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ABSTRACT 

The closure of a bleached kraft mill on the Mattagami River in northern Ontario 

presented an opportunity to study the recovery of two previously studied indicator species 

in response to the removal of pulp mill effluent. The study used stable isotopes of carbon 

(δ13C) and nitrogen (δ15N) in the burrowing mayfly (Hexagenia sp.) and one of its 

predators, the white sucker (Catastomus commersoni). Historical data from the 1990s 

were used to follow temporal changes in δ13C values for both species; changes in δ13C 

values were found in white sucker between mill operation and closure while values for 

mayflies were similar over time. No differences were found in isotope bi-plots or 

comparisons of food chain length for food webs between upstream and downstream sites 

in the Mattagami River, or at the regional reference site. Body size and development for 

Hexagenia sp. were also used to test for residual nutrient enrichment. There was no 

difference between the previously exposed site and the reference sites for either endpoint. 

These results suggest that recovery in the Mattagami River was complete in terms of δ13C 

values within 5 years following the mill’s closure. 
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1. Introduction

Pulp mills have been a major industry in Canada, producing one of the country’s 

largest exports and providing thousands Canadians with jobs (Sinclair 1990). The 

industry has been particularly influential in many northern communities, especially in 

Ontario and Quebec, where in addition to abundant timber resources, several large river 

systems were present to provide access to large volumes of water as required for pulping 

processes and hydroelectric capabilities (Ministry of the Environment 1993; Robinson et 

al. 1994; Kovacs et al. 2002). Prior to high voltage transmission lines and electrical 

transformers, adjacent dams provided low cost power generation for many mills 

(Ministry of the Environment 1993; Kovacs et al 2002).  

Despite the economic benefits of pulp mills, environmental effects on the 

downstream aquatic ecosystems were found. Prior to the 1990s, by-products of the pulp 

mill industry included large volumes of effluents with high biochemical oxygen demand 

(BOD) and total suspended solids (TSS) (Robinson et al. 1994; Pokherl and 

Viraraghavan 2004; McMaster et al. 2006). This led to deleterious effects for aquatic 

organisms including: altered physical habitat (smothering of natural substrates with 

fibrous mats), a reduction in water quality (depressed levels of dissolved oxygen), and the 

release of compounds that were acutely toxic to invertebrates and fish (Robinson et al. 

1994; McMaster et al. 2006). At some sites this caused the eradication of benthic 

invertebrate and fish species directly downstream of the mills (Conroy 1971, Ministry of 

the Environment 1977).  
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In 1992, under the Canadian Environmental Protection Act (CEPA), stricter 

regulations for BOD, TSS, and non-lethal acute toxicity were established by the Pulp and 

Paper Effluent Regulations for all Canadian mills, with the added stipulation that mills 

were required to complete internal environmental effects monitoring (EEM) programs to 

determine the toxicity of their effluent and its effects on their respective benthic 

invertebrate and fish communities (Kovacs et al. 2002, Culp et al. 2003, Lowell et al. 

2003). For most mills, these changes in legislation led to the installation of secondary 

treatment for pulp mill effluent (Lowell et al. 2003, McMaster et al. 2006).  

Secondary treatment reduces the volume of suspended solids and BOD 

generated during pulping operations by using bio-treatments such as activated sludge or 

settling ponds (Gauthier et al. 2000). There is a high carbon to nitrogen ratio found 

naturally in wood products; in order to compensate for this, nutrients such as nitrogen and 

phosphorus are often added to the effluent to enhance treatment performance. This 

nutrient addition facilitates the bacterial consumption of the pulp by-products (Gauthier 

et al. 2000). The implementation of secondary treatment altered the main impacts of pulp 

mill effluent from one of acute toxicity and smothering to one that stimulated the 

productivity of aquatic species (McMaster et al. 2006, Environment Canada 2012). The 

resulting effluent (high in organic matter and nutrients) was observed to stimulate 

primary productivity in aquatic ecosystems downstream of effluent discharges (Culp and 

Lowell 1998; Environment Canada 2012).  Nutrient enrichment from pulp mill effluent 

has been found to stimulate the growth and development of invertebrates such as 
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mayflies and chironomids in several northern river systems including the Thompson, 

Fraser, and Athabasca Rivers (Lowell et al. 1995; Dubé and Culp 1996; Culp and Lowell 

1998; Lowell et al. 2000). These increases in invertebrate growth were hypothesized to 

be due to the additional nutrient availability, an improved palatability of the food source, 

or a direct stimulation of the effluent on feeding behaviour (Lowell et al. 1995). 

Subsequent effects were found moving up the food chain, with fish downstream of 

effluent discharges exhibiting increases in weight at age, condition, and liver size 

compared to upstream reference individuals (Owens 1991, Lowell et al. 2003; Lowell et 

al. 2005). Although the increases in size were consistent with the invertebrate response, 

an additional finding that was absent in the invertebrates was an impairment of 

reproductive and metabolic processes, indicating toxicological effects of effluent 

exposure on fish species (McMaster et al. 1991; Munkittrick et al. 1991). 

Hydroelectric dams are often associated with pulp mill facilities (Robinson et al. 

1994, Kovacs et al. 2002, Freedman et al. 2012), and they have been instrumental for 

supplying mills with both large volumes of water and an economical source of electricity 

(Ministry of the Environment 1993; Kovacs et al. 2002). However, dams impact aquatic 

environments by altering natural flow and temperature gradients, by physically changing 

river habitats (such as erosion and scouring downstream and increased sedimentation, 

nutrient buildup, and depth profiles upstream in impounded areas), and by modifying 

food web dynamics and species composition (Brittain and Saltviet 1989; Brosseau and 

Goodchild 1989; Angradi 1994; Cardoso et al. 2013; Freedman et al. 2014). The extent 
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and magnitude of the impacts depend on the type of dam; smaller impacts are found with 

barriers used as basic water level control structures or run-of-the-river facilities than they 

are for larger, peaking hydroelectric facilities (Brittain and Saltviet 1989). Run-of the 

river dams generate electricity when the natural (base) flow of the river causes turbine 

rotation while peaking facilities limit and control the release of water flow through 

turbines in response to external electricity demands (Munkittrick et al. 2000). Benthic 

invertebrate diversity is often higher in lotic habitats than in impounded areas (Fiset 

1995), likely due to higher dissolved oxygen profiles, light penetration, and productivity 

in the shallower, faster flowing reaches (Freedman et al. 2014). It was also found that 

food webs in impounded areas can be different from those of downstream habitats; 

dietary patterns shifted in the upper trophic levels (fish) in impounded areas from benthic 

to pelagic carbon sources (Freedman et al. 2014).  

Stable isotopes occur for several elements, including carbon (13C/12C) and 

nitrogen (15N/14N). Isotopes of the same element are differentiated by the number of 

neutrons in the nucleus, and are reported by their difference (denoted by δ) from 

international standards in parts per thousand (‰). Biochemical reactions often favour one 

of the isotopes, causing the ratios of heavy (13C or 15N) to light (12C or 14N) isotopes to 

change in a consumer relative to their energy sources (Jardine et al. 2003). This 

differentiation process is known as fractionation and the preferential uptake of one 

isotope over the other allows for inferences to be made on a consumer’s dietary 

preference and trophic position (Fry 2006). In the case of carbon, fractionation is minimal 
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(~1‰) between prey and predator, so the δ13C value of a predator will be very close to 

the value of the prey it is consuming (DeNiro and Epstein 1978). Increasing δ15N values 

are associated with a higher trophic position within a riverine food web, where an 

average increase (referred to as a 15N enrichment) of ~3‰ is found between prey and 

predator (DeNiro and Epstein 1981, Peterson and Fry 1987). 

Stable isotope analysis has been used to measure the effects of nutrient 

enrichment from pulp mill effluent (Wassenaar and Culp 1994; Lowell et al. 1995; 

Farwell 2000; Wayland and Hobson 2001) and the effects of hydroelectric facilities 

(Angradi 1994; Cardoso et al. 2013; Freedman et al. 2014) on aquatic ecosystems.  In the 

pulping process (debarking, wood chipping, washing, bleaching, fiber extraction), carbon 

from the wood is released with the effluent (Wayland and Hobson 2001). If the terrestrial 

carbon source is isotopically different than the carbon values naturally occurring in the 

riverine ecosystem it is then possible to trace the terrestrial carbon value as this 

particulate matter is consumed and assimilated by invertebrates and fish living in the 

ecosystem (DeNiro and Epstein 1981; Wassenaar and Culp 1994; Farwell 2000). 

Suspended sediments found downstream of bleached kraft mills have also been found to 

be isotopically different (commonly lower in δ15N) than the natural riverine values due to 

the presence of chlorolignin (a by-product created in the bleaching of wood pulp) 

released in the effluent after treatment (Kukkonen et al 1996; Wayland and Hobson 

2001).  In these cases, δ15N can also be used as a tracer of dietary preferences and not just 

as a tool to determine trophic position (Wayland and Hobson 2001). Stable isotopes have 
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also been used in studying hydroelectric reservoirs, with studies finding depleted carbon 

values in the deeper hypolimnium zones compared to in the surface zones (Angradi 1994; 

Cardoso et al. 2013) and changes in fish feeding preferences from benthic sources in run 

of river habitats to pelagic sources in reservoirs (Freedman et al. 2014).  

The largest market for Canadian forest products has historically been the United 

States. The Free Trade Agreement in 1987 between Canada and the United States 

removed tariffs on pulp products, and by the 1990s the Canadian pulp mill industry began 

struggling economically. Faster growing timber and cheaper labour in the southern 

United States and abroad, along with internationally set prices increased competition 

within the industry (Ministry of the Environment 1993). More recently, Canadian pulp 

mills were impacted by the 2007-2009 economic recession in the United States, which 

caused Canadian pulp production to decrease from 23.4 million tonnes in 2006 to 17.1 

million tonnes in 2009 (Couture and Macdonald 2013). Canada’s Gross Domestic 

Product (GDP) for manufacturing pulp, paper, and paperboard mills had an annual 

decline of 14.9% from 2007-2009 and declined by another 3.8% from 2009-2012 

(Couture and Macdonald 2013). The current economic conditions, the continued 

expansion of lower cost facilities in South America, and high wood costs have all been 

factors leading to recent closures of Canadian mills (Lynch 2007; Bowron et al 2009). 

The number of operational mills in Canada has decreased from 128 in 1996 

(Environment Canada (b) 2012) to 81 in 2007 (Environment Canada 2012).  



 

7 

 

 

Although research and monitoring are ongoing for environmental impacts of 

operating mills, little is known about the extent and timing of recovery of aquatic 

ecosystems once a pulp mill has permanently closed (Neimi et al. 1990; Arciszewski et 

al. 2014). Studies on short term closures have found steroid hormone levels in fish can 

return to reference levels within as little as two weeks, and that gonad sizes can recover 

in 3 months (Munkittrick et al. 1992; Bowron et al. 2009). Pulp mill effluents are 

variable, and cause different and often opposite effects in fish in different systems (i.e. 

effluents have been found to both increase and decrease steroid hormone levels in fish in 

different ecosystems) (Bowron et al. 2009).  The closure of a previously-studied pulp mill 

in Smooth Rock Falls, Ontario on the Mattagami River offers a unique opportunity to 

investigate isotopic changes in the aquatic food web and its potential recovery after 

closure. Along with a historical data set for the Mattagami River, there is the advantage 

of existing research from similar tributaries within the same basin, all with varying levels 

of disturbances, providing data on ecosystem characteristics at regional reference sites 

over time (Munkittrick et al. 2000; Arciszewski 2014).   

