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ABSTRACT 

FRESHWATER FINFISH NET-PEN AQUACULTURE LOCATION AFFECTS 
ENERGETIC SUBSIDIES TO LOCAL WILD FISH 

 
Chelsea Moore 
University of Guelph, 2021

Advisor: 
Dr. Neil Rooney 
 

While freshwater aquaculture is poised to expand in Canada, sustainable growth of the 

industry must consider effects on local wild fish populations. Here, I used stable 

isotopes and fatty acid analysis to look for evidence of energetic subsidies to local fish 

communities from rainbow trout fish farms in Lake Huron. Strong evidence of energetic 

subsidies to local wild fish was detected at one of three sites studied. Interestingly, 

where aquaculture subsidies were detected, lake trout were found to have lower 

condition factors. An examination of the physical and ecological differences among sites 

provided insights into the potential for freshwater aquaculture operations to provide 

energy subsidies to local wild fish. Such factors should be considered in collaboration 

with local Indigenous partners who can lend substantial historical knowledge about the 

specific ecosystem being considered when considering future potential sites for new 

aquaculture operations.  
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1 Thesis Introduction 1 

I am Indigenous to the land where the tree lines of the northern boreal woodland 2 

forest of northern Saskatchewan.  These trees begin so suddenly, so powerfully and so 3 

clearly delineate the shift in the ecosystems.   No more, endless horizons, the 4 

spectacularly blinding sunsets and of course the famous Saskatchewan prairie 5 

croplands that resemble a first timers attempt at patching together a quilt.  And, 6 

although Saskatchewan is reputable as a prairie province, the boreal woodlands and 7 

the pristine Precambrian shield lakes constitute more than half the province. These are 8 

the lands of my ancestors and the roots of my people. However, our lands have become 9 

confused, along with our people. Now, we are the people of the Lac La Ronge First 10 

Nation part of Treat 6. We are a nation of 18,000 members and we have reserves 11 

scattered all around a very large majestic glacier deposit lake which is called Lac La 12 

Ronge. . The Lake of Lac La Ronge is what makes me proud to be where I am from. 13 

The lake holds everything together. That lake and its’s surroundings, are my very heart, 14 

being and soul. No matter how far I go, every time I close my eyes and think about my 15 

home, I smell fresh fish gifting themselves to me as I pull them out of the beautiful 16 

waters and into my canoe. Fish are deeply woven into our culture, they are a part of our 17 

people’s understanding of ourselves, our ancestry, our natural surroundings and The 18 

Creator.  19 

I learned to fillet fish from the lake at a very young age. I found myself captivated 20 

when I watched experienced filleters move their knives and hands through their catch 21 

with such grace. My favourite was watching Henry, one of the quietest elders in my 22 

community. I would sit for hours making notes of each move he made as he carefully 23 

but efficiently cleaned his catch.  “Why are you so much better at that?” I asked him 24 

once. “The fish is better at it, not me. I just listen to what the fish tells me to do.”  Ever 25 

since that day, when I get ready to fillet a fish, especially a Jack fish, I find myself 26 

leaning in to listen, secretly waiting for the moment when the fish says “Chelsea, just for 27 

you, I chose not to grow Y bones. You deserve a break from this ‘Jack of bones’ today.”  28 
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Although, that day has yet to arrive, I still instinctively lean in and listen before I begin 29 

my fillet.  30 

Over a decade ago, I found that my passion for fish and aquatic ecosystem 31 

sustainability began to overlap with my education in international development and my 32 

humanitarian aid career.  I found myself working in cultures and societies all over the 33 

world that were intrinsically centered around subsistence fishing.   Just like my culture, 34 

fish play a fundamental role in shaping culture, livelihood, health, and ultimately food 35 

security. On a global scale, fish is one of the most important, affordable and accessible 36 

sources of animal protein. In some countries up to 50 per cent of a human’s protein 37 

intake is derived from fish (FAO, 2020).  And yet, the percentage of fish stocks that are 38 

within biologically sustainable levels have decreased from 90 percent in 1974 to 65.8 39 

percent in 2017. Despite this knowledge, the fisheries industry continues to over-fish 40 

(FAO, 2020). Why are we not listening to the fish, they are clearly saying slow down or 41 

stop please?   42 

In my early 30’s, I was introduced to a world of fish I had never encountered before. 43 

Fish that were farmed. At first, I didn’t know what to think.  Growing fish by the masses 44 

in contained spaces far more crowded than in the wild? Is this what the Creator 45 

intended? However, fish are intelligent, they go where resources are, just like humans, 46 

so maybe fish are onto something. Human populations are growing by the masses and 47 

continually migrating themselves into dense, overcrowded urban metropolises. 48 

Currently 55% of the world’s population live in urban centers which is predicted to 49 

increase to 68% by 2050 (ONU, 2018). More people, more crowding, and more 50 

consuming, of more fish.  51 

The increase in per capita consumption, combined with population growth, has led 52 

to world’s consumption of food fish more than tripling in the past 20 years (FAO, 2020). 53 

To meet the growing demand for food fish, supply has come increasingly from 54 

aquaculture as output from the capture fisheries continues to decrease. Globally, finfish 55 

aquaculture production has increased 73% over the past decade alone and currently 56 

represents 66.1 % of all seafood consumed worldwide (FAO, 2020). Inevitably, 57 
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aquaculture must continue to expand to meet the growing demand for fish.  It was time 58 

to ask the fish.  Early, one morning on the fish farm, I leaned into a raceway and 59 

listened. It only took thousands of fingerlings all rushing at me to finally hear them.  60 

They had things to say, and I heard them loud and clear.  They want to be the food that 61 

keep us all healthy. They do not want to be the food of the privileged, they are food that 62 

everyone deserves the right to eat.  If they are to respect their new keepers, a 63 

partnership of mutual respect must be maintained. The fish reminded me that they can 64 

thrive in the right environment, but they can also just as quickly deteriorate in the wrong 65 

one.  And finally, farmed or wild, the spirit of the fish cannot be broken.    66 

So it was the fish, that began this thesis. They asked me to find a better current for 67 

the industry, a current that carries the cultural values and approaches of my indigenous 68 

culture towards the currents of science. Fish will follow these currents into a new farmed 69 

world knowing that humans and fish will be able to find a healthier way forward. 70 

In what follows in this introductory section of my thesis, I will give a brief history of 71 

fish farming and how it developed internationally and then in the Great lakes. I will then 72 

discuss the regulatory systems that surround this industry in Canada and where the 73 

gaps and opportunities lie for improving fish farming.  I will finish this section off by 74 

describing how an ecosystem-based approach using biotracers are what the fish 75 

recommend. 76 

Aquaculture, as we know it today, has evolved significantly and diversely over time 77 

and geographic location.  Broadly defined, modern day aquaculture is the farming of 78 

fish, mollusks, crustaceans and aquatic plants in marine or freshwater environments.  79 

The origins of aquaculture can be traced as far back as 475 BC by farmers in rural 80 

China who cultivated carp (FAO, 2020).  Since then, many different societies all over 81 

the world have developed and adapted marine and freshwater aquaculture to suit their 82 

growing food security and trade needs.  The introduction of modern-day freshwater 83 

aquaculture occurred at a farm in Germany in 1741, where farmers collected Trout 84 

eggs, hatched these eggs to be raised for food consumption (Hickling, 1966). 85 
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The practice of aquaculture was adopted in North America in the 1870’s, when 86 

rainbow trout eggs were collected from native wild stocks of the McLeod River in 87 

California and transferred throughout the United States and Canada (Young & 88 

Matthews, 2006).  There are many speculations regarding the specific details of who, 89 

how and when rainbow trout eggs were introduced in Ontario. However, it can generally 90 

be traced from the period of 1880’s to the early 1900’s through a combination of 91 

government and independent farmers (Young & Matthews, 2006). Wild eggs were 92 

transported by various parties and raised for culture and commercial sale or released 93 

into the wild. The Ministry of Natural Resources (MNR) launched the culture and 94 

stocking of rainbow trout fingerlings in 1914 to lakes across Canada.  Over the next 95 

century, the various actors involved in culturing rainbow trout both commercially or 96 

publicly developed (and continue to develop) the strains that are now found in the Great 97 

Lakes of Ontario today: Rainbow trout is now legally considered a naturalized species in 98 

Canada. 99 

In Ontario aquaculture provides added value to the Ontario economy worth 100 

approximately $126 million, with the ‘farm-gate’ value of rainbow trout alone worth $31.2 101 

million (Moccia & Burke, 2020).  The commercial Ontario rainbow trout aquaculture 102 

industry is organized through a series of land-based hatcheries, which supply grow out 103 

net pen operations located on Lake Huron which all end up in processing plants within 104 

the province.  Combined with land-based aquaculture, the industry provides direct and 105 

indirect full time equivalent employment of over 300 people annually in Ontario.  Net-106 

pen culture is a relatively new industry in Ontario with the first license starting 1986. 107 

Land based aquaculture in combination with net-pen operations account for over 95% of 108 

Ontario production, all of which are located on the Great Lakes watershed. All of these 109 

land-based and net pen operation actors are inextricably dependent upon each other’s 110 

production outputs in order to meet retailer and consumer demands and ultimately 111 

maintain the growth and success of the industry.   112 

In Canada, there is currently no federal legislation that officially defines aquaculture. 113 

This creates a grey area as to how to govern the activities of aquaculture as an industry. 114 
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As laid out in the Guidelines for Net-pen Aquaculture facilities, aquaculture activities fall 115 

under three Federal Acts: Aquaculture Activities regulations section of the Fisheries Act 116 

1998; Species at Risk (SARA) 2002; & Navigation Protection Act 1985. Industry argues 117 

that aquaculture by definition is agriculture and should therefore fall under the Federal 118 

Agriculture and Agri-Foods Act.  The lack of clarity and controversy surrounding this 119 

industry at the top levels of government creates a confusing situation when it comes to 120 

the practicality of governing this sector. The convolution associated with the governing 121 

agencies has perpetuated the environment of distrust in the government’s competency 122 

to ensure public safety which in turn affects public confidence in the industry.  123 

The provincial regulatory system in place for freshwater aquaculture in Ontario, with 124 

the exception of First Nations land and waters, is governed through an ‘Aquaculture 125 

License’ (net-pen or land) under the Ontario Ministry of Natural Resources and Forestry 126 

(OMNRF). The guidelines of the licensing process are influenced by a wide variety of 127 

agreements, commissions, policies and acts. 128 

The identified nutrient of concern in aquaculture operations is phosphorus (P), 129 

either solid or dissolved, which is generated by the wastes of a farm (feed, feces or 130 

mortalities).  Total phosphorus (TP) models have evolved over time but originated from 131 

the Organisation for Economic Co-operation and Development (OECD) nutrient models. 132 

These guidelines have been put in place to avoid nuisance algal blooms which may 133 

occur and could potentially lead to toxic cyanobacteria outbreaks. This process can 134 

result in the decay of algal biomass and subsequently decreases the overall oxygen 135 

levels in lakes.  Although, traditionally P has been the standard metric for water quality 136 

assessment, there has been increasing questioning by the industry and First Nations as 137 

to the utility of focusing exclusively on a singular nutrient to determine ecosystem 138 

health. In a conversation with the owner and operator of one of the Ontario rainbow 139 

trout net-pen sites, he remarked to me “I’m testing for phosphorus all the time.  I feel like 140 

I’m in an abusive relationship with phosphorus, and I don’t even know what it is”. 141 

Policy acts as a guiding framework and attempts to provide useful tools for 142 

operators to monitor environmental impacts. Policy also operates with an underlying 143 
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agenda which influences the resources used for evaluation. The current underlying 144 

policy assumption with respect to aquaculture is that it has a negative impact on the 145 

environment. The parameters that are set out to gauge these impacts do not adequately 146 

reflect a complete ecosystem assessment as they primarily focuses on water and 147 

sediment measurements, when taken out of context, easily  reinforce the pre-148 

assumptions that aquaculture has negative effects. In the case of rainbow trout 149 

aquaculture in the Great Lakes, the parameters that are used to monitor impacts must 150 

be revised and new, more comprehensive scientific methods should be explored as 151 

alternatives. Assessment tools should quantify ecosystem level processes thereby 152 

capturing the effects (both positive and negative) that aquaculture operations have on 153 

local biota. 154 

An ecosystem approach to assessments that quantifies the effect of aquaculture 155 

operations on energy flow through entire food webs would provide a more 156 

comprehensive metric for the industry. This approach shifts the thinking of habitats as 157 

single, isolated entities, to the idea that all ecosystems are connected through the 158 

energy flows of resources. In this context, net-pen aquaculture operations can be 159 

thought to provide energy subsidies to local ecosystems (Polis et al. 1997). To date, few 160 

studies have employed this approach to examining the effects of fish farms on local 161 

freshwater ecosystems. One such study, done by Johnston et al..2018 in Parry Sound 162 

harnessed a mix of biotracers (stable isotopes and fatty acids) which directly followed 163 

the wastes of net-pen aquaculture into the aquatic food web. This combination of bio 164 

tracers allowed for a more rigorous empirical approach at tracing these wastes through 165 

the ecosystem. The science and regulation to this point assumes that aquaculture 166 

wastes are being integrated into the ecosystem in a negative way which ultimately leads 167 

to water quality issues (MNRF, Regulations, 2017) . However, this research 168 

demonstrates the opposite, the wastes could be supporting intermediate and top-level 169 

aquatic fish in the surrounding ecosystems. The results also demonstrate that the fish in 170 

the surrounding habitats have healthier fatty acids as a result of the excess aquaculture 171 

wastes.  This could suggest that not only are aquaculture facilities supporting the 172 
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replenishment of natural fisheries, they are also improving the health of these individual 173 

fish. 174 

The results of studies like Johnson et al (2018) provide a beginning step in 175 

understanding how wastes from aquaculture are assimilated into the food web in which 176 

these net-pen operations exist.  At this point, what can be ultimately drawn from 177 

Johnson’s et al. 2018  study is that fatty acids and stable isotopes are an effective tool 178 

in tracing the pathway of the wastes from aquaculture sites to the freshwater food web. 179 

By linking aquaculture research with ecological implications, future research can gain a 180 

more holistic view of the effects of aquaculture and the subsidy provided by waste. If 181 

carried out in more locations and compared with more variables, the results could at 182 

minimum offer a more accurate and comprehensive cumulative impact analysis of 183 

aquaculture in a host ecosystem. It could potentially lead to the reframing of the 184 

underlying scientific approach, regulatory methodology and overall perception of 185 

aquaculture in general.  186 

It is precisely this type of ecosystem approach that resonates with the holistic view 187 

of the world that I have always valued. I saw the use of biotracers as an opportunity to 188 

integrate this world view with my interest in the aquaculture industry. It would also 189 

provide me with the opportunity to learn more about the world of science as it relates to 190 

the environment and the industry that had captured my attention.  191 

The following chapters present my research findings in manuscript format.  I finish 192 

my thesis (Conclusion section) with some thoughts on what I have learned and what the 193 

industry can learn from new worldviews on science.  194 
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2 Freshwater finfish net-pen aquaculture location affects 195 
energetic subsidies to local wild fish 196 

