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Abstract Environmental risk from contaminated

aquatic sediments requires an understanding of its

spatial distribution, bioavailability and rate of transfer

to resident aquatic and terrestrial biota. We hypoth-

esized that macroinvertebrates play a role in the

sequestration, distribution, and dispersal of lead from

lead shot contaminated sediments. To assess this, we

sampled the predominant aquatic macroinvertebrate,

Leptocerus americanus, from sites within the La

Crosse River Marsh (La Crosse, Wi) identified to

contain high levels of lead contamination. We mea-

sured lead content in larval cases, larval tissues and

emergent adult tissues. Lead concentrations within

whole larvae correlated with levels of lead within

sediments, and lead was differentially partitioned

between larval tissue and their silk cases. Over 90% of

the lead was retained in larval cases, while the rest was

distributed to the body tissue, which was largely

conserved during the process of metamorphosis. Our

models support that L. americanus emerging from the

marsh in the contaminated area transfer as much as

160 mgPb out of the aquatic habitat each year. Our

work demonstrates that macroinvertebrates affect the

mobilization and dispersal of contaminants within

aquatic sediments, and this role should be evaluated

when making management decisions regarding con-

taminated ecosystems.

Keywords Wetland � Trichoptera � Lead

bioavailability � Lead shot � Contaminant

Introduction

Marshes are biologically diverse and productive

ecosystems whose shallow water and vegetative cover

provides nursery habitats for larval insects, fish and

amphibians that support higher trophic levels and

fisheries. These wetlands also provide essential

ecosystem services including retention and filtration

of water, degradation of organic wastes, and seques-

tration of inorganic and organic contaminants in plants

and sediments (Peltier et al., 2003). Organic
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contaminants in wetlands can often be broken down

into their constituent elements and rendered harmless

by natural processes (Haarstad et al., 2011). Some

materials such as lead shot, however, can remain toxic

when broken down into their elemental form and can

remain present for hundreds of years in marsh

environments (Jørgensen & Willems, 1987).

Lead ammunition used for waterfowl hunting and

trap shooting accumulates in aquatic sediments (Be-

han et al., 1979; Lund et al., 1991; Perroy et al., 2014)

and can lead to the release of bioavailable lead within

sediments (Eisler, 1988; Marr et al., 1998). The hydric

soils of wetlands enable migration of dissolved lead

particles into the surrounding sediments and the

overlying water where it can be assimilated by resident

wetland organisms (Hui, 2002; Peltier et al., 2003; Luo

et al., 2013). Exposure to lead affects growth, devel-

opment, reproduction, immune response, neuromus-

cular response and behavior in both aquatic

vertebrates and invertebrates (Eisler, 1988; Vermeu-

len et al., 1991; de Bisthoven et al., 1992; Timmer-

mans et al., 1992; Gerhardt 1994; Rademacher et al.,

2003; Brix et al., 2011; Malaj et al., 2012). Animals

can be exposed through direct ingestion of lead shot,

lead-contaminated food or particulate matter, expo-

sure to dissolved lead in the water, or adherence of

lead to the organism by sorption (Mudge, 1983; Hare,

1992; Stansley et al., 1997). Even though lead

poisoning of waterfowl prompted a ban on the use of

lead shot over waterways in the U.S. in 1991 (Golden

et al., 2016), because of its persistence within the

environment and the spatial extent of lead deposition

in North American wetlands, lead contamination

continues to be a concern in wetland environments.

The fate and transport of metals within an ecosystem

are governed by biological, geological, and chemical

factors, as well as the site-specific food web (Eggleton

& Thomas, 2004; Fritsch et al., 2011). Because

movement of most metals within biota is governed

by diet, macroinvertebrates play a particularly impor-

tant role in the transfer of contaminants from sediment

to organisms at higher trophic levels both within the

system and to adjacent terrestrial ecosystems (Caussy

et al., 2003; Gratton et al., 2008; Sullivan & Rodewald,

2012). The amount of lead transferred from an aquatic

insect to a secondary consumer depends on the species

and life stage at which it is consumed. Different species

of insects partition lead to different tissues and organs

in varying proportions (Hare et al., 1991; Timmermans

et al., 1992). Additionally, the total body burden of lead

can also be increased considerably by adsorbed

accumulations of toxins on exoskeletons and casings

(Krantzberg & Stokes, 1988). Insect larvae and juve-

niles frequently shed their exoskeletons or leave

behind larval casings upon emergence that remain

sequestered in the wetland sediment. Detritivores can

then reintroduce the lead from these structures to the

food chain with the remaining lead in the emergent

insect being mobilized out of the wetland with the adult

(Besser et al., 2001). This disperses the contamination

to a wider environment and exposes the next trophic

level within the terrestrial environment to contamina-

tion. Sites with extensive contamination and large

numbers of emerging insects have substantial potential

for transfer of contaminant materials from aquatic

wetlands to terrestrial environments (Baxter et al.,

2005; Runck, 2007).

Here, we focus on the role of an emerging, case-

spinning caddis fly, Leptocerus americanus (Banks,

1899), in the sequestration, mobilization and transfer

of lead within and out of a contaminated urban wetland

system. We hypothesize that lead from contaminated

sediments in the urban marsh are being assimilated by

L. americanus in amounts proportional to the levels of

contamination in the sediment. To further understand

how lead may be accumulating in these organisms and

whether the lead is exiting the system with emerging

adults, we quantify how much lead is carried in the

case versus the body of the larvae and track contam-

ination into the body of the emergent adult. Using

emerging insect biomass data of L. americanus from a

marsh system and the known lead body burdens for the

caddisfly we estimate the amount of lead that is

potentially transferring from the contaminated aquatic

environment into the surrounding terrestrial environ-

ment during emergence each year.

Materials and methods

Study site

The La Crosse River Marsh (LRM) is a 435 ha

riverine wetland complex that bisects the City of La

Crosse, Wisconsin (Fig. 1). During annual periods of

high water it is hydrologically connected to the

Mississippi River via the La Crosse River. Legacy

trap shooting over the southeast end of the LRM from
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a 4-station range added lead shot to the system from

1929 to 1963, leaving behind lead shot and contam-

inated sediments within the shot-fall zone (Perroy

et al., 2014). A recent three-dimensional analysis of

the 13.7 ha shot-fall zone within the marsh (Perroy

et al., 2014) found lead concentrations up to

26,700 lgPb/gdw in the surface sediments, far above

the 400 lgPb/gdw level set by the U.S. Department of

Health and Human Services (USDHHS) for lead in the

soil of children’s playgrounds (USDHHS, 2005). The

probable effect concentration of 130 lgPb/gdw, above

which adverse biological effects in freshwater systems

are expected to be frequent, was exceeded in 8.9 ha of

the marsh. Densities of lead pellets in the sediments

reached up to 51,154 pellets/m2, though the lead shot

was typically located below 10–30 cm of the lead-

contaminated flocculent sediment (Perroy et al.,

2014).