The historical mill at Smooth Rock Falls and its associated hydroelectric dam 

were built on the Mattagami River in 1917 and began operations as an acid sulphite mill 

in 1918 (Ontario Ministry of the Environment 1977; Farwell 2000). The mill produced 

225 tons of bleached sulphite pulp and released 6,673 tons of BOD and TSS daily in 

1964 (Ontario Water Resources Commission 1966). In 1965 the mill was converted to a 

bleached kraft mill (Ontario Water Resources Commission 1966; OMOE 1977), and in 
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1969 settling basins were created in an attempt to reduce the amount of suspended solids 

being released into the river (OMOE 1977). Environmental concerns of several fiber mats 

(up to 2 square feet), bark debris, and degassing areas downstream of the mill led to the 

installation of primary treatment (clarifier) in 1976, which decreased the amount of TSS 

by an estimated 75-95% (OMOE 1977). Dissolved oxygen levels remained very low, 

with less than 50% saturation in the river below the mill. A biological survey done in 

1975 and 1976 found that the pulp mill effluent had eradicated the benthic invertebrate 

community directly downstream of the mill, with a depressed community of mainly 

worms and leeches that were tolerant of organic enrichment and low to anoxic 

environments 8-16 km downstream. More sensitive taxa, such as mayflies and alderflies, 

did not re-appear in the benthic communities until 38 km downstream (OMOE 1977).  

By 1990, Smooth Rock Falls was producing 298 tons of bleached kraft pulp per 

day, and was releasing 9.13 and 1.65 tons of BOD and TSS with an effluent flow of 

50,663 m3 per day (Robinson et al. 1994). Aeration stabilization basins were installed and 

began operating as secondary treatment for the effluent in the summer of 1995 (Acres 

1996). The invertebrate survey for the first cycle of EEM in 1995 reported that 

communities downstream of the mill were exclusively pollution tolerant taxa (worms) 

until 12 km downstream, where pollution intolerant taxa returned to the communities 

(Acres 1996). The second cycle of EEM in 1998 reported the disappearance of the algal 

mats that had previously been found in the river, and the reappearance of mayflies 

(Ephemeroptera: Ephemeridae) at exposed sites 100 and 400 m downstream of the 
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diffuser, in addition to the 1, 8.5, and 12.8 km downstream locations, indicating an 

improvement in water quality (ESG 2000). From 1992 until the mill’s closure in 2006, it 

produced between 307-554 metric tons of pulp and 38,640-65,107 m3 of effluent per day 

(Stantec 2007). The main effluent impact downstream of the pulp mill following the 

installation of secondary treatment was nutrient enrichment (Farwell 2000; Munkittrick et 

al. 2000).  

To separate the effects of pulp mills from that of the hydroelectric dams, and to 

determine the natural variability in the Moose River Basin, a research project was 

initiated in the 1990s (Farwell 2000). From 1994-1997 the white sucker (Catostomus 

commersoni) and one of their dietary items, the burrowing mayfly (Hexagenia sp.), were 

used as indicators in an isotope analysis on the Mattagami River (Farwell 2000). Both 

sucker and mayflies at the downstream location reflected a nutrient enrichment (increased 

δ13C) by pulp mill operations when compared to individuals collected upstream of the 

discharge. The downstream mayflies and sucker were higher in δ13C (-30.4 to -26.5‰; -

30.1 to -25.8‰, respectively) than the same species upstream (-34.7 to -27‰; -40 to-

31.9‰, respectively), which appeared to be related to the δ13C values of the pulp mill 

effluent (-26.8 to -24.5‰). The δ15N data indicated trophic separation between the two 

groups in the downstream site (3.1-6.9‰ for mayflies; 7.4- 10.4‰ for sucker) with a 

trophic level enrichment of 4.2‰ while the upstream site had a slight overlap (5.6-9.1‰ 

for mayflies; 9.1- 10.6‰ for sucker) and an average trophic level enrichment of 2.3‰ 

(Farwell 2000). Water quality results indicated that particulate organic nitrogen 
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concentrations were significantly higher downstream (0.068-0.233 mg/L) than upstream 

(0.053-0.082 mg/L) (Farwell 2000).  

In 2011, Arciszewski (2014) returned to the Mattagami River to investigate 

isotopic changes and food limitation in the white sucker following the mill’s closure. The 

isotope study found that sucker downstream of the closed mill had an age-related pattern 

of recovery; older fish still had residual pulp-derived carbon values (δ13C enriched 

tissue), while fish who reached maturity after the closure of the mill did not (Arciszewski 

et al. 2014). This raised the question of whether physiological processes (such as slow 

tissue turnover in the muscle tissue of older fish) or ecological processes (such as the 

persistence of pulp derived sediments in the food web being utilized as food source for 

filter feeding invertebrates) were influencing the time-lag in the recovery of δ13C values 

in the white sucker (Arciszewski et al. 2014).  

The burrowing mayfly Hexagenia sp. is a useful short term indicator for 

environmental stressors due to its sensitivity to pollution and its short (2 year) aquatic life 

span. The presence or absence of the burrowing mayfly has commonly been used to 

determine water quality and sediment toxicity in several aquatic ecosystems in North 

America (Brittain 1982; Giberson and Rosenberg 1994; Bridgeman et al. 2006) and it has 

also been used to study the physical impacts (increased turbidity, changing water 

temperatures, and increased shoreline erosion) of a hydroelectric dam in northern 

Manitoba (Giberson and Rosenberg 1994).   
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From an indicator perspective, the burrowing mayfly is an ideal aquatic species.  

First, the emerged adult does not have functional mouthparts and lives for only 1-2 days. 

This lack of terrestrial feeding is advantageous, as the body burden of the animal is 

restricted to the aquatic diet of the nymph (Zimmerman and Wissing 1978; Fremling and 

Mauck 1980).  Another advantage to the short life span of the burrowing mayfly is that it 

is more sensitive to short term changes in the ecosystem than those of longer lived fish 

species (Fremling and Mauck 1980). The mayfly is widely distributed in the western 

hemisphere, and is found as far south as Rio Negro, Argentina and as far north as Great 

Slave Lake in the Northwest Territories (Fremling and Mauck 1980). Samples are easy to 

collect with a kick-net or dredge, as the burrowing mayfly nymph is relatively sedentary; 

constructing and living in U shaped burrows in the top layers of river or lake substrates 

(Zimmerman and Wissing 1978; Fremling and Mauck 1980). The genus is categorized as 

pollution intolerant; however, due to its burrowing behaviour it is capable of living in 

organically enriched environments provided they meet the organism’s stringent DO 

requirements (Fiset 1995; Schloesser and Nalepa 2001). The burrow acts as a 

microhabitat, with the Hexagenia sp. using their gills for aeration (Zimmerman and 

Wissing 1978; Brittain 1982). Hexagenia sp. populations appear readily capable of 

recolonization following the removal of pollution and/or the return of DO levels making 

them a useful recovery indicator (Schloesser and Nalepa 2001). Since the 1970’s 

Hexagenia sp. nymph population densities have been one of the management metrics for 
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many North American pollution abatement programs (Bridgeman et al. 2006) largely due 

to their importance as a food source for sport fisheries.  

In the Moose River Basin, the ecological relevance of the burrowing mayfly is 

particularly high as a fisheries resource, as they function as detritivores which convert 

organic matter (algae, periphyton, detritus, protozoans), bacteria, and sediment into food 

for many secondary consumers (including stoneflies, dragonflies, and a variety of fish 

species) (Fremling and Mauck 1980; Brittain 1982; Hanes and Cibrowski 1992). Based 

on gut content analyses they are the primary invertebrate prey item for lake sturgeon 

(Acipenser fulvescens) and sucker species, as well as the second most abundant prey item 

of walleye (Sander vitreus) and smallmouth bass (Micropterus dolomieui) in the Moose 

River Basin (Chiasson et al. 1997; Seyler 1997). The burrowing mayfly is abundant in the 

basin and available as a food source year round for multiple predators (crayfish, 

dragonflies, stoneflies, and numerous fish species) due to the wide range of instar sizes 

throughout its life cycle (Schloesser and Hiltunen 1984).  

 

1.1 Objectives of the study 

The current study was initiated: 1) to compare the isotopic values of the 

burrowing mayfly and white sucker, indicator species, between mill operation and mill 

closure; 2) to compare food web structure downstream of the closed pulp and paper mill 

in relation to reference sites; and 3) to investigate any body size or development 

differences in the burrowing mayfly downstream of the closed mill associated with 

ongoing nutrient enrichment. In this study, Hexagenia sp. was used as an indicator of 
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temporal change by comparing stable isotopes from the study in the 1990s to the current 

values. Concurrent stable isotope analysis on the white sucker (2011-2013) by 

Arciszewski (2014) is also presented as a temporal indicator. The food web study 

conducted for this thesis included 5 benthic invertebrate species and 3 fish species which 

were collected at 4 sites upstream and downstream of 1) an existing hydroelectric dam on 

a neighbouring tributary and 2) the still active dam and decommissioned pulp mill to 

determine changes in isotopic values following the mill’s closure. 

2. Methods 

2.1 Study site 

 The Moose River Basin is located in northeastern Ontario and is made up of 

several tributaries, including the Missinaibi, Kapuskasing, Groundhog, Mattagami, and 

Abitibi Rivers (Figure 1). The basin drains approximately 109 000 km2 and flows north-

northeast into James Bay (Brosseau and Goodchild 1989). Development within the basin 

varies from a historical waterway provincial park (Missinaibi), to rivers that support pulp 

mills (Kapuskasing and previously the Mattagami) and multiple hydroelectric facilities. 

Within the Moose River Basin, the middle reaches of these tributaries (latitudinal zone of 

48° 60’ to 49° 50’) were the areas focused on in this study. 
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Figure 1: Tributaries of the Moose River Basin and sampling sites from 2012-2014. 
Reference sites are shown in blue, downstream pulp mill and/or hydroelectric 
exposed sites are shown in red.
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 The exposed site (pulp mill effluent) was the downstream location on the 

Mattagami River. The Mattagami River is 491 km long and has a total catchment area of 

41,672 km2 (Brosseau and Goodchild 1989). The Mattagami River has a series of 

hydroelectric dams and natural falls, including the Tembec Generating Station, an 8 MW 

run-of-the-river facility that was historically associated with a bleached kraft pulp mill in 

the town of Smooth Rock Falls. The Smooth Rock Falls pulp mill was operational from 

1918 until 2006 (Arciszewski 2014). During its operational years the pulp mill produced 

up to 550 metric tons of pulp and 65,000 cubic meters of effluent per day (Stantec 2007). 

Effluent was discharged 0.15 km downstream of the dam by two submerged multiport 

diffusers at a rate of 0.8 m3 per second. Operations and effluent releases stopped in July 

2006 when the mill was closed (Arciszewski et al. 2014). The mill was torn down in 2008 

and only the hydroelectric dam remains at the Smooth Rock Falls site now. Two 

locations were sampled on the Mattagami River at Smooth Rock Falls; a reference site 

located 2 km upstream (Matt US) of the dam and a downstream exposed site (Matt DS) 

located within a kilometer downstream of the dam and previous diffusers (Table 1). 

