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Preface

This thesis is presented in a paper-style format. Two manuscripts have resulted:

Hall, B.D., D.M. Rosenberg and A.P. Wiens. Bioaccumulation of methylmercury by aquatic
insects in an experimental reservoir. Can. J. Fish. Aquatic Sci. (Submitted).

Hall, B.D., R A. Bodaly, R.J.P. Fudge, JW.M. Rudd and D.M. Rosenberg. Food as the

dommant pathway of methylmercury uptake by fish. Water Air Soil Pollut. (In
press).
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Abstract

The general objective of my study was to develop a better understanding of the role
of organisms of intermediate trophic levels (specifically aquatic insects) in the movement of
mercury (Hg) to fish. This was achieved by focusing on the following two questions: 1. Do
methylmercury (MeHg) concentrations in aquatic insects increase in response to flooding? and
2. Is ingestion of a high MeHg diet responsible for elevated Hg levels in fish?

Aciuatic sects were collected from the shorelines of a wetland lake before and
after experimental flooding and from nearby wetland and oligotrophic lakes at the
Experimental Lakes Area (ELA) in northwestern Ontario. Insects were categorized into
three functional feeding groups (FFGs): predators, predator/herbivores and
collector/shredders and analyzed for MeHg and total mercury (THg) concentrations.
Predators and predator/herbivores displayed an ~2 fold increase in MeHg concentrations after
flooding, whereas collector/shredders concentrated MeHg to a lesser degree. The ratios of
MeHg to THg were also examined and showed no statistically significant change in response
to flooding. Trends in MeHg concentrations in aquatic insects from reservoirs and natural
lakes in Finland and Québec were similar to the ELA reservoir.

A field experiment was conducted to determine the relative importance of food
versus water in the uptake of MeHg by fish. Finescale dace (Phoxinus neogaeus) were held
in enclosed pens floating in an undisturbed, oligotrophic lake. Fish were exposed to water
with varying MeHg concentrations and fed zooplankton with either low or high
concentrations of MeHg. Fish fed zooplankton with high concentrations of MeHg had
significantly higher concentrations of THg in muscle after 32 days than fish fed zooplankton
with low concentrations of MeHg. Fish fed zooplankton with low concentrations of MeHg
had the same amount of Hg in their tissues as fish at the start of the experiment. Uptake from
water was at most 15%. This is the first experiment done at natural levels of MeHg to
confirm that food is the dominant pathway of MeHg bioaccumulation in fish.

Aquatic insects act as part of a food-web system that transfers MeHg from the

physical environment to fish, and therefore increases m MeHg concentrations in aquatic
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insects are an important consequence of reservoir creation. This study clarifies some of the

aspects of the behaviour of MeHg in food webs; however, a large potential exists for study of
MeHg dynamics in the lower food web.
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General Introduction

Mercury as a global environmental problem.

The first indication that toxic organic mercury (Hg) compounds could biomagnify
in aquatic food webs was the discovery of methylmercury (MeHg) as the primary cause of
permanent damage to the nervous system of people eating fish contaminated by discharge
from an industrial source into Minimata Bay, Japan (Kurland ez al. 1960; reviewed in D’Ttra
and D’Itra 1977). This was the beginning of the study of Hg cycling in aquatic ecosystems,
which continues to be a popular research topic because human-related activities release Hg to
the environment in excess of natural inputs. In fact, 50-75% of total yearly mput comes from
anthropogenic sources (Fitzgerald 1995). Model simulations (Mason et al. 1994) predict that
Hg in the atmosphere will continue to increase by 0.01 ng m>yr” (0.6% yr ; Fitzgerald
1995). Point source contamination of Hg is now illegal in Canada, and rigid pollution
standards have reduced, but not eliminated, emissions of Hg from North American and
western European industries. The high mobility of Hg in the atmosphere (Fitzgerald and
Clarkson 1991) has made Hg contamination of ecosystems a global environmental problem.
Biogeochemistry of Mercury

Ninety-five -100% of Hg in the atmosphere is gaseous Hg". Photocatalytic
reactions oxidize Hg’ to the dipositive mercuric ion, Hg" [Hg(Il)] which is soluble in water
and is removed from the atmosphere by wet or dry deposition (Winfrey and Rudd 1990).
Once in the aquatic environment, Hg(Il) may adsorb to inorganic and organic particulates,
including dissolved organic carbon (DOC; Winfrey and Rudd 1990, Meili 1991). The most
interesting form of Hg is the merthylmercuric ion (CH;Hg") which is associated with thiol
groups in proteins. It is bioaccumulated by aquatic animals and consumption of fish with
sufficiently high concentrations of MeHg causes neurological damage in humans (Kurland e
al. 1960). There is a small amount of MeHg in the atmosphere (0-5% of THg is MeHg,
which may increase with altitude; Lindqvist, 1991) and, therefore in precipitation (St. Louis e?
al. 1995) and runoff (St. Louis et al. in press). However, the major source of MeHg is the

process of in sifu methylation by microbial organisms (most likely sulfate-reducing bacteria;
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Gilmour and Henry 1991). The production of MeHg is reversible either by microbial
demethylation (Robinson and Tuovinen 1984) or ultra-violet photodegredation (Sellers e al.

in press). The removal of the organic group from MeHg returns Hg(II) ions to the system,
which in turn are reduced back to Hg® and dissipated to the atmosphere as a gas (Winfrey and
Rudd 1990). Environmental parameters such as pH (Gilmour and Henry 1991), DOC
concentrations (Driscoll ef al. 1994), temperature (Winfrey and Rudd 1990), concentrations
of metal ions (eg. Fe, Cu, AL Mn ions affect methylation: Matilainen e al. 1991; Se” affects
fish uptake: Tumer and Rudd 1983), and redox conditions (Compeau and Bartha 1984) will
affect the biogeochemical cycle of Hg. However, it is difficult to distinguish among the
effects of environmental variables.

Methyl Hg is only present in trace amounts (i.e. <0.05 ng L") in unmanipulated
aquatic systems. Recent developments in clean-sampling protocols and ultra-sensitive
analytical techniques (Bloom 1989) have enabled collection and analysis of low-concentration
samples. However, past difficulties in sampling and analysis of MeHg have forced
investigators to focus on concentrations of THg (inorganic plus organic Hg compounds) and
to use THg concentrations as a predictor of the more bioavailable and toxic MeHg
concentrations. There may be no relationship between the two in some situations (Kelly et al.
1995), so although the literature on THg is quite diverse, the behaviour of MeHg in natural
systems has only recently begun to be clarified.

The mercury problem in hydroelectric reservoirs

Fish with tissue Hg concentrations exceeding government guidelines (0.05 ugg™
wet weight in Canada) have been found in five different types of aquatic ecosystems: 1. those
polluted by point sources (Slotton ez al. 1995); 2. remote waterbodies receiving atmospheric
mputs of Hg (Verta et al. 1986); 3. acidified aquatic ecosystems (Winfrey and Rudd 1990); 4.
natural wetlands (St. Louis ef al. 1994); and 5. reservoirs created by flooding large areas of
land (Bodaly ez al. 1984).

Over 20,000 km” of peatlands and uplands have been flooded in the creation of five
major hydroelectric reservoirs in Canada (Rosenberg ef al. 1987). The creation of reservoirs

destroys habitat through flooding and water diversion (Rosenberg et . 1995), releases
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greenhouse gases (CH, and CO,) through increased decomposition of organic material (Rudd
et al. 1993) and contaminates fisheries with Hg (Bodaly e al. 1984), sometimes to the point

that they can no longer be used as a source of food (Rosenberg ez al. 1995).

The Experimental Lakes Area Reservoir Project (ELARP) was initiated to increase
our understanding of the processes underlying two of the main effects of reservoir creation: 1.
increased production of greenhouse gases resulting from decomposition of flooded peatlands,
and 2. increased Hg concentrations in the fish from flooded systems. This multidisciplinary,
whole-ecosyétem manipulation was carried out at the Experimental Lakes Area (ELA) in
northwestern Ontario (Figure 1). In 1993, a small wetland pond, Lake (L) 979, was flooded
after 2 yr of pre-flood monitoring (Kelly ef al. submitted). A second wetland pond, L632,
was studied concurrently as a reference system. The ELARP is unique in its orientation to
natural levels of MeHg, and is the first experimental reservoir study done before and after
flooding of a peatland.

Legend
B wetland
iake

stream

Lake'979 ~ ~ =logging road

Figure 1. Relative location of lakes and wetlands used in this study (from St. Louis ez
al. in press).
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Part of the ELARP’s second objective is the assessment of the effects of flooding
on MeHg concentrations in the aquatic food web. Zooplankton, aquatic insects, ommivorous
fish (finescale dace; Phoxirnus neogaeus Cope), piscivorous fish (northem pike; Esox Jucius
Linnaeus) and tree swallows (Tachycineta bicolor Linnaeus) were used as study organisms.
My objective was to develop a better understanding of the role of organisms of intermediate
trophic-levels, specifically aquatic msects, in the movement of Hg to fish. This objective was
achieved by focusing on the following two questions: 1. Do MeHg concentrations in aquatic
insects increase in response to flooding? and 2. Is ingestion of a diet contaming high
concentrations of MeHg responsible for elevated Hg levels in fish?

Methylmercury concentrations in aquatic insects in response to flooding

The objective of Chapter 1 is to describe changes in MeHg concentrations in
aquatic insects resulting from creation of the experimental reservoir. The study is unique
because it deals with MeHg concentrations in aquatic insects before and after experimental
flooding. Mercury dynamics in aquatic insects have been examined previously either in
laboratory studies using unnaturally high levels of Hg and MeHg or in field studies where only
THg was measured (Table 1). It is difficult to extrapolate results of laboratory experiments
using high concentrations of MeHg to field situations. Moreover, use of THg as a predictor
of MeHg concentrations can be unreliable.

The null hypothesis explored in Chapter 1 is that concentrations of MeHg in
aquatic insects will not increase in response to flooding. To test this hypothesis, aquatic
insects were collected from the shorelines of the experimental reservoir (Lake 979) before and
after flooding and from nearby unmanipulated lakes (Lakes 632 and 240; Figure 1). Insects
were categorized into three functional feeding groups (FFGs): predators, predator/herbivores
and collector/shredders. Results from the analysis of MeHg and THg concentrations in
aquatic insects were used to explore four questions: 1. Does flooding cause an increase in
MeHg concentrations in aquatic insects?; 2. Do FFGs accumulate MeHg differently?; 3. Is the
ratio of MeHg to THg in aquatic insects constant? and 4. How do concentrations of MeHg in
water, aquatic insects and fish compare? Results from this study were compared to those
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Table 1. Summary of mercury studies on freshwater benthic insects. THg= total
mercury; MeHg= methylmercury; d.w.= dry weight, w.w.= wet weight.

