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Abstract
With fed aquaculture expanding, challenges are being faced with increasing demands for
protein for feed. Fishmeal as a protein is at high cost and low supply, and meals from terrestrial
agriculture can impact fish health; both also generate environmental challenges. One potential
alternative protein is yeast, which can be grown using waste softwood. Simultaneously, Maine
forestry has lost buyers of waste wood with several paper mill closures. If yeast is produced as
an alternative protein for fish feed using this wood, both Maine Atlantic salmon farming,
Maine’s most valuable form of aquaculture, and Maine forestry could benefit. Environmental
impact and stress from the cost and shortage of fishmeal could be reduced or prevented for
Maine aquaculture and a new market for waste wood provided for Maine forestry. This thesis
was therefore designed to assess if such a concept is reasonable and beneficial considering
information from industry stakeholders.
Using feed and protein demand for salmon given by Maine salmon producers and waste
softwood availability data from Maine sawmill representatives, as well as literature, it was found
that substitution of wood-grown yeast for fishmeal from wild low-trophic level fish and SPC in
feed provides benefits to both aquaculture and forestry. A feed formula composed of 5% yeast
replacing 29% of fishmeal from wild low-trophic level fish and 15% of soy protein concentrate
(SPC) is recommended. When compared to standard feeds, such a feed formula reduces forage
fish consumption for fishmeal by 29%, land use for protein production by 10%, and greenhouse
gas emissions and acidifying emissions from protein production by 9% each, assuming forage
fishmeal and SPC as the major protein components. It also reduces the cost of proteins per
metric ton of feed by 8% in such a scenario. Furthermore, there is sufficient waste wood in
Maine to feed salmon production using this formula up to the global scale, and even when
producing feed containing 5% yeast for only Maine Atlantic salmon aquaculture, wood
consumption for yeast production can provide a significant market for waste wood to some
sawmills. Although a feed formula incorporating 8% yeast was also tested and found to provide
greater environmental and cost reduction benefits for aquaculture, this may exceed feed
producers’ expected maximum inclusion levels for ingredients. From perspectives on woodgrown yeast protein among salmon and salmon feed producers and sawmill representatives,
several concerns were listed and strategies recommended. Yet there was a generally positive
outlook on the proposed protein; thus, quantitative and qualitative data from stakeholders
suggests this is a reasonable concept, though much must be considered for it to succeed.
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1. Project Objectives and Significance
Fishmeal has been a major protein source in fed aquaculture (Pelletier et al., 2018) and is
mainly produced from wild low-trophic level fish such as herring and menhaden (NOAA, n.d. a).
Such “forage fish” are often food for commercially relevant or charismatic and culturally
significant species, as evidenced by models tested in Koehn et al. (2017) and Konar et al. (2019).
They can also serve as an important source of food for low-income countries (Konar et al.,
2019). Additionally, with increasing demand but maintained supply, fishmeal price has
increased (NOAA, n.d. a), tripling since 2000 (Kok et al., 2020; The World Bank, 2022). Thus,
finding alternatives could be crucial to the future of aquaculture, marine ecosystems, and human
society.
A decrease in fishmeal use in aquaculture feed, or “aquafeed” (NOAA, n.d. a), has
occurred via substitution of fishmeal with terrestrial protein alternatives in the form of plant and
livestock proteins (Davies et al., 2019; Froehlich et al., 2018; Pelletier et al., 2018; Smárason et
al., 2019). However, these alternative proteins have brought forth their own challenges (Pelletier
et al., 2018; Smárason et al., 2019), including health problems for fish (e.g. Kiron et al., 2020)
and environmental impacts such as greenhouse gas emissions (Pelletier et al., 2018) and
deforestation (Amundsen et al., 2019). An emerging group of alternative proteins aiming to
solve some of these problems is the single-celled proteins (SCPs) from microorganisms such as
yeast (Glencross et al., 2020a; Jones et al., 2020; Smárason et al., 2019).
Single-celled proteins derived from yeast have shown promising health benefits for fish
(e.g. Sahlmann et al., 2019). These proteins also demonstrated reduced levels of environmental
impact compared to fishmeal and soy proteins (Couture et al., 2019; Tallentire et al., 2018), with
soy having historically been the most used fishmeal alternative (Karimi et al., 2019;
Masagounder et al., 2016). Furthermore, yeast can be grown on a number of substrates,
including wood (Jones et al., 2020; Lapeña et al., 2020a-b). Wood-grown yeast specifically may
be relevant to Maine, as the Maine forest products industry is having an issue with disposing of
waste wood, due to a number of paper mill and biomass-burning plant closures, reducing income
for the forestry industry (Crandall et al., 2017). Yeast producers that can buy this wood to grow
yeast for aquafeed can create a new market for waste wood. Such a concept has not been studied
in Maine, however. Thus, the primary objective of this thesis is to determine if replacing current
proteins in Atlantic salmon feed with yeast grown from Maine waste wood is a competitive and
beneficial option for aquaculture and Maine forestry, with Atlantic salmon chosen due to being
the major farmed fed fish and most valuable aquaculture type in Maine (Maine DMR, n.d. a).
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2. Background
2.1. The Rise of Salmon Aquaculture
Salmon aquaculture has been expanding, experiencing an increase in global production
from around 1.5 million tons to 2.5 million tons in gross weight from 2011 to 2020 (Mowi,
2021). Meanwhile, global wild harvest has dropped from 1 million tons to 500,000 tons in that
same time period, resulting in aquaculture generating around 80% of salmon supply today
(Mowi, 2021). At the same time, demand continues to increase based on the comparison of
change in salmon value to change in volume, with value increasing by 99% from 2011 to 2020
while total volume has increased by 75% (Mowi, 2021). Demand is anticipated to continue to
increase due to a rising population, as well as increasing income and an expanding middle class
that can consume a wider variety of foods in new markets (Ling, 2018; Mowi, 2021). Rising
consumer demands for healthy food as the global population ages, with eating healthy becoming
more important for older age groups, along with demands for sustainable food, are also expected
to increase salmon demand (Mowi, 2021). Salmon can appeal to those looking to eat healthy
because it contains beneficial proteins, omega-3 fatty acids, vitamins D and B12, and minerals
like iodine and selenium (Mowi, 2021). Various nutrition organizations are recommending the
consumption of salmon for health reasons as well (Mowi, 2021). Salmon can also meet requests
for sustainability, with lower feed and water consumption and greenhouse gas emissions
compared to beef, pork, and poultry (Mowi, 2021). Farmed fish in general could be an
important food source as the global population grows and wild populations of fish are pressured
by increasing human demand (Costa-Pierce, 2016). Establishing farms in the US in particular is
also relevant to the national economy, as the country imports 62-65% of its seafood (Gephart et
al., 2019). Thus, the success of the American farmed salmon market is becoming progressively
more important.
In Maine, salmon farming has been performed by first raising young salmon in
freshwater hatcheries for 18 months, and then transferring them to open “net-pens” in coastal
waters, where they are raised for another 2 years until harvest (MAIC, 2021). Open net-pens are
anchored cages covered with netting (MAIC, 2021; Weston, 2013) where ocean water is able to
move at liberty between the cages and open waters (Brager et al., 2015). Closed net-pen farms
off the coast, where transfer of water between farms and the surrounding environment will be
more controlled (American Aquafarms, 2022; Bever, 2021), and Recirculating Aquaculture
Systems (RAS), where fish will be raised in tanks on land and most of the water continuously
reused (Palom Aquaculture, 2020.; Weston, 2013), have been planned to be established in Maine
(Bever, 2021; Palom Aquaculture, 2020). Salmon farming in Maine made up 80% of the state’s
total aquaculture value in 2020, while Maine’s aquaculture overall made up 13% of all
commercial fisheries value in the state in 2019 (Maine DMR, n,d. a). In 2010, the most recent
year with value data available for salmon farming, salmon aquaculture in Maine was worth $74
million USD (Maine DMR, n.d. a). The outlook for Maine aquaculture has been historically
positive, as 36% of growers reported growth over 50% between 2009 and 2014 (Cole et al.,
2017), and as mentioned, more salmon farms are currently looking to establish.
2.2. The Consumption of Fishmeal in Aquaculture Feed
Growth trends in fed aquaculture have generated concern regarding sustainably sourcing
feed for farmed fish, however (NOAA, n.d. a; Shepherd and Jackson, 2013). In the past,
fishmeal and fish oil from pelagic, low trophic-level fish species such as menhaden, anchovies,
and herring have been major components of fish feed for carnivorous fish like salmon in
6

particular, making up between 20-70% of feed (Tacon et al., 2006). Fishmeal has served as
protein while fish oil has provided omega-3s (NOAA, n.d. a). Currently, aquaculture is the
biggest consumer of these products, with 71% of fishmeal and 73% of fish oil going to
aquaculture in 2010 (Kestin, 2017). Some fishmeal is made from by-products of fish
processing, which can be from other fisheries or aquaculture (IFFO, n.d.), and some countries
like Iceland convert much of their by-catch to fishmeal (personal communications). However,
as of 2018 67% of fishmeal was still made from “forage fish” caught specifically for fishmeal
(FAO, 2018; IFFO, 2021). Around 3.5 kilograms (kg) of forage fish are required to produce 1
kg of fishmeal (Kok et al., 2020).
2.2.1. Significance
Forage fish serve as important parts of marine food webs, notably providing prey for
many marine organisms, including species that are endangered and/or relevant to humans
economically and culturally (Koehn et al., 2017; Shannon and Waller, 2021). Koehn et al.
(2017) modeled the impact of the loss of forage fish in the California Current and found impacts
on various predators, including endangered seabirds, sea lions and baleen whales, and
commercially relevant salmon and halibut. The financial loss due to loss of charismatic species
was found to be greater than the economic gain by increasing forage fish catch in this model.
On the East Coast, Atlantic menhaden used for fishmeal (ASMFC, 2021) serve as food sources
for whales and dolphins (Smith et al., 2015) and birds of prey (Viverette et al., 2007) and for
commercially and recreationally relevant fish (Anstead et al., 2021; NOAA, n.d. b-c) like tuna
(Butler et al., 2010) and striped bass (Walter et al., 2003). Additionally, the diversity of species
used for fishmeal is increasing, potentially causing more ecological issues as ecological niche
and population status of fish are ignored (Pauly et al., 2002), though greater proportions of
traditional fishmeal species are now being used for direct human consumption (Cashion et al.,
2017).
Concerning effects on human systems, these species’ contribution to the maintenance of
other fisheries by acting as prey for harvested species has been valued at $11.6 billion USD,
with another $7.2 billion USD from fishmeal production (Konar et al., 2019). The value as
fishmeal is included as part of the $79 billion USD value of aquaculture supported by these fish
(Konar et al., 2019). Forage fish furthermore support over 5 million jobs (Konar et al., 2019);
therefore, their loss would drastically affect the economy as well. Loss can also affect human
food supply in a number of ways. Since fishmeal is used in feed for other livestock, particularly
pigs (NOAA, n.d. a; SeaFish, 2018) and poultry (NOAA, n.d. a), reduced availability of
fishmeal could negatively affect those forms of agriculture as well. Fishmeal has been shown to
have high nutritional value for both forms of livestock (Auchterlonie, 2017). Forage fish can
function as bait for wild consumed species too; herring and menhaden are the most commonly
used lobster bait in Maine (Maine DMR, n.d. b; Overton, 2018), for example. Furthermore, these
fish could be important as direct food sources (rather than in the form of fishmeal) with another
$700 million USD value currently in terms of direct consumption by people (Konar et al., 2019).
Forage fish are a frequently important food source for poorer localities (Konar et al., 2019). Yet
90% of fish currently not directly eaten could be used for such a purpose by people and much
fishmeal is produced from forage fish exported from low-income countries to feed farmed fish
in more developed countries (Cashion et al., 2017; Golden et al., 2016a-b; Kent, 2003).
Beyond their role as food sources, these fish provide other ecosystem services. When
they are consumed, carbon is incorporated into the tissues of predators, and upon natural death
of the predators, the carcasses can create a carbon sink by falling to the seafloor, assisting in
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carbon sequestration that can help mitigate climate change (Konar et al., 2019; Lutz and Martin,
2014; Pershing et al., 2010). Large predators are also linked with nutrient mixing through their
locomotion (Dewar et al., 2006; Lavery et al., 2012). Certain predators such as tuna produce
calcium carbonate in their feces, which can buffer against acidification as well (Wilson et al.,
2009). Acidification may arise from dissolving of CO2 in seawater forming carbonic acid, with
CO2 originating from fossil fuel emissions or decomposition of algal blooms (EPA, 2020).
Forage fish are significant to ecotourism through supporting “charismatic species” that attract
people to destinations (Konar et al., 2019). Species they support, such as whales and porpoises,
can be culturally relevant to indigenous people too, as seen for the Maine Passamaquoddy
people (Bassett, 2015). Forage fish themselves may have their own direct cultural significance
simultaneously, as seen for many indigenous groups in the United States (including Maine), with
Pacific and Atlantic herring acting as traditional food sources, items of trade, and/or having
spiritual relevance (Bassett, 2015; Council of the Haida Nation, 2015; Jones, 2000). Loss of
forage fish has the potential to cause conflict between the communities to which they are
important and overarching government or fishing companies (Jones et al., 2017; Konar et al.,
2019; Lam, 2016; Lam et al., 2019; Pitcher et al., 2017; Raman et al., 2018; von der Porten et
al., 2016). Despite these many reasons for importance, forage fishing for aquaculture use is
predicted to reach its ecologically feasible limit by 2037 (Froehlich et al., 2018).
2.2.2. Current and Future State of Fishmeal
Looking at the fishmeal trade in the United States, total fishmeal production and
importation (excluding that for human consumption) combined was over 310,000 metric tons in
2019 (FAO, 2019). Export of fishmeal not for human consumption from the US was over
168,000 metric tons in 2019 (FAO, 2019). The combination of exportation and any use of
locally caught fish for aquafeed production for US fish farms could put strain on US forage fish
populations specifically, with US-produced fishmeal particularly coming from menhaden taken
from the East Coast and Gulf of Mexico (NOAA, n.d. a). It should be noted that based on the
most recent stock assessments, overfishing of Atlantic menhaden does not appear to be
occurring at the moment (NOAA, n.d. d), but assessment as recently as 2012 concluded
overfishing did occur at that time, and most harvest of menhaden has historically been for
production of fish meal/oil (Anstead et al., 2021). There is also only one fishmeal-producing
plant for menhaden on the East Coast, in Virginia (ASMFC, 2021). However, all menhaden
living along the East Coast are perceived to be of a single migrating population whose range
includes Maine (ASMFC, 2021), so fishmeal production in Virginia could influence Maine
ecosystems.
The supply of fishmeal has remained stable, due to good management and forage fish
species being capable of rapid reproduction and large numbers (NOAA, n.d. a). The proportion
of fish caught for fishmeal and fish oil is also decreasing (Cashion et al., 2017). Nonetheless,
demand for fishmeal is increasing due to the expansion of fed aquaculture (NOAA, n.d. a;
Shepherd and Jackson, 2013). With supply unable to match demand, prices have increased,
tripling up to around $1,500 USD per metric ton of fishmeal from 2000 to today (Kok et al.,
2020; The World Bank, 2022).
Meanwhile, a recent study examining the status of forage fish of the order Clupeiformes,
which includes many species used for fishmeal such as menhaden, herring, and anchovies, found
that 11% of species were of a status of significant concern (Near Threatened or above), mainly
based on the criteria of experiencing a decrease in population and/or small range as dictated by
the IUCN (Birge et al., 2021). However, 28% could not have status determined due to lack of
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data (Birge et al., 2021). For marine Clupeiformes fish specifically like Atlantic menhaden,
only 5% of species were found to be of significant concern, but nearly 40% did not have enough
data available for a conclusion. From literature review and consultation with experts on the
species or their locations, the biggest threat to these fish was determined to be overharvesting
(Birge et al., 2021).
Another factor that can have a significant impact on forage fish is climate change. For
example, Atlantic menhaden recruitment is influenced by climate phenomena like the Atlantic
Multidecadal Oscillation (Buchheister et al., 2016), and fish size decreases at higher
temperatures (Turner, 2017). Climate change has already begun to have an impact upon forage
fish populations, particularly due to El Niño (Soliman et al., 2017). The dynamic nature of
fishmeal price in tropic and subpolar regions recently has been attributed to “extreme” climate
change events causing variation in fish stock and landing size (Pincinato et al., 2020), and
climate is also affecting fishmeal availability by impacting forage fish populations (Naylor et al.,
2000, 2009; Rana et al., 2009). Although the Gulf of Maine is classified as temperate by
Pincinato et al. (2020), it should be noted that it is one of the fastest-warming ocean regions in
the world (Pershing et al., 2015), making its forage fish populations particularly vulnerable.
2.3. Current Fishmeal Alternatives
Though feed demand is rising, the percentage of feed that is composed of fishmeal has
been reduced (Froelich et al., 2018; Tacon and Metian, 2015). For salmon feed specifically, the
composition of aquafeed went from 70% fishmeal in 1980 to 25% in 2017 (NOAA, n.d. a).
Another change in the industry that has allowed for a decrease in fishmeal usage overtime is
through selective breeding programs which has created fish that are more efficient eaters (Z.
Miller-Hope, pers. comm.). The Feed Conversion Ratio (FCR) for multiple farmed species,
including salmon, has been lowered (Tacon and Metian, 2015; Tlusty 2012). Combined, these
improvements have reduced the Fish In: Fish Out Ratio for farmed species, a measure of how
much forage fish in kg is required to produce one kg of farmed fish (Kok et al., 2020; Shepherd
and Jackson, 2013); for salmon, this has gone from 3.8 to 1 kg of forage fish per kg farmed fish
over the last 25 years (Kok et al., 2020). The decrease in the percentage of feed that is fishmeal
has occurred via replacement by a variety of terrestrial proteins, particularly soy (Davies et al.,
2019; Froehlich et al., 2018; Masagounder et al., 2016; Pelletier et al., 2018; Shepherd and
Bachis, 2014; Tacon and Metian, 2015; Troell et al., 2014). Substitution has been done due to
environmental concern (Smárason et al., 2019), the low availability of fishmeal compared to
demand, volatility in price of fishmeal (Nizza and Piccolo, 2009; Rana et al., 2009; Tacon and
Metian, 2008) due to climate events (Mulazzani et al., 2021), and the overall rising cost of
fishmeal (Mohtashamian, 2012). Cost is a major factor in protein choice (Gatlin et al., 2007),
and soy has a much lower price than fishmeal at $480 USD per metric ton compared to around
$1,500 USD per metric ton for fishmeal (The World Bank, 2022), with feathermeal from poultry
costing about the same (Informa Markets, 2022). Other poultry by-products can be even cheaper
(Tacon et al., 2009). Yet these new proteins have brought forth a number of other issues
(Pelletier et al., 2018, Smárason et al., 2019).
2.3.1. Agricultural Protein Health Concerns
The use of terrestrial products can have health consequences for fish (Glencross et al.,
2020b). Fishmeal is particularly desirable as a protein source as it has an ideal amino acid
composition for fish nutrition (NOAA, n.d. a) and a high protein content of 65-72% of its mass
(Pelletier et al., 2018), depending on forage fish species and where and when harvest occurs
(Masagounder et al., 2016). Replicating these ratios with terrestrial sources has so far required
9

