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ABSTRACT 
Isotope ratios of carbon (.'3C/'2C) and nitrogen ('sN/'4/"N), on a parts per thousand 

(960) bais  relative to a standard, were used ta trace carbon flows (6l3C) and trophic 

positions of organisms (6%). Values of 6I3C and 6'w were obtained for sedunents, 

suspended particulate matter (SPM), plants, and anirnals found in the Miramichi River 

Estuary (New Brunswick, Canada) and used to show the relationship between food web 

structure and patterns of mercury biomagnification. 

On a 6°C and 6'% basis, three different sources of energy were identified: 

terrestriai carbon, in situ estuarine primary production, and marine phytoplankton. 

Isotopically depleted 6°C and 6'% values verified terrestrial carbon was a major source 

of energy to estuarine sediments and SPM. 

A cluster analysis of mean 6 " ~  and 6 " ~  values for 47 abiotic and biotic groups in 

this study helped to structure the community of plants and animals. Eight distinct clusters 

were formed: 1) estuarine sediment, and estuarine and fieshwater SPM; 2) estuarine and 

marine primary producers; 3) fieshwater fish and submerged terrestrial leaf litter, and 

estuarine oysters; 4) estuarine filter-feeding invertebrates; 5) estuarine deposit-feeding 

invertebrates; 6) estuarine planktivorous and benthivorous fish, some benthic 

invertebrates, and two filter-feeding marine fish; 7) estuarine carnivorous and two 

benthivorous fish; and 8) double crested cormorant eggs (whites and yolks). The results 

of this analysis show that for this coastal ecosystem, no distinction can be made in 6I3C 

and 6% values between estuarine and marine primary producers and filter-feeding fish, 



whereas fieshwater fish and submerged terrestrial leaf litter were characterised by their 

isotopically light 6°C values. 

Based on measurements of 6I3C and 6% differences between a predator and its 

prey, an average SI3C- and 6'%-trophic enrichment factor (TEF) of 1.87 + 0.1 6960 and 

2.94 + 0. M%o, respectively, were calculated for the Miramichi River Estuary food web. 

Consistent with observations in other aquatic studies, a total of 4.7 G1'N-defïned trophic 

levels were identified for the Miramichi River Estuary food web. This calculation was 

done assurning the double crested cormorant was the top predator (G1% of egg yolk was 

15.43%0), estuarine SPM (6'% of 4.94%0) represented trophic level # 1, and a 6%-TEF 

of 2-94. 

Planktivorous fish were depleted in 6I3C when compared to bottom-feeding fish 

by 1.8 1%0. Similady, filter-feeding clams were depleted in 6I3C by 3.68%0 when 

compared to deposit-feeding invertebrates. This evidence supports the use of 5°C in 

separating pelagic- fiom benthic-oriented organisms, different sources of food, and 

pathways of mercury uptake in the Miramichi River Estuary. 

The relationship between l o g , , ~ g ]  versus 6'%, using the slopes as an indicator of 

biomagnification potential, was not significant for the Miramichi River Estuary food web. 

Conversely, this relationship was significant for nine lake and two marine food webs in 

other studies. Biomagnification slopes (BMSs) for lake and marine food webs ranged 

fiom 0.17 and 0.74. Similar BMSs for eight lake and one marine food web indicates 

mercury biomagnifies in a sirnilar manner in these ecosystems. A lack of relationship 

between l o g , , ~ g ]  versus S1%, as seen for the Miramichi River Estuary food web, codd 

. . 
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be attributed to a number of factors: 1) estuarine organisms may feed on foods with 

differing mercury and 6'% values, 2) inorganic mercury may bind with a number of 

complexing agents in the estuary thereby rendering it unavailable for methylmercury 

production and bioaccumulation in the estuarine food web, and 3) a large variability in 

l o g , , ~ g ]  and 6% values may be inherent in estuarine organisms due to the high degree 

of organism mobility, and dynamic exchange between i) fresh- and sait-waters, and ii) 

sediments and water colurnn. 
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The thesis is divided into a general introduction, three main chapters, fotlowed by 

an overall summary. n i e  fust chapter describes how 6I3C and 6% can be used to 

detennine energy sources and food web structure in the Miramichi River Estuary. 

Chapter 2 uses 6°C and S1% to differentiate mercury patterns in an estuarine food web. 

In chapter 3, mercury biomagnification in estuaries is compared to other aquatic food 

webs (lake and marine systems) using 6%-deked biomagnincation dopes (BMSs). 

Food webs and stable isotopes 
Energy is transferred fiom primary producers through a network of diverse groups 

of organisms to top carnivores (Odum 1989). The complex array of plants and animals is 

referred to as a food web, typically between 3 to 5 trophic levels (Briand 1985, Cohen et 

al. 1990, Atwell et al. 1998). The main constraint on the maximum number of trophic 

levels in a food web is the loss of energy at each trophic level(80-90%) (Wiegert 1988, 

Odum 1989, Baird and Ulanowicz 1989, Jmgensen et al. 1997). Identifjing the number 

of levels may be obscured by our ability to describe lower trophic level organisms, such 

as heterotrophic bacteria and parasites (Pimm 1988, Wiegert 1988). It is also difficuit to 

identie food web interactions by traditional methods (i.e., gut contents and 

behaviourai/observation studies) (Crane 1999). Uncertainty is inherent due to food web 

complexity, seasonal differences in food availability, individual diet preferences, 

ontogenic diet shifts, omnivory, variations in assimilation efficiencies, and difficulties in 



quantifying unidentifiable or partially digested food items, especially in smaller-sized 

organisms (Crane 1999). 

To overcome these limitations, scientists have recentiy used ratios of ' 3 ~ / ' 2 C  and 

'%/I4N to help identie food web interactions and trophic positions. Carbon and nitrogen 

isotope ratios are commonly expressed as "delta notation" (6) and have the uni& of parts 

per thousand or "per mil" (%O) difference fiom a standard; V i e ~ a  Pee Dee Belemnite 

(VPDB) for carbon and atmospheric N, for nitrogen. Carbon isotopes ( 6 " ~ )  behave like 

conservative tracers in food webs with little change (between 0.5 and 1.0%0) between one 

trophic level and the next (Deniro and Epstein 1979, Hesslein et al. 1993). This enables 

SI3C to be used to trace the source of carbon fiom lower trophic levels to top consumers. 

In contrast, a 3 to 5% enrichment of 6''~ occurs at each trophic level (Minagawa and 

Wada 1984, Fry 1 988, Atwell et al. 1998). This enrichment is believed to be due to the 

preferential excretion of the lighter "N (Minagawa and Wada 1984). Vander Zanden et 

a[. (1997) verified a close relationship between mean dietary trophic positions (using 

traditional dietary methods) and G1'N-defined trophic positions of fish. In addition, many 

researchers have used 6ISN to determine food chah lengths in aquatic ecosystems which 

ranged fiom 3.8 to 5.1 (Fry 1988, Hobson and Welch 1992, Atwell et al. 1998, Yoshii et 

al. 1999). These predictable relationships have enabled the trophic position of organisms 

and food web lengths to be quantified, carbon flows to be traced, and the hctional 

feeding groups (trophic guilds) to be determined. 

The biomagnification of some toxic chemicals, including polychlorinated 

dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofûrans (PCDFS), polychlorinated 
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biphenols, total chlorinated bomanes (XCHBs), total hexachlorocyclohexane (mCH), 

total DDT (DDT) ,  and mercury were significantiy related to 6% (Broman et al. 1992, 

Kidd et al. 1 995% Kidd er al. 1 995b, Jannan et al, 1 996). This was achieved by using the 

biomagnification slope BMS) of a plot of contaminant concentration versus Si% (%O). 

Recently, Kidd et al. (1 995) published BMSs for mercury that ranged fiom 0.17 + 0.02 

and 0.48 f 0.05 for 6 boreal forest lake food webs. Cabana and Rasmussen (1 994a) also 

showed a strong correlation ( ~ 0 . 8 9 ,  P<0.01) between mean mercury levels in lake trout 

from seven lakes and their mean 6'hT values. In this same study, they found the 6% for 

lake trout varied tiom 7.5 to 1 7.5, and the length of the food web couid explain this range 

of 6"N. 

Estuaries 
Estuaries are amongst the most productive aquatic ecosystems of the world and 

are constantly kept in early stages of ecologicd succession with low species diversity 

@ay et al. 1989, Costanza er al. 1993, Alongi 1998). This is a resuit of the rapid water 

renewal times (both fiom the sea and fiesh water) and the fortuitous combination of 

nutrients and sunlight. Fish production (g C m-2 y-') is amongst the highest of al1 natural 

ecosystems, nvalled only by managed fish ponds (Nixon 1988, Day et al. 1989). 

Estuaries along Canada's east coast are unique aquatic habitats. Many of these 

estuaries are river-dorninated and highly stratified as a result of the high volumes of fresh 

water entering over a salt wedge. In the Miramichi River Estuary, an average annual flow 

rate of 305 m3 se' enters as fieshwater. Consequently, the pelagic and benthic 

environments are usually separated by salinity (2 12ppt) and temperature (2 2 OC) 
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gradients. 

It has been estimated that at l e s t  70% of al1 Atlantic coastal fish species spend 

some t h e  in an estuary (Clark 1967). The Miramichi River Estuary, for example. is a 

cntical feeding, over-wintering and nursery grounds for many fish species (Hanson and 

Courtenay 1995). Very little work has been conducteci to identiQ the sources of carbon 

that supply energy to organisms, the food web structure. or the bioaccumulation pathways 

of mercury in these important habitats. 

Unique chemical and physical properties of esnianes favour the aggregation and 

settling of riverine dissolved organic carbon @OC) and suspended particdate matter 

(SPM) to sediments at low salinities between 1 and 5 ppt @ay et al. 1989). Freshwater 

particles (silts and clays) and DOC entering estuaries usuaily have negative electrovalent 

charges. In the presence of the strong ionic charges of salt water, van der Waals forces 

cause the negatively charged DOC and SPM to flocculate and settle. Ionic species of 

mercury have a charged state (i.e., Hg2+ and CH,Hg') and are found associated with 

negatively charged DOC (inciuding colloidal matter) and SPM (Stordal et al. 1996). Thus 

estuarine sediments function as both a sink (via settiing) and a source (via resuspension) 

of carbon, SPM, and mercury to aquatic food webs (Baird and Ulanowicz 1989, Stordal 

et al. 1996). In addition, the stratified conditions of some esniaries, such as the Miramichi 

River Estuary, may lead to anoxic conditions in the benthic environment which promotes 

mercury methylation (Compeau and Bartha 1985, Berman et al. 1990). 



Mercury 
Al1 forms of mercury are toxic, but methylmercury is a potent neurotoxicant that 

biomagnifies in food webs (World Health Organisation 1990, Harris and Snodgrass 1993, 

Rodgers 1994, Hall et ai. 1997). For humans and animais, there is substantive evidence 

that shows methylmercury affects the neurological system (i-e., cognitive, motor and 

sensory functions) as surnrnarised in a report by a committee of the National Research 

Council(2000). In addition, the committee concluded methylmercury affects the 

developing and adult cardiovascular system (i.e., blood-pressure, regdation, heart rate 

variability, and heart disease). Evidence to support methylmercwy as a carcinogen was 

inconclusive (National Research Council2000). 

Atmosphenc concentrations of mercury are believed to have increased by 2- to 3- 

fold since pre-industrialised times (Fitzgerald and Mason 1 997). Unlike other metals, 

elemental mercury has a sufficiently high vapor pressure to volatilize fiom surfaces into 

the atmosphere and can travel by long-range transport in its elemental fonn (AMAP 

1998). 

I t  has been reported that 29% of Inuit women fiom Baffin Island (Nunavut, 

Canada) and 37% fiom Nunavik (Northern Québec, Canada) ingest levels of mercury in 

their traditional foods that exceed the Tolerable Daily Intake (TDI) set by the World 

Health Organisation of 5 &kg bw/week (AMAP 1998). Unfortunately, this corresponds 

to blood mercury levels of 60 pg L", that are over the matemal blood levels of 50 pg L*' 

set by the World Health Organisation to protect the foetus (AMAP 1998). However, these 

levels are well below the minimum known to cause neurological impairment in adults 



(200 pg Le') (AMAP 1998). 

The Canadian mercury guideline set to protect people coosuming fi& is 0.5 pg g-' 

wet wt (Health and Welfare Canada 1990). In 1997, there were two Canadian province- 

wide consumption advisories for mercury levels in fish (Nova Scotia and New 

Brunswick), and more than 2,500 individual advisones throughout the other provinces 

(USEPA 1999). Recently, Burgess (1 998a, 1998b) observed impaired reproductive (i.e., 

chick survival and lower nesting rates) in loons fiom Kejimkujik National Park (Nova 

Scotia, Canada) and linked these effects to mercury levels in fish fiom their diet (< 0.30 

pg g-' wet wî). 

In Canada, industrial emissions of mercury are regulated under the United Nations 

Economic Commission for Europe's (UNECE'S) Protocol for Heavy Metals (UNECE 

1979). More reductions are recommended in the North Amencan Regional Action Plan 

on Mercury (NARAP 1999). New Canada-wide Standards (CWS) have been set in order 

to reduce mercury emissions fiom incinerators and base metal smelters (Canadian 

Council of Ministers of the Environment 2000). In order to have a direct affect on future 

policies aimed at reducing anthropogenic releases of mercury, the routes and magnitude 

of mercury uptake in a wide range of aquatic habitats, includiig estuaries, need to be 

m e r  defined. 

Cross System Cornparison 
As discussed previously, predictable BAFs for mercury and methylmercury occur 

in river and lake food webs. As dietary transfer is the main uptake route of mercury, it can 

be argued that once mercury enters the food web it will biornagniQ in a sirnilar manner, 



independent of the type of aquatic ecosystem. To test this hypothesis, we compared the 

BMSs obtained fiom a log,,[HgJ versus 6% for the Miramichi River Estuary food web 

with those obtained for 8 lake and 2 marine food webs (Kidd et al. 1995b, Grimard 1996, 

Jarmen et al. 1996, AtwelI et al. 1998). 

Chapter 1. STABLE ISOTOPES (613C and 6l6N) HELP DEFINE 
ENERGY FLOW AND FOOD WEB STRUCTURE IN A COMPLEX 
TIDAL ESTUARY, THE MIRAMICHI RIVER ESTUARY (New 
Brunswick, Canada) 

Abstract 
Ratios of carbon ("C/''C) and nitrogen isotopes ( ' % / ' 4 ~  of estuarine samples, 

calculated as parts per thousand (%O) difference îÎom a standard, were used to determine 

the main sources of carbon (6I3C) and the trophic positioning of organisms (6ISN) in an 

complex estuarine environment, the Miramichi River Estuary (New Brunswick, Canada). 

Terrestrial carbon was an important source of carbon to estuarine suspended particulate 

matter (SPM) and sediments as identified by their isotopically light 6°C and 6IsN values. 

On the basis of a cluster analysis on the mean 613c and 6'% values for 47 estuarine, 

fkeshwater, and marine samples (abiotic and biotic) were separated into eight trophic 

categories: 1) estuarine sediment, and estuarine and fieshwater SPM; 2) estuarine and 

marine pnmary producers; 3) fieshwater fish and submerged terrestrial leaf litter, and 

estuarine oysters; 4) estuarine filter-feeding invertebrates; 5) estuarine deposit-feeding 

invertebrates; 6) estuarine planktivorous and benthivorous fish, and some benthic 

invertebrates, and two filter-feeding marine fish; 7) estuarine carnivorous and two 



benthivorous fish; and 8) double crested cornorant eggs (whites and yolks). Enriched 

6I3C values separated benthivorous fiom planktivorous fish by 1.8 1%0, and filter-feeding 

invertebrates fiom deposit-feeding invertebrates by 3.68%0. Camivorous fish were 

significantly enriched in both 6% and SI3c when compared to bottom- and pelagic- 

feeding fish. Marine fish could not be differentiated fiom estuarine fish on the bais  of 

6'%, however fieshwater fish have significantly lower 6°C values. For the Miramichi 

River Estuary food web, the average 6' %-Trophic Enrichment Factor (6'%-TEF), 

defmed as the 6"N difference between a predator and its prey, was 2.94 f 0. M%o, and the 

average G"c-TEF was 1.87 t 0.16%0. In this study, a total of 4.7 6%-dehed trophic 

levels was cdculated, with the assumptions that the double crested cormorant was the top 

predators ( 6 " ~  of egg yok  was 14.43%0), SPM represents trophic level#l (6% of 

4.94%0), and a GI5N-TE~ of 2.94%0. 

Introduction 
Recently, the use of tracers, such as "C and '%, have enabled the carbon flows 

and food web structure to be identified in aquatic ecosystems (Peterson et al. 1986, Fry 

1988, Deegan and Garrit 1997). In marine and lake food webs, an enrichment of the 

heavier nitrogen isotope by 3 to 5%0 was observed between a predator and its prey 

(Minagawa and Wada 1984). This was attributed to organisms preferentially eliminating 

the lighter "N isotope. This trend has enabled the relative trophic positions of individual 

organisms in food webs to be quantified and placed on a continuous spectrum, in which 

the lowest values (960) are found for prirnary producers, and the highest for top 

predators. Conversely, consumer organisms are only slightly enriched in 6°C relative to 
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their diet, usually between 0.5 and 1 %O (Deniro and Epstein 1978). Peterson et ai. (1986) 

found a large 6I3C range of 17%0 existed between three main carbon sources in the Sape10 

Island Estuary (Georgia, USA). Freshwater, marine and estuary prima. producers had 

613C values of -30%0, -20% and -1 3%0, respectively. With this 6 " ~  range, these 

researchers were able to demonstrate phytoplankton and locally produced Spartina grass 

were the main sources of carbon to consumer organisms, with little contribution fiom 

terrestrial plants. In salt marsh and mangrove esniaries dong the east Coast of the United 

States, Locally produced estuarine and marine prirnary production have been repeatedly 

identified as important carbon sources to the food using carbon isotopes (Coffin et al. 

1994, Deegan and Garrit 1997, Sullivan and Moncreiff 1990). 

A number of factors were found to contribute to the different 8I3C values of 

fieshwater, marine, and es- primary producers: different sources of dissolved 

inorganic carbon @IC) (keshwater 6I3C between -5%0 and -10%0, saltwater 6°C of 0%0, 

and 6I3C of atrnosphenc CO, of -8%0), isotopic discrimination of the carboxylating 

enzyme (e.g., 6°C for C, plants of -12%0, and C, plants of -26%0), DIC concentration, ce11 

density, temperature, rate of diffusion and flow, and boundary layers (Fry and Sherr 

1984, Peterson et al. 1996). Schematic differences in the 6°C values for inorganic carbon 

and primary producers fiom terrestrial, fieshwater, and marine sources are summarized in 

Figure 1. 