 The Groundhog River is 363 km long with a catchment area of 12 518 km2 and 

flows into the Mattagami River (Brosseau and Goodchild 1989). The Groundhog River 

has previously been used as a reference site, acting as a control for the confounding effect 

of the dam in a previous pulp mill study (Farwell 2000). Development on the Groundhog 

River includes Carmichael Dam, a 20 megawatt (MW) hydroelectric run-of-the-river 
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facility that began operating in 1991. The Groundhog River was made a waterway class 

provincial park in 2006, limiting any further development (OMNR 2007). Sampling 

locations on the Groundhog were taken upstream of the dam (GH US) and downstream at 

Fauquier (GH DS), where Highway 11 crosses the river (Table 1).  

 The Kapuskasing River is 324 km long, with a catchment area of 8,633 km2, and 

is also a tributary to the Mattagami River (Brosseau and Goodchild 1989). The 

Kapuskasing has an active thermomechanical pulp (TMP) mill which was used as a 

positive control for the effects of pulp mill effluent (Arciszewski 2014). In the 1990s the 

TMP mill produced 1 050 metric tons of newsprint and 225 metric tons of recycled pulp per 

day (Farwell 2000). In October of 1993, the practice of log drives on the Kapuskasing River 

was discontinued and dry debarking was implemented at the mill. Secondary treatment of 

effluent began in the spring of 1995, with effluent being discharged approximately 0.1 km 

downstream of the dam (Farwell 2000).  In 2013 and 2014 the pulp mill produced up to 

580 metric tons of pulp and 39,000 cubic meters of effluent per day (personal 

communication Keri Bernard/Tembec). Sites sampled were upstream of the dam (KAP 

US), directly downstream of the pulp mill (KAP DS), and ten kilometers downstream of 

the mill (KAP FF) (Table 1).  

 The Missinaibi River is one of Canada’s Heritage Rivers and was classified as 

waterway class provincial park by Ontario’s Ministry of Natural Resources in 1989 (OMNR 

2004) and is the only reference river sampled in the Moose River Basin that has unregulated 

flows. It is 430 km in length and has a catchment area of 22,530 km2 (Brosseau and 
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Goodchild 1989). The sampling location on the Missinaibi was at Mattice (Miss Ref), 2-4 

km upstream of where highway 11 crosses the river (Munkittrick 2000; Table 1).  

Historical water quality data available for selected sites within the basin are 

provided in Table 2. Mean monthly temperature and total precipitation per year for the 

region from the Environment Canada weather station in Kapuskasing (49°24'50.000" N, 

82°28'03.000" W; World Meteorological Organization (WMO) No. 71831) can be found 

in Figure 2 and Figure 3. Historical hydrological data can be found for available sites in 

Figure 4. Temperature data loggers were deployed in the summer of 2012, and data for 

selected sites are shown in Table 3. 
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Table 1: Geographic locations of sampling sites in 2012-2014. Latitude and 
longitude are for locations where most Hexagenia sp. samples were collected; 
samples were typically collected within 1 km of the location, except at KAP FF, 
where samples were collected up to 3 km from reported location. 

Site 
Latitude 

  (°N) 
Longitude 

(°W) 

Matt US 49.1638 81.3839 

Matt DS 49.1761 81.3825 

LL RES 49.5828 82.0977 

GH US 49.0816 82.0230 

GH DS 49.1834 82.0276 

KAP US 49.3864 82.4684 

KAP DS 49.2483 82.2630 

KAP FF 49.2985 82.2424 

Miss Ref 49.3606 83.1690 
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Table 2: Historical water quality data from selected sites in the Moose River Basin. 
a1991 data from Robinson et al. 1994, b1994-1996 data from Farwell 2000, c1994-
1996 SRF effluent data from Stantec 2000 (based on reported values of pHX, Total 
Phosphorus* and NH3*), d2011 data from Arciszewski 2014, e2012 Kapuskasing 
effluent data from Stantec 2013 (based on reported levels of Total Phosphorus* and 
NH3*). 

Site 
Year 

(F=fall 
S=spring) 

Carbon Phosphorus Nitrogen 

pH Dissolved 
Inorganic 
(mg/L) 

Dissolved 
Organic 
(mg/L) 

Dissolved 
(µg/L) 

Particulate 
(µg/L) 

Dissolved 
(µg/L) 

Particulate 
(µg/L) 

TKN 
(µg/L) 

Miss Ref 

1994Fb 19 15 10 10.9 518 20 - 8 
1995Sb 12 13.2 7.4 8.5 - 35 717 - 
1995Fb 23.3 11.6 7.3 11.1 - 20 790 - 
2011F d 16.3 10.4 <5 - - - 353 - 

GH DS 
1994Fb 16.2 10.9 13.8 10.7 412 42 - 7.8 
1995Fb 16.5 9.4 5.8 11.3 - 32 738 - 
2011F d 16.5 10.3 <5 - - - 354 - 

Matt US 

1991Fa - 10.2 18 136 475 82 - 8.2 
1994Fb 13 11.9 16.3 17.3 406 53 - 7.5 
1995Sb 7.6 14.9 11 18.3 - 55 539 - 
1995Fb 13.1 19.4 17.9 17.7 - 74 1506 - 
2011F d 14.3 9.6 <5 - - - 379 - 

SRF effluent 
1994Fb,c 115.3b 77b - 570c 310c - - 8.7c 
1995Fb 170 207.7 - - - 9410 - - 
1996Fb,c 97.4b 113.7b - - - - - 8.1c 

Matt DS 

1991Fa - 9.9 29 240 417 100 - 8.5 
1994Fb 13.6 13 15.8 16.2 439 69 - 7.4 
1995Sb 7.5 15.1 10.3 18.4 - 68 652 - 
1995Fb 16.4 23.7 31.1 22.3 - 233 1508 - 
2011F d 15.6 9.5 <5 - - - 363 - 

KAP WF 1994Fb 17.3 11.4 - - 403 40 - - 
2011F 18.9 10.8 <5 - - - 413 - 

KAP US 

1991Fa - 14.6 27 118 686 91 - 6.4 
1994Fb 17.2 11.7 10.1 9.2 480 100 - 7.7 
1995Sb 10.1 13.1 - 12.1 - 70 494 - 
1995Fb 20.2 10.3 - 14.9 - 40 907 - 

KAP effluent 

1994Fb 36 179.3 - - - - - - 
1995Fb 22.1 36.9 - - - 410 - - 
1996Fb 30.5 36 - - - - - - 
2012Fe - - - 140 280 - 700 6.8 

KAP DS 

1991Fa - - 26 154 649 208 - 6.8 
1994Fb 18.8 12.5 16.2 14.4 440 67 661 7.7 
1995Sb 10 14.7 14.6 15.1 - 74 1236 - 
1995Fb 20.5 11.3 8.8 14.9 - 54 566 - 
2011F d 19 12 24.4 - - - - - 
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Table 3:  Mean water temperatures (oC) from selected sites in the Moose River Basin 
(unpublished data from T. Arciszewski).   

Mattagami River Groundhog Missinaibi 
Date US DS DS Ref 

Aug 5-11, 2012 20.3 20.2 20.0 20.4 
Aug 12-18, 2012 20.2 20.2 19.3 19.0 
Aug 19-25, 2012 19.0 19.1 19.8 19.4 
Aug 26-1, 2012 19.8 17.0 20.4 20.6 
Sept 2-8, 2012 20.3 18.2 19.5 20.0 
Sept 9, 2012 18.8 19.0 17.4 17.0 
Sept 10, 2012 18.3 18.6 16.4 16.9 
Sept 11, 2012 18.1 18.5 17.0 17.7 
Sept 12, 2012 18.3 18.6 18.3 17.9 
Sept 13, 2012 17.8 18.1 18.1 16.0 
Sept 14, 2012 17.2 17.5 17.0 15.2 
Sept 15, 2012 17.0 17.1 15.7 14.7 
Sept 16, 2012 16.7 16.9 15.3 14.8 
Sept 17, 2012 16.4 16.7 15.3 14.1 
Sept 18, 2012 15.4 15.8 14.5 11.3 
Sept 19, 2012 13.6 14.0 12.6 9.5 
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2.2 Study period: 1994-1997 (from Farwell 2000) 

Species sampled in the 1990s included the burrowing mayfly (Hexagenia sp.) and the 

white sucker (Catostomus commersoni).  

2.2.1 Sample collection 

Hexagenia sp. sampling was done from September 28-October 5 in 1996 at Matt US and 

in mid-August for Matt US, Matt DS, GH US, and GH DS in 1997 (Figure 1; Farwell 2000). 

Mayflies were collected from littoral habitats using a D-frame kick net and from profundal 

habitats (>0.5 m) using a Ponar grab sampler. Ponar samples were put in 500 µm nitex mesh 

bags and rinsed in river water to remove fine sediments (Farwell 2000). Samples were then 

placed in a large Ziplock™ bag with adequate water, and kept on ice until live invertebrates 

could be picked, cleaned of detritus, and sorted. Invertebrates were then placed in pre-combusted 

foil and Whirl Pac bags or in glass scintillation vials and frozen at -20°C.  

White sucker were sampled at Matt US and DS yearly from 1994-1997, at GH US in 

1996 and 1997, at GH DS in 1994, 1996, and 1997, at KAP US in 1994, at KAP DS and further 

downstream at KAP WF in 1994 and 1996, and at the Missinaibi in 1994 and 1996 for Miss Ref 

and in 1996 for Skunk Island and Thunderhouse Falls (Figure 5). Sucker were caught using gill 

nets (3.5 and 4”) set overnight and checked each morning (Farwell 2000).  
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2.2.2  Sample processing 

Fish muscle tissue and whole body invertebrates were freeze-dried and ground to a 

powder with a ball mill grinder. Effluent samples were filtered onto precombusted GF/C filters 

under vacuum and frozen. Filters were later freeze-dried, material was removed from the filters 

and ground to a powder (Farwell 2000). Dry, ground samples were weighed and analyzed for 

stable isotope ratios of carbon (13C/12C) and nitrogen (15N/14N) using a VG Optima continuous 

flow isotope ratio mass spectrometer at the Environmental Isotope Laboratory, Department of 

Earth Sciences, University of Waterloo (Farwell 2000). IAEA and NIST standards were used to 

monitor analytical precision of ± 0.2 ‰ and ± 0.3 ‰ for δ13C and δ15N, respectively (Farwell 

2000). Between 4 and 32 samples were submitted per site for Hexagenia sp., and between 4 and 

10 muscle samples per site for white sucker.    
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Figure 5: Tributaries of the Moose River Basin and sites sampled for white sucker from 
1994-1997 and 2011-2013. Reference sites are shown in blue, downstream pulp mill and/or 
hydroelectric exposed sites are shown in red.
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2.3 Study period: 2012-2014 

2.3.1 Indicator selection 

In 2012, the burrowing mayfly was collected at the Mattagami upstream and downstream 

(Matt US, Matt DS) locations and at the Missinaibi reference site (Miss Ref). In 2013, the study 

included mayflies collected from upstream and downstream locations in the Mattagami (Matt 

US, Matt DS), the Groundhog (GH US, GH DS), and from the reference site at Mattice on the 

Missinaibi (Miss Ref). In addition to the Hexagenia sp. collection, an expanded food web study 

was done in 2013, investigating the littoral zones of both the Mattagami and Groundhog Rivers 

by sampling multiple functional feeding groups of invertebrates and several fish species. 

Invertebrates sampled included scrapers (snails, Physa sp.), collector-gatherers (burrowing 

mayflies and caddisflies, Psychomyia sp.), and predators [dragonflies; Aeshna, Boyeria, 

Basiaeschna (all Aeshnidae family)]. Both small-bodied (spottail shiner, Notropis hudsonius) 

and large-bodied (white sucker) fish were selected as benthic feeders, in addition to a large-

bodied piscivore (walleye, Sander vitreus) to better characterize the upper trophic levels of the 

food web. White sucker collections and stable isotope analyses were done as part of a concurrent 

project (Arciszewski 2014), and these data have also been included in the analyses done here.  