Study organism: Leptocerus americanus Banks

(1899)

The trichopteran, Leptocerus americanus, commonly

referred to as the long-horned caddis fly (order

Trichoptera, family Leptoceridae) has been found in

waterbodies throughout the eastern and midwestern

regions of North America with a range that extends

north into Canada and south into Mexico (Na-

tureServe, 2018). It is one of the most abundant

macroinvertebrate species in the LRM composing up

to 45% of emerging number of insects (Ogorek, 2003).

This aquatic insect lives in a cone-shaped case spun

from its own silk, projecting its upper body and legs

forward out of the front of the case to swim or crawl.

They measure up to 0.9 cm in length (including the

case) and have long legs and setae that aid in

swimming. Leptocerus americanus has a univoltine,

holometabolous life cycle (Wiggins, 1977). They

complete the larval stage in shallow waters of lakes

and marshes (McGaha, 1952; Chilton, 1990). At the

end of the larval stage, L. americanus attach their case

to the stem or leaves of a submersed aquatic plant with

silk, and they seal both ends of their case with a round

silk cover. The larvae undergo pupation and the adult

emerges as a terrestrial organism in late June or early

July. Most species of Trichoptera of the family

Leptoceridae are reported to be omnivorous as larvae

(DeWalt et al., 2016). Several researchers have

documented evidence of L. americanus feeding

directly on the tissues of aquatic vascular plants

Fig. 1 A La Crosse River Marsh near the confluence of the La

Crosse and Mississippi Rivers. B The 13.7 ha zone of surface

sediment lead contamination in the La Crosse River Marsh

(modified from Perroy et al., 2014) and location of collection

sites. Each white circle shown is a site from which

macroinvertebrate sampling occurred during 2012 and 2013

that contain background (sites 1, 2, 3), low (7, 8, 9), medium (13,

14, 15), or high (19, 20, 21) concentrations of lead within surface

sediments. Each gray triangle indicates site locations where

macroinvertebrate emergence traps were deployed in 2003
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(McGaha, 1952; Balciunas & Minno, 1985), while

Wiggins (1977) found the stomach contents of L.

americanus contained mostly ‘‘fine particulate mat-

ter’’, a finding that would be consistent with a diet of

periphyton found on macrophytes with which they

associate (Balciunas, 1982).

L. americanus specimen collection and processing

Leptocerus americanus larvae were collected for lead

analysis from the LRM during May and June, 2012,

using standard D-dip nets with 250 lm mesh. Sites

were selected for collection based on the interpolated

model of surface lead concentrations in Perroy et al.

(2014). Zones were selected to represent the

range of lead concentrations within the LRM:

background (0–200 mgPb/kg = Sites 1, 2 and 3), low

(200–700 mgPb/kg = Sites 7, 8, and 9), medium

(700–4000 mgPb/kg = Sites 13, 14 and 15), and high

(C 4000 mgPb/kg = Sites 19, 20 and 21) (Fig. 1).

Within each concentration zone, sampling sites were

randomly interspersed. But, because the contamination

zones differ in size, the geographic distances between

sites within each zone are shorter for the higher

contamination zones and longer for the lower contam-

ination zones (Fig. 1). Numbered flags were placed at

each sampling location to simplify their relocation over

time. The flag locations were georeferenced using a

Trimble GeoXH 6000 differential GPS unit with sub-

decimeter accuracy. Collections at each site were made

from either a floating platform or a canoe, and sites

were visited one to four times to collect sufficient mass

for tissue analysis. To reduce the possibility of direct

lead contamination from sediments, only organisms

within the water column were targeted. During field

collection efforts, organisms were separated as much

as possible from macrophytes and other debris, and

stored in marsh water until further processing was

completed. Following collection, L. americanus spec-

imens were brought into the laboratory alive and

immediately sorted from other macroinvertebrates and

macrophytes using the animal’s phototactic behavior.

A light was positioned to shine through one corner of a

clear plastic collection container, drawing the speci-

mens to the illuminated corner where they could be

removed en masse. Additional individuals were picked

from the plants and debris with stainless steel forceps.

The L. americanus specimens were placed in Petri

dishes of distilled water for 24 h to allow depuration.

The dishes were cleared of all extraneous dirt and

debris with the aid of a dissecting microscope,

micropipette and stainless steel tweezers. For lead

quantification at least 0.3 g of dried tissue is required,

so samples were processed until at least 100 individ-

uals (0.4 gdw) were acquired. After depuration, the

specimens were removed from the Petri dishes, and

stored frozen in aggregate in plastic 50 ml centrifuge

tubes.

Collection of larval L. americanus was repeated in

May of 2013 at one site within each level of

contamination (sites 2, 9, 14, and 20) to analyze the

partitioning of lead between the bodies and cases.

Specimens were processed as described above to clean

them and to allow gut clearance prior to lead analysis.

A dissecting microscope, fine stainless steel tweezers

and dissecting probes were used to separate the larvae

from the cases and each partition was frozen in

separate clean vials. Because larvae were partitioned

more individuals were needed to provide sufficient

biomass for lead analysis. Approximately 300 indi-

viduals from each lead contamination zone were

separated into body and casing partitions and then

aggregated as a single sample for lead analysis.

In 2013 adult L. americanus were captured for lead

analysis using emergence traps placed at collection

sites 1, 2, 7, 9, 14, 15, 19, and 20 with two sites located

in each lead concentration zone: background, low,

medium, and high. A ninth trap was placed at a

background level lead site overlapping a collection

location that was also sampled for emergence in 2003

(Site 17H, Fig. 1) outside the area of contamination.

The emergence traps were four-sided pyramid-shaped

frames constructed of 2.5 cm diameter PVC pipe

measuring 1 m on a side (covering an area of 1 m2 at

the base). The traps were covered with a fiberglass

window screen on all four sides and fitted with floats.

An open section of PVC pipe (5 cm diameter) was

fitted vertically at the apex of the pyramid with a small

collection jar placed upright in the external end of this

pipe. Traps were deployed and anchored in place for a

period of 4 weeks, during which time the traps were

emptied three times a week. Adult L. americanus were

collected from the jars and the sides of the trap with a

battery powered vacuum suction or forceps and

transported back to the laboratory in glass jars. At

the lab, adult L. americanus were counted, dried,

ground and weighed with the same protocol used for

the L. americanus larvae. Only emergence traps from
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sites 3, 9, 15, 20 and 17 H captured enough individuals

(approximately 200) to provide sufficient biomass for

lead quantification.