The Miramichi River Estuary is highly stratified throughout the year, which is 

mainiy due to the large volumes of fiesh water that enter the estuary with an annual flow 

rate of 305 m3 S-' (Chiasson 1995). It is also shallow with an average depth of 5 m, and 
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tidal ranges between 0.2 to 1.2 m. This esniary is a critical feeding, over-wintering and 

nursery grounds for many Atlantic coastal fish species (Hanson and Courtenay 1995). Yet 

very little work has been conducted to identifjr the trophic structure and main sources of 

carbon to the food web. 

The main objectives of this study were: i) to detennine the food web structure 

using carbon and nitrogen isotopes, and ii) to verie whether terrestrial-derived carbon is 

the main source of energy to the estuarine food web. 

Methodology 

Studv Site 
The study site is located in the Miramichi River Estuary (Loggieville, New 

Brunswick, Canada) at latitude 47O04'57" and longitude 6S023'80" (Figure 2). Physical 

characteristics of the Miramichi River Estuary are well documented (Philpott 1978, Vilks 

and Kraul 198 1, Chiasson 1995). Waters flow into the Miramichi River Estuary from two 

major rivers, the Northwest Miramichi and the Southwest Miramichi. They have drainage 

areas of 3,900 km2 and 7,700 km2, respectively. Smaller tributaries drain a watershed area 

of 3,400 km2. Sand dunes separate the estuary from the Gulf of St. Lawrence at its mouth 

(22 km wide). At the Loggieville sampling site (1 km wide), a highly stratified salt wedge 

occurs throughout the year (Vilks and Kraul 198 1). During high fkeshwater inflows 

(>1,600 m3 s-') the upper layer of the salt wedge layer (a2 m depth) has a salinity of 4 

parts per housand @pt) and the bottom layer of 20 to 22 ppt (=3 m depth) (Vilks and 

Krad 198 1). During low infîow ( q 3  m3 s-') the upper layer has a salinity of 12 ppt and 

bottom of 22 to 24 ppt. Although this appears to be a large volume of fkeshwater, it is 
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only 5 to 10% of the total quantity of tidal water (Philpott 1978). Temperature ciifferences 

are usually between 1 and 2 OC colder in the bottom layer. Approximately 100,000 tonnes 

of suspended particulate matter (SPM) enters the estuary each year frorn fieshwater flows 

(Philpott 1978). Annual ranges of SPM are fiom 1.8 to 70.4 mg L-', with an average of 

about 11 mg L-' (Chiasson 1995). Total dissolved solids were estimated to be 22 mg L-' 

(Chiasson 1 995). 

Sam~le Preparation. Collection. and Storage 
Between May 8 and 16 of 1996, a total of 787 abiotic and biotic sarnples were 

collected at the Loggieville study site. Smooth flounder (Pleuronectes putnami Gill) and 

winter flounder (Pleuronectes arnericanus Walbaum), Atlantic tomcod (Microgadus 

torncod Walbaum), rainbow smelt ( Osmerus rnordm Mitchell), and white suckers 

(Cafostomus cornmersoni Lacépède) were collected daily fiom Fyke nets (2.4 cm mesh 

size). Eels (Anguilla rostrafu Lesueur), and striped bass (Morone saxatilis Walbaum) 

were obtained fiom Gaspereau nets (3.1 cm mesh size). Sand shrimp (Crangon 

septemspinosa Say) and small fish were obtained with a Beach seine (30 x 1.8 rn and 6 

mm mesh). Small fish consisted of three-spine sticklebacks (Gasterosteus wheatlandi 

Linnaeus), rainbow smelt, winter flounder, and mummichog (Fundulur heteroclitus 

Linnaeus). Soft-shell clams (Mya arenaria Linnaeus) were obtained by shoveling into the 

soft silty-clay during a low tide. Ribbon leaf sea grass (Vallisneria americana Michx), 

and deposit-feeding clams (Mucoma balihica Linnaeus) clams were obtained fiom an 

Ekman Grab. Brown algae (AscophyZZum nodosum Le Jolis), oysters (Crassostrea 

virginica Say) and ribbed mussels (Geukenisa demissa Dilwyn) were picked off the 
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sedimentlrocky bottom during low tides. Only three polychaetes (Nereis sp.) were 

retrieved by shoveling at low tide. A plankton net (500 pm mesh size and 1 rn diameter) 

was towed to obtain zooplankton for stable isotope analysis. 

On May 24, ten double crested cornorant (Phalacrocorm aurifus Lesson) eggs 

were collected in collaboration with N. Burgess (Canadian Wildlife Service, St. John's, 

Nfld, Canada) fiom Egg Island, in the Miramichi Imer Bay. 

Archived marine phytoplankton and fish samples were obtained fiom the 

Department of Fisheries and Oceans (Dons Dangle, Moncton, New Brunswick, Canada). 

Phytoplankton (233 pm tows) was collected fiom the Northumberland Strait between 

August 8 and 10, 1994. Atlantic herring (Clupea harengus harengus Linnaeus) and 

gaspereau (Alma pseudoharengus Wilson), entering the Miramichi to spawn fiom the 

Northumberland Strait were sampled between May 19 and 2 1, 1996. 

Freshwater samples were collected at NO sites: Southwest Miramichi River (at 

Renous Indian Reserve 1 2 Bridge; latitude 46O49' and longitude 65"48'), and Northwest 

Miramichi River (at Red Bank Indian Reserve; latitude 46O56' and longitude 6S049'). 

Water samples, black nose dace (Rhinichthys airutulus Hermann), and submerged 

terrestrial leaf litter (species unknown) were collected fiom both sites. 

Al1 water samples were collected in 18 L stainless steel canisters that were pre- 

rinsed three times with water fiom the sampling site. AL1 mplankton were placed into 

mason jars with estuarine water. Sediment samples were coliected with an Ekman Grab 

and placed into glas  jars using a stainless steel spoon. 

Al1 samples were transporteci in coolers with ice packs to the Department of 
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Fisheries and Ocean's contaminant lab. At the lab, the species, length, weight, and sex of 

each fish was determined. Three zooplankton species (Chaoburusflavicans Meigen, 

Euryîemora aflnis Poppe, and Neomysis americana) and ichthyoplankton (species 

unknown) were separated and placed into g l a s  scintillation vials. Egg yolks were 

separated fkom whites and placed into glass jars. Fish were individvally wrapped in tin 

foi1 pre-washed with three rinses of acetone followed by three rinses of hexane. After 

sample preparation, al1 samples were fiozen and stored at -20 OC. 

Stornach Contents 
Stornach contents were removed fiom thawed fish and preserved in 10% formalin. 

With the aid of a dissecting microscope, food items were identified to the lowest order of 

classification (species for e s t u a ~ e  primary producers, invertebrates and fish, and family 

for woms). The number of individu& in each food category was recorded and expressed 

as a percentage of the total number of food items (Hyslop 1980) for each class as given 

by the following formula: 

No. of speczjic food item 
Percent composiîion by number = x 100 

Total No. of di food irems 

In this study, planktivorous fish are defined as species that consume phytoplankton ancilor 

zooplankton. Benthivorous fish consume a combination of sediments, submerged 

terrestrial leaf litter, and estuarine invertebrates. Camivorous fish consume a combination 

of invertebrates and fish. 



Fish Aoeinq 
Saccular otoliths were extracted fiom most fish and embedded in a plastic resin on 

a glass slide. Each otolith was ground in half with a Hillquist Thin Section grinder 

(Athol, Mass., USA), and then polished with a Hillquist Polisher (Seattle, Wash, USA). 

Annuli were counted under a dissecting microscope (Brothers et al. 1976, Chilton and 

Beamish 1982). 

Total Carbon and Nitmuen Content 
For sediients (n=3), the total carbon and nitrogen content was determined using 

an elemental C & N analyzer (CE Instrument, EA- 1 10) by GG Hatch Isotope 

Laboratories (Ottawa, ON, Canada). 

Stable Isoto~e Analvsis 

Stable carbon and nitrogen isotope ratios are expressed as "delta" notation (6) 

using the following formula, and have uni& of parts per thousand or "per mil" (%O).  IN 

values were calculated using atmospheric N, as the nitrogen standard. 6 " ~  values were 

calculated using Vienna Pee Dee Belemnite (VPDB) as the carbon standard. 

Al1 sarnples in direct contact with the estuarine water (i.e., submerged terrestrial 

leaf litter, SPM, sediment, polychaetes, and invertebrates) and marine water 

(phytoplankton and zooplankton) were soaked for 2 hrs in 10% HCl, and rinsed three 

times with deionized water to remove any dissolved inorganic carbon (DIC). Frozen 

water samples fiom Loggieville, and the Southwest and Northwest Miramichi Rivers 



were thawed, and then filtered for SPM using GFIC filter papers (0.7 pm). Enough water 

was filtered to obtain a 2 mg sample of SPM for isotope analysis (N=3). Subsarnples of 

skinless dorsal fish muscle, and skeltonless larged-sized invertebrate muscle were used 

for carbon and nitrogen isotope analysis. Prior to isotope analysis, al1 samples were 

fieeze-dried. 

At the GG Hatch Isotope Laboratories (University of Ottawa, Ottawa, ON, 

Canada), 250 pg of biological, 2 mg of SPM, and 5 mg of sediment sub-samples were 

weighed and folded into tin combustion capsules (5 x 3.5 mm). Al1 sarnples were then 

analyzed in dual isotope mode for C and N with an automated CE Instrument EA-110 

(elementai C & N analyzer) coupled to a Finnigan Mat  elt ta'^"' IRMS with a Conflow II 

Interface (Finnigan Mat, San Jose, CA, USA). 

During each run of 27 satnples, four standard reference materials (NXST and 

IAEA) were analysed: two carbon (USGS24 graphite and NBS No.21 graphite) and two 

nitrogen (USGS-25 No. 12 and MA-N-2 No. 245). In one run, a mean 613C of -16.99 + 
0.05%0 (k SE) and for 6I5N of 13.99 + 0.45%0 was obtained for ten tomcod sarnples of the 

same fish. To M e r  test for accuracy, muscle tissue fiom one striped bass fiom this 

study was used to determine if there was any interna1 drift between nins. Between runs, 

the 613C and 6"N of the striped bass tissue were always within 0.18 %O and 0.3 1%0 of 

each other, respectively 

g3C- and ô%TEFs 
In this study, the Trophic Enrichment Factor (TEF) is defined as the average 6'% 

difference between a predator and its prey, and determined with the following equation: 
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6" C TEF = G" C predator - (c SI3 C preyi x fiaction of prey connrmed;) 
t= 1 

where the fraction of prey consumed, for each predator was estimated on the basis 
of the results of the gut content analysis; and n is the number of main prey items. 

G I S ~ - ~ ~ ~ s  were determined the same way, except 6% was substituted for 613C. Further 

descriptions of the field/lab methods are descnbed in Appendix A. 

Statistics 

An analysis of variance test (ANOVA, a=0.05) was conducted to test the nul1 

hypothesis that SPM fiom the Northwest Miramichi River (SPM-NW), Southwest 

Miramichi River (SPM-N\K), and Miramichi River Estuary (SPM-E W), sediment, marine 

phytoplankton, and estuarine macro-algae and sea grass have the same mean 6°C and 

6% values. A Tukey's "pst-hoc" test (a=0.05) was used to detennine which rneans 

were significantly different fiom each other. 

To determine if "natural distinct clusters" were fomed for 47 groups of 

fieshwater, estuarine, and marine samples (abiotic and biotic), a Joining Tree Cluster 

Analysis was conducted on their mean 6°C and 6'% values, using Euclidean distances 

and the weighted pair-group average. Al1 statistics was conducted with Statistica 

Software, version 5.1 (Statsoft, Inc. Tulsa, OK, USA). 

Results 

Primaw Producers. Sediments. and SPM 
Submerged terrestrial leaf litter obtained fiom the Northwest and Southwest 

Miramichi Rivers had 613c values that ranged fiom -22.16 to -33.46%0, and 6% values 



that ranged from 5.75 to 10.83%0. 

Following a significant ANOVA test (P<0.05), a Tukey 's test (a=O.O5) was 

conducted to determine which 6I3C means were significantly different fiom each other for 

seven potential fieshwater, estuarine and marine carbon sources. A significant difference 

in 6I3C means was seen for at least one pair of the following: SPM fiom the Northwest 

and Southwest Miramichi Rivers, and the Miramichi River Estuary; estuarine sediments, 

macro-algae and sea grass; and marine phytoplankton (ANOVA, P<O.OS). A post-hoc test 

revealed significant differences in 6I3C means for three groups. Estuarine sea grass was 

enriched in 6I3C when compared to marine phytoplankton and estuarine macro-algae, 

which in tum were significantly enriched relative to estuarine sediment and fieshwater 

and estuarine SPM (Tukey, Pc0.05). These results are summarized in Table 1. Results 

fiom the cluster analysis on 6"N and 6'" also grouped estuarine sediments to fieshwater 

sources of SPM as shown in Figure 3. 

These same samples also showed a significant difference in 6"N means 

(ANOVA, P<0.05). Marine phytoplankton, and estuarine macro-algae and sea grass were 

significantly enriched in 6 " ~  relative to fieshwater and estuarine SPM, and estuarine 

sediments (Tukey, P<0.05). In this same cornparison, 6I5N means of fkeshwater SPM and 

the estuarine sediment were not significantly different fiom each other (Tukey, P>0.05). 

However, the 6ISN mean for fieshwater SPM fiom the Northwest Miramichi River was 

only similar to fieshwater SPM fkorn the Southwest Miramichi River as shown in Table 

1. 



Zoo~lankton 
Estuarine zooplankton 0500 pm) had 6'% values that varied fkom 7.1 5960 for 

Chaoborur fluvicanr to 9.53 + 0.26%0 for Ewytemora aflnis (Table 2). A 6% ciifference 

of 3.9 1 %. was seen between the meau 6'w values of estuarine SPM and zooplankton. 

Ratios of "C were lowest for zooplankton composites (6l3C of -23.27 + 0.54%0) and most 

enriched for Neomysis americana (6°C of -22.52 %O). Ichthyoplankton (n=9) had a 6°C 

of -21 -73 k 0.16%0, and was surprisingly enriched in 6'% (13.75 f 0.37%0) as shown in 

Figure 4 and Table 2. 

Deoosr't-Feedina lnvertebrates 
Three deposit-feeding species: polychaetes (Nereis sp.), clams (Macoma 

baithica), and sand shrimp (Crangon septemspinosa) did not differ significantly in their 

mean 6°C or 6% values (ANOVA, P>0.05). These 6°C or 6% values are summarized 

in Table 2. Eight amphipods (Gammarus sp.) collected in this study were the lowest 

trophic level consumer organism as shown in Table 2 and Figure 4. They were 

significantly depleted in both 6I3C and 6'w relative to the three deposit-feeders 

mentioned above (ANOVA, PC0.05). 

Filter- Feeding Clams 
Three filter-feeding clams species, oysters, ribbed mussels and sofi-shell clams 

did not significantly differ in their mean SISN or their S"C values (ANOVA, W0.05) and 

are summarized in Table 2. However, filter-feeding clams were significantly depleted in 

ti'w (9.43 f 0.20%0) when compared to deposit-feeding invertebrates (6% of 10.86 f 

0.29%) by 1 -43% (t-test, P<O.OS). They were also significantly depleted in 6I3C (-24.20 



20.32%) when compared to deposit-feeding invertebrates (Si3C of -20.52 I 0.35%0) by 

3 -68% (t-test, P<O.05). 

Estuanire Fish 
On the bais of the gut content andysis, fish were divided into the three categories 

as defmed earlier: planktivores (stickleback, age- 1 and -2 rainbow smelt), benthivores 

(winter and smooth flounder, mumrnichog, and eel), and carnivores (age-3 rainbow smelt, 

tomcod, and striped bass). Al1 planktivorous fish had stomachs full of zooplankton as 

shown in Table 3. Benthivorous fish consumed a diet mainly of deposit-feeding 

invertebrates (such as Nereis polychaetes and deposit-feeding clams) sedirnents, and 

minor amounts of estuarine sea grass. In this study, rainbow smelt (age-3+), tomcod, and 

striped bas  fed on larger-sized estuarine invertebrates (Le., mysids and sand shrimp) and 

fish, and were classified as carnivores. Individual gut contents for fish are summarized in 

Appendix B. 

Planktivomus Fish 
Mean S"N and 6°C values of planktivorous fish (sticklebacks, and age-1 and -2 

rainbow smelt) did not significantly differ fiom each other (ANOVA, P>0.05) and are 

surnmarîzed in Table 4. An average 6"N of 12.68 + 0.24%0 and 8% of -21 .O3 f 0.27%0 

was obtained for these fish (n=27). 

Benthivomus Fish 
Winter flounder fiom two size classes were caught in the estuary with total 

lengths <8.2 cm or > 15.8 cm. Hanson and Courtenay (1997) suggested this bimodal 

distribution may represent age-0 and age-1 winter flounder, respectively. Both age classes 
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occupied the same S1%-dehed trophic position as identified by non-significant 

differences in 6% values (t-test, P0.05). These resuits are not surprising, as both age 

classes fed on a similar 8%-diet. Sediments (S1'N of 3-32 it 0.05%0) represented about 

30% of the gut contents for both age classes. Polychaetes (6% of 10.33 f 0.33%0) made 

up 33% of the diet for the younger winter flounder, whereas 39% of the diet of the older 

winter flounder was deposit-feeding clams (615N of 9.66 t 0.49%0). These gut content 

results can be seen in Table 3. 

Gut contents also support the placement of eels into the sarne trophic functional 

group as other bottom-feeding fish. Stomach contents of eels consisted of 20% fish eggs, 

40% sea grass, and 40% sediments (Table 4). Fish eggs had a higher 6% (13.63%0) than 

eels (1 3.0 1 i 0.75%0), indicating eels generally feed on lower trophic level G'%-food 

items, and are likely to be opportunistic feeders. 

Mean 6I5N and 6°C values for bottom-feeding fish (mummichog, eels, age-0 and 

age-1 *ter flounder, and smooth flounder) are summarized in Table 4. There were no 

significant differences in 6''~ and 613c ammg benthivorous fish (ANOVA, Pz0.05). 

These benthic fish (n=5 1) had a 615N of 12.55 t O. 17960 and 6 " ~  of -1 8.09 + 0.29%0. 

