

freshwater criteria to be protective of wildlife populations utilizing aquatic systems.

Geographic significance and research opportunity

Kennecott Utah Copper (KUC), a major producer of copper, gold and molybdenum

located in Salt Lake County, Utah, is the United State's third largest copper producer. During

100 years of mining activity, natural wetland systems to the northwest of the Oquirrh

Mountain Range have been heavily manipulated resulting in changes to landscape features,

hydrology or biogeochemical processes. Located along the migratory bird flyway, these

ecosystems support feeding and nesting activities of songbirds, migratory shorebirds and

waterfowl (28-30). This region is also composed largely of marine sedimentary rocks of

Cretaceous age, an important source of selenium in the western United States (31).

In the 1990's, KUC began initial environmental clean-up of select areas within the

Garfield Wetlands under the guidance of U.S. Environmental Protection Agency (USEPA)

and Utah State Department of Environmental Quality (DEQ) (32). By 1998, an ecological risk

assessment, performed by contract agencies, determined that Se might potentially impact

populations of migratory shorebirds utilizing the Garfield Wetlands. Efforts to decrease

artesian well and aquifer movement into the wetlands were undertaken (30, 32, 33); the

Oolitic Ponds, located in the western portion of Garfield Wetlands, were not included for

remediation. In 1995, KUC purchased 5,500 acres of land for mitigation purposes under the

Wetland Protection Act. This land is now maintained as the Inland Sea Shorebird Refuge

(ISSR), providing protected and managed wet pools for migratory bird nesting and feeding

use. The southwest section of the ISSR is inundated by Lee Creek, a freshwater spring flowing

from north of the Mine Tailings Impoundment (MTI) westwards towards the Great Salt Lake

(GSL). Historically, water from springs and artesian wells from west of the MTI was diverted

to the lower Lee Creek for discharge into the GSL, but this discharge no longer occurs (33).

In 2000, KUC funded a research project through Oregon State University to

investigate selenium accumulation in naturally occurring aquatic food webs. The Oolitic Pond



located in the Garfield Wetlands west of the railroad tracks, and a two-mile section of lower

Lee Creek, are hydro-dynamically distinct aquatic systems selected as study sites. There were

two main objectives for the research project: (1) To determine site-specific influences on Se

distribution in the lotic and lentic freshwater systems, and (2) To compare Se distribution with

that of other trace metals in the selected wetlands. The research objectives, divided into a

number of hypotheses with a statement of objectives that introduce the methods used, are

summarized below.

RESEARCH OBJECTIVE 1

To determine site-specific influences on Se distribution in lotic and lentic freshwater systems.

Hypothesis 1. Total selenium concentrations in water, sediment, and aquatic

invertebrates were not significantly different between selected lotic and lentic wetlands.

Objective: To test this hypothesis, we compared total selenium concentrations within

the surface water, sediment and aquatic invertebrates between the selected lotic and lentic

wetlands.

Hypothesis 2. Total selenium concentrations in water, sediment and aquatic

invertebrates collected from the lotic and lentic wetlands were not significantly different

between years or between seasons

Objective: To test this hypothesis, we compared total selenium concentrations within

the surface water, sediment, and aquatic invertebrates of the selected lotic and lentic wetlands

between four collection events which span three years (2000, 2001, 2002) and two seasons

(Spring and Fall).

Hypothesis 3. Selenium chemical forms in the surface water were different between the

lotic and lentic wetlands.

Objective 1: To test this hypothesis, we analyzed selenium concentration in dissolved

and particulate forms, as well as inorganic oxyanion species selenate and selenite, and

compared the distribution between the lotic and lentic wetlands.

Objective 2: To test this hypothesis, we analyzed surface water pH, dissolved anion

concentrations, total dissolved solids and dissolved organic solids and related these parameters

to selenium concentration and chemical form.
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Hypothesis 4. Total selenium concentrations in the selected lotic and lentic wetlands

changes (A) from selenium source (surface water, sediment and detritus) to

invertebrates.

Objective: To test this hypothesis, we compared total selenium concentrations within

the surface water to the sediment and aquatic invertebrates, and compared total selenium

concentrations within the sediment to the aquatic invertebrates for both lotic and lentic

wetlands.

Hypothesis 5. Total selenium concentrations in sediment and invertebrates collected

from the selected lotic and lentic wetlands were influenced by the organic matter content

of the sediment compartment.

Objective: To test this hypothesis, we will investigate whether a relationship exists

between increasing sediment and detritus organic matter and accumulation of total selenium

concentration in sediment, detritus and invertebrates.

RESEARCH OBJECTIVE 2

To compare Se distribution with that of other trace metals in freshwater wetlands.

Hypothesis 1. The distribution of selenium between surface water dissolved and

particulate fractions were different from other trace metal distribution in the lotic and

lentic wetland surface waters.

Objective: To test this hypothesis, we analyzed surface water total selenium and other

trace metal concentrations in dissolved and particulate fractions and compared the distribution

between the lotic and lentic wetlands.

Hypothesis 2. Total selenium concentration changes (A) between invertebrate trophic

levels was different from other trace metal concentration changes (A) in the same

samples collected from the selected lotic and lentic wetlands.

Objective: To test this hypothesis, concentrations of selenium and other trace metals

in the primary invertebrate assemblages characterized in the selected lotic and lentic wetlands

were compared by trophic level related to (1) functional feeding mode and (2) standard

assumptions of nitrogen and carbon stable isotope enrichment signatures.
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ABSTRACT

Selenium (Se) concentrations in the surface water, sediment and invertebrates were

collected from representative wetland types, lotic (flowing water) and lentic (standing water).

The Oolitic Pond (lentic) and lower Lee Creek (lotic) are freshwater wetlands managed by

Kennecott Utah Copper, a copper mining facility located on the southern end of the Great Salt

Lake, UT, USA. The extent of spatial heterogeneity of total Se within the lotic and 1 entic

wetlands was investigated during an October 2 000 s ite visit. The results indicated that the

distribution of surface water, sediment and invertebrate total Se concentrations were spatially

equivalent (P>O.5) within the lentic Pond. Similarly, surface water and invertebrate total Se

concentrations were relatively equal (P>0.5) along the 2 mile length of the lotic Creek

wetland. In contrast, the sediment matrix total Se concentration was distinctly different

between the East and West segments of Lee Creek (P0.5). Total Se concentrations and

sediment organic content were similarly greater in the Creek East segment compared to the

West segment, indicating a possible relationship. The Se accumulation patterns between the

lotic and lentic wetlands were distinct; the Pond contained 2 to 3 times greater sediment,

detritus and aquatic invertebrate Se concentrations than the Creek. Available in water and the

diet, Se can accumulate through aquatic food webs to impact populations of susceptible

wildlife. The quantitative assessment of Se distribution spatially will be used in future

sampling schemes to maximize sampling efforts to investigate the significance of Se food web

accumulation trends between the moderately contaminated lotic and lentic wetlands.
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INTRODUCTION

The uniqueness of selenium (Se) as an environmental toxin is due to natural

distribution within alkaline soils, function as an essential element and unique chemical

characteristics. Selenium is released naturally into aquatic systems through weathering from

rocks under alkaline and oxidizing conditions (1), and upon anthropogenic activities, such as

coal-processing and irrigation (2, 3). Selenium can occur in the environment as various

chemical forms and within all matrices, e.g. water, sediment and biota. The mobility of Se

chemical forms range from higher oxidation dissolved oxyanions to adsorbed particulate,

elemental insoluble and organic transformation products bound in living or dead tissue

matrices (4). The persistence of Se chemical forms are controlled by external environmental

conditions (5). Wetlands are unique aquatic systems where the presence of microbial colonies

in oxygen-depleted sediment zones creates reductive-oxidative environments, resulting in the

transformation, transition and concentration of a wide array of nutrients, metals, and

pollutants. As an environmental teratogen at relatively low concentrations in the diet (< 4

ig/g) and surface water (20 .tg/L), oviparous organisms, e.g. fish and avian, are particularly at

risk from Se concentrated in wetlands (2, 3).

Understanding processes which influence Se transitioning between surface waters,

sediment and aquatic food webs will increase our ability to reduce uncertainties in determining

risk to susceptible migratory shorebird populations. Site-specific parameters, such as

hydrogeochemical and ecological processes, influence Se availability to aquatic organisms and

food web accumulation patterns (6). Tn general, wetlands are characterized by distinct

hydrologic features, e.g. flowing water (lotic) and standing water (lentic). Processes unique to

these systems include higher flushing rates and lower biotic productivity within lotic as

compared to lentic wetland systems. Though lotic and lentic site-specific processes are

suggested to result in differences in aquatic food web accumulation patterns (7), a field study

directly comparing Se distribution in lotic and lentic aquatic ecosystems is currently not

available in the literature.

Kennecott Utah Copper (KUC), a major producer of copper, gold and molybdenum, is

the United State's third largest producer of commercial copper. During 100 years of mining

activity, natural wetland systems to the Northwest of the Oquirrh Mountain Range, Salt Lake

County, UT, have been heavily manipulated by KUC resulting in changes to landscape

features and hydrology. These ecosystems are located along the eastern spur of the Migratory

Bird Pacific Flyway (8, 9). The purpose of this study was to measure total Se concentration in

water, sediment and aquatic invertebrates collected from representative lotic and lentic aquatic
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systems managed by KUC. Samples were collected in a deliberate, quantitative process from

within the fishless Oolitic Pond (lentic) and the lower Lee Creek (lotic) wetland sites, KUC,

UT (Figures 2.1A and B, respectively) for statistical comparisons of differences in mean total

Se concentration within and between sites. Sediment characteristics, such as organic matter

content and distribution of total Se between surface and deep horizons, were investigated to

further characterize the wetlands. The results will reveal the extent of Se concentration range

within the naturally occurring wetlands and provide insight into significant differences in Se

concentration or distribution based on the lotic and lentic hydrologic distinction.

MATERIALS AND METHODS

Sampling

Twenty-seven and 20 locations, respectively, were sampled within the lotic Lee Creek

and the lentic Pond (Figure 2.1). The lower Lee Creek, - 4300 m in length, comprised two

segments bisected by an earth embankment 'pinch-off with a narrow channel for water flow.

Creek East, located east of the embankment, begins at a culvert situated underneath Interstate-

80; the mouth o f Creek West flows directly into the Great Salt Lake. The Pond, which i s

located in Garfield Wetlands west of the railroad tracks, is approximately 150 m by 80 m,

maintained by rainfall and groundwater aquifer system, and exposed to loose mining slag.

Sampling requirements were determined statistically (Equation 1) to maximize the chance that

the number of samples would be adequate for estimating mean selenium concentrations, and

detecting any differences in concentration, between each wetland segment (10).

n = (4,2 + Z) 22 (2) Equation 1

In equation 1, Z = 1.96, Z = 0.84, c2is the variance of total selenium concentrations

within each compartment determined from the spring sample analysis and ö is an arbitrarily

selected effective difference of 2 mg/kg. Z1j2 is the value of a two-sided Z test with alpha set at

0.05. Alpha is set at a probability of 95% as insurance to decrease the possibility of rejecting

the null hypothesis (no significant difference in mean concentrations between segments) when

it should be accepted (Type I Error). The Z value can be found in a Z-table after selection of

an appropriate Power (= 1 - j3). A Power of 80% was chosen for this sample size equation to

ensure a low probability of failing to reject the null hypothesis when the alternative hypothesis

(significant difference in mean concentrations between segments) is true (Type II Error). The

effect difference, 6, is the minimum designated difference that the statistical test will detect as

significant between the null and alternative hypothesis values.



15

A systematic random sample collection method was designated for use within each

wetland site. Each site was divided into sections of equal size (14 lengths of 305 m for the

Creek, and 20 segments of 24 m x 18 m for the Pond). The sampling locations were selected

by random number table. (Figure 2.1A and 2.1B).

Figure 2.1. The lotic lower Lee

Creek and lentic Pond wetland

sites, KUC, Utah. Twenty-

seven sampling locations in 4

segments, were chosen for Lee

Creek (A), and 20 sampling

locations in 3 segments were

designated for the Pond site

(B), October 2000. Individual

sample locations are indicated

by small filled circles within the

highlighted segments.

Sample collection and analysis

Surface water, sediment and aquatic invertebrates were collected as grab samples

from the same location within the wetland sites. Samples were collected into trace metal clean

borosilicate or plastic bags, held at ambient temperatures, transferred to 4°C until initial

processing and then stored at -12°C. Before analysis procedures, solid matrices were

thawed, mixed wet and sub-sampled; liquid matrices were thawed and sub-sampled. Trace
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metal optimum acids were used for all matrix digestion and acidification procedures. The final

concentrations for the solid matrices were c onected for dry weight (dw). Unless otherwise

specified, Se refers to the total Se concentration determined within the environmental

matrices.

Surface water. Two water samples were collected from each location for evaluation

of Se distribution between the dissolved and total recoverable fractions of the water column.

Dissolved waters were filtered through a 0.45 p.m filter during the sampling process.

Quantification of total Se in the water samples was determined by hydride generation atomic

fluorescence spectrometry (HGAFS) (PSA Millenium) (11, 12). Acid recoverable waters were

digested with concentrated nitric acid from 70 to 130 °C for 7 hours (13, 14). An appropriate

dilution factor was applied before analysis. The method detection limit (MDL) was

determined to be 0.02 ugIL.

Sediment. Sediment samples were collected using a resin sediment corer, 5 cm i.d.

and 23.4 cm height. The detritus, described as a flocculant organic layer on the surface of the

sediment derived from the decomposition of aquatic plant and animal remains, was collected

separately as the first 2 cm of the sediment. The sediment depth from 2 to 5 and 5 to 10 cm of

an intact sediment core was deposited into a plastic Ziploc bag. The organic matter content of

the sediment compartment was determined by the Walkley-Black titration method (Nelson &

Sommers, 1996). A heated aqua regia digestion method (15) was employed for recovery of Se

in the sediment matrix. Briefly, 1 g of wet sample was treated with a 3:1 volume of

concentrated HCl and HINO3 and digested from 70 to 130°C for 7 hours. Quantification of Se

from the sediment matrices was determined by HGAFS (12) after a proper dilution factor was

applied. The MDL was 0.04 p.glg, dw.

Aquatic invertebrates. Aquatic invertebrates were collected within the water column

and top 5 cm of the soft sediment layer using a long-handled canvas D-net and placed in

Whirl-Pak© bags at the site. The collected samples were washed through a 500 p.m sieve with

DI water, and from < 1 to 3 g were sorted from the detritus, rinsed a final time with 18.3 m-

cm water, and air dried before storage. Total Se was measured on biota using the acid

recoverable digestion method described previously (Anderson, 1996; U.S.EPA, 1994) with an

appropriate dilution factor was applied before HGAFS determination (12). The MDL was 0.02

p.g/g, dw.

Statistical analysis

A S AS (SAS Institute, Inc., North Caroline, USA, version 8) F -test procedure was

employed for determination of the significance of mean Se concentration differences in
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environmental matrices (water, sediment, detritus, and aquatic invertebrates) within and

between Lee Creek and the Pond. A null hypothesis of no significant difference in Se

concentration between wetland segments was investigated. Wetland segments were designated

based distinct physical characteristics, i.e. differences in water flow, which may influence Se

distribution within an aquatic system. SAS was used to perform the Tukey-Kramer procedure

for unplanned multiple comparisons of segment means. It was assumed that the samples from

each segment were independent from one another. The measurements were untransformed

unless otherwise specified. A first order analysis of variance (ANOVA) was performed to

determine statistical differences in mean S e b etween surface (2-5 cm) and deep (5-10 cm)

sediment samples, and the dissolved and unfiltered water samples.

Quality assurance

Quality control for total Se analysis included reagent blanks, check standards, fortified

samples, and laboratory duplicates; each QC type was included in all sample batches. QC

samples represented 50% of all samples analyzed. Recoveries of fortified samples ranged from

mean 98% to 122%; laboratory duplicates and fortified spike duplicates relative percent

difference (RPD) was <mean 49%. Recoveries of certified reference material (CRM) ranged

from mean 72% to 103%. CRMs included natural waters (NIST 1640) and trace elements in

water (NIST 1643d), as well as the biological tissues; oyster (NIST OT.1556b), non-dried nor

defatted lobster hepatopancreas (CNRC LUTS- 1), dried & defatted lobster hepatopancreas

(CNRC TORT-2), dogfish liver (CNRC DOLT-2), dogfish muscle (CNRC DORM-2), and

apple leaves (NIST 1515). Soil and sediment CRMs compromised estuary sediment (CNRC

PACS-2), marine sediment (CNRC MESS-2), and San Joaquin soil (NTST 2709). Calibration

curves were composed of 5 6 standards; regressions (r2) ranged from 0.97 to 0.99.

The accuracy of recovery was assured by the spike recovery results. Two quality

control samples resulted in compromised reproducibility; the invertebrate spike duplicate

(spike RPD = 30.6%) and the sediment sample duplicate (sample RPD = 48.6%). The

variable sediment sample duplicate results may be explained by the complexity of the matrix

and the use of the heated aqua regia digestion method. This method does not completely

dissolve the silicate matrix and recovery from sandy materials may be incomplete. Therefore

the heated aqua regia digestion method was limited for particularly sandy sediment samples.
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Table 2.1. Sediment percent organic matter (%OM) in Lee Creek East, Lee Creek West and
the vegetated, slag and un-vegetated Pond segments, October 2000. Means with the same
letter code within columns do not differ significantly (P20.05).