Sampling in 2014 was restricted to Hexagenia sp., with additional reference locations and both 

littoral and profundal habitats sampled.  
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2.3.2 Sample collection 

Sampling was done in September of each year. Invertebrates were collected from littoral 

habitats using a 500 µm D frame kick-net (up to a depth of 1 m) and an Eckman dredge (> 1 m 

water depths). Dredged samples were passed through a 500 µm sieve bucket and rinsed with 

river water to remove fine sediments. Invertebrates were live-sorted to the lowest possible taxon 

within 24 hr of collection, placed in cryogenic vials, and stored in a -20°C freezer.  

Spottail shiner were captured using a beach seine. Once identified, fish were dosed with 

MS-222, euthanized by spinal severance, and frozen whole. White sucker and walleye were 

caught using gill nets (3, 3.5, 4, and 4” mesh sizes), which were set each evening and checked 

each morning (Arciszewski 2014). Once euthanized, the large bodied fish were measured for 

fork length, weighed, and white dorsal muscle was dissected. The muscle samples were stored in 

scintillation vials and stored in a -20°C freezer. All fish collections and sampling used methods 

approved by the Animal Care Committee at the University of New Brunswick, Saint John 

(UNBSJ ACC, 2012-1S-20).  

2.3.3 Sample processing 

All invertebrate samples were thawed and identified to genus level in the laboratory using 

a Leica microscope. Invertebrate species were identified using keys from Merritt and Cummins 

(1996), Needham and Westfall (1955) and Thorp and Covich (2001). Fish were identified using 

Scott and Crossman (1998).  Hexagenia sp. measurements were done using a Nikon SMZ 1500 

stereoscope on body segment lengths and widths as well as wing pad length and spread to 

determine body size and wing pad development as per Lowell et al (1995). The precision for 
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thorax length was ± 0.5 mm, wingpad length was ± 0.1 mm, and wingpad spread was ± 0.3 mm. 

After identification, all invertebrate samples were individually freeze dried for 48 hours. Once 

dried, individuals were weighed to the nearest 0.001 mg, ground to a fine powder using a glass 

rod, and 1 mg samples were weighed into tin capsules for isotope analysis. Between 4 and 16 

samples of each of the four invertebrate genera were submitted for analysis per site.  Due to 

biomass constraints, pooling of individuals was done by size for 15 Hexagenia sp. samples in 

2012, one caddisfly sample in 2013 and one Hexagenia sp. sample in 2014.  To determine the 

effects of pooling, six of the larger Hexagenia sp. individuals were run both individually and as 

three pooled samples and compared statistically as described below. Of the 15 pooled samples 

submitted, 12 were due to insufficient biomass for isotope analysis and 3 were to determine the 

effects of pooling. 

Spottail shiner were thawed, weighed, measured for fork length, and white dorsal muscle 

was dissected. Similar to invertebrates, muscle tissue from all fish was freeze dried for 48 hours, 

ground to fine powder, and 1 mg samples were weighed out into tin capsules for isotope analysis. 

At each site, sample sizes for individual fish were as follows: spottail shiner (n=8), white sucker 

(n=between 17 and 48), and walleye (n=between 5 and10). 

Isotope samples were sent to the Stable Isotopes in Nature Laboratory at the University of 

New Brunswick in Fredericton, NB. The tin capsules were loaded into an auto-sampler and 

combusted using a Carlo Erba NC2500 elemental analyzer combined with a Delta Plus 

continuous flow isotope-ratio mass spectrometer which reported the differences in stable 

isotopes of carbon (13C/12C) and nitrogen (15N/14N). Differences in isotope values are denoted by 
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the delta symbol (δ) and are measured in parts per thousand (‰) relative to the International 

standards for carbon (Vienna Pee Dee Belemnite) and nitrogen (atmospheric air; Fry 2006).  

Roughly ten percent of the Hexagenia sp. samples were submitted in duplicate for quality 

control (n=235, 27 duplicate samples submitted). The mean difference between δ13C values for 

duplicates was 0.50% or 0.16‰ (range of 0.004-0.44‰) and the mean difference between δ15N 

values of duplicates was 3.31% or 0.170‰ (range of 0.005-0.39‰). Laboratory standards used 

were Nicotinamide, BLS (bovine liver standard), and SMB-M (smallmouth bass muscle 

standard), all of which were calibrated against IAEA standards and are round robin tested for 

verification as part of laboratory QA/QC protocols. To monitor accuracy and precision during 

the running of the samples, these internal standards were run concurrently, with standard 

deviation ranging between ± 0.10-0.13‰ for δ13C and ± 0.08-0.19‰ for δ15N. 

Ten percent of the other food web samples were submitted in duplicate for quality control 

(n=160, 16 duplicate samples submitted). The mean difference between δ13C values for 

duplicates was 0.82% or 0.24‰ (range of 0.027-0.609 ‰) and the mean difference between δ15N 

values for duplicates was 1.63% or 0.11‰ (0.004-0.287 ‰). Laboratory standards used were 

Nicotinamide, BLS, and SMB-M, all of which were calibrated against IAEA standards and are 

routinely round robin tested for verification as part of laboratory QA/QC protocols. To monitor 

accuracy and precision during the running of the samples, these standards were run concurrently, 

with standard deviations ranging between ± 0.14-0.20‰ for δ13C and ± 0.07-0.12‰ for δ15N. 

Delta 13C values were not corrected for lipids (based on C:N ratios) due to the absence of 

C:N ratio data for the samples from the 1990s. Weak regression coefficients between δ13C and 
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C:N (R2 values between 0.021- 0.40 for 2012-14 samples), high glycogen stores and high chitin 

in invertebrate exoskeletons were also all factors in the decision not to lipid correct invertebrate 

data. 

2.4 Statistical analysis of spatial and temporal trends 

All statistical analyses were completed using R software (R Core Team 2014). The 

significance value used in all data analyses was α=0.05. Data were screened for normality and 

unequal variances/homoscedasticity using Shapiro-Wilk and Levene’s Tests (respectively) prior 

to parametric (ANOVA) testing.  

 Temporal and upstream/downstream comparisons of δ13C or δ15N of mayflies or white 

suckers within each of the Groundhog and Mattagami Rivers were done using either a one-factor 

or two-factor analysis of variance (ANOVA; site and year as factors).   If a significant interaction 

was observed with a two-factor ANOVA, sites were compared within years or years were 

compared within sites.  If no significant interaction was observed between site and year, data 

were pooled across years and compared among sites using a one-factor ANOVA.  When 

appropriate, post-hoc Tukey multiple comparisons tests were used to assess pairwise 

comparisons within species.  Kruskall Wallis non parametric tests were done when assumptions 

of ANOVA failed.  Because Hexagenia sp. were only found at depths ≤3.5 m at downstream 

locations, comparisons to upstream samples were limited to animals collected at those depths. 

Effects of sampling depth on δ13C values of Hexagenia sp. was assessed using regression 

analysis at the upstream reservoir sites (Matt US, LL RES and GH US).  

http://en.wikipedia.org/wiki/Homoscedasticity
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Food web data were baseline corrected by subtracting the mean 2013 values of δ15N 

(δ15Nadj) for Hexagenia sp. at each site against individuals of other taxa to standardize groups 

between rivers. A one way ANOVA found that mayfly δ13C values between the four sites were 

not significantly different from each other (p=0.09). Food chain length was calculated for each 

site using the formula: FCL = (δ15Ntop predator - δ15Nbaseline)/3.4 + λ; where 3.4 is the trophic level 

fractionation of δ15N, and λ is the trophic level of the baseline indicator (Vander Zanden and 

Fetzer 2007). Hexagenia sp. was the baseline indicator (δ15Nbaseline), with λ assigned a value of 2 

as a primary consumer. Food web data were also analyzed by a series of metrics which have 

been used to determine ecological differences between different food webs (Layman et al. 2007). 

These metrics use the means of food web taxa to determine trophic diversity and redundancy. 

Trophic diversity was determined using total area (TA), the area of a convex hull encompassing 

all the species in the bi-plot space, the overall carbon (CR) and nitrogen ranges (NR) which 

demonstrate the differences in basal resources and trophic levels, respectively, and the distance 

to centroid (CD) which uses Euclidean distances of each taxa compared to the centroid mean for 

the food web. Nearest neighbour distance (and standard deviation of) measures trophic 

redundancy, by quantifying the degree of species packing within the bi-plot space (Layman et al. 

2007).  

Body size and development of individual mayflies were compared for five sites: Matt DS 

(n=16), Matt US (n=16), GH DS (n=13), GH US (n=27), and Miss Ref (n=8). Relationships in 

morphometric data were explored using simple regression analysis and ANOVA/Tukey multiple 

comparisons.    
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3. Results

The effects of pooling individuals within a site on mayfly isotope data were assessed 

using a Pearson’s chi squared test of independence; effects of pooling were negligible (p = 0.99) 

for both analyses, with an average difference between δ13C values of 0.05% and an average 

difference between δ15N values of 2.7% within site. Thus, when there was insufficient biomass, 

samples of similar sized individuals were pooled to obtain sufficient mass for an isotope sample. 

3.1  δ13C and δ15N of Hexagenia sp. 

3.1.1 Comparisons within sites 

Comparisons of data within sites over time showed that δ13C values at upstream or 

downstream sites show similar patterns  to each other across rivers (and among habitats), but not 

within rivers (Figure 6).  Mayflies from upstream sites had the highest δ13C values in 2013 for 

both the Mattagami and Groundhog Rivers. At Matt US, δ13C values of mayflies were higher in 

2013 than both 1996 (p=0.04) and 2014 (p=0.004). At GH US, mayfly values were higher in 

2013 than both 1997 (p=0.0007) and 2014 (p=0.003). Downstream sites showed some of the 

lowest δ13C values for mayflies in 2013 for both downstream sites; mayflies from Matt DS were 

13C-depleted (average value of -29.53‰) when compared to 2014 (-28.21‰, p=0.04) and 

animals from GH DS were 13C-depleted in 2013 (-29.52‰) compared to 1997 (-28.43‰; 

p=0.001). The tracking of sites between rivers (comparing upstream to upstream and downstream 

to downstream) showed no long term changes in δ13C. 
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Hexagenia sp. sampled at Miss Ref also showed high variability in δ13C values over time 

(Figure 7).  2014 values were significantly higher than those of 2013 (p = 0.009), and the single 

value from 2012 was well outside the range seen in either 2013 or 2014. The wide range of δ13C 

values found in the Missinaibi River (-34.5‰ to -27.5‰; shaded area of Figure 7) demonstrate 

high natural variability in δ13C values within an undisturbed tributary in the basin. 

Mayflies from 2013 showed the lowest δ15N values at three sites (Matt US, GH US, and 

GH DS) (Figure 8). The 15N-depletion of mayflies in 2013 was pronounced at Matt US, with 

statistical differences compared to 1996 (p<0.0001), 1997 (p<0.0001), and 2014 (p=0.006). 

Values at this site increased in 2014, but did not return to the values seen in the 1990s; mayflies 

from Matt US remained 15N-depleted in 2014 compared to 1997 (p=0.03).  

The sites on the Groundhog showed the same pattern, with mayflies collected in 2013 

having lower δ15N compared to those from 1997 at both the upstream (p=0.006) and downstream 

(p=0.02) sites. Matt DS showed the opposite pattern, with the lowest δ15N values in 1997, and 

the highest in 2013 (p=0.001) and 2012 (p=0.009).  