Camivomus Fish 
Fish and large-sized invertebrates (such as sand shrimp and mysids) were the only 

dietary items found in the guts of camivorous fish (Table 3). Mean 6 " ~  and 6I5N values 

for carnivorous fish (ageJ+ rainbow smelt, tomcod, and striped bas) were not 

significantly different among species (ANOVA, P>0.05). These mean values are 

summarized in Table 4. For al1 camivorous fish (n=S 1 ), a mean 6I3c of - 1 8 -09 f 0.22%0 
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and 8% of 13.82 + 0.08% was obtained. 

In this study, older rainbow smelt switched their diet to larger-sized invertebrates, 

such as sand shrimp, whereas age-1 and -2 rainbow smelt, as seen earlier, selectively feed 

on zooplankton. This change in diet indicates a life-history diet shifi for rainbow smelt. 

With this shift, older rainbow smelt (n=lO) had 6'" (-17.56 + 0.39%0) and 6% values 

(1 3.78 t 0.15%0) which were significantly enrîched when compared to age- 1 and -2 

rainbow smelt (t-test, P~0.05). Age-1 and -2 rainbow smelt had S13C values of -2 1.05 + 
0.93%0 and - 19.96 k 0.09%0, respectively, and 6% values of 13 .O2 + 0.49%0 and 12.30 f 

0.1 3%0, respectively . 

In this study the majority of striped bass stomachs were empty. Only two striped 

bass had remains in their stomachs. One age-l striped bass had 20 large-sized mysids 

(Neomysis americm), and an older striped bass (age-5) had fish remains in its stomach. 

Older striped bass (age-3+) were the moa 6 " ~ -  and 8I5N-enriched fish captwed in the 

estuary, - 16-78 f 0.77 and 14.36 i 0.5 1, respectively. 

Marine Fish 
Two marine fish species, Atlantic herring (Clupea harengus harengus) and 

gaspereau (Alosa pseudoharengus), entered the Miramichi in early May to spawn. Their 

SI% and 8°C values were not significantly different (t-test, P>0.05) and summarïzed in 

Table 4. Gaspereau are known to feed on zooplankton whereas herring consume smaller- 

sized phytoplankton (Scott and Scott 1988). Although not significant, a 6I3C difference of 

0.50%0 was seen between the mean values for gaspereau and hemng. 



Fresh water Fish 
Few white suckers (n=8) were captured in the Miramichi River Estuary. The small 

size of these white suckers suggest they are likely to be one year old (Scott and Scott 

1988). Even though white suckers were caught at the Loggieville sampling site, a 

stomach full of terresaial invertebrates (such as adult wasps) and their isotopically light 

6I3c values of -29.43 f 1.30%0 helped to confim their freshwater origins. 

Double Crested Corrnorant Elqg~ 

In this study, double crested cormorant were the top predator as identified by their 

6'% values. Egg yok and whites had 6'%I values of 15.43 + 0.34%0 and 16.35 f 0.1 1%0, 

respectively. Egg yolks were depleted in 6I3C values relative to egg whites, -22.80 f 

0.15% and -19.72 + 0.71960, respectively. 

Twhic  Stmcture 
Eight distinct clusters were formed during the Joining Cluster Tree Analysis on 

the mean 6"N and 6I3C values for 47 groups of fiesh water, marine, and estuarine 

samples (abiotic and biotic) : 

Estuarine sediment, and estuarine and fkeshwater SPM 
Estuarine and marine primary producers 
Freshwater fish and submerged terrestrial leaf litter, and estuarine oysters 
Estuarine filter-feeding invertebrates 
Estuarine deposit- feeding invertebrates 
Estuarine planktivorous and benthivorous fish, two marine planktivorous fish, and 
some estuarine benthic invertebrates 
Estuarine caniivorous and two benthivorous fish 
Double crested cormorant eggs (whites and yolks). 

Meanhgful results did occur fkom the Joining Tree Cluster Analysis, such as estuarine 



sediments and eshiarine and fieshwater SPM, with similar Si3c and 6'2N values, forming 

one group. Freshwater fish and submerged terrestrial leaf litter, and estuarine oysters with 

isotopically light 6I3c values, formed another group. In addition, al1 the carnivorous fish 

formed one group, dong with two benthivorous fish. Deuble crested cormorant egg yolks 

and whites were separated into their own group. Some parts of the analysis resulted in 

more robust groupings. This was seen for planktivorous and benthivorous that formed 

one group even though they had significantiy different mean 6°C values (&test, PCO.05). 

Tioohic Enrichment Factors 

6I3c- and 6"~-TEF for planktivorous, benthivorous, and carnivorous fish are 

summarized in Tables 5 and 6, respectively. For 134 Miramichi River Estuary 

invertebrates and fish, the average SI%-TEF was 2.94 f 0. M%o, and the average 8°C- 

TEF was 1 -87 + 0.1 6%0 (Tables 5 and 6). A total of 4.7 S'SN-defhed trophic levels was 

calculated for the Miramichi River Estuaty food web. This number was calculated using a 

S"N-TEF of 2.94%0, suspended particdate of 4.94%0) as trophic level#l, and yolk 

of the double crested cormorant (S1'N of 15.43%0) to represent the top trophic predator. 

Discussion 
The Miramichi River Estuary has a high degree of physical (Le., tidal and wind) 

and chernical heterogeneity (i.e., salinity) which creates diverse conditions for estuarine 

organisms. Despite these conditions, a definable estuarine food web structure was found 

in this study. The Joining Tree Cluster Analysis on mean 6°C and S"N values for 47 

groups of fieshwater, estuarine, and marine samples (abiotic and biotic) resulted in eight 



rneaningful clusters: 1) estuarine sediment, and estuarine and fieshwater SPM, 2) 

estuarine and marine primary producers, 3) fieshwater fish and submerged terrestrial leaf 

litter, and estuarine oysters 4) estuarine filter-feeding invertebrates, 5) estuarine deposit- 

feeding invertebrates, 6) estuarine planktivorous and benthivorous fish, two marine fish, 

and some benthic invertebrates 7) estuarine carnivorous and two benthivorous fish and 8) 

double crested cornorant eggs (yoik and whites). 

On the basis of the stomach contents, benthivorous and planktivorous fish could 

be separated into two classes of fish. Planktivorous fish consume zooplankton only, 

whereas benthivorous fish feed mainly on deposit-feeding invertebrates, estuarine sea 

grass, and sediments. On the basis of the results of the Joining Tree Cluster Analysis on 

mean S ' h i  and 6°C values, these same fish formed one group, dong with the two marine 

planktivorous fish (gaspereau and herring), and some estuarine benthic invertebrates. As 

shown earlier, benthivorous fish were also significantly enriched in 6°C by 1.8 1 %O 

relative to planktivorous fish. These results show some limitations of the cluster analysis 

to resolve the food web into meaningfid trophic guilds. 

Tm~hic Structure 
A 3 to 5% 8''~-trophic e ~ c h m e n t  factor @'%KEF) usually denotes a trophic 

level (Minagawa and Wada 1984, Hobson and Welch 1992). In this study, we obtained an 

average 8%-TEF of 2.94 f 0.1 4%0 for 134 organisms. Further sampling wouid be 

reqÿired to detemine if this 8%-TEF is a representative number temporally and 

spatially. These 6%-TEF values were also consistent with those observed in lakes and 

marine habitats (Minagawa and Wada 1 984, Wada et al. 1 987, Hobson and Welch 1 992, 



Kidd et al. 1995b, Yoshii et al. 1 999). Minagawa and Wada (1 984) obtained a ~ ' N - T E F  

of 3.14%0 for marine and fieshwater food webs. A ~'%-TEF of 3.3%0 was recorded for a 

pelagic food web in Lake Baïkal (Yoshii et al. 1999). A similar ~"N-TEF was obtained 

for a sub-Arctic freshwater lake (Lake Laberge) of 3.3960 (Kidd et al. 1995a). A 6%- 

stepwise enrichment of 3.8%0 was seen for a high Arctic marine food web, and 3 - 3 % ~  for 

an Antarctic marine food web (Wada et al. 1987, Hobson and Welch 1992). 

The GI3C-TEF obtained in this study (1 -87 f 0.1 4%0) was higher than those 

predicted for estuaries (0.5%0) in a cross-system cornparison by France and Peters (1997). 

After collating GI3C-TEFs data for different aquatic food webs, France and Peters (1997) 

concluded the average 6°C-TEF was 0.2%0 for fieshwater ecosystems, 0.5% for estuarine 

waters, 0.8%0 for coastal, and 1 .l%o for marine waters. However, from the values reported 

in the literature, it appears that the GI3C-TEF can Vary considerably among aquatic 

ecosystems as seen for Narrangansett Bay (0.5 to 0.6%0), a California coastal pelagic food 

web (0.74%0), Gulf of Mexico (0.5 to 1 %O), an eastem tropical Pacific food web (1 -3 8%0), 

Bering Sea ( 1 .S%O), Georges Bank (1.6%0), and St. Margaret ' s Bay (3%0) 

(McConnaughey and McRoy 1979, Rau et al. 1983, Gearing et al. 1984, Stephenson er 

al. 1986, Fry 1988, Fry and Wainright 1991). 

To date, cross-system cornparisons of the number of 8%-defined trophic levels 

among aquatic food webs has proven chailenging. Many studies have chosen to define 

trophic level#l differently, such as SPM, POM, or phytoplankton. Also, it is difficdt to 

characterise top predators in aquatic ecosystems with different species composition. 

B d g  these limitations in mind, the total number of G'S~-defiwd trophic levels in 
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aquatic ecosystems varied little, fiom 3.8 to 5.1 (Fry 1988, Hobson and Welch 1992, 

Atwell et al. 1998, Yoshii et al. 1999). For the Miramichi River Estuary, a total of 4.7 

S1%-defined trophic levels was calculated. This value was obtained using a Si%-TEF of 

2.94%0, and a 8%-difference of 9.68% between SPM (6% of 4.94%0) which was 

assurned to represent trophic level #l and egg yolk (a'% of l5.43%0) which was assurned 

to represent the adult double crested cormorant. As indicated by Jarman et al. (1996), 

6% values of egg albumen reflect the diet consumed by the double crested cormorant 

during the egg-laying period (short-term). Lipids move into the eggs fiom the adult 

cormorant in the period preceding egg-laying (Le., into the egg yolk) which would 

indicate a longer-term trophic level average. 

The nurnber of 6I5N-defined trophic levels calculated for the Miramichi River 

Estuary (4.7) was similar to the number detennined for Georges Bank of 4.2 (Fry 1988). 

However, for Georges Ba&, the number of trophic levels was calculated using a 6% 

TEF of 3.1 %O, a 6IsN of 5.1% for SPM, and a piscivorous fish as the top trophic level 

(Si% of 15.2%0). Similar calculations showed a total of 3.7 trophic levels for a pelagic 

food web in Lake Baikal (Yoshii et al. 1999). A SI%-TEF of 3.3%0 was used in Lake 

Baikal, with phytoplankton (SI5N of 4.2%0) representing the base of the food web, and 

sculpin (6ISN of 13.9%) as the top predator. Hobson and Welch (1 992) measured a total 

of 5.1 trophic levels using a 6' fN-TEF of 3.8%0, with a 6'% value for particdate organic 

matter (POM) of 5.4 + 0.8%0 and 2 1.1 + O . ~ % O  for polar bears. In one study by Rau et al. 

(1 983), a G')C-TEF of 1.38% was used to determine 4.8 trophic levels for an eastem 

tropicai Pacific food web. In this study Silky shark (Carcharhinus fulc~ormis) was the 
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top predator. 

It could be hypothesised that systems with higher trophic efficiencies (such as 

estuaries) could translate into longer-chained food webs (Nixon 1988). In this study 

however, a sirniiar nurnber of 6'%-defined trophic levels was seen for lake, estuarine 

[this study] and marine food webs (Fry 1988, Hobson and Welch 1992, Atwell et al. 

1998, Yoshii et al. 1999). Although these data are preliminary, it does show the strengths 

of using 6"N in the fuhve to make quantitative cornparisons of food chah lengths among 

aquatic ecosystems. 

Carbon Flow 
No difference was observed in 613C values, total nitrogen and carbon content, and 

C/N ratios for sediments ù1 this study and for those published by Rashid and Reinson at 

the same site in 1979 as surnmarïzed in Table 7. High C/N ratios of 15 were obtained for 

the Miramichi River Estuary's sediments. As obsewed by Matson and Brinson (1990), 

and Ruckelshaus et al. (1 993), C/N ratios greater than 12 are usually indicative of 

terrestrial sources of carbon whereas Iower C/N ratios (Le., 6 to 7) are characteristic of 

marine sources of carbon. One explanation for these distinct fieshwater and marine C/N 

ratios is that marine PON is highly nitrogenous, whereas, terrestrial macrophyte debris is 

relatively nitrogen deficient (Thomton and McManus 1994). C/N ratios are iduenced by 

decomposition processes (i.e., microbial and leaching), the type of organic matter, and 

particle size (Thomton and McManus 1994). Higher CIN ratios were measured in 

coarser-sized particles (Thornton and McManus 1994). As the Miramichi River Estuary 

has a rapid renewal time of fresh and salt waters, the impact of decomposition processes 
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on C/N ratios is likely to be minimal. 

In this study, isotopically light 6°C values of filter-feeding clams (e-g., oysters, 

ribbed mussels and soft-shell clams) supports terrestrial carbon supplied most of their 

energy needs. These results are similar to those obtained by Hackney and Haines (1980) 

where upland terrestrial plants were identified as a major source of energy to filter- 

feeding bivalves from one coastal estuary (Mississippi Estuary, USA). However, in 

another tidally influenced estuary, fieshwater algae were shown to provide the b u k  of the 

carbon using molecular and isotopic tracers (Ch1 a, CM ratios, [GnC]POC, and sterol and 

phospholipid ester-linked fatty acid biomarkers) to the suspension-feeding bivalve 

Potamocorbula amurensis (Canuel et al. 1995). 

Terrestrial carbon sources for the estuary came fiom the two main fieshwater 

tributaries (Northwest and Southwest Miramichi Rivers). Cunjak et al. (1 990) estimated 

the tree composition in a section dong the Southwest Miramichi River to be 65% 

coniferous and 35% deciduous. Balsam f~ (Abies balsamea) and spnice (Picea glauca) 

and the deciduous speckled alder (Alnw rugosa) were the most common trees. Doucett 

(1 994) found 613C values for submerged decomposing leaves of terrestrial plants fiom the 

Southwest Miramichi River fell within a range of -28.59%0 to -3 1.47%0 and used 

-29.47%0 to represent the average value for SPM. In this study, G"c values varied fiom 

-22.17 to -33.46% for submerged terrestrial leaf litter collected fiom within the 

Northwest and Southwest Miramichi Rivers. 

Typical ratios of '*N for plants (-5 to +2%0) u s d l y  reflect atmospheric values 

(6% of O%& as nitrogen supply is often rate-lirniting (Mariotti 1983, Nadelhoffer and 
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Fry 1994). In Doucett's study (1 994), the 6% values of decomposing leaf litter and 

aquatic algae typically varied between 0.1 1%0 and 1.68%0. In this study, a 6 ' 3  of 5.75 to 

1 O.84%0 was obtained for fieshwater submerged terrestrial leaf litter. One possible 

explanation offered for the 6'% and S"C enrichment observed in this study is the 

preferential leaching of the lighter '*N and "C isotopes during decomposition processes 

(e.g ., auto1 y sis, and microbial mineralization). Doucett (1 994) also analy zed for carbon 

isotopes on deciduous and coniferous leaves that were collected in August, and nitrogen 

analysis on two leaf samples (Alcer saccharum and Abies bulsumea) collected in May. In 

this study, the submerged terrestrial leaf litter that was collected in May showed advance 

stages of decomposition and plant identification was not possible. Further studies need to 

be conducted in order to detemine the temporal and seasonal variability of the SI3C and 

6% values of fieshwater sources of carbon to the riverine and estuarine food webs. 

Conclusions 
Distinct 6I3C values of fieshwater, marine, and estuarine prirnary producers 

helped to identify terrestrial carbon as a major source of energy to estuarine sediments 

and SPM. The results of the Joining Tree Cluster Analysis on mean 6°C and S'IN values 

assisted in structuring the 47 groups of fieshwater, estuarine, and marine samples (abiotic 

and biotic) into a meaningfùl clusters: 1) estuarine sediment, and estuaine and fieshwater 

SPM; 2) estuarine and marine primary producers; 3) fkeshwater fish and subrnerged 

terrestrial leaf litter, and estuarine oysters; 4) estuarine filter-feeding invertebrates; 

5) estuarine deposit-feeding invertebrates; 6) estuarine planktivorous and benthivorous 

fish, some benthic invertebrates, and two filter-feeduig marine fish; 7) estuarine 
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camivorous and two benthivorous fish; and 8) double crested cornorant egg whites and 

yolks. For the Miramichi River Estuary invertebrates and fish (n=134), a ~'%-TEF of 

1 -87 2 O.l6%0 and a S'W-TEF of 2-94 f 0.14% was estimated. The total number of 8"N- 

defined trophic levels for the Miramichi River Estuary was 4.7. This is within the range 

of levels reported for other tieshwater and marine food webs (3.8 to 5.1). The resdts of 

this study show that even though estuaries are characteiùed by a high degree of organism 

mobility and continuous changes in sallnity and water rnovement, the trophic interactions 

and food web structure, as defined by 6 " ~  and 6'%, were predictable and similar to those 

observed in fiesh and marine food webs. 
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Table 1. Results of a post-hoc test for significant differences between mean 6°C and 6 " ~  values of freshwater (FW) SPM from 
the Northwest (SPM-NW) and Southwest Miramichi Rivers (SPM-SW), estuarine (EW) macro-algae, sea grass, sediments and 
SPM (SPM-EW, and marine (MW) phytoplankton. 

6I3C FW FW EW EW MW EW EW - 
Material SPM-NW SPM-SW Sediment SPM-EW Phytoplankton' Macro-Algae Sea grass 

Material SPM-NW SPM-SW Sediment SPM-EW ~hytoplankton' Sea grass Macro- Algae 

I SE O. 13 0.71 0.05 1.12 0.2 1 0.07 0-34 
1. Archived phytoplankton samples, collected from Northumberland Strait between August 8-10, 1994, were supplied by the Department of Fisheries and 
Oceans in Moncton (NB, Canada). 



Table 2. Trophic position ("il?), mean 6''~ and 6°C values, and number of sanpla 
(a) of lower trophic invertebrates collecteà from the Minmichi River Estuary. 
Values are given as the mean 2 SE. 
\ 

TP' (%O) i SE (960) f SE n 
Invertebrates : 
Gammarus sp. 
Chaoburus jlavicans 
estuarine zooplaakton 
Neomysis americana 
Euryfemora aflnis 
Nereis sp. 
Crangon septemspinosa 
Bivalves: 
Geukenisa demissa 
Crassostrea virgin ica 
Macorna balrhica 
Mya arenaria - 2.8 9.68 f 0.40 -23.19 h 0.22 11 
1. Calculation is b a s c e p h i c  level 
# 1, and a PN-TEF of 2.94%- 





Table 4. Trophic position (TP), S"N, 613C, weight, length, and number of samples (a) of fisb and double crested 
cormorant eggs collected from the Miramichi River Estuary. Values are given as the mean I SE. Age of fish are in 
paren theses. 