Type Form Ranges in concentrations Reference
of study of Hg in biota (ug/g)
Laboratory
THg 0.42-90 d.w. Borgmann ez al. 1993
2200->4500 w.w. Odin et al. 1994
4.20-69.35 w.w. Rossaro et al. 1986
0.037-3.76 w.w. Saouter et al. 1993
MeHg  2.12-7.48 w.w. Saouter ef al. 1993
Field
Natural
aquatic systems
THg 0.03-0.93 d.w. Albers and Camardese 1993
0.09-0.56 w.w. Armstrong and Hamilton 1973
0.17-0.22 d.w. Elwood et al. 1976
0.065-0.088 w.w. Hildebrand et al. 1976
0.002-0.066 w.w. Huckabee and Hildebrand 1974
0.034-5.757 d.w. Parkman and Meili 1993
0.14-1.23 d.w. Snyder and Hendricks 1995
0.045-0.055 w.w. Surma-Aho et al. 1986
0.129-0.256 d.w. Tremblay ef a/. in press
MeHg  0.040-0.045 w.w. Surma-Aho et al. 1986
0.013-0.124 d.w. Tremblay ez al. in press
Impacted
aquatic systems
THg <0.10-0.41 w.w. Albers and Camardese 1993'
0.01-10.0 w.w. Ammstrong and Hamilton 19732
0.22-1.94 w.w. Hildebrand er al. 19762
0.05-17.0 w.w. Johnels et al. 1979°
0.002-0.23 w.w. Potter ef al. 1975°
0.02-0.472 w.w. Surma-Aho ef al. 1986
0.139-1.675 d.w. Tremblay et al. in press’
MeHg  0.047-0.186 w.w. Surma-Aho et al. 1986°
0.063-1.519 d.w. Tremblay et al. in press’
'Acid system

?point-source contamination
3Reservoirs



General Introduction 6

from two other nvestigations focusing on MeHg concentrations of insects in natural and
impounded aquatic systems (Tremblay ez al. in press, Surma-Aho ez al. 1986).
The uptake of methylmercury by fish

The major pathway of MeHg to humans is through the consumption of fish, so
most bioaccummlation information is fish-related. Most (90-98%) of the Hg in fish is MeHg
(Spry and Wiener 1991), and can be obtained by uptake from food (biomagnification;
Moriarty and Walker 1987) and uptake from water passing over the gills during respiration
(bioconcentration; Barron 1990). The importance of these two routes of uptake has never
been demonstrated in a field situation using natural concentrations of MeHg. Laboratory
experiments using unnaturally high levels of MeHg in food and water have been used to
provide information on this question, but these studies have not presented conclusive results.
Model simulations using water concentrations of MeHg at the ng L™ level (approximately the
concentrations in natural waters), aspects of fish physiology and environmental factors predict
that food pathways are most responsible for MeHg uptake in fish (Rodgers 1994, Harris and
Snodgrass 1993). Studies examining the relationship between MeHg concentrations and
ratios of stable-nitrogen isotopes also suggest that diet is the most important pathway of
MeHg uptake in fish (Cabana et al. 1994, Kidd ez al. 1995).

The results of a field experiment conducted to determine the relative importance of
food and water to the uptake of MeHg by fish at natural concentrations of MeHg are
presented in Chapter 2. Finescale dace were held in 2000-L enclosures containing water with
varying concentrations of MeHg. Zooplankton with either low or high MeHg concentrations
were added daily to each pen. Total Hg concentrations in fish tissue at the end of the
experiment were compared to concentrations in fish sampled at the beginning of the
experiment.

The importance of lower trophic animals in the bioaccummilation of MeHg i fish is
demonstrated, providing an important piece of mformation in our understanding of MeHg
cycling in flooded systems. The chapters are summarized and recommendations for future
research topics are discussed in the final considerations and general summary.



Chapter 1. MeHg in aquatic insects 7

Chapter 1: Bioaccumulation of methylmercury by aquatic
insects in an experimental reservoir.’

Abstract. Aquatic insects were collected from the shorelines of a
wetland pond before and after experimental flooding and from a nearby
wetland and oligotrophic lakes. Insects were categorized into three
functional feeding groups (FFGs): predators, predator/herbivores and
collector/shredders.  Results from the analysis of methylmercury
(MeHg) and total mercury (THg) concentrations in aquatic insects were
used to answer four questions: 1. Does flooding of a wetland pond
cause an increase in MeHg concentrations in aquatic insects?; 2. Do
FFGs differ from each other in how they accurmulate MeHg?; 3. Is the
ratio of MeHg to THg in aquatic insects constant? and 4. How do
concentrations of MeHg in water, aquatic insects, and fish compare?

Predators and predator/herbivores displayed an ~2 fold
increase in  MeHg concentrations after flooding, whereas
collector/shredders concentrated MeHg to a lesser degree. There was
no statistically significant change in MeHg: THg in any FFG in response
to flooding. Concentrations and % MeHg were similar between
predators (mean MeHg = 190.5 ng g™ d.w., mean % MeHg= 67%) and
predator/herbivores (mean MeHg = 175.7 ng g™ d.w., mean % MeHg=
69%), but were lower in collector/shredders (mean MeHg = 71.5 ng g
d.w., mean % MeHg= 46%). Trends in MeHg concentrations in
aquatic insects from reservoirs and natural lakes in Finland and Québec
are similar to ours.

Introduction
Recent development of analytical techniques sensitive enough to measure low
levels of methylmercury (MeHg) in water (Bloom 1989) has led to improved understanding of
the biogeochemical cycling of MeHg in aquatic environments such as natural wetlands (St.
Louis ef al. 1994), impounded wetlands (e.g. Kelly et al. submitted) and large-scale
hydroelectric reservoirs (e.g. Dmytriw ez al. 1995). Concentrations of neurotoxic MeHg in

fish harvested from reservoirs often exceed Canadian mercury (Hg) concentration guidelines
of 0.5 ug g wet wt. (Bodaly ef al. 1984, Morrison and Thérien 1995, Verdon et al. 1991,

' Submitted for publication to Canadian Journal of Fisheries and Aquatic Sciences.
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Yingcharoen and Bodaly 1993), thus threatening the health of people who subsist on reservoir

fisheries (Rosenberg ez al. 1995).
The importance of dietary sources of MeHg to fish has been clarified by

experiments in the field (Chapter 2), experiments in the laboratory (Rodgers and Beamish
1981, Phillips and Buhler 1978) and theoretical models (Rodgers 1994, Harris and Snodgrass
1993). It is apparent that MeHg concentrations in lower trophic levels are important in
determining concentrations of MeHg in fish.

The objective of this study was to quantify changes in Hg concentrations in aquatic
insects before and after the creation of an experimental reservoir. Mercury dynamics in
aquatic insects have been previously examined primarily in laboratory studies using
unnaturally high levels of Hg and MeHg (Saouter et al. 1993, Rossaro ef a. 1986), or in field
studies (Parkman and Meili 1993, Snyder and Hendricks 1995) that have measured only total
Hg (THg). There are two studies that have dealt with MeHg concentrations in reservoirs
(Surma-Aho ez al. 1986; Tremblay et al. in press). These studies relied on comparisons of
MeHg concentrations in aquatic msects from reservoirs to those from natural lakes. The
study is unique becaﬁse it addressed MeHg concentrations in aquatic nsects before and after
experimental flooding of a wetland.

This research was completed as part of the Experimental Lakes Area Reservoir
Project (ELARP), a whole-ecosystem study designed to understand two problems associated
with the decomposition of flooded organic matter due to reservoir creation: 1. increased
MeHg concentrations in fish harvested from reservoirs; and 2. increased fluxes of greenhouse
gases (CO, and CHy) from reservoirs created over peatlands (Kelly e al. submitted).

The following questions were addressed: 1. Does flooding of a wetland pond
cause an increase in MeHg concentrations in aquatic insects?; 2. Are there differences in
MeHg accumulation and %MeHg among functional feeding groups (FFGs) (Merritt and
Cummins 1984)?; 3. Is the ratio of MeHg to THg in aquatic insects constant in response to
flooding? If so, the less difficult and cheaper analysis of THg concentrations could be used as
an indication of MeHg concentrations and also offer direct comparisons to past studies, and 4.

How do concentrations of MeHg in water, aquatic insects, and fish compare?



Chapter 1. MeHg in aquatic insects 9

Site descriptions

Two wetlands at the Experimental Lakes Area (ELA) in northwestern Ontario
were chosen as study sites. The experimentally manipulated wetland had a central pond, Lake
(L) 979 (2.4 ha) with a main nflow originating from upstream, oligotrophic L240. The pond
was surrounded by a 14.2 ha peatland. Lake 979 was impounded in early July of 1993 and
1994 by damming the outflow (Kelly ez al. submitted). As a result, surface area of the pond
increased to 16.7 ha and maximum depth increased from ~1 m to 2.3 m. To simulate
operation of boreal hydroelectric reservoirs, 1979 was drawn down by 1 m on 5 October,
1993 and 3 October, 1994. The reference wetland is a headwater system with a central pond,
L1632 (0.86 ha), and a surrounding peatland area (3.4 ha). See St. Louis ef al. (in press) for
detailed information regarding these wetlands.

Sampling program

A qualitative sampling program was established on both reference and treatment
wetland ponds. Shoreline insects were sampled by sweeping with a triangular
(320mx34cmx320m)‘net of mesh size 400 pm, in 1.979 before and after it was flooded (every
2 wk: May through Sept., 1992 and 1993; weekly: 2 June-22 June, 1993). Sampling was
relocated after flooding away from the edge of the old pond to shallow areas over newly
flooded peat. Samples were collected during the next field season starting on 18 May, 1994
before reflooding (May 26, 1994) and every 2 wk after reflooding until 1 September 1994.
After drawdown in mid October 1994, another sample was taken from the former shoreline.
Shoreline insects were collected every ~2 wk in the reference wetland from May to
September of 1992-1994. Samples were also periodically taken in 1.240 (an upstream
reference to L.979) in 1993 and 1994 (10 May-24 Aug., 1993; 8-9 June, 1994).

Samples were sorted into major taxa in the field and were identified to lower taxa
(usually genus) in the laboratory. Because we were concerned with the total body burden of
MeHg potentially transferable to fish, insects were frozen shortly after sorting to avoid
clearing of their guts.

Insects were classified into FFGs according to food type and feeding habit (Merritt
and Cummins 1984). Three FFGs resulted: 1. predators: insects feeding on other
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mvertebrates; 2. collector/shredders: insects feeding on living plants or detritus: and 3.
predator/herbivores: insects that feed on both other animals and plants or those that change
their diet at different life stages. Stable N isotope ratios were then used to determine the
trophic position of certain insects within FFGs because the ratio changes in a constant fashion
with the transfer of organic matter through each trophic level (Peterson and Fry 1987). The
ratio of "N/**N in a small number of invertebrate samples from 1979 was compared to the
ratio in high quality N, reference gas (Hesslein and Ramlal 1993). Ratios of SN**/SN'* for
collector/shredder samples were 0.75% and 1.79°/=., which were much different than those
from predators which ranged from 2.7°/= to 3.32%/-, and predator/herbivores which ranged
from 2.75°/et0 3.65%. Predators and predator/herbivores had the same nitrogen ratios.
Presumably the two groups were feeding at the same trophic level, and therefore belong to the
same group. However, FFGs are used throughout this paper to distinguish among different
taxonomic groups (Table 2).

Mercury analysis

Specimens were rinsed in low-Hg water and blotted to remove excess water.
Insects were placed individually into acid-washed plastic scintillation vials. A minimum of
0.05 g dry weight (d.w.) of sample was required for MeHg and THg analysis. When required
to obtain sufficient biomass for analysis, nsects were pooled with others of the same taxa on
the same sampling date. Samples were freeze-dried and then ground using a glass mortar and
pestle.

Organic Hg and THg were determined using cold vapour atomic absorption
spectrophotometry (AAS) (Armstrong and Uthe 1971, Hendzel and Jamieson 1976), as
described by Malley et al. (in press). Briefly, protein-bound organic Hg was released by
homogenizing dried tissue in a solution of acidic NaBr (30% w/v) and CuSO; (2.5% wiv). A
3:2 mixture of methylene chloride and hexane was used to partition the resulting organic
mercury bromide. An aliquot was digested overnight in a 4:1 mixture of H,SO, and HNO;,
and oxidized Hg was converted to the elemental state with a (NHOH), H,SO,-SnCL-NaCl
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Table 2. Insect taxa included in three FFGs;
Collector/shredders, Predator/herbivores and Predators.