Macroinvertebrate estimations

The numbers of non-Leptocerus americanus taxa

captured during D-net sampling and emergence trap-

ping were recorded and all specimens collected were

identified to the nearest order. D-net sampling focused

on pelagic and macrophyte sweeps and was not

standardized for a specific surface area or time.

Therefore, data are presented as relative abundances

and were arcsine square root transformed prior to

statistical evaluation using a two-way ANOVA in R

(2013). Emergence traps captured all emerging insects

during 24 h sampling periods and were sampled three

times per week for a 4-week period (during the annual

peak emergence time) during the summer of 2013.

Lead analysis

Surface sediment (0–5 cm) samples were collected at

412 sites throughout the potential shot fall zone and

analyzed for lead via X-ray florescence by Perroy et al.

(2014). A 1 m resolution raster model of surface lead

concentrations was interpolated from the georefer-

enced sediment samples using the natural neighbor

tool within ArcGIS. The extract values to points tool

within ArcGIS was then used to estimate the surface

sediment lead concentration for each macroinverte-

brate sampling site from the flag’s GPS coordinate and

the raster model.

All samples of L. americanus: (a) whole larvae,

(b) larval casings, (c) larval bodies and (d) adult bodies

were processed as aggregates of collected individuals.

Frozen specimens were thawed and dried at 35�C for

48 h. Samples were homogenized using a ceramic

mortar and pestle, weighed and placed in 60 ml plastic

centrifuge tubes. To avoid cross-contamination during

preparation, the samples were processed in order from

the least to most contaminated sites and the mortar and

pestle were thoroughly cleaned between samples.

Lead analyses for larval and adult samples were

conducted at the Wisconsin State Lab of Hygiene

Ultra Trace Elements and Metals Testing Facility

(Madison, Wisconsin) using Krynitsky’s nitric acid

digestion protocol (Krynitsky, 1987) for recovery of

metals from organic tissue. Whole larvae samples

were analyzed in October, 2012. Samples of larval

bodies, larval cases and adult bodies were analyzed

in February, 2013. Methods adhere to EPA SW846-

Method 6010B (https://www.epa.gov/sites/production/

files/documents/6010b.pdf). Samples were housed at

4�C until processed. Dried tissue (500 mg) was dis-

solved in concentrated nitric acid and 30% hydrogen

peroxide and digested following the EHD METALS

Method 750.1 (WSLH). Lead analysis was completed

on a Perkin Elmer 5300 Dual View Inductively Cou-

pled Plasma Atomic Emission Spectrometer (WSLH

ICP EHD Metal Methods 400.2, 2013). Quality

assurance and quality control procedures for the

WSLH are outlined in WSLH SOP ICP 400.2 (2013).

Quality control included blank, duplicate, metal spike

detection and certified reference material analyses.

Duplicate tissue samples had a relative standard

deviation (rsd) of 2% and 4% in 2012 and 2013,

respectively. Spike recovery of standard reference

material was 92.2% and 95.9% in 2012 and 2013,

respectively. Calibration blanks were analyzed

immediately following calibration and after every ten

samples. All calibrations fell within ± one-half the

limit of detection (LOD for Pb = 0.2 lg/g) and QA/

QC was verified for all samples confirming a limit of

quantification (LOQ) of 0.6 lg/g. All sample mea-

surements exceeded both the LOD and LOQ limits.

Estimation of lead flux out of the LRM in emerging

adult L. americanus

Adult L. americanus emergence throughout the LRM

had previously been thoroughly quantified (Ogorek,

2003) at 15 locations across a gradient of water depths

(0.18–0.82 m) and submerged aquatic vegetation

levels. Those previously unpublished data, presented

here, provide the necessary information to develop a

whole marsh lead flux model. Since the La Crosse

River stage and water levels are managed to minimize

flood risk and limited or no modification has taken

place in the La Crosse River Marsh over the last

20 years the measured emergence values from 2003

are used to model lead transfer values that likely

encompass transfer rates for the past and present

marsh environment. The 2003 emergence traps were

similar in design to the 2013 traps, but measured 0.5 m

on each side and covered an area of 0.25 m2. To

capture and immediately preserve the emerging adult

insects, each animal was funneled into a jar at the top
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of the trap that was filled with 70% ethanol. Traps

were placed on the water for 37 days in June and July

2003, covering the complete 32 day emergence period

in 2003. Emerging adult L. americanus were retrieved

daily from the traps by transferring the ethanol and

insects into a separate clean jar. The collection jars

were then rinsed, refilled with ethanol and reattached

to the top of the trap. Following collection, the

captured insects were counted, dried and weighed.

Daily measurements of male and female L. amer-

icanus emerging from the 15 traps sampled over the

complete 32 day emergence period in 2003 were used

to generate cumulative estimates of emergence

throughout the lead shot affected area. One thousand

samples with n = 15 (i.e., 15 traps) were generated for

each day of the emergence period by randomly

resampling (with replacement) the original 2003 daily

emergence data in a bootstrap simulation (R, 2013).

Modeled values represent low (25%), intermediate

(50%) and high (75%) quartiles of the measured

potential for emergence of L. americanus. Boot-

strapped daily values were used to generate cumula-

tive mean and standard deviation estimates for each

quartile of the number of L. americanus emerging per

square meter for the full summer emergence period.

Cumulative count estimates were converted to grams

dry weight. To be conservative, we used a measured

dry weight of 0.00044 g dry weight per individual,

which represents the lower 25th quartile of adult

weight for this species within the marsh. The exponent

equation best fit to the relationship between sediment

and larval contamination was applied to each 1 m cell

within the 13.7 ha marsh area of contamination using

the raster calculator tool within ArcGIS (Fig. 1, Perroy

et al., 2014). The mean and standard deviation of lead

content transferring to larvae in the marsh was

calculated (ESRI, 2016). By multiplying the mean

sediment to larval transfer observed in marsh sedi-

ments with the ratio between larval and emerging

adults we calculated the mean lead transfer from

sediments to emerging adults taking place within the

13.7 ha LRM study area. Lead flux out of the marsh in

emerging L. americanus equals the total adult emer-

gent biomass estimated for each quartile multiplied by

the transfer estimate.

Statistical analysis

Lead concentrations in sediments and aggregate whole

larvae samples were compared statistically between

sediment contamination zones designated as back-

ground, low, medium and high using ANOVA on

values that were normalized using a natural log

transformation (R, 2013). Within contamination

zones, lead levels were highly variable, especially in

areas of high contamination. Therefore, we also

analyzed the linear relationship between sediment

and larval concentrations using linear regression (R,

2013). Prior to statistical analyses the data were

transformed using a natural log transformation. Paired

t tests were run in R (2013) to test for significant

differences in lead concentrations between (1) cases

and caseless larval bodies and (2) caseless larval

bodies and emergent adult bodies of L americanus.