Comparison between wetland segments
Wetland segment Sediment %OM

mean ± SD (n)
Within wetland Lee Creek vs Pond

Lee Creek East a a 2.1 ± 0.5 (3)

West b b 1.0±0.1 (4)

Pond vegetated a a 3.1 ± 1.0 (3)

slag a a 2.1±0.0(2)

un-vegetated b a 1.6± 0.2 (4)

Single factor F-test between Creek East and Creek West sediment %OM segment means:
F =16.66, P=0.01
Single factor F-test between the vegetated, slag and un-vegetatated Pond sediment %OM
segment means: F = 5.6, P = 0.04
Single Factor F-test between the Lee Creek and Pond sediment %OM segments means : East
vs Vegetated (F=2.55, d.f.=l, 4, P=0.19), East vs Slag (F=0.02, d.f.=1, 3, P=0.88), East vs Un-
vegetated (F=2.72, d.f.=l, 5, P=0.16), West vs Vegetated (F=18.70, d.f.=1, 5, P=0.0l), West
vs Slag (F=151.54, d.f.=l, 4, P=0.0002), West vs Un-vegetated (F=26.40, d.f.=l, 6, P0.002),
Vegetated vs Slag (F=2.19, d.f.=l,3, P=0.24), Vegetated vs Un-vegetated (F=9.12, d.f.=1,5,
P=0.03), Slag vs Un-vegetated (F=6.70, d.f.=l,4)

RESULTS AND DISCUSSION

Differences in sediment percent organic matter (%OM) between wetlands

The lentic Pond and lotic Creek wetlands were low in low organic matter (<25%

OM), and can be characterized as mineral sediments (Table 1.1). The Pond and Creek East

sediments were determined to have similar organic content (2.2 ± 0.80 %OM, mean ± SD). In

contrast, the Creek West segment contained distinctly less sediment organic content (1.0 ±

0.10 %OM). The distinction between the sediment organic matter content of the East and

West segments of the Creek (Table 1.1) may be associated with the occurrence of the earth-

embankment barrier. The segment east of the earth-embankment is managed by KUC to

provide a shallow, slow water velocity environment for use by the migratory bird populations.

The surface water of Creek East flows directly into Creek West, which consists of narrower

channels and faster velocity water flow. Relative to the West segment, the hydrologic
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conditions in Creek East allows for greater surface water biota settling time to the sediment

compartment. The un-vegetated segment of the Pond contained significantly less sediment

%OM than the vegetated and slag segments (Table 2.1). This difference was no longer

significant when segments for the Pond and Creek were combined (Table 2.1). While the

Creek West segment contains significantly less organic content relative to the Pond and Creek

East sediments, the limited range in %OM (0.9% to 3.8%) and the equivalent OM content

between the Pond and Creek East sediment indicate that the sediment OM may not be a

suitable site-specific factor distinguishing the lotic and lentic wetlands.

Table 2.2. Total Se (tg/g dw) in surface (2-5 cm) and deep (5-10 cm) sediment horizons for
the lower Lee Creek and Pond wetland sites, KUC, UT, June 2000. Means with the same
letter code within columns do not differ significantly (P?0.05).

Wetland segment
mean [total Se] ± SD (n)

Sediment horizon apond (jtglg, dw) bLee Creek (!g"g, dw)

surface (2 -5 cm) a 5.45 ± 1.24 (11) a 0.84 ± 0.51 (3)

deep (5-10 cm) b 1.27±0.10 (6) a 0.59±0.51(2)

Single Factor F-test for comparison of group means between sediment horizons; aLee Creek:
F=O.93, d.f.=1,13 P=0.35; bPond: F20.18, d.f.=1,7, P0.02

Selenium concentration differences between surface and deep sediment horizons

Sediment is a sink and transformer for trace metals in aquatic systems (16).

Knowledge of Se vertical distribution in the sediment compartment provides information on

relative mobility and mixing of Se within the sediment compartment, and potential availability

to sediment-burrowing invertebrates. Analysis of total Se concentration within the surface (2-5

cm) and deep (5-10 cm) sediment depth horizons revealed that overall greater concentrations

of total Se accumulated in the Pond surface sediment relative to the deep horizon (5.45 ± 1.24

tg/g, dw, mean ± SD, and 1.27 ± 0.01 j.tg/g, dw, respectively). Iii contrast, the narrow Se

concentration difference (<0.3 ig/g, dw) between surface and deep horizons of the Creek

sediment were not distinctly different (0.72 ± 0.51 jig/g, dw). The results indicate significant

mixing of the lotic sediment compartment, while the lentic system was characterized with

distinct stratification of Se concentrations vertically. The lentic system experiences annual
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drying and wetting (personal communication, Jennifer Saran), resulting in large ranges of

redox chemistry, which may contribute to the sediment Se stratification.

Table 2.3. Total Se (jig/L) in dissolved (<0.45 jim) and total recoverable (acid digested,
unfiltered) water samples collected from the lower Lee Creek and Pond wetland sites, KUC,
UT, October 2000. All statistical analyses were performed on untransformed measurements.
Means with the same letter code within columns do not differ significantly (P?0.05).

2.3A. Surface water collected from the lotic Creek.

Wetland segment
(mean [total Se] ± SD (n)) (jig/L)

Water East 1 East 2 West 1 West 2
fraction OtoIl6Om 1160to2380m 2380to3300m 3300to4180m

dissolved a 2.7±0.1 a 2.2±0.17 a 2.6±0.05 a 2.6±0.04
(8) (8) (6) (5)

total a 2.7 ± 0.1 a 2.3 ± 0.32 b 2.8 ± 0.24 b 2.7 ± 0.03
recoverable (8) (8) (5) (5)

Single Factor F-test for comparison of group means between dissolved and total recoverable
surface water collected from Lee Creek: East 1: F = 0.02, d.f.2,8, P0.89; East 2: F0.40,
d.f.=2,8, P=0.54; West 1: F=5.83, d.f.=2,6, P=0.04; West 2: F=l0.64, d.f.=2,5, P=0.0l.

2.3A. Surface water collected from the lentic Pond.

Wetland segment
(mean [total selenium] ± SD (n)) (ig/L)

Water fraction vegetated slag un-vegetated

dissolved a 5.02± 1.13 a 7.71 ± 0.46 a 5.54± 1.73
(4) (4) (9)

total recoverable a 5.61 ± 1.57 a 7.49 ± 0.86 a 5.69± 1.57
(5) (6) (8)

Single Factor F-test for comparison of group means between dissolved and total recoverable
surface water collected from Pond: vegetated: F=0.39, d.f.=1,8, P=0.55; slag: F=rO.l0,
d.f.=1,9, P=0.77; un-vegetated: F=0.04, d.f.=l,16, P=0.85.

Selenium spatial distribution within the lotic Creek and lentic Pond wetlands

Surface water. Many regulatory requirements report the dissolved fraction of trace

metal as the form directly available to aquatic organisms, e.g. bioavailable (17). Thus, the

distribution of Se between the total recoverable (unfiltered, acid digested) and dissolved

(metal forms that pass through a 0.45 urn filter) was investigated (Table 2.3A and B). Surface
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water total Se was predominantly measured as the dissolved fraction within both Creek and

Pond. A difference between Se concentrations in the dissolved and total recoverable fractions

of the water colunm was not observed for either the Creek East (Table 2.3A) or Pond (Table

2.3B) wetland segments (P>0.05). Though a statistical difference was observed between the

dissolved and total recoverable Se concentration in the Creek West segments (Table 2.3A), the

difference was measured at the MDL (0.02 ug/L) and therefore may be considered analytically

insignificant. These results indicate that a relatively small fraction of total Se is associated

with surface water particulates within both the lotic and lentic wetlands, suggesting that

surface water chemistry may be equivalent in both wetlands. Future sampling efforts will

verify this claim by measuring surface water chemistry parameters as well as the specific

forms of the Se in the dissolved phase, e.g. inorganic vs organic species.

Figure 2.2. Total Se (tg/L) in dissolved ( ) and total recoverable J ) surface water along
the length of lower Lee Creek (A) and within the Pond (B) KUC, UT, June 2000.

2.2A. Lee Creek (lotic). The vertical dotted line represents the location of the earth
embankment that bisects Creek East and Creek West.
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represented in Figure 2.2. hi general, surface water Se concentration along the length of the

lower Lee Creek did not change significantly from source (1-80 culvert leading into Creek

East) to outflow (Creek West delta ending at Great Salt Lake) (Figure 2.2A). The statistically

distinct dissolved Se concentration (by a factor of <1) in the Creek East 2 segment as

compared to the other Creek segments (P<0.05) may indicate differences in segment

biogeochemical processes. Concurrently, we may ask why surface water Se concentrations in

the Creek West segment maintained similar concentrations to the East segment, which is the

source of surface water to Creek West. As the difference in concentration between the

segments was less than 1 ppb (MDL = 0.02 ugIL), the statistical interpretation may be

analytically insignificant. In general, the results indicate limited exchange of total Se from

surface water to sediment along the length of the lotic Creek.

Within the lentic Pond, greater variation in the dissolved Se concentration was

observed relative to the lotic Creek (Figure 2.2B), though the differences in mean Se

concentration between the vegetated, slag and un-vegetated segments were not significant

(P>0.05). Whether the source of Se into the lentic Pond occurred via surface water (i.e.

precipitation or run-oft), or transitioned from sediment to surface water, the dissolved Se

results indicate the primary segments within the lentic Pond were exposed to similar

concentrations of surface water Se during the October sampling event.

Sediment. Total Se concentration in the first 5 cm of the sediment collected along the

length of the lower Lee Creek and between the vegetated, slag and un-vegetated segments of

the Pond is represented in Figure 2.3A and C. Creek sediment total Se concentration ranged by

5 times (0.4 to 2.1 tg/g dw) along the Creek (Figure 2.3A). The distinct difference in mean

sediment total Se between the Creek East and West segments (P<0.05) (Table 2.4A) indicate a

preferential accumulation of Se within the Creek East as compared to the Creek West

sediment. This accumulation difference may be related to differences in organic matter content

between the East and West sediments (Table 2.1). Though the range of sediment Se

concentration within the Pond was greater (0.6 to 5.4 g/g dw) (Figure 2.3C) than the Creek,

the mean and variance of Se concentrations between the vegetated, slag and un-vegetated

segments of the Pond were not distinctly different (P<0.05) (Table 2.4B). While total Se may

not be statistically equivalent between each wetland segment, the moderate concentration

range (less than an order of magnitude) indicate relative uniform spatial distribution of

sediment total Se within the lotic and lentic wetlands.
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Figure 2.3. Total Se (tg, dw) in sediment (2-5 cm) (A, C) and detritus (1-2 cm) (B, D)
collected along lower Lee Creek (A, B) and from defined segments of the Pond, KUC, UT,
October 2000. The vertical dotted line represents the location of the earth embankment that
bisects Creek East and Creek West.
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Table 2.4. Total Se (tg/g, dw) in sediment and detritus collected from defined segments of
the lower Lee Creek (A) and Pond (B) wetlands, KUC, UT, October 2000. All statistical
analyses were performed on untransformed measurements. Means with the same letter code
within rows do not differ significantly (F0.05).

2.4A. Sediment and detritus collected from lower Lee Creek (lotic).

Wetland segment

Fnvirnn-
(mean [total Se] ± SD (n)) (ig/g, dw)

mental East 1 East 2 West 1 West 2
matrix Oto 1160m 1160to2380m 2380to3300m 3300to4180m

asediment a 1.5 ± 0.35 a 1.5 ± 0.42 b 0.56±0.36 b 0.48 ± 0.11
(12) (11) (7) (8)

bdeli.jtus a 1.1 ± 0.22 a 1.1 ± 0.22 a 1.1 ± 1.0 a 1.3 ± 0.77
(10) (9) (8) (4)

aTukey.Kramer results of unplanned multiple comparisons of group means; Creek sediment
samples, n=24: East 1 vs East 2 (SE=0.18, P=0.71), East 1 vs West 1 (SE=0.20, P=0.0001),
East 1 vs. West 2 (SE=0.21, P< 0.0001), East 2 vs West 1 (SE=0.19, P< 0.000 1), East 2 vs
West 2 (SE=0.20, P< 0.0001), West 1 vs West 2 (SE=0.21, P=0.73).
bSingle Factor F-test for comparison of group means; Creek detritus: F=0.18, d.f.=3,22 P=0.91

2.4B. Sediment and detritus collected from the Oolitic Pond (lentic).

Wetland segment

Environmental
(mean [total selenium] ± SD (n)) (gg/g dw)

matrix vegetated slag un-vegetated

asediment a 2.7± 1.1 a 3.4± 1.3 a 1.9± 1.6
(10) (8) (9)

bdetritus a 4.3 ± 2.4 a 4.2 ± 0.5 a 3.3 ± 0.74
(4) (6) (9)

asingle Factor F-test for comparison of group means; Pond sediment: F=2.09 d.f.=2, 17 P=0. 15
bsingle Factor F-test for comparison of group means; Pond detritus: F=2.34 d.f.=2,17 P=0. 13

The change in detrital total Se concentration collected along the length of the lower

Lee Creek and between the vegetated, slag and un-vegetated segments of the Pond is

represented in Figure 2.3B and D. The range (-20 times) in Se concentrations along the Creek

West segment (0.1 to 2.0 jtg/g dw) was greater than the range (-2 times) observed within the

Creek East segment (0.8 to 1.6 pg/g dw) (Figure 2.3B) and the lentic Pond (2.1 to 5.1 tg/g

dw) (Figure 2.3D). The mean detritus total Se concentrations were not distinctly different

between the East and West segments of the lotic Creek (P>0.05, Table 2.4A). Similarly, total

Se concentrations were equivalent between the vegetated, slag and non-vegetated segments of
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the Pond (P>O.05, Table 2.4B). The results indicate relative equal distribution of detrital total

Se spatially within the lotic and lentic wetlands.

Aquatic invertebrates. Diptera and Hemiptera invertebrate orders were collected from

both the lotic and lentic wetlands. The dipteran larvae are sediment-burrowing invertebrates

which maintain a significant portion of their larval state in the sediment and detritus, while the

Hemiptera are active swimmers and surface-air breathers (18). These taxa groups may be

described as benthic invertebrates because they interact with both surface water and sediment

matrices (19). Total Se concentrations were measured in composites of individual

invertebrates collected from designated sample locations in the lotic and lentic wetlands. Due

to the limited quantity of individual invertebrates available at each sampling location, multiple

samples may have been combined per wetland segment for analysis purposes.

Figure 2.4. Total Se (j.tglg, dw) measured in composites of benthic invertebrates collected
along the length of the lower Lee Creek (A) and from vegetated, slag and un-vegetated
segments of the Pond (B) KUC, UT, October 2000.

2.4A. l3enthic invertebrate composites collected from the lotic Creek. The vertical dotted line
represents the location of the earth embankment that bisects Creek East and Creek West.
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Spatial plots of total Se concentration in the invertebrate composites collected from

lower Lee Creek and the Pond are represented in Figure 2.4. Total Se concentration in the

invertebrate sample composites were observed to range by less than 6 j.tg/g within both

wetlands. Total Se concentration measured in invertebrates collected from the lotic Creek

ranged from 1.7 to 3.7 .Lg/g dw (Figure 2.4A), with lentic Pond invertebrate composite

concentrations ranging from 6.5 to 11.5 pg/g dw (Figure 2.4B). Distinctions between total Se

concentrations measured in invertebrates harvested from the wetland segments were not

significant (P0.05) in the Creek (Table 2.5A) or the Pond (Table 2.5B). The spatial

uniformity of total Se concentration in invertebrates collected throughout the wetlands may

indicate comparable exposure concentrations spatially within the surface water and sediment

matrices.

Table 2.5. Total Se Q.tg/g, dw) measured in composites of invertebrates collected within the
lower Lee Creek (A) and the Oolitic Pond (B) wetlands, KUC, UT, October 2000. All
statistical analyses were performed on untransformed measurements. Means with the same
letter code within rows do not differ significantly (P?0.05).

2.5A. Invertebrate composites collected from Lee Creek (lotic).

Wetland segment
(mean [total Se] ± SD (n)) (jtglg, dw)

East 1 East 2 West 1 West 2

Otoll6Om 1160to2380m 2380to3300m 3300to4180m

Invertebrate a 2.8±-- a 1.7 ±-- b 2.8 ±0.68 b 3.7±--

composite (1) (1) (3) (1)

Single Factor F-test for comparison of group means; Creek invertebrate composites: F=1 .45
d.f.=3,5 P=0.43.

2.SB. Invertebrate

Environmental
matrix

collected from the Pond (lentic).

Wetland segment
(mean [total selenium] ± SD (n)) Qig/g dw)

vegetated slag un-vegetated

Invertebrate a 9.2 ± 2.4 a 9.5 ± a 8.9 ± 3.5
composite (5) (1) (2)

Single Factor F-test for comparison of group means; Pond invertebrate composites: F=O.02,
d.f.=2,5, P=0.98
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Selenium concentration comparison between the lotic and lentic wetlands

Mean total Se concentration differences between the lotic and lentic wetlands were

evaluated for the dissolved surface water fraction, surface sediment, detritus and invertebrate

composites (Table 2.6). The significant differences in the mean concentrations of sediment Se

within Lee Creek (Table 2.4A) indicate a distinction in accumulation profiles, thus the lotic

wetland was separated into East and West segments for comparison. The results for statistical

comparison between the lotic Creek East, lotic Creek West and lentic Pond were summarized

in Table 2.6.

