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ABSTRACT 

Fisheries in highly productive prairie lakes of Canada and the USA frequently have fish 

consumption advisories due to elevated mercury concentrations.  This occurrence is 

unexpected because such alkaline lakes often exhibit lower methylmercury (MeHg) 

concentrations in basal trophic levels than those expected in less productive basins with 

circumneutral pH.  As sources of MeHg to fish are largely dietary, components of the 

food web are expected to be critical controls of the transfer of MeHg to fish.  Here we 

investigated how Leptodora kindtii, a large (1.5 cm) translucent predatory invertebrate 

that exhibits pronounced diel vertical migration (in sediments by day, upper water 

column by night) plays a key role in regulating the contamination of fish with MeHg in a 

well-studied, eutrophic, prairie lake in western Canada. Estimates of diel fluxes of 

invertebrate biomass and MeHg revealed that migratory adult Leptodora, but not other 

adult zooplankton or juvenile Leptodora, acted as a vector, uniquely transferring MeHg 

from presumptive deepwater sites of methylation to pelagic fish communities.  This 

cryptic process suggests that piscivorous fish may experience greatly elevated exposure 

to MeHg even in circumstances when biogeochemical features, MeHg sources, and 

daytime food-web configuration suggest that trophic transfers should be minimal.  

INTRODUCTION 

Anthropogenic emissions of inorganic mercury (HgII) have increased its long-range 

transport and deposition to even remote areas.1, 2  While atmospheric concentrations of 

total gaseous Hg have declined,3, 4 legacy sediment stores of Hg represent lasting sources 

to water bodies that may sustain food-web advisories even after proximate pollution 

sources have been eliminated. 5, 6  Once HgII enters aquatic ecosystems, it can be 

transformed into methylmercury (MeHg), usually in a benthic environment by facultative 

anaerobes including bacteria and archaea capable of reducing sulfate (SO4
=) and iron 

(Fe3+), or of producing methane (CH4
+).7-10  MeHg produced in sediment porewaters may 

then diffuse to surface waters, be taken up by phytoplankton and pelagic bacteria, transfer 

to invertebrates, and bioaccumulate in fish and other consumers reviewed in 11.  The 

pronounced and continuing threats to human health from consumption of Hg-rich fish 

justifies a detailed understanding of Hg biogeochemistry in aquatic ecosystems. 
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Fish in alkaline (high pH) eutrophic lakes often exhibit lower tissue concentrations of 

MeHg than those in circumneutral unproductive basins.12-18  Lower MeHg loads in fish in 

productive systems may result from complex interacting processes, including differences 

in algal size and edibility,19 selective feeding by fish on prey with low Hg content,20 

zooplankton mass dilution of Hg transfer to fish,21 local physio-chemical controls of 

methylation 22), or uptake of MeHg by consumers cited in 23.  Notable exceptions to this 

pattern occur in eutrophic prairie lakes of North America 24 and eutrophic geothermal 

lakes of New Zealand 25, as well as contaminated sites in China 26 and the northeastern 

USA 27, where MeHg levels in fish are comparable to those observed in oligotrophic 

lakes. 

Lakes of the Northern Great Plains of Canada and the USA often have consumption 

advisories for piscivorous fish due to elevated Hg levels e.g.28, 29, 30.  Although Stone et 

al. 31 noted a positive correlation between pH, alkalinity and Hg concentrations in 

Walleye (Sander vitreus aka Stizostedion vitreum) and Northern Pike (Esox lucius), the 

precise mechanisms leading to this relationship are unclear, and managers lack the tools 

needed to predict which recreational fisheries may be vulnerable to Hg advisories.   

Here we test a new hypothesis that elevated Hg content in fish in some eutrophic 

prairie lakes may occur because of selective consumption of migratory adults of the large, 

predatory cladoceran Leptodora kindtii (hereafter Leptodora).  This invertebrate exploits 

anoxic benthic habitats during the day and is rarely sampled by conventional daytime 

monitoring, but is the biomass-dominant invertebrate in pelagic waters at night.32  Our 

research on a model prairie ecosystem suggests that this novel cryptic pathway may act as 

an ‘elevator’, both transporting Hg from the sedimentary source of methylation to surface 

waters, even in relatively deep basins (>20 m), and nearly doubling the MeHg content of 

key forage fish.    