2.1 Introduction 197 

Due to an ever-increasing global population, projected to reach 9 billion by the 198 

middle of the 21st century, it is imperative that food production increases globally in an 199 

efficient, equitable and environmentally sustainable manner (Godfray et al., 2012). One 200 

of the primary challenges will be to find environmentally feasible ways to produce and 201 

deliver sufficient supplies of healthy protein to growing populations in Canada and 202 

abroad. Wild fishery catches appear to be plateauing globally (FAO, 2016) and the 203 

potential for land-based agriculture and livestock farming to sustainably meet protein 204 

needs in the coming years has come under severe scrutiny by the public, environmental 205 

and scientific communities (Pelletier & Tyedmers, 2010). Finfish aquaculture has been 206 

proposed as an important sustainable, nutrition-rich alternative global food source that 207 

promises healthier protein for the world’s growing population. Globally, finfish 208 

aquaculture production has increased 73% over the past decade alone and currently 209 

represents 66.1 % of all seafood consumed worldwide (FAO, 2020). 210 

Historically, marine finfish aquaculture has dominated worldwide production, 211 

however in the past decade, freshwater, inland finfish aquaculture production has 212 

overwhelmingly surpassed the marine industry. In 2019, marine and coastal finfish 213 

aquaculture produced 7.3 million tonnes, whereas freshwater production was over 54 214 

million tonnes globally (FAO, 2020).  Despite the substantial shift in global growth trends 215 

from marine to freshwater, Canada’s aquaculture industry has not experienced a 216 

notable shift at all.  Currently in Canada, there are more than 700 aquaculture 217 

operations that bring in annual revenue of over $1.2 billion (Statistics Canada, 2020). 218 

While freshwater rainbow trout net-pen aquaculture in Canada constitutes less than 7% 219 

this overall production, Ontario produces the largest amount of freshwater aquaculture 220 

in the country.  Lake Huron net-pen raised rainbow trout accounting for the largest 221 

share of this production (Statistics Canada, 2020). In 2019, the rainbow trout 222 
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aquaculture industry produced nearly 6,500 marketable tonnes of fish which reflected a 223 

2.4% increase in production from the previous year (Moccia & Burke, 2020). Production 224 

is forecast to continue to experience incremental growth, however the industry is still not 225 

able to satisfy the local Ontario market demand for rainbow trout (Moccia & Burke, 226 

2020). Canada currently imports over 62% of the market share for rainbow trout from 227 

other countries such as Sweden, Norway and Scotland (DFO, 2019).  While there is 228 

potential for growth in the industry, one impediment is the uncertainty surrounding the 229 

environmental effects of net-pen aquaculture in public waters. There exists a suite of 230 

concerns surrounding the environmental effects of net-pen aquaculture (Otu et al., 231 

2017), with effects of fish farming on water quality in the form of nutrients and algae 232 

driving the current regulatory environment. This has significantly limited the expansion 233 

of the industry (Yan, 2005). 234 

As a result of the loading of fish feed and fish waste to freshwater ecosystems, 235 

aquaculture has the potential to drive eutrophication since aquaculture wastes contain 236 

phosphorus, which limits the productivity of most freshwaters (Schindler, 1974, 1977). 237 

Significant signs of eutrophication such as elevated levels of phosphorus and 238 

phytoplankton as well as decreased dissolved oxygen levels have been observed in 239 

several freshwater systems with finfish aquaculture operations (Clerk et al., 2004; 240 

Hakanson et al., 1998; Hamblin & Gale, 2002; Lawson et al., 2017). More recently, work 241 

at the International Institute for Sustainable Development’s Experimental Lakes Area 242 

(IISD-ELA) in Northern Ontario documented a 36% decrease in hypolimnetic dissolved 243 

oxygen concentrations while total phosphorus levels increased by 35% in an 244 

experimental aquaculture lake compared to a reference lake (Bristow et al., 2008). 245 

However, it should be noted that this experimental study was carried out on a small, 246 

sheltered northern Ontario lake (Lake 375 with an area of 23.2 ha and a volume of 247 

2,658,813 m3) with extensive littoral habitat and limited water movement.  In contrast, 248 

freshwater finfish aquaculture operations on Lake Huron are located in large, deeper 249 

habitats that are exposed to swiftly moving currents and weather conditions. While there 250 

has been a considerable amount of concern expressed regarding the potentially 251 
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negative effects of nutrient loading to the local environment, there may also be potential 252 

positive effects of some controlled nutrient enrichment on local environments, 253 

particularly if those environments are ultra-oligotrophic. Both fish waste products and 254 

excess feed represent rich organic material, nitrogen and phosphorus for the receiving 255 

ecosystem. Microbial activity remineralizes nutrients from the waste, making them 256 

available to local primary producers. This could be of particular importance in the Great 257 

Lakes, where the ‘benthification’ of nutrient cycling has resulted in decreased pelagic 258 

primary production (Hecky et al., 2004).  259 

While there is the potential for finfish aquaculture to have negative effects on 260 

localized areas around operations, recent studies have suggested that some species 261 

may benefit from the presence of fish farms. In a study that examined the dynamics of 262 

wild fish populations in the presence of the experimental fish farm at ELA, Rennie et al., 263 

(2019) found that during the operation of the rainbow trout aquaculture the lake trout 264 

experienced a substantial increase in abundance as the population doubled during the 5 265 

year aquaculture project timeframe. This is likely due to the following factors: growth 266 

rates of young lake trout increased, leading to larger body mass and earlier maturation. 267 

This surge in the lake trout numbers was followed by a notable decline shortly after the 268 

completion of the operations, suggesting a direct effect of a subsidy from the net-pen to 269 

the local wild fish. Two years post-operations, the lake trout population declined back to 270 

the baseline numbers observed before the operations, which indicates significant 271 

mortality following the end of the operations. The littoral minnow community saw an 272 

increase in the fall; however, this abundance did not carry through to spring which 273 

suggests these species suffered significant mortality over the winter. White suckers 274 

were negatively affected throughout the entire operation and their population showed no 275 

signs of recovery for 2 years after operations concluded. White sucker populations 276 

declined, and overall health and body conditions degraded. Despite an increase of size-277 

at-age, juvenile recruitment over the winter season was still unsuccessful mainly in the 278 

final 2 years of the aquaculture operations (Rennie et al., 2019). 279 

Evidence of benefits to local wild fish from rainbow trout fish farms has also been 280 
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detected near one operation in Lake Huron. Johnson et al. (2018) employed stable 281 

isotopes (δ15N and δ13C) and fatty acids as bio-tracers to determine if anthropogenic 282 

subsidies from fish farms find their way into the local food webs. This study took 283 

advantage of the fact that fish farm feed has elevated δ15N signatures compared to 284 

basal resources in the local food web, as well as a distinct fatty acid profile that allows 285 

for the detection of an energetic subsidy to groups that consume excess feed.  Their 286 

results suggested that energy from excess feed is incorporated into local food webs, 287 

although not all species were found to exhibit signs of a feed subsidy. A pelagic forage 288 

fish (cisco) and a top predator (lake trout) exhibited elevated apparent trophic positions 289 

(as indicated by elevated δ15N signatures A higher proportion of fatty acids associated 290 

with aquaculture feed were found in fish collected near the aquaculture sites. However, 291 

in contrast to the results of Rennie et al. (2019), evidence of feed assimilation by littoral 292 

fish species (yellow perch) was not found by Johnson et al. (2018). While the results of 293 

Johnson et al. (2018) and Rennie et al. (2019) are intriguing, both studies are limited in 294 

their spatial scope. In the only study to examine the effects of multiple net-pen 295 

operations on local wild fish at sites in Lake Huron, stable isotope analysis of δ15N and 296 

δ13C revealed no evidence of aquaculture subsidies to local biota, although only smaller 297 

forage fish were analyzed (Johnston et al., 2010).  Further exploration of the use of 298 

biotracers to detect fish farm inputs to whole local food webs is necessary to establish 299 

the degree to which local ecological communities could potentially benefit from 300 

aquaculture operation subsidies. 301 

Biotracers are used for determining the diet composition of consumers and has a 302 

solid foundation within the ecological literature (Nielsen et al., 2018). Biotracers such as 303 

stable isotopes and fatty acids naturally bioaccumulate in the tissue of organisms and 304 

when analysed together can offer diet estimates integrated over weeks to months (Post, 305 

2002). The stable isotope signatures of nitrogen (δ15N) and carbon (δ13C) can be used 306 

to estimate trophic positions in the food web and the proportion of diet that fish derive 307 

from different resources (Vander Zanden & Rasmussen, 1999). In addition, Croisetiére 308 

et al. (2009) were able to use δ34S to estimate consumer dependence on sediment and 309 
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plankton derived energy in freshwater lakes. While δ34S has been commonly used in 310 

marine ecosystems, this was the first study to use δ34S as a biotracer in a freshwater 311 

context and the authors recommendations were to use δ34S in combination with δ13C 312 

and δ15N in freshwater studies (Croisetiére et al. (2009). This is particularly relevant in 313 

studies that are examining aquaculture inputs to freshwater systems, as rainbow trout 314 

aquaculture feeds usually contain fishmeals and fish oils that are derived from marine 315 

sources which can have a distinct δ34S signature (Doubleday et al., 2018). 316 

A second commonly used set of biotracers, fatty acids, are a group of diverse 317 

dietary lipids that can offer unique profiles for the identification of specific dietary items 318 

or differentiation among various dietary sources (Dalsgaard et al., 2003). Fatty acid 319 

analysis can carry a high number biomarkers (>30), which can allow for partitioning 320 

among and within various taxonomic groups (Strandberg et al., 2015).  Aquaculture 321 

feed often has very high levels of traceable fatty acid biomarkers due to the fish oil that 322 

the feed contains, therefore the potential use of fatty acids in studying the fate of 323 

aquaculture waste in an ecosystem is promising (White et al., 2019).  324 

Although, these various biotracers offer a great deal of information about food 325 

webs, studies that use multiple bio-tracer methods that include stable isotopes and fatty 326 

acids are rare, particularly when researching complex ecosystems that involve 327 

aquaculture inputs (George & Parrish, 2015; Redmond et al., 2010; Van Biesen & 328 

Parrish, 2005; Ye et al., 1991; Yokoyama et al., 2006). One study that did use multiple 329 

biotracer, carried out a study using fatty acids in combination with compound specific 330 

stable isotopes to determine the fate of organic nutrients from aquaculture operations 331 

into the local ecosystem (Colombo et al., 2016). The authors found that mollusks 332 

exposed to finfish farming inputs showed altered fatty acid and stable isotope 333 

signatures, suggesting the usefulness of the biotracers in quantifying the effects of 334 

aquaculture on local biota. However, the authors did not look beyond these primary 335 

consumers for signals of aquaculture subsidies in other consumers or in higher order 336 

predatory species. 337 
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The detection of energetic subsidies to functional groups is important, as these 338 

subsidies have important implications for the productivity, persistence and stability of 339 

the receiving food webs (Huxel & McCann, 1998; Ishikawa, 2018; Polis et al., 1997; 340 

Takimoto et al., 2002).  However, documenting whole food web responses to subsidies 341 

can be a time and resource demanding task. Identifying attributes that span ecological 342 

scales of organization from individuals to ecosystems can aid in detecting the effects of 343 

such subsidies (McMeans et al., 2016).  For example, examining the effects of 344 

subsidies on individual top predators (e.g. lake trout in the Great Lakes) could provide 345 

insight to food webs as a whole, as mobile top predators can integrate signals from 346 

spatially distinct habitats and respond rapidly to the presence of available resources (N. 347 

Rooney et al., 2006; N. Rooney & McCann, 2012).  Condition factor is one metric that 348 

has been used often to assess the overall condition of salmonid species (Froese, 2006), 349 

and could provide insights into the effect of any subsidy from aquaculture operations on 350 

not only the health of individual fish, but on the condition of the entire food web. 351 

To help inform the management of freshwater finfish aquaculture in the Great 352 

Lakes, the goal of this study was to test the hypothesis that aquaculture operations act 353 

as subsidies to local wild fish (The aquaculture subsidy hypothesis). Further, the 354 

hypothesis that aquaculture subsidies have a positive effect on the condition factor of 355 

the top predator lake trout was also tested. To do so, fish and benthos from six 356 

aquaculture sites and four control sites in three different regions of Georgian Bay and 357 

the North Channel were sampled over two summers. This study is the largest effort to 358 

assess such effects in Canada and advances our understanding of the extent of fish 359 

farm effects on local biota. 360 

  361 
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2.2 Methods 362 

2.2.1 Site selection 363 

Site selection was undertaken in consultation with local indigenous fishers and 364 

fish farmers to identify areas where species of interest would be concentrated.  365 

Sampling location selection was also based on respecting the sacred lands identified by 366 

local First Nations leadership.  A total of 10 sampling locations in Lake Huron were 367 

selected for this study, with 6 aquaculture sites sampled within 1km of fish farms (AQ 368 

sites) and 4 control sites (CTL) sampled at least 10km (Mean distance = 18.8km) from 369 

the fish farms (Figure 1). Control locations were chosen to be far enough away from the 370 

AQ sites to be considered unimpacted by the operations but still reflect similar overall 371 

environmental conditions compared to each corresponding geographic group of AQ 372 

sites based on the environmental conditions assessment done by the LAMP research 373 

teams.  The locations were organized into 3 geographic groups (Parry Sound, Eastern 374 

Manitoulin and Western Manitoulin). Parry Sound had 1 CTL site (Reid Island, RI) as 375 

did Western Manitoulin (North Channel, NC). There were 2 pooled CTL sites for Eastern 376 

Manitoulin (Sheguiandah, SG and Wiikwemkoong, WK).  377 

2.2.2 Sample collection and analysis 378 

All organisms collected for analysis in this study were sampled during June, July 379 

and August of 2018 and July and August of 2019. To capture an adequate 380 

representation of the food web at each site, samples were collected from representative 381 

functional feeding groups.  Functional groups included littoral forage fish which were 382 

represented by round goby (Neogobius melanostomus) and spottail shiner (Notropis 383 

hudsonius); the top predator lake trout (Salvelinus namaycush); pelagic forage fish 384 

represented by cisco (Coregonus spp.), alewife (Alosa pseudoharengus)and rainbow 385 

smelt (Osmerus mordax). Pelagic forage fish were not caught at either Eastern 386 

Manitoulin or Western Manitoulin regions (AQ and CTL sites), despite numerous and 387 

frequent gill netting attempts. Lake whitefish (Coregonus clupeaformis) were caught in 388 

abundance at these sites and were therefore sampled to examine for evidence of 389 
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aquaculture subsidies. Littoral invertebrates which included Trichoptera and 390 

Ephemeroptera were sampled as littoral baseline indicators for stable isotope analysis.  391 

Unionid mussels and zebra mussels were also collected, but not as representatives of 392 

the littoral invertebrate group but to serve as indicators of baseline pelagic consumers 393 

for stable isotope analysis (Post, 2002). 394 

A shore seine net 2 m high and 5 m long with 3 mm sized mesh was used in 395 

accessible littoral forage habitat to sample littoral forage fish. Lake trout and pelagic 396 

forage fish were collected using Ontario multi-mesh gill nets following a modified broad-397 

scale fish community monitoring (BSM) protocol (Sandstrom et al., 2013). Gill net sets 398 

were typically set for a maximum duration of 12 hours before retrieving fish. For larger 399 

fish (> 20 g), 2 to 4 grams of dorsal muscle tissue was removed from each individual for 400 

stable isotope and fatty acid analysis. For smaller fish, pooled muscle samples were 401 

taken from along the entire body to obtain enough sample for the analyzes. In addition 402 

to the fish samples collected at study sites, samples of fish feed (Skretting feed for 403 

rainbow trout) and tissue samples from farmed rainbow trout were collected to serve as 404 

indicators of both the feed subsidy itself and the resultant stable isotope signatures and 405 

fatty acid profiles of fish that exclusively consume feed. Muscle and feed samples for 406 

stable isotope analysis were frozen within 4 h of collection at -20oC and kept frozen until 407 

laboratory processing. Fish muscle and feed samples for fatty acid analysis were frozen 408 

immediately (-20oC) and then moved on dry ice to a -80oC freezer as soon as possible 409 

and kept at that temperature until they could be analyzed. Littoral invertebrate (including 410 

mussel) samples from each site were pooled and frozen (-20oC) until they could be 411 

processed in the laboratory and were not analyzed for fatty acid composition. 412 