Functional Feeding Group

Order Family Genus species Life Stage
Collector/Shredders
Amphipoda Hyalella Adults
azteca
‘Ephemeroptera Siphlonurus ~ Nymphs
Trichoptera
Limnephilidae Larvae
Predator/Herbivores
Trichoptera
Polycentropodidae Larvae
Phryganeidae Larvae
Hemiptera
Corixidae Adults and Nymphs
Predators
Odonata
Aeshnidae Nymphs
Corduliidae Nymphs
Hemiptera
Belostomatidae ~ Lethocerus Adults
americanus
Gerridae Gerris Adults and Nymphs
Notonectidae Notonecta Adults and Nymphs
Nepidae Ranatra Adults
Coleoptera
Dytisicidae Dytiscus Adults
Gyrinidae Gyrinus Adults and Larvae
Dineutus Adults and Larvae
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reducing sohition. The Hg’ was partitioned into air and determined by AAS. Reference
material [National Research Council of Canada dogfish muscle (Dorm-1)] was analyzed along
with samples; organic Hg determinations of the reference material were always within
certified range (671-793ng g d.w.). Two samples analyzed for organic Hg in our lab were
also analyzed at the ELA MeHg laboratory using distillation, ethylation and atomic
fluorescence (Horvat ef al. 1993, w1th modifications given in Moore e al. 1995).
Concentrations of MeHg in these samples (452 ng g d.w. and 180 ng g d.w.) were within
the range of those done by the AAS method (423 ng g™ d.w. and 228 ng g” d.w.). These
results confirmed that the organic Hg extracted by the AAS method was primarily MeHg (A.
Heyes, Mc(Gill University, Montreal, PQ, pers. comm.). The high cost of the technique
prohibited the analysis of more than two samples.

Two sources of variability were associated with MeHg determination: 1. analytical:
which includes error associated with instrumentation and sample preparation
(homogenization and digestion) and 2. natural variation in MeHg concentrations in insect
populations. Error caused by analytical technology was determined by repetitive analysis of
subsamples of the same extraction digest on the same day. Error caused by the preparation of
samples was determined by analyzing different digests of a sample on the same day. Natural
variation was determined by analyzing sets of samples of the same taxonomic group collected
on the same date. Statistical variances (s°) were calculated and the extent of each type of
error was obtained by subtraction of the s’ from the previous error. The coefficient of
variation (CV) was calculated for all the samples for each kind of variation. Natural variation
before subtraction of s” included all types of variation and is considered the overall variation.
The average CVs resulting were as follows: analytical instruments: 2%; preparation of
samples: 9%,; and natural variation among individuals: 24%. No other reports exist for
sources of error for the MeHg techniques used here. However, overall CVs of 40% are
considered acceptable in most toxicological studies (Chapman 1991). Concentrations of

MeHg and THg were not corrected for the overall error.
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Statistical Analysis

The data were examined using analysis of variance (ANOVA; SYSTAT for DOS,
Wilkinson 1990). When the null hypothesis was rejected at the 5% level, orthogonal contrasts
were used to determine which main effects were significantly different. Details of statistical
tests can be found in Appendix 1 and 2. ANOVA was used in the data analysis but caution
should be used in interpreting the significance levels because of temporal pseudoreplication
(Hurlbert 1984).
Question 1: Does Sflooding of a wetland pond cause an increase in MeHg concentrations in

aquatic insects?

The effect of flooding on MeHg concentrations in insects was determined by
comparing MeHg concentrations before and after periods of flooding. The lowest taxonomic
levels possible (genus or family) were used and, for each taxon, individual one-way ANOVAs
were performed using a combination of year, lake, and state of flooding as main effects.
MeHg concentrations, %MeHg and the results of statistical analysis for all taxa are reported
in Appendices 1 and 2.

Question 2: Are there differences in MeHg accumulation and %MeHg among FFGs?

Data within each FFG were organized by lake, year, and state of flooding, and the
FFGs were used as the main effects in one-way ANOVAs to determine if 1. ratios were
constant among FFGs, and 2. there were differences in MeHg concentration in the three
FFGs.

Question 3: Is the ratio of MeHg to THg in aquatic insects constant response to flooding?

To determine the ratio of MeHg to THg, both MeHg and THg were analyzed on
individual specimens when sufficient biomass was available. Ratios of MeHg to THg were
calculated and lake, year, and state of flooding were used as the main effects in a one-way
ANOVA to determine if ratios changed in response to flooding. The data were normally
distributed, and therefore, not transformed.

Question 4: How do concentrations of MeHg inwater, aquatic insects, and fish compare?

Concentrations of MeHg in the FFGs were compared to MeHg data in water
(Kelly e al. submitted) and fish (Bodaly and Fudge 1994). This proportional increase in
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MeHg concentrations above background levels over time was not tested statistically because
different sampling intervals were used to collect the data.

Results
Does MeHg concentrations in aquatic insects increase after flooding of L979?

When examining the data at the genus or family level, MeHg concentrations tended
to increase after flooding of 1979, but most increases were not statistically significant because
of the small numbers of samples for each taxon (see Appendices). When the insects were
combined into FFGs, differences in MeHg concentrations before and after flooding and
among FFGs became apparent.

Predators- MeHg concentrations in predators from 1.979 increased significantly (p
value < 0.001, see Appendix 1) after flooding (Figure 2A) and was still elevated at the end of
the study. Concentrations of MeHg were constant over time in the two reference systems
(Figure 2A), except in 1632 in 1992, and were similar to L979 preflooding conditions in 1993
(Figure 2A). In 1992, high numbers of Dytiscidae (Dyfiscus) and Belostomatidae (Lethocerus
americanus Leidy), with unusually high concentrations of MeHg accounted for the relatively
high concentrations in both L979 (176.1 ng g d.w.) and L632 (350.6 ng g” d.w.). Ifthese
genera are excluded, the 1992 averages in both 1979 (83.8 ng g d.w.) and 1632 (103.1ng g
' d.w.) are similar to L979 before flooding in 1993. These genera were present in other years
but in much lower numbers (Appendix 4).

Predator/herbivores- Predator/herbivores were not collected before flooding of
L1979 or from 1.240. MeHg concentrations in 1.979 after flooding were significantly higher
than in 1632 (Figure 2B; p values < 0.001, see Appendix 1).

Collector/shredders- The first significant increase in MeHg concentrations in
collector/shredders in L979 occurred after reflooding in 1994 (Figure 2C; p values=0.005).
Concentrations of MeHg in 1632 in 1992 and 1993 were similar to those in 1.979 but also
increased significantly in 1994, reaching levels similar to 1.979 after reflooding in 1994 (Figure
2C). Most (85%) of the collector/shredders in 1632 in 1994 were late-instar Siphlonurus,

that had relatively high MeHg concentrations. Siphlonurus were not present in 1.979.
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Figure 2. MeHg concentrations + SE ng g’ d.w. in aquatic insects: (A)
Predators, (B) Predator/herbivores, (C) Collector/shredders. Numbers below
bars are number of samples. Within each panel, bars with the same letter
are not statistically different. Solid horizontal line represents average MeHg
concentrations in preflood conditions (1992 and 1993), which are not
available for (B). Light bars indicate preflood conditions, dark bars, flood
conditions and medium bars, reference systems.
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Do FFGs accumulate MeHg differently?

Ranges of average MeHg concentrations followed the order: predators (mean=
190.5ng g d.w., range= 19.0-715.5 ng g d.w.) > predator/herbivores (mean= 175.7 ng g’
d.w., range=35.1-352.0ng g" d.w.) > collector/shredders (mean=71.5 ng g d.w., range=
18.9736.0 ng g d.w.). There were significant differences between predators and
collector/shredders (p<0.001 for tests see Appendices) and between predator/herbivores and
collector/shredders (p=0.003). There was no difference between predators and
predator/herbivores (p=0.904). When the MeHg: THg ratios were tested with FFGs as the
main effect, the ANOVA and orthogonal contrast revealed a significant difference between
predators and collector/shredders (p=0.014). There were no significant differences (p=0.146)
in the percent MeHg in predators (average ratio=0.67) and predator/herbivores (average
ratio=0.69), or in predator/herbivores and collector/shredders (average ratio=0.46).
Are the ratios of MeHg: THg in aquatic insects constant among lakes and before and after
fooding?

MeHg: THg percentages for the three FFGs are shown in Figure 3. Total Hg
concentrations are given in Appendix 5. Some ratios exceeded 1, which was a result of
analytical variability in both MeHg and THg analysis. When the MeHg: THg ratios were
tested across lake, year and state of flooding, no significant differences were observed
(p=0.098). There was no significant difference in mean ratios of MeHg to THg among lakes
or in response to flooding of 1.979.

Howdo concentrations of MeHg in water, aquatic insects, and fish compare?

Absolute MeHg concentrations increased from water through insects to fish that
were held in pens in the wetland ponds (Figure 4). The proportional increases in MeHg
concentrations over time are similar between predatory insects, water and fish, but dissimilar
among fish, water and collector/shredders or predator/herbivores.
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Discussion
The effect of flooding on concentrations of MeHg in aquatic insects.

Summary of the ELA data

MeHg concentrations in aquatic insects increased in response to experimental
flooding of the wetland. This increase was evident, but not atways statistically significant, at
the family or genus level (Appendix 1). There were statistically significant increases of MeHg
in predators within a few months of flooding in 1993 (82.9 ngg™ d.w. before flooding vs.
252.2ngg" d.w. after flooding). Predator/herbivores in L979 after flooding had
concentrations ~2 times higher than the reference 1632, suggesting that this FFG also
experienced increased MeHg concentrations in response to flooding. Concentrations in
predators and predator/herbivores were elevated after flooding, indicating that effects of
flooding last longer than one season, which is similar to observations of MeHg concentrations
in fish from reservoirs (Anderson ez al. 1995, Bodaly ef al. 1984). This pattern of MeHg
increase was not observed in collector/shredders, although the 1994 level differed significantly
from previous years in 1.979 (Figure 3). Concentrations in collector/shredders were also high
in 1632 in 1994. In general, MeHg concentrations in predators from 1.240 and 1632 were
not significantly different from 1.979 before manipulation.

The life histories of the aquatic insects may be important in interpreting these
results. For example, large numbers of belostomatids and Dyfiscus beetles, raised the overall
average of MeHg concentrations in 1992 in both the experimental reservoir and 1.632. These
large insects may have higher MeHg concentrations than other insects because of differences
m metabolism and exposure to bioavailable MeHg. There was no difference in the stable
nitrogen isotope data for trophic levels of predators and predator/herbivores, which explains
why accumulation of MeHg was not different among these two groups. However, the use of
FFGs distinguished different taxa. When examining MeHg concentrations at the family or
genus level MeHg concentrations vary. It may be more appropriate to use criteria such as
details of the life history in addition to FFGs when addressing changes in MeHg

concentrations.
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(B), Predator/herbivores (C), Predators (D), and fish (E) from Lake
979. Water data are from Kelly ef al. (submitted); fish data are from
Bodaly and Fudge (1994). Note scale differences.
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Comparisons to other studies

Changes in MeHg concentrations in response to flooding by aquatic insects at the
ELA can be compared to studies in Finland (Surma-Aho ef al. 1986) and northern Québec,
Canada (Tremblay et al. in press). In both of these studies, insects from large-scale reservoirs
had higher concentrations of MeHg than those from natural lakes.