Table 2.6. Total Se concentrations measured in dissolved surface water, sediment, detritus and
composites of invertebrates collected from the lower Lee Creek East (lotic), Creek West (lotic)
and the Oolitic Pond (lentic), KUC, UT, October 2000. Means with the same letter code within
columns do not differ significantly (P?0.05).

Environmental matrix (mean [total Se] ± SD (n))

adjssolyed

surface water
(jig/L)

Bsediment

(jig/g dw)

Cdetntus

(ig/g dw)

dinvettebrate

composites
(jig/g dw)

F=59.5 F=29.34 F=3 1.33 F=36.04
d.f.=2,42 d.f.=2,44 d.f.2,43 d.f.=2,l1

Wetland P<0.0001 P<0.000l P<0.000l P<0.000l

CreekEast a 2.50±0.28 a 1.45±0.39 a 1.14±0.23 a 2.19±0.77
(16) (16) (16) (2)

CreekWest a 2.76±0.17 b 0.48±0.24 a 0.72±0.89 a 2.97±0.71
(10) (11) (10) (5)

Pond b 6.24± 1.66 c 2.12± 1.51 b 3.70± 1.28 b 8.93±2.24
(19) (20) (20) (8)

Tukey-Kramer unplanned multiple comparisons of group means for log n transformed Se;
adissolved water: Creek East vs Creek West (SEO.20, d.f.=44, P<0.0001), Creek East vs Pond
(SEO.17, d.f.=44, P=0.03), Creek West vs Pond (SE=0.20, d.f. 44, P<0.0001).
bsediment, n=45: Creek East vs Creek West (SE=0.20, P<0.0001), Creek East vs Pond (SE=0.17,
P=0.03), Creek West vs Pond (SE=0.20, P<0.0001).
Cdefritus, n=44: Creek East vs Creek West (SE=0.24, P0.06), Creek East vs Pond (SE=0.20,
P<0.000l), Creek West vs Pond (SE=0.23, P<0.000l).
Dinvertebrate composites, n=12: Creek East vs Creek West (SE=0.23, P=0.21), Creek East vs Pond
(SE=0.21, P<0.000l), Creek West vs Pond (SE=0.16, P<0.000l).

In general, the mean Se concentrations within the Pond were overall greater than the

Creek for the dissolved surface water, sediment and detritus matrices and the invertebrate
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composites (P<O.05). C oncurrently, d issolved s urface water, d etritus and invertebrate mean

total Se concentrations were similar between the Creek East and West segments (P>O.05).

Sediment Se concentrations were the exception. The mean concentrations in the Creek East

segment (1.45 ± 0.39 ig/g, dw) and the Pond (2.12 ± 1.51 jig/g, dw) were distinctly greater

than the concentrations within the Creek West segment (0.48 ± 0.24 ig/g, dw) (Figure 2.5).

Similarly, Pond and Creek East sediment organic content was greater than Creek West

sediment (Table 2.1). Further investigation is necessary to determine the relationship between

sediment Se accumulation and organic matter content in these wetlands.

A review of 37 studies measuring total Se concentration in the surface water and biota

of 500 representative aquatic systems was performed by McIntyre et al. (2003) to account for

general differences in Se accumulation between flowing water (lotic) and standing water

(lentic) systems (20). The results of the review indicated that, while average surface water Se

concentrations in the lotic and lentic aquatic systems were similar (<IX difference), Se

accumulation in the trophic level 2 organisms was 7 times greater in the lentic than the lotic

systems. In a benthic detrital food web, the detritus and sediment play a role as the source (i.e.

primary producer) of selenium to the benthic invertebrates, e.g. primary consumers. The ratio

of the average total Se concentration between the lotic and lentic wetlands managed by KUC

ranged from 2.4 in the surface water and sediment to 3.3 in the detritus and invertebrate

composites (Figure 2.5). These findings indicate a distinction between the selected lotic and

lentic detrital benthic Se accumulation pattern yet were not conclusive whether the difference

was site-specific or related to the accrued concentration of Se in the individual wetland over

time.

Figure 2.5. Total Se (j.t g/g dw) (mean ± SD) in the surface sediment, detritus and aquatic
invertebrates collected from the lower Lee Creek East (El ) and West ( ) segments and the
Oolitic Pond () KUC, UT, October 2000. The ratio of average total Se concentration in the
lentic vs lotic wetland is located in the parenthesis above each matrix group.

1
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The most recent chronic National water quality criterion (WQC) for waterbome Se

was established at 5 tg/L (21). The EPA WQC does not take bioaccumulation into account

and may not be protective, or conversely may be over-protective, of certain aquatic life,

including shorebirds and waterfowl (22). Proposed wildlife toxicity thresholds for interpreting

the biological significance of Se concentrations measured in environmental media include 4

mg/kg dw in sediment (23) and 3-8 mg/kg dw in diets (24). The surface water, sediment and

invertebrate total Se concentrations measured within the lotic system were below, while the

lentic system were at or above, the U.S.EPA and proposed criteria (Table 2.6). The wetlands,

maintained by the K UC mining company, are located in a geographic region considered a

problem source of Se in the western United States (1). Therefore, the selected wetlands may

be considered to represent background levels of total Se within a North American arid

ecoregion, or as moderately contaminated aquatic systems impacted by anthropogenic

activities.

CONCLUSIONS

Naturally occurring aquatic systems are spatially complex, creating uncertainty in

defining metal distribution and exposure. The spatial study provides evidence of the relative

uniform distribution of total Se within the selected flowing (lotic) and standing (lentic) aquatic

systems located in the same watershed. The results also indicate a distinction between the

selected lotic and lentic detrital benthic Se accumulation pattern in which the lentic wetland

contained 2 to 3 times greater sediment, detritus and aquatic invertebrate Se concentrations

than the lotic system, thus adhering to general trends of lotic and lentic wetland Se

accumulation patterns. Various studies have proposed that water quality guidelines for Se

should be based on a site-specific bioaccumulation model that estimates Se concentrations in

various environmental matrices in order to determine toxicological effects on aquatic wildlife.

Though the findings did not conclusively reveal whether the differences between the selected

lotic and lentic wetlands were due to site-specific processes, the initial investigation of

naturally occurring wetlands produced valuable results, prompting further inquiries of study.

Aquatic invertebrates are key components in the direct transfer of Se to higher trophic

levels. The equivalent total Se concentration measured in the benthic invertebrates harvested

throughout the wetlands may be related to spatial uniformity of Se concentration in the

exposure matrices, i.e. surface water and sediment. The differences in sediment total Se

concentrations between the Creek East and West segments characterize lower Lee Creek as

having two segments distinguished by unique processes that influence the sediment Se
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accumulation profiles. Future studies will investigate the relationship between sediment

organic matter and detrital-benthic Se accumulation patterns observed within the lotic and

lentic wetlands.

Available in water and the diet, Se can accumulate through aquatic food webs to

impact populations of susceptible wildlife. These wetlands were distinguished as moderately

contaminated a quatic systems 1 ocated in an a rid e coregion c onsidered a problem s ource o f

naturally high background levels of Se. The wetlands are also located in an area utilized as

stopover and wintering grounds for migrating shorebirds. The question remains whether the

uniform distribution trends of total Se concentrations determined during a single sample event

would remain constant over time or would significant changes occur with seasonal and yearly

fluctuations. Long term field studies citing evidence of trace metal distribution are limited.

Therefore, this investigation of spatial Se distribution within the lotic and lentic wetlands will

be used to maximize future sampling efforts investigating long-term Se food web

accumulation trends in the selected lotic and lentic wetlands.
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ABSTRACT

Selenium (Se) concentrations in the water column, sediment and benthic invertebrates,

in conjunction with selected physicochemical data, were collected over a 3-year period from

representative wetland types, lotic (flowing water) and lentic (standing water), Utah, USA. Se

accumulation trends were observed temporally and within invertebrate food webs. The long-

term field study provides evidence of a relationship between benthic invertebrates and the

sediment and detritus matrices. Steady-state concentration of total Se in benthic invertebrates,

as well as sediment and detritus, was observed that was not related to wetland site-specific

hydrodynamic distinctions or fluctuations in surface water concentrations. Concentrations of

Se in the invertebrates were 4 to 7 times greater within the lentic than the lotic wetland,

indicating the influence of site-specific processes on Se detrital-benthic food web

accumulating efficiency. Ecological processes such as habitat occupancy and feeding mode

were suggested to mediate the extent of Se accumulation within the distinct taxa groups by

influencing exposure scenarios. Empirical evidence indicates a sediment organic content and a

Se benthic and detrital accumulation relationship, although the strength of the relationship

(R2>O.5) was seasonally- and taxa-specific. These results indicate food web ecology, and to a

lesser extent sediment organic content, as site-specific considerations when evaluating

ecosystem risk in aquatic systems. Benthic invertebrates provide a more accurate monitoring

tool of Se food web accumulation potential than surface water Se concentrations alone.
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INTRODUCTION

The metalloid selenium (Se), with a narrow concentration range between essentiality

and toxicity, presents a challenge for scientists and environmental regulatory managers (1, 2).

Available in water and the diet, Se can accumulate through the food web to impact

populations of susceptible wildlife. Avian and fish reproductive females excrete excess dietary

Se into their eggs with possible consequences of reduced egg hatchability, offspring

teratogenicity (deformities), and increased probability of juvenile mortality (1, 3). Reports of

Se impact to populations of fish species at Belews Lake, NC (4, 5) and migratory shorebirds

and waterfowl nesting at Kesterson Wildlife Refuge, CA (6, 7) demonstrated the need for

increased research into Se toxicity in aquatic systems.

Wetlands are unique aquatic systems where the presence of microbial colonies in

oxygen-depleted zones creates reactive environments that allow for the transformation of a

wide array of nutrients, metals, and pollutants. Site-specific hydrogeochemical processes such

as source and removal pathways, biological productivity in the water and sediment

compartments (8), and alkalinity and oxidization conditions (9) mitigate Se transformation and

transitioning in natural aquatic systems. Se can exist in numerous oxidation states (VI, IV, 0, -

II) and as inorganic and organic compounds. The soluble inorganic oxyanions of Se, selenate

[Se(VI)] and selenite [Se(JV)], transition from surface water to the sediment compartment

upon complexation, reduction, assimilation, transformation and mineralization processes (10,

11). Empirical evidence and general consensus indicate Se originating from the sediment

compartment a ccumulates into the d etrital food p athway providing a c onstant source o f S e

transfer to higher food web trophic levels (11, 12).

In the United States, Se ecotoxicity critera are currently under revision. Information

required to address Se ecotoxicological impact within aquatic ecosystems includes examining

site-specific parameters, such as hydrogeochemical and ecological processes, that influence Se

availability and food web accumulation, and determining the most appropriate environmental

compartment to consider for monitoring and assessment (2, 12). The environmental

compartments associated with Se bioaccumulation and toxicity to oviparous wildlife are

water, sediment, and biota. Though linear relationships between concentrations of total Se in

surface water / sediment, surface water / egg, and the surface water / teratogenic effect

endpoint are available (13), they are confounded by many poorly understood processes (12).

Aquatic invertebrates are recognized as a key group of organisms because they represent an

important link between exposure sources (e.g. surface water and dietary source) and food

chains that provide pathways of Se transfer to migratory birds (7, 13, 14).
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Although prior studies have suggested that site-specific hydrologic and

biogeochemical parameters within flowing water (lotic) and standing water (lentic) systems

result in differences in food web bioaccumulation patterns (13, 15-1 7), a field study directly

comparing these aquatic ecosystems, and their constituent invertebrate communities, is

currently not available in the literature. The purpose of the present study was to determine and

compare Se concentration in multiple environmental compartments, including surface water,

sediment and aquatic macroinvertebrates, collected from lotic and lentic wetlands in an arid

region. To assess the extent of temporal changes in Se, concentration ranges over the 3-year

study period were considered. Site-specific biogeochemical parameters, such as surface water

pH, temperature, and anion concentrations, as well as sediment composition and organic

content were determined to characterize the lotic and lentic wetland systems and to relate

these parameters to Se distribution patterns. Aquatic invertebrate presence and the relative

abundances of taxa were characterized to establish potential prey for migratory shorebirds and

determine if S e a ccumulation in the food chain was dependent upon either insect t axon or

trophic position. The results from this study will be used to provide insight into best

approaches towards the site-specific and monitoring ecotoxic criteria needs mentioned above.

MATERIALS AND METHODS

Study areas

Samples were collected from wetland ecosystems representing lotic and lentic

hydrologic dynamics within the Jordan River drainage basin, along the southern point of the

Great Salt Lake (GSL), UT, USA (Fig 3.1). These ecosystems are located within the eastern

spur of the Migratory Bird Pacific Flyway. The wetlands, maintained by the Kennecott Utah

Copper (KUC) mining company, are located in an arid geographic region considered a

problem source of Se in the western United States (18). This area is characterized by

lacustrine, silty and interbedded clay and sand (19), with annual temperature ranges from

2.27 to 25.5 °C and an annual precipitation of 33 cm (20).

The lentic Oolitic Ponds, located in the Garfield Wetlands, function as shallow littoral pools

inhabited by the common reed and other rooted vascular plants. In the 1990's, KUC began

cleanup measures under the guidance of the US Environmental Protection Agency (EPA) and

the State of Utah, which included remediation efforts to decrease transfer of water



Figure 3.1. Map of the lower Lee Creek and Oolitic Pond wetland sites, Salt Lake County, UT, USA. Number of sample locations for
Jun-00, Oct-00, Jun-01, Jun-02: Lee Creek East (10,16,3,3); Lee Creek West (5,11,3,3); Oolitic Pond (3,20,3,3).
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introduced by artesian wells and aquifers containing elevated levels of soluble Se into the

Garfield Wetlands (21, 22). This study focuses on the Oolitic Pond located west of the railroad

tracks (designated Pond) that was not designated for cleanup efforts (Fig. 3.1). The Pond is

maintained by rainfall and groundwater aquifer system, and is exposed to loose mining slag.

Though the pond experiences dry episodes, surface water was a vailable during the sample

events. American avocets (Recurvirostra americana) and black-necked stilts (Himantopus

mexicanus) were actively feeding at this site, and black-necked stilt nests containing eggs

were observed during sampling events.

The selected lotic system was the lower stretch of Lee Creek (designated Creek) (Fig.

3.1). Lee Creek is a freshwater spring flowing from north of the Mine Tailings Impoundment

(MTI) westwards towards the GSL. Historically, water from springs and artesian wells from

west of the MTI was diverted to the lower Lee Creek for discharge into the GSL, but due to

MTI expansion efforts in 1995 this discharge no longer occurs (22). The lower Lee Creek,

4300 m in length, comprised two segments bisected by an earth embankment 'pinch-off' with

a narrow channel for water flow. The segment east of the earth embankment (Creek East),

maintained by KUC as the Inland Sea Shorebird Reserve, consists of a low water velocity

system containing no rooted vegetation during sample events. Creek East water flows into the

stretch west of the earth embankment (Creek West) ending in a delta at the GSL. Shorebirds

were observed actively feeding within the channel and shoreline of the Creek system.

Sampling

Samples of the wetland compartments were collected in June and October 2000 and

June 2001 and 2002. The collection events coincided with migratory bird nesting and

migration events for the region (23, 24). An investigation into the extent of spatial

heterogeneity of Se within the Pond and Creek systems suggested that the concentration of Se

within each compartment did not differ significantly within the Pond site; with the exception

of the sediment compartment, Se concentration did not differ significantly between the Creek

East and the Creek West segments (25). Sample locations within the Pond were designated

vegetated, non-vegetated and slag, descriptive of the environment from which the samples

were taken. Samples from the shore and channel were taken along the length of the lower

Creek system or from n ear the earth embankment pinch-off area and near the delta on the

shore of the GSL for the Creek East and West sites, respectively (Fig. 3.1).

Surface water, sediment and macroinvertebrates were collected as grab samples from

the same location within the wetland sites. Samples were collected into trace metal clean

borosilicate and HDPE bottles or plastic bags, held at ambient temperatures, transferred to 4°C
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until initial processing and then stored at -12°C. Before analysis procedures, solid matrices

were either homogenized using mortar and pestle under liquid N2 or mixed wet and sub-

sampled; liquid matrices were thawed and sub-sampled. Trace metal optimum acids were used

for all matrix digestion and acidification procedures. The final c oncentrations for the s olid

matrices were corrected for dry weight. Unless otherwise specified, Se refers to the total

selenium concentration determined within the environmental compartments.

Sampling and analysis of the surface water compartment

Thirteen parameters were evaluated for the surface water samples; pH and

temperature, total dissolved solids (TDS), dissolved and total organic carbon (DOC, TOC), the

inorganic ions fluoride, chloride, phosphate, nitrate and sulfate, dissolved Se, dissolved

inorganic Se and acid recoverable total Se concentrations. Analytical parameters have been

determined with reference to standard official methods (26-29). Inorganic ions were

determined by ion chromatograph (USEPA Method 300.0), TDS by filtration (APHA Method

2504C), and DOC/TOC by APHA Method 415.1/2.

Quantification of total Se in the water samples was determined by hydride generation

atomic fluorescence spectrometry (HGAFS) (PSA Millenium) (27, 30) or inductively coupled

plasma mass spectrometry (ICPMS) (PQ Excel,Thermo Finnigan) (29, 31). The isotopes 77Se

and 82Se were quantified using internal surrogates '151n and 72Ge for all ICPMS analysis. Acid

recoverable waters were digested with concentrated nitric acid from 70 to 130 °C for 7 hours

(29, 32). Dissolved waters were filtered through 0.45 jIm filter and acidified to 1% (v/v) nitric

acid before chemical analysis. The particulate fraction is operationally defined as the

difference between the dissolved and acid recoverable surface water Se concentrations.