I PN Length 
TP' %a k SE %O f SE n (g) f SE (cm) & S E  n 

Catosfomus comrnersoni 3.0 1 10.46 A 0.25 -29.43 k 1.30 7 1 30 * 4.3 14.7 zt 4.3 8 
Pleuronectes americanus (0) 3.8112.59k0.11 -20.71 * 0.37 1 1 1  6.7 * 0.76 23.6 k01.1 
Pleuronectes americanus (1 +) 3.7 1 12.30 k 0.20 -18.53 k 0.30 9 1 100 * 16 20.1 k 1.1 
Fundulus heteroclitus 3.7 1 12.40 * 0.64 -17.50 * 0.60 8 1 14 k 1.8 10.3 * 0.40 
Pleuronectes putnami 3.8 1 12.63 0.35 -19.97 k 0.43 5 1 120 * 20 19.7 * 1.2 
Clupea harengus 3.8 112.69k 0.05 -20.70 k 0.22 7 1  160 * 9.9 26.9 * 1.4 
Alosa pseudo harengus 3.8 112.81 A 0.09 -20.20 * 0.07 5 1  230 * 17 35.2 * 7.3 
Gasterosteus wheatlandi 3.8 1 12.82 * 0.57 -22.19 k 0.22 9 1 0.83 * 0.089 3.5 * 0.15 
Anguilla rostrata 3.9 113.01 * 0.75 -20.25 * 0.84 6 1  490 60 64.1 I 2 . 2  
Osmerus mordax ( 1 ) 3.9 1 13.02 * 0.49 -21.05 zt 0.93 8 1 1.5 * 0.16 6.5 * 0.20 
Osmerus mordax (2) 3.7 1 12.30 k 0.13 -19.96 * 0.09 10 1 4.3 * 0.21 8.8 0.16 
Osmerus mordm (3+) 4.2 1 13.78 * 0.15 -17.56 0.39 13 1 43 + 3.1 19.2 * 0.38 
Ichthyoplankton 4.2 113.75 i 0.37 -21.73 i 0.16 3 1 
Microgadus tomcod ( 1) 4.2 1 13.87 0.14 -18.95 k 0.31 9 1 20 k 2.1 14.1 k 0.61 
Microgadus tomcod (2) 4.3 1 14.25 0.23 -16.92 * 0.39 10 1 72 I 9.8 21.4 A 1.0 
Microgadus tomcod (3 +) 4.5 1 14.65 -1 7.86 1 1 150 29 
Morone smaiilis (1) 4.0 113.38 A 0.19 -18.67 * 0.69 5 1 35 * 2.9 16.0 I0 .30  
Morone smaiilis (2) 4.1 113.46k 0.11 -19.09 * 0.49 111 240 * 9.1 28.6 a0.40 
Morone smatilis (3+) 4.7 1 14.36 * 0.51 -16.78 k 0.77 3 1 1800 * 500 55.1 i 3.1 
Phalacrocorm auritus egg yolk 5.0 1 15.43 0.34 -22.80 0.15 9 1 7.5 * 0.31 57.8 k 1 .O 
Phalacrocorm auritus egg white 4.6 16.35 * 0.1 1 -19.72 * 0.71 9 1 27 * 1.2 57.8 zt 1 .O 
1. Calculation is based on following assumptions: estuarine SPM (6"N of 4.94%) represents trophic level # 1, and a ôiSN-TEF of 2.94%. 



Table 5. Estimation of 6'%-Trophic Enrichment Factors (G'3C-TEFs) for fish and 
some lower trophic level invertebrates caught in the estuary. Al1 variances are 
reported as standard error (ISE). Age of fish in parentheses. 

Predator Prey Fraction of diet x 
Predator n 813~(%) Item 8 1 3 ~ ~ ~ ~ ~ ( % 0 )  S~~C-TEF 

PIunkrivorozrs Fish: 
Rainbow smelt (1) 10 -2 1 -05 * 0.93 EW-zooplankton 1 x -23.27 2.22 0.63 
Rainbow smelt (2) 10 - 19.96 * 0.09 EW-zooplankton 1 x -23.27 3.31 I0.13 
Three-spine 9 -22.19 * 0.22 EW-zooplankton 1 x -23 -27 1 .O8 0.22 
stickleback (2+) 

Average for PIanklivorous Fi&: 2.24 0.28 

Benthivorous Fish 
Winter flounder (0) 12 -20.7 1 * 0.37 polychaetes 1 x -20.92 0.21 * 0.37 
Winter flounder (lt) 9 -1 8.53 * 0.30 Macoma clams l x  -19.96 1.47 0.30 
Smooth flounder (3) 5 -19.97 * 0.43 poIychaetes 0.5 x -20.92 0.50 * 0.43 

Macoma clams OS x - 19-96 
Mummichog 8 -1 7.50 * 0.60 po tychaetes 0.7 x -20.92 0.71 0.53 

sea g r a s  0.3 x - 12.09 
Average for Benthivorous Fish: 0.7 1 * 0.2 1 

Carnivorous Fish: 
Rainbow smelt (3+) 16 -1 7.56 * 0.39 sand shrimp 1 x -20.5 1 2.95 0.39 
Atlantic tomcod (1) 10 - 1  8.95 * 0.3 1 Macoma clams 0.9 x - 19.96 0.48 * 0.3 1 

sea grass 0.1 -12.09 
Atlantic tomcod (2) 9 -17.02 * 0.39 sand shrimp 1 x -20.5 1 3.58 * 0.40 

Tomcod (3+) 1 - 1 7.86 sand shrimp 0.5 x -20.5 1 2.00 

fishi 0.5 X-19.21 
Striped bass (1 ) 5 - 1 8.87 * 0.96 Neomysis 1 x -22.52 3.85 * 0.64 
Striped bass (2) 11 -19.09*0.49 sandshrimp 0.5 x -20.51 0.77 * 0.52 

fishi 0.5 x-19.21 
Striped bass (3+) 3 -16.78 * 0.77 fish1 1 x -19.21 2.43 & 0.77 

Average for Carnivorour Fkh: 2.20 k 0.26 
Lower trophic levels: 
Gammarus sp. 8 -24.15I0.43 Sediment 1 x -27.82 3.67 * 0.43 
E W-Zooplankton 8 -23.27 * 0.54 EW-SPM 1 x -25.69 3 -97 0.40 

Average for lower trophic level orgonisms 3.82 * 0.29 

Average 613~-TEF for 134 invertebrates and fub = 1.87 0.16 

1. ~2 



Table 6. Estimation of G"N-Trophic Enrichment Factors (Gi3N-TEF) for fish and 
some lower trophic level invertebrates from the estuary. Al1 variances are reported 
as standard error (SE). Age of fish in parentheses. 

- 

Predator p r e ~  Fraction o f  diet 
Predator Item x 6 1 SN-TEF 

Rainbow smelt (1) 10 13.02 * 0.49 EW-zooplankton 1 x 8.85 4.17 0.49 
Rainbow smeit (2) 1 0 12.30 * 0.13 EW-zooplankton 1 x 8.85 3.45 * 0.09 
Three-spine 9 12.82 * 0.57 EW-zooplankton 1 x 8.85 3 -97 0.57 

stickleback (2+) 
Average for PIankrivorous Fkh: 3 -83 * 0.24 

Benthivorous FrSh: 
Winter flounder (0) 12 12.59 * 0.1 1 polychaetes 1 x 9.56 3.03 * 0.1 1 
Winter flounder (l+) 9 12.30 * 0.20 Macoma clams lx 9.66 2.64 * 0.20 
Smooth flounder (3) 5 12.63 * 0-35 polychaetes 0.5 x 9.56 3.02 * 0.35 

Mucoma clams 0.5 x 9-66 
Mummichog 8 12.40 * 0.64 polychaetes 0.7 x 9.56 3 -6 1 * 0.56 

sea gras 0.3 x 6.60 
Average for Benrlrivorous Fbh: 3 .O6 * 0.1 6 

Carnivorous Fish: 
Rainbow smelt (3+) 16 13 .78 0.15 sand shrimp 1 x 9.54 1.75 & 0.15 
Atlantic tomcod (1 ) 10 13.87 * 0.14 Macoma clams 0.9 x 9.54 4.39 0.14 

sea grass 0.1 x 6.60 
Atlantic tomcod (2) 9 14.29 * 0.23 sand shrimp 1 x 9.54 2.22 * 0.23 
Tomcod (3+) 1 14.65 sand shrïmp 0.5 x 9-54 2-08 

fishl 0.5 x 13.1 1 
Striped bass ( 1 ) 5 13.38*0.19 Neomysis 1 x 8.95 4.43 * 0.53 
Striped bass (2) 1 1 13.46 * 0.1 1 sand shrimp 0.5 x 9.54 0.89 * 0.1 1 

fish' 0.5 x 13.1 1 
Striped bass (3+) 3 14.36*0.51 fishl 1 x 13.1 1 1 -25 * 0.5 1 

Average for Carnivorous Fkh: 2.3 6 * 0.2 1 
Lower t r o ~ h i c  levels: 
Gammarrrs sp. 8 6.70 * 0.37 . Sediment l x  3.3 3.38 * 0.37 
E W-Zooplankton 8 8.85 + 0.96 EW-SPM 1 x4.94 6-43 *O.l7 

Average for lower trophic levd organkms 4.94 0.44 

Average 613N-TEFs for 134 invertebrates and fish = 2.94 0.14 

1. Average 613N value of fish in this study. 



Table 7. A cornparison of 6I3C, total nitrogen and carbon, and C/N ratios of 
sediment collected at the sampling site in 1979 and 1996. 

6I3C Total Total C: N 
Sediment 960 Nitrogen Carbon Ratios Reference 
1996 -27.82 =t 0.05 0.32 I0.26% 4.8% 15 (this study) 

1979 -27.5 0.35 to 0.67% 4.4 I 0.7% 8.1 to 16 Rashid and 
Reinson (1 979) 



Figure Headings 

Figure 1. Schematic diagram of 6°C values of inorganic carbon and primary producers 

fiom terrestrial, fieshwater, and marine sources. 

Figure 2. Location of Loggieville study site, Miramichi River Estuary (New Brunswick, 

Canada). 

Figure 3. A Joining Cluster Tree diagram derived from the mean 6I3C and 6 ' ' ~  of 47 

groups of fieshwater, estuarine, and marine samples (abiotic and biotic) using Euclidean 

distances and weighted pair-group averages. 

Figure 4. A plot of mean SI5N and 6°C values of freshwater, estuarine and marine 

samples. Bars represent standard errors. The box represent the 6% and 6°C range for 

freshwater submerged terrestrial leaf litter fiom the Miramichi River system and was 

obtained fiom a study by Doucett (1994). Abb used: Southwest Miramichi River (S W), 

Northwest Miramichi River (NW), and Suspended Particdate Matter (SPM). 
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CHAPTER 2: PATTERNS OF MERCURY AND ISOTOPES OF 
CARBON (613C) AND NITROGEN (6"N) IN AN ESTUARINE FOOD 
WEB 

Abstract 
Benthivorous fish were enriched in 613C by 1-8 1%0 when compared to 

planktivorous fish, and deposit-feeding invertebrates were eMched in 6 " ~  by 4.32%0 

when compared to filter-feeding clams. These results indicate 6I3C values are usefid in 

separating benthic- and pelagic-oriented organisms in a stratified es-, and could be 

usefiil indicators of different food sources and pathways of mercuxy uptake. The 

Miramichi River Estuary food web's 6'% values did not correlate well with total mercury 

concentrations, as seen in other aquatic studies. This lack of relationslip is probably 

attributed to organisms feeding on foods with different l o g , , ~ g ]  and Si5N values, as seen 

for lower trophic level fish and invertebrates. Benthic fish, of the same ~ ' ~ ~ - d e f i n e d  

trophic level, had significantly higher mercury concentrations (270 I 30 ng g" dry wt) 

than pelagic fish (240 f 64 ng g-' dry wt). Significantly higher mercury concentrations 

were also measured for filter-feeding clams (560 + 170 ng g-' dry wt) of a significantly 

lower 6I5N-defined trophic level than deposit-feeding invertebrates (250 t 8 1 ng g-' dry 

wt). As expected, top trophic level camivorous fish had significantly higher mercury 

concentrations (550 + 1 10 ng g-' dry wt) and 6% values when compared to pelagic and 

benthic fish. This observation shows that biomagnification of mercury in top predator fish 

in the Miramichi River Estuary. 



Introduction 
As in many parts of the world, mercury contamination of fish continues to be a 

serious problem in North America In 1998, the United States had 37 state-wide fish 

consumption advisories (USEPA 1999). In the same year, Canada had two province-wide 

advisories (Nova Scotia and New Brunswick) and more than 2,400 individual fish 

consumption advisories (i.e., fish of a particdar size, species, and location) in the rest of 

Canada where mercury concentrations in fish tissue exceeded 0.5 pg g-' on a wet wt basis 

(USEPA 1999). 

There is evidence that reactive mercury (Hg II) entering the water column (i.e., 

fiom river inputs, surrounding wetlands or atmospheric deposition) is easily methylated 

and readily bioavailable to the food web (Watras 1995). Pelagic pathways of mercury 

transfer were identified to be important in certain aquatic ecosystems, such as boreal and 

humic lakes, reservoirs, and fieshwater estuaries (Lindqvist 199 1, Krom et al. 1994, Meili 

et al. 1994, Francis et al. 1998). However, other aquatic studies have shown benthic 

pathways to be important routes of mercury transfer to food webs. This was seen in food 

webs fiom the inner shelf of Tena Nova Bay (Antarctica), the South Adriatic Sea (South 

Italy), and in a coastal area of Italy (Barghigiani and Ristori 1995, Bargagli et al. 1998, 

Storelli er al. 1998). Further work is needed to determine the route and relative magnitude 

of mercury transfer into food webs. 

Ratios of carbon ("C/'*C) and nitrogen isotopes ('IN I"N) are commody used in 

aquatic food web studies to determine food web structure, such as carbon flows ( 6 ' 3 ~ )  

and tmphic positions (6'SN) (McConoaughey and McRoy 1979, Peterson et al. 1986, Fry 



199 1, France 1997, Deegan and Garritt 1997). An average dietary enrichment for the 

heavier nitrogen (6%) isotope is usually between 3 and 5%0 (Minagawa and Wada 1984, 

Fry and W a i ~ g h t  199 1, France 1 995, France and Peters 1997). This trend has enabled 

the relative trophic positions of individual organisms in food webs to be quantified and 

placed on a trophic continuum, fiom the lowest 6% values for primary producers, to the 

highest for top predators. Little change in "C and '*c ratios between a heterotroph and its 

diet (Le., 613C between 0.5 and 1%0) permits energy flows to be traced through the food 

web (Peterson et al. 1986). Deegan and Garritt (1997) found 6°C was a usehl tool to 

differentiate between benthic and pelagic biota in a well mixed salt marsh, the Plum 

Island River Estuary, where benthic biota were significantly enriched in 6°C. France 

(1995) also observed this 6I3C enrichment in biota fiom four Canadian Shield lakes and 

other fiesh water studies world-wide. 

For the Miramichi River Estuary, mercury concentrations are related to the 6°C 

and 6 " ~  values of the food web. The MVamichi River Estuary was chosen for this study, 

as it is highly stratified throughout most of the year, offering a division of salinity (2 12 

ppt) and temperature (2 2°C) between benthic and pelagic environments, and potentially 

food and mercury pathways to estuarine biota. 

This estuary sustains an important commercial fishenes. About 30% of the total 

fisheries landings fiom the southem Gulf of St. Lawrence cornes fiom the this estuary 

(Chaput 1 995). 



Methodology 

Studv Site 
In May of 1996, biotic and abiotic samples were collected near Loggieville 

(latitude 47O04'57" and longitude 6S023'80") in the Miramichi River Estuary, New 

Brunswick, Canada (Figure 1). Al1 samples were collected in the section of the Miramichi 

referred to as the "contaminant suik", an area where freshwater suspended partkulate 

matter (SPM) flocculates and settles (MacKnight 1990). Potential sources of metals, 

inchding mercury, corne fiom the forestry-associated, manufacturing, food, and metal 

products industries, discharges from sewage and storxn drainage, and fieshwater runoff 

(Buckiey 1995, Chiasson 1995). Throughout most of the year, this area is highly 

stratified, and a potential exists for anoxia and mercury methylation in the estuarine 

sedirnents. Physical descriptions of the estuary were collated by Locke and Courtenay 

(1 996) fiom earlier studies and are bnefly described below. This estuary is shallow, with 

an average depth of 5 m, and tidal range between 0.2 and 1.2 m. Freshwater, fkom a 

drainage basin of 14,000 km2, enters the estuary fiom two main rivers, the Northwest and 

Southwest Miramichi Rivers. During high M o w s  (>291 m3 se'), the upper layer of the 

salt wedge has a salinity of 4 parts per thousand (ppt). The bottom layer's salïnity is 

between 20 to 22 ppt. During low inflow (about 73 m3 se') the upper layer has a salinity of 

12 ppt and the bottom of 22 to 24 ppt On average the upper layer near Loggieville is 

about 2 m in depth. Temperature differences between the surface and bottom are typicaiiy 

between 2 and 3 OC. Large fieshwater 80w rates account for the year round stratification 

(temperature and salinity) at this site. 



Field Methodoloav 
Ail estuarine samples were collected during May 1996. Smooth flounder 

(Pleuronectes putnami Gill), wùiter flounder (Pleuronectes americanzrs Walbaum), 

Atlantic tomcod (Microgadus tomcod Walbaum), and rainbow smelt (Osmerus mordax 

Mitchell) were collected daily fiom Fyke nets (2.4 cm mesh size)- Eels (AnguifZa rostrata 

Lesueur), and striped bass (Morone smratilis Walbaum) were obtained fiom Gaspereau 

nets (3.1 cm mesh size). Crangon shrimp (Crangon septemspinosa Say) and small fish 

(e.g ., rainbow smel t, three-spine sticklebacks (Gasrerosteus wheatlandi Linnaeus), 

mummichog (Fundulus heterociitus Linnaeus) and winter flounder), and were obtained 

with a beach seine (30 x 1.8 m and 6 mm mesh). Sofi-shell clams (Mya arenaria 

Linnaeus), and polychaetes (Nereis sp.) were obtained by shoveling into the sofk silty- 

clay during a low tide. Deposit-feeding clams (Macoma balthica Linnaeus) were obtained 

fiom an Ekman grab. Oysters (Crassosirea virginica Say) and ribbed mussels (Geukenisa 

demissa Dilwyn) were picked off the sedimenthocky bottom during low tides. Sediment 

samples were collected with an Elunan Grab. Sediment samples were placed into glas 

jars with stainless steel spoons. Invertebrates were placed into plastic bags or glass jars. 