Results

Leptocerus americanus was the most abundant aquatic

insect captured in all pelagic and macrophyte sweeps,

and the only species that differed significantly in

relative abundance from the other taxa (Fig. 2, main

effect of taxa F = 138.22, Pdf = 5\ 0.0001; Tukey’s

P\ 0.0001 for all L. americanus comparisons).

Caenis (Ephemeroptera), Neoplea (Heteroptera) and

Chironomidae (Diptera) were the next most abundant

taxa but the numbers captured varied (even within

contamination zones) and abundances were an order

of magnitude less than L. americanus. Diptera and L.

americanus were captured in higher abundances than

all other taxa in emergence traps (Fig. 3). Diptera

emergence was an order of magnitude higher than all

other taxa and L. americanus emergence was an order

of magnitude higher than all other non-Diptera taxa.

Diptera abundances were very high, but the individ-

uals captured were very small in size (approximately

0.5–3 mm).

The average sediment lead concentration measured

in the selected sites of each contamination zone

differed significantly (F = 81.1, Pdf = 3\ 0.0001,

Tukey’s HSD\ 0.03 for all comparisons). Larval L.

americanus lead concentrations were significantly

lower in the background zone than in either the

medium or high contamination zones (F = 8.809,

Pdf = 3 = 0.0129, Tukey’s\ 0.05), but did not differ
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significantly from larval concentrations measured in

the low contamination zone (Fig. 4A). There is a

significant positive relationship between the calcu-

lated concentrations of lead in the sediment and the

measured concentration of lead in the whole larvae

(bodies and cases) of L. americanus (R2 = 0.7593,

Pdf = 8 = 0.001) (Fig. 4B). Lead is being assimilated

by this macroinvertebrate population at levels directly

proportional to the concentration of lead in the

underlying sediment.

Lead was partitioned unequally between the cases

and bodies (Fig. 5). Concentrations of lead in larval

cases of L. americanus were 11.93 ± 2.26 (SE) times

higher than in the larval bodies extracted from those

cases (paired t = - 3.124, Pdf = 3 = 0.052). The con-

centration of lead in larval bodies of L. americanus

collected within each zone of contamination did not

significantly differ from lead concentrations found in

emerging adults from the same contamination zones

(Fig. 6) (paired t = 0.253, Pdf = 4 = 0.813). The ratio

of lead in the larval bodies versus the emerging adults

is 1.19 ± 0.18 (SE), indicating that 100% of lead is

transferring from larval bodies to emergent adult

bodies during metamorphosis.

Cumulative L. americanus emergence across trap

locations in 2003 ranged from 108 to 9048 individuals/

m2 (Fig. 7A). In trap locations that showed highest

cumulative emergence values an early burst of

Fig. 2 Relative

abundance (± SE) of L.

americanus compared to all

other major orders of

macroinvertebrates captured

in pelagic and vegetative

D-net sweeps within the La

Crosse River Marsh across

contamination zones:

background (N = 3), low

(N = 2), medium (N = 3)

and high (N = 3)

Fig. 3 Emergence of L. americanus compared with all other major orders of macroinvertebrates (N = 9 emergence traps). Each line

represents the cumulative numbers captured/square meter in periodic (3 days/week) sampling intervals throughout the summer of 2013
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emergence was observed between June 13th and June

26th, 2003 (calendar days 164–178). A second burst of

emergence was observed across most sites from June

29th to July 8th, 2003 (calendar days 181–191)

(Fig. 7A). The first burst of emergence helps explain

the large cumulative differences observed between

trap locations. Males and females were captured in

relatively equal number, but adult female biomass

(0.57 mg dwt ± 0.01, n = 183) was significantly

higher than adult male biomass (0.47 mg dwt ± 0.01,

n = 173) (Fig. 8).

Bootstrap analysis yielded clear asymptotic accu-

mulations of emergent adults with the greatest number

of emerging adults observed from calendar days

165–185 (Fig. 7B), matching expectations based on

measured values from the emergence traps in 2003

(Fig. 7A). The cumulative mean endpoints for the

25th, 50th, and 75th quartiles (415, 1204, and

3369 individuals/m2, respectively) were then con-

verted to grams dry weight (gdw) using the 0.00044

gdw/individual conversion (Table 1). When multi-

plied by the 13.7 hectare surface area where lead

contamination is a concern, 25,106–203,777 gdw of L.

americanus adult tissue emerges from the region each

year (Table 1). The potential for lead transfer from

LRM sediments ranged from minimum predicted

larval concentrations of 0.00166 mgPb/gdw in low

contamination zones to 0.18171 mgPb/gdw in highly

contaminated regions. When averaged across the

overall area of concern in the LRM, the mean lead

Fig. 4 A Average

concentrations of lead

(± SE) in the sediments and

dried tissues of aggregated

whole larval

(bodies ? cases) L.

americanus within each

sediment lead concentration

zone (background [N = 3],

low [N = 2], medium

[N = 2] and high [N = 3]).

Significant differences are

designated by assigned

letters (x, y or a, b, c, d);

B linear regression of the

measured sediment lead

concentration at each site by

the lead concentration of an

aggregate sample of all

larval L. americanus taken

at each site throughout all

zones of contamination

(background—high)
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transfer from sediments to larvae is 0.01037 mgPb/

gdw larval L. americanus. Only 7.7% of the lead in

larvae is retained in the emerging adult (Fig. 5). When

combined, these numbers support that adult L. amer-

icanus from the LRM carry an average of

0.0008 mgPb/gdw out of the aquatic habitat upon

emergence. Conservatively, the total flux of lead out of

the LRM surface is predicted to range from 20 to

163 mg annually (Fig. 9, Table 1).

Discussion

Understanding the mechanisms of contaminant mobi-

lization through urban wetlands is crucial to ensure

wise management choices when conserving these

natural areas. The degradation of lead shot and the

bioavailability of lead to biota in a wetland environ-

ment is dependent on temperature, pH, hardness,

salinity, redox potential, and the presence of organic

matter (USEPA, 1984; Hui, 2002; Malaj et al., 2012).

Fig. 5 Concentration of lead in caseless larval bodies and their

separated larval cases of L. americanus; each data point

represents the lead concentration measured in a single

aggregated sample of[ 200 dried caseless larval bodies or

cases collected from each zone of contamination (background—

high)

Fig. 6 Concentration of

lead in the tissues of caseless

larval bodies and the tissues

of emerging adults of L.

americanus; each data point

represents the lead

concentration measured in a

single aggregated sample

of[ 200 dried larval or

adult bodies collected from

each zone of contamination

(background—high)
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Because dissolved metals are the most bioavailable

(Sola & Prat, 2006), contaminated aquatic habitats

with lower pH and lower salinity are likely to have

more bioavailable lead (Li et al., 2013). One aspect

that has not been extensively considered is the role of

macroinvertebrates in the mobilization and distribu-

tion of lead from contaminated sediments. Our work

demonstrates that macroinvertebrates play a crucial

role in the distribution and biotic transfer of lead from

contaminated sediments, both within the system and

likely to adjacent terrestrial ecosystems.