Speciation of inorganic Se in the surface water was determined in the dissolved fraction by

HGAFS analysis (30). Selenite [Se(IV)] was determined by direct analysis after stabilization

with H Cl. S elenate [Se(VI)] was d etermined by difference from s ub-samples r efluxed with

HC1 and hydroxylamine hydrochloride, which are described as total inorganic Se (total Inorg-

Se) [Se(IV) + Se(VI)] (Cutter, 1986). The organic Se species (Org-Se) is operationally defined

as the difference of the total Inorg-Se from the dissolved total Se concentration.

Sampling and analysis of the sediment compartment

The sediment compartment was subdivided into the detritus, comprising the first 2 cm

of the sediment surface, and the sediment depth from 2 to 5 cm. Detritus is described as a

flocculant organic layer on the surface o ft he sediment derived from the decomposition o f

aquatic plant and animal remains. Sediment samples were collected using a 5 cm (i.d.) and
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23.4 cm (height) sediment corer with plunger; the top 2 cm were removed and stored

separately as detritus.

The sediment samples were characterized by physical composition (sand/silt/clay)

using the pipette method (33) and by percentage oft otal organic carbon (%OC) using the

Walkley-Black titration method (34). A heated aqua regia digestion method (35, 36) was

employed for recovery of Se in the sediment matrix. Briefly, 1 g of wet sample was treated

with a 3:1 volume of concentrated HC1 and HNO3 and digested from 70 to 130°C for 7 hours.

Quantification of Se from the sediment matrices was determined by ICPMS (Axiom High

Resolution, VG Elemental) (29, 31). Because indium and germanium isotopes were found in

appreciable amounts within the sediment and detritus samples, check standards were used to

account for instrument drift.

Sampling and analysis of macroinvertebrates

Macroinvertebrates were collected within the water column and top 5 cm of the soft

sediment layer using a long-handled canvas D-net and placed in whirl-pak bags. The collected

samples were washed through a 500 jim sieve with DI water, and from < 1 to 20 g of

invertebrates were sorted from the detritus into family or genus taxonomic designation, rinsed

a final time with 18.3 mQ-cm water, and air dried before storage.

Two parameters were evaluated for the macroinvertebrates; Se concentration and

assemblage characterization. Total Se was determined on biota using the acid recoverable

digestion method described previously (Anderson, 1996; U.S.EPA, 1994). The

macroinvertebrate assemblage was characterized by the relative abundances of taxa within the

wetland systems using the guidelines of the invertebrate index of biological integrity for

wetlands (37). Briefly, two locations of exactly 1m2 area of sediment and surface water within

the Pond, and within the Creek East and Creek West wetland segments were sampled as

above. The collected sample was washed as described previously and the biota portion was

transferred to jars containing ethanol and stored at room temperature. High numbers of

macroinvertebrate taxa were found within some samples, thus relative abundance was

expressed as the percent of sorted invertebrates, characterized to genus or family, from a

designated number of cells within a 30-cell grid. The relative abundance results were reported

as averages for the Creek and Pond sites individually.

Quality Control

Quality control for the Se analysis included reagent blanks, check standards, fortified

samples, and laboratory duplicates; each QC type was included in all s ample batches. QC

samples represented 50% of all samples analyzed. Recoveries of fortified samples ranged from
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Table 3.1. Quality control results for total selenium analysis by ICPMSa or HGAFSb in
water, sediment and tissue matrices (A), and Certified Reference Materials (CRM) (B).
Table 3.1A.

Matrix
Method

Detection
Limit

Duplicates

CRPD ±

SD

Spikes

Spike
Level

d%Rec ±

SD

Total water a19 ig/L 6 19 ± 16 4 25.0 jtg/L 120 ± 46

Dissolved water al.4 tg/L 6 17 ± 18 6 25.0 jg/L 84 ± 25
b002 tg/L 5 6.7 ± 8.6 5 10.0 tg/L 107 ± 11

Biological tissues aO.05 j.xg/g 15 13 ± 18 8 25.0 j.ig/L 74 ± 28
bo.o2tg/g 7 12± 13 7 10.0tg/L 97± 18

Sediment 1a2.Og/g 13 8.4±5.7
2

10.0tg/L 70±11
bO.O4g/g 6 16±22 25.0 p.g/L 120± 10

6

Table 3.1B.

Matrix CRM Certified Value n d%Rec ± SD

Water aNJ5T 1640 21.96 jig!L 8 106± 14

bNIST 1643d 11.43 .ig/L 3 105 ± 9.0

Biological tissue aNIST OT.1556b 2.06 .ig/g 14 128 ± 17

aCNRC LUTS-1 0.64 ig/g 14 113 ± 9.9

aCNRC TORT-2 5.63 tg/g 4 133 ± 6.2

bCNRC DOLT-2 6.06 ig/g 4 90±2.7

bCNRC DORM-2 1.40 igIg 8 81 ± 15

bNIST 1515 0.05 tg/g 3 64±39

Sediment aCNRC PACS-2 0.92 jig/g 6 140 ± 32

bCNRC MESS-2 0.72 ig/g 5 84 ± 6.3

bNIST2709 1.57tg/g 5 72±2.6

aMalyzed by ICPMS = inductively coupled plasma mass spectrometry, bMalyzed by HGAFS =
hydride generation atomic fluorescence spectrometry, c%RpD ± SD = relative percent difference ±
standard deviation, d%Rec ± SD = percent recovery ± standard deviation

mean 70 % to 120 %; laboratory duplicates and fortified spike duplicates relative percent

difference (RPD) was < mean 19 % (Table 3.1A). Certified reference materials (CRM)

recoveries ranged from mean 64 % to 133 % (Table 3.1B). CRMs included natural waters

(NIST 1640) and trace elements in water (NIST 1643d), as well as the biological tissues;
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oyster (NIST OT. 1 556b), non-dried nor defatted lobster hepatopancreas (CNRC LUTS-1),

dried & defatted lobster hepatopancreas (CNRC TORT-2), dogfish liver (CNRC DOLT-2),

dogfish muscle (CNRC DORM-2), and apple leaves (NIST 1515). Soil and sediment CRMs

compromised estuary sediment (CNIRC PACS-2), marine sediment (CNRC MESS-2), and San

Joaquin soil (NIST 2709). Calibration curves were composed of 5 - 6 standards; regressions

(r2) ranged from 0.97 to 0.99. Quality control for Se species quantification in water were

duplicate samples (mean RPD < 9.5%, n = 2), spike recoveries fortified with selenite and total

Se to 0.8 tg/L (81 ± 9.5 %, n 4), as well as NIST 1643d and selenomethionine spike

recoveries (mean = 108 ± 1.7 %, n = 2). The MDL for total Inorg-Se and selenite was 0.030

jg/L. Quality of results for the inorganic anion analysis was ensured through standard spike

recoveries (84 104%, n = 2) and sample duplicates (mean RPD <22%, n = 2). Detection

limits were determined to be 53, 109, 67, 120, 93, 320 jtg/L for the fluoride, chloride,

bromide, sulfate, nitrate and phosphate anions, respectively.

Statistical analyses

Regression analysis was performed to d etermine correlations between physical and

chemical parameters; measurements for the Creek East and Creek West segments were

combined into a single lotic Creek site for regression analysis.

RESULTS AND DISCUSSION

Surface water

Surface water chemistry measurements were consistent with brackish wetland systems

in arid, a ikalirie environments (Table 3.2). High levels of chloride and sulfate a nions were

detected; the other anions analyzed were below detection limits. The lentic system contained

c.a. 18 and 6 times greater C1 and SO4 anion concentrations, respectively, than the lotic

wetland. TDS was c.a. 6 times greater in the lentic than the lotic site, of which TOC values

were < 1%. DOC was approximately 75% and 88% of the TOC in the lotic and lentic

wetlands, respectively. Surface water pH ranged from 7.8 to 10.3 over the 3-year sampling

period (Fig. 3.2A). In contrast with the lotic system, the lentic October surface water pH was

less than the June measurements. Ranging from 10 to 30°C, surface water temperature was

similar between the wetland systems for the seasonal sample events (Fig. 3 .2B). Figure 3.3 C



Table 3.2. Surface water and sediment measurements for the lotic and lentic wetland systems, UT, June 2002.

Compartment Chemical I Physical
Characteristic

LOTIC Creek East

mean CL n

LOTIC Creek West

mean CL n

LENTIC Pond

mean CL n

Surface Water Total recoverable Se (j.ig/L) 3.7 1.7 3 4.6 6.7 2 5.1 0.52 3

Total particulate Se (tg/L) <1.4 --- 3 <1.4 3 2.4 2.2 3

Total dissolved Se (j.ig/L) 3.6 1.2 3 5.2 12 2 2.8 1.7 3

Dissolved selenate [Se(VI)] (jtg/L) 0.54 1.1 3 0.61 0.21 3 1.4 1.2 3

Dissolved selenite [Se(W)] (p.g/L) 0.24 0.21 3 0.30 0.19 3 1.1 0.96 3

Dissolved organic Se (g/L) 2.8 0.71 3 4.3 12 2 <1.4 3

TDS(mg/L) 1800 350 3 1500 700 3 10500 2300 3

DOC (mg/L) -- --- -- 5.2 1 4.7

TOC (mg/L) --- --- -- 6.9 1 5.2 1

C1(mg/L) 290 72 3 430 280 3 5600 800 3

SO4(mg/L) 210 7.3 3 310 150 3 1700 130 3

Detrital floc % OC 3.2 0.65 3 1.9 1.4 3 4.4 2.9 2

Sediment %OC 1.8 0.42 3 0.31 0.20 3 1.6 0.48 3

(50 j.im-2 mm) % sand 25 10.3 4 76 40.0 4 17 3.6 9

(2- 50 am)% silt 56 13 4 9.9 25 4 65 5.0 9

(<2tm)%clay 19 2.8 4 14 15 4 18 3.8 9

Classification Silt loam Loam sand Silt loam
TDS = total dissolved solids; TOC = total organic carbon; DOC = dissolved organic carbon; %OC = percent organic carbon
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represents the depth of the surface water at sample locations. Relatively shallow surface water

depths were recorded within the lotic Creek, ranging from 2 to 20 cm. The depth remained

fairly constant between the years and was similar between the channel and bank. The surface

water depth within the 1 entic Pond ranged from 20 cm within the non-vegetated to 41 cm

within the vegetated locations. The greatest depth at 91 cm was measured during a high

precipitation period in June 2001. The lower surface water concentrations reported during the

June 2001 sample event, in comparison to the other years, may be the result of a dilution effect

from precipitation run-off (Fig. 3 .2C and D).

The total Se concentration within the surface water compartment, as well as the

proportion of dissolved and particulate total Se concentrations, varied significantly among the

years for both the lotic and lentic sites (Fig. 3 .2D). In general, Se concentration in the surface

water was greater in the lentic system (5.5 ± 0.85 g/L) than the lotic (2.6 ± 0.28 tg/L). The

concentrations measured are above background levels (0.1 to 0.6 tg/L) (38), though inland

waters of the western United States with annual precipitation less than 51 cm are likely to

have naturally higher background concentrations, in the range of 1 to 3 j.tg/L (18).

In June 2002, the distribution of Se between the oxidized forms of the dissolved

surface water fraction was analyzed (Table 3.2). Although the total Se concentrations were

similar, Se distribution between the dissolved organic and inorganic species and the particulate

fractions of the lotic and lentic wetlands differed. Approximately 100% of the total

recoverable Se was in the dissolved fraction for both the East and West segments of lower Lee

Creek, which was comparative to the results from 21 stream sites in the middle Arkansas

River basin in southern Colorado during a 1994 investigation (39). Generally, selenate

[Se(VI)], the oxidized form of the oxyanion Se species, is the dominant dissolved Se species

within flowing water bodies supplied by irrigation and precipitation run-off (39). Tn contrast,

the dominant Se species (c.a. 80%) within the dissolved fraction of lower Lee Creek was Org-

Se. The remaining dissolved fraction consisted of the oxidized oxyanion species, Se(VI) (c.a.

14%), approximately two times the Se(IV) species (c.a. 6%).

Standing water lentic systems, with increased potential for biological activity and low

flushing rates, would provide greater opportunity for reducing dissolved surface water Se to

the reduced Se-oxyanion [Se(N)] or Org-Se species (39). This trend was not observed within

the Pond. The oxidized Se(VI) oxyanion dominated the dissolved fraction (51%), while

Se(TV) was c .a. 3 9% and Org-Se less than 1 1% o f the remaining dissolved fraction. In an

apparent contradiction to other studies on freshwater lotic and lentic systems, the Se species in

brackish wetlands did not abide by general distribution trends. Though data exists to
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generalize site-specific waterborne Se species distribution, surface water chemistry and

geographic site-specific parameters should be considered.

The particulate fractidn within the water column (>0.45 m) is composed of various

inorganic sediment and organic materials. The detrital portion of the sediment compartment

evolves from the settling of surface water particulate matter, therefore water colunm biotic

productivity contributes to the detrital benthic food web (7). A substantial proportion of Se in

the Pond was associated with the particulate fraction (c.a. 40%); Se associated with the Creek

particulate fraction was less than detection limit. The minimal proportion of TOC (<1%) of

the TDS within both wetland surface water (Table 3.2) suggests that the particulate fraction

was dominated by inorganic materials to which Se(IV) has a strong affinity (9).

Sediment

Typical of a desert ecoregion, the sediment in the lentic and lotic wetlands were

relatively low in organic content, dominated by silt or sand, and containing little or no gravel

material (Table 3.2). The Pond and Creek East sediments were characterized as silt barns,

with similar organic content (0.98 ± 0.19 %OC, mean ± 95% CL). In contrast, the Creek West

segment is comprised of loam sand with significantly less organic content (0.31 ± 0.20 %OC,

mean ± 95% CL). Black sediments were observed in the sediment column to a depth of 2 9

cm in the Creek East segment. The black color is a typical characteristic of a highly reducing

environment upon ferrous sulfide formation (40). The Creek West segment, comprised largely

of loose packed sand, showed variable ability to produce a reducing environment. The

traditional gleying effect observed with long periods of wetting and drying periods, resulting

in a mottled color a ssociated with Fe and Mn r edox conditions (41), was observed for the

Pond sediment. Both wetlands emanated reduced sulfur odors common in actively reducing

aquatic systems. Sediment organic content did not vary significantly between the years.

Sediment and detritus maintained relatively similar Se levels within each wetland

system (Fig. 3 .2E and F). Concentrations ranged from 0.37 to 3.6 tg/g within the lower Lee

Creek and 0.63 to 8.2 ig/g within the Pond over the 3-year collection period. In general, Se

concentration was greater in the Pond than the Creek. A prior study indicated Se concentration

differs significantly between the East and West segments of the Creek (25), therefore,

sediment Se concentrations are provided for both segments. The sediment within the Creek

East segment tended to accumulate equal or greater Se than the West segment (Fig. 3.2F). Se

concentrations were homogeneous among the vegetated, non-vegetated and slag locations of

the Pond.



Figure 3.2. Variation in surface water pH (A), temperature (B) and surface water
depth (C), and selenium concentration in acid recoverable and dissolved surface water
(D), detritus (E), sediment (F), chironomid larvae (G) and hemiptera (H) over the
sample collection years. () Samples collected from the lower Lee Creek. (ETi)
Samples collected from the Oolitic Pond. Figures D and F provide definitions for bar
symbol adjustments. Error bars represent 95% confidence limit; sample sizes provided
in parenthesis above bars.
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Macroinvertebrates

The diversity of benthic macroinvertebrate taxa characterized within both the Pond

and Creek was low, with predatory macroinvertebrates making up> 60% of the lentic and c.a.

40% of the lotic wetland assemblage (Fig. 3.3). The Creek and Pond wetlands shared in

common water boatman (Hemiptera), aquatic worms (Oligochaeta) and aquatic midge larvae

(Chironomidae, Diptera). Within the Creek, the chironomid larvae dominated the

macroinvertebrate fauna (Fig. 3 .3A). Other dipteran taxa, which included brine fly larvae

(Ephydrinae), biting fly larvae (Ceratopogonidae), and metallic fly larvae (Dolicopodidae), as

well as the oligochaete taxa and freshwater crustacean (Amphipoda) accounted for the

majority of the remaining benthic fauna characterized in the Creek. The hemipteran taxa

contributed to less than 1% of the Creek assemblage. The Creek supported an average of 30 to

1000 times greater chironomid larvae per m2 area than the Pond; total counts in the Creek

ranged from c.a. 30 to c.a. 6,000. Of the benthic macroinvertebrate assemblage within the

Pond, dragonfly/damselfly (Odonata) comprised the largest abundance, with an average of

34%. The hemipteran taxa, aquatic beetle larvae (Coleoptera) and oligochaete taxa were also

collected (Fig. 3 .3B). Approximately 30% of the Pond benthic macroinvertebrate assemblage

consisted of chironomid larvae. Counts of the Pond macroinvertebrates were less than 15

individuals per m2.

Se analysis was performed on composites of macroinvertebrate taxa groups collected

from each wetland, and included available life-stage instars and sexes. The primary taxa

groups were chironomid larvae, Hemiptera juveniles and adults, and odonate nymphs. In

general, Se concentration was greater for the Pond than the Creek invertebrates (Fig. 3.3G).