Once field collection was complete, all samples were processed for isotope 413 

analysis. Trichoptera and Ephemeroptera were processed whole, whereas mussel 414 

tissue was removed from shells for processing.  All samples (fish muscle and 415 

invertebrates) were dehydrated in a drying oven for at least 48 h at 65-70°C. Once 416 

completely dried, samples were ground to a fine powder using a mortar and pestle and 417 
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divided into sample vials. Samples were then sent to the Stable Isotope Laboratory at 418 

the University of Windsor Ontario for stable isotope analysis of δ13C, δ15N and δ34S. 419 

The carbon, nitrogen and sulfur isotopic composition of each sample were 420 

determined using a Delta V Advantage Thermo Scientific continuous flow mass 421 

spectrometer (Thermo Electron Corporation, Bremen, Germany) coupled to a 4010 422 

Elemental Combustion System (Costech Instruments, Valencia, CA, USA). Stable 423 

isotope values are reported as per mil (δ) and were calculated using the equation: 424 

𝛿𝛿𝛿𝛿 = ([𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙𝑒𝑒/𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅] − 1) × 1000 425 

where X represents 13C, 15N or 34S and R is represented by 13C:12C, 15N:14N or 426 
34S:32S. Vienna Pee Dee Belemnite, atmospheric nitrogen and Canyon Diablo Troilite 427 

were used as standard reference materials for carbon (δ13C), nitrogen (δ15N) and sulfur 428 

(δ34S) respectively. Analytical precision was assessed by examining variation in 429 

replicate tissue samples (every 10th sample was run in triplicate for C and N, in 430 

duplicate for S). Measures of NIST and internal laboratory standards were < 0.2‰ from 431 

known values for δ13C, δ15N and δ34S. 432 

Frozen tissue and feed samples were sent to Lipid Analytical Laboratories 433 

(Guelph, Ontario) where the fatty acid analysis was conducted using a modified Folch 434 

method (Folch et al., 1957; McMeans et al., 2013).  Fatty acids are expressed as 435 

relative percentages of all fatty acids detected. They are also expressed as milligrams 436 

per gram of lipids as supplementary data available in the Supplementary Material. 437 

Condition Factor Analysis 438 

Fulton’s condition factor was calculated for all lake trout sampled in the study as 439 

follows: 440 

𝐾𝐾 = 100 ×
𝑊𝑊
𝐿𝐿3

 441 
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Where K = Fulton’s condition factor, W  is the whole body wet weight of the fish in 442 

grams and L is the length in cm; the factor 100 is used to bring K close to unity. 443 

2.2.3 Statistical analysis 444 

Stable isotope values of δ13C, δ15N and δ34S were compared between CTL and 445 

AQ sites and the direction of change between CTL and AQ sites with respect to both 446 

fish feed and farmed rainbow trout signatures was deemed to be significant if a 447 

Student’s t-test returned a p value of less than 0.05.  448 

 A principal component analysis (PCA) was conducted on the fatty acid profiles of 449 

fish samples and feed to determine which fatty acids were key indicators of net-pen 450 

aquaculture feed (Supplementary Material Figure 1). This analysis was carried out to 451 

determine which fatty acids were higher or lower in the feed compared to local wild fish. 452 

We identified 4 fatty acids for further analysis (16.1n7, 18.2n6, 18.3n3 and 20.1n9). 453 

These fatty acids were deemed to be feed indicator fatty acids (FIFAs). These FIFAs 454 

were then used again in PCA to compare fatty acid profiles in wild fish (littoral forage 455 

fish, lake trout and pelagic forage fish or whitefish) from CTL and AQ sites to the fish 456 

feed and the farmed rainbow trout fatty acid profiles.  For each of the functional groups, 457 

feed and farmed rainbow trout, clusters were generated in the PCA, and centroid 458 

distance analysis was undertaken. The Euclidean distance (EUCD) between the 459 

centroids of the functional group clusters at all sites (AQ and CTL) and the feed PCA 460 

cluster were quantified. The same procedure was carried out to calculate EUCDs from 461 

functional group cluster centroids to farmed rainbow trout centroids. If the EUCD from 462 

the centroid of an AQ functional group cluster in the PCA at an AQ site was less than 463 

the Euclidean distance of the same functional group from a CTL site (i.e. EUCD AQ – 464 

EUCD CTL > 0), this was taken to be evidence of an AQ subsidy to that group.  465 

 The fatty acid profiles of the functional groups were also analysed once again 466 

among sites (both AQ and CTL treatments) using the same four fatty acids identified 467 

above. EUCD from this analysis was undertaken at AQ sites to see if there were 468 

differences in aquaculture feed subsidy signals in functional groups among the three 469 
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geographic regions (Parry Sound, Eastern Manitoulin and Western Manitoulin). For this 470 

analysis, functional groups clusters from sites that had smaller EUCDs were deemed to 471 

show more evidence of an aquaculture subsidy compared to those functional group 472 

clusters that had larger EUCDs. For CTL sites, this same analysis was carried out to 473 

examine the fatty acid profiles for any geographic patterns that could not be explained 474 

by aquaculture effects. 475 

 Fulton’s condition factor was compared among sites using a one-way ANOVA 476 

with a Tukey’s HSD post-hoc test.  All statistical analysis was completed using the R 477 

statistical 239 computing package, version 3.6.1 (R Core Team 2019).  478 

 479 
  480 
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2.3 Results 481 

Raw data for stable isotope and fatty acid analyses can be found in 482 
Supplementary Tables 1 and 2, respectively. 483 

2.3.1 Stable isotope predictions 484 

The analysis of stable isotope values of the fish feed and functional groups from 485 

Control (CTL) sites allowed for the generation of predictions as to the directional shift in 486 

stable isotope values of functional groups at Aquaculture (AQ) sites if they were to 487 

incorporate subsidies from fish farm feed either directly or indirectly (i.e., through an 488 

intermediate consumer).  Figure 2a shows that the mean δ13C signature of the feed (-489 

21.4‰) is more negative than CTL site littoral consumers, littoral forage fish (with the 490 

exception of Western Manitoulin) and whitefish, thus the δ13C signature of these groups 491 

was predicted to shift in a negative direction (again, with the exception of Western 492 

Manitoulin littoral forage fish) at AQ sites if they were to incorporate feed derived energy 493 

into their diets as there is little fractionation in 13C from consumer to resource 494 

(McCutchan et al., 2003).  Conversely, pelagic consumers, pelagic forage fish and lake 495 

trout from CTL sites had a more negative signature compared to the feed, so these 496 

groups were predicted to shift in a less negative direction at AQ sites if they were to 497 

incorporate feed derived energy into their diets (Figure 2a).  The predictions for 15N 498 

present an interesting scenario as it is fractionated (~3.4‰) from consumer to resource 499 

(Post, 2002). For lower trophic levels (consumers and forage fish), this fractionation 500 

would result in increased δ15N values (Figure 2b).  Although exclusive direct 501 

consumption of feed by lake trout and whitefish would result in decreased δ15N values, 502 

δ15N values would increase if they were to consume lower order consumers 503 

(invertebrates or fish) that derive subsidies from the feed (Johnson et al., 2018).  Thus, 504 

it was predicted that all functional groups at AQ sites would exhibit enriched δ15N 505 

signatures compared to CTL sites if they were to incorporate feed derived subsidies 506 

(Figure 2b).  The predicted signature shift from CTL to AQ sites for δ34S values were all 507 

positive (Figure 2c).  This is because the feed δ34S signature was higher than all 508 

functional groups at CTL sites, and δ34S exhibits modest fractionation (~2‰) from 509 
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resource to consumer (McCutchan et al., 2003). All the predicted shifts in stable isotope 510 

signatures are summarized in tabular form and are shown in Figure 2d. 511 

2.3.2 Stable isotope analysis: Aquaculture effects 512 

Stable isotope analysis of the functional groups from Parry Sound showed 513 

consistent evidence of aquaculture feed subsidies.  The results are presented in biplots 514 

(Figure 3 a-c) to show the separation along 2 axes at a time.  Stable isotope signatures 515 

for farmed rainbow trout were included to display the isotope signatures of a group that 516 

feeds almost exclusively on aquaculture feed.  While all δ13C signatures of functional 517 

groups shifted in the direction that was predicted if groups were to uptake aquaculture 518 

feed subsidies (Figure 2 a and c), none of the shifts were statistically significant (Figure 519 

2 d, Student’s t-test, p>0.05).  That the shifts were all in the predicted direction, 520 

however, does lend support to the aquaculture feed subsidy hypothesis for all functional 521 

groups.  The strongest isotopic evidence of an aquaculture feed subsidy was from the 522 

δ15N analysis (Figure 3 a and b) where all functional groups except for littoral forage fish 523 

showed statistically significant increases in δ15N signatures (Figure 3 d).  The δ34S 524 

analysis of functional groups for Parry Sound also supported the aquaculture feed 525 

hypothesis (Figure 3 b and c) with the statistically significant shifts observed for both 526 

pelagic forage fish and lake trout.  Once again, all groups shifted in the direction 527 

predicted in Figure 2.  Overall, the stable isotope analysis supported the hypothesis that 528 

fish feed from the aquaculture operations subsidizes local wild fauna, with strong 529 

support for pelagic functional groups and lake trout while there was limited support for a 530 

littoral subsidy from the fish farm. 531 

 Stable isotope analysis of samples collected from the Eastern Manitoulin sites 532 

provided less support for the hypothesis that aquaculture feed subsidized local 533 

functional groups (Figure 4).  For δ13C signatures (biplots shown in Figure 4 a and c), all 534 

groups at the Eastern Manitoulin sites with the exception of pelagic forage fish shifted in 535 

the direction consistent with aquaculture subsidies, although none of the shifts were 536 

statistically significant at the p<0.05 level (Student’s t-test).  Interestingly, for δ15N 537 
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analysis pelagic forage fish were the only functional group that did show a significant 538 

shift in the direction consistent with an aquaculture subsidy (Figure 4 a and b).  Lake 539 

trout δ15N signatures were virtually identical between CTL and AQ sites.  The remaining 540 

groups did show shifts in δ15N signatures consistent with an aquaculture subsidy, 541 

although these shifts were not statistically significant (Figure 3 d).  The δ34S analysis of 542 

functional groups for Eastern Manitoulin sites (Figure 4 b and c) showed the least 543 

evidence for aquaculture subsidies with no statistically significant shifts from the CTL to 544 

AQ sites.  Qualitatively, lake trout and whitefish shifted away from feed signatures at AQ 545 

sites, while the remaining groups shifted towards feed signatures. 546 

 Stable isotope analysis of samples collected from the Western Manitoulin sites 547 

provided the least support for the hypothesis that aquaculture feed subsidized local 548 

functional groups (Figure 5).  The biplots show significant overlap of all functional 549 

groups from CTL and AQ sites (Figure 5 a-c), and the qualitative shifts more often did 550 

not support the subsidy hypothesis than they did (Figure 5d). 551 

2.3.3 Fatty acid analysis 552 

Figure 4 shows the results of the Principal Components Analysis (PCA) for the 4 553 

fatty acids used in the analysis (16.1n7, 18.2n6, 18.3n3 and 20.1n9).  The plots show 554 

the clustering of functional groups (littoral forage fish, lake trout and pelagic forage fish), 555 

feed and farmed rainbow trout.  In agreement with the stable isotope analysis, the fatty 556 

acid analysis showed support for fish feed subsidies to all fish functional groups (Figure 557 

6 a-c).  In comparing centroid distances from Parry Sound functional groups to both 558 

feed and farmed rainbow trout at AQ and CTL sites, the centroids of AQ sites were 559 

consistently closer to the feed and farmed rainbow trout centroids compared to the CTL 560 

sites (Figure 7 a-c).  The strongest evidence for an aquaculture feed subsidy was found 561 

for lake trout (Figure 7 b).   562 

The PCA for Eastern Manitoulin sites showed little evidence for an aquaculture 563 

subsidy to functional groups at the Eastern Manitoulin sites (Figure 4d-f).  Centroid 564 

distances from littoral forage fish and lake trout at CTL sites were actually closer to feed 565 
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and farmed rainbow trout centroids than were the centroids of the AQ sites suggesting 566 

no subsidy at all to those groups (Figure 5 d and e).  In contrast, the PCA of lake 567 

whitefish from Eastern Manitoulin sites (Figure 4 f) did support the hypothesis of a 568 

subsidy to that functional group, as the centroid distances from AQ sites to feed and 569 

farmed rainbow trout were closer than from CTL sites (Figure 5 f). 570 

In agreement with the stable isotope analysis, the fatty acid analysis of functional 571 

groups from Western Manitoulin sites showed no consistent support for aquaculture 572 

feed subsidies to wild fish.  The PCA shows almost complete overlap in fatty acid 573 

profiles from AQ and CTL sites for all functional groups (Figure 4 g-i). This overlap is 574 

reflected in the centroid analysis, which is show that the centroid distances from 575 

functional groups to feed and farmed rainbow trout are virtually identical at AQ and CTL 576 

sites (Figure 5g-i).  577 

Further examination of patterns in fatty acid profiles among sites further suggests 578 

that the Parry Sound functional groups are subject to greater aquaculture feed subsidies 579 

compared to Eastern and Western Manitoulin sites.  The PCA for littoral forage fish from 580 

AQ treatments, feed and farmed rainbow trout at all 3 sites is shown in Figure 6a.  581 

Centroid analysis shows that littoral forage fish from Parry Sound are closer to both feed 582 

and farmed rainbow trout in fatty acid profile compared to Eastern and Western 583 

Manitoulin sites (Figure 6b).  The pattern of Parry Sound fatty acid profiles being more 584 

similar to feed and farmed rainbow trout was even stronger for lake trout (Figure 6c).  In 585 

this case, there was even more separation in fatty acid profiles as shown by the centroid 586 

analysis (Figure 6d).  Finally, the PCA of pelagic forage fish in Parry Sound compared 587 

to whitefish at Eastern and Western Manitoulin sites (Figure 6e) again showed support 588 

for a subsidy at Parry Sound.  The centroid analysis does show Parry Sound fatty acid 589 

profiles to be more similar to both feed and farmed rainbow trout (Figure 6e). 590 

No such consistent patterns for fatty acid profiles were revealed among CTL 591 

treatments at Parry Sound, Eastern and Western Manitoulin sites (Figure 7).  This 592 
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observation supports that the observed differences among sites for AQ treatments is the 593 

result of fish farm subsidies as opposed to an artefact of site location. 594 

2.3.4 Lake trout condition factor 595 

The condition factors at all sites were typical of those reported elsewhere for 596 

Lake Huron lake trout (Happel et al., 2018), ranging from 0.59-1.46 (mean = 1.02).  597 

Lake trout from the Parry Sound AQ site had significantly lower condition factors 598 

compared to the Eastern Manitoulin AQ site and both CTL and AQ sites from Western 599 