Surma-Aho ef al. (1986) collected Odonata and Trichoptera, which were analyzed
as one group, whereas Tremblay et a/. (in press) analyzed individual taxa that were then
grouped into FFGs similar to those used in this study. The results from all three studies can
be compared by selecting data on ELA and Québec Odonata and Trichoptera, combining all
data into either reservoir or unmanipulated lake categories and converting all MeHg
concentrations to ng g d. w. (Table 3). MeHg concentrations in Trichoptera and Odonata
were ~2.5-3.0 times greater in reservoirs than in unmanipulated lakes (Table 3).

A more direct comparison can be made between the FFGs of Tremblay ef al. (in
press) and the present study. MeHg concentrations in collector/shredders from the 14 year-
old Québec reservoig LG-2, did not vary markedly from natural Duncan Lake, a similar result
to our own (Figure 5). Predators and predator/herbivores in the Québec reservoir averaged 4
times more MeHg than those in Duncan lake (Tremblay e al. in press). MeHg concentrations
in predators and predator/herbivores in flooded 1.979 were lower than in the LG-2 reservoir in
Québec, but higher than in Duncan Lake (Figure 5). The similarity of MeHg concentrations
in 1.979 and the Québec reservoir is remarkable considering the differences in surface area
(1.67 km’ vs 13672 km’) and type of flooded land (peat vs podzolic soils and peat; Tremblay
et al. in press). Moreover, insects from the Québec lake had similar MeHg concentrations to
the ELA lakes used as references (1632, 240, and 979 before manipulation, Figure 5).

In both studies, FFGs accumulated MeHg to different degrees. Predators and
predator/herbivores from ELA and from Duncan Lake in Québec had similar MeHg
concentrations (~2 times higher than those in collector/shredders). In Québec reservoirs,
MeHg concentrations in predators and predator/herbivores were 5 and 16 times greater,

respectively, than in collector/shredders.
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Table 3. Comparison of MeHg concentrations in Odonata
and Trichoptera of three reservoir studies.

MeHg concentration (ng/g d.w.)

Finland' Quebec? ELA’
Reservoir(s)  124.4 214.4 179.3
- Lake(s) 51.6 62.3 83.3

note: 'Values from Surma-Aho (1986) converted from mg/kg w.w. to
ng g' dw. (dw/ww. conversion factor=20%. 2An average MeHg
concentrations in insects taken from two reservoirs and one natural lake
(Tremblay et al. in press). >An average MeHg concentrations in insects
taken from flooded 1979 (reservoir) and unmanipulated 1.979, 1632 and
1.240.

MeHg:THg ratios

The ratio of MeHg: THg differed among FFGs. In our experimental reservoir,
predators had signiﬁéanﬂy higher percentages of MeHg than collector/shredders. Neither
group differed statistically from predator/herbivores. Insects from Québec reservoirs and
Duncan Lake exhibited similar trends (Figure 6). In both the ELA and Québec studies,
MeHg: THg ratios did not exhibit any statistically significant differences among lakes or in
response to flooding. Because of the apparent lack of sensitivity of MeHg: THg ratios, MeHg
concentrations should not be predicted from THg concentrations.
Bioaccumulation of MeHg along the aquatic insect food chain

The proportional increases in MeHg concentrations over time appears to be similar
between water and predators but dissimilar between water and the the other FEGs, Peak
water MeHg concentrations increased an average of 10 times in response to flooding (Kelly ez
al. submitted), but concentrations in predators exhibited maximum 3-fold increase. There
may be time lags as the MeHg moves through the food compartments of the insects. The

experimental reservoir is very complex and has not reached a steady state and changes in the
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communities and environments of aquatic insects are far from complete. The move towards a

steady state is continually disrupted in the drawdown/reflooding cycle.
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Figure 5. MeHg concentrations in aquatic insects from the Experimental Lakes
Area flooding experiment (this study) and the Québec reservoir study (Tremblay
et al. in press).

A number of hypotheses were considered to help clarify the relationships between
the insect and water compartments and the lack of an obvious flooding response in
collector/shredders. First, herbivores may be inefficient in the assimilation of MeHg (ie.
MeHg may be less easily taken up from plant material, detritus, or water than from animal
tissues). Second, aquatic insects may be able to depurate MeHg, with some insects being
more efficient than others. Third, FFGs are exposed to different carbon sources, and may
experience different exposure to MeHg. Further research on the relative importance of
different routes of uptake and depuration of MeHg by aquatic insects and tests of the
importance of growth and metabolism in accummlation of MeHg by aquatic insects needs to
be nvestigated in order to address these hypotheses.
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Figure 6. Comparison of percent methylmercury (MeHg) in insects in this study to
Tremblay et al. (in press) (v.0.=years old).

The role of aquatic insects in bioaccumulation of MeHg in fish.

The results of Hg uptake experiment in Chapter 2 and model simulations of
Rodgers (1994) and Harris and Snodgrass (1993), indicate that most Hg in fish comes from
diet, so consistent increases in MeHg concentrations in aquatic insects in response to flooding
can explain elevated Hg concentrations in fish in reservoirs. In our experimental reservoir,
finescale dace (Phoxinus neogaeus) were held in pens to quantify changes in rates of MeHg
uptake in response to flooding. The diet of these fish, as determined by gut content analysis,
was primarily aquatic insects and zooplankton. Average rates of MeHg uptake after flooding
in 1993 and 1994 were 0.73 and 0.64 pg Hg m” yr” respectively, compared to preflood rates
of <0.25 g Hg m™ yr' (R A. Bodaly, Freshwater Institute, Winnipeg, MB, pers. comm.).
This is equivalent to a 4-5 times increase in fish MeHg uptake in response to flooding (Kelly
et al. submitted).
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Conclusion

Aquatic insects act as part of a food web system that transfers MeHg from the
physical environment to fish, and therefore increases in MeHg concentrations in aquatic
insects are an important consequence of reservoir creation. The results from this study will be
used to calibrate a predictive MeHg model that will help evaluate the changes in Hg
concentrations in fish in response t.o flooding (R. Harris, Tetra Tech Ltd., pers. comm.).
Further studies should explore effects of life history and behavior, e.g. life span, metabolism
and growth, habitat selection and migration, on the bioaccumulation of MeHg in insects. As
well, the importance of different uptake routes of MeHg must be established to help clarify
how increases in MeHg concentrations in the physical environments of reservoirs lead to

increased MeHg concentrations in insects, and eventually fish.

Acknowledgments
Assistance in the field and laboratory was provided by Pauline Gerrard, Rose Omole and
Andrew Heyes. John Embury and Dr. Ray Hesslein provided samples for and analysis of
stable isotopes. The manuscript was strengthened through early reviews and statistical advice
by Susan Kasian and Dr. Micheal Paterson. Additional reviews by Drs. Diane Malley, Vince
St. Louis, Terry Galloway, John Rudd, Lyle Lockhart and Drew Bodaly were much
appreciated. Funding was provided by Manitoba Hydro and Department of Fisheries and
Oceans.



Chapter 2. MeHg uptake by fish 25

Chapter 2: Food as the dominant pathway of
methylmercury uptake by fish.

Abstract. A field experiment was conducted to determine the degree to
which fish accumulated methylmercury (MeHg) via their food or via
passive uptake from water through the gills. Finescale dace (Phoxinus
neogaeus) were held in 2000 L enclosed pens floating in an
undisturbed, oligotrophic lake in northwestern Ontario. Fish were
exposed to water containing either low (0.10-0.40 ng L), intermediate
(0.45-1.30 ng L"), or high (0.80-2.10 ng L") concentrations of MeHg.
Zooplankton with either low (0.16-0.18 pg g d.w.) or high (0.28-0.76
ug g' dw.) concentrations of MeHg were added daily to each pen.
Fish fed zooplankton with high concentrations of MeHg had
significantly higher concentrations of mercury in muscle after 32 days
than fish fed zooplankton with low concentrations of MeHg
(ANCOVA, P < 0.0001). Fish feeding on zooplankton with low
concentrations of MeHg had the same amount of Hg in their tissues as
fish at the start of the experiment. Uptake from water was at most
15%. This is the first experiment to confirm that food is the dominant
pathway of MeHg bioaccumulation in fish at natural levels of MeHg.

Introduction

Threats to human health resulting from the consumption of fish containing high
levels of methylmercury (MeHg) justify detailed studies of MeHg in natural aquatic
ecosystems. Biomagnification of MeHg in aquatic food chains resulting in elevated
concentrations of MeHg in fish tissue has been well documented (Bodaly ez al. 1993, Cabana
etal. 1994, Kidd et al. 1995, Spry and Wiener 1991). Fish with elevated MeHg
concentrations in their tissues have been found in lakes with point sources of mercury (Hg)
(Johnels et al. 1979), in remote lakes with only natural, watershed-derived and atmospheric
nputs of Hg (Bodaly ez al. 1993), in acid lakes (Winfrey and Rudd 1990) and in hydroelectric
reservoirs (Bodaly ef al. 1984).

Over 90% of the total Hg (THg) in fish tissue is MeHg (Spry and Wiener 1990).
MeHg can be obtained by fish from food and from water as it passes over the gills during

' Accepted for publication by Water Air and Soil Pollution.
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respiration. As well, MeHg can be produced within the fish's gastrointestinal tract (Rudd et
al. 1980) and on the external slime layer (Jensen and Jemelév 1969), but the amount of
MeHg contributed to tissue concentrations by these processes has not been quantified and is
assumed to be insignificant. Although the accumulation of MeHg from food and water may
both be important, most researchers have assumed, without conclusive evidence, that food is
the dominant pathway of MeHg uptake in fish (Jemelév and Lann 1971, Phillips and Buhler
1978, Rodgers and Beamish 1981). Hg models predict that uptake via the gills is relatively
small compafed to that from food, based on aspects of fish physiology and environmental
factors (Harris and Snodgrass 1993, Rodgers 1994).

This experimental field study was initiated to determine the relative importance of

food and water to MeHg uptake in fish at natural concentrations of MeHg. This is the first
study in which accumulation of MeHg at natural field levels has been examined, and presents
strong evidence that food is the dominant pathway of MeHg uptake by fish.

Methods

Study design and clean techniques

The experimental design was a 2 x 2 factorial using food (zooplankton) and water
with high and low concentrations of MeHg. Fish were held in 2000 L enclosed pens floating
in Lake 240 (1.240) at the Experimental Lakes Area in northwestern Ontario in the summer of
1993. The pens were constructed by fitting 2000 L impermeable nylon bags onto PVC
frames equipped with floats and covered by window screening, Lake 240 was chosen
because of its low MeHg water concentrations (average [MeHg]=0.09 ng L™ from May to
October, 1993; JW.M. Rudd, unpublished data) to avoid contamination. Duplicate pens
were randomly assigned to one of four water/food combinations (Figure 7).

Precautions were taken to prevent contamination of natural low levels of MeHg
used in the experiment. A small amount of MeHg leached from the nylon pen material after
soaking in lake water, so the 2000 L bags were acid washed and rinsed in low-MeHg 1.240
water prior to assembling the pens. Pumps and hoses used in water transfer were acid washed
and tested as sources of contamination of MeHg. "Clean-hands dirty-hands” sampling
protocols, as outlined in St. Louis ez al. (1994), were followed for sampling water.
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Zooplankton were collected using tow nets (400 pm mesh) and bottles rinsed in low MeHg
water prior to each use. All equipment was stored in plastic bags in a designated clean shed.
Samples of both zooplankton and water were taken regularly for MeHg analysis to confirm

that contamination did not take place over the course of the experiment.