Average Se body burden in the Pond chironomid larvae was 16 ± 22 p.g/g (mean ± 95% CL)

compared to 3.0 ± 0.5 jig/g for the Creek chironomid larvae (Fig. 3.3G).

The Pond and Creek Hemiptera Se body burdens were 8.3 ± 1.2 jig/g (mean ± 95%

CL) and 1.9 ± 2.0 j.tg/g (mean ± 95% CL), respectively (Fig. 3.311). Odonate nymph

composites were available for June 2001 (data not shown) and June 2002 (Table 3.3) in the

Pond wetland only. Average Se body burden in odonate nymphs (6.3 ± 3.0 .tg/g, mean ± 95%

CL) were less than the Pond chironomid larvae and equal with the Pond Hemiptera (Table

3.3). Where data was not provided, insufficient tissue mass was collected for chemical

analysis (c.a. 1 g wet). This included the oligochaete, amphipoda, and other dipteran taxa, as

well as the beetle larvae. It may be that these taxa were an insignificant component of the

shorebird's diet.



Figure 3.3. The average composition (%) of the benthic macroinvertebrate assemblage in
the lotic lower Lee Creek (A) and lentic Oolitic Pond (B), UT, June 2002. Reference:
Abbreviation, Taxa (common name): Ch, Chironomidae (midge larvae); Ot, Other Diptera;
01, Oligochaeta (aquatic worm); Am, Amphipoda (crustacean); Co, Conxidae (water
boatman); An, Anisoptera (damselfly nymph); WB, Coleoptera (water beetle); P = predator;
G = generalist feeder; H = herbivore

AmFO
2%

Ot (1

21°,

Co (G) A. Loer Lee Creek

Temporal concentration trends

Ch (H)

56%

An(P

34%

Co (G

6%
WB(P)
19%

B. Oolitic Pond

Ch (H)

31%

P)

Spatio-temporal variability was found at different scales for the water column,

sediment and benthic invertebrates over the 3-year field study. The form and concentration of

Se is expected to change rapidly (within days) for the water column, which is influenced by

diurnal and seasonal water chemistry changes as well as seasonal run-off and dilution effects,

whereas Se concentration within the sediment compartment would vary over a scale of months

or years depending upon biological productivity and disturbance effects. Benthic invertebrates

integrate chemical exposures over the life-cycle period, with many generations occurring

within one season for some organisms (e.g. chironomid larvae) and over years for others (e.g.

odonate nymphs). Short-term laboratory studies (42) and general assumptions (12) suggest

that aquatic organisms are able to regulate the assimilation of Se because it is an essential

metal. Relative uniform body burdens of Se within the air-breathing hemipteran and the

sediment-burrowing chironomid larvae was observed over the 3-year study (Figure 3 .2G and

H), supporting evidence of long-term steady-state bioaccumulation. Relatively uniform

concentration of Se within the detritus and sediment compartment was also observed over the

long-term study (Figure 3 .2E and F). In contrast, waterborne Se concentrations, as well as the

distribution of particulate and dissolved Se fractions, varied significantly over time (Figure

3.2D).
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Trophic accumulation trends

Trophic transfer and biomagnification are terms used to describe the transfer of a

substance from a lower trophic position, i.e. vegetative or prey species, to a higher trophic

predatory species. The results for the June 2002 sample event demonstrate benthic invertebrate

body burdens were < 2 to 6 times the sedimentldetritus concentrations within both wetlands

(Table 3.3). Relative with other metals (43), this was a marginal biomagnification.

Conversely, bioconcentration from the surface water to the sediment and biota was apparent; a

large increase (3 orders of magnitude) from waterborne Se concentration to the sediment and

biota was observed.

Increasing Se concentration with higher invertebrate trophic level was not observed

for either wetland system. The predominantly herbivorous consumer (Chironmoid larvae)

accumulated equal or greater Se than the generalist feeder or predatory invertebrate taxa

(Table 3.3). In particular, the lentic chironomid larvae accumulated c.a. 2 times greater Se than

the hemipteran taxa and the odonate nymphs. The extent of Se accumulation by the

invertebrates appeared to be mediated by direct exposure from the environment or the dietary

pathway within the detrital-sediment compartment. Fundamental ecological processes, such as

functional feeding mode and habitat occupancy, influence benthic/detrital food web Se

accumulation patterns by influencing the exposure scenarios. The chironomid larvae are

sedentary sediment dwellers (44). The exposure to Se occurs within the sediment

compartment; available food matrices include fungi, algae, bacteria, diatoms and labile detrital

matter (45, 46). The hemipteran taxa are air breathers, storing and consuming surface air. As

generalist feeders, hemipteran taxa contain mouthparts for vegetative consumption (piercing

and scraping), and feeding on other fauna (engulfing and piercing), particularly the

chironomid larvae (44). The detrital-sediment compartment is clearly an important exposure

route for these benthic invertebrates.

Though Hemiptera and chironomid larvae were found within both wetland systems

(Fig. 3.3), Se body burden was significantly greater within the Pond (lentic) than the Creek

(lotic) (Fig. 3.2E and 3.2.F). The lentic chironomid larvae contained 7 times and the

hemipteran 4 times greater Se than the equivalent lotic taxa, while the waterborne and

sediment Se concentration differences between the wetlands were < 3 times (Table 3.3). The

adult life-stage of the chironomid and Hemiptera are winged, with the ability to travel between

wetland ecosystems. Maintained by the same watershed, the Oolitic Pond and lower Lee

Creek are less than a mile apart, thus a geographic barrier should not exist to preclude



Table 3.3 Comparison of Se accumulation in the lotic and lentic detrital-benthic food webs, UT, June 2002.

LOTIC LENTIC LENTIC /
Compartment Trophic

Habitat1' Units Creek Pond LOTICC
positiona

[total Se] mean (range)

Surface water Source Se N/A g/mL 0.0054 0.0028 0.5
dissolved fraction (0.0031-0.0062) (0.0021 0.0034)
Sediment Abiotic N/A ig/g, d.w. 1.4 2.5 1.72Scm (0.6-3.6) (1.2-3.6)
Detritus Abiotic N/A tg/g, d.w. 1.0 2.8 2.80-2cm (0.7-1.6) (2.4-3.2)
Chironomid Primary consumer Sediment j.tg/g, d.w. 2.4 18 7.4
larvae (1.0-3.9)
Hemiptera Generalist feeder Surface water ig/g, d.w. 1.9 8.3 4.3
juvenile and adult (1.8-2.1) (6.9-9.7)
Odonate Predator Vegetation tg/g, d.w. N/A 8.5 N/A
nymph (6.1 11.2)

aMen. and Cummins, 1 996a, bMenit and Cummins, I 996b, cMagnjtude of total Se accumulation difference between the lentic and lotic wetlands,
calculated as average Pond concentration divided by average Creek concentration.
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potential mixing of invertebrate taxa between these wetlands. Thus, the extent of benthic

invertebrate S e a ccumulation differences b etween the wetlands would suggest a distinction

between the lotic and lentic systems in the form or available fraction of Se within significant

compartments. A great body of research has determined that the chemical forms of Se and

source availability greatly influence resulting aquatic organism tissue burden (47-49).

Therefore, wetland site-specific biogeochemical processes were considered dominant

parameters influencing Se chemical availability and organism accumulation.

Biogeochemical effects

Sediment, detrital and suspended particulate Se has been identified as a better

predictor of adverse biological effects than waterborne Sc alone (16, 39, 50, 51). In particular,

the sediment organic content may facilitate the movement of Se into the benthic food web (16,

39). This study provides further evidence of a sediment organic content relationship with

sediment Se and carries the relationship further to consider potential influences on the benthic

invertebrate accumulation trends.

Van Derveer and Canton (1997) proposed that an interactive dissolved Se and

sediment organic content term provides greater descriptive power for sediment accumulation

trends than the parameters individually. The same guidelines were used to assess accumulation

trends for the October 2000 lotic and lentic dataset. Though the correlations were not always

significant, general trends between sediment organic content and Se benthic-detrital

accumulation were revealed. In particular, sediment S e demonstrated a positive correlation

with sediment organic carbon content; the relationship was far greater within the lotic

(R2>0.8) than the lentic (R2-0.3) wetland (Fig. 3.4.A and 3.4.B). A site-specific wetland

distinction was revealed for the dissolved Se and sediment Se relationship. Increasing

dissolved Se levels resulted in decreased sediment Se within the lotic system, while no

relationship was apparent within the lentic wetland (Fig. 3 .4.A and 3 .4.B). Empirical evidence

demonstrated taxa specific benthic invertebrate accumulation relationships. Chironomid larvae

Se body burden decreased with increasing sediment organic carbon (Fig. 3 .4.A), while an

insignificant positive trend between Hemiptera Se body burden and sediment organic carbon

was observed (Fig.3 .4.B). Hemiptera and chironomid larvae demonstrated similar positive

relationships between Sc body burden and dissolved Se. The interactive term for chironomid

larvae and sediment Se levels was more strongly influenced by sediment organic carbon (Fig.

4.4.A and 3 .4.B), while dissolved S e burdens showed greater influence with H emiptera S e

body burdens (Fig. 3 .4.B). For the odonate nymphs, the June 2001 and 2002 dataset revealed a

positive influence of dissolved Se levels on Se body burden (data not shown). The multi-year
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dataset revealed similar accumulation trends, but the October 2000 dataset was selected for

presentation, as strength of the relationships was far greater.

Figure 3.4. Linear regression relationship (R2) between Se concentration (j.tg/g dw) in
chironomid larvae (D), hemiptera ( )f(), and odonate nymphs ( 'a), and sediment ( ') versus
dissolved Se, sediment organic carbon, or a dissolved Se x sediment organic carbon
interaction term for the lower Lee Creek (A), the Oolitic Pond (B), UT, October 2000.
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The sediment OC content may not be a suitable site-specific factor distinguishing the

lotic and lentic wetlands because the sediment organic carbon and Se accumulation

relationship was weak, % organic carbon range was limited (0.9% to 3.8%), and the OC
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content between the Pond and Creek East sediment was equivalent. Alternative wetland site-

specific characteristics may have a greater influence on detrital-benthic accumulation trends

than organic content alone (Fig. 3.5 .A and 3.5 .B). Se equilibrium between the reduced and

oxidized inorganic anions and conversion to elemental insoluble forms are regulated by

surface water and sediment pH and redox parameters (9, 52). Though seasonal differences for

pH, temperature and depth measurements over the 3-year study were apparent (Fig. 3 .2.A-C),

dissolved and particulate waterborne Se was not significantly correlated (R2<O.5) with these

surface water parameters (data not shown). Despite the predominance of various waterborne

Se species, elemental (0) and Org-Se (-II) species predominate in the reducing environments

of many lentic sediments due to the redox dependent speciation behavior of Se (16).

Determining the evolution of the particulate or sediment detrital compartment, as well as

defining the makeup of the organic material and associated Se species, would provide valuable

information concerning food matrix and Se chemical form, thereby elucidating accumulation

differences between the lotic and lentic benthic-detrital communities.

CONCLUSIONS

The 3-year field study provides evidence that steady-state conditions exist between the

exposure media and Se body burden in multiple generations of benthic invertebrates despite

fluctuations in waterborne Se concentration. Four grab sample events do not provide a

definitive measure of long-term Se transition patterns, but insight into the relative variations

and patterns of accumulation over time is valuable. The results suggest that waterborne Se

alone can be an unreliable predictor of food web Se accumulation, while environmental

concentrations of Se within the benthic invertebrates provide a more accurate steady-state

monitoring compartment. Concurrently, seasonal impacts on waterborne concentrations, such

as run-off transport and dilution effects, should be considered.

Temporal Se benthic-detrital accumulation trends were evaluated concurrently within

representative hydrologic aquatic systems, the lower Lee Creek (lotic) and the Oolitic Pond

(lentic). The Creek and Pond are characterized by standing or slow-moving water with a

chemically reducing sediment compartment poor in organic carbon. The occurrence of steady-

state Se accumulation within the same benthic invertebrate taxa occupying similar

environmental compartments in both wetlands suggests invertebrate body burden was related

to organism-specific processes. Yet a reduced Se accumulating efficiency was observed within

the lotic detrital-benthic food web as compared to the lentic. Inherent differences in
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biogeochemical parameters between lotic and lentic aquatic systems influence Se

transformation and transitioning, and therefore extent of accumulation.

Se ecotoxic criteria are currently based on a worst-case scenario for which the obligate

conservative assumption is that all aquatic systems are characterized by organic-rich

sediments and high biological activity (12, 16). Van Derveer and Canton provide an

alternative assessment of Se accumulation in wetlands based on a relationship between

sediment Se concentration and sediment organic content. Empirical evidence within this study

indicated increasing organic content in the sediment results in an increase in sediment Se that

was unrelated to wetland site. Though a relationship between sediment total organic carbon

content and Se detrital and benthic concentration was postulated, low correlation indices

indicates that this biogeochemical parameter may not account for the 4 to 7 times
accumulation difference between the lotic and lentic benthic invertebrates.

The significance of ecological issues impacting benthic-detrital food web

accumulation trends was apparent from this long-term field study. Aquatic invertebrate

accumulation was taxa specific, not wetland site-specific. Thus, ecological processes, such as

feeding mode and habitat occupancy of aquatic invertebrate taxa, are indicated as important

factors impacting Se accumulation by influencing invertebrate exposure scenarios. A literature

review by Mcintyre et al. (2003) considered environmental exposure of Se relating to trophic

level accumulation across a wide spectrum of aquatic systems. A significant positive

relationship between Se in the "trophic level 2" organisms (e.g. chironomid larvae) and

"trophic level 4" organisms (e.g. shorebirds) was revealed. The chironomid larvae are a

primary food source for shorebirds within fishless wetlands. The tolerance of chironomid

larvae populations to high body burdens of Se may be a concern for transfer to sensitive

higher trophic level wildlife. The food web should be an important consideration when

evaluating ecological risk in aquatic systems.
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ABSTRACT

Patterns of Mn, Zn, Cd, Pb, As and Se accumulation in the water, sediment,

detritus and a quatic macroinvertebrates were determined in two hydro-dynamically distinct

wetlands; lotic (flowing water) and lentic (standing water), Jordan River watershed, UT, USA,

June 2001 and 2002. Three invertebrate groups dominated the assemblage and total count of

benthic invertebrates in the lotic and lentic benthic food web; herbivores (Chironomidae,

Diptera), generalist feeders (Hemiptera) and predators (Odonata). Organism-specific factors

influence routes of exposure to trace metals. The herbivorous invertebrate groups accumulated

3 to 30 times greater trace metal concentration than the generalist feeder or predator taxa

groups. Site-specific factors mediated the extent of trace metal accumulation. The chironomid

larvae occupying the lentic wetland accumulated 1.4 to 39 greater trace metal concentrations

than the same taxa group within the lotic wetland. Regional scale specific factors, e.g.

brackish, alkaline surface water chemistry, may be protective of benthic invertebrates by

decreasing the proportion o f soluble transition metals available for direct uptake. Regional

surface water chemistry influence on As and Se solubility was less significant than site-

specific differences. The use of the 15N stable isotope in determining food web structure was

complicated by mixed N dietary sources available to the organisms, as well as wetland

geographic specific N production. The E'3C stable isotope fractionation indicated benthic

invertebrate carbon originated from the detritus, signifying the importance of the detrital-

benthic food web. Further study is necessary to characterize primary source (e.g. dietary,

surface water) to the detritovores, key organisms in the arid, brackish wetland food webs.



INTRODUCTION

Trace metals have unique persistence, bioaccumulative and toxic characteristics,

distinct from organic substances. Because they are naturally occurring and ubiquitous in the

environment, metals can concentrate at a particular site (e.g. related to a specific point source

discharge) or on a regional scale (e.g. related to a particular watershed) due natural processes.

Geologic conditions found extensively in the arid regions of the western United States

preferentially accumulate many trace metals, including Mn, Zn, Cd, Pb and As (1), and in

particular Se (2, 3). Located along the eastern spur o f the Migratory Bird Pacific Flyway,

wetlands within this arid geographic region provide important habitat for migratory waterfowl

and shorebirds (4, 5). These conditions motivate researchers and regulatory decision-makers to

assess risk of trace metals to avian in these wetland ecosystems.

Metals can be essential for biotic health, in some cases resulting in thresholds for

either deficiency or toxicity. Mn, Zn and Se are essential metals, necessary for proper

functioning of organisms. As, Cd and Pb are non-essential metals that are transported across

cell membranes through similar pathways as essential metals. All trace metals produce a toxic

response in aquatic organisms at some concentration level when uptake exceeds the capacity

of detoxification or elimination processes. Metals can occur in aquatic environments as

numerous oxidation states and forms controlled by external environmental conditions. These

different forms influence availability, hence extent of toxic effect, to organisms. Trace metals

associated with sediments can pose a long-term threat to aquatic ecosystems (6). Benthic

invertebrates, living within the interface between water column and the sediment, are exposed

to metals from both surface water and sediment (7).

Due to the complexity of Se physico-chemistry in aquatic systems, a site-specific

based approach is offered as a means to account for differences in the bioaccumulation

potential of Se in natural systems (8-10). Site-specific factors include water hydrodynamics,

e.g. flowing (lotic) versus standing (lentic) aquatic systems, and ecological, e.g. habitat

selection and food webs, processes. In an aquatic food web, energy transfer occurs from lower

trophic levels to higher organisms along interlinked food chains. Benthic invertebrates are key

organisms in food webs, accumulating trace metals from both water and sediment, transferring

trace metals to higher trophic levels. Evidence of impact to particularly sensitive wildlife, such

as fish and migratory shorebirds, by food web transfer demonstrate the importance of studying

aquatic food web processes (11, 12).