Manitoulin (Figure 8). 600 

2.4 Discussion 601 

The results of this study support the hypothesis that rainbow trout fish farms can 602 

provide energetic subsidies to local fauna, but with the caveat that these subsidies can 603 

be site specific.  Both stable isotope and fatty acid analyzes consistently pointed to local 604 

fauna incorporating  derived resources at the Parry Sound Site.  While all functional 605 

groups at the Parry Sound site showed some evidence of a fish feed subsidy, lake trout 606 

and pelagic forage fish showed the strongest biotracer signals.  In contrast, there was 607 

no consistent evidence to support the aquaculture subsidy hypothesis at the Eastern 608 

Manitoulin or Western Manitoulin sites. Not only was Parry Sound the only site to 609 

consistently show differences between control (CTL) and aquaculture (AQ) treatments 610 

(Figures 3, 6 and 7), analysis also showed the fish from the AQ site at Parry Sound had 611 

fatty acid profiles more similar to both feed and farmed rainbow trout than Eastern and 612 

Western Manitoulin sites, while there was no such consistent pattern among the CTL 613 

treatments (Figure 8 and 9). These results present a unique opportunity to explore the 614 

variation among these sites, and to contrast these results (found across a large spatial 615 

gradient) with previous smaller scale studies. 616 

It is apparent from the results of the biotracer analysis that fish farm location and 617 

size influence the extent to which fish farm subsidies can be incorporated into local 618 

biota.  There are both plausible physical and biological explanations for the observation 619 
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that fish in Parry Sound exhibit signs of an aquaculture subsidy, and these mechanisms 620 

likely operate in concert.  First, the Parry Sound aquaculture operation is located in a 621 

somewhat physically constrained environment (the Sound itself) which might be 622 

considered a ‘lake within a lake’ that has a maximum distance shore to shore of just 623 

over 10 km.  This means that the fish farm is well within foraging range for both lake 624 

trout and pelagic forage fish within the Sound, functional groups that both exhibited 625 

isotopic and fatty acid evidence of fish farm subsidies.  Further, the Parry Sound lake 626 

trout population is considered to be a unique ‘restored’ population, and one of the few 627 

populations in Lake Huron to be self-recruiting (Reid et al., 2001), which suggests that 628 

lake trout within the Sound do not venture into Georgian Bay and are therefore spatially 629 

constrained. This stands in contrast to Eastern and Western Manitoulin sites which are 630 

located in the North Channel of Lake Huron, a far larger system where lake trout can 631 

forage unconstrained by spatial barriers.  A second physical attribute of the Parry Sound 632 

fish farm is that it is situated in a deep water portion of the Sound during the summer 633 

months (Table 1), which means that the cold-water lake trout and forage fish can 634 

access the resources available from the fish farm (Gutgesell et al., 2020).  This 635 

configuration contrasts with the Eastern and Western Manitoulin sites that are in warmer 636 

more shallow waters, which may physiologically deter the cold-water adapted lake trout 637 

from accessing the aquaculture derived resources.  These physical differences are also 638 

amplified by differences in fish farm production among the 3 regions.  The size and 639 

concentration of the available subsidy from the Parry Sound operation is considerably 640 

larger than the other fish farms (Table 1).  The annual production in 2018 of the one fish 641 

farm in Parry Sound (~1.8 million kg) was greater than the sum of production in both 642 

Eastern Manitoulin (just over 1 million kg) and Western Manitoulin (~1.57 million kg) 643 

regions (Table 1).  When taken in sum, this results in a far more accessible and 644 

productive subsidy at the Parry Sound site compared to Eastern and Western 645 

Manitoulin sites. 646 

There is another, more ecologically based hypothesis for the biotracer results of 647 

this study.  Parry Sound has a well-established population of pelagic forage fish, which 648 
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have been hypothesized to serve as an energetic link between fish farms and lake trout 649 

(Johnson et al., 2018).  However, the populations of pelagic forage fish in Georgian Bay 650 

and the North Channel (where Eastern Manitoulin and Western Manitoulin operations 651 

are located) went through a massive decline in numbers from the 1990s through the 652 

2000s (Warner et al., 2009). Although there have been signs of pelagic forage fish 653 

recovery in the North Channel, the levels are still well below historical norms (O’Brien et 654 

al., 2019; Warner et al., 2009).  Failed attempts to catch pelagic forage fish at Eastern 655 

and Western Manitoulin sites during the summer of 2018 and 2019 also corroborate this 656 

and may suggest the existence of a food web specific mechanism for the observed lack 657 

of energy subsidy to the larger food web.  In the absence of an intermediate pelagic 658 

forage fish consumer, the energy subsidy from aquaculture operations may not be able 659 

to reach top predators (Johnson et al., 2018).  Without an entry point to the pelagic food 660 

web, the energy subsidy may be lost to the deeper water where it would either be 661 

metabolized by microbial activity or incorporated into deep water foragers.  There was, 662 

however, limited evidence of whitefish incorporation of aquaculture subsidies in this 663 

study, although only larger adult whitefish were caught.  It is possible that juvenile 664 

whitefish or deep-water demersal species might benefit from aquaculture subsidies in 665 

the absence of a healthy pelagic forage fish community. 666 

Considering physical and biological explanations for the observed results helps to 667 

provide context for the results of previous studies.  While Rennie et al (2019) found that 668 

littoral forage fish and lake trout benefited from the presence of an aquaculture 669 

operation, their results were obtained in the shallow, 23.2 ha Lake 375 in the 670 

Experimental Lakes Area (maximum depth 26.5m, mean depth 11.5m) which is much 671 

smaller in size compared to Parry Sound (~9 300 ha, maximum depth 105m, mean 672 

depth 35m).  With a greater proportion of lake habitat being nearshore, it is not 673 

surprising that the shallow Lake 375 saw the littoral forage fish benefit from the 674 

aquaculture subsidy, and that this would be the main energy pathway through which 675 

lake trout benefit from the energetic input to the ecosystem. Conversely, Johnson et al. 676 

(2018) found that only pelagic forage fish and lake trout showed signs of an aquaculture 677 
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subsidy in Parry Sound.  While there was stronger evidence of a subsidy to pelagic 678 

forage fish compared to littoral fish in the present study, there was also some support 679 

for a subsidy to the littoral energy channel (Figure 3 and 7).  It should be noted, 680 

however, that while Johnson et al. (2018) used yellow perch to represent littoral forage 681 

fish, round goby and spottail shiner were used to represent that functional group here, 682 

which could explain some of the difference in observed results.   683 

The strong evidence of an aquaculture subsidy to lake trout in Parry Sound 684 

provided the opportunity to test the hypothesis that lake trout receiving an energetic 685 

subsidy from a fish farm would exhibit higher conditions factors compared to fish that do 686 

not receive such a subsidy.  Interestingly, the results did not support this hypothesis.  687 

Instead, fish from the AQ site in Parry Sound had significantly lower condition factors 688 

when compared to fish from both Eastern and Western Manitoulin AQ sites (Figure 8).  689 

These results stand in contrast to the Experimental Lakes Area study, which found that 690 

lake trout condition increased in the presence of the aquaculture operation (Kennedy et 691 

al., 2019).  However, the results of the present study could be explained by differences 692 

in foraging behaviour or genetic differences between the Parry Sound lake trout 693 

population and the lake trout populations at the other 2 sites.  Condition factor in lake 694 

trout has been positively associated with increased access to littoral resources during 695 

colder years (Guzzo et al., 2017).  Interestingly, the Parry Sound lake trout had a 696 

significantly more ‘pelagic’ δ13C signature (mean = -23.97‰, standard error = 0.09) 697 

compared to Eastern (mean = -22.38‰, standard error = 0.22) and Western Manitoulin 698 

(mean = -22.23‰ standard error = 0.13) lake trout.  This might indicate that lake trout in 699 

Parry Sound have relatively low access to littoral resources resulting in lower body 700 

conditions but making the aquaculture subsidy an attractive alternative to supplement 701 

their diets.  It is also possible that, as the Parry Sound lake trout can be considered a 702 

discrete population (Reid et al., 2001), they are simply genetically predisposed to having 703 

lower condition factors (Moghadam et al., 2007).   704 

It should be noted that the present study is focused on fish feed as the primary 705 

source of the subsidy derived from aquaculture operations.  However, fish faeces could 706 
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also represent a possible energy subsidy to the ecosystem, as it too contains organic 707 

material that could provide energy sources to local fish.  The most likely route for this 708 

material to be incorporated into local wild fish is through and intermediate invertebrate 709 

consumer.  However, the benthic environment directly under net-pen cages is typically 710 

anoxic and exhibit drastically reduced abundances of benthic invertebrates (Rooney & 711 

Podemski, 2009).  However, in an examination of the effects of an experimental 712 

aquaculture operation in Northern Ontario, stable isotope signatures of littoral and 713 

profundal invertebrates shifted towards the signatures of fish feed indicating that waste 714 

products may be incorporated into invertebrates that are present in proximity to net-715 

pens.  Experimental and empirical studies in commercial net-pen operations in Ontario 716 

have also shown that aquaculture fish waste has δ13C and δ15N signature comparable 717 

to fish feed (Salazar-Hermoso, 2007).  Further, the decomposition of this waste 718 

gradually shifts isotope signatures to reflect background sediment signatures 719 

(Osuchowski, 2013).  These results make it difficult to distinguish between feed and 720 

waste subsidies emerging from net-pen operations.  However, from a food web 721 

standpoint both types of subsidies would be reflected in biotracer analysis and 722 

represent an energetic subsidy to the local wild fish populations. 723 

The results of the present study hold importance for an aquaculture industry that is 724 

eager to expand in the Great Lakes.  While the regulatory environment focuses on the 725 

effects of freshwater aquaculture on nutrient loading to lakes (Yan, 2005), there has 726 

been increased concern as to the effects of fish farming on local wildlife (Froehlich et 727 

al., 2017).  The use of biotracers in the present study has shown that the physical and 728 

ecological characteristics of aquaculture operation locations influence the degree to 729 

which energetic subsidies enter the local food web.  From a mass balance viewpoint, 730 

the more energy that enters the food web through direct and indirect consumption by 731 

local wild fish, the less is available for microbial decomposition and associated anoxia 732 

and eutrophication.  Thus, the choice of future fish farm locations should take into 733 

consideration the potential for local wild fish to receive subsidies from the aquaculture 734 

operations. 735 
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3 Thesis Conclusion 736 

Back home in my community, after a long day out on the lake fishing or when the gill 737 

netters would return with a big haul of catch, it was as if the fish somehow brought new 738 

life for everyone. The usual empty, smelly, fly infested filleting shacks and shorelines 739 

suddenly transformed into a community gathering where everyone was welcomed.  740 

Children sat and watched and there were often elders who would come and teach 741 

young ones the tricks of good knifework. This is where I learned that in order to fillet a 742 

fish properly, you must first show honor for its sacrifice and always treat it’s remains 743 

with respect. I liked to sit at a distance during these events and watch the carving of the 744 

fish. One day, Henry finally asked me if I wanted to try to fillet. Those that had gathered, 745 

laughed at me immediately saying things like I was too white to learn the native ways. I 746 

pulled out the ugliest, slimiest Jack fish and I clipped him to the fillet board. Laughter 747 

erupted again, and comments about choosing the worst fish were made. Henry ignored 748 

them and leaned down to me smiled, and asked “why did you chose that fish?” “cuz” I 749 

replied, “I heard him ask me to pick him, so I listened to the fish.” Henry, the elder 750 

smiled, patted me on the head and replied, “listen to the fish, they hold the knowledge of 751 

the past and the wisdom of the future.” 752 

This thesis represents an ecosystem level analysis of the effects of net-pen aquaculture 753 

on local biota that can inform government scientists, policy makers, industry 754 

representatives and First Nations.  The results reflect the reality that net-pen 755 

aquaculture has the potential to subsidize local fish populations and highlights the fact 756 

that the effects of net-pen aquaculture are not limited to nutrient loading and the threat 757 

of eutrophication.  Through analyzing surrounding aquatic life, the results suggest that 758 

the sediment/benthic layer is not the sole recipient of aquatic farming waste (certainly in 759 

the form of feed, but also potentially fish waste). This ultimately suggests that the 760 

current approach used by provincial guidelines that focus exclusively on sampling 761 

sediment and water as a way to determine assimilative capacity do not capture food 762 

web level effects. This thesis represents an additional approach to assessing 763 

aquaculture effects on local environments that needs to be incorporated into policy and 764 
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decision making to ensure a sustainable aquaculture industry in Canada.  I would 765 

further argue that this must be done at the federal level. 766 

Ultimately, it is time for Canada to step up its game and adequately recognize 767 

aquaculture as an industry at the federal level. With the sustained levels of growth, 768 

aquaculture presents a major opportunity which is met with equal risk. The industry 769 

must be legitimized at the highest level if it is to be properly governed. In countries 770 

around the world where aquaculture strategies have been integrated into federal policy, 771 

the returns have been overwhelming with respect to revenue and positive change in 772 

public perception (European Union, 2020).  On the ground level, the implementation of 773 

these policies must be guided by science and financial feasibility. There is a need for an 774 

improved scientific toolbox approach with respect to aquaculture in Ontario waters.  775 

Research approaches are needed to provide an improved understanding of the effects 776 

of aquaculture on whole ecosystem processes.  An adaptive management framework 777 

should be applied which constantly updates information for regulators to develop 778 

improved policies (Folke, 2003). Research in fish health and communities, farm 779 

management practices, ecosystem interactions and feed formulations would allow for 780 

more accurate and applicable model development. When science is better informed, 781 

decision makers, regulators and managers are able to make better decisions enabling 782 

long term environmental sustainability. Simultaneously, well communicated applied 783 

science will influence the public’s perception of aquaculture and therefore guide 784 

consumer purchasing decisions which ultimately fuels financial and overall 785 

sustainability.  Scientists, industry and policy makers are not the only players that need 786 

to be represented, however. 787 

First Nations in Canada represent an important avenue for aquaculture development 788 

and assessment. It is imperative that First Nations and traditional approaches are 789 

included in the development of metrics for sustainability in the industry.  In the course of 790 

research conducted for this thesis, I spoke with First Nations representatives about 791 

ecological assessments and decisions to embark upon new aquaculture developments 792 

in traditional land and waters.  I know that this type of communication is essential to 793 
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provide complementary indigenous traditional knowledge and western science-based 794 

approaches that can be used by regulatory bodies in understanding how wastes from 795 

aquaculture are assimilated into the food web in which these net-pen operations exist.  796 

Through increasing the understanding of the effects of net-pen aquaculture on local 797 

food webs, this not only will this better inform the aquaculture industry, but also the 798 

overall structure and functioning of the adjacent wild fisheries upon which indigenous 799 

groups rely. In developing these tools, this thesis begins to address one of the most 800 

vexing problems facing the sustainable expansion of the aquaculture industry 801 

worldwide. 802 

 803 

With this shift comes new ideas and new questions in a variety of areas. One of these 804 

areas is in relation to the governance of the industry which, traditionally, has been 805 

hinged upon scientific models that may not be optimal for measuring aquaculture effects 806 

on freshwater ecosystems. Another area is with respect to data sharing, data collection 807 

and data management of all actors involved, which if not done transparently hinders 808 

effective scientific research. This landscape perpetuates a gap which is centered 809 

around the lack of cumulative impact assessment studies specifically pertaining to 810 

freshwater aquaculture on Lake Huron or The Great Lakes in general. Ultimately, this 811 

leaves industry producers and potentially the public vulnerable to the wide range of 812 

issues including environmental and regulatory challenges and ultimately growth and 813 

business security.  814 

The Ontario rainbow trout industry is still very young in comparison with other meat 815 

production industries. From the initial entrepreneurial days, the industry has been forced 816 

to adapt to a new, changing and often unclear landscape.  With an increase in market 817 

demand, the industry has continually experienced overall growth over the last 30 years. 818 