Concentrations of lead found in L. americanus

larvae correlated with the amount of lead within the

sediments where they were collected (R2 = 0.76)

similar to other reports that represent a wide range of

habitats and taxonomic groups (Table 2). Lead is a

divalent metal and replaces calcium in basic cellular

processes. This association could explain the similar

transfer ratios observed across groups of animals in

which these processes are conserved. Amyot et al.

(1994) and Tessier et al. (1984) found strong corre-

lations between the tissue lead concentration of

mollusks and the concentration of lead found within

Fig. 7 A Total L.

americanus cumulative

emergence from 15

independent trap locations

throughout the La Crosse

River Marsh habitat over a

32 day period from mid-

June to mid-July 2003.

B Simulated accumulation

of daily emergence from

bootstrap resampling of

daily values that represent

25th quartile, 50th quartile,

and 75th quartile emergence

estimates for the marsh.

Lines represent average

predicted emergence for

each quartile ± SD (shaded

areas)
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certain chemical fractions of the sediment. Axtmann

& Luoma (1991) successfully correlated the lead

concentration of fine-grained sediment (\ 60 lm) of

the Clark Fork River in Montana with lead tissue

concentrations of resident Hydropsyche. Despite the

fact that they represent studies of various organisms

and environments, a common range for the coeffi-

cients of the correlation between concentrations of

lead within sediments and tissue falls between 0.54

and 0.73. Differences in bioavailability may result

from variations in the size and organic content of the

sediments (Timmermans et al., 1989; Van Hattum

et al., 1991; Bervoets et al., 1997) or the result of the

extent of the contamination (Dukowska et al., 2012),

differences in correlations could also be caused by

variations in where the lead is held within in the

organism.

Trichopterans that spin their own cases such as L.

americanus have both the case and body as potential

surfaces for the adsorption of lead. The proportion of

lead in the casings of our specimens was approxi-

mately eleven times higher than in the larval bodies, a

proportion considerably higher than those reported

elsewhere. In the wild, a portion of the total lead body

burden in the aquatic insect is present in the content of

the gut prior to digestion. To determine the actual

amount of lead assimilated into the body tissues it is

necessary to clear the gut contents of feces and

undigested food before analysis for lead. Sola & Prat

(2006) found that at least 71% of the total lead in the

body was lost after 24 h of gut clearance and

Fig. 8 Box plots of adult

dry weights for both sexes of

L. americanus emerging

from the La Crosse River

Marsh in 2003. The dashed

line represents the 25th

quartile weight value for all

($ ? #) sampled adults

(n = 356)

Table 1 Total emergence and flux estimations (± SD) for the entire 13.7 ha region of contamination concern in the La Crosse River

Marsh

Multiplier Quartile

25th 50th 75th

Contaminant area (m2) 137,453.00

Estimated adult L. americanus

emerging (gdw/m2/year)

0.18 ± 0.13 0.53 ± 0.35 1.48 ± 0.78

Total emerging adult L. americanus

biomass (gdw/year)

25,105.79 ± 17,868.89 72,803.36 ± 48,108.55 203,776.82 ± 107,213.34

Lead transfer from sediments to

emerging adults (mgPb/gdw)

0.00080

Total lead flux emerging in adult L.

americanus (mgPb/year)

20.05 ± 14.30 58.13 ± 38.49 162.71 ± 85.77
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Tochimoto et al. (2003) estimated that 82–91% of the

lead in the body of collected macroinvertebrates was

in the gut contents. Since our specimens were

depurated for at least 24–48 h, and therefore, presum-

ably devoid of gut contents, larval L. americanus in the

marsh could potentially be passing a lead burden on to

predators that is approximately 70–90% higher than

the concentration in the processed specimens. The

proportion of lead adsorbed onto or incorporated into

the tissues of the exoskeleton or casing of an aquatic

insect is an important indicator of the amount of lead

that will remain in the aquatic system following

molting or metamorphosis. This proportion varies

widely between species (Hare et al., 1991). In

laboratory experiments of Chironomus riparius (Mei-

gen, 1804) exposed to 10 mgPb/l, Timmermans et al.

(1992) estimated that the amount of lead adhered to

the exoskeleton is insignificant compared to the total

Fig. 9 Mean (± 1 SD) predicted total annual lead flux in emerging adult L. americanus in predicted low, medium and high emergence

years

Table 2 Reported linear regressions between lead in the sediment and lead in the tissues of macroinvertebrates for studies of lead

accumulation by macroinvertebrates in contaminated aquatic environments

Study System Organisms R2 P value

Sola & Prat (2006) River Trichopteran 0.6 \ 0.05

Hydropsyche

Farag et al. (2007) Stream Aquatic insects 0.67 \ 0.05

Tessier et al. (1984) Lakes Bivalve 0.72 P not given

Amyot et al. (1994) Fluvial lakes Mollusks 0.73

Luo et al. (2013) Wetlands, streams Fish 0.61

Ponds Snails 0.29

Taylor & Maher (2014) Laboratory w/estuarine sediments Bivalves 0.72 \ 0.0001

Axtmann & Luoma (1991) river Hydropsyche 0.54 \ 0.005
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amount of lead found in the body. Hare et al. (1991)

collected and analyzed the shed exuvia of Hexagenia

limbata (Serville, 1829) and found that the lead burden

in the exuvium was about the same as in the body

(excluding the gut and organs) of the insect. In field

studies of C. riparius, Krantzberg & Stokes (1988)

attributed as much as 75% of the body burden of lead

to surface adsorption. When comparing taxa, Hare

et al. (1991) found that Ephemeroptera, Odonata, and

Diptera had relatively larger proportions of lead

adsorbed externally than other orders. L. americanus

uses the casing as a pupa, which means that 90% of the

total body burden of lead is left behind in the organic

component of wetland sediments. Detritivores can

then reintroduce the lead from these structures to the

food chain (Besser et al., 2001). This could partially

explain why surface sediments within the marsh

contain significant concentrations of lead despite the

fact that most of the lead shot remains buried in deeper

sediments.