Al1 tools (Le., scissors and tweezers) and storage containers (Le. g l a s  jars and tin 

foil) used in handling the samples were pre-washed with three rinses of acetone foilowed 

by three rinses of hexane, except for ziplock bags. 

Al1 samples were transported in coolers to the Department of Fishenes and 

Ocean's contaminant lab in Moncton (New Brunswick, Canada). At the lab, the species, 

length, weight, and sex of each fish were recorded. For mercury analysis, each fish 



sarnple was individually wrapped in acetonehexane pre-rinsed tinfoil. Al1 samples were 

stored at -20°C. 

 TCU UN Analvsis 
A total of 1 11 fish, 6 1 invertebrates, and 3 sediment samples were analysed for 

total mercury using Cold Vapor Atornic Absorption Spectroscopy (CVAAS) with the M- 

6000 Mercury Analyzer (CETAC Technologies Inc., Omaha, Nebraska, USA). Hg 

standards were made fiom a "Baker Instra-Analyzed" stock solution (VWR Scientific 

Products, West Chester, PA, USA). To establish accuracy, a standard reference material, 

DORM-2 certified dogfis h muscle (National Research Council, Ottawa, ON, Canada) 

was used. 

For each fish, the skin was peeled back with acid-washed plastic tweezers and a 

stainless steel scalpel to obtain a muscle sample for mercury analysis. Of these, 133 fish 

and 3 sediment samples were run in triplicate. Al1 samples were analyzed for mercury as 

described in Wagemann et al. (1997). Approximately 0.3 g of sarnple was digested with 

concentrated su1furic:nitric acid in Feden Wu tubes (4: 1 v/v) at 90 OC for 2 hrs. 

Potassium permanganate was added to completely oxidise any remaining material. After 

2 hrs, enough hydrogen peroxide was added to bind unused potassium permanganate. A 

final volume of 25 ml was achieved by adding de-ionised water. Mercury was reduce 

with a 10% SnCl (stannous chloride) in a 7% HCL solution. 

Repeated assays of the same sample resulted in a precision (expressed as the 

coefficient of variation) which were always below 3 -6%. The limit of detection (LOD) 

was determined by the following formula obtained fiom Schmitt and Bninibaugh (1990): 
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LOD = 3 (Sb +S2305 

where s2, +S2, are the variances of concentrations measured for procedural blanks and 

low-level samples (i.e., lower trophic level organisms), respectively. The LOD for 

mercury was 0.55 k 0.1 7 ng (dry wt). Average recovery rates of 100 2 1.4% were 

obtained for the standard Reference Material DORM-2 (n=85). 

Dry Weight 

Sub-samples of each sample analyzed for mercury were fieeze-dried to determine 

dry weights. 

BAFs 
Dietary Bioaccurnulation Factors (BAFs) on a dry wt basis were determined with 

the following equation: 

rH- I ~ ~ , ~ ~ ,  
Dietary BAF = L 

Sediment BPLFs were determined in a similar way, except [Hg],,,, was the 

denominator. Dietary BAFs were only calculated when mercury levels were known for a 

species of fish and its prey, 

Stable Isotope Methods 
Al1 stable isotope analysis was conducted at the GO Hatch Isotope Laboratories 

(University of Ottawa, Ottawa, Ontario, Canada). Each sample was fieeze-dried, ground, 

and weighed into tin capsules. Optimal sample weights of 250 pg (dry wt) for fish muscle 

and 5 mg (dry wt) for sediment were used. Analysis for carbon and nitrogen isotopes was 



carried out with an automated CE Instrument EA-I 10 (elemental C & N analyzer) 

coupled to a Finnigan Mat   el ta^^^' IRMS with a Conflow II Interface (Finnigan Mat, 

San Jose, Catifornia, USA). The samples were flash-combusted at 1800 OC under a 

continuous Stream of O,. Isotopes of C & N were measured fiom the same combustion by 

separating N, and CO, gases with a chromatographie column. Heliurn gas carried the 

separated gases to the mass spectrometer. 

Stable carbon and nitrogen isotope ratios were expressed as "delta" notation (6 )  

and have units of parts per thousand or "per mil" (%O) difference fiom a standard using 

the following equation: 

To detemine the 613c the standard was Vienna Pee Dee Belemnite (VPDB), and for S ' w  

the standard was atrnospheric N,. 

In one run, a mean 6°C of -1 6.99 + 0.05%~~ (+ SE) and mean 6"N of 13 -99 I 

0.45%0 were obtained for ten tomcod samples of the same fish. During each analysis of 

27 samples, four standard reference materials (NIST and IAEA) were run: two carbon 

(USGS24 graphite and NBS No.21 graphite) and two nitrogen (USGS-25 No. 12 and 

IAEA-N-2 No. 245). For further accuracy, muscle tissue fiom one striped bass fiom this 

study was used to determine if there was any intemal drift between runs. Between nuis, 

the S"C and 6'% of the striped bass tissue were always within O. 18 %O and 0.3 1 %O of 

each other, respectively. 



Stomach Contents 
Stomach contents were removed fiom fiozen fish and preserved in 10% formalin. 

With the aid of a dissecting microscope, food items were identified to the lowest order of 

classification. The number of individuals in each food category was recorded and 

expressed as a percentage of the total number of food items (Hyslop 1980) for each class 

as given by the following formula: 

Percent composition by number = 
No. of speczfic food item 

x 100 
Total No. of ail food items 

To conform the data to homoscedasticity and normal distribution, al1 statistical 

analysis was conducted using base- 10 logarïthmic transformations of total Hg 

concentrations on a pg dry wt bais (logwg]). An ANOVA test (a=O.OS) was used to 

determine if the mean 6% and 6 " ~  values and mercury concentrations were the same 

between benthic, pelagic, and carnivorous fish. A post-hoc cornparison (Tukey, a=0.05) 

was conducted to determine which groups were significantly different fiom each other. A 

t-test (a=O.OS) was used to determine if the mean 6"N and 6I3C values and mercury 

concentrations were the same between filter-feeding clams (oysters, ribbed mussels, and 

soft shell clams) and deposit-feeding invertebrates (deposit-feeding clams, sand shrirnp, 

and polychaetes). Ail statistics were performed using STATISTICA Version 5.1 

(StatSoft, Inc., Tulsa, OK, USA). 

Results 
On the bais of gut contents, fish were separated into three main functional 



feeding groups: planktivores (stickleback, and age-1 and -2 rainbow smelt), benthivores 

(mummichog, winter and smooth flounder, and eel), and carnivores (age-3+ rainbow 

smelt, tomcod, and striped bass). Planktivorous fish (three-spine stickieback, and age-1 

and -2 rainbow smelt) selectively fed on zooplankton, whereas bottom-feeding fish 

(winter and smooth flounder, mummichog, and eels) fed mainly on sediments and 

deposit-feeding invertebrates (i.e., sand shrimp, polychaetes, and clams). Results fiom the 

gut content analysis showed camivorous fish ate only large-sized invertebrates (i.e., 

mysids and sand shrimp) and/or other fish. These groups are summarized in Figure 2. 

Stomach contents are summarized in Table 1. 

No significant difference was seen in the mean 6''N values for benthic and pelagic 

fish (Tukey, -0.05). Even though benthic and pelagic fish occupied the same 6% 

trophic level, benthic fish had significantl y higher l o g , , ~ g ]  than pelagic fish as 

summarized in Table 2 (Tukey, P<0.05). Benthic fish were also significantly (r-fest, 

p<0.05) heavier (49 f 9.5 g) than peiagic fish (2.16 + 9.5 g). On a dry wt basis, mercury 

concentrations were 270 f 30 and 240 f 64 ng g-', respectively. The evidence for 

different routes of carbon and mercury uptake is supported by the significantly enriched 

6°C value in benthic fish by 1.81%0 when compared to pelagic fish, as well as the 

difference in gut contents. These results are summarized in Table 2. 

Carnivorous fish (e.g., tomcod, striped bas,  and age-3+ rainbow smelt) were 

significantly enriched in PN, SI3C, and log,, [Hg] when compared to bottom-and 

pelagic-feeding fish (Tukey, P<0.05). These values are summarized in Table 2. Mean 

6 " ~  values for camivorous fish were emiched by ~1.14%0 when compared to lower 
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trophic benthic and pelagic-fish. Simiiarly the mean 6°C for camivorous fish was 

enriched by 21.12%0 when compared to benthic and pelagic fish. Significantly higher 

log,,@g] were obtained for camivorous fish when compared to both benthic and pelagic 

fish (Tukey, PQ).05). Higher mercury levels in top predator fish relative to lower trophic 

level fish demonstrates that biomagnification occurs at this level of the food web. 

Filter-feedhg clams were significantly depleted in 6% and 6l3C and significantly 

enriched in l o g , , ~ g ]  when compared to deposit-feeding invertebrates as summarized in 

Table 3 and shown in Figure 3 (t-test, PcO.05). Filter-feeding clams were significantly 

depleted in 6% by 1.43%~~ when compared to deposit-feedhg invertebrates, and depleted 

in 6°C by E3.68%0 (Table 3). Filter-feeding clams of a significantly lower 8%-defined 

trophic level had significantly higher concentrations of mercury (560 f 170 ng g-' dry wt) 

than deposit-feeding invertebrates (250 + 8 1 ng g' dry wt) (t-test, PQ).O5). 

Dietary BAFs ([Hg],JHg], on a dry wt basis) and sediment BAFs 

([HglfiJjlgJdi,,, on a dry wt basis) fiom the Miramichi River Estuary are summarized 

in Tables 4. Dietary BAFs were calculated for 4 fish groups: age-1 winter flounder (1.1 + 
0.1 5), age-3 + rainbow smelt (1.8 f 1.2), age-2 tomcod (3.4 f 1.1 ), and age 3+ tomcod 

(5.7). For 3 sediment samples, the average mercury concentration on a dry weight basis 

was 140 f 7.0 ng g-'. Sediment BAFs were lowest for age-1 rainbow smelt (0.96 f 0.15) 

and highest for age-3+ striped bass (1 8 + 1 1) as shown in Table 5. Sediment BAFs for 

filter-feeding clams and deposit-feeding invertebrates were 4.0 + 1.2 and 1.8 f 0.57, 

respectively (Table 5). 



Discussion 

Canbon Isotopes 
In this study, a significant enrichment of 8 " ~  by 1.8 1%0 clearly separated benthic- 

from pelagic-feeding fish, indicating different sources of food and pathways of mercury 

uptake. Benthic food webs are usuaily enrïched in 6I3c when compared to pelagic ones in 

lakes, estuaries, and coastal and marine waters (McConnaughey and McRoy 1979, Fry - 

and Wainright 199 1, France 1995, Deegan and Ganitt 1997, France and Peters 1997). 

McConnaughey and McRoy (1979) observed this 8°C-enrichment in benthic organisms 

when compared to pelagic organisms of the Bering Sea. As their data was lipid corrected, 

they believed this enrichment was due to preferential respiration of the light '%@. 

France (1 995) attributes lower water turbulence around benthic primary producers to the 

enrichment of 6I3C observed in benthic primary consumers. Under low flow conditions 

(Le., low turbulence), CO, has a high d i h i o n  resistance in water, potentially causing 

6 " ~  enrichment of inorganic carbon amund the ce11 of benthic primary producers 

(Osmond et al. 198 1). As seen in a marine study by Fry and Wainright (1 99 1 ), 

enrichment of 6I3C in filter-feeding scallops was correlated with depth and the 

corresponding 6I3c values of phytoplankton. 

Very little difference in 6I3C between benthic and pelagic fish may suggest a tight 

benthic-pelagic coupling of matter (France 1997). A 6I3C difference of 2.9% was noted 

between benthic and pelagic fish in a well-mixed estuary, the Plum Island River Estuary 

@eegan and Garritt 1997). However, for the Miramichi River Estuary, which is stratified 

throughout the year, a smaller 6°C e ~ c h m e n t  of 1.8 1%0 was observed between benthif 
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and pelagic fish. These preliminary results do not suppon using 6I3C differences in 

benthic and pelagic organisms to denote the degree of benthic-pelagic coupling or the 

degree of stratification in estuaries. 

Mercurv 
Mercury biomagnification was observed in camivorous fish relative to 

benthivorous and planlctivorous fish of a iower S'W-defined trophic level. However, there 

was no significant difference between mercury concentrations and SI% values for the 

Miramichi River Eshiary food web (n=134). This lack of reiationship rnay be due to 

estuarine organisms feeding on foods with differing log,,wg] and S"N values, as 

observed for benthic and pelagic invertebrates and fish. Significantly higher mercury 

levels were seen in benthic when compared to pelagic fish occupying the same 6"N- 

defined trophic level. One possible explanation for this observation is that mercury is 

more bioavailable via the benthic pathway. However, filter-feeding clams of a 

significantly lower S'IN-defined trophic level than deposit-feeding invertebrates had 

significantly higher mercury concentrations. These results indicate the limitations of 

using 6I3c and 6% values to explain the pathways of mercury bioaccurnulation without 

information of the feeding behaviors of esturine organisms. 

Elevated levels of total mercury in filter-feeding clams relative to deposit-feeding 

invertebrates was also observed in other estuarine studies (JLhboe et al. 1983, Langston 

et al. 1995). One explanation put forward is that filter-feeding clams filter out the 

mercury-rich particles (Lmgston et al. 1995). Another explanation is that they feed on the 

finer particdate matter resuspended fkom the estuarine bottoms which may contain higher 
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mercury levels. Freshwater f OC and DOC transported into the e s t 7  could also be 

another source of mercury as proposed by Cossa and Martin (1991) for the Rhône delta. 

In this estuarine study, tomcod fed higher up the food web, and had significantly 

higher mercury concentrations than *ter flounder. Conversely, higher mercury 

concentrations were reported for flounder (Platichthysflesus L.) than cod (Gadus rnorhua 

L.) in the Glomrna Estuary (Norway) (Staveland et al. 1993). In their study, flounder 

were between 4 and 6 yrs (-300 g) and cod were between 1 and 3 yrs (900 g), and 

probably of different trophic levels. The results fkom the Miramichi River Estuary show 

the usefulness of using 6'w vvales to determine the different trophic positionhg of 

different species of fish prier to comparing their mercury levels. 

BAFs 
A cornparison of literature values for BAFs has proven difficuit, as the data are 

often reported in different units. Average dietary BAFs reported per trophic level ranged 

fiom 1.95 for more than 29 Canadian Shield lakes in Ontario to 3.3 for boreal forest lakes 

(Meili 199 1, Cabana et al. 1994). These dietary BAFs ( w g  J,&/Wg],-& are similar to 

those obtained fiom this study which ranged h m  1 .O to 5.7 (Table 4). 

In this study, sediment BAFs for invertebrates varied fkom 0.61 to 8.4 (Table 5). 

Sediment BAFs ([Hg],JFg],,3 raaged nom 0.96 in lower trophic level fish (age-1 

rainbow smelt) up to 18 for higher trophic level fish (age-3+ striped bass). These results 

are also similar to those obtained for coastal biota fiom the Pacific Coast (British 

Columbia, Canada) where sediment BAFs ranged fkom 0.90 to 8.6 for fish (Harding and 

Goyette 1989). One possible explanation for the higher BAFs obtained for the Miramichi 
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River Eshiary is that fish of a higher trophic status rnay have been used. 

Manacrement 
In the Mersey Estuary, concentrations of mercury and methylmercury have 

decreased significantly in invertebrates fiorn 198 1 to 1995 (Langston et ai. 1995). It was 

proposed that implernentation of control measures during this time played a role in this 

reduction. Similar reductions were obtained for mercury levels in sediments from the 

Miramichi River Estuary. At this same sampling site, mercury levels in sediments (60 + 
2.7 ng g-' wet WC) were five times lower than measured in 1980 (296 ng g" wet wt) 

(Willey and Fitzgerald 1980). These results may reflect a reduction in antipopogenic 

inputs over the past 20 years and/or changes in sampling methods. As seen fiom studies 

with flooded reservoirs, the length of tirne for mercury levels to return to background 

levels for fish could take more than 15 years for omnivorous fish and more than 20 years 

for piscivorous fish (Anderson et al. 1995). 

On a dry wt basis, the mercury levels in the sediment were 140 f 7.0 ng g" . These 

levels slightly exceed the recommended interim marine sediment quality guideline for 

mercury in marine sediments of 1 30 ng g-' (dry wt) (Environment Canada 1997). 

Al1 estuarine fish fell within the safe consumption guideline set to protect human 

health fiom mercury contaminated fish (0.5 pg g-' wet wt). However, in a recent study 

conducted by Scheuhammer et al. (1 W8), reproductive and behavioural effects were seen 

in common loons (Gavia immer) consuming fish with mercury concentrations between 

0.3 and 0.4 pg g-' (wet wt). Barr (1 986) also saw reproductive and behavioural effects in 

cornrnon loons (Gavia immer) consuming food with mercwy concentrations within this 
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range. No loon chicks were produced when the levels exceeded 0.4 pg g-' (wet wt). 

Higher trophic level fish fkom the Miramichi River Estirary have mercury concentrations 

that exceed this level. It could be important to determine whether the current mercury 

levels in fish can cause reproductive and behaviouml impairment to fish-eating birds that 

use the Miramichi River Estuary as feeding and breeding grounds. 

Conclusions 
As expected, higher levels of mercury and G'W-defined trophic positions were 

observed for camivorous fish when compared to benthivorous and planktivorous fish. 

This indicates biomagnification of mercury occurs in predator fish in the Miramichi River 

Estuary. Also Sediment and Dietary BAFs were similar to those observed in other coastal 

and lake studies. However, for 134 Miramichi River Estuary organisms, a non-significant 

relationship existed between mercury concentrations and 6'%J values. This lack of 

relationship was attributed to estuarine organisms feeding on prey with different 

log,,[Hg] and 6% values. This was observed for lower trophic level fish and 

invertebrates. Mercury levels in benthic fish were significantiy higher than pelagic fish of 

the same 6%-defined trophic level. Conversely higher bioaccumulation of mercury was 

seen for filter-feeding clams (of a lower G'W-defined trophic level) than deposit-feeding 

invertebrates. These results indicate the importance of using dietary information to help 

explain the relationship between mercury concentrations and 6'% values. In this study, 

SI3C values were usefùi in separating benthic- from pelagic-orientated invertebrates 

(>3.68%0) and fish (> 1.8 1 %O). 
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Table 1. The nurnber of individuals in each food category in 10 species of fish captured in the Miramichi River Estuary, 
May 1996, expressed as a percentage of the total number of food items for each class'. Abb: polychaetes and 
oligochaetes (Worms), deposit-feeding clams (Clams), and unidentifiable orginic matter (uniden. OM), gaspereru 
(GS), herring (HR), mummichog (MC), striped bass (SB), smooth flounder (SF), rainbow smelt (SM), tomcod (TC), 
winter flounder NF), eels, and stickleback (STS). Aee of fish in ~arentheses. 