Despite the growth rates and continued potential for growth of the freshwater rainbow 819 

trout aquaculture industry throughout The Great Lakes, the perceived environmental 820 

impacts continue to hinder the growth of this industry. The fundamental drivers of this 821 
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shift are tied to the cost of production and consumer demand in combination with 822 

younger generations becoming more engaged in the industry. As a result, the industry is 823 

undergoing an ideological shift from its historical standard operating procedures which 824 

were based on somewhat unorthodox attitudes, trade secrecy and protectionism to a 825 

more transparent, technologically eager, scientifically informed, socially responsible 826 

industry. 827 

In closing, I would like to present 4 recommendations that have emerged from my work. 828 

1. Policy makers need to re-frame the underlying methodologies to include 829 

indigenous knowledge in assessment of effects and decision making;  830 

2. Policy makers need to incorporate the entire ecosystem (i.e. food webs) into 831 

assessing impacts in order identify pathways of effects from aquaculture 832 

operations into local biota; 833 

3. Policy makers need to incorporate the use of biotracers into current 834 

methodologies of assessing effects, as they reflect both a more 835 

comprehensive western scientific approach and resonate well with 836 

indigenous, holistic ways of viewing the natural world. 837 

4. Policy makers need to invest in transparent and communicative practices that 838 

will better inform the public about both potential positive and negative effects 839 

of freshwater aquaculture on local ecosystems. 840 

In order for these recommendations to be achieved, adequate funding for this research 841 

is required on as many net pen sites as possible in order to better understand the 842 

impacts of aquaculture operations on the watershed ecosystem as a whole.  843 

As the aquaculture industry grows and evolves, the role of governing structures and the 844 

industry itself must play a leading role in innovatively quantifying the effects of their 845 

practices on their host ecosystems in order to better inform consumers and maintain 846 

economic success. Increasing engagement and incorporating methods that scientifically 847 

and culturally resonate with all stakeholders will lead to overall improved traceability, 848 
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social responsibility, animal welfare, environmental responsibility, food safety and 849 

ultimately a healthier world. We must start listening to the fish. 850 

  851 
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5 Tables and Figures. 1055 

Table 1. Characteristics of the rainbow trout farms. The depth range refers to the depth of the 1056 
water column under the net-pens, and the production is the total production for the calendar 1057 
year 2018. 1058 

Region Number of Net-pens Depth range Production in 2018 (kg) 
Parry Sound 60 >50m* 1 795 455 
    
Eastern Manitoulin    
Farm 1 32 10-20m 702 000 
Farm 2 30 10-20m 306 295 
Total   1 008 295 
    
Western Manitoulin    
Farm 1 16 7-17m 431 593 
Farm 2 16 7-20m 419 136 
Farm 3 30 7-20m 721 636 
Total   1 572 366 

 1059 

* Net-pens in Parry Sound are moved from nearshore in the winter to deep open water during the off-1060 
ice season. 1061 