combinations of proteins, with no single protein being a sufficient substitute (NOAA, n.d. a).
Soymeal, the most common alternative (Karimi et al., 2019; Masagounder et al., 2016), contains
less protein than fishmeal at 47% protein and is low in two essential amino acids (EAAs) (NRC,
2011; Nunes et al., 2014; Li and and Robinson, 2013). Feathermeal made from pressure-cooked
poultry feathers (Hertrampf and Piedad-Pascual, 2000; INRAE et al., n.d.) has a high protein
content of 86% ± 20%, but is lacking in 4 EAAs, and can only be used as a total substitute for
fishmeal when combined with other poultry by-products (Hertrampf and Piedad-Pascual, 2000).
These poultry by-products have a protein content of 61% (Pelletier et al., 2018) but are lacking in
some amino acids (Hertrampf et al., 2000).
It has additionally been determined that various vegetable proteins contain antinutritional factors (ANFs) that may harm fish health directly or at minimum deter fish from
consuming feeds containing such products (Glencross et al., 2020b). Alkaloids found in legumes
and lupins can cause a bad taste in feed that deters fish from eating (Glencross et al., 2006, 2020
b; Serrano et al., 2011, 2012), explaining the reduced growth for young Atlantic salmon
associated with lupin alkaloids found by Salini and Adams (2014). Saponins in soy similarly act
as feed deterrents for Chinook salmon (Bureau et al., 1998) and also increase the permeability of
intestinal membranes in Atlantic salmon, which is linked to inflammation caused by soy
(Krogdahl et al., 2010). Lectins in soy can bind to cell receptors in Atlantic salmon (Hendriks et
al., 1990), which can impact transport of solutes, hormonal release, and metabolism (Krogdahl et
al., 2010). Protease inhibitors in soy can prevent the proper functioning of enzymes important to
digestion of proteins and lipids (Glencross et al., 2020b; Krogdahl et al., 2010) with salmonids
noted as being very sensitive to such inhibitive activity (Francis et al., 2001), though low potato
protease inhibitor inclusion improves growth in Atlantic salmon (Sveier et al., 2001).
Soy can undergo further processing that increases its protein amount to 65-67%, provides
a better amino acid composition, and removes ANFs, resulting in Soy Protein Concentrate (SPC)
(Peisker, 2001; Deng et al., 2006), but this tends to cost at least as much as fishmeal (Hardy,
2006; Bairagi et al., 2017), usually around 3 times the price of soymeal (R. Ekmay, pers. comm.,
Apr 8, 2022). Additionally, soy has been found to negatively affect gene regulation involved
with skeletal muscle development and repair in Atlantic salmon (Dhanasiri et al., 2020). Wheat
gluten, another considered plant protein, was similarly found to affect different genes coding for
heat-shock proteins important to skeletal muscle, which was associated with reduced growth in
Atlantic salmon (Dhanasiri et al., 2020). Poultry proteins do not contain ANFs (Glencross et al.,
2020b), but feathermeal may be accompanied by medicinal products used to prevent disease in
poultry and these can accumulate in fish that consume them, potentially creating resistant
bacterial strains, including among species responsible for food poisoning (Cleveland Clinic,
2021; Love et al., 2012), demonstrating a link between terrestrial proteins in aquafeed and
human health issues as well.
2.3.2. Agricultural Protein Environmental Concerns
Terrestrial proteins are also associated with a number of environmental impacts that at
industrial scales impede their ability to be long-term sustainable solutions as protein substitutes
in aquafeeds. Soy and poultry products require more land consumption than marine products
(Pelletier et al., 2018) and consume substantial amounts of freshwater (Gerbens-Leenes et al.,
2013; Pelletier et al., 2018), including in comparison between SPC and fishmeal (Couture et al.,
2019). Increased demand for these necessary agricultural inputs is predicted to increase the
price of soy over time, further contributing to its unsustainable usage for aquaculture (Alston et
al., 2009). For other impacts, Pelletier et al. (2018) performed Life-Cycle Analyses (LCAs)
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(including production and processing) to compare the environmental impact of various protein
sources for aquaculture, including soymeal, SPC, feathermeal, poultry meal, forage fish, and
krill. The considered impacts were land use (m2), energy use in gigajoules (GJ), acidification (kg
SO2 equivalents), eutrophication (kg PO4 equivalents), and greenhouse gas (GHG) emissions (kg
CO2 equivalents). It should be noted that there was no comparison with US fishmeal in this
study. Also, in evaluating impacts of soy, only US soy will be discussed here, as though
Brazilian soy was considered, the US does not import significant amounts from Brazil (WITS,
2018). It should be mentioned that while production of soy is associated with deforestation in
Brazil (Morton et al., 2006), this is not the case in the US (Malins and Sandford, 2022).
In comparison of 95% confidence intervals generated by Pelletier et al. (2018), soymeal
and SPC resulted in substantially more land use than marine resources due to cropland. SPC had
significantly greater land use than regular soymeal because more soy is needed to make the same
amount of protein (Pelletier et al., 2018). US soymeal was comparable to forage fish in terms of
all other impacts, with energy use, acidification, and eutrophication being low as soy does not
require application of nitrogen fertilizers (Pelletier et al., 2018). GHG emissions for soymeal
were less than or comparable to fishmeal (depending on the fishery), with fishmeal requiring fuel
combustion by ships as well as more greenhouse gas production in processing (Pelletier et al.,
2018). Fuel is also the source of the comparatively small amount of acidification from fishmeal,
and alongside wastewater production is the source of the small amount of eutrophication from
fishmeal (Pelletier et al., 2018). SPC was also comparable to fishmeal in terms of acidification
and eutrophication for the same reasons as regular soymeal (Pelletier et al., 2018). However,
SPC resulted in more energy use than forage fish, with most of SPC’s requirements coming from
processing (Pelletier et al., 2018). When produced in the US, SPC GHG emissions were lower
than that of both poultry-related proteins, but still above emissions from fishmeal and regular
soymeal due to processing (Pelletier et al., 2018). On the other hand, Couture et al. (2019)
determined that SPC has more significant impact compared to fishmeal in all of the given areas
plus water use, though fishmeal involved more primary production requirements. These
differences may be due to type and country of origin of the fishmeal or SPC.
Feathermeal and poultry by-product meal had the most impact for every category except
energy use, primarily due to feed consumption by poultry, with a FCR of 2:1 (Pelletier et al.,
2018). Both poultry-related products require much land use for poultry feed crops and other
purposes in poultry meal generation (Pelletier et al., 2018). For energy use, both poultry
products’ main contributing factor was processing of feed for the poultry (Pelletier et al., 2018).
Both poultry-related products resulted in significantly higher GHG emissions than fishmeal
production, due to poultry feed processing and other steps (nitrous oxide from feed crop
fertilization is a major contributor) (Pelletier et al., 2018). The two poultry meals also generated
significantly higher acidification and eutrophication compared to any other protein investigated
from nitrogen and phosphorus fertilizer use for poultry feed crops as well as emissions from
poultry waste (Pelletier et al., 2018). It should be noted the majority of poultry by-products’
impact comes from raising chickens as opposed to processing into meal, so generation of byproduct meal from poultry already being produced for human consumption should not increase
impact from the poultry sector significantly. If only impacts from processing are considered,
impacts are less than or comparable to that of fishmeal and US soymeal and SPC (Pelletier et al.,
2018). Using poultry by-products for protein in fish feed actually may be a good method to
reduce waste from the poultry industry. However, aquaculture’s expansion should be prevented
from promoting additional production of poultry to supply by-products for protein in feed.
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2.3.3. Other Alternatives
In addition to the given alternatives, both marine and terrestrial invertebrate proteins have
been developed (Aker Biomarine, n.d.; Enterra, 2022). Krill protein has been considered due to
its protein concentration and composition being similar to fishmeal (Hertrampf and PiedadPascual, 2000; Tacon et al., 2009), as well as being palatable for fish (Burri and Nunes, 2016;
Kolkovski et al., 2000). Yet it faces many of the same issues as fishmeal, due to krill being an
important prey item for many marine species (Cury et al., 2011; Trivelpiece et al., 2011), being
sensitive to climate change because of the organisms’ association with sea ice (Brierley et al.,
2002), and having a high price (Choi et al., 2020; Katevas, 2014). It is also very perishable
(Naylor et al., 2009). Furthermore, based on the life cycle analysis of Pelletier et al. (2018), krill
protein involves the most energy use compared to the other proteins investigated (soy, poultry,
fish), results in more eutrophication and acidification than fish protein, and generates comparable
amounts of GHGs to poultry products (more than fishmeal or US-produced soy), all due to ship
fuel use.
Considering terrestrial invertebrates, insects are also being developed as a protein source
(Bandara, 2018; Pelletier et al., 2018). Protein content is high on average (50-82%) (Rumpold
and Schluter, 2013), and even when an insect, like black soldier fly (Hermetia illucens) larvae
has lower protein (38-44%) and lacks some EAAs (Bondari and Sheppard, 1981; St-Hilaire et
al., 2007; Tacon et al., 2009), it has been found to be a useful alternative protein (Belghit et al.,
2018). However, chitin found in insects is difficult for Atlantic salmon to digest (Weththasinghe
et al., 2021) and may impact intestinal functioning of Atlantic salmon (Belghit et al., 2018); krill
also contain chitin that can impact salmon growth (Karlsen et al., 2017). Insects also tend to
contain a large amount of ash, which can be expensive to remove (B. Costa-Pierce, pers. comm.)
For environmental impact, Pelletier et al. (2018) did not perform an LCA for insect protein due
to a lack of data at the time, but others have done so. Smetana et al. (2020) found that in the
short-term, production of H. lucens larvae for protein generally did not have reduced
environmental impact compared to fishmeal and soymeal, except in terms of water and land use
in comparison to soy. However, in the long-term (by 10 years) impact was lessened with
assumed advancements, use of renewable energy, and less impactful feed for the insects such as
food or livestock waste (Smetana et al., 2020). Thévenot et al. (2018) found generating protein
from mealworms was more impactful than fishmeal or soymeal in the short-term (long-term was
not considered) in many categories including land use. This was determined to be due to use of
agricultural products for feed for the mealworms and the mealworms having an FCR of nearly
2:1. Insects can be fed food waste or livestock waste (Pelletier et al., 2018) but using crop waste
may put insects in competition with other livestock who consume this waste (Thévenot et al.,
2018), and heavy metals that may be found in livestock waste due to feed (Brugger and
Windisch, 2015; Dai et al., 2016) have been shown to accumulate in multiple insect species
considered for feed (Van Huis, 2020).
On an additional note, progressively more fishmeal is being produced from fish byproducts rather than forage fish caught for specific use as fishmeal (Jackson and Newton, 2016;
Shepherd and Jackson, 2013). However, while this may serve as an important way to reduce
waste, this too can create challenges. For example, the use of by-products from other farmed
fish has the potential to increase the prevalence of antibiotic-resistant strains of bacteria in the
sediment adjacent to fish farms fed with by-products (Han et al., 2017). Antibiotics used in
farmed fish may cause the evolution of resistant strains that survive the feed production process;
these strains can then be extruded into the environment and reproduce (Han et al., 2017), likely
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originating from fish waste or uneaten food. By-products from some wild-caught fish can create
challenges too, such as tuna by-products containing mercury (Kim et al., 2019).
2.4. Single-Celled Protein
To combat the many challenges being faced with sustainable sourcing of proteins in the
aquaculture industry, particularly the environmental problems, a new class of proteins has been
developed: Single-Celled Protein (SCP) (Glencross et al., 2020a; Jones et al., 2020; Smárason et
al., 2019). These proteins are generated from single-celled organisms, including microalgae
(eukaryotic as well as cyanobacteria), yeast and other fungi, and non-photosynthetic bacteria
(Glencross et al., 2020a; Jones et al., 2020; Smárason et al., 2019) . Single-celled proteins do
also have some challenges; for instance, there are concerns over the high concentration of
nucleic acids in SCP in general, which has been shown to cause uric acid buildup in the kidneys
of trout and anemia when yeast is used at high levels in feed (Huyben et al., 2017; SánchezMuniz et al., 1982). However, some fish, including salmon, are more resistant to nucleic acids
than other livestock (Andersen et al., 2006; Kinsella et al., 1985; Rumsey et al., 1991). Each
SCP type has particular cons as well, but each also has unique benefits.
2.4.1. Microalgal SCP Feed Quality
Considering the nature of microalgal SCP, the genus Desmodesmus can be included
safely in salmon feed at up to 20% of total feed (substituting 26% of fishmeal) (Kiron et al.,
2016). Microalgae can be a good source of the antioxidant astaxanthin as well (Shah et al.,
2018), which also can improve pigmentation of salmon flesh (Hu et al., 2018; Z. Miller-Hope,
pers. comm.). Mitigation of soy-caused inflammation has been observed in microalgae
(Grammes et al., 2013). There are a few issues associated with microalgae: protein content is on
average less than that of fungi or bacteria (Glencross et al., 2020a), and some microalgae have a
cell wall that can significantly obstruct digestibility (Glencross et al., 2020a; Tibbetts et al.,
2017). Additionally, protein digestibility is highly variable by species (Gong et al., 2018; Sarker
et al., 2020) and strain of the same species of microalgae, even when processing methods are the
same (Teuling et al., 2017, 2019). On average algal proteins are not as digestible as those of
fungi and bacteria (Glencross et al., 2020a).
However, microalgae can be a good replacement for fish oil compared to other SCPs
because of a higher average lipid concentration (Glencross et al., 2020a), with some species
having a high concentration of omega-3s (Moomaw et al., 2017; Tocher et al., 2019).
Microalgae are simultaneously noted for high lipid digestibility (Glencross et al., 2020a). Yet
large lipid concentrations can have a negative impact on resilience and hardness of feed, as seen
with the microalgae genus Schizochytrium (Øverland et al., 2007), with pellets requiring
sufficient resilience/durability and hardness or “strength at rupture” to survive processing and
transport (Sørensen, 2012).
2.4.2. Bacterial SCP Feed Quality
For bacteria, up to 55% substitution of fishmeal by the methanotroph Methylobacterium
extorquens was found to be safe for Atlantic salmon (Tlusty et al., 2017). Methylococcus
capsulatus was found to be usable up to 36% of total feed, substituting 45% of fishmeal (plus
wheat binder) and improving FCR, growth, and protein uptake (Aas et al., 2006), alongside
mitigating soybean-caused inflammation (Kiron et al., 2015; Romarheim et al., 2011, 2013), like
microalgae. The bacteria were also linked to increased nitrogen and energy retainment compared
to fishmeal (Aas et al., 2006). Compared to other SCPs, bacteria generally have higher protein
content and digestibility (Glencross et al., 2020a). On the other hand, bacteria are also highly
susceptible to contamination by other microorganisms (Al-Mudhafr, 2019; Sharif et al., 2021)
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and some bacteria may be toxic (Sharif et al., 2021). Concerning pellet quality, bacteria tend to
increase hardness, but pellets are less resilient in maintaining form and density increases,
(Øverland et al., 2007), with a low density being more desirable as this slows sinking velocity
(Chevanan et al., 2007, 2009; Øverland et al., 2007) and keeps feed available in the water
column for consumption for a longer period (Aas et al., 2020). Yet for salmon, which consume
sinking feed, as opposed to other species like catfish which consume floating feeds (Hardy,
2003), feed must still be dense enough to sink below the surface (Glencross et al., 2011).
2.4.3. Yeast SCP Feed Quality
Yeast will be the focus SCP of this paper. Yeast is already used in fish feed to improve
the taste of fish, though it may be overpowering at high levels (R. Ekmay, pers. comm.), and it is
also used as a nutritional supplement in animal feeds (Shurson, 2018). Some yeasts also have
been used to provide astaxanthin for pigmentation of salmon flesh (EC, 2003). Several yeast
species, including baker’s yeast (Saccharomyces cerevisiae) and Torula yeast (Candida utilis) as
well as others, have been studied for use as SCP, and there are already yeast SCP products
commercially available (Jones et al. 2020), including products usable for salmon (Burr et al.,
2020). C. utilis has been found capable of substituting for around 40% of fishmeal in Atlantic
salmon diets (Grammes et al., 2013). However, yeast has approximately the same amount of
protein as soy (Agboola et al., 2021a; Pelletier et al., 2018), lower than fishmeal, and is low in
some essential amino acids (Agboola et al., 2021a). The species Wickerhamomyces anomalus
provides better amino acid composition than S. cerevisiae or C. utilis (Agboola et al., 2021a).
In comparison with other SCPs, fungi are intermediate in terms of average protein
concentration (45% in contrast with averages of 34% and 60% for microalgae and bacteria,
respectively) (Glencross et al., 2020a), as well as in terms of digestibility (Glencross et al.,
2020a), which can vary from 41-98% for yeast depending on the yeast species and processing
method (Langeland et al., 2016; Sharma et al., 2018). Bacteria has a more balanced composition
of amino acids compared to yeast too (Glencross et al., 2020a), but bacteria also tend to have
more nucleic acids than yeast (Øverland et al., 2013; Ritala et al., 2017). Yeast also has a cell
wall that can limit digestion (Vidakovic et al., 2016), though the cell wall itself contains
compounds that can aid fish health (Hoseinifar et al., 2015). Examples include beta-glucans,
fibers that act as prebiotics, which assist growth of beneficial gut bacteria (Hoseinifar et al.,
2015; Gibson, 2004; pers.comm.), and mannanoligosaccharides, a prebiotic which can bind to
pathogens and clear them from fish digestive tracts (Hoseinifar et al., 2015; R. Ekmay, pers.
comm.), though the latter are associated with reduced lysozyme activity in salmon (GrisdaleHelland et al., 2008), which can affect the fish immune system (Hoseinifar et al., 2015).
Breakdown of the cell wall may be done chemically, mechanically, or enzymatically, (Lapeña et
al., 2020b; Nasseri et al., 2011). Yeasts may also contain large amounts of ash (Halasz and
Lasztity, 1991; Øverland et al., 2013), which can obstruct growth (Shearer et al., 1992), though
this can occur with saltwater microalgae as well (Glencross et al., 2020a). Chitin that can impact
digestion, like that in invertebrate protein meals, can also be found in yeast (Mensah, 2021),
though it can also reduce inflammation caused by soy (Agboola et al., 2021b). For pellet quality,
yeast composing up to 20% of total feed (replacement of 89% of fishmeal) appears to have little
negative impact in comparison to fishmeal (Mbuto, 2017), but above this there may be reduction
in durability (Hauptman et al., 2014).
Nonetheless, yeasts can have several benefits. W. anomalus can be preventative of mold
during storage (Vidakovic et al., 2019). The species Phaffia rhodozyma has been noted as a
source of not only amino acids and fatty acids, but vitamins, minerals, and astaxanthin as well
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(Sanderson and Jolly, 1994). Yeast can also be a good source of beneficial nucleotides,
alongside bacteria (Øverland et al., 2010). Yeast can also absorb nutrients from the medium it is
grown on, like calcium and selenium (Agboola et al., 2021a; Halasz and Laztity, 1991). Overall,
the health benefits and risks of yeast are highly dependent on the substrate and strain used,
processing and inclusion of yeast into feed, fish species, life-stage/age of the fish, and feeding
frequency (Agboola et al., 2021a).
Although fungi tend to have a lower lipid content than other SCPs (Glencross et al.,
2020a), successful genetic modification of the yeast Yarrowia lipolytica resulting in the
production of up to 15% of the dry weight in the fatty acid EPA has been reported (Hatlen et al.,
2012; Xie et al., 2015). Effects of such a modified yeast were examined for Atlantic salmon, and
outside of the inclusion of EPA from the yeast into the salmon, no other impacts to salmon health
were observed (Hatlen et al., 2012), though potential impacts on human health have not been
studied yet. Hatlen et al. (2012) found that the digestibility of these lipids was comparable to
that of microalgae.
The silencing of some metabolic genes present in S. cerevisiae has been found to improve
protein production as well (Wang et al., 2019). There is risk of negative perceptions of such
modified yeast though. However, yeasts can be modified to have a low survival rate upon escape
(Agmon et al., 2017), so environmental concerns about modified yeast may be reduced, though
health concerns may not be. Yet cost is still an obstacle, thus such genetically modified yeast is
predicted to be unlikely to expand to large-scale in the near future (Glencross et al., 2020b).
2.4.4. SCP and The Environment
To understand SCP’s impacts to the environment, the procedures for developing each
SCP must be understood. Yeast protein production occurs in fermenter vessels, where yeasts are
provided with glucose-containing substrates such as wheat or wood by-products for fermentation
that have been prepped using enzymes (Agboola et al., 2022; Couture et al., 2019; Solberg et al.,
2021). Fermentation can be aerobic (Øverland and Skrede, 2017) or anaerobic (Pinzón-Fajardo
and Hurtado-Nery, 2021), with some species like C. utilis only able to perform aerobic
fermentation (Øverland and Skrede, 2017), so oxygen can be another input, along with other
nutrient-containing chemicals (Agboola et al., 2022; Solberg et al., 2021). Methanotrophic
bacteria, the only bacterial protein compared to yeast in terms of environmental impact thus far,
are produced and processed in a similar way to yeast (Couture et al., 2019), including aerobically
(Tallentire et al., 2018) or anaerobically (Zha et al., 2021), except methane in the form of natural
gas is the substrate (Couture et al., 2019; Tallentire et al., 2018). Microalgae for protein may be
raised in ponds or in small, controlled photobioreactors, and can either be left to perform
photoautotrophy or fed heterotrophically with substrates like those for yeast (Ende and Noke,
2019; Jones et al., 2020; Selvakumar and Umadevi, 2014). After growth, all SCP is typically
harvested, concentrated, and dried (Couture et al., 2019). Energy is required for steps in
production of all three SCP types for at least some production processes (Matassa et al., 2015;
Tallentire et al., 2018; Solberg et al., 2021)
Comparing environmental impacts of yeast with microalgae, yeast does not
photosynthesize, so it does not need as much surface area compared to photosynthetic
microalgae (Jones et al., 2020). For photobioreactors, a more compact option for algae than
ponds (Jorquera et al., 2010), cost is an issue (Kumar et al., 2015). Some microalgae, though not
all (Zaslavskaia et al., 2001), can be grown heterotrophically though, and particular methods can
result in better biomass and protein production than photoautotrophic strategies (Soto-Sierra et
al., 2018). Some obligate photoautotrophic algae can even be engineered to grow
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heterotrophically (Zaslavskaia et al., 2001). Microalgae producers may, however, prefer to
cultivate mixotrophically (using both photoauto- and heterotrophy) to mitigate substrate costs
(Soto-Sierra et al., 2018). Looking to LCA comparison of yeast and microalgae in ponds, yeast
is associated with lower greenhouse gas emissions but more land use (Tallentire et al., 2018).
However, this land use is mostly due to the production of wheat by-products for substrate. These
by-products can arise from production of wheat for biofuels (Couture et al., 2019) or from
agricultural waste (Velásquez et al., 2012). Other substrates can be found in agricultural
(Velásquez et al., 2012) or forestry waste (Solberg et al., 2021); the latter is a concept central to
this thesis that will be investigated below.
Couture et al. (2019) performed a comparison of Yeast Protein Concentrate (YPC) to
methanotrophic bacteria and soy protein concentrate/SPC and found that the yeast and bacteria
(at comparable levels to one another) resulted in less marine eutrophication than SPC. The yeast
resulted in less GHG production, acidification, freshwater eutrophication, and water use than
either bacteria or SPC as well. The majority of SPC’s effects were described as from farming
here (land use, eutrophication, water use), including greenhouse gas emissions from land use
change (Couture et al., 2019), which can arise from the release of carbon into the atmosphere due
to erosion (Olson and Gennadiev, 2020), for example. Primary production requirements for
yeast were intermediate between bacteria (which required none) and soy, coming from the wheat
by-products used as substrate. Bacterial greenhouse gases came from the methane used for
bacterial metabolism and the CO2 produced from such metabolism (Couture et al., 2019); as a
separate note, methane also tends to be an expensive energy source (Bandara, 2018). The higher
water use for bacteria was due to the need for calcium chloride and ammonia dissolved in water
for bacterial production (Couture et al., 2019). Yeast also required less land than soy according
to the findings, though more than the bacteria, mostly due to land use for wheat by-products.
Overall, yeast was concluded by Couture et al. (2019) to be the least impactful of the three
proteins considered. It should be noted that the SPC in this study was only stated to come from
“the Americas” and could therefore at least partially be from Brazil, which has different levels of
environmental impact than SPC from the US (Pelletier et al., 2018), but if the yeast data from
Couture et al. (2018) is compared to data for US SPC in Pelletier et al. (2018) on a basis of
impact per metric ton of ingredient, results differ slightly but yeast still has less impact.
Additionally, Tallentire et al. (2018) similarly found yeast to have less impact compared to
regular soymeal in terms of GHGs and land use.
Although yeast was not explicitly compared to fishmeal by Couture et al. (2019), this can
be done using the study’s findings, which include impacts of multiple feed ingredients, as long as
relative protein amounts considered. Considering that there was less inclusion of fishmeal than
yeast, yeast still resulted in fewer greenhouse gas emissions and less freshwater eutrophication
and primary production needs, though it involved more land use. Acidification, marine
eutrophication, and water use were similar for yeast and fishmeal. Direct comparison of yeast to
poultry meal has not occurred at this time, although if data from yeast impact from Couture et al.
(2019) and data for processing alone of US poultry meal and feathermeal from Pelletier et al.
(2018) are compared on an impact per metric ton of ingredient basis, it appears that yeast has
more or comparable impact in the areas of land use, GHGs, and acidification, with higher GHG
emissions for yeast in particular. Again though, it should be recalled that yeast production in this
case is using by-products of wheat and the impacts of growing wheat are included.
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2.4.5. Growing Yeast from Wood
One property of yeast that is particularly relevant to this paper is its ability to grow on a
variety of substrates (Huyben et al., 2017; Jones et al., 2020; Nasseri et al., 2011; Ravindra,
2000). This includes glucose produced from wood (Solberg et al., 2021): cellulose and
hemicellulose can be separated out from the undigestible lignin in wood (Rødsrud et al., 2012)
and converted through enzymatic activity into glucose (Horn et al., 2012; Bissaro et al., 2017;
Costa et al., 2020). Xylose sugars may also be produced (Park et al., 2020), which some species
of yeast such as C. utilis can use in addition to glucose, therefore causing these species to have
greater production potential from wood (R. Ekmay, pers. comm.). Other species like
Saccharomyces must be genetically modified to use xylose (R. Ekmay, pers. comm.). The yeast
can then use the glucose for fermentation and thus growth (Lapeña et al., 2020b). As a caution,
the preparation of wood for fermentation may produce compounds inhibitive of fermentation
when high temperatures and/or acidic processes are used, thus detoxification may be necessary
(Guo et al., 2013). This can be accomplished with enzymes such as peroxidase, reducing
compounds, alkali compounds, or activated charcoal (Jönsson et al., 2013).
Wood-grown yeast has been produced up to demonstration plant scale (Agboola et al.,
2021b), the final step before commercial production (Perlmutter, n.d.), showing that it has
commercial potential, and many studies have determined yeast grown from wood can have
health benefits for Atlantic salmon. At inclusion of 20% of total feed and substitution of 20% of
fishmeal, wood-grown C. utilis yeast was found to have comparable effects to a fishmeal diet for
freshwater-stage Atlantic salmon (Leeper et al., 2021), though it does not increase growth in
comparison to solely fishmeal-based diets (Agboola et al., 2022; Leeper et al., 2021). On the
other hand, Hansen et al. (2019) did find improved growth in comparison to fishmeal using C.
utilis grown from an unspecified substrate. At 10% of total feed (substituting for 27% of plant
proteins in a feed containing plant and fish proteins, including 27% of SPC), this yeast was found
to result in better growth for young Atlantic salmon compared to a diet containing a mix of plant
proteins and fishmeal, though it was not as beneficial at 20% total inclusion (substituting for
38% of plant protein, including 53% of SPC) (Leeper et al., 2021). Yet this yeast was beneficial
to growth at 25% inclusion (substituting for 29% each of fishmeal and SPC) during the
freshwater-to-saltwater transfer stage (smoltification) compared to a fishmeal and soy-based diet
(Sahlmann et al., 2019). Agboola et al. (2022) found that at 30% inclusion and substitution for
fishmeal growth rate in Atlantic salmon was lower and FCR higher for feed with yeast compared
to fishmeal, though yeast was also associated with less calcium loss.
Wood-grown C. utilis was also found to stimulate the immune systems of post-smolt
Atlantic salmon (Mensah, 2021; Sahlmann et al., 2019) and may mitigate inflammation itself
caused from soy protein in both pre- and post-smolt salmon (Agboola et al., 2021b; Mensah,
2021; Sahlmann et al., 2019). Hansen et al. (2019) did not find such anti-inflammatory effects,
possibly due to substrate difference or other differences in yeast production. Wood-grown C.
utilis (also called Cyberlindnera jadinii) also has better lipid digestibility than fishmeal (Mensah,
2021). Sahlmann et al. (2019) also noted other benefits in comparison to a soy-based diet for
salmon during smoltification. Salmon fed wood-grown yeast had better growth and appetite, and
they did not as significantly undergo the apparent “immunosuppression” that took place
following transfer to saltwater that soy-fed salmon experienced, which included a change in
morphology of intestinal folds and decreased immune cells. The yeast was also found to
increase expression of aquaporin genes beneficial to the saltwater transition in the same study.
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Other factors besides health benefits to salmon may encourage use of wood as a yeast
substrate as well. Wood can be a better option than alternative substrates for yeast growth in
general: spruce hydrolysates contain 16 more grams of sugar for fermentation per 50 grams of
glucose (Lapeña et al., 2020a). In one study, increased dry weight of yeast grown on a
combination of spruce and chicken hydrolysates was observed compared to a common substrate
of yeast extract, meat peptone, and pure glucose, though ash content was higher (Lapeña et al.,
2020a). Additionally, some waste products of wood fermentation are highly usable: leftover
lignin can serve many functions, from use as a binding agent in wood boards to an antioxidant in
cosmetics (Rødsrud et al., 2012; UTK) and ethanol from the lignin separation process (Rødsrud
et al., 2012) or fermentation (Lapeña et al., 2020b) can be used for biofuel (EIA, 2021).
However, the main yeast species studied for growth on wood, C. utilis, cannot produce ethanol
(Øverland and Skrede, 2017), though others like Kluyveromyces marxianus can (Fonseca et al.,
2008; Lane and Morrissey, 2010).
Softwood from conifers (Speight, 2020) is the main substrate used for yeast currently;
hardwoods contain more cellulose and are more easily processed, but softwoods are easier for
yeast to ferment (Solberg et al., 2021). Spruce in particular is the most-studied wood substrate
for yeast SCP; yeast has been demonstrated to grow on other woods, but not in the context of
serving as a protein source, rather in the production of ethanol for biofuels (Smits et al., 2020).
So far, no comparison of yeast growth on different types of wood for use in fish feed has been
made, which is important as cellulose source can influence the nutritional quality of yeast
(Velásquez et al., 2012). Softwood can be obtained as waste from sawmills, especially in the
form of wood chips (Solberg et al., 2021). Logging waste such as stumps and tops are less
usable as they often contain bark, which can be inhibitive of yeast growth (Solberg et al., 2021).
2.5. Surf and Turf Mutualism for Maine
The fact that waste wood can be used to grow yeast for aquafeed may be relevant not
only to the aquaculture industry, but to the Maine forestry industry. Over the past couple
decades, Maine has experienced closures of several paper mills and biomass-burning plants
(Crandall et al., 2017). 12 total paper mills and biomass plants closed from 2000 to 2016
(Crandall et al., 2017), though at least one has reopened (U Maine Office of Sustainability,
2021). Though the Maine economy overall was not severely affected and earnings per forest
products industry (FPI) worker have increased, the Maine FPI experienced over a 20% reduction
in its contribution to Maine Gross State Product and a 13.5% reduction in its employment from
2011 to 2016 (Crandall et al., 2017). In 2011, the Maine FPI made up over 6% of the GSP and 1
in 20.5 people was employed in the Maine FPI (Crandall et al., 2017).
Paper producers across the US have begun to struggle due to competition with trees
grown on plantations in Brazil and elsewhere and reduced demand for paper as the world moves
online (Johnston, 2016; The Economist, 2016), while the biomass plants have struggled with
covering operational costs because of low energy prices (Ricker, 2016). This has taken away
markets for waste wood from local sawmills (Crandall et al., 2017), who are now finding costs to
sell the waste are increasing so that they are now exceeding profit, as the sawmills face rising
transportation costs, having to sell to buyers further away (Brino, 2019; Turkel, 2017). Not only
does this cause a loss of income (Crandall et al., 2017), but it can also be harmful to the
environment, as it discourages the cutting of low-quality trees, resulting in “high-grading”,
where only high-quality trees are cut, reducing diversity of the trees (CATIE, 2018; Gatti et al.,
2015; Parkatti and Tahvonen, 2020; Vásquez-Grandon et al., 2018) and potentially other
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organisms (Kirk et al., 2020). Maine pulpwood harvest dropped from 11 million tons to less
than 8 million tons between 2009 and 2014 (Crandall et al., 2017).
2.5.1. Surf and Turf Mutualism Possibilities
Although some paper mills still exist in Maine (Twin Rivers Paper Company, 2022),
global demand for paper is at its highest (Fernald, 2022), and other viable options for selling
waste wood can be found, such as converting wood waste into biofuels (Crandall et al., 2017)
and fertilizer (Russell, 2021) or exporting wood chips to Europe for energy use (Turkel, 2017),
the Maine forestry industry is still seeking markets for waste wood (pers. comm.). Through
buying waste wood for yeast production for aquafeed, aquaculture could provide such a market.
This could therefore establish a “surf and turf mutualism”, through which aquaculture, including
Maine farms, is provided with a protein that can serve as an alternative to more environmentally
impactful and expensive aquafeed proteins, and in return the Maine forestry industry receives
buyers for its residuals.
Reduction in environmental impact of aquaculture through feed could improve public
perceptions of aquaculture, a strong limiting factor to its expansion in the US, one reason which
has caused a lag in aquaculture development behind other countries, such as China and Norway
(Montgomery, 2019). For New England specifically, Rickard et al. (2018) studied two Maine
newspapers (the Bangor Daily News and Portland Press Herald) and found that the majority of
articles on aquaculture have been on negative environmental impacts. This has significantly
dropped for both papers, but the number reporting positive benefits has not increased as much
(Rickard et al., 2018). Rickard et al. (2018) also found Mainers have a generally mixed view on
aquaculture, demonstrating that while aquaculture in New England can obtain a viable “social
license” (Mather and Fanning, 2019) to operate, work still needs to be done. Among the
Mainers, the top concern was environmental risk, and while the study did not mention concern
for overfishing forage fish for feed inclusion, this may become a contention point in the future,
and has been mentioned as an argument against aquaculture prior (NOAA, n.d. a). Additionally,
it should be noted that replacing some terrestrial alternatives may reduce pollution, one of the
main concerns; soy is associated with the production of feces that easily disintegrate, resulting in
much particulate waste in the water column (Brinker and Friedrich, 2012; Davidson et al., 2013).
Therefore, use of alternatives to fishmeal and plant proteins may assist in addressing the Maine
public’s concerns about aquaculture.
In addition, using waste wood for yeast may be more environmentally friendly than using
it for paper or electricity. Paper mills are linked with water pollution (LeBlanc et al., n.d.), and
greenhouse gas and particulate emissions are also associated with paper mills and wood waste
burning for energy (Bailis et al., 2003; EIA, 2020; EPA, 2010). This could be reduced by
switching to yeast production based on comparison of the equations for combustion and
anaerobic fermentation of glucose (FRAMES, 2017; Masood, n.d.), but research needs to be
done on environmental impact of yeast production in comparison to other wood waste uses to
ascertain this. Furthermore, establishing large-scale yeast growing companies in Maine could
provide jobs. Yet currently, there are no published articles on the viability or benefits of woodgrown yeast aquafeed protein to aquaculture or the forestry industry in Maine. Information on
how yeast compares to other proteins in terms of environmental impact is also limited, with only
one article available at this time, Couture et al. (2019).
2.5.2. Other Feed Markets for Wood?
As a side note, microalgae as a fish oil substitute could provide another such market for
waste wood. As demonstrated in Kok et al. (2020), fish oil requires more fish per kg of product,
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and has become more expensive than fish meal. As described, microalgae tend to have the
highest concentration of lipids out of all SCPs and are therefore likely to be a better substitute
than yeast (Glencross et al., 2020a). However, there is currently only one study on the growth of
microalgae for oil using waste wood (Patel et al., 2019). For the algae species used,
Phaeodactylum tricornutum, Sørensen et al. (2016) found it could replace no more than between
6-12% of fishmeal (composing 6-12% of total feed); substitutability for fish oil was not assessed.
Hammerø (2021) found this species to result in yellow coloration due to high amounts of
carotenoids and reduced omega-3 content compared to a fishmeal/oil diet in the flesh of Atlantic
salmon at a 30% inclusion/fishmeal substitution rate. Furthermore, if grown mixotrophically,
seasonality due to temperature and light change (Pereira et al., 2020) may inhibit microalgae
production in Maine year-round; being completely heterotrophic, yeast does not face this issue.
Crucially, wood-grown algae also does not appear to have been tested as fish feed.
Termites and other wood-eating insects may be an option as well, as these have been
considered for aquafeed (Henry et al., 2015), and unlike yeast, some do not need prior
preparation of wood for use as feed (König et al., 2013; Varelas and Langton, 2017). However,
insects fed on wood substrate have not been tested as salmon feed yet. Though in some cases
species of insects that can utilize wood have been tested for salmon, such as H. illucens
(Rumpold et al., 2018), like yeast, substrate used may affect nutritional quality of the insects
(Lalander et al., 2019), so testing wood-fed H. illucens in particular may be significant. The
escape of wood-eating insects could also be a threat to Maine forests (Rumpold et al., 2017).
2.6. An Overview of the System Involved
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Figure 1: Systems map of relevant concepts and facets of the world that may be influenced by
this thesis.
The most relevant relationships described in the introduction can be visualized through
Figure 1. The color-coding of nodes as aquatic- and/or terrestrial-related was done to emphasize
the land/water interactions involved in the system that may be influenced by this thesis. The
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significance of forage fish is documented here with the species’ direct influence on marine
ecosystems and ecosystem services, which occurs via their role as the basis of food webs (e.g.
Konar et al., 2019). There are also direct impacts on capture fisheries through forage fish
themselves being consumable (Cashion et al., 2017; Konar et al., 2019) and being used for bait
(Maine DMR, n.d. b; Overton, 2018). Consequentially, marine ecosystems and demand for
forage fish from capture fisheries influence forage fish populations. Due to these connections,
forage fish also have several indirect links. Through their role in carbon sequestration from
consumption by predators that then sink to the seafloor upon death, they affect climate change
through marine ecosystems (Konar et al., 2019; Lutz and Martin, 2014; Pershing et al., 2010).
They are also in turn affected by the impact of climate change on marine ecosystems
(Buchheister et al., 2016; Soliman et al., 2017). Through connections to marine ecosystems in
food webs, they also indirectly impact capture fisheries that harvest fish which feed upon forage
fish (Konar et al., 2019).
Crucially, forage fish are linked to aquafeed production through capture and processing
into fishmeal, which then links forage fish to salmon aquaculture, with aquaculture’s expansion
increasing feed production and thus capture demand for forage fish (NOAA, n.d. a; Shepherd
and Jackson, 2013). Aquaculture can impact and be impacted by capture fisheries in both
positive and negative ways: aquaculture may have negative impacts on capture fisheries, through
spread of disease as an example (Engle and Stone, 2013), but also may increase wild catch
through release (Miyakoshi et al., 2013), and in turn capture fisheries may add to farmed
populations (Lovatelli and Holthus, 2008) or hinder progress in aquaculture through political
action by fishermen (Knapp and Rubino, 2016), which could occur due to loss of desired fish
that rely on forage fish used for fishmeal. Considering the above, capture and farmed fisheries
are causes of phenomena in marine ecosystems also, and capture fisheries can be recipients of
such phenomena. Capture fisheries and aquaculture also provide jobs, thereby influencing and
being influenced by the economy, and through their supplying seafood, contribute to food
security as well.
The influence of terrestrial proteins, which is similar to that of capture fisheries, is also
illustrated. Some of these too, like soy, can contribute to food security, yet another reason to
reduce their use in aquafeed (Gjesdal, 2018), along with aquafeed production (Davies et al.,
2019; Froehlich et al., 2018; Masagounder et al., 2016; Pelletier et al., 2018; Shepherd and
Bachis, 2014; Troell et al., 2014; Tacon and Metian, 2015) and affect ecosystems and their
services (both terrestrial and inland aquatic) via resource use and miscellaneous impacts
(Pelletier et al., 2018) and are in turn affected by aquafeed demand. Terrestrial protein
production (Pelletier et al., 2018) and the inland ecosystems it impacts can also affect climate
change through greenhouse gas emissions from both (coming from freshwater for the latter, as an
example (Li et al., 2021)), and inland ecosystems are affected by climate change (Nolan et al.,
2018). Terrestrial protein and aquafeed production also affect and are affected by the economy
through provision of jobs. Inland ecosystems can be similarly related to the economy and can
add to food security as well through inland fisheries, for instance (Lynch et al., 2016; Murray et
al., 2020). Inland ecosystems can also affect marine ones, such as with effects on migrating fish
like salmon.
The core thesis question of whether yeast grown using Maine wood can be a competitive
protein component in aquafeed is linked with this system in a few ways. The most significant
link is with its theorized provision of protein to aquafeed production, like capture fisheries and
terrestrial protein (and similarly being affected by aquafeed demand). It is also influenced by the
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forest products industry (FPI), as this supplies the waste wood for yeast growth, with yeast
production in turn creating demand for wood from the FPI (Solberg et al., 2021), thereby
generating a circular economy where waste (wood in this scenario) is used to create a useful
product (yeast, which finds use through support of salmon, another useful product). The FPI is
also connected to terrestrial ecosystems (though it is important to note these may be different
ecosystems than those influenced by terrestrial protein) through the requirement of woodcutting
for material (e.g. Vásquez-Grandon et al., 2018). The FPI (e.g. LeBlanc et al., n.d.) and yeast
production (Dunn et al., 2012) industries may also contribute to greenhouse gas emissions,
affecting climate change, and through employment are linked to the economy as well. Most
important to this thesis is the fact that through contribution to aquafeed in place of marine and
terrestrial proteins, the links between aquafeed and capture fisheries, as well as aquafeed and
terrestrial protein, will be reduced, hence the red dotted lines through those connections.
Thereby, the negative impacts on these current proteins’ connections with other nodes that may
result from aquafeed’s demand for marine and terrestrial proteins could be reduced.
2.7. Research Questions
Considering the above review, there is no published knowledge as of yet on the
competitiveness of yeast production from Maine wood for aquafeed, despite its potential as
beneficial to the state. Similarly, there is a lack of information on benefits to the environment of
partially switching to yeast protein. In order to determine whether the concept of wood-grown
yeast can help Maine and if so, if it can be locally accepted, these categories of research must be
performed.
These knowledge gaps for wood-based yeast protein production for Atlantic salmon feed
are therefore what have encouraged this study on such production in Maine. Addressing these
was accomplished by examining a number of questions, all of which are relevant to this feed
strategy’s viability, in an exploratory manner.
The questions that were investigated included:
1) How much wood-grown yeast SCP is required to benefit the Maine farmed Atlantic salmon
industry (in terms of reducing environmental impact from protein production for aquafeed and/or
alleviating or preventing effects of the fishmeal shortage)?
2) Is there enough waste wood to accomplish one or both of these concepts and can there be
enough demand to significantly reduce the amount of excess wood in Maine (can each industry
meet the other’s needs)?
3) Considering stakeholders’ knowledge and beliefs, is a Maine wood-based yeast production
process for Atlantic salmon aquafeed a reasonable concept to pursue?