Trace metal bioaccumulation and nutrient transference in aquatic food webs are

interrelated processes. Natural abundances of the rare (less abundant) stable isotopes of
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nitrogen ('5N) and carbon ('3C) in ecosystems provide tools for estimating the trophic

positions and originating source of carbon to consumers in food webs (13). Nitrogen (N)

cycling is a fundamental ecological process, influenced by plants and primary consumers,

which transform low molecular weight soluble and volatile inorganic forms (e.g. N}LI, NO3)

to higher molecular weight N compounds (e.g. proteins). Organic carbon (C) is a product of

primary producer transformation of inorganic C and is an important unit of energy, e.g. dietary

source, in a food web.

By comparing metal body burdens between benthic invertebrate taxa and relating

them to natural abundance of the ö'5N and 6 13C stable isotopes, we addressed the relationship

between trophic position and carbon source transfer to trace metal bioaccumulation in benthic

food webs of lotic and lentic wetlands. hi particular, we consider the following questions: (1)

are the patterns of Se and trace metal accumulation between hydrodynamically distinct

wetlands similar for the same aquatic invertebrate families? And (2) is it possible to predict

invertebrate metal body burdens based on trophic levels and food sources revealed through the

stable isotope measurements? The results were expected to indicate to what extent organism-

specific processes (e.g. ecology) determine Se and other trace metal benthic food web

accumulation as compared to site-specific parameters (e.g. surface water chemistry).

MATERIALS AND MITHODS

Study areas

Samples were collected from two wetland ecosystems representing lotic (flowing

water) and lentic (standing water) hydrologic dynamics within the Jordan River drainage

basin, along the southern point of the Great Salt Lake (GSL), UT, USA (Fig. 4.1). These

ecosystems are located within the eastern spur of the Migratory Bird Pacific Flyway and

provide important nesting and feeding habitat for shorebirds and waterfowl. The wetlands,

maintained by the Kennecott Utah Copper (KUC) mining company, are located in an arid

geographic region considered a problem source of Se in the western United States (3). Other

trace metals, e.g.. Mn, Zn, Cd, Pb, and As, are also preferentially accumulated within the

parent rock of this geographic area (1).

The 1 entic Pond, located in the Garfield Wetlands, functions as a fishless, shallow

littoral pool inhabited by emergent plants and benthic invertebrates. Maintained by rainfall and

groundwater, the 700 by 500m Pond is a reducing, alkaline (pH >8.5) wetland that

experiences periodic dry episodes. Containing high dissolved solid surface water levels

(10,500 mg/L), of which <1% is organic carbon, this pool was determined to have high levels
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of S042 and CF anions (1700 and 5600 mg/L, respectively), along with Na (2400 mg/L), Ca

(490 mg/L), K (140 mg/L) and Mg (290 mg/L) macro elements (14). In the 1990s, the

Garfield Wetlands managed by KUC was involved in clean-up efforts to reduce the impact of

Se on the natural wetlands (15, 16). Other trace metals were not cited as necessary for the

clean-up efforts. American avocets (Recurvirostra americana) and black-necked stilts

(Himant op us mexicanus) were actively feeding at this site, and black-necked stilt nests

containing eggs were observed during sampling events.

The selected lotic system was the lower stretch of Lee Creek (designated Creek) (Fig.

4.1). Lee Creek is a freshwater spring flowing from north of the Mine Tailings Impoundment

(MTI) westwards towards the GSL. The lower Lee Creek, 4300 m in length, is comprised by

two segments bisected by an earth embankment 'pinch-off' with a 4 m channel for water flow.

The segment east of the earth embankment (Creek East), maintained by KUC as the Inland

Sea Shorebird Reserve, consists of a low water velocity system flowing directly into the

stretch west of the earth embankment (Creek West) and ending in a delta at the GSL, Though

freshwater, the lower Lee Creek maintains alkaline pH levels >8 and high dissolved solid

levels (1600 mgIL) of which less than 1% is organic carbon (14). The Creek surface water CF

levels were less than 15 times the Pond levels; SO and the macro cations were less than 5

times the Pond levels. Emergent plants and algae inhabited both segments, though the

vegetation was sparse. Historically, water from springs and artesian wells from Garfield

Wetlands was diverted to the lower Lee Creek for discharge into the GSL. This practice ended

in 1995 (16), where it has since been regulated by KUC to provide year-round shallow water

for shorebird use. The shorebirds mentioned previously were observed actively feeding within

the channel and shoreline of the Creek.

Sampling

Samples were collected in June 2001 and June 2002; the collection events coincided

with migratory bird nesting and migration events for the region (4, 5). Sample locations

within the Pond were designated vegetated, non-vegetated and slag, descriptive of the

environment from which the samples were taken. Samples from the shore and channel were

taken from near the Creek East earth embankment pinch-off area and near the GSL delta

within the Creek West segment (Fig. 4.1).

Surface water, sediment, plant and aquatic invertebrates were collected as grab

samples from the same location within the wetland sites. Samples were collected into trace

metal clean certified RDPE bottles or plastic bags, held at 4°C until initial processing and then

stored at -12°C. Before analysis procedures, solid matrices were homogenized using mortar



Figure 4.1. Map of the lower Lee Creek and Oolitic Pond wetland sites, Salt Lake County, UT, USA
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and pestle under liquid N2; liquid matrices were thawed and sub-sampled. Trace metal

optimum acids (Fisher) were used for all matrix digestion and acidification procedures. The

final concentrations for the solid matrices were corrected for dry weight (dw). Reported trace

element concentrations refer to the total available after rigorous digestion methods. Plant and

surface water trace metal concentrations are available for the June 2002 sample event only.

Sampling and analysis of surface water

Quantification of total Mn, Zn, Pb, Cd, As, and Se in the water samples was

determined by inductively coupled plasma mass spectrometry (ICPMS) (PQ Excel,Thermo

Finnigan) (17, 18). The isotopes 55Mn, 68Zn, 206Pb, '14Cd, 75As, and 82Se were quantified using

internal surrogates "51n and 72Ge. Acid recoverable waters were digested with concentrated

nitric acid from 70 to 130 °C for 7 hours (17, 19). Dissolved waters were filtered through 0.45

Jim filter and acidified to 1% (v/v) nitric acid before chemical analysis. The particulate

fraction is operationally defined as the difference between the dissolved and acid recoverable

surface water concentrations. Chemical and physical surface water parameters, such as total

dissolved solids (TDS) pH, total organic carbon (TOC) and ions, were characterized during

earlier studies (14).

Sampling and analysis of sediment

The sediment compartment was subdivided into the detritus and the sediment depth

from 2 to 5 cm. Sediment samples were collected using a 5 cm (i.d.) by 23 cm (height)

sediment corer with plunger; the top 2 cm were removed and stored separately as detritus.

Detritus is described as a flocculant organic layer on the surface of the sediment derived from

the decomposition of aquatic plant and animal remains.

A heated aqua regia digestion method (20, 21) was employed for recovery of Mn, Zn,

Cd, As, and Sc in the sediment matrix. Briefly, 1 g ofwet sample was treated with a 3:1

volume of concentrated HC1 and HNO3 and digested from 70 to 130°C for 7 hours and the

proper dilution was applied. Quantification was determined by ICPMS (17, 18) using the

isotopes and corrections stated above. Nitrogen (15N) and carbon ('3C) stable isotopes were

measured by continuous flow isotope ratio mass spectrometry (CF-IRMS) (Finnigan MAT-

25 1). The CF-JRMS works by combusting the sample in the analyzer, reducing all forms of N

and C in the sample to N2 or CO2, on which the mass of isotope atoms are measured. Before

analysis, the sediment and detritus are exposed to volatile HC1. This reaction produces volatile

CO2 from carbonate, thus removing inorganic carbon from the samples for analysis of organic

carbon '3C only. The sediment composition and organic carbon content was determined during

a previous study of the Creek and Pond wetlands (14).



Table 4.1. Functional feeding, microhabitat preference, and life-cycle characterization of
the primary aquatic insect groups occupying the lotic Creek and lentic Pond, KUC, UT,
USA, 2000-2002.

Organism (ORDER, Family)

Charactetization' DIPTERA HEMIPTERA ODONATA
Chironomidae Notonectidae, cAjjsoptera,

Corixidae czygoptera

Common name non-biting midge back-swimmers; dragonfly,
water boatman damseifly

Dietary preferences algae, mosquito and midge Available
diatoms, bacteria; larvae; aquatic
relatively little detritus invertebrates
macrophyte tissue

Feeding bdefrjtivores: predator: predator:
mechanisms filter-feeders engulfers, piercers engulfers

scrapers detritivore: collectors,
piercers, scrapers

Aquatic limited movement: large area swimmers, large area
microhabitat soft sediment, movement between crawlers,
occupancy tolerant of anoxic surface water and vegetation,

conditions detritus detritus /

sediment

Respiratory method water 02 diffusion surface air 02 retained as water 02
into hemolymph bubble under abdomen diffusion
haemoglobin through gill

Life stage during 8-50 days nymph, adult nymph
occupancy pupa/larva

No. of reproductive one per organism; 1 per year (spring); over- 1 per year,
bouts multiple generations winter as adult single

per year generation

Body size 2-30 mm

aMemt and Cummins 1996
bGoldfinch and Carman 2000; Pinder 1986
'Suborder

Sampling and analysis of biota

On the basis of former inventories of the Creek and Pond (22), limited aquatic

invertebrate taxa were abundant to obtain a sufficient number of individuals for metal analysis



(> 1 g wet weight). The primary invertebrates characterized were chironomid larvae (genera

Chironomus, Cricotopus and Tanypus, Order Diptera), waterboatmen and backswimmers

(Order Hemiptera), and dragonfly and damseifly nymphs (Order Odonata). Table 4.1 provides

feeding mode, habitat preference and life stage characterization of the invertebrate groups (23-

25). The Creek supported an average of 30 to 1000 times greater chironomid larvae per

area than the Pond; total counts in the Creek ranged from c.a. 30 to c.a. 6,000. Though prior

abundance assessments determined similar Hemiptera counts between the Creek and Pond

(average < 15 per m2), the collection process limited this estimation. They were observed to be

highly abundant and evenly distributed within the Pond wetland, though scarcely distributed

within the Creek, and frequently interacting with the detritus layer of both wetlands. The

odonate nymph life stage, collected among the submerged portion of the emergent vegetation,

inhabited the Pond only. An average of <5 nymphs of various sizes were collected within a

area of the Pond.

The common reed (Phragmites australis) and aquatic barley (Graminae

hordempussillum) dominated the north end o ft he Pond, with little or no vegetation in the

middle (non-vegetated) or slag areas. Phragmites australis, aquatic alkali bulrush (Cyperacea

scirpus martimus) and unidentified algae inhabited both Creek East and West segments,

though the vegetation was very sparse. Aquatic plants were collected, when available, from

the designated sampling areas. Root, stem and leaves were either separated or the entire plant

composited for analysis. The available invertebrate taxa were collected within the water

column and top 5 cm of the soft sediment layer using a long-handled canvas D-net and placed

in whirl-pak bags. The collected samples were washed through a 500 Jtm sieve with DI water,

and < 1 to 20 g of invertebrates were sorted from the detritus into family or genus taxonomic

designation. All biota was rinsed with 18.3 me-cm water, and air-dried before storage. Trace

metals Mn, Zn, Pb, Cd, As, and Sc were quantified on invertebrate composites upon rigorous

acid recoverable digestion and ICPM analysis. The method and analysis were described

previously (Anderson, 1996; U.S.EPA, 1994). Nitrogen (M5N) and carbon (M3C) stable

isotope fractionations were measured for the biota after thoroughly drying (24 h at 75 °C) a

homogenized subsample. Analysis procedures were applied as above.

Quality Control

Quality control for the trace metal analysis included reagent blanks, check standards,

fortified samples, laboratory duplicates and c ertified reference materials (CRMs); each QC

type was included in all sample batches. QC samples represented 50% of all samples

analyzed. Recoveries of fortified samples ranged from mean 65% to 107%; the relative



Table 4.2. Quality control results for trace metal analysis in water, sediment and tissue (A), and Certified Reference Materials (B).
Table 4.2.A. Sample matrices

Water (n = 5 to 8)
Element 8MDL Duplicate Spike

g/L appD ± SD b%Rec ± SD

Mn 1.23 11± 18 97±46

Zn 1.9 18±28 72±18

Cd 0.16 8.5 ± 7.4 65 ± 31

Pb 0.17 12± 14 76±41

As 0.21 2.7 ± 2.7 82 ± 42

Se 1.4 13±15 102±44

Table 4.2.B. Certified reference materials

Biological tissue (n = 9 to 12)

MDL Duplicate Spike
tg/g RPD ± SD %Rec ± SD

2.0 15±12 91±36

35 9.6±8.3 94±21

6.0 3.7 ± 2.8 101 ± 26

7.0 11±6.9 73±36

3.0 14±16 100±42

4.0 4.0 ± 3.3 106 ± 25

Sediment(n = 6 to 11)

MDL Duplicate Spike
tg/g RPD ± SD %Rec ± SD

4.0 cN/1 N/R

70 19±10 79±36

12 22±45 70±17

14 dN/A N/A

6.0 16±11 86±33

6.0 11±7.2 81±6.3

NIST 1640 (n6) CNRC TORT-2 (n12) NIST TL.1573a (n14) CNRC PACS-2 (n12)
Element .4.ertiiieu Certified

r .1L.ertllleu c' 4.Lert111eu%Rec ± SDvalue tg/L value %Rec ± SD
value tg/g %Rec ± SD %Rec ± SDvalue ig/gtg/g

Mn 121.5 116±1.3 13.6 110±2.8 246 102±2.0 440 64±3.0
Zn 53.2 120±4.9 180 106± 1.8 30.9 109± 2.5 364 103±4.2
Cd 22.79 120±1.3 26.7 117±3.1 1.52 BDL 2.11 BDL
Pb 27.89 110±0.6 0.35 BDL N/A BDL 183 N/A
As 26.67 120±1.5 21.6 109±2.2 0.112 BDL 26.2 120±5.7
Se 21.96 106±1.9 5.63 124±2.8 0.054 BDL 0.92 BDL

aNfDL method detection limit; b%RPD ± SD average relative percent difference ± standard deviation; c%Rec ± SD = average percent recovery± standard deviation; dN/p = not recovered: spike concentration less than 10% of sample concentration; response signal hidden within noisedeviation.
;

eN/A = not available; BDL below detection limit
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percent difference (RPD) between sample duplicates was < mean 22% (Table 4.2.A). Trace

metal recoveries of certified quantities within CRMs ranged from mean 64% to 124% (Table

4.2.B). CRMs included natural water (NTST 1640), dried & defatted lobster hepatopancreas

(CNRC TORT-2), tomato leaves (NTST 1573a) and estuary sediment (CNRC PACS-2).

Calibration curves were composed of 5 - 6 standards; regressions (r2) ranged from 0.97 to 1.

Isotopic data use the standard isotopic delta notation (ö), in per mil (%o) units relative to a

universal standard. The Pee Dee belemnite (PDB) is an inorganic C, while atmospheric N is

the standard used for C and N analysis, respectively. Delta notations are calculated as follows:

(%o) 1000 X [(RsampleRstandard)/Rstandardl

where R is the number of less abundant stable isotopes measured in the matrix. Calibration to

PDB was performed through the NBS- 19 and NBS-20 standards of the National Institute of

Standards and Technology. External precision estimates for ö'5N and 3C, based on replicate

analyses of acetanilide and oxalic acid reference materials, are ±O.l2%o and ±0.11%o,

respectively.

Statistical analyses

Regression analysis was performed to determine linear relationship between trace

metal concentrations and chemical parameters; measurements for the Creek East and Creek

West segments were combined into a single lotic Creek site for regression analysis.

RESULTS AND DISCUSSIONS

Surface water

Total recoverable and total dissolved Mn, Zn, Cd, Pb, As, and Se concentrations were

measured in the Creek and Pond, June 2002 (Table 4.3). Average dissolved concentrations

were greatest for As, ranging from 22 to 63 jig/L within the Creek and Pond wetlands,

respectively. Average dissolved Cd concentrations were <1.0 j.ig/L within both wetlands,

while Pb levels ranged from <1.0 to 9 j.ig/L in the Creek and Pond, respectively. Zinc and

Mn dissolved c oncentrations were below detection limits in the C reek; Mn levels were <3

j.tg/L within the Pond. Selenium average dissolved levels were <5 tg/L in both wetlands.

Average dissolved levels of Mn, Zn, Cd, Pb and As were greater in the Pond than the Creek,

though the difference between the wetlands was less than 3X for all elements except Pb (

30X). In contrast, the Creek average dissolved Se levels were 2 times greater than the Pond

levels. In general, the dissolved trace metal levels were at or below the U.S. Environmental

Protection Agency's (EPA) water quality criteria (WQC) for freshwater aquatic life (26). The



Table 4.3. Trace metal concentrations in acid recoverable and dissolved surface water collected from lower Lee Creek and Pond, Utah, June 2002.
Also provided is the percentage of trace metal associated with the particulate fraction, and the U.S.EPA freshwater quality criteria (WQC) for
dissolved metalsa. Sample size = 6 Creek, =3 Pond.