Aquatic insects occupy multiple intermediate

trophic levels in wetlands and are essential prey for

larval and adult fish, amphibians, birds and some small

mammals. Heavy metals, including lead, are passed to

higher trophic levels via aquatic insects and other

macroinvertebrates (Luo et al., 2013). Leptocerus

americanus is the most abundant and likely highest

biomass invertebrate in the pelagic region of the La

Cross River Marsh. It carries a proportionally larger

lead burden in its manufactured casing, which in the

pelagic food web is likely to be consumed when L.

americanus is preyed on by fish, amphibian or birds

that feed underwater. Experimental tests are needed to

directly measure how L. americanus bodies and

casings facilitate the transfer of lead through the

pelagic food web. Even though L. americanus is

consistently the most abundant species captured in the

pelagic sweeps, densities are variable across LRM

habitats (Fig. 7A) and density differences may be

attributable to habitat factors such as macrophyte

cover and depth (Ogorek, 2003). The benthic food web

likely includes an entirely different suite of dominant

macroinvertebrates such as Chironomidae (abundant

in Fig. 3) and mussels that more closely interact with

the highly contaminated sediments. While we have

clearly outlined lead contamination levels in multiple

life stages, and aquatic to aerial transfer of lead for L.

americanus, many additional habitat variables and

organisms must be considered to model lead trophic

transfer for the full ecosystem of the LRM.

There is an increasing number of studies demon-

strating the transfer of nutrient subsidies from aquatic

to terrestrial ecosystems (Sullivan & Rodewald,

2012). Terrestrial areas adjacent to lakes, wetlands,

rivers and streams can benefit significantly from

nutrient subsidies from emerged aquatic insects.

Emerging aquatic insects account for as much as

25–100% of the food consumed by riparian popula-

tions of bats, birds, lizards or spiders (Baxter et al.,

2005). The emerging adults of L. americanus present

in the LRM carry a lead burden of up to 0.00436 lg

each. Our model (Fig. 7, Table 1) shows that this one

species over one season of emergence could possibly

transfer about 163 mg of lead to adjacent systems.

While this value is relatively low compared to the

amount of lead available in the sediments, we counted

at least sixteen other species of emergent aquatic

insects residing in this zone that could also be carrying

a lead burden away from the marsh (Ryan, 2015). It is

unlikely that this level of transfer would cause a drastic

immediate impact to regions surrounding the LRM,

but emerging insects have the potential to move large

portions of nutrients and contaminants from aquatic

systems. In studies in Iceland, Gratton et al. (2008)

found that chironomid midges emerging from Lake

Myvatn contributed a median of 2500 kgdw ha-1

year-1 of biomass to the adjacent terrestrial ecosys-

tem. Along with the subsidies come the contaminants

that the insects carry (Runck, 2007; Walters et al.,

2008; Raikow et al., 2011). A diet consisting primarily

of aquatic insects with an average lead concentration

of 2.3 lg g-1 was associated with lead transfer from

contaminated sediments to tree swallows sampled

along contaminated reaches of the Arkansas River in

Colorado (Custer et al., 2003). In quantifying the

amount of mercury exported to the terrestrial envi-

ronment, Runck (2007) estimated that emerging

chironomids removed 4.1 g of inorganic mercury per

year from a 2.1 km section of a contaminated stream

in Tennessee. Raikow et al. (2011) estimated that adult

chironomids emerging from a lake exported

41 ± 29 g of PCB per year to its riparian zone. Taken

together, this suggests that over many generations the

cumulative transfer could be a substantial dispersion

of lead away from contaminated sediments to sur-

rounding habitat.
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Water purification, removal and sequestration of

contaminants are commonly listed as wetland ecosys-

tem functions. Indeed, many wetlands are constructed

for those express purposes. Sequestration implies that

a contaminant is static, but it is clear that the lead

contamination in the La Crosse River Marsh is

dynamic, and while most of the lead being mobilized

from the sediment is temporarily sequestered within

the sediment and in the tissues of resident organisms,

some of it is finding its way beyond the aquatic habitat

and into the terrestrial ecosystem. Further studies

should be done to determine if the lead exposure is

detrimental to consumers like birds and bats that

depend on emerging insects for food.

Acknowledgements We acknowledge Alicia Rivera-Perez

for her work and assistance on implementing and sampling

emergence traps. Additional field and lab assistance was

provided by Ryan Moncada, Trevor Cyphers, Kaali Fedor,

Andrew Revak, Courtney Schneiders, Amanda Smith, Alex

Olson, Kevin Lee, Pat Deflorin, and John Frawley. This work

was supported by Environmental Protection Agency Urban

Water’s Grant #UW00E01025, the University of Wisconsin La

Crosse, and the University of La Crosse River Studies Center.

Compliance with ethical standards

Conflict of interest All authors declare no conflict of interest.

References

Amyot, M., B. Pinel-Alloul & P. G. Campbell, 1994. Abiotic

and seasonal factors influencing trace metal levels (Cd, Cu,

Ni, Pb, and Zn) in the freshwater amphipod Gammarus

fasciatus in two fluvial lakes of the St. Lawrence River.

Canadian Journal of Fisheries and Aquatic Sciences 51:

2003–2016.

Axtmann, E. V. & S. N. Luoma, 1991. Large-scale distribution

of metal contamination in the fine-grained sediments of the

Clark Fork River, Montana, USA. Applied Geochemistry

6: 75–88.

Balciunas, J. K., 1982. Insects and other macroinvertebrates

associated with Eurasian watermilfoil in the United States.

Environmental Laboratory, US Army Engineer Waterways

Experiment Station, Vicksburg.

Balciunas, J. K. & M. C. Minno, 1985. Insects damaging Hy-

drilla in the USA. Journal of Aquatic Plant Management

23: 77–83.

Baxter, C. V., K. D. Fausch & W. C. Saunders, 2005. Tangled

webs: reciprocal flows of invertebrate prey link streams

and riparian zones. Freshwater Biology 50: 201–220.

Behan, M. J., T. B. Kinraide & W. I. Selser, 1979. Lead accu-

mulation in aquatic plants from metallic sources including

shot. The Journal of Wildlife Management 43: 240–244.

Bervoets, L., R. Blust, M. de Wit & R. Verheyen, 1997. Rela-

tionships between river sediment characteristics and trace

metal concentrations in tubificid worms and chironomid

larvae. Environmental Pollution 95: 345–356.

Besser, J. M., W. G. Brumbaugh, T. W. May, S. E. Church & B.

A. Kimball, 2001. Bioavailability of metals in stream food

webs and hazards to brook trout (Salvelinus fontinalis) in

the upper Animas River watershed, Colorado. Archives of

Environmental Contamination and Toxicology 40: 48–59.

Brix, K., D. DeForest & W. J. Adams, 2011. The sensitivity of

aquatic insects to divalent metals: a comparative analysis

of laboratory and field data. Science of the Total Envi-

ronment 409: 4187–4197.