3. Methods
The study was quasi-experimental and involved mixed methods. Data included
quantitative and qualitative forms. Numerical information relevant to calculating demand for
yeast and demand for and supply of wood, environmental impacts of current standard feeds and
feeds containing yeast, and costs of current feeds and proteins and of yeast were obtained from
literature and surveys and interviews with industry stakeholders. Simultaneously, qualitative
data on willingness to initiate this form of production and any concerns was obtained from the
same surveys and interviews with industry stakeholders to ensure that if such yeast production is
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beneficial, it can move forward. The groups that were considered account for several stages in
wood-grown yeast aquafeed production and use, with the process involving sale of waste wood
by sawmills to yeast-growing companies, which then sell their yeast for processing by aquafeed
producers, who will then sell the feed to fish farms (R. Ekmay, pers. comm.).
3.1. Literature Review
Some data for calculations was obtained through literature review. Values and references
are elaborated upon further in the Data Analysis section below.
3.2. Interviews and Surveys
Semi-structured interviews with various stakeholders occurred by phone or Zoom as
convenient for the interviewees. Simultaneously, anonymous online surveys with the same
questions were sent out through REDCap to additional relevant stakeholders to ensure a
sufficient sample size. The questions asked in the interviews and surveys included open-ended
and closed-ended questions. Stakeholders included representatives of the Maine forestry
industry, particularly of sawmills, alongside people involved with the management of aquafeed
companies and Atlantic salmon farms across the US and Canada (some of the latter two were
established in North America but based out of other countries). Recruiting was done on the basis
of high employee status in any of the given industries; it was assumed that higher-ranking
employees would have more knowledge on production, viability of yeast as aquafeed protein,
etc. Companies to be contacted were ascertained through Google and Google Maps searches in
attempts to find as many companies with locations in the US or Canada that may participate as
possible. Selection was not random. In total, 19 salmon companies, 11 feed companies, and 11
Maine sawmills were contacted via phone, messaging on company websites, or email using IRBapproved recruitment scripts. A Participant Information Sheet was also provided by email to
each person contacted whenever possible. Zoom interviews were recorded, and transcripts of all
interviews were typed up during the interviews.
Three different questionnaires were developed, each one designed for the members of the
three relevant industries of study mentioned: forestry, feed production, and Atlantic salmon
farms. Each interviewee was only privy to the questionnaire tailored to their industry. The list
of questions can be found in the Appendix. Note that some of the questions that respondents
were instructed to skip upon meeting certain criteria were occasionally asked of respondents
anyhow during interviews, in order to gather as much information as possible. This was done by
first asking if the respondents would like to attempt these questions despite meeting the criteria
to skip them. Respondents who performed interviews were provided with question lists before
interviews upon request.
Some questions were designed to obtain information specific to each industry involved.
For example, information solely from the forestry industry provided data on the amount of waste
wood available for yeast production. Data from aquafeed producers informed on types and costs
of proteins they currently use for feed, which facilitated comparison with yeast protein. Salmon
farmers gave information on the amount of feed they use (based on their projected fish
production combined with the FCR of salmon from literature), which allowed for determination
of potential yeast demand, plus information on types of protein used and cost of feed.
Additionally, there were questions of similar form that were asked of all industries concerning
what if any thoughts/concerns industry members may have about the proposed wood-grown
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yeast protein supply chain and prices for wood, yeast, and feed that sellers and buyers would
expect.
3.3.Data Analysis
3.3.1. Environmental Impact Assessment
By assessing effects on environmental impact of feed from partially substituting current
proteins for yeast, the first research question of “How much wood-grown yeast SCP is required
to benefit the Maine Atlantic salmon industry?” was answered in terms of environmental benefits
from changing feed formulas. To determine the environmental impact of substituting some
portion of proteins in current feed with yeast, feed and protein demand by Atlantic salmon
farming had to be calculated. From feed demand, yeast demand could then be found, and from
protein demand, impact of a partial switching of proteins to yeast could be found. First,
demand for feed was calculated for Maine farmed Atlantic salmon production. Only demand for
Maine farms was calculated from survey responses; representatives of farms from elsewhere in
the US/Canada provided supplemental information on perceptions of aquafeed proteins,
including wood-grown yeast. Production by Eastern Canadian farms was originally asked about,
but due to most response to the question of production being from Maine farms and the large
number and high complexity of Atlantic salmon producers in Eastern Canada (some being run by
indigenous groups), only production from Maine farms was actually used for calculations. To
find feed demand, the amount of salmon produced had to be determined. Total farmed Atlantic
salmon production in Maine in metric tons when all planned Atlantic salmon farms are at their
maximum production was calculated by totaling the production values stated by each salmon
farmer participant and values obtained from farm websites and paperwork from the Maine
Department of Environmental Protection for other Maine farms who did not participate in an
interview or survey. This value also includes the production of American Aquafarms, although
this company’s application to construct a salmon farm was recently denied (Genter, 2022). This
production amount was then multiplied by the salmon FCR of 1.2 from Fry et al. (2018) and
Mowi (2021) to obtain feed demand. Feed demand was calculated in a similar manner for North
American and global farmed Atlantic salmon production using values of current production from
Mowi (2021) as well, a literature source provided by a stakeholder in the aquaculture industry,
but protein demand from and environmental impact of feed consumption at these scales was not
assessed due to concerns involving variation in feed formula and sources of proteins by nation,
both of which can affect environmental impact of feed, based on Pelletier et al. (2018). For
example, environmental impact of switching to yeast from soy protein concentrate in the US was
assessed, but Canada uses mainly Canadian soy based on data from WITS (2018), which may
have different levels of impact. Feed demand by North American and global farmed Atlantic
salmon was only used to calculate potential yeast demand and demand for wood for yeast
production at those scales, following the same methods used for Maine yeast and wood demand,
which are described later in this section.
General listings of the proteins that salmon farmers and feed producers use were asked
about and are included in the results to show what proteins yeast may replace or compete with,
but only effects of replacing fishmeal and soy protein concentrate were involved in impact
projections. To find the amount of fishmeal consumed at the Maine scale, feed demand as
calculated above was multiplied by 0.1, based on an inclusion level of fishmeal in feed of 10% of
feed weight as provided by participants. This was multiplied by 0.67, with 67% of fishmeal
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being made from forage fish (with the rest from fish processing by-products), based on FAO
(2018) and IFFO (2021), to get the demand for forage fish meal. To determine consumption of
SPC, feed demand was multiplied by 0.2, with SPC assumed to compose 20% of feed weight
based on Sahlmann et al. (2019). Soymeal was not considered in this analysis because
substitution of regular soymeal did not take place in the studies that were referenced regarding
the maximum substitution of wood-grown yeast for other proteins in Atlantic salmon feed.
Once demand for fishmeal and SPC by farmed Atlantic salmon production in Maine was
determined, protein demand and environmental impact of standard feed and feed substituting the
maximum possible amount of fishmeal and SPC with yeast for Maine Atlantic salmon were then
compared. The feed formula containing the maximum safe substitution of yeast for fishmeal and
SPC in salmon feed was obtained from Sahlmann et al. (2019), which uses C. utilis as the yeast
species, where yeast substitutes for 29% each of the fishmeal and SPC within the feed, so that in
a feed formula where about 7% of feed weight is forage fish meal and 20% is SPC, as is assumed
to be the standard here, forage fish meal is reduced to around 5% of feed weight and SPC to 14%
of feed weight. Therefore, yeast is presumed to compose 8% of feed weight total. In Sahlmann
et al. (2019), yeast actually composes 25% of feed weight, but much of this is substituting for
other ingredients which will not be considered in this analysis. A comparison of the standard
feed with a feed formula where 5% of total feed weight is yeast, replacing 29% of the fishmeal
and 15% of the SPC components of feed was also tested for Maine farmed Atlantic salmon. This
formula was developed based on stakeholder recommendation combined with the maximum
possible substitution for fishmeal based on Sahlmann et al. (2019); if maximum fishmeal
substitution must occur (where yeast would replace 2% of feed weight), only 15% of SPC (3% of
feed weight) can also be replaced. The development of this formula will be elaborated upon in
Section 4.6.1.2 in Results. A visualization of the standard and experimental feed formulas is
represented in Figure 2.
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Figure 2. Composition of the feed formulas tested. Fig. 2a is the industry standard salmon feed
formula; Fig. 2b is an experimental formula of which 8% is yeast, where 29% each of forage fish
meal and SPC are replaced; and Fig. 2c is an experimental formula of which 5% is yeast, where
29% of forage fish meal and 15% of SPC are replaced. Fishmeal from fish processing byproducts is included in the Other Ingredients.
For each feed formula containing yeast tested above, the amount of yeast required to
meet demand for yeast by Maine salmon farms was determined by multiplying the feed demand
for Maine farmed Atlantic salmon by the proportion of feed composed of yeast. Yeast demand
was similarly calculated at the North American and global farmed Atlantic salmon scales. For
Maine, the proportion of feed weight composed of forage fish meal and SPC that was replaced
by yeast following both the 5% and 8% yeast formulas was multiplied by feed demand to get the
amount of fishmeal and SPC replaced by yeast using each feed formula. Assessment of impact
had particular focus on the use of forage fish, the predominant source of fishmeal, in order to
determine effects of replacing fishmeal. The amount of fishmeal replaced by yeast in the given
yeast-containing feed formulas for Maine farmed Atlantic salmon was multiplied by 3.5 to get
the reduction in the amount of forage fish used from substituting some fishmeal with yeast, as
3.5 kg of forage fish is required to produce 1 kg of fishmeal (Kok et al., 2020). This amount was
compared to the total forage fish consumption from current feed for Maine farmed Atlantic
salmon, found by multiplying forage fish meal consumption for Maine farmed Atlantic salmon
by 3.5, to get the percentage reduction in forage fish use. Additionally, impacts in terms of land
use, acidification emissions, and greenhouse gases were assessed in order to project other effects
of replacing both fishmeal and terrestrial proteins. These variables were chosen as data was
readily available to make comparisons across yeast, fishmeal, and soy from the US.
Environmental impacts per metric ton (mt) of fishmeal and SPC as described in the literature
were multiplied by the demand for each of these proteins from the use of standard feed for Maine
farmed Atlantic salmon to get environmental impacts from use of these proteins in standard feed
at that scale. Environmental impacts per mt of fishmeal and SPC were then multiplied by the
amounts of these proteins replaced by yeast in the 5% and 8% yeast inclusion scenarios for
Maine farmed Atlantic salmon to obtain reduction of environmental impact from their removal.
Environmental impacts per mt of yeast from the literature were multiplied by yeast demand
following both feed formulas to obtain impact from use of yeast; impact decrease from
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replacement of fishmeal and SPC was then subtracted from the impact of yeast to get the net
change in impact resulting from switching from standard feed to each feed formula containing
yeast. This amount of change was compared to the amount of impact in standard feed and
converted to a percentage of change in impact.
Environmental impact assessment included impact from production and processing of
proteins, and in the case of yeast and fishmeal, transportation is included as well (despite this,
impacts for fishmeal and yeast were found to be lower than SPC). Values for other
environmental impacts of fishmeal besides forage fish use, including land use and greenhouse
gas and acidifying emissions, came from Couture et al. (2019), where 6.3 kg SO2 eq and 1300 kg
CO2 eq are produced per mt of fishmeal; land use was considered negligible, based on Pelletier
et al. (2018) and Couture et al. (2019). Values of impact for SPC produced in the US included
land use of 5,000 m2 (0.005 km2) per mt, 2,300 kg CO2 eq per mt, and 19 kg SO2 eq per mt,
according to Pelletier et al. (2018). Values for impact of yeast came from Couture et al. (2019)
and Tallentire et al. (2018). Note that the yeast analyzed in Couture et al. (2019) was grown
using a wheat by-product from generation of biofuels, while substrate was not given by
Tallentire et al. (2018), so impacts from wood-grown yeast production may differ. Yeast was
also studied in the form of Yeast Protein Concentrate (YPC) by these two studies, so impact was
converted from per mt of YPC to per mt of yeast based on YPC containing 617 g protein/kg
(Couture et al., 2019) and C. utilis containing 514 g protein/kg (Leeper et al., 2021), so it should
take 1.2 mt of yeast to produce 1 mt of YPC. The values for yeast’s impact therefore were
determined to be 900 kg CO2 eq, 1100 m2 (0.001 km2) of land use, and 6.7 kg SO2 eq per mt of
yeast. It should be considered that impact data from Couture et al. (2019) and Pelletier et al.
(2018) had to be approximated by looking at figures (Figure 3 in Couture et al. (2019) and
Figures S1, S3, and S5 in Pelletier et al. (2018)), and for the former, calculating protein impact
by dividing impact in feed of proteins by inclusion of proteins in feed in grams and converting
this to impact per mt of proteins.
3.3.2. Wood Demand for Yeast vs. Wood Supply
The second research question of “Is there enough waste wood to benefit salmon
aquaculture and can there be enough demand to significantly reduce the amount of excess wood
in Maine?” was investigated by using yeast demand in multiple scenarios to determine the
amount of waste wood required to meet that demand. This was accomplished by converting a
value of 9 m3 of softwood required per mt of yeast from Lapeña et al. (2020b) and Solberg et al.
(2021) to metric tons of wood per mt of yeast using a value of 500 kg per m3 of softwood (Ding
and Thuy, 2020) and multiplying this by yeast demand. Yeast demand was calculated for feed
containing 5% and 8% yeast at the Maine, North American, and global farmed Atlantic salmon
scales, as stated previously. Demand for a feed containing 25% yeast at these three scales was
also determined, this being the maximum safe level of yeast inclusion for Atlantic salmon
known, based on Sahlmann et al. (2019). The amounts of wood required for yeast in each
scenario were then compared to the aggregate amount of waste softwood available from the
sawmills of participants, given as an aggregate value of the waste softwood the sawmill
representatives stated they would be willing to sell, and the amount of waste softwood available
from the whole state, provided by one sawmill representative.
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3.3.3. Pricing Feasibility
Using the calculated amount of wood required per mt of yeast, multiplied by the expected
price of wood per mt stated by sawmill representatives, the cost of wood per mt of yeast
produced was obtained. This was combined with other costs required to produce wood-grown
yeast from Solberg et al. (2021) to obtain the total cost to produce 1 mt of wood-grown yeast.
This value was then compared with the cost of fishmeal and SPC per mt from The World Bank
(2022) and personal communications with Dr. Ekmay of Arbiom. It was also compared to prices
currently paid for feed by salmon and feed producers and prices considered competitive for feed
by salmon farmers and prices for proteins considered competitive by feed producers, as
described by participating stakeholders. Whether prices fluctuate was also asked about and
documented, as competitiveness of yeast can be influenced by this. The costs of fishmeal, SPC,
and yeast per mt were also multiplied by each ingredient’s respective proportion in the standard,
5% yeast, and 8% yeast feeds, to compare total costs of these proteins together between the
feeds. The 25% yeast formula was not used because, again, other ingredients would be
substituted by yeast in this case, and exploration of the cost effects of this is beyond the scope of
this thesis. These comparisons allowed the first question of “How much wood-grown yeast SCP
is required to benefit the Maine farmed Atlantic salmon industry?” to be answered in terms of
potential cost reduction benefits. The third research question, “Considering stakeholders’
knowledge and beliefs, is a Maine wood-based yeast production process for Atlantic salmon
aquafeed a reasonable concept to pursue?” was also answered in terms of feasibility of pricing of
yeast-containing feeds. Note that comparison of cost of proteins in feeds may not apply to North
American and global salmon because, as mentioned, feed formulas may differ by country.
3.3.4. Assessing Stakeholder Perspectives
To answer the third question of “Considering stakeholders’ knowledge and beliefs, is a
Maine wood-based yeast production process for Atlantic salmon aquafeed a reasonable concept
to pursue?”, in addition to relevant numerical values, the perspectives on and concerns about this
proposal among members of the forestry, aquaculture, and aquafeed industries, must be known.
This information was acquired by reviewing the various participants’ perceptions of and
experiences with protein alternatives in general and/or wood-grown yeast as a protein substitute
specifically, observed in their responses. Views were subjectively coded as positive or negative
and grouped into mutually exclusive and exhaustive themes. This was done by highlighting the
contents of survey results and interview transcripts in different colors, to find the average leaning
of each industry and to determine what benefits and issues were seen with the proposal.
Suggested strategies for mitigating issues and maximizing benefits that may result from
substituting current proteins for wood-grown yeast were also noted in responses. Desire for a
new market for waste wood was also assessed among forestry members in a similar manner, with
strategies that may benefit a supply chain where Maine waste wood is used to grow yeast for
aquafeed documented.