No, of 
No. of Empty Phyto- Zoo- Terrestrial Grass Estuarine Uniden. Fish 
fish Stomachs plankton plankton lnvertebrates Worms Shrimp Crabs Clams Sea Grass Detritus Sediment OM Eggs Fish 

HR 11 O 92 8.3 
GS 
STS 
SM-1 
SM-2 
SM-3+ 
WF-O 
WF-1+ 
SF 
MC 
Eels 
TC-1 
TC-2 
TC-3+ 
SB1 
88-2 
SB-3+ 



Table 2. Comparison of mean S ' k  and 6% values, and log,,[Hg] (pg g" dry wt) behveen planktivorous, benthivorous, 
and carnivorous fisb (ANOVA, a=0.05). Means followed by the same superscript letter are not significantly different 
(Tu key test, P<O.OS). 

I I I 
I I I 
I PN I 6°C I I I I 

I I 
lo~,oIHgl 

Tukey test F I P I F P I F P 
Fish Group 1 3.66 <0.05* 1 33.73 <0.01 ** 1 5.87 ~ 0 . 0 1  **  

I 
I fi - Mean - SE I n  I - - Mean - SE I ! - Mean - SE I 

planktivorous 1 27 1 2 -68' 0.24 1 27 -2 1.03' 0.27 1 30 -0,8@ 0.07 

Benthivorous 1 33 1 2 ,47a 0.17 ] 33 - 1 9.Zb 0.29 31 -0.64~ O, 10 

Carnivorous I 51 13.82~ 0.08 1 51 -18.10' 0.22 1 55 -0, 50' O, 16 
1 

- 1 * Pc0.05, ** P<O.01 

Table 3. Comparison of mean 6I5N and 8°C values, and log,,lHg] (pg g-' dry wt) between filter-feeding clams and 
deposit-feeding invertebrates (t-test, PQ).05). Means followed by the same superscript letter are not significantly 
differen t. 

d 

I 1 l I log ,,[Hg1 
t-test I T P I T P T I P 
Invertebrate Group 1 -4.047 <0.01** 1 -7.699 c0.01 ** 1 2.102 ~0.05 * 



Table 4. Concentrations of total mercury, 6 ' ' ~  and SI3C values, and Dietary and 
Sediment Bioaccumulation Factors (BAFs) on a dry wt basis for fish caught in the 
estuary. Al1 variances reported are standard errors (SE). 

CHgltota~ 
ng g' Dietary Sediment 

Comrnon name Age n 6 1 5 ~  8 1 3 ~  dry wt BAFsl BAF9 

Planktivorcs: 

Rainbow smelt 1 10 13.02I0.49 -21.05f0.63 140f21 

Rainbow smelt 2 10 1230f0.09 -19.96v0.13 230i67 1.6 f 0.47 

Three spine stickleback 2+ 9 12.82 f 0.57 -22.19 I 0.22 320 t 170 2.2 i 1.2 

Average for Pfanklivorous Fïsh: 12.68 î 0.24 -2 1 .O3 f 0.27 240 f 64 1.7 f 0.46 

Benthivorous Fish: 

Winter flounder O 12 12.59+0.11 -20.71I0.37 150f22 1.1 I0.15 

Winter flounder l i- 9 12.30 î 0.20 -18.53 i 0.30 330 f 77 1.0 f 0 . 6 2 . 3  10.54 

Smooth flounder 3+ 5 1263 I 0.35 - 19.97 I 0.43 220 k 29 1.5 f 0.22 

Eels 8-10 8 13.0 1 I 0.75 -20.25 + 0.84 380 f 100 2.7 I 0.71 

Average for Benfhivomus Fïïh: 12-55 f 0.1 7 - 19.38 f 0.29 270 f 30 1.9 f 0.22 

Carnivores: 

Rainbow smelt 3+ 16 13.78 f 0.15 -17.56k0.39 150 f 25 1.8 f 1.2' 1 - 1  k0.18 

Atlantic tomcod 1 10 13.87 k 0.14 -18.95 + 0.3 1 160 t 17 1.1 k0.12 

Atlantic tomcod 2 9 14.25 f 0.23 -16.92 f 0.39 290 f 3 1 3.4 f 1. l3 2.0 f 0.22 

Atlantic tomcod 3 + I 14.65 - 17.86 1800 5.73 12 

Stripcd bass 1 5 13.37f0.19 -18.67f0.69 530f120 3.8 I 0.82 

Striped bass 2 1 1  13.46IO.11 -19.0910.49 1100f140 7.6 k 0.96 

Striped bas 3+ 3 14.36 f 0.51 -16.78 f 0.77 2600 f 1600 18t I l  

AverageforC(univomusFbh: 13.82i0.08 -18.53f0.2î 550î110 4.0 f 0.82 

F 
2- Sediment BAF = [Hdfish/mglsediment. where [Hglsediment = 140 ng g-' d~ 
3. Diet of WF ( 1 +) was deposit-feeding clams. and the diet for TC (2). TC (3+), and SM (3+) was and g r a s  shrimp 



Table 5. Concentrations of total mercury, 6"N nad 6'% values, and Sediment 
Bioaccumulation Factors (BAFs) on a dry wt basis for invertebrates from the 
estuary. All variances reported are standard errors (SE) .  

WgItotal 
''g g' Sediment 

Common name n 6 1 5 ~  6 1 3 ~  dry wt BAFsl 

Bottom-feeding invertebrates: 

Crangon sand shrimp 14 12.03 + 0.25 -20.5 1 + 0.47 90 k 18 0.65 10.13 

Pol ychaetes 6 10.33 i 0.37 -20.92 + 0.56 -- - 
Deposit-feeding clams 1 1 9.66 i 0.49 - 19.96 k 0.70 540 I 190 3.9k 1.3 

Average for Bunom-feedeers: ' * -20.52 + 0.35 250 I 8 1 1.8 * 0.57 

Filter-feedinp clams: 

oysters 10 9.56 i 0.26 -23.86 2 0.44 330 i 1 O0 2.3 i 0.73 

ribbed mussels 9 9.01 I 0.35 -25.62 t 0.71 1300 I 500 9.0 i. 3.5 

sofi-shell clams 1 1  9.68 i 0.40 -23.19 k 0.2 1 220 I 39 1.6 t 0.27 



List of Figures 

Figure 1. Location of Loggieville study site, Miramichi River Estuary (New Brunswick, 
Canada). 

Figure 2. A plot of 6'% and 6°C values, and mercury concentrations (pg g-' dry wt) in 
filter- and deposit-feeding invertebrates fiom the Miramichi River Estuary. Bars represent 
standard errors (SE) .  Mercury concentrations on a pg g*' dry wt ba is  in parenthesis. 

Figure 3. A plot of 6'% and 6°C values, and mercury concentrations (pg g-' dry wt) in 
benthivorous, planktivorous, and carnivorous fish fiom the Miramichi River Estuary. 
Bars represent standard errors (SE). Abbr.: mummichog (MC), striped bass (SB), 
smooth flounder (SF), juvenile rainbow smelt (SMS), rainbow smelt (SM), tomcod (TC), 
juvenile *ter flounder (WFS), winter flounder (FL), eel (Eel), and stickleback (STS), 
age- 1 (- 1 ), age-2 (-2), and age-3 and older (3+). Mercury concentrations on a pg g" dry 
wt basis in parenthesis. 
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CHAPTER 3: COMPARISON OF MERCURY BIOACCUMULATION 
IN LAKE, MARINE, AND ESTUARINE FOOD WEBS USING 
BIOMAGNIFICATION SLOPES 

Abstract 
The biomagnification slope (BMS), obtained nom a plot of log,,Bg] versus 6'w, 

was used to compare patterns of mercury biomagnification in three aquatic environrnents: 

the Miramichi River Estuary, nine lakes (Ontario and Québec) and two marine food webs 

(Farallon Islands and Lancaster Sound). A significant reiationship was seen between 

l o g , , ~ g ]  versus 6I5N for the nine lake food webs and the two marine food webs. There 

were no clifference in BMSs for eight lake food webs which permitted the data to be 

pooled to obtain a BMS of 0.20 * 0.0080. This value was the same as the one published 

for Lancaster Sound marine food web of 0.20, and similar to the one obtained for 

Farallon Islands of 0.32. This indicates mercury biomagnifies in a similar way in these 

ecosystems. A significant relationship was seen between log,,[Hg] versus 6'hl for Green 

Lake (Ontario). However, its BMS (0.48 k 0.05) was significantly higher than those 

observed for the other lake ecosystems. A signifïcant relationship between log,,Wg] 

versus 6I5N was not seen for the estuarine food web. A number of factors may contribute 

to this lack of relationship between l o g , , ~ g ]  versus 6 " ~  values: 1) estuarine organisms 

may feed on foods with varying log,,[Hg] and 6ISN values, 2) mercury may bind to a 

wide range of complexing agents in estuaries (such as, CI-, Br-, 1-, OH-, sulfides and 

organic ligands) rendering it mavailable for methylation and bioaccumulation, and 3) 

estuaries are complex environments in a constant suite of physical change (Le., variations 



in saiinity and water movement). 

Introduction 
Only a srnail percentage of the totai mercury in water and sedirnents is 

methylrnercury. However, it is the most toxic form of mercury which biomagnifiest in the 

food web to levels that rnay cause harmfid neurological, and possibly immunological 

effects (AMAP 1998, National Research Council2000). As die- transfer is the main 

uptake route of mercury in higher trophic level organisms, there is some concem that 

North Americans who consume fish, especially women of childbearing age, may be 

exposed to dangerous levels of mercury (Hall et al. 1997, Harris and Snodgrass 1993). A 

number of health effects have been found to be associated with mercury exposure during 

fetal development, including cerebral palsy, mental retardation, and lack of ce11 growth 

and brain development (National Research Council2000). It was recently reported that 1 

to 3% of women in United States eat fish with sufficient quantities of mercury to be at 

risk (National Research Council2000). In Canada, a recent review of two studies showed 

that 29% of Inuit women fiom Baffin Island and 37% fiom Nunavik consumed food with 

mercury levels that exceeded the acceptable Tolerable Intake Dose of 5 pgkg bw/week 

(AMAP 2 998). In 1999, there were two province-wide consurnption advisories, and more 

than 2,800 individual advisories for fish that have mercury levels that exceed 0.5 pg/g on 

a wet wt basis (Health and Welfare Canada 1990, USEPA 1999). 

In aquatic food webs, nitrogen isotope ratios ("N and 'fN) are used to quanti@ 

- - - - 

1 Biomagnification is defined as the net increase of a contaminant in an organism relative to its food 
source. 



trophic positions and food chah lengths (Minagawa and Wada 1984). Nitrogen isotope 

ratios are commonly expressed as "del notation" (6) and have the uni& of parts per 

thousand or "per mil" (%a) difference fiom the standard (atmospheric NJ using the 

fol10 wing equation: 

Consistently, a trophic enrichment factor of 3 to 5% of the heavier nitrogen isotope 

(6%) is seen in biota compared to their food (Minagawa and Wada 1984). This 

enrichment is due to preferential elimination of the lighter "N isotope (Minagawa and 

Wada 1984). A major advantage in using 6'% as an indicator of an organism's trophic 

position is that it represents the assimiliable nitrogen fiom an organism's diet. Van der 

Zanden et al. (1 997) verified a close relationship between mean dietary trophic positions 

(using traditional dietary methods) and 6"N-defined trophic positions of fish. In their 

study, walleye and northem pike (with a diet of 85% fish) had higher 6ISN values than 

smallmouth and largemouth bass (with a diet of 37 to 50% fish), followed by 

pumpkinseed, yellow perch and rock bass (with a diet of 4 7% fish). Cabana and 

Rasmussen (1 994) also published a study that showed a showed a strong correlation 

between mean mercury levels in lake trout fiom seven Ontario and Québec lakes and 

their mean 6% values. 

The dope of a plot of l o g , , ~ g ]  versus S'W, known as the Biomagnification Slope 

(BMS), has been used to represent the degree of biomagnification. A larger BMS 

indicates a greater degree of biomagnification. This approach has been useful in 

77 



cornparing the degree to which different organochlorines biornagniQ, such as toxaphene, 

PCBs, a-HCH, p,p '-DDE, LDDT, tram-nonachlor, mirex, and PCDDs (Broman et al. 

1992, Kidd et al. 1995a, Kiriluk et al, 1995, Jarmen et al. 1996, Kidd et al. 1998). In this 

study, BMSs were used to detennine whether there are cross-system differences in the 

biornagnification of mercury. A cornparison of BMSs is made with mercury and 8% 

data fiom the Miramichi River Estuary (this study) and nine lake food webs (Kidd et al. 

1995b, Grimrnard 1996), dong with those reported for two m a ~ e  food webs (Jarman et 

al. 1996, Atwell et al. 1998). 

Methodology 
Estuarine Data. Detailed descriptions of the estuarine study site2, field and lab 

methodologies (mercury' and isotope methods4) are provided in Chapter 2 of this thesis, 

and Appendix 4. 

Lake Data. Log,,wg], , and 6% data published for fish fiom six Northwestern 

Ontario Lakes (Trout, Sydney, Musclow, Linge, Orange, Green) were obtained fkom 

Kidd (May 2000, person. comrn.). Kidd's data was transformed to dry wt by assuming 

that 85% of the fish weight was water. This transformation did not change the dopes 

published by Kidd et al. (1 995b), however it did raise the Y-intercepts. In this study, up 

to seven species of fish were analyzed for each lake. 

2 Samples were collected fiom the Miramichi River Estuary (Loggieville, New Brunswick, Canada) at 
latitude 47O04'57" and longitude 6S023'80" 
3 A total of 3 sediments, 6 1 deposit- and filter-feeding invertebrates, and 1 1 1 planktivorous, benthivorous, 
and carnivorous fish were collected fiom the Miramichi River Estuary in May 1996 and analyzed for toal 
mercury using Cold Vapor Atomic Absorption Spectroscopy (CVAAS) with a Md000 Mercury Analyzer 
(CETAC Technologies Inc., Omaha, Nebraska, USA). 



Log,,[Hg], , and S1% values were published for one reservoir (Réservoir La 

Grande) and two lake food webs fiom Québec (Lac Ducan and Lac Detcheveny) and 

obtained from Grimard (1996). Grimard's sampling was more extensive with data for 

sediments, zooplankton, five families of invertebrates, and six species of fish. 

Marine Data. BMSs for two marine food webs were published (Jarman et al. 

1996, Atwell et al. 1998). In these studies, a BMS of 0.20 was recorded for Lancaster 

Sound (NWT). A BMS of 0.74 was published for the Farallon Islands food web (Gulf of 

Farallones). However, this calculation was done using natural logarithm @[Hg ],, 3. 

This vaiue converts into a BMS of 0.32 on a log,,[Hg J, , basis. 

Statistics. An ANOVA (a=0.05) was used to determine if there was a significant 

regression between log,,wg] versus S"N for the nine lakes one estuarine food web. An 

ANCOVA (a=)-05) was then conducted to determine if the BMSs were the same. Al1 

statistical analysis was conducted on mercury levels, on a pg g-' dry wt basis, using with 

Statistica Software, version 5.1 (Statsoft, Inc. Tulsa, OK, USA). 

Results 
No significant relationship between log,,wg] versus S"N (ANûVA, P>0.05) was 

found for the estuarine food web. Conversely, a significant relationship between 

log,,Fg] versus 6''N values was found for the nine lake food webs and those published 

for the two marine food webs. The BMSs for the nine lake ranged fiom 0.17 to 0.48 and 

are summarized in Table 1. For the marine ecosystems, the reported BMSs for the 

4 Al1 samples were analyzed for 6''N using a Finnigan Mat lleltaPLUS IRMS with a Conflow II Interface 
(Finnigan Mat, San Jose, CA, USA). 



Lancaster Sound (NWT) food web was 0.20 and for the Gulf of Farallones food web was 

0.32 (Jarman et al. 1996, Atwell et al. 1998). Only Green Lake (0.48 f 0.05) had a 

significantly different BMS (ANCOVA, P<0.05) fiom the other eight lakes (Trout, 

Sydney, Musclow, Linge, Orange, Lac Ducan, Lac Detcheverry, and Réservoir La 

Grande). Non-significant differences in BMSs among the eight lakes pennitted the data to 

be pooled (ANCOVA, P>0.05) with a BMS of 0.20 $r 0.0080. 

Discussion 
Non-significant differences in BMSs for the eight lake food webs indicates 

mercury biomagnifies in a fairly consistent manner in these ecosystems. These lakes had 

a pooled BMS of 0.20 + 0.0080. A BMS of 0.2 was also obtained for one marine food 

web, Lancaster Sound (NWT) which supports mercury biomagnifies in a similar manner 

to the eight lake ecosystems. 

Green Lake had a significantly higher BMS (0.48 i 0.05) when compared to the 

other eight lakes (Table 1). This may be attributed to Green Lake's iimited sample size 

(n=12) with only two species of fish, or that mercury may biomagniQ differently in this 

lake. The other eight lakes had larger sample sizes (11224) and at least five fish species 

were sampled at each lake. 

A BMS of 0.32 for mercury was calculated for the Gulf of Farallones food web 

(Jarman et al. 1996). This food web also appears to be highiy contaminated with 

organochlonnes. This study reports a BMS for PCBs of 0.88 and for ZDDT of 0.79. In 

comparison, the BMS for PCBs was close to a order of magnitude higher than obtained 

for the food web nom Lake Ontario (0.09 * 0.01) (Kiriluk et al. 1995). Considerably 
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lower BMSs were recorded for XDDT for food webs fiom Lake Ontario and Lake 

Laberge of 0.09 f 0.01 and 0.32 f 0.03, respectively (Kidd et al. 1998, Kiriluk et ai. 

1995). As reported by Jannan et al. 1996, the Farallon Islands study site was highly 

contaminated fiorn ocean dumping of radioactive and chernical wastes from 1946 to 

1962. 