Mayfly δ15N values covered a wide range in the Missinaibi (2.81‰ to 6.13‰; shaded 

area of Figure 9); the data range for all samples from the Groundhog and Kapuskasing Rivers fell 

within the range seen across years in the Missinaibi. With a few exceptions, δ15N values were 

higher in mayflies from the Mattagami River than those of other sites, and ranged between  

3.12 ‰ and 9.11 ‰.   
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3.1.2 Comparisons within rivers 

3.1.2.1 2013-2014 (present study) 

A two way ANOVA found an interaction between site and year for both the Mattagami 

(p=0.0001) and the Groundhog (p=0.004) Rivers, indicating that changes in δ13C between years 

were not consistent among sites;  therefore, comparisons of data from upstream and downstream 

sites were run within years. In 2013, δ13C values of Hexagenia sp. were similar upstream (n=16 

and 14) and downstream (n=13 and 7) at both the Mattagami and Groundhog (ANOVA; p=0.06 

and p=0.09, respectively; Figure 6). In 2014, however, δ13C values were once again higher 

downstream (n=18 and 9) than upstream (n=6 and 6) sites for both the Mattagami (p=0.0005) 

and the Groundhog (p<0.0001) Rivers. 

Delta 15N values of mayflies also had an interaction between site and year for the 

Mattagami River in 2013 and 2014 (ANOVA site*year; p<0.0001) and so upstream and 

downstream comparisons were run within years. In 2013, Hexagenia sp. collected at the 

downstream site in the Mattagami River were 1.73‰ higher in δ15N compared to upstream 

individuals (mean Matt DS 6.60 ± 0.27‰ (SE); mean Matt US 4.87 ± 0.20‰) (ANOVA; 

p<0.0001; Figure 8). No site difference was found in 2014 for the Mattagami River mayflies 

(ANOVA; p=0.12).  A two way ANOVA at the Groundhog River found no interaction between 

site and year (p=0.75), and therefore 2013 and 2014 were combined; no difference was found 

between Groundhog sites in mayfly δ15N (p=0.07). 
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3.1.2.2 1997 data (modified from Farwell 2000) 

In 1997, Hexagenia sp. had higher δ13C values at downstream sites compared to upstream 

sites in both the Mattagami and Groundhog Rivers (Figure 6). In the Mattagami River, 

downstream δ13C values of mayflies ranged -30.4‰ to -26.5‰ (n=12), which were significantly 

higher (ANOVA, p=0.002) than the values of individuals found upstream (-32.0‰ to -28.8‰; 

n=8).   In the Groundhog River, mayflies were also 13C-enriched downstream (ANOVA; 

p=0.0006), with δ13C values ranging from -29.1‰ to -27.6‰ (n=4) while upstream mayflies 

ranged from -32.5‰ to -30.6‰ (n=4). 

Hexagenia in the Mattagami also had lower δ15N values downstream (3.11‰ to 6.9‰) 

compared to upstream individuals (5.37‰ to 9.11‰) in 1997 (ANOVA; p<0.0001; Figure 8).  In 

contrast, no significant difference was found in δ15N values for Hexagenia sp. between upstream 

and downstream sites in the Groundhog River (ANOVA; p=0.8). 

3.2 Relationships between depth and isotope values in Hexagenia sp. 

A negative relationship between depth and δ13C was evident in the Hexagenia sp. at the 

upstream reservoir sites (includes all available data from reservoirs from 1990s and 2010s), with 

decreasing δ13C values found with increasing water depth (Figure 10). Regressions between 

depth and δ13C were strongest for run of river facilities at KAP US (R2=0.74; p=0.0003), GH US 

(R2=0.63; p<0.0001), and Matt US (R2=0.51; p<0.0001), and weakest at the peaking facility at 

Little Long (R2=0.38; p=0.0003; Figure 11). The reservoir sites could not be pooled for an 

analysis of covariance (ANCOVA) with depth (covariate) and δ13C (dependent variable) due to 
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an interaction between depth and site (p=0.04), indicating that the slopes were different among 

sites.  

No relationship was found between depth and δ15N for Hexagenia sp. at Matt US 

(R2=0.002; p=0.7), GH US (R2=0.003; p=0.7), or KAP US (R2=0.16; p=0.2). There was 

however, a significant negative relationship of decreasing δ15N with increased water depth at 

Little Long reservoir (R2=0.63; p<0.0001; Figure 12). 

3.3 δ13C and δ15N of white sucker (data and analyses modified from Farwell (2000) and 

Arciszewski (2014)) 

3.3.1 Comparisons within sites 

Within site comparisons of δ13C values in white sucker showed low variability at the 

reference sites within and among rivers over time (GH US, GH DS, Matt US) (Figure 13).  There 

were no significant differences between years in white sucker δ13C at Matt US (ANOVA, 

p=0.090), GH US (p=0.052) or GH DS (p=0.19). White sucker δ13C data were also similar over 

time at the reference sites KAP US and Missinaibi (p=0.81 and p=0.64, respectively).  The δ13C 

values in the 1990s were distinct from those of the 2010s at Matt DS (ANOVA; p<0.0001), with 

all recent values being significantly lower than those of the 1990s.  Similar to Matt DS, decreases 

were found over time in δ13C values of white sucker at KAP DS, an active pulp mill site 

(ANOVA; p=0.0002), with significant differences between 1994 and 2012 (p=0.004), 1996 and 

2012 (p=0.0005), and 2011 and 2012 (p=0.01) (Figure 14).  
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Within site comparisons across all years also showed stable δ15N values of white 

sucker for reference sites at Matt US (ANOVA, p=0.14), GH US (p=0.55), and GH DS 

(p=0.16) (Figure 15). There was a highly significant difference δ15N values of sucker at 

Matt DS (p<0.0001), with the highest values in 1994-96 and the lowest in 1997, and no 

difference between recent values and 1994 or 1996. Although there were differences in 

δ15N values of the fish at KAP US between years (p<0.0001), there was not a difference 

between years at another KAP upstream site (KAP WF; p=0.62) and both KAP upstream 

reference sites were within the range of values seen at the Missinaibi undeveloped 

tributary (Figure 16).  There was no difference between years in δ15N values for sucker at 

KAP DS (p=0.74), but levels were slightly higher than those in the Missinaibi. 

3.3.2 Comparisons between rivers 

3.3.2.1 1990s data (modified from Farwell 2000) 

In the 1990s, there was no interaction between site and year in fish δ13C in the 

Mattagami River (p=0.13), no effect of year (site factor; ANOVA; p<0.0001; 1994-1997) 

and downstream sucker levels were elevated relative to upstream fish (p<0.0001) (Figure 

13). At Matt DS white sucker had a mean 13C-enrichment of 7.88‰ (± 1.32‰ SD; n=4), 

when compared to mean values found upstream (n=34). In 1997, a one way ANOVA 

(p<0.0001) showed that GH DS also had higher δ13C values than upstream (n=9), with a 

mean enrichment of 5.26‰ (±0.64‰ SE; n=10). 



Figure 15: B
oxplots of δ

15N
 (‰

) of w
hite sucker collected from

 the M
attagam

i and G
roundhog R

ivers, O
ntario, 

betw
een 1994 and 2013. 1990s data are m

odified from
 Farw

ell 2000; 2011-2013 data are from
 A

rciszew
ski 2014 and 

A
rciszew

ski unpublished data.  B
oxplots represent 25

th and 75
th percentiles, w

ith the m
edian show

n; data outside these 
ranges are connected and all data values are show

n. L
ow

er case letters show
 statistical differences betw

een years w
ithin 

sites; upper case letters show
 statistical differences betw

een upstream
 and dow

nstream
 sites w

ithin a river and betw
een 

tim
e periods.  

48



Figure 16: B
oxplots of w

hite sucker δ
15N

 values (‰
) at tributaries in the M

oose R
iver B

asin. T
he shaded region show

s 
the variability of δ

15N
 from

 the w
hite sucker in the M

issinaibi R
iver. 1990s data are m

odified from
 Farw

ell 2000; 2011-
2013 data are from

 A
rciszew

ski 2014 and A
rciszew

ski unpublished data. B
oxplots represent 25

th and 75
th percentiles, 

w
ith the m

edian show
n; data outside these ranges are connected and all data values are show

n.  L
ow

er case letters 
show

 statistical differences betw
een years w

ithin sites; upper case letters show
 statistical differences betw

een U
S and 

D
S sites w

ithin rivers and betw
een tim

e periods.

49



50 

Differences in δ15N were not consistent over time for white sucker at the 

Mattagami River (two way ANOVA site*time; p=0.0002), so upstream and downstream 

sites were run independently by year (Figure 15). Downstream fish (n=4) had higher δ15N 

values than upstream fish (n=10) in 1995 (p<0.0001) (mean increase of 1.41‰), but 

lower δ15N values than upstream in 1997 (p=0.02; n=10 for both sites). The 1997 

comparison of suckers at the Groundhog showed their δ15N values were higher 

downstream than upstream (ANOVA; p=0.0004). 

3.3.2.2 Recent data (2011-2013; modified from Arciszewski 2014 and 

Arciszewski unpublished data) 

A two way ANOVA of δ13C data for white sucker indicated that 2011, 2012, and 

2013 could be pooled at the Mattagami River (site*year; p=0.7) and that 2012 and 2013 

data for this species could be pooled at the Groundhog River (site*year; p=0.7). At the 

Mattagami River, downstream sucker remained 13C-enriched (mean difference within 

year between US and DS of 2.51‰ ± 0.40‰ SD; n=3 years) compared to upstream 

animals (n=122; p<0.0001) (Figure 13). In 2012 and 2013, GH DS (n=30) sucker 

remained higher in δ13C values than GH US sucker (n=26; p<0.0001), with a mean 

enrichment of 6.05‰ (±0.34‰ SD; n=2 years). 

A two way ANOVA of δ15N and year indicated that 2011, 2012, and 2013 data 

for white sucker could be pooled at the Mattagami River (site*year; p=0.9) and that 2012 

and 2013 data for these fish could be pooled at the Groundhog River (site*year; p=0.4). 

At the Mattagami River downstream, sucker remained 15N-enriched (p=0.0001) (mean 

difference within year of 0.39‰ ± 0.10‰ SD) compared to upstream animals (Figure 
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15). There was no difference in δ15N values between GH DS and GH US during this time 

period (site; p=0.07). 

3.4 Spatial trends and depth influences in white sucker 

Within the tributaries of the Moose River Basin, δ13C values in white sucker have 

shown a wide range of values, spanning 20.47‰ across the basin. The lowest value 

 (-44.05‰) was found at GH US and the highest (-23.58‰) at KAP DS (Figure 14). 

There was a significant negative regression between the white sucker δ13C and maximum 

depth across sites (Table 4) using both the minimum value and average values for data 

from both the 1990s (p=0.032, R2=0.56; p=0.045, R2=0.51, respectively) and current data 

from the 2010s (p=0.028, R2=0.58; p=0.038, R2=0.54, respectively). 