4. Results
4.1. Response
Five interviews and three surveys were conducted with a representative sample from the
three industries previously mentioned. Two interviews with representatives of Maine sawmills,
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two interviews with representatives of salmon farms, and one with two members of a single
aquafeed company were performed. Three people responded to the salmon farmer survey, one
responded to the aquafeed company survey, and none responded to the forestry industry survey.
4.2. Atlantic Salmon Protein Demand
Information on Atlantic salmon production for Maine was successfully obtained from
participating salmon farmers through the question “What do you anticipate your annual
production to be in the near future in metric tons?” as well as publicly available information on
expected production. Active salmon farmer participants also gave general listings of the proteins
they use in feed. In response to the question on the salmon farmer survey of “What sort of
proteins do you provide your fish in their feed?” two salmon farmers mentioned they either use
fishmeal or plan to use fishmeal once their farm is established, one of these mentioned planned
use of soy, and the other mentioned current use of wheat, although for the latter, whether the
wheat was in the form of wheat gluten as a protein or simply a binder was unclear. Another
participant stated they only used “local fish offal protein”. However, participants did not provide
exact percentages of fishmeal, plant proteins, or other proteins they used, though a general
fishmeal inclusion percentage for the whole industry (10-12%) was provided by a feed producer.
Thus, average inclusion percentages for the whole Atlantic salmon feed industry from the
participants and literature were used in calculations. Aggregating the total current and
anticipated Atlantic salmon production in Maine from established and planned farms, production
is expected to be around 120,000 metric tons (mt) per year when farms are at their maximum;
this may take several years, as one salmon producer noted they would not reach this stage for 810 years. Note that while the value for Maine salmon production used here is meant to represent
the near future, the value for North America, 140,000 mt of farmed Atlantic salmon per year, is
the value of current production for the continent (Mowi, 2021). Globally, 2.7 million mt of
farmed Atlantic salmon are produced annually currently (Mowi, 2021).
Using an FCR for Atlantic salmon of 1.2 (Fry et al., 2018; Mowi, 2021), Maine, North
American, and global farmed Atlantic salmon would need 140,000 mt, 170,000 mt, and 3.2
million mt of feed respectively for annual salmon production based on tonnage. Using the
minimum percentage of salmon feed composed of fishmeal of 10% (to prevent overestimating
the amount of fishmeal displaceable by yeast) and presuming 67% comes from whole forage
fish, with the remainder from fish processing by-products (FAO, 2018; IFFO, 2021), at least
9,600 mt of fishmeal from forage fish is used for Maine farmed Atlantic salmon each year. With
3.5 kg of forage fish required to produce 1 kg of fishmeal (Kok et al., 2020), this translates to a
minimum of 34,000 mt of forage fish required for Maine farmed Atlantic salmon annually. For
soy, if 20% is presumed to be soy protein concentrate (SPC) (Sahlmann et al., 2019), 29,000 mt
of SPC would be needed for Maine farmed Atlantic salmon each year.
4.3.Yeast Demand and Environmental Impacts of Replacement
Assuming up to 8% inclusion with 29% substitution each of fishmeal and SPC
(Sahlmann et al., 2019), this would mean that for Maine 12,000 mt of yeast would be needed per
year; see Figure 2 for a visual representation of the standard and 8% yeast feeds. Annually, for
North America, 14,000 mt of yeast would be needed, while global salmon would require 250,000
mt of yeast. FCR is assumed to not change significantly, despite the findings of Agboola et al.
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(2022), because in that study only juvenile fish were tested and soy was not included in the feed
formulations. In comparison with standard feed, for Maine, use of forage fish meal would be
reduced by 2,800 mt and 8,300 fewer mt of SPC would be needed for salmon each year.
Considering the environmental impact values for fishmeal, SPC from the US, and yeast, the
resulting 29% reduction in fishmeal use/forage fish capture would be accompanied by a
reduction in land use by 21% and reduction in greenhouse gas and acidifying emissions by 16%
each for proteins in Maine Atlantic salmon feed. The given impact values are summarized in
Table 1 below.
Table 1. Environmental impacts of substituting 29% each of forage fishmeal and SPC with
yeast (at 8% of feed weight) for only Maine farmed Atlantic salmon, which consumes 140,000
mt of feed annually.
Impact Category