MATERIALS AND METHODS  

Study site 

Katepwa Lake is a moderately-deep lake (14 m average; 22 m at study site) located 

in the Qu’Appelle River Valley, a 52,000 km2 catchment spanning much of southern 

Saskatchewan, Canada.33, 34  The lake is highly eutrophic, with elevated concentrations of 
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total dissolved phosphorus (TDP; ~170 µg L-1) and chlorophyll a (~25 µg L-1), and a low 

(8.5) mass ratio of nitrogen to phosphorus (N:P).35  Although polymictic in some 

summers, Katepwa Lake routinely experiences anoxia below 12-15 m depth (Figure S1 in 

Supporting Information).35, 36  Regional fish communities include Walleye, Northern 

Pike, Yellow Perch (Perca flavescens; henceforth Perch), Cisco (Coregonus artedi), 

Bigmouth Buffalo (Ictiobus cyprinellus), and White Sucker (Catostomus commersonii), 

although the relative proportion of fish species was not known precisely for Katepwa 

Lake during this study.  Zooplankton community composition has been documented 

biweekly during the summer since 1994 and is composed of Leptodora, large-bodied 

Daphnia (D. galeata mendotae, D. pulicaria), omnivorous copepods (Leptodiaptomus 

siciloides, Diacyclops thomasi) and approximately 10-15 rotifer taxa which are not 

routinely quantified.32, 35 All samples were collected as described below in late August 

1997 on calendar day of year (DOY) 240.  Sample analysis was done within two months 

of collection.    

Leptodora 

Adult Leptodora are large (1.2-1.8 cm) predatory cladocerans that are translucent, 

have small visible eyes relative to body size, and exhibit classic diel vertical migration 

(DVM; down by day, up by night) to avoid predation by visually-orienting fish.37  Adult 

Leptodora in turbid eutrophic lakes, including Katepwa Lake, remain in or near anoxic 

sediments during the day, but move into the upper water column at night by migrating 

over 20 m.32  DVM is thought to be a dynamic behavior trait 38 because it occurs mainly 

in eutrophic lakes as opposed to clear deep basins.39  In contrast, juvenile Leptodora and 

other smaller zooplankton exhibit little, or even mild inverse, DVM because Yellow 

Perch, and likely Cisco, feed in the dark using mechano-reception via their lateral-line 

systems.37 This mechanism cannot detect the vibrations of invertebrates smaller than 

adult Leptodora.32, 40  Thus, while cryptic, migratory adult Leptodora can be the main 

prey item for young-of-the-year fish feeding offshore at night within eutrophic systems.32   

Sample collection 

Organic matter:  Depth-integrated water for particulate organic matter (POM) 

was collected at a standard geo-referenced station near the centre of Katepwa Lake using 
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standard protocols of the Qu’Appelle long-term ecological research program (QU-

LTER).32, 34, 41  POM samples were pre-screened (153-µm mesh), filtered onto pre-

combusted (500oC, 1 hr) Whatman GF/C glass fibre filters, and stored at -20 °C until 

analysis.  Pre-screening was effective at removing crustaceans and rotifers, while 

maintaining a representative algal assemblage characteristic of each lake.42 

Zooplankton:  Leptodora and other crustacean zooplankton were sampled from 

the central station in Katepwa Lake every 6 h starting at 04:00 h using QU-LTER 

protocols.32, 35  Briefly, invertebrates were collected at 3-m intervals (0–18 m) using 

triplicate casts of a 12-L Schindler-Patalas trap fitted with a 243 m mesh net and were 

preserved in sugared-ethanol solution.32  In addition, vertical tows of a 20-cm (243-µm 

mesh) and a 50-cm diameter (750-µm mesh) Wisconsin net were made to collect bulk 

zooplankton (mainly Daphnia galeata mendotae, Diacyclops thomasi) and Leptodora, 

respectively, for chemical analyses.32, 35  Individual Leptodora and zooplankton were 

measured to the nearest 0.1 mm, isolated from bulk samples using clean techniques, and 

classified as juvenile, adult male, or adult female.32  These animals were frozen for Hg 

and stable isotope analyses, while zooplankton from each depth interval were enumerated 

at 40-x magnification using a dissecting microscope35).  Vertical distributions of 

zooplankton biomass were calculated as the product of observed species’ densities and 

mean mass per individual calculated for growth stage using a regression of dry mass 

versus body length.35  Masses and estimates of mean MeHg concentrations in adult and 

juvenile Leptodora and bulk crustacean invertebrates were used to calculate the ng MeHg 