3.5 Comparisons of food web metrics and food chain length 

Bi-plots of the δ13C and δ15N data suggest that food web structure was more 

similar between rivers at similar habitats than within rivers among habitat types.  Due to 

the influence of depth on mayfly isotope values at upstream (reservoir) sites (see section 

3.3) and corresponding on δ13C values in large bodied fish (Table 4), comparisons within 

habitat types (between rivers) were made rather than upstream versus downstream 

(within river) comparisons.  
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At the downstream sites, all invertebrate taxa except caddisflies (at the 

Mattagami) or snails (at the Groundhog) had a narrow range in their δ13C, and appeared 

to share similar dietary sources of carbon (Figure 17).  In addition, all invertebrate taxa 

except mayflies had similar δ15N values suggesting that they occupied the same trophic 

position; mayflies at both sites had lower δ15N values than the rest of the invertebrate taxa 

and occupied the lowest trophic position among the animals sampled. Shiner and white 

sucker occupied a higher trophic position than the invertebrates (by ~ 3‰) at these 

downstream sites and had similar ranges in their δ13C values, suggesting that the diets of 

these fishes relied on these or similar invertebrate sources. Of these two fish species, 

white sucker had a much larger range in their δ13C than the shiner at both sites.  Finally, 

at both downstream sites, the δ15N values in the top predator (walleye) were 3-4‰ above 

the sucker and shiner, and had δ13C values that were similar to those of most invertebrate 

taxa, suggesting that the invertebrate taxa sampled supported the food web.   

At the upstream sites, invertebrate taxa showed similar δ13C values, but were 

higher by 2-6 ‰ when compared to the downstream sites (Figure 18). Similar to the 

downstream sites, Hexagenia sp. had lower δ15N values than the other invertebrate 

groups.  Similarities were also found in the δ15N values in the fish communities, with 

shiner and white sucker from the upstream sites at a higher trophic position than the 

invertebrates, and with walleye at a higher trophic position than both the shiner and 

sucker. The upstream fish community differed in their δ13C values; both upstream sites 

had lower δ13C values than those for the same species downstream, but a similar absolute 
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Figure 17:  Isotopic bi-plot of community structure at downstream sites on the (A) 
Mattagami and (B) Groundhog. Bi-plots show δ15N (‰) and δ13C (‰) of 
invertebrate groups and spottail shiner as means with 1SD and individual values for 
the large bodied fish. Numbers in brackets denote sample size. 
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Figure 18:  Isotopic bi-plot of community structure at upstream (A) Mattagami and 
(B) Groundhog. Bi-plots show δ15N (‰) and δ13C (‰) of invertebrate groups and 
spottail shiner as means with 1SD and individual values for the large bodied fish. 
Numbers in brackets denote sample size. Deep (from depths >3.5m) Hexagenia sp. 
plotted are from 2012 and 2014 (Matt US) and from 2014 (GH US). 
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range of ~ 7‰ and less overlap with the littoral invertebrates, indicating that the main 

energy source for the white sucker and some walleye was not represented in the littoral 

invertebrate taxa collected in 2013.  Due to the effect of depth on δ13C, Hexagenia sp. 

collected from depths > 3.5 m were added to the upstream bi plots for Matt US (2012, 

2014) and GH US (2014). 

The trophic structure (using δ15N) at all sites was similar, with the lowest values 

in invertebrate groups (i.e. Hexagenia sp.), followed by spottail shiner and sucker, and 

walleye as the top predator.  Food web length was highest at Matt US (4.26 trophic levels 

based on top predator-minus Hexagenia sp.), and similar at the other three sites (Matt DS 

3.91; GH DS 3.99; GH US 3.97). 

Hexagenia sp. had the lowest trophic level of the invertebrate taxa and was 

therefore used to baseline correct other taxa for δ15N (δ15Nadj) so that direct comparisons 

could be made between species in the Mattagami and Groundhog Rivers. One way 

ANOVAs revealed that δ13C values for caddisflies (p=0.008), shiner (p=0.002), and 

sucker (p=0.009) at the Matt DS were lower than the same groups at GH DS. Snails were 

an exception, with higher δ13C values found at GH DS than at Matt DS (p=0.001). Matt 

DS also had higher δ15Nadj values than GH DS for snails (p=0.03), caddisflies (p=0.0003), 

dragonflies (p=0.002), and spottail shiner (p<0.0001). In contrast, ANOVAs on the 

upstream reservoir sites found that δ13C was higher at Matt US than GH US for 

caddisflies (p=0.02) and sucker (0.02), with snails showing the opposite (GH US δ13C 

values were higher than Matt US; p=0.02). Higher δ15Nadj values were found in taxa at 
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Matt US compared to GH US for the following groups: snails (p=0.03), spottail shiner 

(p=0.01), sucker (p<0.0001) and walleye (p=0.03).  

Metrics of trophic diversity (TA, CD) and trophic redundancy (NND) varied 

among sites but not consistently from upstream to downstream within both the Mattagami 

and Groundhog Rivers (Table 5).  Within the Mattagami River, TA, NND, NR and CD 

were highest at the upstream site and STDNND and CR were highest at the downstream 

site.  For the Groundhog River, all metrics but NND were higher at the downstream than 

upstream site.  Comparisons within similar habitats revealed that metrics for Mattagami 

downstream were consistently lower than those for Groundhog downstream, and higher 

at the Mattagami upstream than Groundhog upstream sites (except for STDNND). 

3.6 Comparisons of Hexagenia sp. morphometrics 

Mean thorax length of individual mayflies ranged across sites from 1.49 mm 

(±0.11 mm; n=27) at GH US to 4.20 mm (±0.81 mm; n=8) at Miss Ref (Figure 19). An 

ANOVA on all five sites found differences between thorax lengths (p<0.0001); mayflies 

from Groundhog upstream were significantly smaller than those from downstream 

(p=0.03) as well as at Mattagami upstream (p<0.001), downstream (p=0.008), and at the  
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Table 5  Layman’s metrics for 2013 food web. 

Site TA NND STDNND NR CR CD 

Matt DS 7.25 1.60 0.97 3.27 4.68 1.60 

Matt US 12.04 2.31 0.70 5.54 4.06 2.25 

GH DS 11.63 1.97 1.25 4.87 4.83 1.96 

GH US 5.59 2.02 0.73 4.83 2.98 1.75 
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Figure 19: Hexagenia sp. thorax length (mm) at sites sampled in 2013. Numbers in 
brackets denote sample size. 
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Missinaibi (p>0.001) (Tukey’s tests). There were no other statistical differences between 

sites.  This same trend was evident in the developmental stage by site (ANOVA; 

p=0.006;Figure 20), with the Tukey post hoc showing GH US mayflies were less 

developed than those downstream (p=0.02), at Mattagami US (p=0.014), at Mattagami 

DS (p=0.004), or the Missinaibi (p=0.01).  

The proportion of mayflies was different across sites with the last sampling site 

(Miss Ref) composed primarily of the largest size class of Hexagenia sp. ( 

Figure 21), and this size class was missing at GH US, the second last site sampled.  GH 

US samples only contained the smaller size classes.   
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Figure 20: Developmental stage of Hexagenia sp. (determined by wingpad 
length/wingpad spread) by site sampled in 2013.  Numbers in brackets denote 
sample size. 
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Figure 21: Number of Hexagenia sp. individuals per each size class found at each 
site in 2013. 
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4. Discussion

Stable isotopes of carbon and nitrogen were used to examine changes over time in 

the dietary habits of burrowing mayfly and white sucker, and to compare littoral food 

web structure to reference locations in the Moose River basin following the closure of a 

kraft pulp mill on the Mattagami River. White sucker at the previously exposed Matt DS 

site showed a recovery response for muscle δ13C values, but no other temporal trends 

were evident in the mayfly or in the δ15N values of either species. Body size and 

development indices of mayflies and food web structure among sites did not indicate any 

persisting enrichment effects from the mill effluent discharged at Matt DS.   

 The δ13C values for the burrowing mayfly were not significantly different 

between mill operation and closure at Matt DS, suggesting that the pulp mill effluent was 

not an influence on this genus, or that it was not possible to distinguish effluent-derived 

13C from other sources of 13C for this genera. The range of mayfly δ13C values in the 

undeveloped heritage river (Miss Ref) was between -34.5 and -27.5‰, a range which 

captured most of the variability in the basin for individual littoral burrowing mayflies, but 

which was also similar to the terrestrially-derived δ13C values of the pulp mill effluent  

(-26.8 to -24.5‰; Farwell 2000). Due to the similarity of the baseline/reference δ13C 

values in Hexagenia sp. to those of the effluent, and the limitation of having only one 

year of isotope data during mill operation, there was insufficient evidence to determine a 

temporal change in the values in the burrowing mayfly.  It also appears that this genus 

may be an unsuitable indicator for detecting changes over time in δ13C at pulp mill 

impacted sites. A study in Prince Albert, SK found higher δ13C values in suspended 

sediments downstream of a pulp mill (–25.0 ±0.2‰) relative to those from upstream  
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(–20.3 ±0.4‰), which appeared to be related to the discharge of particulate matter  

(–27.1±0.3‰) from the secondary treatment ponds at the mill (Wayland and Hobson 

2001). Conversely, invertebrates (Trichoptera and Ephemeroptera) sampled at the same 

locations were lower in δ13C downstream of the mill compared to upstream, responses 

that were very similar to the same invertebrate groups downstream of a mill in Grande 

Prairie, AB (Wayland and Hobson 2001). Large natural ranges in isotope values, 

complex food web interactions, and variable biochemical processes can all be factors 

which can make it difficult to resolve the use of carbon in effluents by indicator species 

(Dubé et al. 2005).  

There is a lack of long term studies of biotic stable isotopes in riverine habitats to 

understand natural ranges and baseline values; this makes it difficult to determine 

changes associated with human activities. Values in white sucker from Missinaibi River 

reference sites in 1994 and 1996 were combined and their δ13C range (5.45‰) was used 

to determine the difference between natural isotopic variability (between year and sites) 

and the size of a difference that would be interpreted as ecologically relevant in the 

Moose River Basin (Farwell 2000). Following this example, the δ13C range for the 

burrowing mayfly in the Missinaibi River (across years) was higher (7.02‰) than that of 

the sucker, and captured most of the variability of all Hexagenia sp. individuals at all 

sites across the basin.  The between year variability was lower in the Hexagenia sp. in the 

Groundhog River (GH DS, 2.29‰) and GH DS may represent a more appropriate 

baseline for animals from the pulp mill exposed site than the data from the Missinaibi. 

Using the interpretative framework from Arciszewski and Munkittrick (2015), the range 

of natural variability for the burrowing mayfly we would expect to see (mean (based on 3 
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years of data) ± 2SD) is graphed in Figure 22 (shaded in yellow). A power analysis on the 

GH DS values indicate that 5 mayflies need to be sampled in order to detect a change 

greater than 2 SD (1.14‰ in the case of GH DS) at 80% power and with a α=0.05.  

The selection of an appropriate reference site is challenging; in the case of the Moose 

River Basin (and Matt DS in particular), there is the undeveloped heritage river (Miss 

Ref) and also a site downstream of a similar sized dam (GH DS). The proportion of 

Hexagenia sp. individuals that lie within the range of natural variability of the GH DS 

(yellow shaded box; Figure 22) is smaller than those that lie within the natural range of 

values in the Missinaibi. All three sites that are downstream of the run-of-the-river dams 

(Matt DS, GH DS, and KAP DS) have their mean values within the natural variability 

range from GH DS, indicating that GH DS is the more appropriate reference site for 

comparisons of mayfly individuals affected by hydroelectric development. Interestingly, 

the mayflies at KAP FF, a free flowing stretch of the Kapuskasing River 10 km 

downstream from the KAP DS site, were below this range, as were mayflies at Miss-Ref 

in 2012, which could be indicative an ecologically relevant difference between sites 

downstream of dams and sites undisturbed by hydroelectric activity. 