Annual impact
of forage fish
meal and SPC
w/o substitution
34,000 mt

Change in
impact w/
substitution

% change in
impact

Forage Fish
-9,800 mt
-29%
Capture
Land Use
140 km2
-30 km2
-21%
Greenhouse Gas
79 million kg
-13 million kg
-16%
Emissions
CO2 eq
CO2 eq
Acidifying
610,000 kg SO2
-99,000 kg SO2
-16%
Emissions
eq
eq
Note that in the calculations, fishmeal was considered to compose 10% of feed based on
stakeholder input, but in Sahlmann et al. (2019), the reference study for maximum yeast
substitution, the formula included 15% fishmeal. Replacing 29% of fishmeal at the lower
inclusion level of 10% as was done here may therefore have different health effects on fish
compared to what was found in Sahlmann et al. (2019). It should also be kept in mind that the
impact before substitution does not include impacts from fishmeal produced from fish processing
by-products. If this was included, total greenhouse gas and acidifying emissions of the standard
feed would be higher, and yeast would therefore create less of an increase in these emissions in
comparison to the standard.
4.4. Consumption of Wood by Yeast Production for Aquafeed
The following data comes from responses to these questions for sawmill representatives:
a) What is the current market for your waste wood like?
b) How much waste softwood do you produce in one year? How much is sold?
c) How much volume would you be willing to sell to yeast production for aquafeed?
To determine the wood requirements of yeast as protein, it is assumed that one mt of
yeast can be produced from 9 m3 of green softwood excluding bark, based on the work of Lapeña
et al. (2020b) and Solberg et al. (2021). Using the average density of softwood as 500 kg per m3
(Ding and Thuy, 2020), it would take 4.5 mt of green waste softwood to produce 1 mt of yeast.
According to the sawmill representatives, they produce approximately 130,000 mt of green waste
softwood a year. Of this, 31,000 mt, or 24%, is burned on-site. The sawmill representatives
would be willing to sell 76,000 mt each year, but this includes bark, which can negatively affect
yeast growth (Solberg et al., 2021); excluding bark, only 63,000 mt is usable. One interviewee
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also determined that the state of Maine produces around 810,000 green mt of softwood chips a
year from sawmills, along with another 1.8 million mt of spruce and fir fiber that lacks a market.
It was also added that there is the potential to generate up to 3.6 million mt of softwood chips in
Maine per year. Thus, current annual availability of softwood when including chips and fiber is
over 2.6 million mt, with potential to reach over 5.4 million mt.
Using the yeast demand calculated for Maine, North American, and global farmed
Atlantic salmon if 8% of feed is composed of wood-grown yeast in Section 4.3 previously,
production of such feed would only exceed the total amount of wood available from the two
sawmills who participated in this study at the global scale. Production of such feed only for
Maine would consume 68% of the sawmills’ waste softwood (if bark is included in supply),
while feed for North American farmed Atlantic salmon would consume 81% of the sawmills’
wood; neither would exceed waste softwood supply from the two sawmills if bark is excluded.
For waste wood available from Maine as a whole, Maine salmon, North American salmon, and
global farmed Atlantic salmon would consume 2%, 2.4%, and 44% of Maine’s wood,
respectively. Consumption of Maine’s wood for production of feed with 8% yeast at each of
these scales is represented visually in Figure 3.
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Figure 3. Use of current annual Maine waste softwood supply by yeast protein production when
salmon feed includes 8% yeast. Fig. 3a shows consumption of wood only Maine farmed
Atlantic salmon, Fig. 3b shows consumption of wood for all North American farmed Atlantic
salmon, and Fig. 3c shows wood consumption for global farmed Atlantic salmon.
It should be noted that the 8% inclusion scenario only assumes replacement of fishmeal
and SPC. If other ingredients in feed are replaced, wood-grown yeast can be included at 25% of
feed weight according to Sahlmann et al. (2019). At 25% of feed, Maine would require 36,000
mt of yeast, North America would require 43,000 mt, and 800,000 mt of yeast would be needed
globally, annually. Using the same yeast-to-wood conversion formula as before, if 25% of feed
is composed of wood-grown yeast, the wood requirement for Maine, North American, and global
salmon exceeds waste softwood supply from the two sawmills that participated in the study.
However, supply from the state is only exceeded by global salmon production yeast
requirements, and if the potential production of waste softwood of 5.4 million mt is considered,
demand would only consume 66% of the waste softwood supply from Maine. In a 25% yeast
inclusion scenario substituting for SPC and fishmeal, 6.2% of Maine’s wood would be needed
for Maine salmon and 7.3% would be needed for North American salmon. Percentages of Maine
waste softwood that would be consumed for yeast production in each of the above scenarios can
be visualized in Figure 4 below.
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Figure 4. Use of current annual Maine waste softwood supply by yeast protein production. Fig.
4a shows consumption of wood for feed with 25% yeast inclusion for substitution of both
fishmeal and SPC for only Maine farmed Atlantic salmon, while Fig. 4b shows consumption of
wood for the same feed formula for all North American farmed Atlantic salmon. Consumption
of wood by a 25% feed formula for global salmon is not depicted because demand would exceed
total current waste wood supply from the state of Maine.
4.5. Feed Price Alignment Among Stakeholders
The following data comes from responses to these questions:
To salmon farmers: What is the cost of one metric ton of the feed you use on average? Does this
cost fluctuate? and What is a competitive price for feed using alternative proteins for some of
the protein content?
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To aquafeed producers: What is the cost to produce one metric ton of the Atlantic salmon feed
you sell on average (or ingredients if individual ingredients are sold)? Does this cost fluctuate?
What is a competitive price for alternative proteins?
To sawmill representatives: What price would you expect for waste wood used for yeast
production for aquafeed?
4.5.1. Salmon Farmer Response
Among salmon farmers, the average price paid for feed was close to $2,000 USD per mt.
Average price considered competitive for a feed containing alternative proteins was lower,
around $1,600 USD per mt. It was noted by two participants that feed cost does fluctuate,
however. Both participants explained that price of feed can change due to availability and
pricing of ingredients, with one mentioning solely fishmeal in that context while the other noting
this could occur with fishmeal and fish oil (grouped together as “marine-derived ingredients”)
and other feed ingredients as well, such as wheat. One remarked that the “fisheries are
constantly in a trend of being overstressed, so the cost of the feed is volatile.” The other stated
the price of marine ingredients was stated to be impacted by “what regions [the product] is
coming from…how those fisheries are doing, [and] how they are managed,” as well as weather,
with El Niño years tending to result in reduced fish harvest. Weather was also stated as
impacting terrestrial crop proteins, alongside the amount of area planted and geopolitics; an
example of the latter was given as the war between Russia and Ukraine raising prices for wheat
and soy for European aquafeed as Ukraine is a major source of those two commodities to
Europe. It was stated by one that “you can’t really put down a cost today that’s reflective of
even 6 months from now.” On a different note, it was stated that feed cost can vary between
farms based on each farm’s “commercial story,” sustainability goals, or Environmental, Social,
or Corporate Governance (ESG). It was explained that the use of natural resources or the carbon
footprint of different feed ingredients can influence a farm’s decision to use feed with those
ingredients. Different feeds may therefore be selected by farms with different values, and this
can create discrepancies between farms in how much is paid for feed.
4.5.2. Aquafeed Producer Response
For feed producers, around $1,400 USD per mt was given as the typical price to produce
feed. It was mentioned by one such producer that some farms create their own feeds to save
money, and that price of feed can depend on the life stage of the organism for which it is
formulated. The market average for grow-out feeds was given as $1,500 USD per mt, while the
starter feeds cost around $2,500 USD per mt. Additionally, technology used in feed production
as well as requirements for feed given by the farmer were given as factors influential to price.
Similarly to statements given by fish farmers, price was said to regularly change due to cost of
raw materials as well as manufacturing, and increasing wheat prices were again given as an
example, though reasons for this were not given in this case. For a price of just an alternative
protein by itself, an expected maximum price of $2,100 USD per mt was given.
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4.5.3. Sawmill Response and Feed Price Alignment
Among sawmill representatives, the average price expected per mt of green waste wood
was $47 USD. With 4.5 mt of waste wood required for 1 mt of yeast, the cost of yeast from
substrate alone is $210 USD per mt. Note that Solberg et al. (2021) calculated a price for wood
substrate per mt of yeast as $470-$660 USD in Norway, but this assumed much higher prices for
wood, at $110-$150 USD per mt of green wood. Adding in other costs for enzymes, electricity,
capital costs, labor, and necessary chemicals based on Solberg et al. (2021), and assuming a 20%
profit margin, but excluding costs of sales and development, the price per mt of wood-grown
yeast is estimated to be no greater than $840 USD. This is less than half of the competitive price
for alternative proteins given by feed producers, as well as half the prices for fishmeal and SPC
listed by The World Bank as of 2022. Even if the competitive price for proteins is assumed to be
on a per mt of protein rather than per mt of ingredient basis, as fungal ingredients on average
consist of 45% protein (Glencross et al. 2020a), cost per mt of protein would be $1,900 USD per
mt, still less than the competitive price given for proteins. This price furthermore fits into the
costs currently paid for feed by salmon producers and feed production by feed producers. If the
8% yeast inclusion scenario where 29% each of SPC and fishmeal are replaced is used, the total
cost of proteins would be at least $340 USD per mt of feed. When compared to the calculated
total price for proteins (forage fish meal and SPC) per mt of feed currently, price of proteins
would decrease by around 12% if yeast was used at a 8% inclusion level, with yeast making up
around 20% of protein cost. Comparison of wood-grown yeast price to other proteins, as well as
comparison of total price of proteins (forage fish meal, SPC, and yeast) in the standard and 8%
yeast feeds can be visualized in Figure 5 below. Note that cost of other ingredients is not
included and also that if the cost of fishmeal from fish processing by-products were included, the
percentage changes in price due to yeast would be smaller.
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Figure 5. Comparison of protein pricing for fish feed. Fig. 5a depicts the price of each
ingredient of interest per mt of that ingredient, and Fig. 5b depicts the total cost of proteins
including forage fish meal, SCP, and yeast per mt of feed in the standard feed and 8% yeast
inclusion scenarios.
4.6. Thoughts on the Proposal
Various themes observed in responses to various open-ended questions are described
below. The questions these responses pertain to are:
To both salmon farmers and feed producers:
a) Have you made or considered making any changes to the types of proteins you use?
Why/why not?
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b) Referring to the above question, if so, in what way(s), and if particular substitutes were
chosen or considered, why were they chosen or considered?
c) Have you faced any challenges to substituting proteins? If so, what were/are they?
d) Do you have any other thoughts about wood-grown yeast as a protein? If so, what are
they?
To just salmon farmers:
a) What is the cost of one metric ton of the feed you use on average?
b) What sort of proteins do you provide your fish in their feed? What percent of your
aquafeed(s) is fishmeal? Other proteins?
c) What is a competitive price for feed using alternative proteins for some of the protein
content?
d) Would you be interested in purchasing aquafeed containing yeast grown from waste
wood as a major protein source? Why/why not?
To just aquafeed producers:
a) What is a competitive price for alternative proteins? What proteins are most likely to be
replaced? What would be the likely inclusion percentage of alternatives?
b) Would you be interested in purchasing yeast grown from waste wood to use as a major
protein source in Atlantic salmon feed and building the infrastructure necessary for its
use in feed? Why/why not?
To sawmill representatives:
d) Were you aware that softwood can be used to grow yeast? That yeast can be used for feed
on fish farms?
e) Would you be interested in selling any of your wood to yeast production for aquafeed?
f) What, if any, concerns do you have or benefits do you see in selling your waste wood for
yeast production for aquafeed?
To salmon farmers, aquafeed producers, and sawmill representatives:
a) Do you have any ideas for strategies that could mitigate any concerns or further increase
any benefits you mentioned?
4.6.1. Views on Yeast and Other Alternative Proteins
4.6.1.1. Positive Considerations for Alternative Proteins
The following themes emerged from salmon farming companies as well as feed
producers: openness to alternatives including yeast, interest in improving sustainability,
perception of fish health improvements with use of alternatives including yeast, and perception
of financial and other benefits of using yeast and other alternatives. Frequency of these themes,
along with positive themes regarding use of waste wood for protein production, are depicted in
Figures 8a and 9a below. Note that in these frequency graphs, shared themes in both
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perspectives on alternative proteins and use of waste wood for protein production, such as
interest in sustainability possibilities, are grouped under the same data point. Examples of these
themes are also depicted in Tables 3 and 4.
Openness to Alternative Proteins
All salmon farmers and feed producers stated they are open to proteins other than
fishmeal. One feed producer mentioned that determining whether a new ingredient will work in
Maine should be simple as the market is small in the region. Both feed producers stated they had
made changes or considered making changes to their feed. One said they and/or other companies
had considered yeast ingredients, and both feed producers had considered plant proteins (i.e.
peas), with one stating they had used or considered plant proteins in particular to reduce marine
ingredients. This participant further narrated that they are currently looking for replacements for
both marine and terrestrial crop proteins; the reasons for a desire for substitution were not
explained, however. The occurrence of periodic review of feeds and the potential for regular
change in formulation was cited by one salmon farmer, along with a desire to differentiate from
similar salmon farms in the future by using a unique feed, in order to maintain competitive
ability. Another farmer stated that to them, looking for alternatives was “fundamental” and said
“it’s all upside in my view, and I know that the rest of my colleagues feel the same way.” One
farmer mentioned they use proteins made from fish processing by-products as opposed to whole
forage fish, three mentioned use of or interest in plant proteins (including soy or SPC, as well as
sunflower, corn, and pea meals), and one mentioned interest in terrestrial animal by-product
proteins. A salmon producer stated plant-based materials were likely to become a majority of
feed ingredients, and single-celled ingredients would likely be increasingly used and their
company would “certainly utilize those.” One whose farm has not been established stated they
had not chosen a feed source yet, adding to their openness. Another stated that due to their
projected size, they would have the ability to tailor their feed, again making it easier to access
new proteins.
Interest in Wood-grown Yeast Protein
With regards to wood-grown yeast specifically, all of the salmon farmers and one feed
producer said they would certainly be interested in wood-grown yeast as a protein, although
some had requirements that needed to be met, which will be narrated in the next section. The
other feed producer stated “we’re not playing with a feed mill to produce salmon feed up in the
area, so it wouldn’t particularly be of interest to us at this time,” referring to Maine, and even if
the yeast were not grown in Maine, they would still need more information to make a decision.
Two salmon farmers were aware of research in yeast or other single-celled proteins as
alternatives. One referred to the studies on yeast for protein in fish feed as “extensive” and used
a number of terms with positive connotation regarding the proposed protein, including “exciting”
and “lots of opportunity,” and the continuation of this thesis was “encouraged”. Another salmon
farmer also mentioned that as yeast is already used as an ingredient in feed, a market for it has
somewhat been established, and this may assist in the acceptance of its use as a protein.
Interest in Sustainability
For sustainability, concern about impacts of current proteins and beliefs that alternative
proteins could increase sustainability were seen. Two salmon farmers considered environmental
and other negative impacts of current protein use. One noted fishmeal use by farmed salmon
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could compete with the Maine lobster industry, as herring used for fishmeal are also valuable for
use as lobster bait as well as putting stress on forage fisheries through fishmeal use. There was
also awareness of the environmental impacts of plant proteins involving land use, deforestation
and climate change due to greenhouse gas emissions by this farmer, and value seen in reducing
these impacts. The concept that land use for plant protein production would most likely be
occurring in developing regions, including “Central Africa and South America” was also noted.
Another noted climate change impacts from “harvesting crop materials” and “movement of
fishmeal”. One feed producer was interested in sustainability in a broad, undefined sense.
One farmer mentioned that in addition to farmers seeking better sustainability and
“guidance” for their feed, customers are looking for greater sustainability in marine resource use,
which has created a push for a reduction in marine ingredients in fish feed, and thus this
participant would see their farm “moving in that direction” of alternatives, with customers
interested in the FIFO ratio of their farmed seafood. This participant also demonstrated
awareness of marine ingredient-free feeds being possible and in development and stated that a
feed containing no marine ingredients could have value. Another farmer likewise stated they had
made changes in feed due to “customer preference” (these changes were not described). Effects
of customer demands on feed were referred to as “market-driven characteristics” of feed. A
salmon farmer saw benefits in using fish processing by-products, as this would generate “a
circular economy” whereby the wasting of by-products would be reduced, and it was stated that
this protein would certainly be included in their feed as a result. This participant also
demonstrated a favorable view on terrestrial animal by-product proteins for the same reason,
saying that because of this, animal by-products “rightfully so should have a place in feed
formulation.” They also stated that such by-products result in less carbon emissions compared to
plant proteins and fishmeal production.
Possibilities of Benefits to Fish Health
Salmon health was stated as another catalyst for the search for ways to change feed.
“New research regarding amino acids requirements” has spurred one feed producer, the “new
research” was not elaborated upon. One farmer showed interest in high nutritional value for fish
in the terrestrial animal proteins due to these proteins having good digestibility and amino acid
composition. For yeast, one salmon producer spoke of the potential for yeast to provide
“functional health ingredients” such as cell wall components, that could improve the salmons’
nonspecific immune system, similar to health benefits of yeast mentioned in the Introduction of
this paper.
Financial and Other Perceived Benefits
Looking to perceived financial and other benefits regarding alternatives, one such benefit
was possible improvement in cost, with “the salmon industry…always looking for alternatives
that are cost-effective.” The ability to improve flexibility in ingredients was also given as a
reason for a past search for alternatives by a feed producer. A feed producer also noted that there
was potential for additional profit to be made from the by-products of yeast fermentation, which
could encourage its adoption; though examples were not given, ethanol for fuel could be such a
by-product. It was also said by an unestablished salmon producer that SCPs in general, not being
a seasonal product, could provide more consistent protein availability and better price stability
compared to other protein ingredients, which was stated to be a challenge they could face, and
this would be great in particular “if for example fishmeal and fish oil becomes very expensive.”
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4.6.1.2. Concerns about and Challenges Facing New Proteins
There were also concerns among the salmon farmers and feed producers, however, with
one farmer saying that getting a new ingredient into feed is “a long, arduous endeavor.” Themes
regarding potential obstacles to wood-grown yeast included: financial and scaling challenges,
meeting various values and standards of stakeholder groups, impacts on feed nutritional or
physical quality (with a sawmill representative sharing concern for this theme), a need to show
additional benefits from use of alternatives over current proteins, challenges concerning yeast
processing and storage, and a lack of information about the proposed yeast protein.
Additionally, among feed producers, likely inclusion percentage for wood-grown yeast was
given as around 5% on average, below the maximum possible according to the literature.
Frequency of these negative themes, along with negative themes regarding use of waste wood for
protein production, are found in Figures 8b, 9b, and 10b. Examples of these themes are also
depicted in Tables 3-5.
Scaling and Financial Challenges
Scale was stated by a salmon producer as important in order to meet the needs of Maine’s
growing salmon aquaculture sector. Another stated that an “economy of scale” is necessary for a
new protein’s success. In turn, cost was given as a factor in whether ingredients would “reach
commercial viability in terms of volume that they can produce to support the feed volume that
we would require.” Cost was mentioned by three salmon farmers and both feed producers as
important. One fish farmer mentioned the cruciality of cost as feed can constitute around 50% of
the total operational cost of fed aquaculture. Increased cost was stated by one salmon farmer to
require compensation in terms of increasing price of salmon by whichever market or distributor
the salmon is sold to. However, another farmer stated that any decision concerning feed is “not
just going to be a cost-driven outcome, it will also be data-driven,” and “to the extent we can
incorporate a sensible product that optimizes resources, we’re going to do it, even at the risk of
added expense, because I think it’s the right thing to do.”
A feed producer and salmon farmer noted that cost must be competitive with fishmeal.
Furthermore, according to the former, levels of marine ingredients have already been
significantly reduced, so plant, animal by-product, and other proteins are more likely to be the
proteins supplanted by wood-grown yeast. It was said that as these tend to be cheaper, woodgrown yeast will likely have to be even lower in cost to be competitive or will have to show even
more significant benefits compared to other proteins. Animal by-product meals, especially from
poultry, were considered to be the major competitive protein for Maine salmon. The types of
proteins that wood-grown yeast would compete with were elaborated upon as being dependent
on the feed company, where the company is located, and “how good their sourcing team is on
what they can get it in on prices.” It was also noted by the same feed producer that yeast would
have to compete with other yeasts used in aquafeed, and that many feed companies have already
been looking into the use of microorganisms for aquafeed, and some have been developed with
“unique properties” that were either selected for or engineered, so there will be competition with
other microbial ingredients too. The fact that only 50% of the carbon input would be converted
to usable biomass at most was also considered to make competition with other protein sources
more difficult.
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Meeting Standards
Values and standards that need to be met, according to various stakeholders, include
standards of producers, distributors, consumers, and regulators of Atlantic salmon, according to
various stakeholders. According to one salmon farmer, standards for feed set by potential
seafood markets such as Whole Foods that consider sustainability important can be a limiting
factor to the use of alternative proteins. The necessity of feed ingredients aligning with farm
values in terms of sustainability was noted as well. Similarly, a standard of ingredients being
organic was also set by some participating salmon farmers. One farmer stated they had not made
any changes to their proteins due to a difficulty in finding substitutes that are organic, non-GMO,
and simultaneously “cost-effective.” They added that they would be interested in wood-grown
yeast only if it was certified organic and proven to be as good for salmon as fishmeal and at a
lower price than fishmeal.” Two farmers considered alternatives being non-GMO to be
important, while a third stated that being non-GMO may be a source of value for an ingredient.
Two farmers mentioned the importance of customer acceptance or review, and one stated
that the ability of customers to withstand a change in price due to feed changes is another
important aspect to remember when changing protein sources. Impacts on the taste of fish
(therefore, the potential to not meet consumer standards for taste) from changing feed content
was spoken of once as a factor to be considered. Also concerning impacts on consumers, one
farmer did mention that contaminants are a crucial concern when considering feed, referring to
the possibility of pollutants in fishmeal and plant proteins specifically as well as pondering such
risks for any new proteins in general. Standards set by the FDA concerning potentially
dangerous contaminants that are required to be met were mentioned once. A feed producer
likewise informed that regulatory definitions for ingredients given by the FDA need to be met,
and that this requires animal studies and the generation of a “dossier of data” to obtain approval,
which can slow down the incorporation of an ingredient.
Feed Quality
Fish health was a common concern among four salmon farmers, both feed producers, and
one sawmill representative, with development, growth, and the gut biome of salmon mentioned
as particular aspects that may be impacted, with one farmer requesting studies on fish health for
the proposed protein. The only time a challenge with a particular alternative that had been tested
was mentioned was when a salmon farmer said they had an issue with using chicken protein
because it was “cross-species.” This may refer to a concern with some terrestrial animal
proteins that diseases found in livestock by-products could be passed down to fish, although this
does not appear to be the case (Glencross et al., 2020b). One farmer asserted that they don’t
substitute their proteins because “it’s well proven that salmon…have the best welfare and health
when fed fishmeal and fish oil,” and that they would only accept yeast as a substitute if it was
demonstrated to be as effective a protein as fishmeal. Effects of changes in feed composition on
palatability of feed to the fish were mentioned by one farmer too, which can affect fish growth
by affecting feed consumption (Refstie et al., 1998). Fitting in as much protein as possible per
unit of feed was also depicted as a necessity for a protein to be competitive, along with this
protein needing to be highly digestible; both were stated to affect feed cost. One farmer
recommended that protein content be 60-65% and digestibility of that protein be ≥90% for
salmon and said such qualities can affect protein price. They were also interested in provision of
omega-3s and omega-6s by new ingredients.
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One feed producer also spoke of the importance of maximizing protein concentration and
digestibility, with the former achievable via removal of fibers and starches and the latter by the
use of enzymes and breaking down of cell walls in raw ingredient materials. Both feed
producers also considered antinutritional factors, such as those that cause “gut irritation” or “bind
vitamins or minerals,” alongside ensuring the “amino acid profile” of feed is correct, as obstacles
to developing new feeds, with antinutrients and nutrient requirements noted by one as obstacles
they had faced. One said they had faced issues with substituting proteins due to a “challenge in
nutrients requirements [and] antinutrients” prior, and they would only be interested in woodgrown yeast “as long as the price and nutritional requirement are lucrative.” It was noted by one
feed company that different yeast species can have different nutritional qualities, protein
concentrations, and antinutrient levels, so yeast selection must be done carefully.
Not only was nutritional quality considered important, but the physical quality of pellets
was cited as an obstacle by a salmon farmer, as pellet stability was asserted to impact water
quality and filtration and disinfection equipment. Oil leakage and dissolution of pellets into
water too quickly were given as two potential issues with the physical properties of feed. The
same salmon farmer stated that they perform their own tests of feed nutritional and physical
quality. Performance trials to establish “technical confidence” in a feed ingredient prior to its
use were also considered important. A feed producer asserted too that the new ingredient needs
to be proven in its functionality in general to farmers. As this feed producer cautioned, overall
“the salmon industry tends to be the most technical of the group so they have some pretty high
demands on what ingredients can go into their feeds.”
Need for Benefits Besides Sustainability
One salmon farmer and one feed producer spoke of the importance of feeds having
additional benefits rather than just serving as a replacement, with the feed producer stating “a
one-for-one exchange isn’t going to get [salmon farmers] to move that needle, you have to
demonstrate a benefit in growth or benefit in some other aspect.” Such benefits also were
regarded as able to improve price flexibility by that participant. Improved, as opposed to
maintained, fish growth was provided as an example by the salmon producer, as this would result
in “less days in production, quicker time to market, [and] time is money, so that can have a real
economic impact for us.” Improving feed sustainability or improving consumer perceptions of
feed used were other “additional benefits” the salmon producer listed. However, sustainability
alone was not considered by a feed producer to be a sufficient benefit, as farmers would likely
want to see improvement in some form in terms of production as well. The “functional health”
benefits that could come from yeast touted by one salmon farmer were stated to be an example.
Feed Production and Storage Challenges
For problems with ingredient processing, issues with processing or “handling” were
given as issues that either the feed producers’ companies had faced or could face in the future.
One feed producer also mentioned that storage of ingredients may be a limiting factor for feed
companies. Higher percentages (15-20%) were described as requiring transport by railcar or
truckload and would necessitate storage in large bins. Inclusion levels of 3-8% would require the
use of smaller 1-ton “totes” or “supersacks,” and it was stated that unlike bins for ingredients
used at larger inclusion levels, such totes do not “cost any changes or modifications to a plant to
accommodate typically.” 3% was stated as the minimum because below that, feed producers
would have to deal with the use of small ingredient bags, which were considered a hassle.
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At 5% inclusion, the average recommended by feed producers, FCR is not assumed to be
significantly different from that of standard feed based on Agboola et al. (2021b). In this
scenario, the total amount of yeast needed for expected Maine salmon would be 7,200 mt, while
for North America, 8,500 mt would be required, and globally 160,000 mt would be required
annually. This translates to 32,000 mt, 38,000 mt, and 720,000 mt of waste wood needed
annually, respectively, or 1.3%, 1.5%, and 27% of Maine’s waste softwood supply, respectively.
Wood consumption of 5% yeast feed at the Maine, North American, and global scales are
depicted in Figure 6. Only global demand would be more than the combined waste wood
output that the two sawmill representatives would be willing to sell including bark (76,000
mt/year), with the Maine salmon demand consuming 43% of the two sawmills’ waste wood and
the North American demand consuming 51%. At 5% of feed weight, if it is assumed that the
maximum of forage fish meal is still replaced (29% of fishmeal or around 2% of feed weight),
only 15% of SPC can be replaced, or 3% of feed weight. Thus, the same amount of fishmeal is
reduced as in the 8% yeast scenario, but less SPC is taken out (4,300 mt in this case, compared to
8,300 mt in the 8% yeast case for Maine per year). This experimental feed formulation can be
visually compared with standard feed in Figure 2. Following this formula, cost of forage fish
meal, SPC, and yeast together for replacement of 29% of forage fish meal and 15% of SPC at the
5% inclusion rate would be $360 USD per mt (a 7.7% reduction in price compared to proteins in
standard feed). Yeast only makes up 12% of the protein price in this scenario. Price effects of
this feed formulation are shown in Figure 7. The environmental impacts of an inclusion level
for yeast of 5% in feed are depicted in Table 2.
Table 2. Environmental impacts of substituting 29% of forage fish meal and 15% of SPC with
yeast (at 5% of feed weight) for only Maine farmed Atlantic salmon, which consumes 140,000
mt of feed.
Impact Category