L-1 associated with zooplankton at 4 pm CST (day) and 4 am (night).   

Fish:  Gill nets with multiple mesh sizes were also deployed in the upper 5 m of 

Katepwa Lake for 6 h each beginning at 00:00 and 12:00 h on DOY 240.  Nets were set 

at the standard offshore site, as well as at a nearshore littoral station located ~2.5 km 

distant.  Individuals of young-of-the-year (YOY) Perch and Cisco were selected to be the 

same size and sex at each sampling site, although few Perch were collected offshore 

during the day, and few Cisco were collected nearshore at either sampling time.  Fish 

samples were frozen until analyzed for stable isotopes and Hg content.   

Mercury analysis 
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Zooplankton:  Prior to MeHg analysis, zooplankton samples were freeze-dried 

and a minimum of 2 mg dry weight (dw) of zooplankton was analyzed for MeHg 

concentrations using cold-vapour atomic florescence spectrometry after aqueous phase 

ethylation at Flett Research Ltd, Winnipeg.43-45  About 30% of samples were run in 

duplicate and their Hg content agreed to within 2%.  Sample duplicates spiked with a 

known concentration of a Hg standard were run concurrent with field samples and 

yielded 92% of Hg added.  All Hg data for zooplankton are presented as ng g-1 dw. POM 

samples were not collected for MeHg analysis. 

Fish:  As ~95% of Hg in vertebrates exists as MeHg,46, 47 we analyzed fish only 

for total Hg (THg; all forms of Hg).  Samples were analyzed at the Freshwater Institute, 

Fisheries and Oceans Canada, using cold vapour atomic absorption spectroscopy 

(CVAAS).48, 49  Approximately 0.2 g of isolated dorsal muscle was digested with a 

mixture of sulphuric and nitric acids and oxidized with potassium permanganate solution.  

Stannous chloride reduced Hg to its elemental form, which was detected by CVAAS.  

Recoveries of Hg from a certified standard reference material (National Research Council 

DORM-2) were always within acceptable limits (4.64 ± 0.26 mg g-1).  Concentrations of 

Hg in fish were converted from wet weights to dry weights of dorsal muscle tissue. 

Stable nitrogen isotope analyses 

To infer trophic position, POM, zooplankton species, Leptodora, and fish tissue were 

analyzed for stable isotopes of nitrogen (as δ15N) using standard methods.32, 50  

Zooplankton for isotope analyses were pooled to composites of 100-400 individuals of 

either bulk zooplankton, large species, or Leptodora.  All samples were oven-dried at 

70oC for 2 h and ground to a fine powder.  Approximately 0.5-1.0 mg of this tissue was 

analyzed at the Freshwater Institute using a VG micromass 602E dual-inlet isotope ratio 

mass spectrometer, modified by Europa Scientific for continuous flow operation with a 

He gas carrier.  Stable N abundances were expressed in the standard delta notation as the 

deviation from the international standard of atmospheric air (‰).  Replicate samples had 

standard deviations of ~0.2‰. 
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Differences in Hg concentrations and stable isotope values were tested for 

significance using analysis of variance and Holm-Sidak multiple comparison analysis.  

Data did not require transformation based on analysis of residuals. 