In the Mattagami River, the δ15N values for the burrowing mayfly were 

significantly higher upstream (average value of 7.9 ± 1.0‰ SD) than downstream  

(4.8 ± 1.2‰) in 1997, which suggested that the invertebrate δ15N values downstream 

might have been influenced by the effluent when it was being discharged (-0.8‰; Farwell 

2000). Delta 15N values at Matt DS were significantly higher in 2012 and 2013 than they 
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were in 1997 during mill operation, which would have been expected with the removal of 

the effluent. However, values in 2014 were not significantly different from 1997, 

indicating that the pre-closure values might simply be within the natural range of δ15N 

values in the Mattagami River. In addition to this, mayflies at Matt US showed an 

opposite and greater change in δ15N values over time, with the current average values 

much lower (5.3 ±1.0‰) than the 1990s, and with 2013 δ15N values similar to those at 

Matt DS in 1997. This high natural variation within the littoral mayflies in Mattagami 

River following mill closure, and the larger and opposite change at Matt US, suggest that 

the initial findings of the δ15N for the burrowing mayfly may be more complex than they 

appeared in 1997.  

Delta 13C values for Hexagenia sp. may be influenced by the amount of 

precipitation in the sampling year. Carbon isotope values of mayflies at each site were 

similar in 1997 and 2014, while 2013 values were significantly different. Mayflies from 

reservoirs had increased δ13C values in 2013 compared to other years, and mayflies from 

downstream sites showed decreased δ13C values in 2013 compared to other years (Figure 

6). Increased precipitation, in particular higher levels of rainfall, were found in 2013 

compared to other years and may partially explain the differences in δ13C for this year 

(Figure 3). A meta-analysis done on particulate organic matter (POM) in Chinese 

reservoirs found that seasonal variability, rainfall, and water temperature were major 

influences on δ13C values (Hou et al. 2013). Water samples were collected during wet, 

dry, and moderate seasons, filtered through a 100 µm net, and passed through a filter. 

Once dried, the organic material was analyzed for δ13C (Hou et al. 2013). During wet 
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seasons δ13C values of the POM were higher than in dry or moderate seasons, which was 

attributed to the influx of nutrients to the reservoirs with increased rainfall and runoff. A 

mean difference of 7‰ was found at the same sites between seasons, illustrating the wide 

ranges in seasonal variability for δ13C of POM (Hou et al. 2013). The similarity of δ13C 

values at Matt DS in 1997 and 2014 suggests that δ13C values in Hexagenia sp. might 

have been more susceptible to changes in water levels and water temperature than to 

effluent exposure.  

Mayflies and chironomids have commonly been used in experimental stream 

studies for pulp mill effluents, and have been found to feed directly on particulates 

(Lowell et al. 2000). Hexagenia sp. feed mainly on fine particulate matter which is drawn 

into their burrows via gill aeration.  Other mayfly genera, such as the previously used 

Baetis sp. (periphyton grazer), might be a better indicator of effluent exposure due to its 

greater mobility and therefore access to other particulates or food sources (Wassenaar and 

Culp 1994, Lowell et al. 2000).  Most invertebrate responses to pulp mill effluents have 

been examined in controlled laboratory experiments, where the concentration of effluent 

is known and invertebrates were fed biofilm or particulates impacted by effluent. It is 

more challenging to understand the diet of invertebrates in natural systems where 

selective feeding behaviours are possible and where multiple food sources are available.  

Decreases in δ13C values were found in both the mayfly and the white sucker with 

increased depth from the water’s surface. Depth profiles differed between downstream 

erosional sites (maximum depths of ~6 m) and upstream reservoir sites (≥12 m), with 

lower δ13C values found in animals from the deeper (>6m) reservoir habitats (Figure 10, 

Table 4). In both habitats negative relationships were found between δ13C and depth, 
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illustrating the importance of removing depth as a variable before interpreting temporal 

changes in δ13C values. This gradient of decreasing δ13C values with increased depth was 

also found in POM and sediment samples in a river and dam in Brazil (Cardoso et al. 

2013) and in chironomids in Lake Geneva (Perga and Gerdeaux 2005). A range of 8‰ 

was found between shallow and deeper water chironomids (up to a depth of 20 m), 

suggesting variation in the chironomid diet, with higher δ13C values in the shallow areas 

related to periphyton consumption and lower δ13C values at deeper areas due to increased 

reliance on settled phytoplankton (France 1995, Perga and Gerdeaux 2005). This trend 

was also found in small bodied fish, where fish at free flowing riverine sites were  

13C-enriched compared to animals at impounded sites in a study in the Allegheny River in 

Pennsylvania (Freedman et al. 2014). This separation in δ13C values was attributed to the 

difference in nutrient availability, with impounded fish relying on pelagic, isotopically-

lighter nutrient sources instead of near shore benthic sources higher in δ 13C. These 

differences were hyp othesized to be related to CO2 availability, where shallow sites have 

greater surface area for gas exchange with atmospheric CO2 (high δ13C values), and 

deeper sites reflect respired, recycled CO2 (low δ13C values) (France 1995, Post 2002b, 

Freedman et al. 2014). Ranges between values of δ13C in Hexagenia sp. in the reservoir 

sites Matt US and GH US were 12.99‰ and 11.83‰, respectively. This emphasizes the 

importance of sampling similar habitats and of standardizing for depth when assessing 

temporal changes in δ13C values.    

Recovery of the white sucker was evident in the decrease in muscle tissue δ13C 

values between mill operation and mill closure at Matt DS (ANOVA; p<0.0001). Within 

five years of the shutdown, δ13C values of sucker had decreased to levels comparable to 
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those at the regional reference site at GH DS, indicating that there was no longer an 

effluent derived 13C enrichment impacting the fish at Matt DS. The absence of temporal 

trends at reference sites between rivers (Matt US and GH US) and within the Groundhog 

suggest stable δ13C values of white sucker at sites unimpacted by pulp mill activities. 

Arciszewski et al. (2014) compared the muscle, gonad, and opercular tissues of white 

sucker collected in 2011 at upstream and downstream locations in the Mattagami and 

Kapuskasing Rivers to determine isotopic recovery from pulp mill effluents. Based on 

these isotope data they concluded that recovery from the pulp derived terrestrial 13C was 

occurring at Matt DS but was not complete, based on one year of recovery data and a 

single reference site upstream (Matt US). Because of the relationship between depth 

gradients and δ13C values and the differences in depths between Matt US and Matt DS, I 

would argue that Matt US is not an appropriate reference for white sucker recovery. 

Potential prey in the reservoir can be much lower in δ13C values than those downstream 

and therefore it would not be possible for the suckers at Matt DS to have comparable 

δ13C values to those of upstream fish. Both pre- and post-closure data for sucker at Matt 

DS were statistically different than the δ13C values found at Matt US. It was later 

suggested that upstream/downstream comparisons for recovery can be problematic and 

that internal (within site) comparisons might be better for determining recovery 

(Arciszewski et al. 2014). The temporal change at Matt DS does show a clear recovery 

response, supported by the lack of change in δ13C values for sucker at GH DS, which 

provides a reference site with similar depths. A regional reference appears to be a better 

option for δ13C values than an upstream reservoir site within the same river. These results 

indicate that it is important to consider habitat features such as depth when comparing 
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data among sites, as this will influence one’s ability to make conclusions about temporal 

trends.   

A similar temporal trend in muscle δ13C values of white sucker at Matt DS was 

also found at KAP DS, with lower values in 2011 and 2012 compared to the 1990s 

despite the fact that the Kapuskasing mill has been operational in all sampling years. This 

change in sucker δ13C values might be related to a change in the isotope composition of 

the effluent due to treatment upgrades, since both the Kapuskasing and Mattagami pulp 

mills were upgraded to secondary treatment in 1995. Perhaps the lower δ13C values for 

sucker at KAP DS in recent years is due to the change from primary to secondary 

treatment of effluent. Fish were collected the year before (1994), the year after (1996), 

and then 15+ years after (2011-2012) the upgrade. Unfortunately, only one effluent 

sample has been collected at KAP DS (in the fall of 1994 with δ13C value of -26.8‰), 

and so the change in δ13C values of the effluent at KAP DS following secondary 

treatment is only speculative. 

One consideration for the different responses in δ13C values over time between 

mayflies and sucker is the rate of tissue turnover in these taxa. Tissue turnover includes 

growth and tissue replacement and is measured by half-lives, or the number of days 

required for the animal’s tissues to be at 50% equilibrium with its diet (Fry and Arnold 

1982). Growth of new tissue is likely the driver for isotopic changes in short lived, 

rapidly growing animals (such as invertebrates), while tissue replacement would have 

more influence on longer lived, slower growing animals (such as fish) (Vander Zanden et 

al. 2015). At latitudes similar to those of the Moose River Basin the Hexagenia sp. life 

cycle (from egg deposition to adult insect) has been estimated to be 2 years (Giberson 
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and Rosenberg 1994).  Depending on temperature and food quality, Hexagenia sp. instars 

will undergo up to 30 molts before emergence (Bustos and Corkum 2013). The tissue 

half-life for mayflies has been estimated to be 2-3 days (Jardine et al. 2012), which would 

indicate that changes in δ13C values (i.e., recovery) would likely happen quickly for this 

taxon. The life cycle of the white sucker is much longer, and has been estimated between 

15-25 years in Ontario (Eakins 2015). Tissue turnover rates for fish muscle has been 

estimated between 116-173 days using adult bluegill, largemouth bass, and yellow perch 

(Weidel et al. 2011). Turnover rates for juvenile fish (ages 0-2) were much lower 

averaging between 18-25 days (Weidel et al. 2011), which was consistent with findings 

for juvenile bass (19-26 days) in temperate regions of Japan (Suzuki et al. 2005); these 

results also demonstrate  how the developmental stage of the fish can influence the period 

of time needed to reflect a new diet. Based on these estimates, we would expect a much 

slower recovery in muscle δ13C of the longer lived sucker than of the burrowing mayfly.  

Indeed it would explain why the sucker were still showing 13C enriched values in 1997  

(-27.2 ‰) at Matt DS while the burrowing mayfly with faster growth could recover more 

quickly from exposure to values of primary effluent (δ13C of -28.3 ‰).   

 A final hypothesis for the differences in δ13C values between the burrowing 

mayfly and the white sucker could be the dispersion of the effluent and its role as a 

nutritional source for the white sucker, both indirectly and directly. In 1995, blue green 

algal mats were abundant at Matt DS and were associated with communities of 

invertebrates and bacteria which may have been part of the white sucker diet (ACRES 

1996). By 2000 (following effluent treatment upgrades), these algal mats were absent 

(ESG 2000). In addition to indirectly supplementing the sucker diet with the invertebrates 
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on these mats, the effluent could also have been a direct nutritional source for the white 

sucker. During both primary and secondary treatment, effluent was released via two 

multiport diffusers to the Mattagami River (Acres 1996). The diffusers were 30 m in 

length, and released effluent in the final 12m of the pipe, into the deeper erosional section 

of the river. Due to their substrate requirements for burrowing, the mayfly is found 

almost exclusively in the littoral areas downstream of the dams (within 4 m of the shore). 

The suckers, however, could have moved between littoral and pelagic areas when 

foraging, and could have been feeding directly on the particulates released from the 

diffusers as well as the communities in the algal mats, and therefore might have had a 

higher level of exposure to the effluent than the burrowing mayfly. 