 1062 

 1063 

  1064 
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 1065 
 1066 

Figure 1. Location of sampling sites for aquaculture (red) and control (black) treatments 1067 
for the study.  Individual sampling sites were grouped into Parry Sound, Eastern 1068 
Manitoulin and Western Manitoulin areas of study.  1069 
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 1071 
Figure 2.  Predicted directional changes in stable isotope signatures from control to 1072 
aquaculture sites.  a)  δ 13C , b) δ 15N  and c) δ 34S.  Predicted shifts for all functional groups 1073 
(summarized in d) are based on measured isotope signatures of all control functional groups 1074 
and the signatures of farmed rainbow trout feed. 1075 
  1076 
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Figure 3.  Stable isotope analysis results from the Parry Sound site.  The data is displayed in biplots with mean and standard error bars for a) 
δ15N vs δ13C, b) δ15N  vs δ34S and c) δ34S vs δ13C.  The directional shifts of stable isotope values from control sites to aquaculture sites is shown in 
d), with the green indicating agreement with the predictions shown in Table 2.  NSD indicates no significant statisitcal difference between 
control and aquaculture sites, although arrows are coloured green when the direction of the shift is in agreement, whereas solid green boxes 
indicate a statistically significant difference (t-test, p<0.05)  
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Figure 4. Stable isotope analysis results from the Eastern Manitoulin site.  The data is displayed in biplots with mean and standard error bars for 
a) δ15N vs δ13C, b) δ15N  vs δ34S and c) δ34S vs δ13C.  The directional shifts of stable isotope values from control sites to aquaculture sites is shown 
in d), with the green indicating agreement with the predictions shown in Table 2, and red showing when the shifts are in the opposite direction 
to that predicted.  NSD indicates no significant statisitcal difference between control and aquaculture sites, with arrows indicating either a 
directional agreement (green) or non-agreement (red) with predictions.  The solid green box indicate a statistically significant difference (t-test, 
p<0.05). 
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Figure 5.  Stable isotope analysis results from the Western Manitoulin site.  The data is displayed in biplots with mean and standard error bars 
for a) δ15N vs δ13C, b) δ15N  vs δ34S and c) δ34S vs δ13C.  The directional shifts of stable isotope values from control sites to aquaculture sites is 
shown in d), with the green indicating agreement with the predictions shown in Table 2, and red showing when the shifts are in the opposite 
direction to that predicted.  None of the directional shifts were statistically significant (t-test, p>0.05).  
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Figure 6.  Principal components analysis (PCA) of 4 fatty acids (16.1n7, 18.2n6, 18.3n3 and 20.1n9) for 
each combination of functional group for Parry Sound (a-c), Eastern Manitoulin (d-e) and Western 
Manitoulin (g-i).  PCAs are grouped into columns that correspond to the functional groups littoral forage 
fish (LFF: a, d and g), Lake Trout (b, e and h), pelagic forage fish (PFF: c for Parry Sound) and whitefish 
(WFF: f and I for Eastern and Western Manitoulin).  Ellipses are not shown for functional groups where 
the sample size was less than 3. 
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Figure 7.  Relative distance (control site distance – aquaculture site difference) from PCA derived 
centroids for functional groups (Littoral Forage Fish [LFF], Lake Trout and Pelagic Forage Fish [PFF] and 
Whitefish [WF]) to PCA derived centroids of farmed rainbow trout and aquaculture feed.  Positive values 
indicate that fatty acid profiles of functional groups from aquaculture sites are more similar to feed and 
farmed rainbow trout than functional groups sampled at control sites.  All functional groups from Parry 
Sound (a-c) exhibit fatty acid profiles that suggest feed derived subsidies.  At Eastern Manitoulin sites, 
neither littoral forage fish (d) or lake trout (e) exhibit similarities to feed or farmed rainbow trout, while 
whitefish (f) did.  At Western Manitoulin sites, littoral forage fish had virtually identical signatures at 
control and aquaculture sites (g), lake trout showed modest similarities to feed and farmed rainbow 
trout (h) while whitefish signatures suggested no influence of feed subsidies (i).  
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Figure 8. PCA and Centroid comparisons among functional groups at the different aquaculture sites.  
Littoral forage fish (a, b) from Parry Sound were consistently closer in fatty acid to both feed and farmed 
rainbow trout profiles compared to Eastern and Western Manitoulin sites.  This pattern was even 
stronger for lake trout (c, d) samples.  The pelagic forage fish from Parry Sound were also consistently 
closer in fatty acid profiles compared to whitefish from Eastern and Western Manitoulin sites (e, f).  
Ellipses are not shown for functional groups where the sample size was less than 3. 
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Figure 9. PCA and Centroid comparisons among functional groups at the different control sites.  In 
contrast to the aquaculture sites where Parry Sound functional groups had consistently more similar 
fatty acid profiles to feed and farmed rainbow trout profiles, the fatty acid profiles were more similar 
among the control sites for littoral forage fish (a, b), lake trout (c, d) and pelagic forage fish from Parry 
Sound  and whitefish from Eastern and Western Manitoulin sites (e, f).  Ellipses are not shown for 
functional groups where the sample size was less than 3.   
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Figure 10.  The condition factor of lake trout captured at all sampling sites (mean ± Standard Error).  The 
only statistically significant differences (ANOVA with Tukey’s HSD post-hoc p<0.05) was between the 
condition factor of lake trout at the Parry Sound aquaculture site and the lake trout at both Eastern and 
Western Manitoulin aquaculture sites. 
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Supplementary Table 1. Stable isotope values for samples collected.  Samples include farmed rainbow  
medium sized fish feed (mfeed),  littoral forage fish (lff), lake trout (lt), pelagic forage fish (pff) and wh     
Samples from Parry Sound (ps), Eastern Manitoulin (em) and Western Manitoulin (wm) site where _a 
denotes a sample from an aquaculture site and _c denotes a sample from a control site.
Identifier 1 group site treatment d13c d15n d34s
AQ-18-6mmF mfeed mfeed mfeed -20.9 4.6 3.12
AQ-18-7.5mmF mfeed mfeed mfeed -23.53 3.71 3.31
AQ-18-4mmF mfeed mfeed mfeed -20.82 6.08 5.27
AQ-18-5mmF mfeed mfeed mfeed -19.93 5.3 6.13
AQ-18-9mmF lfeed lf lf -21.46 5.37 3.95
AQ-18-MF0 bi ps ps_a -25.44 4.97 2.21
AQ-18-MF1 bi ps ps_a -22.1 4.62 4.67
AQ-18-MF10 bi ps ps_a -25.15 7.01 1.63
AQ-18-MF150 bi ps ps_a -24.77 8.63 2.09
AQ-18-MF2 bi ps ps_a -22.37 4.66 4.73
AQ-18-MF25 bi ps ps_a -24.47 8.45 3.24
AQ-18-MF50 bi ps ps_a -24.33 8.82 1.96
AQ-18-SN1 bi ps ps_a -23.39 6.06 4.9
AQ-18-SN2 bi ps ps_a -23.39 6.22 4.94
AQ-19-MF bi ps ps_a -16.28 4.45 5.1
AQ-19-MF B bi ps ps_a -23.99 8.51 3.19
AQ-18-BU2 bur ps ps_a -19.62 14.55 4.51
AQ-18-BU3 bur ps ps_a -21.19 14.33 5.02
AQ-18-BU4 bur ps ps_a -19.62 12.98 3.2
AQ-18-BU5 bur ps ps_a -21.32 14.14 5.02
AQ-18-BW0 bw ps ps_a -23.91 5.12 1.91
AQ-18-BW10 bw ps ps_a -26.74 5.9 2.98
AQ-18-BW150 bw ps ps_a -26.03 6.94 3.6
AQ-18-BW25 bw ps ps_a -26.21 5.92 3.25
AQ-18-BW50 bw ps ps_a -26.11 6.42 3.29
AQ-18-RG1 lff ps ps_a -19.65 10.12 3.49
AQ-18-RG2 lff ps ps_a -15.84 7.9 2.78
AQ-18-STS1 lff ps ps_a -23.33 9.32 4.33
AQ-18-STS2 lff ps ps_a -21.09 9.4 4.5
AQ-18-LT1 lt ps ps_a -22.59 14.45 5.39
AQ-18-LT10 lt ps ps_a -23.6 13.74 4.81
AQ-18-LT11 lt ps ps_a -24.05 13.88 5.05
AQ-18-LT12 lt ps ps_a -24 13.97 4.89
AQ-18-LT13 lt ps ps_a -23.11 13.55 4.72
AQ-18-LT14 lt ps ps_a -23.51 13.19 4.81
AQ-18-LT15 lt ps ps_a -23.65 13.41 4.75
AQ-18-LT16 lt ps ps_a -25.14 14.12 4.83
AQ-18-LT17 lt ps ps_a -24.16 13.35 4.58
AQ-18-LT18 lt ps ps_a -23.32 12.8 4.63
AQ-18-LT19 lt ps ps_a -23.58 13.5 4.82
AQ-18-LT2 lt ps ps_a -24.35 14.33 4.64
AQ-18-LT20 lt ps ps_a -23.72 13.07 4.72
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
AQ-18-LT3 lt ps ps_a -24.85 13.99 4.67
AQ-18-LT4 lt ps ps_a -23.32 13.67 4.49
AQ-18-LT5 lt ps ps_a -24.3 13.71 4.57
AQ-18-LT6 lt ps ps_a -24.47 13.68 4.69
AQ-18-LT7 lt ps ps_a -24.2 14.11 4.58
AQ-18-LT8 lt ps ps_a -23.74 14.68 4.64
AQ-18-LT9 lt ps ps_a -23.9 13.55 4.73
AQ-18-CS1 pff ps ps_a -23.8 12.24 4.99
AQ-18-UM1 pi ps ps_a -24.93 5.07 3.81
AQ-18-UM2 pi ps ps_a -24.92 5.4 3.74
AQ-18-ZM1 pi ps ps_a -26.07 6.76 4.76
AQ-19-ZM15 pi ps ps_a -28.41 6.13 4.26
AQ-19-ZM40 pi ps ps_a -28.53 7.73 4.54
AQ-19-SMB1 smb ps ps_a -19.15 11.12 3.36
AQ-18-SMB10 smb ps ps_a -23.03 11.48 4.71
AQ-18-SMB11 smb ps ps_a -19.72 11.05 3.8
AQ-18-SMB12 smb ps ps_a -18.34 11.1 3.61
AQ-18-SMB13 smb ps ps_a -19.35 11.5 3.77
AQ-18-SMB14 smb ps ps_a -17.61 10.89 3.33
AQ-18-SMB15 smb ps ps_a -18.73 10.61 3.51
AQ-18-SMB16 smb ps ps_a -21.45 11.23 4.08
AQ-18-SMB2 smb ps ps_a -19.79 10.99 3.97
AQ-18-SMB3 smb ps ps_a -16.8 11.39 2.87
AQ-18-SMB4 smb ps ps_a -18.46 11.66 3.4
AQ-18-SMB5 smb ps ps_a -17.36 11.76 3.55
AQ-18-SMB6 smb ps ps_a -19.36 11.75 3.58
AQ-18-SMB7 smb ps ps_a -19.92 10.57 3.95
AQ-18-SMB8 smb ps ps_a -18.37 11.37 3.04
AQ-18-SMB9 smb ps ps_a -18.1 11.53 2.81
AQ-18-WF1 wf ps ps_a -21.99 10.81 3.99
AQ-18-YP1 yp ps ps_a -17.19 10.29 3
AQ-18-YP2 yp ps ps_a -17.88 9.94 3.08
AQ-18-YP3 yp ps ps_a -17.96 10.76 3.06
AQ-18-YP4 yp ps ps_a -19.37 10.1 2.72
AQ-18-YP5 yp ps ps_a -18.76 9.63 2.59
AQ-18-YP6 yp ps ps_a -16.68 10.39 2.97
AQ-18-YP7 yp ps ps_a -21.92 8.23 5.14
AQ-18-RT1A frt ps ps_frt -18.78 8.42 7.1
AQ-18-RT2A frt ps ps_frt -20.45 8.77 6.84
AQ-18-RT3A frt ps ps_frt -18.3 8.9 7.18
AQ-18-RT4A frt ps ps_frt -19.42 8.43 6.92
AQ-18-RT5A frt ps ps_frt -18.71 8.31 6.76
AQ-18-RT6A frt ps ps_frt -18.8 8.81 6.92
AQ-18-RT7A frt ps ps_frt -18.27 8.83 7.09
AQ-18-2.5mmF sfeed sf sf -19.26 8.05 11.1
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
BUZ-18-6mmF mfeed mfeed mfeed -22.08 4.21 4.05
BUZ-18-7.5mmF mfeed mfeed mfeed -22.63 4.41 3.3
BUZ-18-4mmF mfeed mfeed mfeed -20.62 5.69 5.43
BUZ-18-5mmF mfeed mfeed mfeed -21.29 5.06 5.07
BUZ-18-MF1 bi em em_a -20.24 3.2 2.39
BUZ-18-MF 2 bi em em_a -20.07 7.78 4.37
BUZ-18-SN1 bi em em_a -21.83 3.69 4.05
BUZ-18-TRI bi em em_a -21.97 4.08 3.63
BUZ-19-MF bi em em_a -16.1 3.74 3.87
BUZ-19-SHORELINE INVERTS bi em em_a -16.68 3.64 3.91
BUZ-19-TRI1 bi em em_a -21 3.12 3.26
BUZ-18-BU1 bur em em_a -20.48 13.28 3.47
BUZ-18-BU2 bur em em_a -19.64 12.75 2.95
BUZ-18-BU3 bur em em_a -19.57 12.51 2.56
BUZ-18-BU4 bur em em_a -18.3 10.9 2.52
BUZ-18-BI100:150M bw em em_a -26.03 2.33 -4.21
BUZ-18-BI50M bw em em_a -29.62 1.03 -2.25
BUZ-18-CF1 cf em em_a -16.77 5.97 3.46
BUZ-18-RG lff em em_a -22.28 8.07 1.85
BUZ-18-STS1 lff em em_a -23.15 11.18 3.55
BUZ-18-STS2 lff em em_a -21.53 10.8 2.21
BUZ-18-STS3 lff em em_a -21.71 8.53 2.73
BUZ-18-LT1 lt em em_a -23.06 12.01 3.66
BUZ-18-LT10 lt em em_a -23.28 12.8 3.59
BUZ-18-LT11 lt em em_a -22.22 12.3 3.7
BUZ-18-LT2 lt em em_a -23.34 11.8 3.61
BUZ-18-LT3 lt em em_a -22.08 12.41 3.53
BUZ-18-LT4 lt em em_a -23.26 12.12 3.82
BUZ-18-LT5 lt em em_a -23.44 12.56 3.9
BUZ-18-LT6 lt em em_a -23.14 12.03 3.92
BUZ-18-LT7 lt em em_a -23.07 12.02 3.72
BUZ-18-LT8 lt em em_a -23.71 12.34 3.94
BUZ-18-LT9 lt em em_a -22.53 12.13 3.36
BUZ-18-ZM1 pi em em_a -29.93 4.28 4.24
BUZ-19-ZM-I5-1 pi em em_a -24.5 3.14 3.68
BUZ-19-ZM-I5-2 pi em em_a -25.04 3.02 3.39
BUZ-19-ZM-I5-3 pi em em_a -25.38 2.86 3.35
BUZ-18-RT1 rt em em_a -21.61 10.2 4.57
BUZ-18-RT2 rt em em_a -20.18 9.32 4.72
BUZ-18-RT3 rt em em_a -22.67 10.88 4.09
BUZ-18-RT4 rt em em_a -22.61 10.8 3.36
BUZ-18-RT5 rt em em_a -21.27 10.16 4.69
BUZ-18-WF1 wf em em_a -20.69 9.55 2.23
BUZ-18-WF10 wf em em_a -19.81 11.18 2.73