Forage Fish
Capture
Land Use
Greenhouse Gas
Emissions
Acidifying
Emissions

Annual impact
of forage fish
meal and SPC
w/o substitution
34,000 mt

Change in
impact w/
substitution

% change in
impact

-9,800 mt

-29%

140 km2
79 million kg
CO2 eq
610,000 kg SO2
eq

-14 km2
-7.4 million kg
CO2 eq
-51,000 kg SO2
eq

-9.8%
-9.4%
-8.5%
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32,300

a)

b)

2,580,000

Unconsumed (mt)

Consumed (mt)

38,300

2,570,000

Unconsumed (mt)

Consumed (mt)

c)

716,000

1,890,000

Unconsumed (mt)

Consumed (mt)

Figure 6. Use of current annual Maine waste softwood supply by yeast protein production for
feed with 5% yeast inclusion. Fig. 6a shows consumption of wood for such feed for only Maine
farmed Atlantic salmon, Fig. 6b shows consumption of wood for the same feed formula for all
North American farmed Atlantic salmon, and Fig. 6c shows consumption for global farmed
salmon feed.
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Figure 7. Comparison of the total cost of proteins including forage fish meal, SCP, and yeast per
mt of feed in the standard feed, 8% yeast, and 5% yeast inclusion scenarios.
Lack of Information
A lack of information on the proposed wood-grown yeast protein was another item of
note among stakeholders, including two salmon producers and one feed producer. It was not
always stated outright as a challenge, but sometimes stated simply as the participant having
“limited understanding” or questioning how the proposed yeast would be produced or processed.
4.6.2. Views on Using Waste Wood for Protein Production
Positive themes among stakeholders regarding the proposed use of Maine waste wood
included: general openness to the concept, recognition of a large wood resource and research
involving it in Maine, financial benefits, and sustainability of the use of waste streams. Themes
regarding challenges included financial challenges, market stability/sustainability, and again lack
of information. All of these themes are depicted in Figures 8-10 below and examples provided
in Tables 3-5.
Openness
As stated prior, all fish farmers and one feed producer were open to waste-wood as a
substrate for yeast. For the sawmill representatives, both said they would be interested in selling
their own waste wood for yeast protein production, potentially up to 50%-100% of their waste
output, with one seeking markets and already working on some opportunities to profit from
waste wood disposal such as biochar.
Large Wood Resource
Maine having a large waste wood resource available was a frequent concept. A salmon
farmer referred to the paper mill closures in Maine and considered Maine’s wood resources to be
“time-tested, reliable, sustainable…[and] underutilized.” They referred to Maine as “the woodbasket of North America” and considered there to be much opportunity for the concept of using
wood-grown yeast for protein in salmon feed due to the amount of wood resources available.
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They felt that Maine is “an ideal place” to introduce such an idea, with aquaculture in the state
scaling up and having such a large resource available to scale up feed production alongside
aquaculture growth. They also added that there is a large amount of knowledge here concerning
wood that could be beneficial, such as from the Forest Bioproducts Research Institute. The
sawmill representatives concurred that there is a large amount of waste wood resources available
for protein production. Both mentioned that their companies were still either able to sell to
paper companies or other industries able to buy up wood waste or the sawmills burned all or
some of the waste wood for electricity, heat, or steam. However, both noted that the state of
Maine has plenty of waste wood that still lacks a market, and both remarked on the paper mill
closures and one on a recent paper mill explosion, with the other mentioning that the reason they
added biomass-burning capabilities to their sawmill was because of the lost markets.
Financial Benefits
A variety of economic benefits was mentioned. One salmon farmer believed there would
be logistical savings if feed was able to be produced locally to farms due to the proximity of the
wood resource to be used for yeast substrate. Another salmon farmer saw support for local
economies as a benefit and noted that if the waste wood stream is consistent, that could maintain
protein availability and price stability. One sawmill representative stated that they were not
personally concerned about their waste wood, as they considered their chips to be a “stable,”
“clean” product, but aquaculture could be an important market for “low-grade residuals,”
including “tops, limbs, [and] pulp products.” They saw creating a market for such low-grade
wood as “important… for the balance of [the] industry.” The other sawmill representative also
showed a regard for the welfare of the aquaculture industry, due to its potential as a component
of Maine’s economy, saying “if we can help the sawmill industry and the fish industry at the
same time, that’s great for the state of Maine.” Interest in the proposed new market for the
forestry industry members was based on the potential to diversify, with one interviewee stating
they were working with other companies generating new products that utilize waste wood. It
was mentioned that diversification was important because it would both provide new
opportunities to simply get rid of the waste and offer a chance to “earn more money on a byproduct.”
Interest in Sustainability
Sustainability due to use of waste wood was also spoken of, though only by one salmon
farmer and one feed producer, and the latter only stated it in a broad sense. For the salmon
farmer, one aspect of sustainability in using local waste wood was a reduced carbon footprint due
to transport of feed ingredients being over a shorter distance, decreasing fossil fuel use. The
other was the perspective that “the capturing of waste streams in itself has value” and that the
generation of such a “circular economy,” similar to the one they noted in the use of terrestrial
animal and fish processing by-products, was “another important point in why [waste woodgrown yeast] should have a place in feed formulation.”
Challenges
On the other hand, for challenges, one feed producer with experience with fermentation
processes stated that in their experience, yeast fermentation using wood can be quite expensive.
Another financial challenge noted among the sawmill representatives was that the price offered
for the wood must be desirable in comparison to other waste wood markets. The sawmill
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representatives also required an assurance that the market for yeast production would be
sustainable and stable year-round. Finally, one fish farmer and one sawmill representative sought
more information about the use of the waste wood, with the former questioning its source while
the latter said they didn’t know enough about this potential market, such as in terms of its
sustainability. Knowledge of the ability to grow yeast using waste wood and to use yeast as
protein in feed for fish was mixed among sawmill representatives, with one participant saying
they were aware of these facts prior to the interview and the other stating they were not. As
stated previously, there was also one feed producer who said they needed more information
before stating if they were interested.
4.6.3. Overall Frequency of Themes
Frequency of positive and negative themes across stakeholders’ perspectives on both
alternative proteins and using waste wood for protein production are depicted in Figures 7-9, as
discussed. The most common concerns were feed quality/fish health and meeting stakeholder
standards for salmon farmers; feed quality/fish health, protein cost/competitive ability, and
processing challenges for feed producers; and stability of the wood demand by the yeast market
and ability for yeast to compete on price with other potential waste wood buyers for sawmill
representatives. The most common positive theme for salmon farmers was openness to new
proteins; the other two stakeholder groups did not have a positive theme that was more common
than any other.
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Figure 8. Frequency of various themes among responses of salmon farmers (n=5). Fig. 8a
shows themes that involve concerns with alternative proteins including Maine wood-grown yeast
and require consideration, while Fig. 8b shows themes that may encourage adoption of the idea
of using wood-grown yeast for protein in Atlantic salmon feed.
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Figure 9. Frequency of various themes among responses of feed producers (n=2). Fig. 9a
shows themes that involve concerns with alternative proteins including Maine wood-grown yeast
and require consideration, while Fig. 9b shows themes that may encourage adoption of the idea
of using wood-grown yeast for protein in Atlantic salmon feed.
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Figure 10. Frequency of various themes among responses of sawmill representatives (n=2).
Fig. 10a shows themes that involve concerns with alternative proteins including Maine woodgrown yeast and require consideration, while Fig. 10b shows themes that may encourage
adoption of the idea of using wood-grown yeast for protein in Atlantic salmon feed.
4.6.4. Suggestions for Future Strategy
The following data comes from the responses of all three stakeholder groups to the
question “Do you have any ideas for strategies that could mitigate any concerns or further
increase any benefits you mentioned? Themes found among suggested strategies included
preliminary planning and research, communication with stakeholders, and assurances of market
sustainability. Frequency of strategy types can be found in Figure 11, with preliminary work
being the most common strategy suggested.
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A salmon farmer referred to the study of wood-grown yeast as protein as “young” and
stated that “like anything in science, it needs to be validated, there needs to be statistical
analysis.” They felt that the ratio of fishmeal to yeast is something to be reviewed, so that a
“happy medium” in the “recipe” can be pursued, and that studies to develop an efficient
production process are also still needed for the success of this product. Ensuring that the yeast
can be produced to scale for Maine aquaculture was also referred to as an important matter. Yet
another suggested that the protein be experimentally produced to observe “what that product
would look like in commercial quantities [and] the price sensitivity.” For the feed producers’
perspectives on preliminary work, outlining the details of the process, such as which yeast strain
would be used, and what the risks and issues being faced are, such as regulatory limitations and
antinutrients, early on was considered to be important. Another suggested that developing
downstream processing and new strains of yeast may assist in ensuring a good nutritional profile
for the yeast.
Communication in various forms and with various benefits was spoken of as a strategy by
salmon and feed producers. One salmon farmer introduced the ideas of talking to vendors or
feed-producing companies and “developing a relationship with some of the fish farmers that are
proposing…large projects” as relevant to the procedure of introducing this new protein to
aquaculture. Another salmon producer put forth the concept of yeast producers having salmon
farmers vouch for their product with feed companies, saying “[if] you were to approach me and
say ‘We would like you to use this ingredient in your feed’… [you] would have a better response
if it was [our farm] going to our feed company than, say, you going to the feed company and
trying to convince them to put it into feeds.” For the feed producers, one stated “if you can link
that fermentation process so that you’re making some compound that has value in the industry
and you’re using the biomass for feed,” this can encourage adoption of yeast as a protein; such
compounds were not specified, but by-products like ethanol that could be used for fuel could be
an example. They also suggested that yeast producers speak to feed producers and salmon
farmers about what issues they are having with their feed and what impacts they want to see
from their feed on their production in the future. It was said doing so “can help guide you to
what yeast and/or what fermentation process you might want to pull that yeast from.”
Regarding the forest industry’s thoughts on strategy, one sawmill representative stated
that it was important to have a written contract guaranteeing benefits would be seen through.
Evidence that the market is “financially stable” and “assurances” that buyers would be able to
pay were also cited as important. The other forestry representative stated that they did not have
enough information at this time to suggest any strategies.