When compared to other sites, no differences in body size or development rates of 

the Hexagenia sp. at Matt DS were found, indicating no persistent nutrient enrichment 

issues from pulp mill effluents for this taxa. Mayflies (Baetis tricaudatus) were exposed 

to different levels of pulp mill effluents in artificial streams, with 1% and 10% effluent 

concentrations (Lowell et al. 1995). Within two weeks of exposure, it was found that the 

mayflies in the 1% exposure had higher growth (such as thorax length and head width) 

and development (such as wing pad length/spread to determine how close instars were to 

emergence). The effluent was simultaneously stimulating primary production and 

providing an additional food source (Lowell et al. 1995).  A mesocosm study on the Saint 

John River found lower abundances of benthic and emerged mayflies in the 5% effluent 

treatment than in the control (0%) groups (Culp et al. 2003). If particulate matter from the 

effluent was persisting in the sediments at Matt DS, we would expect the Hexagenia sp. 



74 

at that site to be larger or more developed than at the reference sites, but there was no 

evidence of this. 

Mayflies collected at one site (GH US) were different in body size and 

development rates when compared to all other sites.  All mayflies were collected in 

September 2013 and were sampled from west to east in the following order: Matt DS 

(September 6-9), Matt US (September 10), GF DS (September 12-14), GH US 

(September 15-16), and Miss Ref (September 17). Mayflies larger than 3 cm were absent 

at GH US, causing this site to appear impaired because larger size classes were found in 

the Missinaibi River the following day. Mass emergence of Hexagenia sp. is common 

and temperature dependent; emergence has been documented in southern latitudes as 

early as May and as late as October for northern latitudes (Bustos and Corkum 2013; 

Schloesser and Nalepa 2001; Gilberson and Rosenburg 1994). I hypothesize that our 

sampling dates in 2013 were over the emergence period for Hexagenia sp. in the basin. 

Temperature loggers from the Moose River tributaries in 2012 indicated that the 

Groundhog River was on average 1.65°C (±1.08) warmer than the Missinaibi River 

during the dates sampled (Table 3). It is possible that the larger size classes that were 

missing at GH US was due to an emergence prior to sampling, leaving behind only the 

smaller nymphs at this site. This is also supported by the GH DS mayflies (sampled a day 

or two before), which had high proportions of the larger size classes or instars close to 

emergence (17% in 4.5cm, 5cm and > 5cm respectively). 

The isotopic biplots indicated little difference in food web structure between 

similar habitats, and suggest that there were no persistent impacts of pulp mill effluents 

on the food web at Matt DS. Primary consumer groups were inconsistent in their δ13C 
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values between sites but mean δ13C values for invertebrate groups typically ranged 

between -29‰ and -35‰ for upstream sites and between -28‰ and -32‰ for 

downstream sites. Mean δ13C values in other boreal primary consumers (scrapers, filterer-

gatherers, and shredders) has been found to range between 4-6‰ among tributaries 

within a boreal watershed in Quebec (Junger and Planas 1994). This variation among 

primary consumers has also been found in lakes, with ranges between 6-10‰ common 

within groups (Herwig et al. 2007, Syväranta and Jones 2009) and individual taxa 

changing by up to 2‰ between seasons in the same lake (Herwig et al. 2007). 

Complexity and variability in δ13C values are often highest in littoral animals due to the 

greater number of primary production sources available (phytoplankton, periphyton, 

macrophytes, and allochthonous material) (Syväranta and Jones 2009).  

Both the white sucker and the walleye had δ13C values indicative of reliance on 

primary and secondary consumers at the downstream sites (based on an enrichment of 

~1‰). At the upstream sites this relationship with the littoral primary and secondary 

consumers was absent, with fish having much lower δ13C values. Because the 

downstream sites were erosional run of the river sites, the dominant river bottom 

substrate was scoured, consisting mostly of cobble, bedrock and sand, while the upstream 

reservoirs have slower currents and depositional substrates (increased silt, clay and 

organic matter), creating additional habitat for invertebrate groups such as chironomids, 

burrowing mayflies, and clams. At the reservoir sites Hexagenia sp. from the deeper sites 

were more likely possible prey for the large bodied fish, based on the δ13C data. This shift 

in the δ13C values of the upstream fish compared to the downstream fish illustrates the 

difference between diet variation (whether there is an alternate food source not sampled 
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at the upstream sites important to the white sucker and walleye) and habitat variation 

(whether they are still eating the same invertebrate groups, but at deeper depths and with 

corresponding lower δ13C values) (Flaherty and Ben-David 2010).  

Delta 15N trends were similar within sites, with the lowest values for primary 

consumers, intermediate values for omnivorous dragonflies, spottail shiner and white 

sucker, and the highest values for walleye, the top predator. Food chain length was 

highest at Matt US (4.26) and similar at the other three sites (3.91- 3.99). The comparable 

food chain lengths found in the Mattagami and Groundhog Rivers were similar to those 

from 9 Ontario and Quebec lakes, which found FCL to walleye to be between 3.1-3.8 

(Cabana and Rasmussen 1996). A meta-analysis found that lakes are usually longer (3.79, 

n=29) in FCL than those of streams (3.43, n=14) (Vander Zanden and Fetzer 2007). 

Greater ecosystem size and greater habitat diversity have been found to increase FCL, 

(Post 2002), which may explain the slightly higher value at Matt US. It seems more 

probable that the four sites support similar food webs and that differences in FCL are 

negligible. 

Layman’s metrics of trophic diversity and trophic redundancy/species packing 

(Layman et al. 2007) have been applied to isotopic studies of food webs in an attempt to 

characterize food web structure.  These metrics have been criticized for not adequately 

capturing variability (they are based on a mean value for each group and do not take into 

account the uncertainty for these values) (Jackson et al. 2011). The metrics are also 

sensitive to sample size, with high levels of uncertainty and bias in favour of larger 

sample sizes when uneven sample sizes were compared (Jackson et al. 2011). Larger 

sample sizes have been found to increase TA, δ13C and δ15N ranges, which was the case 
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in the Moose River Basin, with highest values for all three metrics at Matt US (n=108) 

(sample sizes for other sites were: Matt DS (n=81), GH US (n=64), and GH DS (n=49)). 

Differences in the ranges of δ13C and δ15N can also influence Euclidean distances in CD, 

NND, and STDNND, causing these metrics to be unevenly weighted in favour of the 

larger range (Hoeinghaus and Zeug 2008). To reduce bias it is recommended that at least 

10 individuals are run per group (Jackson et al. 2011), although other studies have found 

that trophic niche is consistently underestimated unless a minimum of 30 individuals are 

run per group (Syväranta et al. 2013). Due to the nature of the Moose River data (high 

variability (SD>3‰ for δ13C for invertebrate groups), differences in δ13C between US 

and DS fish based on depth profiles, uneven sample sizes, and groups with < 10 

individuals), results of the Layman’s metrics should be interpreted with caution. 

5. Implications for future studies

My results used stable isotope analysis to provide important insights on assessing 

the recovery of aquatic ecosystems to pulp mill effluents. The importance of adequate 

“before” data to determine a significant change in “after” values was clear in the white 

sucker δ13C values, and the lack of adequate “before” data for the burrowing mayfly 

made interpretation of the closure data and a link to the effluent difficult. Given the high 

variability of stable isotopes, this environmental assessment tool could be improved by 

ensuring that there is an isotopic separation between effluents and background riverine or 

indicator values. Specifically, the background δ13C values for Hexagenia sp. were within 

1-2‰ of the effluent that was to be traced, making it a poor choice of indicator for that 

effluent. Secondly, sampling over as many years as possible would improve the ability to 
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detect patterns of natural variability in the system. For example, even when using a short-

lived indicator (Hexagenia sp.) that should show recovery more quickly, incomplete or 

erroneous conclusions can be drawn. Based on the 2012 and 2013 Hexagenia sp. data   

we would have argued that there was δ13C recovery at Matt DS and a regional nitrogen 

shift at all sites; both of which were refuted with the addition of the 2014 data. This may 

be because environmental variables (such as water or air temperature or rainfall) can have 

equal or greater impacts on isotope values for indicator species than effluents or other 

stressors that are being studied.   

Unless isotopic separation between natural food sources and effluents is known, it 

would be advantageous to measure other isotopes to assess recovery, rather than the focus 

only on carbon and nitrogen baseline isotopes. Isotopes of sulphur (δ34S) are used in the 

digestion processes of kraft mills, and are less affected by ecological processes than 

carbon, thus making them a good choice for effluent exposure or recovery studies. 

Hydrogen isotopes (δ 2H) have also been used in riverine studies to separate terrestrial 

and aquatic food sources, and may provide resolution that carbon isotopes cannot. 

Sampling multiple invertebrates with different feeding habits could also strengthen causal 

links between effluents and indicators by better representing all nutritional sources within 

a river.  

Based on my results, further studies on aquatic ecosystems should take care to 

separate the influence of water depth on δ13C for both invertebrate and fish species. Using 

upstream/downstream comparisons for pulp mills is especially difficult, given that many 

mills are coupled with hydroelectric dams. This scenario can confound data interpretation 
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due to different habitats (i.e., substrate type and depth profiles) being compared. To truly 

assess recovery, appropriate reference sites must be chosen.  

Given the different responses between the mayfly and the sucker, future research 

on pulp mill effluents should attempt to sample invertebrate species close to effluent 

discharges. Perhaps Hexagenia sp. living in close proximity to a diffuser or outfall would 

reflect a relationship with the effluent as a food source, where the littoral mayflies in my 

study likely had little exposure to the effluent and were therefore preferentially eating 

other items. 

6. Conclusions

Several lines of evidence indicate that recovery in stable isotope values from the 

influence of pulp mill effluents at Mattagami downstream was complete within 5-8 years 

following the mill’s closure. White sucker δ13C had shifted to lower values similar to 

those found downstream at the regional reference site (GH DS). This trend suggests that 

there is no measureable dietary influence of terrestrial δ13C remaining from the effluent. 

Changes in isotope data for Hexagenia sp. were difficult to determine due to the 

limitation of only one year of exposure data and the high variability in the values between 

post-closure years. Isotope bi-plots of the food webs were similar between habitat types 

for similar sized tributaries, and food chain length was similar for all sites sampled in 

2013. There were no differences in body size for the Hexagenia sp. at Matt DS indicating 

that there was no continued nutrient enrichment at that site, and the differences observed 

between sites appeared to be related to the timing of emergence (likely due to among-site 

differences in water temperature).  



80 

Long term isotope datasets are rare, and ecosystem recovery studies that provide 

researchers hard to come by “before” (operational) data in addition to “after” (closure) 

data are even more unique. The 3+ years of “before” white sucker data presented in this 

study allow for meaningful within site comparisons to be made between time periods at 

the Matt DS site, and allow for a reasonable estimate of their natural variability to be 

calculated (Arciszewski and Munkittrick 2015). The variability of the Hexagenia sp. data 

in the current study is greater, with only one year of “before” data, and what appears to 

be a high sensitivity of the indicator to fluctuations in environmental variables such as 

rainfall. The increasing importance of determining the difference between ecologically 

relevant changes and natural variation can only be accomplished with multiple years of 

data, and studies using stable isotope analyses should take this into consideration. 

Another benefit of the Moose River isotope data, is the multiple years of data 

across multiple sites. Multiple sites with varying levels of disturbance allowed for the 

most appropriate reference site in our study to be identified, and for factors that could be 

confounding to be separated out (i.e. the difference between undeveloped sites, 

hydroelectric exposed sites, and a pulp mill and hydroelectric exposed site). In the case of 

this study, the reference sites provided by adjacent tributaries aided in isotopic resolution 

for the varying impacts (pulp mill and hydroelectric activities) and provided a strong 

reference for which to measure a recovery response.   
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