High MeHg water Low MeHg water
L470 1240
Low MeHg Food Low MeHg Food
Low MeHg zooplankton High MeHg water Low MeHg water
L340
2 pens 2 pens
12 fish each 12 fish each
. High MeHg Food High MeHg Food
High Mel-igg):’z/(;oplankton High MeHg water Low MeHg water
2 pens 2 pens
12 fish each 12 fish each

Figure 7. Two-by-two factorial design of the uptake experiment (MeHg=
methylmercury).
Water

Water from natural sources, consisting of either high or low MeHg concentrations,
was used to fill the pens. Pens holding low MeHg water were filled directly from 1.240 using
battery operated pumps and a 400 pm filter. High MeHg water (average [MeHg]=0.5ng L7,
June and July 1993) was taken from nearby Lake 470 (L470), a lake surrounded by wetlands,
transferred to the pens using an acid washed PVC holding tank and added to the pens as
above. Twenty percent of the water in each of the pens was changed three times a week.
Water samples were not filtered prior to analysis; however, large particles were removed.
Whole water was used for MeHg analysis because MeHg associated with particulates and/or
dissolved organic carbon (DOC) exists in equilibrium with, and is therefore readily
exchangeable with, water (Watras ef al. 1994). Thus, DOC can be considered to be a
reservoir of MeHg that is in flux with the surrounding physical environment and the biota (e.g.
Driscoll ef al. 1994). In addition, analysis of whole water ensured adherence to a natural
situation. Samples were analyzed by Flett Research Ltd., Winnipeg, MB, using Bloom's
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(1989) procedure as modified in Horvat et al. (1993; detection limits=0.01-0.02ng L at a
blank level 0of 0.05-0.1 ng L), Flett Research Ltd. successfully participated in the recent
mterlab comparison for MeHg analysis (Bloom ef al. 1995).

An increase in water MeHg concentrations with the addition of high MeHg
zooplankton resulted in the fish being exposed to water containing either low (0.10-0.40 ng
L"), intermediate (0.45-1.30 ng L"), or high (0.80-2.10 ng L) concentrations of MeHg
(Figures 8, 9). The unexpected elevated MeHg concentrations in the water resulted from

either leaching of MeHg during decomposition of dead zooplankton or equilibration of levels
of MeHg i living zooplankton with the water.
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Figure 8. Concentrations of methylmercury (MeHg) and total mercury
(THg) in the water held in the experimental pens. A sample was taken near
the beginning, middle and end of the 32-day experiment (L= lake; Int=
intermediate).
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High MeHg water Low MeHg water
L470 L240
Low MeHg Food Low MeHg Food
Low MeHg zooplankton Int. MeHg water Low MeHg water
L340
2 pens 2 pens
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. : High MeHg Food High MeHg Food
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9 and 10 fish 10 and 9 fish

Figure 9. Revised experimental design after zooplankton addition and
consequent increase in water methylmercury (MeHg) concentrations
(L=lake; Int.= intermediate).

Weekly water chemistry samples were taken from each pen and analyzed for DOC
(OI Corporation model 700 Carbon Analyzer with calibration to glucose standard), pH (in
sifu measurements with an Orion Ross Sureflow pH electrode) and calcium (Ca'*?)
concentrations (Stainton ez al. 1977). Average error between replicate pens was 2.3%
(range:0-11%). Temperature and oxygen (Y SI oxygen probe) in the pens were monitored
regularly and were similar to the levels in 1.240. Mid-day temperatures ranged from 20.6-
22.3 °C (Appendix 6). Water held in experimental pens remained at or near oxygen
saturation.
Food

Zooplankton was analyzed in the Experimental Lakes Area Reservoir Project
(ELARP) Mercury Laboratory at the Freshwater Institute by atomic absorption
spectrophotometry (AAS) after organic partitioning into hexane and methylene chloride
(Malley ef al., in press). This method is used to measure all organic forms of Hg with a
method detection limit of 10 ng Hg g”. We assumed that the organic Hg concentrations
measured were all MeHg, although small amounts of dimethyl-mercury (DMHg) may have
been present (Horvat et al. 1993). Zooplankton with either high (0.28-0.76 ug g d.w.) or
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low (0.16-0.18 ug g™ d.w.) concentrations of MeHg were collected and added to each pen
daily. Zooplankton with low concentrations of MeHg were collected from Lake 304 (1.304),
a small fishless lake. Lake 979 (1.979), an experimentally flooded wetland pond, was the
source of the high MeHg zooplankton. Zooplankton community structure differed in the two
lakes so, to ensure fish were receiving similar amounts of sustenance, dry/wet weight
relationships were determined weekly and used to calculate the quantity of live zooplankton
added to each pen on a dry weight basis. On a given day, all pens received the same dry
weight of zooplankton. Amount per day varied from 0.025-0.125 g d.w. per fish. Neither the
growth of the fish (Table 4) nor mortality (Figures 7, 9) were related to the source of
zooplankton fed to fish.
Fish

Finescale dace (Cyprinidae: Phoxinus neogaeus) were obtained from a commercial
bait fisherman and transported to 1.240 in oxygen-saturated water in plastic bags. After
acclimatization to pen temperature for 1/2h, 12 fish were added to each pen. THg was
determined on one fillet from each fish randomly selected from the initial stock at the start of
the experiment and on all penned fish surviving at the end of the 32-day experiment. Cold
vapour AAS was used (method detection limit of 10-25 ng Hg g'; Hendzel and Jamieson
1976, Armstrong and Uthe 1971). Reference material (National Research Council of Canada
(NRCC) dogfish muscle, DORM-1) was analyzed coincidentally with experimental fish
samples. Average concentration of DORM-1 material was 768.5£10% ng g d.w., which
was within the certified range of 724-862 ng g” d.w. To determine significance of differences
of THg concentrations in fish from different treatments, an ANCOVA was performed on lo g-
transformed fish THg concentrations. High and low MeHg zooplankton were the main
effects and MeHg concentrations in water was the covariate. The two different food sources
were used as a main effect in a one-way ANOVA to test the significance between any
differences in fish weight.

Results and Discussion

Fish fed zooplankton with high concentrations of MeHg had significantly higher

concentrations of Hg in muscle than fish fed zooplankton with low concentrations of MeHg
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(ANCOVA, p<0.0001; Figure 10). The Hg concentrations of fish that fed on zooplankton
with low concentrations of MeHg were not significantly different from those in fish at the start

of the experiment. The significant increase in fish Hg concentrations in those fish eating high
MeHg zooplankton is an indication that food was the dominant pathway of MeHg uptake by
fish.. Differences between average Hg concentrations of fish from duplicate pens were not
significant (one-way ANOVA, Table 4).
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Figure 10. Total mercury (THg) in fish tissue at the beginning (Time Zero)
and end of the experiment. Number of fish analyzed is shown above bars
(Int= intermediate).

The fish either maintained their weight or lost between 0.3 and 1.13 g over the
course of the experiment (Table 4). However, weight loss was not dependent on the type of
food fed to the fish (one-way ANOVA, p=0.982). The relatively small weight loss indicates
significant feeding. Using parameters from the Wisconsin Bioenergetics model (Hewett and

Johnson 1992) and the average ambient temperature of the water in the pens, the theoretical

amount of food required for fish to experience the moderate weight loss over the course of



Table 4. Mercury (Hg) concentrations and weights of experimental finescale dace (+SEM). Roman numerals in column

three are used in the text. (MeHg=methylmercury, Int.=intermediate).

Treatment Hg Conc. Percent difference Average initial Average final
ug/g wet wt. from time zero weight (g) weight (g)
per pen mean

Time Zero 0.117 + 0.009 5.08 % 0.112
Low MeHg food, 0.112 + 0.011 @ 0.123 4.77 408 + 0.187
low MeHg water’ 0.133 + 0.013 ' 46120 4.42 405+ 0234
Low MeHg food, 0.135 + 0.015 ) 0.136 13.3 5.08 434+ 0244
int. MeHg water” 0.136 + 0.006 ' 14.0 4.96 3.83+ 0.192
High MeHg food, 0.212 + 0.007 () 0.221 448 4.60 460+ 0.111
int. MeHg water’® 0.229+ 0.015 ’ 48.9 4.98 4.53 £ 0.637
High MeHg food, 0.236 + 0.019 V) 0.240 50.4 473 4.06+ 0.122
high MeHg water® 0.243 + 0.023 ‘ 51.9 4.76 4.05+ 0.246
note:

Results from ANOVAs testing differences between pens: ' p=0.544,%p=0.932, * p=0.288, * p=0.827.
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the experiment was determined. The model predicts that fish consumed 10.3 g of food over
32 days. This ration is equivalent to 0.34 g wet weight per day or ~7 % of a 5 g fish's body
weight. During the experiment, a mean of 0.78 g w.w. (range: 0.25-1.25 g w.w., using a 10%
wet weight/dry weight conversion factor) of zooplénkton was fed to the fish each day, which
is similar to the estimated consumption. Therefore the fish consumed most of the food added
to the pens, and were eating enough food to assimilate Hg into body tissues.

There was a small but measurable uptake of MeHg from the water. Changes in fish
MeHg conceﬁtrations attributable to uptake of MeHg from the water were equal to the
difference in the mean concentrations of THg in fish tissue between fish fed the same food but
held in water with different MeHg concentrations (Table 4, Col. 3: I-I=0.013 and IV-
I=0.019 pg g" THg). The resulting concentrations (0.013 and 0.019 pg g") were relatively
small compared to those attributable to uptake of MeHg from food. The latter were
calculated by comparing the mean THg concentrations of fish fed high MeHg food to those
fed low MeHg food and held in water with comparable MeHg concentrations (Table 4, Col
3: I0-1=0.098, TI-11=0.085, and IV-II=0.104 ug g" THg). Thus, direct absorption from the
water may have been responsible for ~15% of the Hg uptake in fish muscle.

If elevated MeHg concentrations in water were a result of loss of MeHg from
zooplankton into water, then MeHg concentrations in zooplankton may have decreased
before consumption by fish. Thus, fish fed high MeHg zooplankton may have been exposed
to less MeHg via food than was measured by analyzing zooplankton, and the estimated 85%
uptake from diet would be conservative.

Although uptake of MeHg from water was small and relatively insignificant as
compared to uptake from food, chemical differences between the two sources of water may
have had an effect on the uptake of MeHg from water. This could have happened either by
affecting gill permeability (Rogers and Beamish 1983) or by changing the amount of
bioavailable (dissolved) MeHg (Watras ef al. 1994). With respect to gill permeability, fish
from waters with elevated Ca'” concentrations (Rodgers and Beamish 1983) or high pH
(Winfrey and Rudd 1990) tend to have lower tissue MeHg concentrations than fish from
waters with low Ca™ concentrations and low pH. Ca™ concentrations and pH in this study
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were examined to determine if differing chemical characteristics of water had any effect on
uptake from water. Ifthe chemical composition of high MeHg water was preventing MeHg
uptake from water, then high MeHg water should have higher Ca*™ concentrations and higher
pH than low MeHg water. However, high MeHg water had lower Ca*? concentrations and
lower pH than low MeHg water (Figure 11). Therefore, Ca** concentration and pH
characteristics of water with high concentrations of MeHg are opposite to what would be
expected if the chemical characteristics of the water source were confounding the results of
the expen'meht.

A similar trend was observed for chloride (CI') ions, which may enhance uptake of
MeHg from water by forming membrane permeable MeHg complexes (MeHgCl; Boudou et
al. 1983). Average CI concentrations in low MeHg water and high MeHg water in 1993
were 0.327 and 0.134 mg L (M.P. Stainton, unpublished data), respectively, opposite to the
expected effect if uptake from water via MeHgCl complexes were observed.