There are a number of factors that may contribute to the lack of relationship 

between log , ,~g]  versus 6% for the Miramichi River Es- food web. First, as seen 

fiom Chapter 2, estuarine organisms may feed on foods with differing mercury and 6'% 

values. Secondly, inorganic mercury may bind with a number of complexing agents in the 

estuary environment (such as, CL-, Br-, 1-, OH-, suifides and organic ligands) thereby 

rendering it unavailable for methylmercury production and bioaccumulation in the 

estuarine food web. Finally, a large variability in l o g , , ~ g ]  and 6% values may be 

inherent in estuarine organisms due to their high degree of mobility, and dynarnic 

exchange between fkesh- and sait-waters, sediments and water coiumn @ay 1989, 

Costama et. ai. 1993). Even though there is lirnited data on mercury and 6'% values for 

aquatic food webs, the results of this study indicate cross-system cornparisons of BMS 

are useful in comparing similarities and differences in mercury bioaccumulation. 
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Table 1. Summary of regression statistics: sample size (n), slope i standard error (SE), Y-intercept, and 8 from a regression of 
log,,[Hg] versus 6 ' ' ~  values for nine lake and hvo marine food webs (ANOVA, P<O.OS). 

n 
Trout Lake, Ontario 

3 O 

Sydney Lake, Ontario 
39 

Musclow Lake, Ontario 
26 

Linge Lake, Ontario 
3 1 

Orange Lake, Ontario 
24 

Green Lake, Ontario 12 
Lac Ducan and Lac 
Detcheveny, Québec 72 

Québec 

Farallon Islands, 
Gulf of Farallones 

Lancaster Sound, NWT unknown 

Miramichi River 
Estuary, 

New Brunswick 

POM, invertebrates (n= 12 species), fish (n=2 0.2 -3.3 
species), marine birds (n=8 species) and 
mammals (n=5 species) 
sediments, sand shrimp, oysters, ribbed 
mussels, deposit-feeding clams, sofi-shell 0.043 i 0.02 1 - 1.26 I 0,26 
clams, rainbow smelt, tomcod, stickleback, 

5 References 

0.58 Kidd et al. 1995b 

0.5 1 Kidd et al. 199Sb 

0.47 Kidd et al, 1995b 

0.53 1 Kidd et al. 1995b 1 Kiddstal 199% 

Kidd et al. 1995 b 

0.69 Grimmard 1996 

0.74 Grimmard 1996 





OVERALL CONCLUSIONS 

On a 6°C and 6% basis, three different sources of energy were identified: 

temestrial carbon, in situ estuarine primary production, and marine phytoplankton. 

Isotopicdly depleted S"C and 6% values verified terrestrial carbon was a major source 

of energy to estuarine sediments and SPM. This is not surprising, as the average annual 

freshwater inflow to the estuary is 250 rn3 s" with an average SPM concentration of 1 1 

mg L". 

Even though the Miramichi River Estuary is dominated by physical and chernical 

forces, a distinct food web structure was identified on the bais of S"C and 6'% values. A 

cluster analysis of mean 6I3C and 6''N values for 47 abiotic and biotic groups in this 

study structured the community of plants and animais into eight natural clusters: 1 ) 

estuarine sediment, and esnianne and fieshwater SPM; 2) estuarine and marine primary 

producers; 3) freshwater fish and subrnerged terrestriai leaf Litter, and estuarine oysters; 4) 

estuarine filter-feeding invertebrates; 5) esnianne deposit-feeding invertebrates; 6) 

estuarine planktivorous and benthivorous fish, some benthic invertebrates, and two filter- 

feeding marine fish; 7) esniarine camivorous and two benthivorous fish; and 8) double 

crested cormorant egg (whites and yollcs). 

The results of this analysis show that for this coastal ecosystem, no distinction can 

be made in 6°C and 6 ' ' ~  values between estuarine and marine primary producers and 

filter-feeding fish, whereas freshwater fish and subrnerged terrestrial leaf litter were 

characterised by their isotopicaily light 6 ' ) ~  values. 



A 8l3C-TEF of 1 -87 * 0.16%~ and a 8%-TEF of 2-94 * O.l4%0 were calcuiated for 

the Miramichi River Estuary food web. For the Miramichi River Estuary food web, the 

number of 615N-defined trophic levels was 4.7, assuming estuarine SPM represents 

trophic level #1 and the double crested cormorant (egg yoik) was the top predator. This is 

within the range of levels reported for other fieshwater and marine food webs (3.8 to 5.1). 

The results of this study show that even though estuaries are characterized by a high 

degree of organism mobility and continuous changes in saiinity and water movement, the 

trophic interactions and food web structure, as defined by 8% and 6'%, were predictable 

and similar to those observed in fkesh and marine food webs. 

Planlaivorous fish were depleted in 613c when compared to bottom-feeding fish by 

1.8 1%0. Similarly, filter-feeding clams were depleted in 6°C by 3.68%0 when compared 

to deposit-feeding invertebrates. This evidence supports the use of 5I3C in separating 

pelagic- fiom benthic-oriented organisms, different sources of food, and pathways of 

mercury uptake in the Miramichi River Estuary and other aquatic ecosystems. 

Generally mercury concentrations correlate well to 6'5N in aquatic food webs, as 

reported for nine lake and two marine food webs. A lack of relationship between 

log,,[Hg] versus SI5N, as seen for the Miramichi River Estuary food web, could be 

attributed to a number of factors. First, estuarine organism may feed on foods with 

d i f f e ~ g  mercury and 6I5N values, as seen for lower trophic Level invertebrates and fish. 

Benthic fish had significantly higher levels of mercury than pelagic fish of the same 6%- 

defined trophic level. Filter-feeding clams, although of a lower G"N-defined trophic 

position, had significantly higher mercury levels than deposit-feedïng invertebrates. 
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Secondly, horganic mercury may bind with a number o f  complexing agents in the 

estuary (such as, Cl', Br', I', OH', sulfides and organic ligands) thereby rendering it 

unavailable for methyimercury production and bioaccumulation in the estuarine food 

web. Finally a large variability in l o g , , ~ g ]  and Si% values may be inherent in estuarine 

organisms due to the high degree of  organisrn mobility, and dynamic exchange between 

fresh- and salt-waters, and sedirnents and water column. 
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APPENDICES 



Appendix A: Detailed Description of Lab and Field Methods 

DescrriPtr'on of Study Site 
Physical descriptions of the Miramichi River Estuary are well documented 

(PhiIpott 1978, Vilks and Kraul 198 1, Chiasson 1995, St-Hilaire et ai. 1995). It has a 

drainage m a  of 14,000 km2. The average depth of the river estuary is 5 m, with a tidal 

range is between 0.2 and 1.2 m. Between Loggieville and Chatham, a highly stratified 

sait wedge occurs throughout the year (even during weak midsurnmer fieshwater flows) 

and is dominant over currents caused by winds and tides. The upper layer is 

approximately 2 rn in depth and the salinity difference between the upper and bottoms 

layers is usually 12 ppt (St-Hilaire et al. 1995). During high inflows (~291 m3 s-') the 

upper layer of the sait wedge has a salinity of 4 parts per thousand @pt) and the bottom 

layer of 20 to 22 ppt. During low inflow (173 m3 s-') the upper layer has a salinity of 12 

ppt and bottom of 22 to 24 ppt. Temperature differences between the surface and bottom 

are typically between 1 and 2 O C .  This part of the estuary may partially mix if fieshwater 

flow is low, hi& winds exist, and there is no ice cover (St-Hilaire et al. 1995). Annual 

ranges of SPM were between 1.8 to 70.4 mg L-' (St-Hilaire et al. 1995). Total dissolved 

solids of 22 mg L-' were obsemed in the Miramichi River Estuary (Chiasson 1995). 

Based on a flushing time of the estuary of 4 and 5 tide cycles, it was estimated that only 

23% of the contaminants entenng the estuary will flush out to the ocean, and the rest will 

settle to the estuary bottom (Vilks and Krauel 198 1). 



Al1 tools (Le., scissors and tweezers) and storage containers (Le., glas  jars and tin foil) 

used in handling the samples were pre-washed with three nnses of reagent grade acetone 

followed by three   ses of reagent grade hexane. 

Sam~le Collection 
Two licences were obtained to collect samples. One was with Department of 

Fisheries and Oceans to collect aquatic samples (M-96-12) and the other was with 
I 

Canadian Wildlife Service (Sackville, NS) to collect double crested cormorant 

(Phalacrocorax auritw) eggs and chicks. 

Al1 fish were obtained in collaboration with the Toxic Chernical Program's 

sampling crew (J. Williams and C .  Vardy), Department of Fisheries full-time and surnmer 

staff(J. Arsenault, Gerald Chaput, Erin Taylor) or local fisherman (Paul Kelly). During 

low tide, Fyke and Gaspereau nets (2.4 and 3.1 cm mesh, respectively) were set and 

checked daily in a flat-bottom plywood boat (scow). Smooth flounder (Pleuronectes 

putnami Gill) and winter flounder (Pleuronectes americanus Walbaurn), Atlantic tomcod 

(Microgadus tomcod Waibaum), and rainbow smelt (Osmerus mordax Mitchell) were 

collected fiom the Fyke nets. Eels (Anguilla rostrata Lesueur), and stnped bass (Morone 

saxatilis Waibaum) were obtained fiom the Gaspereau nets. Sand shrimp (Crangon 

septemspinosa Say) and small fish (three-spine stickleback (Gasterosteus wheatiandi 

Linnaeus), rainbow smelt, winter flounder, and m d c h o g  (Fundulus heteroclitus 

Linnaeus) were obtained with a beach seine (30 m x 1.8 with 6 mm mesh). Bar clams 

(Mya arenaria Limaeus) were obtained by shovelling into the soft silty-clay during a low 



tide. Sea grass (VaZZisneria americana Michx) was hand-picked dong the shore line and 

from an Ekman Grab. Oysters (Crassosîrea virginica Say) and nbbed mussels 

(Geukenisa demissa Dilwyn) were picked off the sedimenthocky bottom durhg low 

tides. 

Prior to collecting water samples, 18 L stainless steel canisters were rinsed three 

times with estuarine water. Water samples were collected by submerging the water 

canisters one arms length below the surface of the water. 

Ten sediment samples were collected using an Ekman Grab near the Loggieville 

wharf. Sediment samples was placed into glas  jars using stainless steel spoons- 

Water, mimows, and submerged terrestrial leaf litter samples were collected at 

one estuary and two freshwater sites: at the Loggieville wharf (Mirarnichi River Estuary), 

Renous Indian Reserve 12 Bridge (Southwest Miramichi River), and the Red Bank Indian 

Reserve Bridge (Northwest Miramichi River), respectively . Minnows were captured 

using a hand-held minnow net. Submerged terrestrial leaf litter (species unknown) was 

collected from the bottom of the rivers and estuary and placed directiy into plastic ziplock 

bags. 

On May 24, ten double crested cormorant eggs (PhaZacrocorm aurirus) were 

collected in collaboration with N. Burgess (CWS, Sackville, NS) fiom Egg Island, Outer 

Miramichi. A ride to Egg Island was arranged with locals Henry Collins, Ralph Taylor, 

and Paulette Dickson. Eggs were transported back to the lab in a fishing tackle box with 

Styro foam padding . 



Atlantic hemng fiom the Northumberland Strait were obtained fiom field worker 

Doris Daigle (Dept. of Fisheries and Oceans, Moncton, New B w w i c k ,  Canada). 

Sample Trans~ortafion and Storaue 
Al1 invertebrate and fish sarnples were transported in coolers to the Department of 

Fisheries and Ocean's (DFO) contaminant lab. At the lab, the species, length, weight, and 

sex of each fish was recorded. For preservation and for eventual contaminant analysis, 

large sized fish were individually wrapped in thfoi1 and stored at -20 OC. Ail filter- 

feeding clams were placed in plastic bags prior to storage in the -20 OC fieezer. 

Invertebrates, such as deposit-feeding clams, polychaetes were placed directly into g l a s  

jars, and stored in the fieezer upon mival at the DFO lab. Water, submerged terrestrial 

leaf litter, and sediment samples were placed directly into -20 OC. 

BQ Preoaration 
At the lab, the weight, maximum length, and two equator widths of each egg was 

recorded. Egg shells were carefûlly dissected in half using a scalpel. Egg whites and 

yolks were separated, weighed, and fiozen in glass jars for contaminant analysis. Egg 

shell ùiickness was measured afier air drying for two months. 

Fish Aaeinq 
Fish were aged with methods presented by Chilton and Bearnish (1982) and 

Brothers et al. (1 976). The largest pair of otoliths (sagittae) were removed fiom the head 

of the fish. A single sagitta was embedded in a Buehler Epoxy Resin and Hardener 

( 5 :  1 /v:v) on a g l a s  slide. After 24 hrs, the otoliths were ground to the nucleus with a 

Hillquist T h h  Sector (Athol, Mass., USA) grinder and finely polished with a Hillquist 



Polisher (Seattle, Wash., USA) sand paper. To enhance the contrast between opaque and 

translucent zones, cooking oïl was allowed to soak in the sectioned plane. Annuli were 

counted under magnification with a Bausch & Lomb stereo-microscope. 

Stomach Contents 
Stomach contents were removed fiom the cardiac stomach of fiozen fish and 

preserved in 10% formalin. With the aid of a dissecting microscope, food items were 

identified. The number of individuals in each food category was recorded and expressed 

as a percentage of the total number of food items (Hyslop 1980) as given by the followhg 

formula: 

No. of specific food item 
Percent composition b y number = 

Total No. of all food items X l o o  

This study was not designed to determine the weight of gut contents for the ten species of 

fish fkom this estuary, as they have different feeding times and behaviors. 

At the GG Hatch Isotope Laboratories (Ottawa University, Ottawa, Ontario, 

Canada), ail samples were weighed into tin capsules, folded, and placed into the 

elemental analyzer (EA) sample camusel. The samples were flash-combusted at 1800 OC 

under a continuous Stream of O,. C & N isotopes were measured fiom the same 

combustion after separation of N, and CO2 gases with a chromatographie column. Helium 

gas carried the separated gases to the mass spectrometer for stable isotope analysis. AU 

isotope analysis was canied out with an automated CE Instrument EA- 1 10 (elemental C 

& N analyzer) coupled to a Finnigan Mat DeltaPLUS IRMS by a Conflow II Interface. 



Stable carbon and nitrogen isotope ratios are expressed as "delta" notation (6) 

using the following formula, and have units of parts per thousand or "per mil" (960). 6% 

values were calculated using atrnospheric N, as the standard. 6 " ~  values were calculated 

using Pee Dee Belemnite (VPDB). 

Sub-samples of skinless dorsal muscle were taken fiom fish and freeze-dried. 

Similarly skeltonless tissue was fieeze-dried for large-sized invertebrates. Optimal fish 

and invertebrate weights of 250 pg (dry wt) were analyzed for carbon and nitrogen 

isotopes 

To remove al1 inorganic carbon, al1 samples in direct contact with estuarine waters 

were placed into a 10Y0 HCl solution for two hours and rinsed three times with de-ionized 

water. Samples were then fieeze-dried. 

Ten samples of an intemal reference sample (tomcod) had resulted in a mean 6I3C 

value of - 16.99 f O.OS%O (+ SE) and S"N of 13 -99 c 0.45%0. For every 27 samples, two 

additional carbon (USGS-24 graphite and NBS No.21 graphite) and nitrogen (USES-25 

No. 12 and IAEA-N-2 No. 245) standard reference materials (LIST and IAEA) were run, 

and one interna1 striped bass standard. The additional carbon and nitrogen standards were 

used to help correct for any drift in values between runs. 

Total Mercuty Analvsis 
Total mercury was measured by Cold-Vapor Atomic Absorption 

Spectrophotometer (CVASS) with a Varian M-6OOOA mode1 (CETAC Technologies, 



Omaha, Nebraska, USA). 

Al1 fish muscle were analyzed in triplicate. Between 0.3 and 0.4 g of dorsal fish 

muscle was placed in Feulin-Wu tubes with 5 ml of reagent grade su1func:nitric acid (4:l 

v/v). Each sample was digested on a block heater (90 OC) for 2 hrs and cooled in a water 

bath. To oxidized any remaining organic material, three installments (5 ml each) of 

potassium permanganate (60 g L-') were added and vortexed into the solution. Samples 

were allowed to stand for a minimum of two hrs. Finally to decompose any excess 

permanganate cornplex, hydrogen peroxide (30% Fisher reagent grade) was added drop- 

wise until the solution turned slightly pink. De-ionized water was added to make a final 

volume of 25 ml. 

Digested samples were mixed with a strong reducing agent, 10 % stannous 

chloride (Mallinckrodt AR grade) in 7% HCL and directed over g l a s  column in a gas- 

liquid separator. Reduced Hg0 vapor is carried by a carrier gas (Ar reagent grade) and 

measured for transmitted radiant power (P) at 254 nm. 

Mercury Calibration Standards 
One of two five-point calibration standards (0.01 to 1.43 pg L-' or O. 1 to 9.14 w 

L-') was prepared daily fiom a "Baker Instra-Analyzed" (VWR Scientific Products, West 

Chester, PA, USA) 1,000 pg ml-' Hg stock solution. Al1 standards and blanks were 

prepared in the sarne way and time as the estuarine samples 

Mercutv Standard Reference Material 
A full set of standards were analyzed at the beginning of the run, and a second set 

at the end of the run. To establish accuracy, a standard reference material, DORM-2 
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certified dogfish muscle (NRC, Ottawa, ON, Canada) was analyzed in triplicate for each 

sample m. Sample analysis was repeated if the matrix spike was not between 90 and 

1 10% recovery. Mercury recoveries fiom DORM-2 standards (n=85) were 100 * 1.4% 

(ISE). To confirm the instrument response, each day an additional intenial reference fish 

was andyzed and the recovery was 10 1 * 12.5%. Six reagent blanks were included in 

each analysis of 1 1 sarnples. 

Limit of Detection 
The limit of detection (LOD) was determined by the following formula fiom 

Schmitt and Bnimbaugh (1990): 

LOD = 3 (S2, + ~ ~ 3 ~ ~  

where S2, + s~~ are the variances of concentrations measured for procedural blanks and 

low-level sample, respectively. The LOD for mercury in fish muscle was 0.83 + 0.17 ng 

g-' (dry wt) in rnid-sensitivity mode (operating equipment in medium throughput range of 

0.05 - 12.0 ppb) and 0.55 * 0.17 ng g-' (dry wt) for high sensitivity mode (operating 

equipment in very low concentration range of 0.002 - 0.5 ppb). 

Precision 
The precision, expressed as the relative standard deviation (RSD) of the analytical 

method was always below 3.6%. 