Element Lee Creek (n 6)

Acid recoverable Dissolved
Qig/L) (gfL)

Particulate
%

aEPA WQC
CCC
(g/I)

Pond (n 3)

Acid recoverable Dissolved
(tg/L) (j.tg/L)

Particulate

aEPA WQC
CCC

Mn 59± 11 bBDL 92 cN/A 27±0.71 2.6±2.0 90 N/A
Zn 15 ± 4.9 BDL 88 101 2.4 ± 1.8 BDL 22 440

Cd 6.01 ± 0.39 0.44±0.03 93 0.2 26 ±2.8 0.66± 0.1 97 0.7

Pb 9.2±0.97 0.26±0.05 97 2.0 28±2.9 8.7±0.11 97 12.9

As 28 ± 3.0 22 ± 2.2 22 36 130 ± 4.0 63 ± 6.3 53 36

Se 4.06 ± 0.80 4.2 ± 1.2 0 71 5.1 ± 0.21 2.8 ± 0.69 46 71

aU.S.EpA 2002b; CCC = criterion continuous concentration; Cd, Pb, Zn are corrected for water hardness; bBDL = below detection limit; see
table 1. Calculations of the particulate fraction include the detection limit.; eN/A = data not available
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exceptions were Cd and As in the Creek and Pond, respectively, though the dissolved

concentrations were less than 2X the EPA WQC (Table 4.3). A water quality criterion is not

available for Mn. The quality criteria for Zn, Cd, and Pb were expressed as a function of water

hardness (mIgL of CaCO3) (26). Water hardness for the Pond and Creek was calculated as 470

mgIL and 83 mg/L, respectively.

The Creek and Pond are freshwater brackish wetlands with an alkaline pH (> 8.0),

medium to high water hardness and high levels of dissolved solids (27). Surface water pH,

dissolved solids and ions influence metal solubility (28), but it is difficult to determine the

extent of influence of each process independently because they are interrelated. Trace metals

form complexations with dissolved solids and organic matter. Cations may competitively

reduce the absorption of divalent trace metals onto solid inorganic surfaces (29) as well as

biotic ligands. Thus, cations (i.e. water hardness) may influence metals towards greater

solubility, while decreasing availability for dermal absorption by aquatic organisms.

Physico-chemistry characteristics and wetland chemistry mediate the extent of trace

metal solubility and mobility (28), therefore, the percentage of the trace metal associated with

the particulate phase (% particulate) of the surface water was presented to indicate relative

solubility within the alkaline wetlands (Table 4.3). Approximately all surface water Mn, Zn,

Cd and Pb were associated with the particulate fraction in both the Creek and Pond wetlands.

Though the transition metals show low affinity for dissolved organic matter, a high affinity for

complexation with inorganic ligands occurs at pH>8 (28). Thus the aggregations of these trace

metals into larger colloids increases the potential of association with the surface water

particulate fraction.

The metalloids, As and Se, show percentage particulate fractions distinct from the

transition metals (Table 4.3). Within the Creek, the percentage of total recoverable As and Se

associated with the particulate fraction is low (average 22 and 0%, respectively), providing

evidence for the soluble hydroxyl species as the dominant form of As and Se within the

alkaline, lotic wetland (30). In contrast, approximately half of the total recoverable fraction of

Se and As in the Pond system is associated with particulates. The limited mixing and greater

depth of the surface water within the lentic Pond as compared to the slow-flowing lotic Creek

may provide greater opportunity for reductive processes on surface water trace metals,

resulting in a predominance of the reduced hydroxyl and organic As and Se species, which

have a greater affinity for inorganic particulates and organic ligands. The results from the

particulate trace metal fractions reveal that approximately 100% of transition metals are

insoluble inorganic particulate forms, suggesting both a pathway for cycling to the sediment
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compartment and decreased availability for aquatic organisms through dermal transfer

processes. In contrast, the metalloids may be occurring as the soluble oxyanions or associated

with soluble dissolved organic matter, increasing the opportunity for direct uptake by aquatic

organisms in the water column.

Sediment

The Creek and Pond are located in an arid alkaline geographic region whose geologic

conditions favor higher than average background levels of many trace elements (1). Figure 4.2

provides the range (mean and 95% confidence limit) of the total recoverable trace metals in

the sediments of Lee Creek East, West and the Oolitic Pond. Similar trends in sediment trace

metal accumulation were o bserved for the Creek and Pond. The greatest concentrations of

total metals were measured for Mn and Zn, whereas Cd and Se were found at concentrations 2

orders of magnitude less. Arsenic was also found at levels similar to Mn and Zn within the

Pond, though an order of magnitude less within the Creek. Analytical results are not available

for Pb concentrations within the sediment.

Sorption properties of the sediment mineral material are associated principally with

the clay and silt-size sediment fractions. The mineral surface area is a measure of the trace

metal ion binding capacity of sediments. Generally, the surface areas of silt barns are an order

of magnitude greater than loamy sands (1). Composed of silt 1oams, we would expect the

Creek East and Pond sediments to have different accumulation profiles than the loamy sands

of the Creek West segment. The Creek East and Pond sediment trace metal average

concentrations were greater than the Creek West segment for Zn (122, 183, and 51.2 tg/g

respectively), As (20.2, 121, and 14.7 g/g), and Se (5.0, 6.4, and 4.3 tg/g). Creek East

sediments contained greater Mn than West sediments (average 521 and 284 tg/g), while East

and West sediments contained similar average and range of Cd (5.7 and 5.8 ig/g). In contrast,

Pond contained less Mn (average 232 jiglg) and Cd (average 4.2 .ig/g) than Creek sediments.

In general, the accumulation profiles favor greater or equal trace metal levels in the Creek East

and Pond than the Creek West sediment, consistent with the sorption capacity of silt loams

relative to loamy sands.

The sediment water interface layer is composed of detritus, a complex matrix formed

upon degradation and settling of surface water biota and particulates and h sting fungi, diatom

and microbial communities. The average and range of trace metal in the Pond detritus was

greater than or equal to the Creek; Mn (312 and 495 gIg, respectively), Zn (306 and 105 .tg/g),

Cd (5.8 and 4.8 pgIg), Pb (17.4 and 9.6 jtglg), As (218 and 21 p.g/g), and Se (8.7 and 4.7
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Figure 4.2. Sediment and detritus trace metal concentration ranges (mean ± 95% CL)
within the lower Lee Creek ( ), Creek East ), Creek West ( fflff), and Pond ( )
wetlands, KUC, UT, June 2001 and 2002. All concentrations are reported in j.tg/g dry
weight for homogenized sample. Sample size = 6 for all sediment and Pond detritus
samples; 11 for Creek detritus. Pb was not included for sediment analysis.
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with sediment concentrations for the individual wetlands. Prior studies have suggested that the

detritus layer may act to limit the supply of metals to the sediment while simultaneously

trapping any metal remobilized from the sediment at a 100 .tm resolution (31). The results

from the investigation of total recoverable concentrations suggest relative mixing of trace

metals between the detritus and first 5 cm depth of the sediment at the macro scale.

Biota

Organisms adapt to a wide range of metal concentrations, having developed

detoxification pathways (transformation, storage and excretion) for regulating metal

assimilation. As such, a large variation in trace metal accumulation has been observed in

diverse aquatic invertebrate taxa (32). Three taxa groups dominated the assemblage and total

count of benthic invertebrates in the Creek and Pond; chironomid larvae, Hemiptera and

odonate nymphs. The invertebrate body burdens of As, Cd, Pb and Se were less than 20 jtg/g

dry weights, while the concentrations of the essential trace metals Mn and Zn were as great as

300 j.tg/g (Fig. 4.5). With the exception of chironomid larvae Mn, Pb, and As levels,

differences in average concentration were less than one order of magnitude between the

invertebrate families. The Mn, Pb and As chironomid larvae concentrations were 3 to 30 times

greater than the Hemiptera and odonata taxa body burdens.

Invertebrate taxa, separated to the lowest genus or family level, did not demonstrate

significant differences in concentration ranges of trace metals (Fig. 4.5). The Creek Tanypus

genera (family Chironomidae) accumulated on average less than the Chironomus genera,

though the concentration ranges were overlapping. Though similar chironomid genera were

characterized in the Pond wetland (14), limited overall counts of individuals provided

insufficient tissue for analysis to the genera taxa level. The Pond supported two primary

Hemiptera families, Notonectidae and Corxidae and the odonate suborders Zygoptera and

Anisoptera. Relatively equal average and overlapping concentration ranges of the trace metals

were observed between these taxa levels. Therefore, the results indicate reliable estimates of

trace metal accumulation trends may be determined within aquatic invertebrates sorted to the

order and family levels.

Within both the 1 otic and lentic wetlands, the highest a verage metal concentrations

were observed in the chironomid larvae (Fig. 4.5). The average c oncentrations of Zn (228

p.g/g), As (67.7 tg/g), Cd (14.2 J.Lg/g) and Se (16.6 p.g/g) in the Pond chironomid were

significantly greater than the Creek levels (107, 7.45, 1.63, 2.98 jig/g, respectively). Though

the average concentration was greater in the Pond than the Creek chironomid for Mn (398 and

181 j.tg/g, respectively) and Pb (24.7 and 2.98 j.g/g), the concentration ranges overlapped.



76

Figure 4.5. Trace metal concentration ranges (mean ± 95% confidence limit) for aquatic
invertebrates separated to the lowest taxa level characterized within the Creek( El ) and
Pond () wetlands, KUC, UT, June 2001 and 2002. All concentrations in tgIg dry
weight of insect composites. Reference: C. Tany = Chironomidae Tanypus (n=4); C. Chiro
= Chironomidae Chironomus (n=6); Corix = Corixidae (n=2 Creek, =7 Pond); Noton =
Notonectidae (n=4); Anisop = Anisoptera (n=4); Zygop = Zygoptera (n=2).
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The corixid (Hemiptera) was characterized within both the Creek and Pond.

Comparison trace metal c oncentrations between wetlands reveal significantly less Cd (0.16

and 0.9 tg/g) and Se (1.8 and 5.9 tg/g) corixid accumulation in the lotic Creek and the lentic

Pond (Fig. 4.5). Overlapping corixid concentrations were observed for Pond and Creek Mn

(21.4 and 18.4 g/g, respectively), Zn (161 and 173 gIg), Pb (0.73 and 1.6 tg/g), and As (2.0

and 2.3 jig/g, respectively). In general, corixids occupying the lotic wetland accumulated

equal or less trace metals than the same family collected from the lentic wetland.

The o donate n ymphs, c ollected from amongst the emergent vegetation o ft he Pond

wetland only, a ccumulated significantly less trace metals than Pond c hironomid larvae and

equal or less than Creek chironomid larvae. Overall, odonate trace metal concentration ranges

overlapped with both Pond and Creek Hemiptera levels, with the exception of As. Average

concentrations of As in odonate nymphs were significantly greater than Pond and Creek

Hemiptera levels.

The similar patterns of trace metal concentration in the Creek and Pond aquatic

invertebrate taxa provide evidence that organism specific factors influenced metal

accumulation that was unrelated to wetland site. The chirionomid larvae contained equal or up

to 30 times greater trace metal concentration than Hemiptera or odonate nymphs. Benthic

invertebrates, living within the interface between water colunm and the sediment, are exposed

to metals from both surface water and sediment (7). Organism-specific behaviors, which

include feeding mode and primary habitat residence, influence invertebrate exposure routes to

trace metals.

Simultaneously, the greater concentration of metal in lentic invertebrates compared to

the same families collected from the I otic wetland indicate a site-specific influence on the

extent of trace metal accumulation. Evidence of Se steady-state accumulation in benthic

invertebrates over a 3 year period through multiple generations (14) suggests that these

benthic organisms are able to regulate and depurate trace metals available from both

environment and diet. While many sediment-burrowing invertebrates irrigate burrows within

the sediment with water from above the sediment-water interface, thus providing source of

metal exposure via surface water, there is increasing recognition of the quantitative

importance of metal accumulation from dietary pathways (7). Better means are necessary to

delineate types and fractions of trace metals in detritus and sediment for benthic invertebrate

consumption in natural aquatic systems.
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Stable isotopes and food web energy dynamics

Based on knowledge of feeding mode and dietary preferences (24), trophic

relationships were suggested for the chironomid larvae, Hemiptera and odonate nymphs.

Chironomid larvae are considered baseline indicator organisms representing primary

consumer stable isotope signatures at the base of food webs (33, 34). Baseline consumers

provide time-integrated isotope values that mediate fluctuations in the quality, assimilation

efficiency, stable isotope values, and preliminary fractionation of plant and detritial foods

(35). As generalist feeders, H emiptera may occupy a range of (non-integer) trophic levels,

consuming a mixed diet of primary producers (vegetation and detritus) and consumers,

depending upon availability. Odonate nymphs are long-lived higher trophic level consumers,

which integrate the temporal variation in '5N of primary producers and detrital energy

sources within an ecosystem. The Creek and Pond food web relationships revealed from the

S'5N and '3C stable isotope fractionation signatures from this study were less apparent.

Figure 4.6. Enrichment of '5N and 'C (± 1 SD) for detritivore chironomid larvae,
generalist feeder hemiptera and predatory odonate nymphs within the Creek(A ) and Pond
(A ) wetlands, June 2001 and 2002, KUC, UT. Chiro = chironomid larvae (n14 Creek,
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The lotic Creek and lentic Pond food webs were represented by the aquatic

invertebrate ö'5N versus 13C fractionation signatures (Fig. 4.6). Creek invertebrates exhibited

significantly greater '5N assimilation (i.e. more positive '5N fractionation) than Pond

invertebrate. The highest S'5N were measured in the Creek chironomid larvae (mean 13 .6%o),

followed by the Creek Hemiptera (8.1 %o) and Pond Hemiptera (4.5%o). Equal '5N were

measured for the Pond o donate n ymphs and chironomid larvae (mean 3.1 %o). Variation in

15N was <1 .5%o for all invertebrates.

Standard assumptions of stable isotope fractionation indicates that a consumer

typically enriches 6'5N by 3 to 4% (3.4%o ± 1%o) relative to its diet (13, 35). Table 4.4

provides the '5N enrichment relationship (A) between the aquatic invertebrates and their

dietary source. Values for A'5N of predator versus prey (chironomid larvae or Hemiptera)

were greater than -5 .0% for the Creek Hemiptera and less than 1 .2% for the Pond Hemiptera

and odonate nymphs. If Hemiptera or odonate nymphs were to consume large quantities of the

chironomid larvae and Hemiptera prey, then their '5N would consequently be greater. As

generalist feeders, the A'5N values for the benthic invertebrates did not clearly correspond to

proposed food chain relationships.

Table 4.4. 615N enrichment of aquatic invertebrates (sink) versus diet (source) [M'5N =
(6'5source - 15sink)] in the Creek and Pond wetlands, June 2001 and 2002, KUC, UT.
Stable isotope assumptions suggest a typical enrichment of 3.4% M'5N (± 1%o) from
consumer relative to its diet (Post, 2002).

Creek Pond
M15N ± 1 SD (n) M15N ± 1 SD (n)

Consumer Det Sed Chiro Det Sed Chiro Hem

Chiro -3.3 ± -4.6 ± N/A -2.5 ± 2.2 ± N/A N/A
0.4 1.02 1.1 0.18
(8) (6) (2) (2)

Hem 2.6± 1.5± 5.5± -3.8± 1.5± -0.5± N/A
0.5 0.03 0.5 2.8 2.7 6.2
(3) (3) (2) (6) (6) (3)

Odo -2.4 ± 2.7 ± 0.06 ± -1.2 ±
N/A 0.4 0.7 0.7 2.5

(3) (3) (3) (7)

Reference: Chiro = chironomid larvae, Hem = hemiptera, Odo = odonate nymph, Det = detritus,
Sed = sediment, N/A = not applicable
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Net accumulation of the less abundant '5N stable isotopes measured in organisms

result from equilibrium between uptake, transformation and elimination (i.e. deamination and

transamination) rates as well as storage capacities. A mixture of inorganic (NH44, NO3) and

organic (higher molecular weight amino acid and protein compounds) sources of N are

available for primary producers, primary consumers and detritivores (36). Mixing of the

different N sources available to organisms creates uncertainty about the exact meaning of the

whole organism ö15N signature within a food web (36).

Processes unique to individual ecosystems also influence 15N isotope enrichment. The

15N values for the vegetation, sediment, detritus and invertebrates were compared in Fig. 4.7.

Creek invertebrate exhibited significantly greater '5N assimilation (i.e. more positive 15N

fractionation) than Pond invertebrate. Average 15N (9.0%o) for the Creek sediment was 1.6

times greater than the Pond sediment (5.7%o); similarly Creek detritus (10. 3%) was 22 times

greater than Pond detritus (0.5%). Various microbial (i.e. denitrification) and atmospheric

processes determine the extent of basal stable isotope enrichment. Therefore, these findings

caution against indiscriminate use of chironomid larvae as baseline indicators due to

differences in basal 6'5N fractionation in the detrital compartment between wetland

ecosystems (13, 37).

The stable isotope 13C signatures provide a useful certain technique for determining

energy flow in a food web, because the 613C signature changes little from the original carbon

source signature (0.4 % ± 1.3 %) as nutrients moves through the food web (13, 38). Values of

stable carbon in vegetation, sediment, detritus and invertebrates are presented in Fig. 4.7.