DOC may also have affected MeHg uptake from water. Humic and fulvic acids
bind MeHg to varying degrees depending on their concentrations and the pH of the water
(Hintlemann ez al. 1995). This binding decreases the free MeHg concentration and its uptake
from water. The DOC concentrations in our experiments (650-1100 pum, Figure 11) were
similar to the humic acid concentrations (830 um) used in experiments of Hintlemann ef al,
(1995). Assuming that the relationship between pH and dissolved MeHg was the same in the
ELA water as in Fawn Lake (Hintlemann ef al. 1995), we estimated that in our experiment
about 20% of the MeHg was free at pH 8.5 and about 25% at pH 6.5 (Figure 11). This small
difference in percent free MeHg among our treatments would not have affected our
interpretation of MeHg uptake from water. Although examination of the chemical
characteristics of the water is important in evaluating the effects of water chemistry on MeHg
uptake from water, water is contributing, at most, 15% of the Hg to fish. Thus, water
chemistry is not an important determinant of MeHg bioaccurmilation by fish.

This investigation supports conclusions obtained from past studies (Jemelov and
Lann 1971, Rodgers and Beamish 1981, Phillips and Buhler 197 8), which were laboratory-
based and done at unnaturally high MeHg concentrations. Also, these studies were done prior
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to the development of clean-sampling procedures and ultra-sensitive analytical techniques for
measurement of low concentrations of MeHg. In another group of studies with designs
similar to the experiment described here (Rodgers and Beamish 1981, Phillips and Buhler
1978), most MeHg taken up by fish was from the diet, and water contributed ~10% of the
MeHg assimilaztgf)l by fish. In a factorial field experiment done by Parks ez al. (1987), using
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Figure 11. Average results of weekly water chemistry analysis from each
pen (MeHg= methylmercury, Lake 470= rectangle and cross; Lake 240=
oval and triangle; Int = intermediate.)
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crayfish in field situations (Hg-contaminated and -uncontaminated rivers) food was also
important in MeHg uptake.

The results of this experiment also agree with predictions made from bioenergetic
mercury models. For example, Rodgers (1994) conducted three simulations using yellow
perch (Perca flavescens Mitchill) and lake trout (Salvelinus namaycush Walbaum) and
reported that diet was responsible for a large proportion of MeHg uptake. Harris and
Snodgrass (1993) predicted that food pathways were responsible for 90% of MeHg uptake in
walleye (Stizastedion vitfreun Mitchill) and yellow perch. Both of these models used MeHg
concentrations at the ng L™ level in water, which approximates concentrations in natural
waters.

Conclusions

Food was the dominant pathway of MeHg uptake by planktivorous fish at natural
concentrations of MeHg. Only ~15% of MeHg was taken up from the water, given the
chemical characteristics and MeHg concentrations prevailing in the experiment. These results
confirm theoretical modelling studies and indicate the need for increasing emphasis on food-
chain factors affecting the transfer of MeHg to fish.
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Final Considerations
The results presented and discussed in Chapters 1 and 2 generate additional

issues pertaining to the design of the fish Hg-uptake experiment, ELARP and needs for
future research on the biogeochemical cycling of MeHg. These are addressed in the

following discussion.
Design of the fish Hg-feeding experiment

Pilot study .

A pilot experiment was conducted in early summer 1993 to test the feasibility
of the design of the fish Hg-uptake experiment described in Chapter 2. The basic design
of the pilot experiment was a 2 x 2 factorial using the same water sources (1240 [MeHg]
=0.16 ng L', 1470 [MeHg] = 0.48 ng L") as the final uptake experiment. High MeHg
zooplankton were obtained from L632 (~0.1 ug g'; M. Paterson, Freshwater Institute,
Winnipeg, MB, unpublished data) and low MeHg zooplankton from 1.240 (0.08 ug g™).
The concentrations of MeHg in the test waters remained relatively constant over the
course of the expen'inent. The results of the pilot experiment are presented in Appendix
8. There were no differences in the concentrations of THg in fish muscle among
treatments.

Several reasons for this lack of differentiation in THg concentrations among
treatments were identified and the methods for the next uptake experiment were adjusted
to address these concerns. First, the fish were not receiving enough food, as evident by
the greater weight loss in fish in the pilot experiment than those in the final uptake
experiment. Therefore, the amount of food fed to the fish daily in the final uptake
experiment was doubled. Second, the difference between the high and low MeHg
zooplankton was not large enough to allow for a difference in accumulation over the
course of the experiment. To rectify this, the source of high MeHg zooplankton was
changed from L632 (~0.1 ug g) to L979 (0.28-0.76 g g™). Third, the length of the
pilot experiment was too short, so it was increased from 27 to 32 days to allow fish

longer exposure times to different treatments. Fourth, time-zero fish in the pilot
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experiment had mean THg concentrations of 0.24 ug g, double those of the fish used in
the final uptake experiment (0.117 pg g”). Because of the high time-zero
concentrations, the increase in Hg concentrations may not have been noticeable over the
27 d time course of the pilot experiment. Finally, the pilot experiment was run during a
period of below-normal temperatures. Water and air temperatures during the final
uptake experiment were average for that period in the summer.

Zooplankton vs. aquatic insects as_food

The link between Chapters 1 and 2 may have been made stronger had we used
aquatic insects rather than zooplankton as fish food. However, it would have been
difficult, if not impossible to collect and quantify macroinvertebrate food. In addition,
the experimental fish are gape limited, so the macroinvertebrates fed to them would have
to be sorted to size. The use of zooplankton ensured that we would be able to collect
sufficient fish food and that fish were able to eat all the food provided to them.
Replication and scale in ELARP

The only true replication of the insect bioaccumulation study would be the
controlled flooding of an additional peatland pond. However, as with other whole-
ecosystem experiments, the key is to demonstrate realistic effects. The ELARP has
produced data that show dramatic changes in MeHg cycling within the experimental
reservoir, and increases in the fluxes of CO, and CH, out of the reservoir (Kelly ef al.
submitted). These processes are also evident from other reservoir studies (e.g. Duchemin
etal.,, J.W.M. Rudd, Freshwater Institute, Winnipeg, MB, .pers. comm.)

Similarities in the dynamics of MeHg in both the small experimental and large
hydroelectric reservoirs demonstrate that the understanding obtained from the ELARP can be
applied to large-scale reservoirs. The use of a whole-ecosystem approach provides
nformation on processes occurring in nature, an understanding that can be difficult to
extrapolate from laboratory and mesocosm-based studies. It also allows the study of the
interactions of different compartments within the aquatic ecosystem. The understanding
gained by the use of whole-ecosystem manipulation studies transcends the problems

associated with the inability to replicate and the comparison to large scale systems.
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Future research needs

Continued examination of the MeHg dynamics of organisms at the lower end of the
food web is important in interpreting MeHg concentrations in response to reservoir creation.
Biological (age: Huckabee et al. 1979; metabolism: Rodgers and Beamish 1981) and
physical/chemical (pH: Winfrey and Rudd 1990; temperature: Bodaly e al. 1993) factors
affecting MeHg accumulation in fish are well understood. However, it is unclear how
differences in environmental, ecological and physiological factors affect bioaccumulation of
MeHg in aquétic nsects.

Examples of the effects of environmental parameters on the accumulation of Hg by
aquatic nsects can be found in two studies done in the field and laboratory. Parkman and
Meili (1993) concluded that THg concentrations in benthic insects were highest in acidic
dystrophic lakes, less in neutral dystrophic and mesotrophic lakes, and lowest in insects from
oligotrophic lakes. Total Hg concentrations in insects were negatively correlated with pH and
positively correlated with colour (an indication of DOC concentrations). Insects living in
anoxic sediments tended to have higher THg concentrations than those in oxic sediments.

The effects of temperature, pH and photoperiod on THg concentrations were
examined by Odin et al. (1994) by exposing Hexagenia rigida (McDunnough) to MeHgCl-
contaminated sediments. Total Hg concentrations in insects were positively correlated with
temperature and pH. Although these two studies indicated that environmental conditions
influenced the accumulation of MeHg by aquatic insects, it is important to do other studies
using natural, rather than elevated, concentrations of MeHg, and to do analyses of MeHg in
addition to THg concentrations.

Methyl Hg accumulation may differ among taxa, because of differences in
ecological and physiological factors such as life cycles (e.g. voltinism, length of each life
stage), ecological niches (e.g. habitat, feeding behaviour), and metabolic processes (e.g.
growth rates, depuration of MeHg). For example, if Lethocerus americanus Leidy have a
one-year life span, the amount of growth must be greater than that of smaller predatory
insects of the same age. Greater growth will be a result of increased feeding and greater
assimilation of carbon, which means greater exposure to MeHg. In fact, Parkman and Meili
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(1993) found that THg concentrations in aquatic insects were correlated with body size, and
concluded that this may be caused by large animals feeding on large prey.

Exposure to environmental MeHg may change during the course of the life cycle.
Examination of insects of similar size but having different life cycles may provide insights into
MeHg bioaccumulation. For example, insects that go through periods of dormancy may have
different exposure to bioavailable MeHg than insects that do not. Insects with a high
turnover might be more likely to respond quickly to changes in MeHg concentrations in water
and/or food sources.

We also need to have a better understanding of the routes of MeHg uptake and
depuration by aquatic insects. Saouter ef al. (1993) concluded that MeHg uptake in
Ephemeroptera depends on which compartment (sediment or water) is contaminated with
high levels of MeHg. If the water contained high concentrations of MeHgCl uptake occurred
through the gills. In contaminated sediment, uptake was from the gut.

The relative importance of food and water as routes of uptake in aquatic insects
needs to be addressed. A laboratory uptake experiment, similar to the 1.240 fish experiment,
using large aquatic insects and natural concentrations of MeHg in food and water may be
appropriate.

The pool of MeHg represented by benthic invertebrates and the loss of MeHg from
aquatic ecosystems through the emergence of aquatic insects are important in flux calculations
and are currently being explored in ELARP (D.M. Rosenberg, Freshwater Institute,
Winnipeg, MB unpublished data). It would be interesting to quantify the total amount of
MeHg leaving the system via drifting and emergence of all adult insects. These measurements
would indicate the contribution of insects to the biogeochemistry of MeHg in terrestrial and
downstream systems, and would also help clarify the role of aquatic insects in the transfer of
MeHg from sediments to other lake compartments.

The duration of elevated levels of mercury methylation needs to be determined by
intensive study of reservoirs of different ages. This would enable the prediction of the time
required for MeHg concentrations in the physical and biological compartments to return to

pre-impoundment levels.
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The results of the ELARP are being used to calibrate a model that will predict
changes in MeHg concentrations and fluxes in reservoirs (R. Harris, Tetra Tech Ltd.,
Oakville, ON pers. comm.). However, ELARP entailed the flooding of a peatland pond,
whereas large-scale hydroelectric reservoirs flood both upland and wetland areas. Upland
areas do not produce as much MeHg as wetland areas (St. Louis ef /. 1995). The next step
m understanding the effects of reservoir creation on MeHg cycling is the controlled
experimental flooding of a purely upland area. Results from an upland-flooding experiment
could contribute to calibrating a model that would more accurately predict MeHg
concentrations based on the percent of peatland and upland areas flooded.