Caussy, D., M. Gochfeld, E. Gurzau, C. Neagu & H. Ruedel,

2003. Lessons from case studies of metals: investigating

exposure, bioavailability, and risk. Ecotoxicology and

Environmental Safety 56: 45–51.

Chilton, E. W., 1990. Macroinvertebrate communities associ-

ated with three aquatic macrophytes (Ceratophyllum

demersum, Myriophyllum spicatum and Vallisneria amer-

icana) in Lake Onalaska, Wisconsin. Journal of Freshwater

Ecology 5: 455–466.

Custer, C. M., T. W. Custer, A. S. Archuleta, L. C. Coppock, C.

D. Swartz & J. W. Bickham, 2003. A mining impacted

stream: exposure and effects of lead and other trace ele-

ments on tree swallows (Tachycineta bicolor) nesting in

the Upper Arkansas River Basin, Colorado. In Hoffman, D.

J., B. A. Rattner, G. A. Burton & J. Cairns (eds), Handbook

of Ecotoxicology, 2nd ed. Lewis Publishers, Boca Raton,

FL: 788–810.

de Bisthoven, L. J., K. R. Timmermans & F. Ollevier, 1992. The

concentration of cadmium, lead, copper and zinc in Chi-

ronomus gr. thummi larvae (Diptera, Chironomidae) with

deformed versus normal menta. Hydrobiologia 239:

141–149.

DeWalt, R. E., E. J. South, D. R. Robertson, J. E. Marburger, W.

W. Smith & V. Brinson, 2016. Mayflies, stoneflies, and

caddisflies of streams and marshes of Indiana Dunes

National Lakeshore, USA. ZooKeys 556: 43.

Dukowska, M., J. Michałowicz & M. Grzybkowska, 2012.

Influence of natural organic matter and metal accumulation

in sediment on riverine macrobenthic assemblages. Polish

Journal of Ecology 60: 351–362.

Eggleton, J. & K. V. Thomas, 2004. A review of factors

affecting the release and bioavailability of contaminants

during sediment disturbance events. Environment Inter-

national 30: 973–980.

Eisler, R., 1988. Lead hazards to fish, wildlife, and inverte-

brates: a synoptic review (No. PB-88-193081/XAB; BIO-

LOGICAL-85 (1.14)). Patuxent Wildlife Research Center,

Laurel, MD (USA).

ESRI, 2016. ArcGIS Desktop: Release 10.5. Environmental

Systems Research Institute, Redlands, CA.

Farag, A. M., D. A. Nimick, B. A. Kimball, S. E. Church, D.

D. Harper & W. G. Brumbaugh, 2007. Concentrations of

metals in water, sediment, biofilm, benthic macroinverte-

brates, and fish in the Boulder River watershed, Montana,

and the role of colloids in metal uptake. Archives of

Environmental Contamination and Toxicology 52:

397–409.

123

350 Hydrobiologia (2019) 827:337–352



www.manaraa.com

Fritsch, C., M. Cœurdassier, P. Giraudoux, F. Raoul, F. Douay,

D. Rieffel, A. D. De Vaufleury & R. Scheifler, 2011.

Spatially explicit analysis of metal transfer to biota:

influence of soil contamination and landscape. PLoS ONE

6: e20682.

Gerhardt, A., 1994. Short term toxicity of iron (Fe) and lead (Pb)

to the mayfly Leptophlebia marginata (L.) (Insecta) in

relation to freshwater acidification. Hydrobiologia 284:

157–168.

Golden, N. H., S. E. Warner & M. J. Coffey, 2016. A review and

assessment of spent lead ammunition and its exposure and

effects to scavenging birds in the United States. Reviews of

Environmental Contamination and Toxicology 237:

123–191.

Gratton, C., J. Donaldson & M. J. Vander Zanden, 2008.

Ecosystem linkages between lakes and the surrounding

terrestrial landscape in northeast Iceland. Ecosystems 11:

764–774.

Haarstad, K., H. J. Bavor & T. Maehlum, 2011. Organic and

metallic pollutants in water treatment and natural wetlands:

a review. Water Science and Technology 65: 76–99.

Hare, L., 1992. Aquatic insects and trace metals: bioavailability,

bioaccumulation and toxicity. Critical Reviews in Toxi-

cology 22: 327–369.

Hare, L., A. Tessier & P. Campbell, 1991. Trace element dis-

tributions in aquatic insects: variations among genera,

elements, and lakes. Canadian Journal of Fisheries and

Aquatic Sciences 48: 1481–1491.

Hui, C. A., 2002. Lead distribution throughout soil, flora, and an

invertebrate at a wetland skeet range. Journal of Toxicol-

ogy and Environmental Health, Part A 65: 1093–1107.

Jørgensen, S. S. & M. Willems, 1987. The fate of lead in soils:

the transformation of lead pellets in shooting-range soils.

AMBIO 16: 11–15.

Krantzberg, G. & P. M. Stokes, 1988. The importance of surface

adsorption and pH in metal accumulation by chironomids.

Environmental Toxicology and Chemistry 7: 653–670.

Krynitsky, A. J., 1987. Preparation of biological tissue for

determination of arsenic and selenium by graphite furnace

atomic absorption spectrometry. Analytical Chemistry 59:

1884–1886.

Li, H., A. Shi, M. Li & X. Zhang, 2013. Effect of pH, temper-

ature, dissolved oxygen, and flow rate of overlying water

on heavy metals release from storm sewer sediments.

Journal of Chemistry 2013: 1–11.

Lund, M., J. Davis & F. Murray, 1991. The fate of lead from

duck shooting and road runoff in three western Australian

wetlands. Marine and Freshwater Research 42: 139–149.

Luo, J., X. Yin, Y. Ya, Y. Wang, S. Zang & X. Zhou, 2013. Pb

and Cd bioaccumulations in the habitat and preys of red-

crowned cranes (Grus japonensis) in Zhalong wetland,

northeastern China. Biological Trace Element Research

156: 134–143.

Malaj, E., M. Grote, R. B. Schaefer, W. Brack & P. Carsten von

der Ohe, 2012. Physiological sensitivity of freshwater

macroinvertebrates to heavy metals. Environmental Toxi-

cology and Chemistry 31: 1754–1764.

Marr, J. C. A., J. A. Hansen, J. S. Meyer, D. Cacela, T.

Podrabsky, J. Lipton & H. L. Bergman, 1998. Toxicity of

cobalt and copper to rainbow trout: application of a

mechanistic model for predicting survival. Aquatic Toxi-

cology 43: 225–238.

McGaha, Y. J., 1952. The limnological relations of insects to

certain aquatic flowering plants. Transactions of the

American Microscopical Society 71: 355–381.

Mudge, G. P., 1983. The incidence and significance of ingested

lead pellet poisoning in British wildfowl. Biological Con-

servation 27: 333–372.