BUZ-18-WF11 wf em em_a -17.54 9.51 0.65
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
BUZ-18-WF12 wf em em_a -19.59 10.28 1.99
BUZ-18-WF13 wf em em_a -19.3 9.91 1.96
BUZ-18-WF14 wf em em_a -18.94 9.84 0.8
BUZ-18-WF15 wf em em_a -19.54 8.64 -1.3
BUZ-18-WF16 wf em em_a -19.76 12.15 1.72
BUZ-18-WF17 wf em em_a -20.7 9.82 1.56
BUZ-18-WF18 wf em em_a -19.12 9.47 2.03
BUZ-18-WF19 wf em em_a -19.46 10.21 2.4
BUZ-18-WF2 wf em em_a -20.52 10.19 1.48
BUZ-18-WF20 wf em em_a -21 9.51 0.93
BUZ-18-WF21 wf em em_a -19.26 10.15 1.71
BUZ-18-WF22 wf em em_a -18.57 9.6 2.15
BUZ-18-WF23 wf em em_a -19.38 10.24 1.9
BUZ-18-WF3 wf em em_a -19.03 8.78 0.68
BUZ-18-WF4 wf em em_a -18.54 8.77 -0.8
BUZ-18-WF5 wf em em_a -20.25 11.6 2.52
BUZ-18-WF6 wf em em_a -20.32 12.09 0.31
BUZ-18-WF7 wf em em_a -20.32 12.33 1.9
BUZ-18-WF8 wf em em_a -20.77 11.74 1.16
BUZ-18-WF9 wf em em_a -19.97 11.33 2.43
BUZ-18-YP1 yp em em_a -20.48 10.35 3
BUZ-18-ZP1 zp em em_a -28.97 5.74 3.87
BUZ-18-RT1A frt em em_frt -19.23 9.16 6.62
BUZ-18-RT2A frt em em_frt -19.79 9.65 6.95
BUZ-18-RT3A frt em em_frt -19.72 9.22 6.75
BUZ-18-RT4A frt em em_frt -19.9 9.29 6.83
BUZ-18-RT5A frt em em_frt -19.66 9.56 7.37
BUZ-18-RT6A frt em em_frt -19.46 9.64 6.79
BUZ-18-RT7A frt em em_frt -19.77 9.1 6.95
BUZ-18-3mmF sfeed sf sf -19.27 7.59 8.64
CW-18-6mmF mfeed mfeed mfeed -20.96 4.04 3.95
CW-18-7.5mmF mfeed mfeed mfeed -22.38 3.5 3.85
CW-18-4mmF mfeed mfeed mfeed -21.06 4.76 5.96
CW-18-5mmF mfeed mfeed mfeed -20.74 5.23 5.43
CW-18-MF1 bi em em_a -21.22 2.36 3.99
CW-18-SN1 bi em em_a -22.41 -0.53 4.41
CW-18-TRI1 bi em em_a -17.79 3.59 3.48
CW-18-BU1 bur em em_a -18.19 12.51 3.13
CW-18-BU2 bur em em_a -18.26 11.85 2.55
CW-18-BU3 bur em em_a -19.19 13.05 3.41
CW-18-BU4 bur em em_a -18.29 12.62 3.03
CW-18-BU5 bur em em_a -18.11 12.61 3.09
CW-18-BU6 bur em em_a -18.32 11.91 3.22
CW-18-BU7 bur em em_a -18.65 11.11 2.83
CW-18-BW50 bw em em_a -24.94 4.8 -4.61
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
CW-18-RG1 lff em em_a -18.71 8.91 4.45
CW-18-STS1 lff em em_a -19.58 7.47 3.5
CW-18-STS2 lff em em_a -19.52 7.1 3.47
CW-18-LT1 lt em em_a -19.8 12.08 2.87
CW-18-LT2 lt em em_a -20.88 12.18 3.3
CW-18-LT3 lt em em_a -22.38 12.12 4.05
CW-18-LT4 lt em em_a -21.7 12.72 3.63
CW-18-LT5 lt em em_a -23.12 12.43 3.82
CW-18-LT6 lt em em_a -21.52 12.5 3.37
CW-18-LT7 lt em em_a -21.97 11.92 3.56
CW-18-ZM1 pi em em_a -28.53 3.67 4.33
CW-18-RT1 rt em em_a -18.55 8.78 6.95
CW-18-SMB1 smb em em_a -17.07 10.3 2.01
CW-18-SMB2 smb em em_a -16.65 10.28 3.21
CW-18-SMB3 smb em em_a -18.85 11.12 3.29
CW-18-SMB4 smb em em_a -17.08 10.43 1.72
CW-18-SMB5 smb em em_a -17.82 10.97 2.55
CW-18-WF1 wf em em_a -19.52 9.58 -1.15
CW-18-WF10 wf em em_a -19.68 9.29 0.27
CW-18-WF11 wf em em_a -17.31 10.26 -0.06
CW-18-WF12 wf em em_a -19.08 10.35 0.5
CW-18-WF13 wf em em_a -19.32 10.72 0.93
CW-18-WF14 wf em em_a -20.45 11.39 2.92
CW-18-WF15 wf em em_a -20.81 11.05 3.01
CW-18-WF16 wf em em_a -21.45 10.4 2.43
CW-18-WF17 wf em em_a -19.78 10.46 3.68
CW-18-WF18 wf em em_a -20.71 10.72 1.53
CW-18-WF19 wf em em_a -20.15 10.59 2.63
CW-18-WF2 wf em em_a -19.09 10.2 1.18
CW-18-WF20 wf em em_a -22.44 10.33 3.2
CW-18-WF3 wf em em_a -18.7 10.18 1.14
CW-18-WF4 wf em em_a -20.92 9.85 1.43
CW-18-WF5 wf em em_a -20.57 10.4 2.14
CW-18-WF6 wf em em_a -20.54 9.62 0.9
CW-18-WF7 wf em em_a -19.34 10.71 1.3
CW-18-WF8 wf em em_a -17.11 10.47 2.13
CW-18-WF9 wf em em_a -17.57 10.62 -0.18
CW-18-ZP1 zp em em_a -29.28 5.09 3.89
CW-18-RT10A frt em em_frt -20.73 7.61 4.82
CW-18-RT11A  frt em em_frt -19.96 7.88 4.95
CW-18-RT 12A frt em em_frt -20.5 7.75 5.09
CW-18-RT 13A frt em em_frt -21.22 8.23 5.06
CW-18-RT 14A frt em em_frt -19.39 8.48 6.34
CW-18-RT1A frt em em_frt -19.05 8.8 6.37
CW-18-RT2A frt em em_frt -19.83 8.54 6.34
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
CW-18-RT3A frt em em_frt -20.25 7.51 4.96
CW-18-RT4A frt em em_frt -18.45 8.64 6.42
CW-18-RT5A frt em em_frt -19.04 8.59 6.43
CW-18-RT6A frt em em_frt -19.81 8.72 6.37
CW-18-RT7A frt em em_frt -19.01 8.8 6.21
CW-18-RT8A frt em em_frt -19.63 7.67 4.8
CW-18-RT9A frt em em_frt -19.82 7.48 4.96
EI-18-MF1 bi wm wm_a -20.62 4.33 4.3
EI-18-SN1 bi wm wm_a -23.03 1.71 2.97
EI-18-SN2 bi wm wm_a -22.97 0.79 3.15
EI-18-TRI1 bi wm wm_a -19.18 2.67 3.89
EI-18-TRI2 bi wm wm_a -19.02 2.32 3.76
EI-18-TRI3 bi wm wm_a -19.77 1.92 4.05
EI-18-BW50-150mm bw wm wm_a -25.83 3.54 -1.5
EI-18-CF1 cf wm wm_a -21.14 10.74 3.91
EI-18-RG1 lff wm wm_a -17.8 8.32 3.44
EI-18-RG2 lff wm wm_a -16.99 7.62 3
EI-18-STS1 lff wm wm_a -20.18 7.1 3.43
EI-18-LT1 lt wm wm_a -23.36 12.65 3.98
EI-18-LT10 lt wm wm_a -23.18 12.42 4.05
EI-18-LT11 lt wm wm_a -21.64 12.45 3.74
EI-18-LT12 lt wm wm_a -21.93 12.09 3.67
EI-18-LT13 lt wm wm_a -20.98 12.53 3.53
EI-18-LT15 lt wm wm_a -22.53 12.8 4.04
EI-18-LT2 lt wm wm_a -22.61 13.02 3.9
EI-18-LT3 lt wm wm_a -22.26 13.2 3.84
EI-18-LT4 lt wm wm_a -22.37 12.67 4.05
EI-18-LT5 lt wm wm_a -22.98 12.77 4.03
EI-18-LT6 lt wm wm_a -23.65 12.5 3.71
EI-18-LT7 lt wm wm_a -22.08 12.74 4.01
EI-18-LT8 lt wm wm_a -21.66 12.98 3.91
EI-18-LT9 lt wm wm_a -21.22 12.6 3.41
EI-18-QM pi wm wm_a -27.18 3.36 3.7
EI-18-ZM1 pi wm wm_a -25.96 5.41 4.12
EI-18-RT1 rt wm wm_a -20.45 9.52 4.39
EI-18-SMB1 smb wm wm_a -18.44 10.87 2.39
EI-18-SMB10 smb wm wm_a -18.64 11.27 2.54
EI-18-SMB2 smb wm wm_a -17.73 11.33 2.45
EI-18-SMB3 smb wm wm_a -17.68 11.39 1.95
EI-18-SMB4 smb wm wm_a -19.41 12.44 2.9
EI-18-SMB5 smb wm wm_a -17.49 11.08 2.47
EI-18-SMB6 smb wm wm_a -17.06 10.83 2.4
EI-18-SMB7 smb wm wm_a -17.7 11.09 2.39
EI-18-SMB8 smb wm wm_a -17.58 10.7 2.35
EI-18-SMB9 smb wm wm_a -18.87 11.36 2.64
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
EI-18-WF1 wf wm wm_a -20.85 10.94 2.53
EI-18-WF2 wf wm wm_a -19.6 11.13 2.11
EI-18-WF3 wf wm wm_a -19.91 10.72 2.44
EI-18-WF4 wf wm wm_a -20.43 11 2.15
EI-18-WF5 wf wm wm_a -21.35 11.56 3
EI-18-WF6 wf wm wm_a -20.37 11.51 2.62
EI-18-WF7 wf wm wm_a -19.02 11.27 2.13
EI-18-YP1 yp wm wm_a -21.44 10.26 3.86
EI-18-YP11 yp wm wm_a -19.11 10.18 3.04
EI-18-YP12 yp wm wm_a -18.22 10.48 2.06
EI-18-YP13 yp wm wm_a -21.68 10.36 3.78
EI-18-YP14 yp wm wm_a -20.64 10.57 3.06
EI-18-YP2 yp wm wm_a -21 10.4 4.05
EI-18-YP3 yp wm wm_a -20.7 10.95 3.09
EI-18-YP4 yp wm wm_a -18.72 10.69 2.7
EI-18-YP5 yp wm wm_a -18.44 10.2 2.36
EI-18-YP6 yp wm wm_a -19.14 11.31 2.67
EI-18-YP7 yp wm wm_a -20.22 10.84 2.98
EI-18-YP8 yp wm wm_a -17.49 9.82 1.98
EI-18-YP9 yp wm wm_a -17.71 9.85 -0.27
EI-18-ZP1 zp wm wm_a -29.73 3.71 3.62
MI-18-7.5mm mfeed mfeed mfeed -22.21 3.82 2.66
MI-18-4mm mfeed mfeed mfeed -20.84 5.19 6.61
MI-18-3mm sfeed sf sf -19.72 7.19 8.18
MI-18-MF1 bi wm wm_a -20.57 3.39 4.22
MI-18-MF2 bi wm wm_a -20.52 3.29 4.06
MI-18-MF3 bi wm wm_a -20.78 3.4 3.99
MI-18-SN1 bi wm wm_a -22.62 -0.06 3.75
MI-18-TRI 1 bi wm wm_a -20.29 2.02 3.2
MI-19-MF-1 bi wm wm_a -14.55 1.82 2.71
MI-19-MF-2 bi wm wm_a -15.16 1.82 3.17
MI-18-BU1 bur wm wm_a -17.95 13.09 2.43
MI-18-BW0 bw wm wm_a -22.7 5.28 0.22
MI-18-BW10 bw wm wm_a -21.62 6.95 0.85
MI-18-BW100 bw wm wm_a -22.16 7.01 -0.01
MI-18-BW25 bw wm wm_a -21.83 7.07 -0.24
MI-18-BW50 bw wm wm_a -21.81 5.03 0.68
MI-18-RG-1 lff wm wm_a -17.68 8 3.41
MI-18-RG-2 lff wm wm_a -16.95 7.57 3.69
MI-18-STS1 lff wm wm_a -21.36 8.51 3.66
MI-18-STS2 lff wm wm_a -22.39 8.51 3.63
MI-18-STS3 lff wm wm_a -21.14 8.73 3.53
MI-18-STS4 lff wm wm_a -20.51 8.23 2.33
MI-18-LT1 lt wm wm_a -22.02 12.48 4.24
MI-18-LT10 lt wm wm_a -21.76 12.73 3.92
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
MI-18-LT11 lt wm wm_a -22.44 13.11 4.15
MI-18-LT12 lt wm wm_a -20.52 12.97 3.31
MI-18-LT13 lt wm wm_a -22.7 12.26 3.25
MI-18-LT14 lt wm wm_a -21.96 12.53 3.66
MI-18-LT15 lt wm wm_a -22.68 13.17 4.11
MI-18-LT2 lt wm wm_a -21.21 12.64 3.52
MI-18-LT3 lt wm wm_a -22.01 13.29 3.71
MI-18-LT4 lt wm wm_a -22.98 12.61 3.93
MI-18-LT5 lt wm wm_a -20.73 12.98 3.22
MI-18-LT6 lt wm wm_a -20.51 12.93 3.49
MI-18-LT7 lt wm wm_a -21.25 12.51 3.58
MI-18-LT8 lt wm wm_a -21.21 12.92 3.79
MI-18-LT9 lt wm wm_a -22.38 13.03 3.9
MI-18-ZM1 pi wm wm_a -26.45 3.65 3.68
MI-19-ZM15-1 pi wm wm_a -25.55 2.75 2.84
MI-19-ZM15-2 pi wm wm_a -25.28 2.73 2.65
MI-19-ZM15-3 pi wm wm_a -25.2 2.9 2.99
MI-18-RT1 rt wm wm_a -20.73 10.34 5
MI-18-RT2 rt wm wm_a -20.24 9.17 4.72
MI-18-RT3 rt wm wm_a -20.14 9.52 3.8
MI-18-SMB1 smb wm wm_a -17.81 11.19 2.31
MI-18-SMB2 smb wm wm_a -17.91 10.73 1.57
MI-18-SMB3 smb wm wm_a -16.72 10.01 2.25
MI-18-SMB4 smb wm wm_a -17.48 10.75 1.9
MI-18-SMB5 smb wm wm_a -18.05 11 2.27
MI-18-SMB6 smb wm wm_a -18.45 11.28 2.26
MI-18-WF1 wf wm wm_a -19.88 11.33 1.98
MI-18-WF2 wf wm wm_a -19.22 11.07 2.01
MI-18-WF3 wf wm wm_a -21.08 11.22 2.25
MI-18-WF4 wf wm wm_a -20.06 11.47 2.11
MI-18-WF5 wf wm wm_a -20.74 11.72 2.42
MI-18-YP1 yp wm wm_a -16.9 11.17 2.77
MI-18-YP10 yp wm wm_a -22.41 10.21 3.9
MI-18-YP11 yp wm wm_a -19.46 10.34 3.17
MI-18-YP2 yp wm wm_a -20.04 10.7 3.15
MI-18-YP3 yp wm wm_a -21.15 9.74 2.73
MI-18-YP4 yp wm wm_a -21.23 10.32 3.88
MI-18-YP5 yp wm wm_a -20.46 10.65 3.56
MI-18-YP6 yp wm wm_a -18.57 9.97 2.22
MI-18-YP7 yp wm wm_a -20.93 10.37 3.57
MI-18-YP8 yp wm wm_a -19.74 11.47 2.97
MI-18-YP9 yp wm wm_a -21.97 10.51 4.21
MI-18-ZP1 zp wm wm_a -30.02 5.45 3.57
MI-18-RT1A frt wm wm_frt -18.99 8.45 5.64
MI-18-RT2A frt wm wm_frt -19.93 8.87 6.18
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
MI-18-RT3A frt wm wm_frt -20.42 8.86 5.7
MI-18-RT4A frt wm wm_frt -19.89 8.27 5.49
MI-18-RT5A frt wm wm_frt -18.29 8.48 6.2
MI-18-RT6A frt wm wm_frt -18.97 8.55 6.42
MI-18-RT7A frt wm wm_frt -19.84 9.01 6.84
NC-18-MF-1 bi wm wm_c -20.9 4.44 4.22
NC-18-MF-2 bi wm wm_c -21.3 4.22 4.12
NC-18-MF-3 bi wm wm_c -24.03 5.14 4.11
NC-18-SN1 A bi wm wm_c -22.95 0.75 3.72
NC-18-TRI-1 bi wm wm_c -20.93 2.75 3.58
NC-18-TRI-2 bi wm wm_c -20.86 2.78 3.67
NC-18-TRI-3 bi wm wm_c -20.8 2.97 3.68
NC-18-TRI-4 bi wm wm_c -20.79 2.66 3.74
NC-18-TRI-5 bi wm wm_c -23.58 4.18 2.81
NC-19-MF 1 bi wm wm_c -17.3 2.38 4.41
NC-19-MF 2 bi wm wm_c -17.17 2.33 4.45
NC-19-SHORELINE INVERTS bi wm wm_c -16.94 2.76 5.08
NC-18-BU-1 bur wm wm_c -18.11 12.36 2.68
NC-18-BU-2 bur wm wm_c -18.28 12.43 2.71
NC-18-BU-3 bur wm wm_c -17.81 11.81 2.6
NC-18-RG1 lff wm wm_c -25.16 4.56 3.37
NC-18-RG-2 lff wm wm_c -18.5 8.53 4.14
NC-18-STS-1 lff wm wm_c -21.77 8.67 3.46
NC-18-LT-1 lt wm wm_c -22.07 12.92 3.55
NC-18-LT-10 lt wm wm_c -22.75 13 3.8
NC-18-LT-11 lt wm wm_c -23.05 13.33 3.68
NC-18-LT-12 lt wm wm_c -21.46 12.71 3.4
NC-18-LT-13 lt wm wm_c -23.75 13.04 4.09
NC-18-LT-14 lt wm wm_c -22.85 12.95 3.76
NC-18-LT-15 lt wm wm_c -22.22 13.04 3.52
NC-18-LT-16 lt wm wm_c -21.95 13.42 3.55
NC-18-LT-17 lt wm wm_c -23.42 13.58 3.68
NC-18-LT-18 lt wm wm_c -22.46 12.83 3.9
NC-18-LT-19 lt wm wm_c -22.97 12.61 3.86
NC-18-LT-2 lt wm wm_c -23.77 13.22 3.88
NC-18-LT-20 lt wm wm_c -23.33 12.78 3.38
NC-18-LT-21 lt wm wm_c -22.77 13.48 3.84
NC-18-LT-22 lt wm wm_c -22.44 12.27 3.31
NC-18-LT-3 lt wm wm_c -23.68 12.92 2.68
NC-18-LT-4 lt wm wm_c -23.63 12.83 4.07
NC-18-LT-5 lt wm wm_c -21.3 13.91 3.64
NC-18-LT-6 lt wm wm_c -24.54 13.24 4.2
NC-18-LT-7 lt wm wm_c -22.31 13.05 3.84
NC-18-LT-8 lt wm wm_c -23.41 11.79 3.92
NC-18-LT9 lt wm wm_c -23.63 12.93 3.81
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
NC-18-ZM-1 pi wm wm_c -29.15 7.36 4.38
NC-19-ZM15 pi wm wm_c -26.31 2.91 3.53
NC-18-SMB-1 smb wm wm_c -18.59 10.62 2.84
NC-18-SMB-2 smb wm wm_c -18.84 10.33 3.19
NC-18-SMB-3 smb wm wm_c -18.5 10.59 2.84
NC-18-SMB-4 smb wm wm_c -21.03 11.3 3.25
NC-18-SMB-5 smb wm wm_c -18.69 10.84 2.9
NC-18-SMB-6 smb wm wm_c -19.55 11.12 2.98
NC-18-SMB-7 smb wm wm_c -19.17 10.96 3
NC-18-WF-1 wf wm wm_c -18.6 11.58 2.12
NC-18-WF-2 wf wm wm_c -21.56 11.11 2.82
NC-18-WF-3 wf wm wm_c -20.29 10.33 2.64
NC-18-WF-4 wf wm wm_c -18.81 10.36 2.66
PS-18-MF1 bi ps ps_a -22.01 4.37 5.01
PS-18-MF-2 bi ps ps_a -22.03 4.89 4.83
PS-18-SN1 bi ps ps_a -21.48 3.73 3.48
PS-18-SN2 bi ps ps_a -21.11 3.61 3.7
PS-18-SN3 bi ps ps_a -21.21 3.58 3.37
PS-18-SN4 bi ps ps_a -21.85 4.48 4.44
PS-18-TRI-1 bi ps ps_a -23.15 5.04 4.42
PS-18-TRI-2 bi ps ps_a -22.44 4.63 4.32
PS-18-TRI-3 bi ps ps_a -20.37 5.19 4.26
AQ-18-BU1 bur ps ps_a -19.99 14.49 4.52
PS-18-BU-1 bur ps ps_a -21.25 13.9 4.79
PS-18-BU-2 A bur ps ps_a -20.66 14.44 4.75