The main factor in the bioaccumulation of MeHg in fish is the production of
bioavailable MeHg. Factors affecting the supply of MeHg via microbial methylation need to
be examined fully at natural concentrations. Understanding the mechanisms behind the
production and biogeochemical cycling of MeHg will help in planning reservoir mitigation

strategies.
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General Summary

This thesis had two objectives: 1. to quantify MeHg concentrations in aquatic
msects in response to experimental flooding, and 2. to determine the dominant pathway of
MeHg uptake by fish. Some aspects of MeHg accumulation by aquatic organisms were
clarified; however, many details remain unclear. In this section, the results of my work are
summarized.

Bioaccumulation of MeHg by aquatic insects in an experimental reservoir

This study is the first to examine MeHg concentrations in aquatic insects before
and after experimentally flooding a wetland. There was a 2-3 fold increase in MeHg
concentrations in predators and predator/herbivores in response to flooding.
Collector/shredders also concentrated MeHg, but to a lesser degree. Increased MeHg
concentrations in aquatic insects make more MeHg potentially available to fish. In addition,
the amount of MeHg stored in the aquatic biota increases, so aquatic insects may play an
important role in moving this stored MeHg within and out of the aquatic ecosystem.

Ecology is an important factor in the behaviour of MeHg in aquatic insects.
Different types of insects accummlated MeHg to varying degrees. Concentrations and %
MeHg were similarly high between predators (MeHg range= 19.0-715.5ng g d.w., %
MeHg= 67%) and predator/herbivores (MeHg range= 35.1-352.0 ng g d.w., % MeHg=
69%), but were lower in collector/shredders (MeHg range= 18.9-136.0 ng g” d.w., %
MeHg= 46%).

Methyl Hg concentrations in aquatic insects in the newly flooded reservoir were
elevated 2 yr after flooding. The new reservoir is not yet at a state of equilibrium and there is
no indication of how long concentrations in insects will remain elevated. Methyl Hg
concentrations in aquatic insects from the ELARP are being used as part of a predictive
MeHg model that will evaluate changes in Hg concentrations in aquatic biota in response to
flooding (R. Harris, Tetra Tech Ltd., Oakville ON, pers. comm.).
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Food as the dominant pathway of MeHg uptake by fish

The feeding experiment using fish showed that at least 85% of'the Hg in fish
muscle is attributable to food, whereas water contributed at most 15%. These results support
conclusions obtained from past studies (Jemnov and Lann 1971, Rodgers and Beamish 1981,
Parks ef al. 1987). Conclusions also agree with predictions made using bioenergetic mercury
models (Rodgers 1994, Harris and Snodgrass 1993). This body of work illustrates the
importance of the lower food web and shows that MeHg concentrations in the water and
animals of lower trophic levels must be known to predict fish Hg levels in response to
flooding.

Concluding remarks

Almost all freshwater fish depend at some point in their lives on aquatic
mvertebrates as food. Diet is the most important route of uptake of MeHg to fish, so an
ncrease in concentrations of MeHg in aquatic insects means an increase in the MeHg
available to fish.

Methyl Hg cycling in both natural and flooded ecosystems is complex and there are
many aspects of its biogeochemistry that still require clarification. However, this study, |
together with work from other components of the ELARP, have increased our understanding
of MeHg cycling in aquatic food chains of newly flooded ecosystems and may eventually

contribute to reservoir mitigation strategies.
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Appendices

Appendix 1. Design and results of statistical tests using state of flooding, lake and year
as main effects. Orthogonal contrasts and one-way ANOVAs were used to
determine significant relationships among methylmercury (MeHg) concentrations
in aquatic insects. When using orthogonal contrasts, values being compared are
assigned numbers. The numbers of the groups being compared must sum to the
same number but with a different sign. Groups of elements with the same sign are
compared to groups of element of a different sign. If there is a statistically
significant difference between the two groups, the p value will be <0.05. For
example, under question 1, “Odonata, L979 preflood vs. natural lakes”, a
contrast was done between L979 (1992 and 1993 unflooded; 5+5=10) and both
L1632 (1992, 1993 and 1994) and 1.240 (1993 and 1994; -2+-2+-2+-2+-2=-10).
The p value=0.571, so we conclude there is no significant difference in MeHg
concentrations between unflooded 1979 and natural lakes. Groups assigned 0
were not included in the contrast.

Appendix 2. Design and results of statistical tests using functional feeding group as the
main effect. Statistical techniques described in Appendix 1 were used to
determine if ratios and concentrations of methylmercury (MeHg) in functional
feeding groups were significantly different.

Appendix 3. Percentages of methylmercury (MeHg) for insects sampled from the study
lakes. The percent of total mercury (THg) that is MeHg in aquatic insects from
Lakes 979, 632 and 240 are presented. Values are %MeHg means + one
standard error.

Appendix 4. Concentrations of methylmercury (MeHg) in insects sampled from the
study lakes. The number of MeHg analyses done, the mean MeHg concentration
T one standard error and ranges of MeHg concentrations are presented for
aquatic insects from Lakes 979, 632 and 240.

Appendix 5. Concentrations of total mercury (THg) in insects sampled from the study
lakes. The number of THg analyses done, the THg concentration mean + one
standard error and ranges of THg concentrations are presented for aquatic insects
from Lakes 979, 632 and 240.

Appendix 6. Total mercury (THg) concentrations (ng g d.w.) in three functional
feeding groups: predators, predator/herbivores, and collector/shredders. Solid
horizontal line represents average THg concentrations in preflood conditions
(1992 and 1993). These data which are not available for predator/herbivores.
Light bars indicate preflood conditions, dark bars, flood conditions and medium
bars, reference systems.



Appendices 52

Appendix 7. Instantaneous water temperatures in the experimental pens over the course
of the mercury uptake experiment in Lake 240.

Appendix 8. Results from the pilot mercury uptake experiment Lake 240. Total mercury
(THg) in fish tissue is shown at the beginning (Time Zero) and end of the experiment.
Numbers of fish analyzed are shown above bars.



Appendix 1.

Design and results of statistical tests using state of flooding, lake and year as main effects. MeHg=methylmercury, THg=total mercury, nd=no data.

Main Effect

Lake 979 Lake 632 Lake 240

1992 1993 1993 1994 1994 1994
pre-flood pre-flood flooded drawndown reflooded drawndown 1992 1993 1994 1993 1994

Taxon p-value

Did MeHg concentrations in
insects increase after
flooding (Question 1)?

Collector/Shredders

Hyalella azteca

ANOVA 0.192

Limnephilidae

ANOVA 0916

Predator/Herbivores

Phryganeidae,

Polycentropodidae

ANOVA 0.007

Contrast

L979 drawdown vs. L632 and

L979 reflood 0.004 nd nd nd nd -1 3 nd -1 -1 nd nd
L979 vs. L632 0.083 nd nd nd nd -1 -1 nd 1 1 nd nd

Corixidae

ANOVA <0.001

Contrast

L979 vs. L632 0.001 nd nd 3 3 3 3 -4 -4 -4 nd nd

Predators

Odonata

ANOVA <0.001
Contrast

§6 [ xipuaddy



L979 pre flood vs. L979 post
flood

1632 1993 vs. L632 1994
L.979 pre flood vs. natural
lakes

Lethocerus americanus
ANOVA

Contrast

L979 pre flood vs. L632
L632 1992 vs. 1632 1993 and
1994

Gerris sp.

ANOVA

Contrast

L979 pre flood vs. L979 post
flood

L979 1993 preflood vs. 1993
post flood

979 pre flood vs. L240

Notonecta sp.
ANOVA
Contrast

L979 pre flood vs. L979 post flood

L979 drawdown vs. rest
L979 pre flood vs. L632

Dytiscus sp.

ANOVA

Gyrinidae

ANOVA

Contrast

L979 pre flood vs. L979 post
flood

L979 pre flood vs. natural
lakes

<0.001
0.017

0.571

0.035

0.851

0.006

0.046

0.160

0.043
0.829

0.013

0.057
0.025
0.338

0.641

0.005

0.010

0.090

nd

nd
nd

nd
nd
nd

-3

-3

nd

nd

nd

nd

nd

nd

nd

nd
nd

-

nd

nd

nd

nd

nd

nd
nd

nd

nd

nd

nd
nd

-1

nd

nd
nd

-

-2

nd

nd
nd

nd

nd

nd
nd
nd

nd

nd

nd
nd
nd

nd

nd

rS [ xipuaddy



Did MeHg concentrations in
FFGs increase after
flooding (Question 1)?

Total Predators

ANOVA

Contrast

L979 1993 preflood vs. 1993
L979 preflood vs. 1994 L 979
L240 1993 vs. L 240 1994
1632 1993 vs. L632 1994
L632 1992 vs. L632 1993 and
1.979 preflood vs. L632 1993
and 1994 and 240

1632 1992 vs. L632 1993 and
1994 and L.240

L979 1992 vs. L 979 post
flood and 1.632 1992

Total Predator/Herbivores
ANOVA

Contrast

1.979 post flood vs. L632
LO79 reflood vs. L979 flooded
and dranwdown

1979 reflooded vs. 1632

Total Collector/Shredders
ANOVA

Contrast

L979 preflood 1993 vs. L979
post flood 1994

1.979 preflood vs. L979
reflooded

L632 1994 vs. L632 1992 and
1993

L9O79 reflooded vs. L632 1994

<0.001

<0.001

0.001
0.198

0.005

0.787

0.015

0.001

0.748

[eNeoNoNoNol

(=}

nd

nd
nd

1
-

[eNeNaNA]

nd

nd
nd

[eReNoNa

o

L0

[eN=Nol

o

-1

nd

nd

nd

nd

Lo

[eNeNe]

o

L0

[eNeNal

nd

nd

nd

nd

[eNeoNoNe]

!
N

-4

~LooO

- =000

-1

Lo0

o0

-2

nd

nd
nd

nd

nd

nd

nd

CO-=00

—-i

-2

nd

nd
nd

nd

nd

nd

nd
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Did MeHg:THg change in
response to flooding
(Question 2)?

All samples
ANOVA

0.098
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Appendix 2

Design and results of statistical tests using functional feeding group as the main effect. Abbreviations as in Appendix 1.

Main Effect

p-value

Collector/shredders Predator/herbivores

Predators

Is there a difference in
MeHg concentrations
among FFGs?
ANOVA

Contrasts

Collector/shredders vs.
predators

Collector/shredders vs.
predator/fherbivores

Predator/herbivores vs.
predators

Is there a difference in
MeHg:THg ratios
among FFGs?
ANOVA

Contrasts
Collector/shredders vs.
predators
Collector/shredders vs.
predator/herbivores
Predator/herbivores vs.
predators

<0.001

<0.001

0.003

0.904

0.049

0.014

0.146

0.920
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Appendix 3.

Percentages of methylmercury (MeHg) + one standard error for insects sampled from Lakes 979, 632 and 240.

Lake 979 Lake 632 Lake 240
1992 1993 1993 1994 1994 1994 :
pre-flood  pre-flood flooded  drawndown reflooded drawndown 1992 1993 1904 1993 1994
Taxon Life Stage
Collector/Shredders
Amphipoda
Hyalella azteca Adults 121 ¢ 18 46 + 6 24 2+ 13
Ephemeroptera
Siphlonurus sp. Nymphs 60 88+ 9
Trichoptera
Limnephilidae Larvae 3B+21 30+ 5 19 22 28 £ 10
Total
Collector/Shredders B2 7B+ 19 19 407 312 B5+7 83+ 9
Predator/Herbivores
Trichoptera
Phryganeidae,
Polycentropodidae Larvae 107
Hemiptera
Adults
Corixidae and
Nymphs 54+11 10416 49 +6 o8 496
Total
Predator/Herbivores 54+11 104116 496 7S +13 59 +12
Predators
Odonata
Aeshnidae Nymphs 716 65 +11 ©69+15 53+x20 58 65 5 82 + 13
Corduliidae Nymphs 30 68 + 25 73 67+10 766
Other Odonata Nymphs
Total Odonata 72+ 6 56 + 8 57 + 18 73 66 = 11 667 65+5 74 £ 6 34+9

Hemiptera

8¢ £ xipuaddy



Belostomatidae
Lethocerus
americanus

Gerridae

Gerris sp.