50

6

Frequency

5
4
3
2
1
0
Communication

Financial Assurances

Preliminary Work/Research

Strategy

Figure 11. Frequency of various proposed strategies within sample population including all
stakeholders (n=9).
4.6.5. Summaries of Themes
Tables 3, 4, and 5 summarize the themes in responses of salmon farmers and sawmill
representatives respectively with example quotes and phrases. Themes are in alphabetical order.
Rows in green depict concepts that may encourage adoption of the idea of using wood-grown
yeast for protein in Atlantic salmon feed. Rows in red depict concepts that involve concerns
with such a proposal or factors that need to be considered by proponents of yeast or other protein
products. Rows in blue depict suggested strategies to establishing such a protein.
Table 3. Themes that appeared in the responses of salmon farmers and quotes/phrases
corresponding to those themes.
Theme
Feed Quality

Financial and Scaling
Challenges
Financial Benefits

Fish Health Improvement

Quotes/phrases
“how does the development and growth of the fish respond to that
augmented product?” “how does it hold up in a pellet, what are the
impacts of the pellet itself in terms of the things I talked about on feed
quality: the water stability, the physical aspect”
“[would be interested] if it was at a lower price than fishmeal,”
“figuring out how to do it to scale in a way that can support the finfish
aquaculture industry that is teed up to develop and grow here,” “good
potential if they can get that scalability aspect”
“things like fermentation, that’s not weather-dependent, that’s not
seasonal...That is a more stable sort of manufacturing
environment…and that can have an impact on the stability of the feed
costs,” “logistical savings of being able to produce [protein] here, or at
least partially, close to where we’re going to be growing fish, makes a
lot of sense,” “if for example fishmeal and fish oil becomes very
expensive, we have something that’s an alternative to that that’s more
cost-stable, that’s better”
“about yeast and yeast proteins, I think they also may have another
aspect to them, and that is their ability to provide, we call it ‘functional
health ingredients,’ … something that bolsters up the fish’s immunity
response”
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Lack of Information

Large Wood Resource

Meeting Standards

Need for Additional Benefits
Openness to Alternative
Proteins

Preliminary Research

Stakeholder Communication
Sustainability

“you might need to give me a bit more information about the material.
So it’s yeast grown in what kind of capacity…Or how is it produced?”
“very, very admittedly limited understanding,” “where is the waste
coming from that’s being utilized in this production?”
“Maine is the wood-basket of the US…so the resource exists…there’s
lots of opportunity out there, so I encourage your work,” “we have a
time-tested, reliable, sustainable wood resource, a vast wood resource
that is underutilized,” “So the resources to support that scaled
aquaculture activity is going to be important, clearly, and Maine is an
ideal place to be doing this”
“we don’t want to have GMO fish feed” “We must first review with
customers,” “Whole Foods has quite some rigorous standards, what
you can and cannot put into your feed, and it really restricts what the
flexibility of the feed formula can be,” “[contaminants] are actually
governed by the FDA in terms of safe levels in animal feeds, and that
is more of a legal regulation than a choice”
“something you should think about beyond just protein is what other
things can this material provide to fish”
“to the extent we can get a protein augmenting the fishmeal base
…that is a valuable thing…minimizes competition,” “most all [feed
vendors and fish farmers] will be receptive to the concept of
integrating protein from yeast into their planning”
“like anything in science, [the concept] needs to be validated, there
needs to be a statistical analysis,” “more work needs to be done to
identify an efficient process and that recipe, that right ratio of protein
from yeast to fishmeal to initially make it a saleable product, and then
how do you package that and develop it to scale,”
“talking to vendors…and then meeting and developing a relationship
with some of the fish farmers that are proposing these large projects
would be a good step” “would have a better response if it was [our
farm] going to our feed company than say you going to the feed
company and trying to convince them to put it into feeds”
“to the extent we can get a protein augmenting the fishmeal base
…that is a valuable thing…less stress in the natural fisheries,” “arable
land for agriculture is very valuable, and producing more arable land
as a way to supply protein … you need to cut down trees…and all of
that is contributing to the stresses in the climate, right?” “we should
evaluate the opportunity to use yeast, rather than some soy that is
competing for space, agricultural space, I think that’s fundamental,”
“fishmeal can represent…almost a competitive product…bait-type
fish…their value is viewed as bait for the lobster industry…there’s
potentially competition there,” “the consumer wants to see more
resource sustainability in terms of marine resources… So I see us
moving in that direction for sure,” “[Wood-grown yeast] is from a
circular economy, another important point in why it should have a
place in feed formulation”
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Table 4. Themes that appeared in the responses of feed producers and quotes/phrases
corresponding to those themes.
Theme
Communication

Cost/Ability to Compete

Feed Processing and Storage

Feed Quality
Financial Benefits

Lack of Information

Meeting Standards
Need for Additional Benefits

Openness to Alternative
Proteins

Quotes/phrases
“up front talking to producers, what other impacts are they looking for
from a feed ingredient outside of just for like replacement of a protein
source, so what are they looking for, what are their issues? That can
help guide you to what yeast and/or what fermentation process you
might want to pull that yeast from,” if you can link that fermentation
process so that you’re making some compound that has value in the
industry and you’re using the biomass for feed, I think that’ll also be
an advantage”
“you’re going to have to be at least at what the cost of other yeasts are
on the market,” “you’re not necessarily replacing fishmeal anymore
because they want to keep a minimum in it… you’re replacing a
poultry meal or a yeast source or a plant protein source that’s in the
diet, so you almost have to be even more cost-competitive now or
demonstrate a better benefit,” “yeasts are widely used in the industry
and there’s quite a source of them, so trying to be competitive in that
space…I think is almost a bigger hurdle than on the nutrition side”
“handling issues from a feed mill standpoint,” “probably 3-8% of the
diet they could kind of do in totes, if you were trying to put more into
the diet that’s bin space out of plants, and at that point you’re going to
probably have to take some other ingredient out”
“those would all be factors, how digestible, what’s the protein content,
what’s that amino acid profile, are there antinutritional…issues”
“everybody is looking at, you know, how can we lower our costs,”
“you’re making a profit on some other product you’re already making
by fermentation and then you’re making even more money by selling
whatever that biomass is”
“we’d have to even know a little bit more about it… what is it, how is
it processed, I mean those would be things even on our end that we
would have to have some basic info,” “there’s a lot of unknowns on
the front end”
“are you fitting regulatory definitions and being able to use the
material”
“often just a one-for-one exchange isn’t going to get them to move that
needle, you have to demonstrate a benefit in growth or benefit in some
other aspect of it,” “sustainability’s great, and then also what’s the
additional benefit”
“We would like to replace some marine and other vegetable sources,”
“the nice thing with the salmon market is that it’s so small…it doesn’t
take many phone calls to kind of figure out if they’re willing to accept
something”
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Preliminary
Planning/Research

Sustainability

“outlining some of those risks that we mentioned there…and then kind
of looking at the mitigations that you could potentially have in place to
address that, so I think that’s a good strategy to kind of get ahead of
these things early in the project,” “Downstream processing of yeast
and new strain of yeast,”
“everybody is looking at, you know… how can we increase our
sustainable operations”

Table 5. Themes that appeared in the responses of sawmill representatives and quotes/phrases
corresponding to those themes.
Theme
Financial Assurance

Financial Benefits

Financial Challenges
Fish Health
Lack of Information

Large Wood Resource

Market Stability

Quotes/phrases
“We’d have to have a written contract guaranteeing
those terms, and we would have to have financial
assurances that the people that are buying them have
the ability to pay, we’d have to have proof that they’re
financially stable.”
“The advantage would be the more markets we have
for our products, the healthier it is for our mill, in
terms of number one, being able to move the chips at
any price, and number two, making more money on a
by-product,” “The market that’s really suffering right
now is the low-grade residuals …so having a market
that can use those products as well would be really
important just for the whole balance of our industry,
“if we can help the sawmill industry and the fish
industry at the same time, that’s great for the state of
Maine”
“there would have to be a price advantage over selling
[waste wood] to paper mills,” “there’s a lot of factors
that play into how much volume would go into it,
obviously the price of the feedstock going to it”
“Does it create any health issues with fish feeding on
it?”
“not my area of expertise, producing yeast out of
wood” “I don’t know enough about that market”
“there’s a huge amount of chips produced in the state,
huge. I don’t think you’d have trouble buying them.”
“There’s always been a concern here in recent years in
Maine of the paper companies going down, if the
sawmills would be able to get rid of all of their chips,
and that was one reason we built our biomass boiler”
“there’d need to be a year-round market,” “[volume
we would be willing to sell] would have to depend on
the market, how stable it is, our confidence that it can
sustain. Again, if it’s a year-round consistent market.”
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Openness

“anything that comes up would be of interest of ours,
just to diversify and keep the waste residue market
strong,” “we’re just very open to innovative ideas and
ways to expand the market”