PS-18-CFI cf ps ps_a -22.56 8 5.68
PS-18-RG1 lff ps ps_a -20.15 10.61 4.53
PS-18-STS1 lff ps ps_a -20.69 9.35 5.18
PS-18-STS2 lff ps ps_a -24.13 11.87 5.25
PS-18-LT-1 lt ps ps_a -23.9 14.51 4.53
PS-18-LT-10 lt ps ps_a -23.38 14.5 4.84
PS-18-LT-11 lt ps ps_a -24.5 14.83 4.89
PS-18-LT-12 lt ps ps_a -24.15 14.95 4.96
PS-18-LT-13 lt ps ps_a -24.36 14.83 4.82
PS-18-LT-14 lt ps ps_a -23.71 14.77 4.85
PS-18-LT-15 lt ps ps_a -23.86 14.51 4.92
PS-18-LT-2 lt ps ps_a -24.64 14.66 4.93
PS-18-LT-3 lt ps ps_a -25.08 14.65 4.73
PS-18-LT-4 lt ps ps_a -24.42 14.87 4.9
PS-18-LT-5 lt ps ps_a -23.57 14.15 4.85
PS-18-LT-6 lt ps ps_a -23.9 14.42 4.87
PS-18-LT-7 lt ps ps_a -23.76 14.05 4.82
PS-18-LT-8 lt ps ps_a -24.16 15.28 4.9
PS-18-LT-9 lt ps ps_a -23.96 14.47 4.77
PS-18-AW1 pff ps ps_a -25.25 11.91 5.26
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
PS-18-AW2 pff ps ps_a -24.51 10.55 5.2
PS-18-AW3 pff ps ps_a -24.7 9.15 4.87
PS-18-AW4 pff ps ps_a -24.52 10.74 5.3
PS-18-CS-1 pff ps ps_a -24.22 12.4 5.24
PS-18-CS-2 pff ps ps_a -23.7 11.8 4.96
PS-18-CS-3 pff ps ps_a -23.99 11.92 5.01
PS-18-CS-4 pff ps ps_a -23.71 12.38 5.03
PS-18-UM1 pi ps ps_a -25.58 5.01 4.34
PS-18-UM2 pi ps ps_a -25.65 5.02 4.37
PS-18-ZM1 pi ps ps_a -24.28 4.22 4.72
PS-18-SMB-1 smb ps ps_a -17.75 11.92 4.37
PS-18-SMB-2 smb ps ps_a -16.58 11.95 4.3
PS-18-SMB-3 smb ps ps_a -20.11 12.77 4.46
PS-18-SMB-4 smb ps ps_a -19.85 12.56 4.66
PS-18-SMB-5 smb ps ps_a -23.1 12 4.62
PS-18-SMB-6 smb ps ps_a -21.49 9.45 4.51
PS-18-SMB-7 smb ps ps_a -19.24 11.65 4.04
PS-18-BI1 unk ps ps_a -24.86 9.1 4.52
PS-18-YP1 yp ps ps_a -21.76 8.53 4.94
PS-18-ZP1 zp ps ps_a -30.13 11.12 4.7
PS-18-ZP2 zp ps ps_a -29.03 12.02 4.61
PS-18-ZP3 zp ps ps_a -29.45 11.17 4.48
PS-18-ZP4 zp ps ps_a -15.59 3.74 4.78
PS-18-ZP5 zp ps ps_a -16.88 4.39 5.24
PS-19-MF bi ps ps_a -13.96 2.62 4.1
PS-19-DFL dfl ps ps_a -20.42 6.07 4.53
PS-19-UM15 pi ps ps_a -25.12 5.12 3.99
PS-19-UM40 pi ps ps_a -26.35 7.08 4.5
RI-19-MF bi ps ps_c -17.43 3.49 3.71
RI-19-MFB bi ps ps_c -21.2 5.54 2.29
RI-19-BW bw ps ps_c -22.26 6.55 0.71
RI-19-RG 1 lff ps ps_c -15.81 7.22 3.67
RI-19-RG 2 lff ps ps_c -16.11 6.94 4
RI-19-STS lff ps ps_c -18.63 8.06 3.48
RI-19-LT1 lt ps ps_c -24.93 13.04 4.45
RI-19-LT-1BC lt ps ps_c -24.97 13.41 4.31
RI-19-LT-1RC lt ps ps_c -24.91 13.4 4.32
RI-19-LT2 lt ps ps_c -23.16 13.18 4.55
RI-19-LT3 lt ps ps_c -23.61 13.99 4.58
RI-19-LT4 lt ps ps_c -23.02 13.9 4.62
RI-19-LT 5 lt ps ps_c -23.45 13.36 4.07
RI-19-LT6 lt ps ps_c -23.66 13.71 4.46
RI-19-LT7 lt ps ps_c -23.99 14.03 4.5
RI-19-LT8 lt ps ps_c -24.51 13.59 4.39
RI-19-CS1 pff ps ps_c -23.52 8.78 4.55
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
RI-19-LTSC4 pff ps ps_c -25.34 9.91 4.14
RI-19-LTSC8 pff ps ps_c -24.4 11.26 4.41
RI-19-RS1 pff ps ps_c -24.42 9.63 4.22
RI-19-RS2 pff ps ps_c -24.73 9.1 4.37
RI-19-RS 3 pff ps ps_c -24.65 8.47 3.9
RI-19-RS4 pff ps ps_c -24.9 8.83 3.99
RI-19-RS 5 pff ps ps_c -24.07 9.41 4.19
RI-19-RS6 pff ps ps_c -24.7 9.62 4.46
RI-19-RS 7 pff ps ps_c -24.7 9.08 4.1
RI-19-RS-LTSC 4 pff ps ps_c -25.18 11.73 4.71
RI-19-ZM40 pi ps ps_c -27.73 3.46 4.02
RI-19-ZM15 pi ps ps_c -25.9 2.51 3.42
RI-19-WF 1 wf ps ps_c -21.14 10.72 3.1
RI-19-WF 2 wf ps ps_c -18.91 10.3 2.06
RI-19-WFSC2 wfsc ps ps_c -18.35 7.71 1.71
SG-18-MF1 bi em em_a -21.57 2.51 3.42
SG-18-MF2 bi em em_a -22.22 2.11 3.59
SG-18-SN1 bi em em_a -24.63 1.06 2.85
SG-18-TRI1 bi em em_a -24.7 2.68 2.21
SG-18-BU1 bur em em_a -18.62 12.37 2.56
SG-18-BU2 bur em em_a -17.85 11.15 3.24
SG-18-BU3 bur em em_a -17.74 12.22 2.49
SG-18-BU4 bur em em_a -18.84 12.44 2.93
SG-18-BW50 bw em em_a -22.8 7.22 -1.33
SG-18-RG1 lff em em_a -19.16 8.04 2.87
SG-18-STS1 lff em em_a -19.49 8.48 2.97
SG-18-LT1 lt em em_a -23.58 12.06 3.86
SG-18-LT2 lt em em_a -20.66 11.97 2.72
SG-18-LT3 lt em em_a -22.96 12.4 3.78
SG-18-LT4 lt em em_a -22.39 12.03 3.71
SG-18-LT5 lt em em_a -20.63 11.99 3.16
SG-18-LT6 lt em em_a -21.13 12.27 3.46
SG-18-LT7 lt em em_a -23.75 12.54 4.14
SG-18-ZM1 pi em em_a -29.08 4.33 4.05
SG-18-ZM2 pi em em_a -28.64 3.6 4.2
SG-18-SMB1 smb em em_a -18.48 11.14 3.24
SG-18-SMB2 smb em em_a -17.5 11.1 2.89
SG-18-SMB3 smb em em_a -18.53 11.11 3.09
SG-18-SMB4 smb em em_a -19.01 10.56 2.88
SG-18-SMB5 smb em em_a -17.87 10.42 2.72
SG-18-WF1 wf em em_a -22.19 10.36 1.93
SG-18-WF10 wf em em_a -23.85 10.49 1.41
SG-18-WF11 wf em em_a -19.94 10.03 2.09
SG-18-WF12 wf em em_a -20.3 10.62 2.58
SG-18-WF13 wf em em_a -19.88 10.04 2.33
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
SG-18-WF14 wf em em_a -20.4 10.06 1.78
SG-18-WF 2 wf em em_a -18.9 10.41 1.1
SG-18-WF3 wf em em_a -21.04 10.39 2.34
SG-18-WF4 wf em em_a -21.01 11.13 2.07
SG-18-WF5 wf em em_a -21.29 9.96 2.06
SG-18-WF6 wf em em_a -19.98 10.5 2.68
SG-18-WF7 wf em em_a -24.62 10.82 0.47
SG-18-WF8 wf em em_a -18.18 10.49 2.31
SG-18-WF9 wf em em_a -19.92 10.59 2.9
SG-18-YP1 yp em em_a -19.67 9.82 2.9
SG-18-ZP1 zp em em_a -30.31 4.32 3.49
WAB-18-MF-1 bi wm wm_a -20.5 2.67 4
WAB-18-SN-1 bi wm wm_a -22.23 2.24 2.45
WAB-18-TRI bi wm wm_a -21.63 2.79 3.84
WAB-18-BU-1 bur wm wm_a -18.06 12.34 2.26
WAB-18-BW10-25 bw wm wm_a -21.68 5.47 -1.88
WAB-18-BW50-100 bw wm wm_a -21.71 5.75 -1.27
WAB-18-RG-1 lff wm wm_a -18.52 8.93 3.81
WAB-18-RG-2 lff wm wm_a -16.5 8.18 2.52
WAB-18-STS-1 lff wm wm_a -21.7 8.59 3.1
WAB-18-STS-2 lff wm wm_a -21.52 9 3.39
WAB-18-LT-1 lt wm wm_a -22.38 12.77 4.68
WAB-18-LT-10 lt wm wm_a -22.28 13.43 3.75
WAB-18-LT-11 lt wm wm_a -24.55 13.05 4.05
WAB-18-LT-12 lt wm wm_a -21.24 12.22 3.28
WAB-18-LT-13 lt wm wm_a -22.28 12.29 3.5
WAB-18-LT-14 lt wm wm_a -21.64 12.32 3.79
WAB-18-LT-15 lt wm wm_a -23.42 12.82 4
WAB-18-LT16 lt wm wm_a -22.55 13.13 3.85
WAB-18-LT-17 lt wm wm_a -23.2 12.36 3.64
WAB-18-LT-18 lt wm wm_a -21.82 13.04 3.61
WAB-18-LT-19 lt wm wm_a -22.91 12.27 3.76
WAB-18-LT-2 lt wm wm_a -22.46 12.69 3.82
WAB-18-LT-20 lt wm wm_a -24.01 12.91 4.41
WAB-18-LT-3 lt wm wm_a -21.9 12.86 3.4
WAB-18-LT-4 lt wm wm_a -22.05 12.4 3.07
WAB-18-LT-5 lt wm wm_a -22.69 12.52 3.16
WAB-18-LT-6 lt wm wm_a -23.98 12.61 3.36
WAB-18-LT-7 lt wm wm_a -23.13 12.78 3.49
WAB-18-LT-8 lt wm wm_a -21.1 12.81 3.09
WAB-18-LT-9 lt wm wm_a -20.73 12.73 3.2
WAB-18-ZM-1 pi wm wm_a -28.65 4.08 3.7
WAB-18-ZM-2 pi wm wm_a -29.2 4.58 3.99
WAB-18-RT-1 rt wm wm_a -20.69 8.73 4.63
WAB-18-RT-2 rt wm wm_a -19.53 8.56 4.79
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
WAB-18-RT-3 rt wm wm_a -19.64 8.94 5.41
WAB-18-SMB-1 smb wm wm_a -16.82 10.93 1.49
WAB-18-SMB-2 smb wm wm_a -16.37 10.79 1.7
WAB-18-SMB-3 smb wm wm_a -15.78 10.42 2.21
WAB-18-SMB-4 smb wm wm_a -16.87 10.57 0.98
WAB-18-SMB-5 smb wm wm_a -17.7 10.92 1.34
WAB-18-SMB-6 smb wm wm_a -17.36 10.83 1.57
WAB-18-SMB-7 smb wm wm_a -16.76 10.71 1
WAB-18-WF-1 wf wm wm_a -20.19 10.52 2.83
WAB-18-WF-2 wf wm wm_a -19.95 10.78 2.61
WAB-18-WF-3 wf wm wm_a -19.92 10.92 2.29
WAB-18-WF-4 wf wm wm_a -20.03 11.23 2.11
WAB-18-WF5 wf wm wm_a -20.51 11.14 2.4
WAB-18-YP-1 yp wm wm_a -15.78 9.93 1.88
WAB-18-YP-10 yp wm wm_a -14.57 9.09 2.2
WAB-18-YP-2 yp wm wm_a -19.56 10.93 2.42
WAB-18-YP-3 yp wm wm_a -21.77 10.36 3.78
WAB-18-YP-4 yp wm wm_a -20.71 9.91 3.54
WAB-18-YP-5 yp wm wm_a -21.08 10.67 3.41
WAB-18-YP-6 yp wm wm_a -20.94 9.38 2.74
WAB-18-YP-7 yp wm wm_a -17.47 10.47 1.53
WAB-18-YP-8 yp wm wm_a -17.87 10.8 1.22
WAB-18-YP-9 yp wm wm_a -18.02 10.81 1.14
WAB-18-ZP-1 zp wm wm_a -29.36 4.95 3.54
WK-19-BW 1 bw em em_c -15.75 5.59 -0.45
WK-19-BW 2 bw em em_c -15.88 5.53 -0.28
WK-19-BW 3 bw em em_c -15.8 5.63 -0.83
WK-19-LND lff em em_c -19.66 8.6 2.46
WK-19-RG lff em em_c -17.59 8.04 2.22
WK-19-ZMI5 1 pi em em_c -25.27 2.34 3.05
WK-19-ZMI5 2 pi em em_c -25.73 2.08 3.04
WK-19-MF 1 bi em em_c -18.43 2.1 4.49
WK-19-MF 2 bi em em_c -18.48 2.34 4.56
WK-19-MF 3 bi em em_c -18.51 2.19 4.61
WK-19-MFB 1 bi em em_c -20.26 5.64 0.01
WK-19-MFB 2 bi em em_c -19.82 5.53 -0.44
WK-19-LT1 lt em em_c -23.16 12.08 3.75
WK-19-LT2 lt em em_c -24.28 12.54 3.94
WK-19-LT 3 lt em em_c -23.31 12.3 3.81
WK-19-LT4 lt em em_c -24.51 11.92 4.34
WK-19-LTSC 3 pff em em_c -24.63 9.83 4.12
WK-19-ZMI5 3 pi em em_c -25.22 2.47 3.04
WK-19-WF 1 wf em em_c -19.29 10.2 2.66
WK-19-WF 2 wf em em_c -19.27 9.93 2.47
WK-19-WF 3 wf em em_c -18.65 10.34 1.94
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Supplementary Table 1 Continued
Identifier 1 group site treatment d13c d15n d34s
WK-19-WF 4 wf em em_c -19.77 9.64 2.2
WK-19-WF 5 wf em em_c -18.8 10.28 1.81
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Supplementary Table 2.  Fatty acid profiles for samples collected.  Samples include farmed rainbow trout (frt),
medium sized fish feed (mfeed),  littoral forage fish (lff), lake trout (lt), pelagic forage fish (pff) and whitefish (wf).   
Samples from Parry Sound (ps), Eastern Manitoulin (em) and Western Manitoulin (wm) site where _a 
denotes a sample from an aquaculture site and _c denotes a sample from a control site.
Identifier 1 group site treatment C14:0 C16:0 C16:1 C18:0 C18:1 C18:2n6 C18:3n3 C20:1
CW-18-RT3A frt frt frt 2.1 15.01 4.78 4.36 42.95 14.64 3.85 1.56
BUZ-18-RT3A frt frt frt 2.26 15.23 4.54 4.31 40.46 14.09 3.42 1.53
CW-18-RT 14A frt frt frt 2.22 16.01 4.55 4.82 40.24 13.38 3.34 1.56
MI-18-RT1A frt frt frt 1.75 14.69 3.74 4.72 38.59 13.88 3.36 1.52
AQ-18-RT1A frt frt frt 1.92 16.5 3.36 5.85 36.12 12.7 2.68 1.86
BUZ-18-5mmF mfeed mfeed mfeed 2 14.51 3.74 4.67 42.9 15.25 4.37 1.05
BUZ-18-7.5mmF mfeed mfeed mfeed 1.8 13.58 3.31 4.54 43.19 17.21 5.08 1.06
AQ-18-4mmF mfeed mfeed mfeed 2.26 14.75 4.18 4.7 38.17 17.54 4.44 2.95
BUZ-18-6mmF mfeed mfeed mfeed 1.79 13.23 3.27 4.37 44.89 16.55 4.93 1.02
BUZ-18-RG lff em em_a 1.09 25.36 2.38 13.54 14.67 2.88 0.86 0.79
CW-18-RG1 lff em em_a 1.32 19.88 3.09 10.34 15.35 3.75 1.52 0.64
CW-18-STS1 lff em em_a 1.79 25.66 3.89 10.85 12.05 2.5 1.04 0.67
BUZ-18-STS1 lff em em_a 2.36 25.37 2.43 10.63 11 2.15 1.44 0.67
WK-19-LND lff em em_c 1.78 17.88 8.56 7.89 24.99 6.93 2.8 1.47
SG-18-STS1 lff em em_c 1.27 25.85 4.9 11.75 17.36 2.57 1.22 0.51
WK-19-RG lff em em_c 0.83 18.37 2.03 10.17 20.39 3.13 0.78 1.19
SG-18-RG1 lff em em_c 1.28 25.71 2.11 14.55 10.92 2.51 0.96 0.86
CW-18-LT5 lt em em_a 3.23 15.9 11.79 3.88 29.81 3.17 1.96 1.21
CW-18-LT7 lt em em_a 2.52 15.74 13.95 3.84 34.9 2.44 1.21 1.49
CW-18-LT3 lt em em_a 2.6 15.82 12.7 3.92 33.53 2.13 1.43 1.29
BUZ-18-LT6 lt em em_a 2.66 17.39 12.77 4.23 31.88 2.25 1.2 1.2
BUZ-18-LT8 lt em em_a 3.47 17.03 10.67 4.16 26.46 2.97 2.24 0.82
BUZ-18-LT1 lt em em_a 3.28 18.74 10.65 5.04 27.7 2.83 1.84 0.91
WK-19-LT2 lt em em_c 3.55 15.31 10.39 3.36 28.39 3.15 2.28 1.56
WK-19-LT4 lt em em_c 3.17 17.13 10.91 3.79 30.38 2.45 1.31 0.54
SG-18-LT1 lt em em_c 3.17 16.97 12.32 3.88 29.68 2.69 1.6 0.85
WK-19-LT 3 lt em em_c 3.39 17.23 11.26 3.76 30.68 2.64 1.51 1.06
WK-19-LT1 lt em em_c 2.83 17.66 9.8 4.31 27.57 2.53 1.36 0.97
SG-18-LT3 lt em em_c 3.39 16.14 10.7 4.05 30.07 2.71 1.86 1.16
SG-18-LT7 lt em em_c 3.32 16.69 10.85 4.25 28.62 2.66 1.97 0.94
BUZ-18-WF18 wf em em_a 1.41 24.13 6.84 7.65 18.9 2.39 1.77 0.85
CW-18-WF2 wf em em_a 1.81 23.5 7.64 7.7 17.18 2.31 1.08 1.07
WK-19-WF 1 wf em em_c 3.94 15.33 13.06 4.82 32.62 2.18 0.75 3.16
WK-19-WF 2 wf em em_c 2.13 15.43 12.64 4.49 34.3 3.03 1 2.03
WK-19-WF 3 wf em em_c 1.76 18.63 7.81 5.5 27.97 3.29 0.82 1.78
WK-19-WF 5 wf em em_c 1.7 19.88 6.91 6.12 25.83 3.53 1.25 1.51
WK-19-WF 4 wf em em_c 1.93 18.51 11.35 4.81 26.1 2.41 0.9 1.71
SG-18-WF10 wf em em_a 2.21 22.33 7.53 7.3 17.4 2.3 1.01 0.85
AQ-18-STS2 lff ps ps_a 1.93 23.23 8.54 9.26 15.37 2.73 1.47 0.94
AQ-18-RG2 lff ps ps_a 1.65 23.65 4.79 12.63 14.15 3.86 2.14 1.17
PS-18-RG1 lff ps ps_a 1.4 20.24 3.09 10.89 13.09 3.28 1.01 0.79
PS-18-STS1 lff ps ps_a 2.58 25.18 5.17 12.78 14.56 2.58 2.1 1.09
RI-19-RG 1 lff ps ps_c 1.38 19.01 3.88 10.48 17.53 3.72 1.28 0.58
RI-19-STS lff ps ps_c 1.15 19.87 2.69 9.6 19.36 3.03 1.29 0.66
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Supplementary Figure 1.  Principal component analysis of fatty acids >1% of total fatty 
acid composition of all fish and feed samples analyzed in for this thesis. Feed separated 
from lake biota 4 Fatty Acids (16.1n7, 18.2n6, 18.3n3 and 20.1n9). 
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