Notonectidae

Notonecta sp.

Coleoptera
Dytisicidae
Dytiscus sp.
Gyrinidae
Gyrinus sp.
Dineutus sp.
Total Gyrinidae
All Predators

Predators excluding
L. americanus and
Dyftiscus sp.

Adutts 50+ 14

Adutts

and

Nymphs

Adutts

and

Nymphs

Aduits 50+ 4

Adults 30+04

Adutts 39
43 +
67+6
75+ 10

86

110

18

103

4

&

583

57

76 9
66+ 6

42+ 18

59+ 23

549

70+6

63 +2
67+ 3

61 %12

65 +3

3 8 8
>

71

I+

S0z5

57 +6

65 € xipuaddy




Appendix 4

Concentrations of methylmercury (MeHg) in insects sampled from Lakes 979, 632 and 240. Top number= no. of analyses, second number=MeHg + one SE ng/g d.w.; third number= range of MeHg.

Lake 979 Lake 632 Lake 240
1992 1993 1993 1994 1994 1994
pre-flood pre-flood flooded drawndown reflooded drawndown 1992 1993 1994 1993 1894
Taxon {ife Stage
Collector/Shredders
Amphipoda
Hyalella azteca Adults 1 2 5 i 1 6 1
67.7 782 12 128.4 21 31.0 574 £ 21 18.9
65.9 - 90.5 54.3 - 188.0 11.7 - 127
Ephemeroptera
Siphfonurus sp. Nymphs 1 2 6
87.1 48.3 + 23 1363 £ 9
252 - 713 108 - 168.8
Trichoptera
Limnephilidae Larvae 3 5 1 1 7
247 £ 13 477 £ 16 46.8 26.4 376 £ 15
3.4 - 430 19.0 - 107.8 13 - 125
Predator/Herbivores
Trichoptera
Phryganeidae,
Polycentropodidas Larvae 1 5 1 8
86.0 351.5 * 94 35.1 327 5
126.4 - 694 8.0 - 51.1
Hemiptera
Adults
Corixidae and
Nymphs 6 2 6 1 1 3 8
318.1 £33 2854 +3 157.1 + 17 233.7 121.0 155.8 + 22 1242 £ 22
222 - 4628 2826 - 2883 996 - 211 113 - 184 369 - 2181
Predators
Odonata
Aeshnidas Nymphs 10 4 2 5 3 2 32 6
107.3 £ 17 79.8 £ 17 191.3 ¢ 13 169.4 + 41 344.7 + 154 1356 + 20 773 £ 6 185.8 % 21
60.1 - 197 49.7 - 1214 178.0 - 204.5 194 - 235 132.9 - 645 116 - 155.7 346 - 182.0 140 - 2666
Corduliidae Nymphs 1 1 5 4 1 18 13
59.4 2003 179.0 £ 26 216.0 + 38 95.7 873 £ 8 140.0 £ 22
1366 - 278 1332 - 283 48.4 - 140 60.0 - 361.8
Other Odonata Nymphs 2 3 3 1 5 1 9
88.2 £ 0.1 793 £5 283.1 £ 141 84.7 195.7 £ 51 726 £ 9 862 + 18
88.1 - 88.2 696 - 87.5 114 - 4843 56.2 - 360 76 - 116 212 - 173.7
Total Odonata 12 8 5 2 15 7 3 61 28 8 3
104.1 £ 15 771 £9 246.4 % 81 1425 + 58 181.3 £ 22 271.2 + 67 1223 + 33 791 £ 4 1325 = 14 526 + 11 1129 + 10
60.1 - 197 49.7 - 1214 114 - 4843 847 -2003 193 - 360 132.9 - 645 95.7 - 156.7 76 - 1820 212 - 3618 142 - 1121 93.7 - 1293
Hemiptera

Belostomatidae

09 ¥ xipuaddy



Lethocerus
americanus

Gerridae

Gerris sp.

Notonectidae

Notonecta sp.

Nepidae
Ranatra sp.

Colsoptera
Dytisicidae
Dytiscus sp.

Gyrinidae
Gyrinus sp.

Dineutus sp.

Total Gyrinidae

Others’

Aduits 3
499.3 + 28
443 - 531
Adults
and
Nymphs
Adutts
and
Nymphs
Adults
Adults 15
2161 £ 19
§0.3 - 3326
Adults 2
190 £6
13.1 - 245
Aduits 1
29.6
5
35111
13.1 - 786

1
107.7

108.6

2
159.6 + 134
259 - 2934

1
118.2

2
346 +9
255 - 437

2
398 £ 4
356 - 44

6
654 + 13
255 - 107.9

1
§4.7

4048 118
201 - 610.7

2606 £ 28
184 - 336.0

188

§3.8

3

5

1

331.4

84.4

'Other predators include Gyrinidae larvae, Dytisidae adults and larvae not including Dytiscus sp.

2
1806 + 104
766 - 285

15
442.7 1 60
86.3 - 846

3
169.2 £ 62
60.9 - 272

7
106.0 + 12
59.1 - 147

1
169.1

8
1139 £ 13
59.1 - 169

10
196.0 £ 40
50.1 - 377.0

715.5

32
4292 + 43
719 - 1023

4302

3344 ¢ 1
333.0 - 335.8

196.0 ¢ 105
104 - 37565

4
68.0 £ 15
445 - 107.2

7 4
3106 £ 74 935 x5
140 - 6000 86.1 - 1096

2
1422 + 47
947 - 190
7 10
1823 £ 25 235.0 £ 50
657 - 265 9% - 6126
1 2
233.7 365.5 & 137
229 - 5022
11 9
205 + 33 156 + 30
96,5 - 487 302 - 2816
2 3
§5.0 £ 17 64.7 + 10
385 -716 460 - 785
1
1727
2 4
55.0 + 17 91.7 £ 28
385 - 716  46.0 - 1727
1 1
307.0 88.1

(]
1186 £ 7
86.5 - 136.3

8
5706
32.8 - 829

2
151.0 £ 12
140 - 1625

[9 ¥ xipusddy



Appendix 5

Concentrations of total mercury (THg) in insects sampled from Lakes 979, 632 and 240. Top number= no. of analyses; second number=THg + one SE ng/g d.w.; third number= range of THg.

Lake 979 Lake 632 Lake 240
1992 1993 1893 1994 1994 1994
_pre-flood pre-flood flooded drawndown reflooded drawndown 1892 1993 1894 1983 1894
Taxon Life Stage
Collector/Shredders
Amphipoda
Hyalella azteca  Aduits 3 3 1 3 2
71 6 301 + 47 128 119 £ 19 116 + 51
64 - 82 253 - 394 82 - 148 65 - 167
Ephemeroptera
Siphlonurus sp. Nymphs 1 5
118 167 + 18
117 - 206
Trichoptera
Limnephilidae Larvae 2 7 1 1 8
104 £ 21 103 £ 13 240 120 216 + 117
83 - 125 67 - 148 45 - 788
Predator/Herblvores
Trichoptera
Phryganeidae,
Polycentropodidae Larvae 1 4
386 102 % 31
65 - 194
Hemiptera
Adutts
Corixidae and
Nymphs 5 2 ] 1 4
621 + 76 281 £40 275 + 47 188 178 £ 72
409 - 867 240 - 321 78 - 406 83 - 389
Predators
Odonata
Aeshnidae Nymphs 9 4 2 6 2 30 6
168 £22 109 £+14 285 # 82 421 78 168 £ 40 133 15 215 % 45
71 - 246 67 - 124 213 - 378 190 - 748 119 - 198 54 - 490 27 - 347
Corduliidae Nymphs 1 1 4 2 14 14
195 286 298 + 68 120 + 11 123 =11 183 % 27
107 - 427 109 - 131 59 - 196 116 - 497
Other Odonata Nymphs 9
184 £ 26
103 - 448
Total Odonata 10 7 6 1 14 4 55 24 9
154 220 133 £16 292 £ 50 116 349 + 48 139 20 135 £+ 11 188 % 55 184 £ 26

z9 § xipuaddy



Hemiptera
Belostomatidae

Lethocerus
americanus

Gerridae

Gerris sp.

Notonectidae

Notonecta sp.

Nepidae
Ranatra sp.

Coleoptera
Dytisicidae
Dytiscus sp.

Gyrinidae
Gyrinus sp.

Dineutus sp.

Total Gyrinidae

71 - 246

Adults 3
922 + 164
607 - 1157

Adutts

and

Nymphs

Adults

and

Nymphs

Adults

Adults 9
506 + 35
364 - 651

Adutts 2
65 + 21
44 - 85

Adutts 1
76

5

77+ 8
44 - 101

67 - 195

126

144

115

2
58 £ 3
55 - 62

2
124 £ 3
121 - 128

6
100 % 16
55 - 150

165

157

260
154

510
440

262

- 426

+ 106
- 365

+ 30
- 568

399

488

122

122

103 - 748 109 - 198
31
750 + 78
157 - 1912
2
287 + 184
102 - 471
15
729 + 89
141 - 1249
2
334 £ 1
333 - 336
3 1
338 + 80 574
251 - 498
8
222 + 22
158 - 308
1
223
9 3
223 + 20 83 = 16
158 - 309 61 - 115

54 - 480 27 - 497

7 4
376 £ 91 168 % 26
154 - 863 115 - 240

248 % 16
232 - 264

326 + 54 305 % 63
228 - 628 151 - 731

234 366 + 137
229 - 502

10 7
329 865 265 & 48
132 - 845 125 - 419

88+29 78zx 11
59 - 117 58 - 98

325

2 4
88 £29 140 % 62
59 - 117 58 - 325

103 - 448

5
176 £5
160 - 191

8
122 £ 22
46 - 218

2
281 %12
249 - 273
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Appendix 6. Total mercury (THg) concentrations in ng g’ d.w. in (A)
predators, (B) predator/herbivores, and (C) collector/shredders. Solid
horizontal line represents average THg concentrations in preflood conditions
(1992 and 1993); these data are not available for predator/herbivores. Light
bars indicate preflood conditions, dark bars, flood conditions and medium
bars, reference systems.
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Appendix 7

Instantaneous water temperatures (°C) in experimental pens in L240.

10-Aug-93 17-Aug-93  23-Aug-93 Pen #

Low MeHg food,
low MeHg water 20.6 20.8 220 1
. 20.7 20.8 221 5

Low MeHg food,
int. MeHg water 20.7 20.7 220 2
20.8 20.6 22.4 7

High MeHg food,
int. MeHg water 20.6 20.8 220 3
20.6 20.6 22.0 8

High MeHg food,
high MeHg water 20.6 20.7 222 4

20.8 20.8 22,0 6



0.30

Replicate One
Replicate Two 12

8 10 12 7. 12

0.25

0.20

0.15

Fish [THg]
(ug/g w.w.)

0.10

0.05

Time Low MeHg Food ~ Low MeHgFood  High MeHg Food High MeHg Food
Zero Low MeHg Water High MeHg Water Low MeHg Water High MeHg Water
(L.240) (L470) (L240) (L470)
Treatment

Appendix 8. Results from the pilot mercury uptake experiment in Lake 240. Total mercury (THg) in fish tissue at the
beginning (Time Zero) and end of the experiment. Numbers of fish analyzed are shown above bars.
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