Appendix B: Gut Contents 

Table B-1. Stornach contents of fish from the Miramichi River Estuary based on the presence of prey items. Abb: 
phytoplankton (PhytoP), zooplankton (ZooP), Eurytemora affltris (Eury), Chaoborusjlavkanus (Chaob), polychaetes and 
oligochaetes (Worm), Deposit-feeding clams (Worm), estuarine sea grass (Veg), sediment (Sed), and unidentifiable organic 
matter (Uniden OM). 

- i 

FW Grass Uniden Fish 
Empty PhytoP ZooP Eury Mysids Chaob lnvert Worm Snail Shrimp Crabs Mac Veg Detritus Sed OM Eggs Fish 

GS-1 1 



Table B- I continue: Gut contents of fish. 
- .  

FW Grass Uniden Fish 
Ernpty PhytoP ZooP Eury Mysids Chaob lnvert Worm Snail Shrimp Crabs Mac Veg Detritus Sed OM Eggs Fish 

HR-8 1 
HR-9 
MC-21 
MC-22 
MC-23 
MC-24 
MC-25 
MC-28 
MC-27 
MC-28 
SK-1 
SK-2 
SUS 
SK4 
SK-6 
SK-ô 
SK-7 
SK-8 
SB-1 
SB-1 2 
SB-19 
SB920 
SB3 
SB-S 
SB-9 
SB-15 
SB44 











Table 8- 1 continue: Gut contents of fish. 
FW Grass Uniden Fish 

Empty PhytoP ZooP Eury Mysids Chaob Invert Worm Snail Shrimp Crabs Mac Veg Detritus Sed OM Eggs Fish, 
STSS 1 





Table C-1 continue: Attributes of biota, 615N and 613C values, and mercury levels. 
i 

Sample Wt Length Age % [Hg] pglg wet wt Avg. log10 khll~i919 dry Avg log 1 O 
id g cm Sex y 615N 613C H20 (n=l) (n=2) (n=3) [Hg] stdev [Hg] (n=l) (n=2) (n=3) [Hg) stdev [Hg] 

MC-24 
MC-25 
MC-26 
MC-27 
MC-28 
SK- 1 
SK-2 
SK-3 
SK-4 
SK-5 
SK-6 
SK-7 
SK-8 
DC-1 
DC-2 
DC-3 
DC-4 
DC-5 
DC-6 
DC-7 
DC-8 
DC-9 
DC-10 

male 
female 
female 
female 
male 

female 
male 
male 
mate 

female 
male 

female 
female 
female 
female 
male 

female 
inden 
inden 
inden 
inden 
inden 
inden 
inden 
inden 
inden 
inden 



Table C-1 continue: Attributes of biota, Sl5N and 613C values, and mcrcury levels, 

Sample Wt Length Age % [Hg] pglg wet wt Avg. log10 h l ]  dry wt Av4 log 1 O 

id g cm Sex y 615N 613C H20 (n=l) (n=2) (n=3) [Hg] stdev [Hg] (n=l) (n=2) (n=3) [Hg] stdev [Hg] 
immature 
immature 

male 
immature 
immature 

male 
female 
female 
male 
male 
male 
male 

female 
male 

female 
female 
female 
female 
female 
inden 

female 
female 
female 
female 
male 

immature 
immature 



Table C-1 continue: Attribrttes of biota, 615N and 613C values, and mercury levels. 
1) i 

Sample Wt Length Age % [Hg] pglg wet wt Avg. log10 [Hg] Ml& dry wt Avg log10 
id 9 cm Sex y 615N 613C H20 (n=1) (n=2) (n=3) [Hg] stdev [Hg] (n=1) (n=2) (n=3) [Hg] stdev [Hg] 

SMS-18 0.99 5.6 immature 1 79.7 0.016 0.016 -1.807 0.077 0.077 -1.1 15 
SMS-19 
SMS-17 
SMS-20 
SMS-11 
SMS-15 

SMS-12 
SMS- 16 
SMS-9 
SMS-5 
SMS-6 
SMS-2 
SMS-3 
SMS-10 

SMS-1 
SMS-8 
SMS-7 
SMS4 

immature 
immature 
immature 
immature 
immature 

immature 
immature 
immature 
immature 
immature 
immature 
immature 
immature 

immature 
immature 
immature 
immature 

sm-13 26,9 18,9 male 2+ 13.82 -18,14 75.2 0.070 0,055 0,080 0,068 0,013 -1,166 0,280 0.222 
sm-19 27.9 16.9 male 2+ 12.92 -18.37 76.3 0.025 0.044 0.028 0.033 0.010 -1.488 0.107 0.186 
sm-17 31.5 18.2 male 2+ 14.00 -17.13 68.4 0.040 0.040 -1.403 0.125 
sm-22 34.6 18.2 male 2+ 14.23 -17.65 77 0.025 0.029 0.031 0.028 0,003 -1,548 0.109 0.126 
SM-25 36.2 18.1 femalet 2+ 81.6 0.020 0.022 0.016 0.019 0,003 -1.711 0.108 0.121 
SM-27 38.1 17.8 male 2+ 77.8 0.019 0,017 0.016 0.017 0,002 -1.760 0,087 0.076 
sm-18 40.2 19.1 male 2+ 13.70 -17.88 71,8 0.038 0.035 0,037 0,037 0.002 -1.436 0.135 0.124 0.131 0.130 0.005 -0.886 
sm-12 40.4 18.3 female 2+ 77 
sm-6 41.5 18.6 fernale+ 2+ 13.64 -16.40 77 0.078 0.054 0.066 -1.181 0,337 0.237 0.287 -0.543 





Table C-1 continue: Attributes ofbiota, 615N end 613C values, and mercury levels. 
Sample Wt Length &Je  % [Hg] pglg wet wt Avg. log1 O [Hg] ~ 9 / 9  dry wt Avg log10 

id 9 c m  Sex y 615N 613C H20 (n=l) (n=2) (n=3) [Hg] stdev [Hg] (n=l) (n=2) (n=3) [Hg] stdev [Hg] 
TC-43 149,6 29.1 male 3 14,65 -17.86 80.8 0.413 0,297 0.328 0.346 0.060 -0.461 2.151 1,547 1,708 1,802 0.313 0.256 
TRT-1 10.55 -25.00 76.2 0.064 0.069 0.067 0.067 0.003 -1.177 0.267 0,289 0.282 0,279 0.011 -0.554 
WF-22 103.8 21.4 femate A 11.95 -19.00 80 0.114 0,157 0.142 0.138 0.022 -0.862 0.570 0,784 0,709 0.688 0.109 -0.163 
WF-26 91.1 19.9 male A 12.22 -18.27 79 0.076 0.041 0.060 0,059 0.017 -1.230 0.361 0.196 0.284 0.280 0.082 -0.552 
WF-27 94.9 21.6 female A 13.1 1 -1 7.09 79.3 0.033 0.033 0.032 0.033 0.001 -1.487 0.159 0,158 0.1 54 0.1 57 0.003 -0.803 
WF-28 115.5 20 female A 12.76 -17.42 79.7 0.084 0.076 0.083 0.081 0.004 -1.092 0.414 0.374 0,409 0.399 0.022 -0.399 
WF-31 115.1 21.8 female A 11.76 -19.71 78.4 0.057 0.062 0.062 0.060 0.003 -1.221 0.263 0,285 0,286 0.278 0.013 -0.556 
WF-32 87.8 19.8 male A 13.17 -18.60 74.4 0.022 0.022 -1.658 0.086 0.086 -1.066 
WF-36 45.2 15.6 mate A 11.72 -19.72 79.7 0.077 0.051 0.060 0.063 0.013 -1,202 0.381 0.251 0.297 0.310 0.066 -0.509 
WF-37 201.3 25.8 femafe A 12.25 -18.70 79.7 0.135 0,145 0.140 0,007 -0.854 0.666 0.714 0.690 0,034 -0.161 
WF-38 42.9 15 male A 11.69 -18.24 78.4 0.040 0,004 0.043 0.042 0,002 -1,375 0,184 0.203 0.198 0.195 0.010 -0.710 
W-40 9.2 - immature 3 12.69 -19.08 79.7 0.033 0.031 0,035 0.033 0,002 -1.482 0.162 0.152 0.173 0,162 0.011 -0.790 
WF41 5,1 - immature J 13.00 -18.36 76.9 0.036 0.036 -1.447 0.154 O, 154 -0.81 1 
WFS-1 4.6 6.8 immature J 11.83 -21.90 78.9 0.041 0,041 -1.391 0,193 O. 193 -0.715 
WFS-2 10,M 8.2 immature J 12.90 -21.73 79.3 0.026 0.026 -1.590 0.124 O, 1 24 -0.906 
WFS-3 4.25 6.2 immature J 12.74 -20.81 81.8 
WFS-4 3.85 6 immature J 12.69 -20.27 85.2 0.046 0.046 -1.337 0.31f 0.31 1 -0,507 
WFS-5 8.89 7.7 immature J 12.63 -20.50 79.6 0.013 0.01 3 -1.880 0.065 0.065 -1.190 
WFS-6 10.25 8.2 immature J 12.35 -21.19 83.3 0.018 0.01 8 -1.754 0.105 0,105 -0.977 
WFS-7 6.89 7.4 immature J 81.2 
WFS-8 9.5 8.2 immature J 12.09 -21.60 80.5 0.017 0.01 7 -1.779 0.085 0.085 -1 .O69 
WFS-9 4.35 6.1 immature J 13.01 -20.06 79.9 0.036 0.036 -1.441 0.180 O. 180 -0.745 
WFS-10 3,86 5.9 immature J 12.49 -22.27 79.6 0.031 0.031 -t,504 0.154 O. 1 54 -OB1 3 
GW-1 22.9 52.6 16,23 -18.85 98.82 0.024 0.039 0.025 0.029 0.009 -1.532 2.007 3.324 2.133 2.488 0.727 0.396 
GW-10 29.1 56 16.45 -19.72 98.7 0.025 0,032 0.032 0,030 0.004 -1.526 1,005 2,487 2.482 2.292 0.334 0.360 
GW-2 31.8 60 1536 -18.00 98.9 0.067 0.053 0,000 0,040 0.035 -1.397 6.089 4.847 0.000 3.645 3.218 0.562 
GW-3 55.2 16.43 -18.21 98.5 0.022 0.043 0.062 0,042 0.020 -1.374 1.453 2.886 4.1 10 2.816 1.330 0.450 



Table C- 1 continue: Attributes of biota, 615N and 61 3C values, and mercury levels. 
Sample Wt Length Age % [Hg] pglg wet wt Avg . log1 O (Hgl ~919 dry Avg 10910 

id 9 cm Sex y 615N 613C H20 (n=l) (n=2) (n=3) [Hg] stdev [Hg] (n=1) (n=2) (n=3) [Hg] stdev [Hg] 
GW-5 28 63 16.04 -20.03 98.7 0.038 0.039 0.0120.030 0.015 -1.524 2.922 3.030 0.959 2.304 1,166 0.362 
GW- 
GW-7 
GW-8 

GW-9 
GY-1 
GY-10 
GY-2 
GY-3 
GY-5 

GY-6 
GY -7 
GY -8 
GY-9 
EEL-1 
EEL-2 
€EL-3 
€EL-4 
EEL-5 
EEL-6 
EEL-7 
EL -8  
STS- 1 

M? 8 
10 

M? 9 
9 

M? 8 
1 O 
9 
9 

inden 
STS-IO 0.5217 3,1 inden 14.03 -21.95 70.3 0,019 0.019 -1.720 0.064 
STS-2 1.2915 4.4 inden 13.89 -22.51 75 0.359 0,359 -0,445 1.436 
STS-3 0.4553 3 inden 12.71 -21.39 56.5 0.014 0,014 -1.845 0.033 
STS-4 0,9876 4 inden 13.21 -22.35 72 0.013 0.01 3 -1.887 0.046 



Table C-1 continue: Altributes of biota, 615N and 613C values, and mercury levels. 
- i 

Sample Wt Length AW % [Hg] pg/g wet wt Avg . log10 (Hg] ~iglg dry wt AW log10 
- . -  - - -  - -  . - . -  

id 9 cm Sex y 615N 613C H20 (n=1) (n=2) (n=3) [Hg] stdev [Hg] (n=l) (n=2) (n=3) [Hg] stdev IHg] 

inderi 
inden 
inden 
inden 
inden 

immature 
femate 
female 
femate 



Table C-1 confinire: Attributes of biota, 615N and 613C values, and mercury levels. 

Sample Wt Length Age % [Hg] pglg wetwl Avg. 
id g cm Sex y 615N 613C H20 (n=1) (n=2) (n=3) [Hg] stdev [Hg] (n=l) (n=2) (n=3) [Hg] stdev [Hg] 

MA-27 7.9 48.9 9.74 -22.61 94 0.026 0.026 -1.590 0.429 0.429 -0.368 
MA-28 
MA-33 
MA-33 
MA4 
MA4 
MA40 
MA-5 
MAC-1 
MAC- 1 
MAC-2 
MAC-2 
MAC3 0.0923 
MAC4 0.0554 
MAC-5 0.0164 
MAC4 0,0496 
MAC-8 0.0146 
MAC-9 0.0202 
MAC-10 0.037 
MAC-7 0.0251 
MAC-S 
MAC-S 
MAC-S 
OY-1 
OY-1 
OY-10 
OY-2 



Table C-l continue: Attributes of bioia, 615N and 613C values, and mercury levels, 
- .. 

Sample Wt Length Age % [Hg] pglg wet wt Avg. log10 [Hg] ~cglg dry Avg log 1 O 
id 9 cm Sex y 615N 613C H20 (n=1) (n=2) (n=3) [Hg] stdev [Hg) (n=l) (n=2) (n=3) [Hg] stdev (Hg] 

OY-3 79 9.53 -24.39 93.5 0.020 0.020 -1.690 0.314 0.314 -0.503 



Table C- I continue: Attributes of biota, 615N and 613C values, and mercury levels. 

Sample Wt Length Age % [Hg] pg/g wet wt Avg, log10 
id g cm Sex y 615N 613C H20 (n=1) (n=2) (n4)  [Hg] stdev [Hg] (n=l) (n=2) (n=3) [Hg] stdev [Hg] 

SEO from Strawberry Marsh 2.49 -25.88 
SPM from the Miramichi River Estuary 3.58 -25.68 
SPM from the Northwest Miramichi 1.43 -27.09 
SPM from the Northwest Miramichi 1.30 1.1 8 -28.23 
SPM from the Southwest Miramichi 1.78 -27.00 
SPM from the Northwest Miramichi (-acid) 3.48 -27.91 
SPM from the Northwest Miramichi (-acid) -1.18 -28.23 
Chaoborus from SM-7 
crab from TC44 
Eurytemora from STS-7 
Eurytemora fram STS-8 
Eurytemora frarn STS-3 
Eurytemora from STS-10 
Euryternora from STS-2 
Euiytemora from Estuarine Water 
Eurytemora from Estuarine Water 

lchthyoplankton from Estuarine 
Water 

lchthyoplankton from Estuarine Water 
Ichthyoplankton from Estuarine 

Water 
lobster lanrae frorn Estuarine Water 
Mysids from SB20 
Mysids from Estuarine Water 
oligochaete from sediment 
polychaetes from SF-1 
polychaetes from SF-3 



Table C-1 continue: Attributes of biota, 615N and 613C values, and mercury levels. 

Sample Wt Length % (Hg] pglg wet wt Avg. log1 0 (Hg] ~iglg dry wt AW log 1 O 

id 9 cm Sex y 615N 813C H20 (n=l) (n=2) (n=3) [Hg] stdev [Hg] (n=1) (n=2) (n=3) [Hg] stdev [Hg] 
polychaetes frorn WFS-6 9.79 -21.89 
Polychaete-1 (no acid wash) 
Polychaete-2 (no acid wash) 
AP-10 
AP-2 
AP-3 
AP-4 
AP-5 
AP-9 
AP-9 
AP-3-N 
F m h  Watec 
RB1 
RB-1 
RE-2 
RE-2-N 
MI-3 
MI-3-N 
M-2 
M-2 
M-2-N 
Estuarine sea nrass: 



Table C-1 continue: Altributes of bio~a, 615N and 613C values, and mercury levels. 
Sample Wt Length Age % [Hg] pglg wet wt Avg. 

id Q Sex y 615N 613C H20 (n=1) (n=2) (n=3) [Hg] stdev [Hg] (n=l) (n=2) (n=3) [Hg] stdev [Hg] 
brawn algae 
AS-ZN 
AS-1-N 
AS-2 
AS- 1 
Marine Samples: 



Table C-1 conrinue: Attributes of biota, 615N and 613C values. and mercurv levels. , 

Sampte Wt Length AW % [Hg] ~ g I g  wet wt Avg. log 1 O (Hg] W h  dry wt Avg hl O 

id g cm Sex y 615N 613C H20 (n=l) (n=2) (n=3) (Hg] stdev [Hg] (n=l) (n=2) (n=3) [Hg] stdev [Hg] 

2-SC-1 304 7.39 -21.92 
2-SC-1 301 7.29 -24.05 
2-SC-1 302 7.92 -24.63 
2-SC-1202 16.47 -20.02 
Z-SC-1308 8.41 -22.19 
Z-SC-1 309 8.25 -23.30 
Z-SC-1320 8.55 -23.98 
Z-SC-1323 7.7 1 -24.26 
Z-SC-1310 7.70 -25,07 



Appendix D: A plot of ail 615N and 6°C values. 

Figure Headings 

Figure 1. A plot of 6"N and 6°C values for 348 fieshwater, marine and estuarine 

samples. Abb: gaspereau (GS), hemng (ER), mummichog (MC), sucker (SIC), age-1 

striped bass (SB-l), age-2 striped b a s  (SB-2), age-3+ striped bass (SB-3+), smooth 

flounder (SF), juvenile rainbow smelt (SMS), age-lrainbuw smelt (SM-l), age-2 rainbow 

smelt (SM-2), age J+ rainbow smelt (SM-3+), age-1 tomcod (TC-1), age-2 tomcod (TC- 

2), age-3+ tomcod (TC-3+), juvenile winter flounder (WF-O), age-l+ winter flounder 

(WF-1), double crested cornorant egg white (White) and egg y o k  (YOLK), eel (EEL), 

sticldeback (sts), sand shrimp (CR), sofbshell clams (MA), deposit-feeding clams 

(MAC), oyster (OY), polychaetes (PO), ribbed mussels (RM), Eel grass (EG), benthic 

dgae (AS), marine phytoplankton (PP), estuarine moplankton (ZP), amphipod 

(AP)sediment (SED), suspended particulate matter fiom the South West Miramichi River 

(SW). Northwest Miramichi River 0, Estuarine Waters (EW),. 



FIGURE 1. 