RESULTS AND DISCUSSION 

Concentrations of Hg (THg in fish, MeHg in others) increased significantly (r2 = 

0.929, p < 0.001) with inferred trophic level (Fig. 1A), consistent with experimental 51, 52 

and field studies 53 demonstrating that MeHg is delivered to fish mainly from dietary 

sources.  Concentrations of MeHg in both adult (177.2 ng g-1) and juvenile Leptodora 

(148.5 ng g-1) were significantly higher (F(5,32) = 13.608, p < 0.001) than those in bulk 

zooplankton (Fig. 1B), as seen regularly in other lakes 32, 54 and reflect the fact that 

Leptodora consume crustacean prey 35, 40 and, in the case of the adults, spend up to 18 h 

in anoxic waters 32 close to the expected sites of Hg methylation.55, 56  In contrast, the 

near-doubling of mean THg concentrations in Perch sampled at night (454.4 ng g-1) 

versus day (258.5 ng g-1) was significant (p < 0.001), unexpected, and suggests different 

pathways of exposure of these subpopulations.  This pattern, along with the higher δ15N 

values of Perch sampled at night (Fig. 1C), suggests that nocturnal prey items had higher 

MeHg concentrations than those seen in prey eaten onshore during the day.  

Perch from the littoral zone were also isotopically distinct (F(5,28) = 63.006, p<0.001) 

from those sampled in the pelagic area (Fig. 1B). This pattern suggests that there are two 

distinct sub-populations of otherwise-similar fish in Katepwa Lake; those that remained 

continuously in the littoral zone, and those that fed offshore in the pelagic zone at night.  

Because Perch collected offshore at night had higher δ15N than those collected during the 

day, and because YOY Perch were about one trophic level above adult Leptodora (Fig. 

1C), we infer that pelagic Perch consumed mainly migratory adult Leptodora at night 

cited in 37.  During late summer, adult Leptodora are typically a full trophic level above 

large-bodied Daphnia and copepod species in these 35 and other lakes, 54 although that 

pattern was less well-developed in this short-term study.32  In contrast, Cisco, which do 

not migrate between near- and offshore locations, did not exhibit diurnal differences in 

δ15N values, presumably reflecting the restriction of their feeding activity activities to the 

offshore pelagic zone. 
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Diel changes in the density, vertical distribution, and age composition of Leptodora 

populations also affected the availability of MeHg to pelagic fishes in Katepwa Lake 

(Fig. 2).  During the day, between 58 and 93% of MeHg in water-column invertebrates 

was found in the bulk zooplankton (D. galeata mendotae, D. thomasi), particularly in 

shallow (< 9 m) surface waters (Fig. 2A).  Based on their sizes (< 8 mm), all Leptodora 

present in daytime surface waters were juveniles,32 life stages which are neither migratory 

nor contribute a large proportion (6-19%) to the total MeHg pool.  During the day, such 

juvenile Leptodora account for 22-42% of MeHg contained in zooplankton (Fig. 2A).  In 

contrast, the mostly-adult Leptodora accounted for 67-96% of MeHg in invertebrates at 

night, with little or no trend with depth despite anoxia below ~12 m (Fig 2B).  This 

pattern, coupled with the increased trophic level of Perch feeding at night, is consistent 

with our hypothesis that adult migratory Leptodora act as a unique conduit of MeHg to 

forage fish by elevating pelagic exposure to MeHg from otherwise inaccessible anoxic 

sites of Hg methylation. 

Elevated Hg concentrations in the prairie lake may occur because some fish have 

mechanisms to feed size-selectively under low-light conditions common in turbid 

eutrophic lakes.32  Specifically, the ability of YOY Perch to select large cryptic prey 

items in the dark 32 favours translocation of MeHg from migratory adult Leptodora to 

zooplanktivorous fishes, allowing the invertebrates to act as an “elevator” from anoxic 

profoundal habitats to the pelagic zone of even deep lakes.  While we did not measure 

MeHg production in our lake, it is well-established that MeHg is produced in anoxic 

waters and sediments.57-59  In Katepwa and other Qu’Appelle lakes, other crustacean 

zooplankton and juvenile Leptodora were too small to be detected by fish, too large to be 

eaten by predatory copepods, and do not migrate.32  As well, during the day, the 

translucent nature of juvenile Leptodora and the other main pelagic invertebrates allows 

them to avoid visually-orienting predators.32, 35  Such patterns are common in other 

eutrophic lakes with similar food-web composition,54, 60 suggesting that the ‘Hg elevator’ 

may be common.  Because these lakes are routinely sampled during daylight hours, such 

a Hg elevator may pass undetected in many turbid productive lakes.   