NatureServe 2018. NatureServe Explorer: An online encyclo-

pedia of life (web application). Version 7.1. NatureServe,

Arlington, Virginia. [available on internet http://explorer.

natureserve.org. Accessed: August 26, 2018)

Ogorek, J. 2003. The ecology of Leptocerus americanus (Lep-

toceridae: Trichoptera) in Myrick Marsh, La Crosse Co..

UW-La Crosse Summer Research Symposium. Poster.

Peltier, E. F., S. M. Webb & J. F. Gaillard, 2003. Zinc and lead

sequestration in an impacted wetland system. Advances in

Environmental Research 8: 103–112.

Perroy, R., C. S. Belby & C. J. Mertens, 2014. Mapping and

modeling three dimensional lead contamination in the

wetland sediments of a former trap-shooting range. Science

of the Total Environment 487: 72–81.

R Core Team, 2013. R: A language and environment for sta-

tistical computing. R Foundation for Statistical Comput-

ing, Vienna, Austria. [available on http://www.R-project.

org/

Rademacher, D. J., R. E. Steinpreis & D. N. Weber, 2003.

Effects of dietary lead and/or dimercaptosuccinic acid

exposure on regional serotonin and serotonin metabolite

content in rainbow trout (Oncorhynchus mykiss). Neuro-

science Letters 333: 156–160.

Raikow, D. F., D. M. Walters, K. M. Fritz & M. A. Mills, 2011.

The distance that contaminated aquatic subsidies extend

into lake riparian zones. Ecological Applications 21:

983–990.

Runck, C., 2007. Macroinvertebrate production and food web

energetics in an industrially contaminated stream. Eco-

logical Applications 17: 740–753.

Ryan, S., 2015. Mobilization of Lead (Pb) in the La Crosse River

Marsh. Master of Science. University of Wisconsin – La

Crosse. La Crosse, Wisconsin.

Sola, C. & N. Prat, 2006. Monitoring metal and metalloid

bioaccumulation in Hydropsyche (Trichoptera, Hydropsy-

chidae) to evaluate metal pollution in a mining river. Sci-

ence of the Total Environment 359: 221–231.

Stansley, W., M. A. Kosenak, J. E. Huffman & D. E. Roscoe,

1997. Effects of lead-contaminated surface water from a

trap and skeet range on frog hatching and development.

Environmental Pollution 96: 69–74.

Sullivan, S. M. P. & A. D. Rodewald, 2012. In a state of flux: the

energetic pathways that move contaminants from aquatic

to terrestrial environments. Environmental Toxicology and

Chemistry 31: 1175–1183.

Taylor, A. M. & W. A. Maher, 2014. Exposure–dose–response

of Tellina deltoidalis to metal contaminated estuarine

sediments 2. Lead spiked sediments. Comparative Bio-

chemistry and Physiology Part C: Toxicology & Pharma-

cology 159: 52–61.

Tessier, A., P. G. C. Campbell, J. C. Auclair & M. Bisson, 1984.

Relationships between the partitioning of trace metals in

sediments and their accumulation in the tissues of the

123

Hydrobiologia (2019) 827:337–352 351

http://explorer.natureserve.org
http://explorer.natureserve.org
http://www.R-project.org/
http://www.R-project.org/


www.manaraa.com

freshwater mollusc Elliptio complanata in a mining area.

Canadian Journal of Fisheries and Aquatic Sciences 41:

1463–1472.

Timmermans, K. R., B. Van Hattum, M. H. S. Kraak & C.

Davids, 1989. Trace metals in a littoral food web: con-

centrations in organisms, sediment and water. Science of

the Total Environment 87: 477–494.

Timmermans, K. R., W. Peeters & M. Tonkes, 1992. Cadmium,

zinc, lead and copper in Chironomus riparius (Meigen)

larvae (Diptera, Chironomidae): uptake and effects.

Hydrobiologia 241: 119–134.

Tochimoto, H., T. Maki, M. Afzal & S. Tanabe, 2003. Accu-

mulation of trace metals in aquatic insect Stenopsyche

marmorata Navas transferred in streams. Ecotoxicology

and Environmental Safety 56: 256–264.

U.S. Department of Health and Human Services (USDHHS),

Public Health Service, Agency for Toxic Substances and

Disease Registry (ATSDR), 2005. Toxicological profile for

lead. Division for Toxicology and Environmental Medi-

cine, Applied Toxicology Branch, Atlanta, Georgia, USA.

U.S. Environmental Protection Agency (USEPA) 1984. Ambi-

ent Aquatic Life Water Quality Criteria. Office of Research

and Development, Environmental Research Laboratories,

Duluth, MN, Narragansett, RI. NTIS (National Technical

Information Service) Ascession # PB85-227-437.

Van Hattum, B., K. R. Timmermans & H. Govers, 1991. Abiotic

and biotic factors influencing in situ trace metal levels in

macroinvertebrates in freshwater ecosystems. Environ-

mental Toxicology and Chemistry 10: 275–292.

Vermeulen, A. C., G. Liberloo, P. Dumont, F. Ollevier & B.

Goddeeris, 1991. Exposure of Chironomus riparius larvae

(diptera) to lead, mercury and b-sitosterol: effects on

mouthpart deformation and moulting. Chemosphere 41:

1581–1591.

Walters, D. M., K. M. Fritz & R. R. Otter, 2008. The dark side of

subsidies: adult stream insects export organic contaminants

to riparian predators. Ecological Applications 18:

1835–1841.

Wiggins, G. B., 1977. Larvae of the North American Caddisfly

Genera (Trichoptera). University of Toronto Press, Tor-

onto and Buffalo.

WSLH Environmental Health Division Metal Methods

620.2780.3 and 400.2. NELAC QA Manual Rev. 11

October, 2013. Quality Assurance Manual Environmental

Health Division, Wisconsin State Laboratory of Hygiene,

University of Wisconsin. http://www.slh.wisc.edu/about/

compliance/nelac-laboratory-accreditation/

123

352 Hydrobiologia (2019) 827:337–352

http://www.slh.wisc.edu/about/compliance/nelac-laboratory-accreditation/
http://www.slh.wisc.edu/about/compliance/nelac-laboratory-accreditation/


www.manaraa.com

Reproduced with permission of copyright owner. Further reproduction
prohibited without permission.


	The role of macroinvertebrates in the distribution of lead (Pb) within an urban marsh ecosystem
	Abstract
	Introduction
	Materials and methods
	Study site
	Study organism: Leptocerus americanus Banks (1899)
	L. americanus specimen collection and processing
	Macroinvertebrate estimations
	Lead analysis
	Estimation of lead flux out of the LRM in emerging adult L. americanus
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References