Creek stable carbon within the sediment and algae varies by <0.5% from the detritus (6'3C

20. 1%c); in contrast the phragmites (613C 24.99) and aquatic bulrush (613C 17.6%) stable

carbon fractionation reveal these primary producers were not contributing source of carbon

into the detritus. Similarly, Pond phragmites (ö'3C 14.3%) and aquatic barley (13C 13.6%)

stable carbon varies >1% from the detritus (ö'3C -22.7%c), thus indicating limited contribution

to the detrital matrix. Indeed sediment stable carbon values (ö13C 18 .7%c) do not reveal a

significant relationship with Pond detritus. These results indicate Creek sediment and detritus

were well-mixed, with carbon contributions by aquatic bulrush and algae; in contrast Pond

detritus, composed of an unidentified carbon source, was separate from the sediment

compartment. A distinction in the production and cycling of carbon between the Creek and

Pond was further revealed by the large differences in the phragmites 13C signatures (Fig 4.7).
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Aquatic macrophytes are known to have extremely variable 6'3C values related to the quality

and 6'3C of the carbon source.

Figure 4.10. Stable isotope 815N (A) and '3C (B) fractionation signatures (± 1 SD%o) for
sediment, detritus and plant species in the Creek ( ) and Pond ( ) wetlands, June 2001
and 2002, KUC, UT.

(A)
Sediment I F

Sediment

Detritus Ai Detritus

Phragmites I Phragmites

Barley Barley

Bulrush I A
I Bulrush

Algae I Algae

0 2 4 6 8 10 12 14 16

15N

(B)

-28 -26 -24 -22 -20 -18 -16 -14 -12
1 3c

Reference: Algae = unknown algae species, Bulrush = Cyperacea scirpus martimus, Barley
Graminae hordempussillum, Phragmites = Phragnites australis

Table 4.5 provides the M13C of carbon source (vegetation, sediment or detritus)

versus sink (chironomid larvae, Hemiptera or odonate nymphs) in the Creek and Pond

wetlands. Assuming standard fractionation of <1%o from source to sink, Creek Hemiptera

show a clear relationship with detritus, sediment, aquatic bulrush and algae carbon sources,

confirming a dependence on the detritus compartment as a dietary energy source. In an

unforeseen result, the A'3C carbon signature of the chironomid larvae, a known detritivore

(Table 4.1), compared with the sediment and detritus was outside the standard fractionation by

c.a. 1 %o. An explanation may take into account the limitations of precision due to

intraorganism differences, i.e. distinct parts of the body, age and size differences may cause

isotopic differences by <3%o (39), thereby increasing the potential variation to ± 3%. Because

of the small body masses of aquatic invertebrates, analysis was performed on composites of

whole organisms within taxa groups containing available gender and lifestage. Incorporating

the increase in potential isotopic precision estimates, we then re-evaluate the M'3C carbon

signatures in Table 4.5 to reveal that the sediment and detritus provide a significant carbon

source to the Creek and Pond chironomid larvae and Hemiptera, and Pond odonate nymphs.

Finally, both Creek and Pond phragmites and Pond aquatic barley exhibited a significantly



large M13C (A >5%o) with the aquatic invertebrates, thereby confirming that these vegetation

sources did not contribute significantly, if at all, to the aquatic insect food web carbon source.

Table 4.5. 6'3C enrichment of aquatic insects (sink) versus diet (source) [A3C = (S13source
- '3sink)] in the Creek and Pond wetlands, June 2001 and 2002, KUC, UT. Stable isotope
assumptions suggest small changes in Dd 1 3C (<1 %o ± 1.3%o) from source to sink through
the food chain (Post, 2002).

Creek Pond
M13C± 1 SD(n) M'3C± 1 SD(n)

Det Sed Bul- Algae Phrag Det Sed Bar- Phrag
Insect rush ley

Chiro -2.2± -2.4± 0.3± -2.8± -9.9± -0.3± 1.1± 7.2± 6.8±
0.91 1.6 3.4 3.5 0.25 1.9 0.53 --
(8) (6) (5) (4) (4) (1) (2) (2) (1)

Hem 0.2± -0.4± 1.2± -0.5± -5.5± -2.5± 1.2± 3.2± 4.6±
1.4 0.2 0.1 0.5 0.29 3.3 2.8 8.0 4.1 (4)
(3) (3) (2) (2) (3) (6) (6) (7)

Odo N/A ------------ -1.4 ± 2.6 ± 7.9 ± 7.1 ±

3.2 2.0 0.7 0.71
(3) (3) (3) (5)

Reference: Chiro = chironomid larvae, Hem = hemiptera, Odo = odonate nymph, Det =
detritus, Sed = sediment, Bulrush = Cyperacea scirpus martimus, Algae = unknown algae
species, Phrag = Phragmites australis, Barley = Graminae hordempussillum, N/A = not
applicable.

CONCLUSIONS

The field study revealed regional-, site-, and organism-specific influences on benthic

invertebrate accumulation patterns of Mn, Zn, Cd, Pb, As and Se in the moderately

contaminated lotic and lentic wetlands. The patterns of metal and metalloid accumulation

between the wetlands were equivalent for the same aquatic invertebrate families, though

concentrations varied based on intrinsic essential or non-essential properties. Monitoring of

invertebrate taxa sorted to the order and family levels provided reliable estimates of trace

metal accumulation trends.

Regional-specific processes influenced the extent of invertebrate metal accumulation.

The brackish, alkaline surface water chemistry within both the Creek and Pond was protective

of benthic invertebrates by decreasing the proportion of dissolved transition metals available



E]

for direct dermal uptake and accumulation. The influence of regional-scale surface water

chemistry on Se and As solubility was less than site-specific differences. Because trace metal

chemistry and behavior are influenced by external biological, physical and chemical

processes, site-specific processes are subject to seasonal, climatic and anthropogenic

conditions.

Bioaccumulation of the metals and metalloids did not occur along hypothesized food

web trophic relationships. The greatest accumulator of trace metals were the chironomid

larvae, exhibiting from 1.4 to 39 times greater concentrations than the Hemiptera and odonate

nymphs irrespective of wetland site. The influence of ecology (habitat occupancy and dietary

preference) on trace metal accumulation trends emphasizes the importance of evaluating

organism-specific processes for risk assessment purposes.

The detritus layer may be an efficient trap, as well as an active source, of trace metal

transfer to the benthic invertebrate food web. The 13C stable isotope fractionation signature

indicated the existence of the detritivore food chain in these wetlands, i.e. energy flow occurs

from detritus to the benthic invertebrates. While '5N and 13C fractionation demonstrate site-

specific processes that influence food web energy dynamics, i.e. differences in the N and C

dietary source to the benthos, between the lotic and lentic wetlands, 615N signatures did not

clearly correspond to expected food chain relationships. Thus, mixed diets, trophic omnivory

and the complexity of wetland biogeochemistry limit the power of the 6'5N fractionation

technique to define the benthic food web relationships within this study.

In summary, though regional- and site-specific processes were indicated to mediate

the extent of trace metal accumulation, organism-specific behavior in the benthic-detrital food

web was theorized to influence invertebrate exposure routes to trace metals. Assessment of

toxic risk by trace metals in aquatic ecosystems cannot be complete unless the role of

sediments, and detritus, is considered. Knowledge of the types and fractions of dietary source,

as well as the equilibrium behavior of trace metals in freshwater sediments and detritus, is

necessary for a more applied toxicity assessment. Ecological risk assessments based on sound

understanding of the interactions between the sediment compartment and benthic organisms

are more likely to provide benefits to environmental steward decision-makers.
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CHAPTER 5: SUMMARY

The fishless Oolitic Pond (lentic) and lower Lee Creek (lotic), located in the arid

region of the western United States, are characterized by standing or slow-moving water with

a chemically reducing sediment compartment poor in organic content. These wetlands are

brackish with alkaline pH (>8) and high levels of inorganic ligands. These physical and

chemical conditions create geographically unique wetlands whose regional-specific processes

influence trace metal transitioning between surface water and sediment. A qualitative

assessment of natural wetlands and the aquatic invertebrate food webs indicate the influence

of biological and ecological processes on trace metal availability and accumulation, while site-

specific (lotic versus lentic) processes mediate the extent of accumulation. This long-term

field study d emonstrates the c omplexities that influence selenium and trace metal behavior

and food web accumulation in aquatic systems under conditions of moderate (i.e. background)

contamination.

Trace metal concentrations in the Oolitic Pond and lower Lee Creek

Trace metal concentrations in the Creek and Pond were below regulatory water

quality criteria for risk to freshwater aquatic systems. Highest concentrations in the sediment

and invertebrates were measured for Mn and Zn (<800 jtg/g, dw), followed by Cd and Se with

concentrations two orders of magnitude less. Total As was determined at concentrations

greater, by an order of magnitude, in the lentic than the lotic wetland. Concentrations of trace

metals were I to 39 times greater in the lentic than the lotic wetland. Bioconcentration oftrace

metals from dissolved surface water to sediment and biota varied from 600 to 20000. Trace

metal concentration was less than 3 times different between sediment, detritus and

invertebrates. Thus, the process of trace metal assimilation by benthic invertebrates from

dietary sources may not be regarded as bio-accumulation but as bio-transfer.

Spatial homogeneity of selenium in the Oolitic Pond and lower Lee Creek

A quantitative sampling method along the length of the 4300 m lower Lee Creek and

the 150 X 80 m Pond demonstrated the extent of variation in total Se concentration spatially

for various matrices in the wetlands. Concentrations of Se did not differ significantly within

the water, sediment and invertebrates of the Pond. Lee Creek consists of two segments,

designated Creek East and Creek West, bisected by an earth embankment 'pinch-off' with a

narrow channel for water flow. With the exception of the sediment compartment, Se

concentration did not differ significantly along the 2-mile stretch. The differences in sediment

total S e c oncentrations b etween the Creek East and West s egments characterize I ower Lee
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Creek as having two segments distinguished by unique processes that influence the sediment

Se accumulation profiles, which may be related to sediment organic content. The total Se

concentration in the surface water, sediment and invertebrates collected from the Pond was 2

to 3 times greater than the Creek matrices, though the spatial study did not conclusively reveal

whether the concentration differences were due to site-specific processes.

Equilibrium regulation of selenium by benthic invertebrates

The 3-year field study provides evidence that steady-state conditions exist between the

sediment and detritus matrices and Se body burden in multiple generations of benthic

invertebrates, despite. Four grab sample events do not provide a definitive measure of long-

term Se cycling patterns, but insight into the relative variations and patterns of accumulation

in natural field systems is valuable. Fluctuations in surface water Se concentration between

years and seasons indicate that. Seasonal impacts on waterbome concentrations, such as run-

off transport and dilution effects, resulted in fluctuations of surface water Se concentrations

between years and seasons. The results indicated that waterborne Se alone can be an unreliable

predictor of food web Se accumulation while environmental concentrations of Se within the

benthic invertebrates provide a more accurate steady-state monitoring compartment.

The detrital-benthic food web

Three invertebrate groups dominated the assemblage and total count of aquatic

invertebrates in the lotic and lentic benthic food webs; primary consumers (Chironomidae,

Diptera), generalist feeders (Heiniptera) and predators (Odonata). The 6'3C stable isotope

fractionation signature confirmed the existence of detrital food chains, i.e. energy flow from

detritus to the benthic invertebrates, in the lotic and lentic wetlands. The detritus layer may be

an active efficient trap and source of trace metals transfer to the benthic invertebrate food web.

Distinct '5N signatures and 13C sediment/detrital mixing between the lotic and lentic

wetlands indicate differences in the N and C source, i.e. dietary type, to the detritivores in the

defined ecosystems. Ultimately, a clear nutrient flow relationship between primary consumer,

generalist feeder and predator was not determined. Mixed diets, trophic omnivory and the

complexity of wetland biogeochemistry limit the power of the '5N fractionation technique to

define the benthic food web relationships within this study.

Site-specific influence on trace metal behavior

Regional- and site-specific processes are described as external environmental (e.g.

biological, physical and chemical) conditions, such as pH and ligands, which alter metal

speciation and solubility. Regional-specific processes influenced the solubility of the transition

metals; Mn, Zn, Cd, Pb were measured >80% as the particulate form in both the lentic and
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lotic wetlands. Therefore, the brackish, alkaline surface water chemistry within both the Creek

and Pond may be protective of the benthic invertebrates by decreasing the proportion of

transition metals available for direct dermal uptake and accumulation. In contrast, Se and As

were measured >50% as the soluble fraction, with large variations in soluble/particulate

fractions observed between wetlands. Therefore, Se and As surface water solubility was

influenced to a far less extent by regional-specific than site-specific surface water chemistry

factors. As site-specific processes undergo fluctuations due to seasonal, climatic and

anthropogenic conditions, As and Se surface water chemical profiles would be subject to

change on some temporal scale.

Organism-specific influence on trace metal accumulation

As stated previously, three invertebrate taxa groups dominated the lotic and lentic

detrital-benthic food webs; detritivores (Chironomidae, Diptera), generalist feeders

(Hemiptera) and predators (Odonata). The results from the field study indicate that

accumulation of Mn, Zn, Cd, Pb, As and Se did not occur along hypothesized benthic-detrital

food web trophic nutrient pathway dynamics (Figure 5.1)

Figure 5.1. Theoretical detrital-benthic food web schematic.
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Though the patterns of metal accumulation between the wetlands were equivalent for

the same invertebrate families, the greatest accumulators of trace metals, inespective of

wetland, were the chironomid larvae. Habitat selection and preferential feeding habits would

be expected to modify trace metal exposure to the benthic invertebrates. Chironomid larvae

are detritivorous sediment-burrowers that maintain a significant portion of their life in contact

with surface water and sediment interface. Thus, the chironomid larvae may b e considered

baseline indicator organisms because they likely integrate available algal and detrital foods

from within the sediment matrix. Because chironomid larvae represent an important link

within the detrital benthic food web between sediment and surface water trace metal

compounds and migratory shorebirds utilizing the Creek and Pond, it is important to

determine the interactions between benthic invertebrates and the sediment matrix, particularly

for the ecotoxic teratogen selenium.

Next steps

The value of this field accumulation study included the scale of our efforts. By

evaluating the temporal and spatial variability, as well as multiple pollutant exposure, we

decreased the uncertainty related to heterogeneity and year-to-year changes on benthic

invertebrate accumulation. We acknowledge that further sampling efforts to determine

seasonal changes is necessary to truly consider the magnitude of such effects on contamination

exposure and a ccumulation patterns. C oncurrently, most physiological and whole organism

responses to metals are not metal-specific. Therefore, evaluating a system for natural factors,

such as temperature, salinity, pH, dissolved solids and nutrients, allows the researcher an

opportunity to eliminate natural influences on ecotoxic predictions.

Effects of metal exposure to aquatic organisms can be found at all levels of biological

organization (biochemical, physiological, population and community). This research study

would be enhanced by the determination of biochemical responses to the metals and

considering their relevance at higher levels of organization. In a perfect work, a field study of

this magnitude would include evaluations of the adaptations of organisms to the metal loads,

and the development of general conclusions about the significance of the pollution within the

context of other physiological and ecological influences. Though the difficulties of meeting

this challenge are numerous, the benefits towards extrapolating to alternative field sites and

systems would be invaluable.
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APPENDICES



Element bState Form in water Stability in water Water solubility cKom cKd

II M112* ion p11<7 Very stable Soluble Low Variable

III, IV Mn02, hydroxides pH>8 stable; strong oxidants Precipitate

VI, VII Mn042, Mn04- thermodynamically unstable Precipitate
Zn II Zn2*, ZnCl pH 4-7 very stable Soluble Low High

Zn(OH)2, ZnCO3, ZnS pH >7.5 very stable Precipitate
Cd II Cd2 ion pH 4-7 very stable Soluble Low Variable

CdClx pH >8, Cl >35 ppm = very stable Soluble

Cd(OH)2, CdCO3, CdS pH >8 very stable Precipitate
Pb II Pb2 pH 4-7 very stable Soluble Mid Variable

PbClx pH>7 Cl >35 ppm = very stable Soluble

Pb(OH)2, pH>7 very stable. Soluble

PbS, PbCO3 Stable under reduced, alkaline Precipitate
II- (CH3)Pb Methylated lead Volatile

As III, V H2AsO4- Stable under alkaline, reduced Soluble High Variable

HAsS2
conditions

.

Precipitate
(low)

Bound organic ligand Soluble

o Elemental Stable under reduced conditions Insoluble

-III AsH3, As(CH3) Unstable upon biotransformation Volatile

Organo-As Stable upon biotransformation C covalent bond

Se VI Se042- Stable under alkaline, oxidized Soluble Variable Variable
IV Se032- Slow oxidation Soluble, precipitate
o Elemental Stable under reduced conditions Insoluble

-II H2Se, Se(CH3) Unstable upon biotransformation Volatile

Organo-Se Stable upon biotransformation C covalent bond

'Bodek et al. 1988; cOxidation state; bComplexation equilibrium constants are based on total metal sorption capacity. Kx = ratio of the quantity of
metal sorbed per gram of solid or organic matter to the concentration of metal remaining in solution at equilibrium
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APPENDIX B. N sources for various biological N sinks in aquatic systems

Sinks Sources Example macro scale sinks

Microbes NH4, NO3, high molecular weight N sediment, detritus
compounds (i.e. proteins).

Plants NH4, NO3-, and amino acids dissolved in emergent vegetation, algae
sediment soil and water

Herbivores N in edible plant tissues, usually present at chironomid larvae, hemiptera
low concentrations per unit dry mass.

Carnivores N (mainly protein N) in the tissues of prey. odonate nymphs

Detritivores N in plant, animal and microbial remains. chironomid larvae, hemiptera

aAthpted from Robinson, D 2001.
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