These findings are consistent with over 25 years of trophic studies in the QU-LTER, 

32, 34, 35, 41 as well as with persistent but unexplained Hg consumption advisories that exist 
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for regional recreational fishes; 28, 30 however we recognize that our approach is only a 

snapshot of trophic interactions affecting food-web contamination with MeHg.  

Zooplankton MeHg concentrations tend to respond quickly (within 10 days; see55 for an 

example) to changes in MeHg in water.  MeHg concentrations in adult Leptodora 

samples approximately 2 months (DOY 177; June 26) and 20 days (DOY 219; August 7) 

prior to our study were 268 and 216 ng g-1 dw, respectively, higher than those measured 

on DOY 240 presented here (177 ± 41 ng g-1).  This suggests that the fish MeHg 

exposure of by Leptodora in fish may be greater in other parts of the season.  Trends in 

Hg concentrations in freshwater fishes are also driven by variation in Hg loading, in situ 

biogeochemistry, bioavailability, biomass dilution effects, fish diet, and organismal 

bioenergetics.2, 23, 59  As well, estimates of trophic position (as 15N),35 zooplankton 

density,32 and MeHg concentrations 55, 61 can vary on the scale of days-to-weeks.  Despite 

these caveats, we suggest that migration of invertebrates may exert an unexpectedly 

strong influence over Hg concentrations in pelagic fish of some eutrophic lake 

ecosystems. Specifically, we note that the food-web of Katepwa Lake is characteristic of 

eutrophic lakes in this 35, 62 and other regions, 63 suggesting that migratory adult 

Leptodora can act as a previously unknown elevator of MeHg from bottom waters to 

piscivores in turbid productive lakes.  Knowledge of the presence of these predominantly 

nocturnal invertebrates and their diel excursions may help fisheries managers better 

assess potential risks of food-web contamination by cryptic pathways and avert 

unnecessary human consumption of MeHg-rich fish. 
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Figure 1. Taxon-specific A: relationship between 15N (‰) and concentrations (ng g-1 

dw) of methylmercury (MeHg) in invertebrates and total mercury (THg) in fish, 

B: concentrations of MeHg in invertebrates and THg in fish, and C: δ15N.  Error 

bars represent 1 standard error of the mean.  “Zooplankton” represent mainly 

Daphnia galeata mendotae, D. pulicaria, Diacyclops thomasii and 

Leptodiaptomus siciloides.  “Leptodora” represents mainly adult individuals (> 1 

cm length).  Bars with the same lowercase letter are not significantly different.  

nd= no data.   

Figure 2.  Depth from surface (m) profiles of methylmercury (MeHg) concentrations in 

invertebrates per liter of water (bars; ng L-1) and proportion of total MeHg in 

either Leptodora or zooplankton as in Figure 1 (symbols: %) during A: day and B: 

night.   
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The mercury elevator in lakes – a novel vector of methylmercury transfer to fish via 1 

migratory invertebrates 2 

Britt D. Hall1*, Tyler P. Cobb1,2, Mark D. Graham1,3, Raymond H. Hesslein4, Karen A. 3 

Kidd5, Richard Vogt1,6 and Peter R. Leavitt1,6,7 4 

For Table of Contents Use Only 5 

Table of Contents figure:  Diel vertical migration of Leptodora acts as an elevator of Hg 6 

from anoxic habitats to fish.  During the day, Yellow Perch feed on zooplankton 7 

with lower MeHg concentrations, whereas fish at night feed offshore on migratory 8 

adult Leptodora kindtii which have 3-fold higher MeHg content.  These 9 

invertebrates spend the day in anoxic waters where they are inaccessible to fish.   10 
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Figure S1. 38 
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 52 

Figure S1.  Depth profiles of temperature (°C), dissolved oxygen concentrations (ppm) and conductivity (µS cm-1) at the deepest point 53 

of Katepwa Lake.  54 
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