5. Discussion
5.1. Environmental Benefits and Costs
Considering the two scenarios assessed for effect on environmental impact of feed (5%
and 8% yeast inclusion), it appears that using yeast at levels between 5-8% can have beneficial
environmental impact when compared to current standard salmon feed in terms of reducing
forage fish consumption, land use, and greenhouse gas and acidifying emissions from protein
production. For both feed formulas, impacts reduced by removal of fishmeal and SPC are
greater than impact added from inclusion of yeast, despite the fact that yeast results in more land
use and acidifying emissions than fishmeal per mt. The 8% yeast feed formula was better in
terms of reducing land use, greenhouse gas emissions, and acidifying emissions, so some
environmental impact benefits are lost when yeast is included at the lower level of 5%
recommended by feed producers. However, even at 5% inclusion, yeast still shows
environmental benefits for yeast production, with reduction in impact for each variable studied
being at least 8% when feed contains 5% yeast.
Substitution of other current proteins using yeast can therefore assist in reducing
environmental impact of Atlantic salmon feed production. However, processes to make land use
by yeast production more efficient and to reduce acidifying and greenhouse gas emissions should
still be pursued so that the environmental benefits can better compensate for environmental or
other costs. The fact that inclusion of yeast would reduce impact in several aspects is likely to be
a selling point for yeast to salmon farmers and feed producers, based on the interest in producing
and using sustainable feeds dictated by stakeholders belonging to those groups. Additionally, it
could also encourage salmon consumers to request that yeast be used for a fishmeal and/or soy
substitute if such consumers were informed of these environmental benefits. Furthermore, if
such “greener” feed is used by salmon producers and markets that find importance in
sustainability such as Whole Foods are informed, more distributors may be willing to carry
products containing the farmed salmon than prior to substitution of fishmeal and soy with yeast.
It is advised that fishmeal generated from fish processing by-products is not replaced, as
these by-products may otherwise be disposed of as waste if not used for aquafeed (Stevens et al.,
2018). The same could also be said of terrestrial animal by-products. However, considering that
terrestrial animal meals are some of the most impactful fishmeal alternatives to the environment
when impact of raising animals is included, care must be taken to ensure that terrestrial animal
meal demand by aquaculture does not spur additional production of such meals beyond what is
produced during processing of terrestrial animals for human consumption. This could encourage
additional cultivation of terrestrial livestock and therefore further environmental impact from
that sector.
5.2. Wood Availability
Based on the wood supply numbers given for the participating sawmills, selling wood to
yeast production for the Northeast, as well as for the entire continent, could provide a new
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market for the forestry industry for underutilized waste wood. Considering all tested scenarios,
wood demand for yeast production exceeds available waste softwood supply from the two
sawmills in every global scenario and at 25% yeast in feed for Maine and North American
salmon. However, when all waste wood from the state is considered, there is plenty of wood
available for every tested scenario except 25% yeast for feed for global salmon production. The
scenario that consumes the most waste wood without exceeding wood supply is feed containing
8% yeast for global Atlantic salmon, which would consume 44% of Maine’s wood. Thus, yeast
production for salmon feed from wood can provide a significant market for Maine waste wood
without exceeding supply. Doing so at a global feed production scale is recommended, as even
when feed for all North American salmon includes yeast at 25% of feed weight, only 7% of
Maine’s waste wood is consumed.
In essence, Maine forestry contains much potential for yeast protein provision. With over
2.6 million metric tons of waste softwood available currently per year, and at 4.5 mt consumed
per mt of yeast, almost 580,000 mt of yeast could be produced per year. At a 5% inclusion level
and considering the FCR of salmon, this could be used to produce over 9.7 million mt of Atlantic
salmon annually. At today’s growth rate in global salmon production of 4% a year, which is
decreasing (Mowi, 2021), and using the population growth rate equation of P=P0ert, where
P=maximum salmon production possible with Maine waste wood, P0=current North American
salmon production, r=growth rate of salmon production, and t=time in years, it would take over
30 years to get to a level of salmon production that would exceed waste wood supply available
for yeast from Maine. Thus, there is much opportunity for use of waste wood for protein
production. It should be noted though that higher yeast inclusion levels, while more beneficial to
the forestry industry due to consuming more wood, exceed feed producers’ preferred ingredient
inclusion levels for feed. However, if Maine waste wood was used for salmon feed globally, the
amount of waste wood could be reduced by ¼ even at a 5% yeast inclusion level in feed, and
even when such feed is only produced for Maine salmon, close to half of the waste wood output
the two sawmills who participated in this thesis would be willing to sell is still consumed.
Therefore, even a low inclusion of yeast in feed can significantly benefit Maine forestry.
5.3. Reasonability of Pricing
As was concluded above, yeast grown from Maine wood is less expensive compared to
forage fish meal and SPC at the moment on a per mt basis, and its price is less than prices
considered competitive for feed and proteins in feed. At a 8% inclusion level, the price of
proteins in feed is reduced by 12%, while at a 5% inclusion level, the price of proteins in feed is
reduced by 8%. Again, as with environmental impact, an 8% yeast feed formula is better, but a
5% yeast formula can still be beneficial. In fact, the cost reduction benefits when comparing the
yeast-containing feed formulas are more alike than the environmental benefits, as SPC has a
similar cost to fishmeal but has more environmental impact. Therefore, replacing more SPC in
comparison to fishmeal, as was the case with the 8% yeast feed formula compared to the 5%
yeast formula, would have more of an impact on the environment than feed cost. With reduction
in cost and improvement in sustainability both demonstrated to be possible when wood-grown
yeast is used as an alternative protein, feed producers and salmon farmers may be encouraged to
use wood-grown yeast over other proteins. Such a formulation could ease the expense to feed
producers and salmon farmers from the high cost of fishmeal and the potentially rising cost of
soy as the limits to available arable land and freshwater for terrestrial plant protein production
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are approached. Furthermore, the best option for the aquaculture sector is the best for the
forestry industry.
5.4. Benefits from Stakeholder Perspectives
As described in the Results section, the stakeholders observed a number of benefits with
the proposed wood-grown yeast protein, and interest in yeast SCP was high. There were some
comments among the two aquaculture industry groups on how the salmon farming industry
should be easy to work with when proposing a new yeast ingredient. Every fish farmer and feed
producer interviewed was interested in alternative proteins in general, with reasons for this given
as desires to improve fish health and sustainability of feed, as well as reduce cost, plus overall
increase ingredient flexibility. Based on information given in the Introduction to this paper and
the above Results/Discussion sections, wood-grown yeast has the potential to do all of these.
Regarding fish health, it was stated in the introduction and by a participant that woodgrown yeast can function as an immunostimulant (Mensah et al., 2021; Sahlmann et al., 2019),
and there was data documented in the introduction demonstrating potential mitigation of
inflammation caused by soy when salmon are fed wood-grown yeast (Agboola et al., 2021b;
Mensah, 2021; Sahlmann et al., 2019), as examples. Replacement of soy in general would also
reduce inflammation. For sustainability, as mentioned in the discussion of calculated
environmental impact of yeast substitution, replacement of fishmeal and SPC together can
increase sustainability. Among fish farmers, potential sustainability benefits to using alternative
proteins included reducing stress on fisheries, land conversion for agriculture, and climate
change from land conversion due to current protein production, as well as possibly lessening
competition with capture fisheries such as the Maine lobster sector that use forage fish for bait.
Feed producers were more general in what improving environmental sustainability meant. With
the determined reduction in forage fish consumption for fishmeal, land use, and greenhouse gas
emissions, all of these criteria are met by the 5% and 8% yeast inclusion scenarios replacing SPC
and fishmeal. This also aligns with customer demands for sustainably raised fish, another reason
given for acceptance of alternative proteins by stakeholders. It should be mentioned also that the
land use and acidifying emissions resulting from producing yeast may be lower than was
calculated, because the literature data for environmental impact of yeast pertained to yeast grown
from agricultural by-products rather than wood. For yeast grown from waste wood, land
conversion and fertilizers are not required, as is the case for substrates from agricultural sources.
Additionally, as was noted by a salmon farmer, yeast grown from waste wood generates a
circular economy, reducing waste. As for reducing cost, again the calculations in the Results
section depict substitution of current proteins with yeast in a favorable light, with a reduction in
cost of nearly 12% occurring when both SPC and fishmeal are replaced with yeast where yeast is
8% of feed weight.
In regards to yeast grown from Maine wood as the particular alternative chosen, there
was again a generally favorable response among salmon and feed producers, plus sawmill
representatives. Terrestrial animal and plant proteins as alternatives are of interest to some, but
at least one feed producer was looking to replace plant proteins as well as fishmeal. A number of
benefits unique to wood-grown yeast were noted, as well. In addition to the aforementioned
health benefits of yeast and circular economy generation from yeast grown from waste wood,
financial benefits other than the sought-after reduced feed cost were observed. Among salmon
farmers, these included savings from producing proteins physically close to farms, and assistance
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to the local Maine economy. Yeast was also recognized as being more stable in its ability to
supply to feed production than marine and terrestrial plant proteins by a salmon farmer. For feed
producers, one also recognized that by-products from yeast production could also be sold for
profit, making yeast a more lucrative product.
At least one salmon farmer and both sawmill representatives considered there to be a
large waste wood resource and a need for markets for this wood in Maine, with both forestry
industry members personally interested in selling their waste wood for yeast production for
aquafeed. For these sawmill representatives, opportunities to diversify markets for their waste
wood as well as to simply dispose of waste and achieve greater profit off their by-products were
seen. In summary, all groups observed economic benefits, though these differed, particularly
between the forestry and aquaculture sectors (with the latter including both fish and feed
producers). With salmon farmers and feed producers there was also notation of environmental
benefits, with a salmon farmer adding health benefits to fish. Most respondents indicated at least
some level of interest in developing this new alternative protein supply chain.
5.5. Concerns from Stakeholder Perspectives
Similar to the benefits, there was both sharing and variation of concerns across
stakeholder groups. Members of all groups mentioned a lack of information on the proposed
protein and/or its production process, including, for one salmon farmer, where the wood would
come from; the sawmill representative group also noted a need for more information on what the
feed market would be like for them. All were concerned with what impacts on fish health may
be, though specifics on this differed, with the sawmill representative who mentioned this only
considering it in a broad sense while the other two stakeholder groups went into more detail. For
growth and performance concerns, wood-grown yeast inclusion can result in similar or better
growth compared to standard feeds from 5% inclusion (Agboola et al., 2021b) to over 20%
inclusion (Leeper et al., 2021; Sahlmann et al., 2019), especially when replacing both fishmeal
and SCP at higher inclusion (Sahlmann et al., 2019). With no apparent impacts on growth at
these levels, palatability, another point of contention, is not likely to be influenced significantly
either. For gut microbiome, another concern, wood-grown yeast does not appear to have
significant negative effects below 10% inclusion when replacing soy in a mixed fishmeal and soy
diet and can actually increase beneficial lactic acid bacteria (Leeper et al., 2021), so the only
tested scenario that may be an issue in regards to gut microbiome appears to be the 25%
inclusion replacing fishmeal and SPC.
Antinutritional factors were mentioned as a possible concern, and the high levels of
nucleic acids found in many SCPs as well as the high levels of ash found in yeast may be
considered as such. These can be combatted by addition of sodium hydroxide (NaOH)
(Rajendran et al., 2018) and changes in processing (Glencross et al., 2020a) or yeast species
(Lapeña et al., 2020a), respectively, however. Amino acid profile may also be an issue, as yeasts
are low in some amino acids, but this can be remedied by the use of other proteins alongside
yeast or amino acid supplementation (Øverland and Skrede, 2017; Vidakovic et al., 2019).
Protein content and digestibility were also noted as important to consider, and there may be
issues here. As mentioned in the introduction, fungal protein content is lower than advised
protein content (45% compared to recommended 50-65%) (Glencross et al., 2020a). The same is
true for digestibility in certain cases, as yeast protein digestibility can vary from anywhere
between 41% and 98% (Langeland et al., 2016; Sharma et al., 2018), while digestibility is
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recommended at 90% for salmon. Both nutritional issues may be fixed by careful selection of
yeast strain or species or processing methods, however. The request for ingredients containing
omega-3 and omega-6 fatty acids will be more difficult for yeast to meet, on the other hand, as
fungi tend to have lower lipid levels in comparison to other SCPs (Glencross et al., 2020a);
however, wood-grown yeast lipids have been shown to be more digestible than those in fishmeal
(Mensah, 2021).
Cost/competitiveness issues were also a shared concern among the stakeholders, though
these varied by group. Both aquaculture-related industries were concerned about costcompetitiveness with other proteins, including fishmeal, plant, and terrestrial animal proteins.
Feed producers also added competitiveness in cost with other yeast ingredients in feed as a
challenge. As discussed, the cost of 1 mt of Maine wood-grown yeast, at $840 USD per mt, is
substantially less than the price of fishmeal or SPC, and substitution of fishmeal and/or SPC can
reduce feed cost. However, considering these values, wood-grown yeast from Maine is more
expensive compared to regular soybean meal,and it is also more expensive than hydrolyzed
feathermeal at $500 USD/mt (Informa Markets, 2022). The costs of other yeasts used in
aquafeed do not appear to be publicly available. For sawmill representatives, the main financial
challenge was for yeast grown from waste-wood to be cost-competitive with other uses of waste
wood. This will depend on the prices for wood paid by those competing companies.
Regulatory concerns were only found among aquafeed and salmon producers, with
meeting FDA definitions of ingredients and FDA requirements for levels of contaminants being
the respective concerns of these groups. Caution should be used with procuring wood, as
contaminants such as herbicides used in Maine like glyphosate can be incorporated into trees
(Botten et al., 2021; Rolek et al., 2018). The need to show “additional benefits” in concert with
sustainability was also voiced as a concern in the salmon and feed producer groups. With yeast’s
health benefits such as through the immunostimulatory properties mentioned, as opposed to
simply being equivalent in function to the proteins it is replacing, and cost reduction benefits,
such a requirement may be met.
Salmon farmers also added some unique concerns. These included meeting customer
standards in aspects such as taste of fish, as well as standards of seafood distributors such as
Whole Foods for sustainability. A need to meet farm standards for sustainability as well as for
ingredients to be organic was also articulated. All of these will depend on what these standards
are and processing methods used by yeast producers; as a note, the impact of wood-grown yeast
on flavor of salmon does not appear to have been studied yet. The ability to scale yeast
production up to meet the needs of the salmon industry was also spoken of among salmon
farmers alone. As mentioned, there is sufficient waste wood in Maine to accomplish this for
Maine salmon as well as all of current North American production. Pellet physical quality was
another concern unique to salmon farmers. As described in the Introduction, only levels of yeast
inclusion above 20% show impact on feed quality, based on a metric of increased pellet loss
from reduced feed durability (Hauptman et al., 2014). The 25% inclusion scenario may
experience such issues, but the lower 5-8% inclusion scenarios should not.
Unique to feed producers were general concerns about issues with processing, as well as
storage of the yeast. Input from the feed producers also suggests that the maximum inclusion
rate for yeast tested (25%) are likely to not be accepted, at least not initially. Values of 3-8%
inclusion were suggested instead, with one reason being that yeast in that amount could be more
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easily stored by feed producers. However, at lower levels, health benefits to fish may be
reduced, especially if only fishmeal is replaced (Leeper et al., 2021). It would also reduce waste
wood consumption and thereby reduce the benefit of the proposal to the forestry industry as well.
Demonstration of greater benefits in these areas with increased inclusion of yeast may encourage
higher inclusion.
The only concern found among sawmill representatives not noted in the other groups was
the issue of whether the aquafeed market will be open to the use of their waste wood year-round.
As Atlantic salmon take around 2 years to reach market size, as mentioned by one salmon
farmer, this should not be an issue. It was actually mentioned by this same farmer that they
consider consistent availability of protein to be important in alternatives, as seasonality in the
production of terrestrial plant proteins can be a hindrance. Overall, stakeholders were concerned
with factors relevant to fish health and various barriers to entrance of the new protein into the
feed ingredient and waste wood markets. The feed producers seemed to be the least open to the
concept, while other stakeholder groups had all members interested.
5.6. Recommendations for the Future of Wood-Grown Yeast Protein
Based upon the responses to questions about thoughts on alternative proteins in general
and yeast as a protein for Atlantic salmon, there appears to be a general openness among salmon
farmers and feed producers to accepting alternatives to current proteins, although there is some
hesitancy in a number of areas. At the same time, the concept of using wood to grow yeast is of
interest to salmon farmers, at least some feed producers, and the forestry industry. Thus,
approaching any of the stakeholder groups about a wood-grown yeast protein for Atlantic salmon
feed at this time appears to be a reasonable action. Replacement of both fishmeal and SPC while
keeping yeast inclusion levels low, close to around 5%, appears to be the best course of action at
the moment. This is due to the resulting reduction of environmental impact and feed cost from
doing so in comparison to standard feed combined with meeting of feed producers’ expectations
for inclusion levels. It should be noted that there may be some competition for use of wood with
other rising markets able to use wood residuals, such as biofuel (Crandall et al., 2017; Gordon,
2019), insulation (Bever, 2022), and biochar (pers. comm.) products that have begun to appear in
Maine. However, this competition will likely only be in terms of pricing, as the supply of waste
wood in Maine is quite large in comparison to demand for wood from yeast production for
aquafeed, as described.
In terms of recommended strategies, preliminary planning and research was strongly
suggested by the two aquaculture-related stakeholder groups. Outlining and study of risks at the
start and research into downstream processing and developing new strains of yeast to improve
fish health outcomes were the main strategies suggested by feed producers. Salmon producers
recommended studies into wood-grown yeast’s impact on fish health, and possibly taste of fish,
as well. As mentioned, the latter has not sustained any apparent research, while the former has,
but only in a limited sense; Section 5.8 will elaborate more on where research into wood-grown
yeast’s effects on fish health should go. Salmon producers also added suggestions of research
into optimizing the fishmeal-to-yeast ratio and efficiency of yeast production, as well as ensuring
that production can be brought up to the scale necessary for Maine salmon aquaculture.
Communication in some form was also considered important among fish farmers and
feed producers for yeast producers to take part in. This included discussing with farmers and
feed producers what problems they are having with their feed and what they would like from
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new feed ingredients, as suggested by feed producers, which was perceived as potentially helpful
in guiding yeast producers to the right kind of yeast and production process. A feed producer
also stated that informing on the ability to generate compounds valuable to the aquaculture
industry in addition to protein during yeast production could also encourage establishment of
wood-grown yeast in the protein market; examples were not provided but may include
compounds such as astaxanthin or ethanol for use as fuel. Building relationships with both fish
and feed producers was likewise suggested by fish farmers, and additionally, it was noted that by
creating good relationships with fish producers, these fish producers may be encouraged to
“champion” yeast products to feed companies. As for the forestry industry, the only strategies
directly suggested by sawmill representatives were economic in nature. These included the need
for a written contract establishing yeast producers as buyers and for assurances that yeast
producers could pay and that their production/purchasing of wood would be consistent over time.
Other relevant strategies that could assist in developing a wood-grown yeast protein
supply chain for aquafeed can be seen by studying the concerns denoted by stakeholders. A lack
of information was one concern, thus once again cementing the importance of communication.
Communication in this context would include informing stakeholders on the benefits and costs to
the use of yeast in salmon feed, as well as simply describing the process of yeast production, the
choice of yeast, and the sourcing of waste wood (the latter to aquaculture-related industries
only). Considering that at least one forestry industry member was interested in impacts on fish
health, these conversations should include members of the forestry industry who can contribute
waste wood for yeast production as well.
A number of the other concerns were also caused by a lack of information, much of
which is available and was discussed in previous sections of this thesis. Providing the previously
given information on the nutritional comparability and benefits of wood-grown yeast in relation
to current proteins can help alleviate the concerns among all stakeholders about impacts on fish
health. Similarly, noting how only inclusion levels of yeast above 20% can generate issues with
feed physical quality can address concerns about that aspect of changing proteins. Describing
both health benefits and the calculated cost reduction that comes with using wood-grown yeast as
an alternative protein to fish and feed producers at low inclusion levels can also satisfy these
stakeholders’ request for benefits beyond sustainability. The mention of the calculated
improvement of cost with the use of wood-grown yeast in comparison to current feeds and some
individual current proteins can also address these same stakeholders’ concerns about yeast cost
and competitiveness. Narrating to salmon and feed producers how there is a high availability of
waste wood for yeast production can also alleviate concerns about scalability. Finally, informing
waste wood producers about the consistency in the need for waste wood for yeast production
throughout the year for salmon aquaculture can remedy this particular stakeholder group’s
concern about the market being available year-round.
As meeting sustainability standards of seafood buyers, seafood distributors, and farmers,
as well as safety and ingredient standards of the FDA, were cited as other concerns, research
needs to be done into what these standards are, and the yeast production process adjusted around
them, if need be. As part of this, producers of wood-grown yeast for protein in feed should
consider that some salmon farmers wish to avoid genetically modified feed ingredients.
Therefore, not only should care be taken to develop unmodified yeast proteins, but the concept of
developing a genetically modified yeast to act as a lipid source as well in place of fish oil, an
idea mentioned in the introduction, may simply be unfeasible for some companies who wish to
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feed their stock only organic lipids. The use of microalgae may therefore be a better option for
an alternative lipid source to fish oil for North American Atlantic salmon, as discussed in the
introduction, rather than yeast.
Moving to the remaining concerns, any issues in processing can be handled through
further research into improving processing methods. Storage of the yeast can be handled by
following the recommended 5% inclusion level in feed. Issues with competitiveness of woodgrown yeast compared to other yeasts used in aquafeed can be addressed through study of prices
of competing products and ways to maximize production efficiency. The latter can also assist in
reducing price compared to soymeal and poultry by-product meals, which were mentioned to be
cheaper. As for cost competitiveness with other potential waste-wood buyers, this can likewise
be accomplished by price negotiation with waste wood producers.
5.7. Study Limitations
Due in part to time constraints on this project, the data collected and any conclusions
drawn from that data as described should be treated with caution. Due to a small sample size for
each group of industry members that were contacted and some nonresponse even among
stakeholders that participated, readers must be careful in generalizing the thoughts, concerns, and
desired values for pricing of feed and wood to the subject industries as a whole, whether
generalizing to such groups across the country or within Maine. Overall, data from industry
members is lacking; this can be remedied by either a continuation or replication of this study in
the future outside of the time allowed for the current project, or simply by corresponding with
and asking the same or similar questions of stakeholders in the course of trying to establish
markets. As the latter was recommended by at least one industry member, that form of
communication may be desirable in any case.
Specifically concerning numerical values, some salmon production had to be
approximated due to nonresponse and privacy concerns. The percentage of SPC in feed was also
not given by participating salmon farmers or feed producers and had to be assumed based on
literature. Exact values for the cost of proteins within feed are also unknown as a result of this.
Exact value for the production of yeast from Maine waste wood is also unknown as the
calculation of costs contributing to the price of yeast other than the cost of waste wood came
from costs to production in Norway, and costs of “sales and development” were excluded, as in
the study from which the costs were extracted. It should also be noted that standard SPC levels
and yeast substitution levels in feed were based on a study involving salmon before and
immediately after smoltification, Sahlmann et al. (2019), but these formulas are assumed to be
used throughout grow-out in this study. However, the SPC inclusion level may be considered
reasonable as a similar inclusion level was used for salmon feed on average in Norway in 2016
(Aas et al., 2019), and feed companies based out of Norway such as Skretting also distribute to
the United States (Skretting, n.d.).
5.8. Areas of Future Research
Areas of future research that may be desirable to pursue are impacts of replacing fishmeal
and soy with yeast on variables that can be assessed through Life Cycle Analysis besides those
observed here, such as Primary Production Requirements. Environmental impacts of replacing
other protein sources such as poultry by-products and wheat gluten should be considered as well;
this could allow the environmental and cost impacts of inclusion levels of yeast above 8% to be
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assessed. Further work in general needs to be done in assessing the environmental impacts of
wood-grown yeast protein, as there are few studies that have done so, and in these cases the yeast
was not or not stated to be grown on wood. Assessment of environmental impact and cost
reduction benefits of using yeast as a protein substitute in salmon feed at larger scales, such as
the North American and global scales, as well as for other salmon-farming nations, also needs to
be done. This may require data on feed formulas and environmental impact of proteins from
different nations that is not currently available. Additionally, the environmental impacts of
switching from burning wood or paper production to using wood as a substrate for yeast growth
should also be studied, in order to grasp the environmental benefits or costs throughout the
supply chain, as opposed to just the effects on the level of impact of feed production.
Considering the equations for the combustion of glucose (FRAMES, 2017) and for the ethanol
fermentation of glucose (Masood, n.d.), there is a reduction in CO2 emissions by a factor of 3
when glucose is fermented anaerobically by yeast compared to when it is burned. However, how
fermentation and the rest of the wood-grown yeast protein production process compares to paper
production or other uses of waste wood in terms of GHG emissions needs to be further studied.
Research also needs to continue with the testing of wood-grown yeast for use as protein
in salmon feed. Work only appears to have been done with salmon up to the life stage
immediately following smoltification, and not older fish. Additionally, so far most of the work
in this area has been focused upon the yeast species Candida utilis, so the impacts of other
species, as well as differences in strain and processing methods, on areas of concern such as fish
health and pellet quality still need assessment. As mentioned by one feed producer, adjustments
to these factors could be significant for getting farmers and feed producers to accept a yeast
protein product due to different levels or types of benefit. Exploring species other than C. utilis is
also important because C. utilis cannot produce ethanol, and because it cannot do anaerobic
fermentation (Øverland and Skrede, 2017), it cannot perform a reduction in CO2 compared to
wood combustion, as aerobic fermentation generates just as much CO2 per mole of glucose
(Chang, 2011).
Furthermore, currently yeast grown from spruce wood has been the main form of woodgrown yeast tested. Other species of softwood need to be checked for differences in impact on
yeast growth and nutritional quality, as substrate can affect these (Solberg et al., 2021; Velásquez
et al., 2012). Hardwood as a substrate has also been limited in research, despite it containing
more cellulose and being easier to process, due to it being more difficult for yeast to use as
substrate (Solberg et al., 2021). Methods to improve its usability by yeast should be
investigated, as this would then open up the hardwood waste market to aquafeed production as
well, thus allowing for a greater supply of yeast and more of an opportunity to sell waste wood
for the forestry industry.
Studies documenting the thoughts of feed industry and Atlantic salmon aquaculture
industry members, as well as any other stakeholders involved in protein production processes,
should also be performed for other single-cell proteins and any other alternative proteins that are
developed or proposed. Additionally, such studies should be performed for the supply chains of
fed aquaculture other than Atlantic salmon. For Maine specifically, although Atlantic salmon is
the primary fed farmed species currently, other species may add to markets for alternative
proteins, including yeast proteins derived from Maine waste wood; for example, a yellowtail
kingfish farm is planned to be established in Jonesport, Maine (Maine DEP, n.d.), potentially
adding another buyer. The company would also assist in the diversification of Maine’s
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aquaculture industry. This company was not contacted, as only one study appears to have been
done where yeast protein was tested on kingfish, and in that case, the yeast was not grown on
wood substrate and was only tested at a low inclusion level of <2%; furthermore, only juvenile
kingfish were used (Juárez et al., 2021). This demonstrates that research involving wood-grown
yeast protein’s impact on various farmable species should also be expanded; such experimental
work must be performed before approaching companies raising such untested species to obtain
their thoughts on the alternative protein.
All of the above recommended studies should also be performed for wood-grown
microalgae that can be used as a lipid source for aquafeed, since as mentioned, this has
undergone limited study and could provide an additional waste wood market. No assessment of
the environmental impacts or stakeholder perspectives regarding microalgae for lipids in
aquafeed has been undertaken. The same could be said of microalgae as a protein as well, but
this will have to undergo basic testing for use in salmon feed still.

6. Conclusion
Based on quantitative data provided by relevant stakeholders, use of wood-grown yeast
as a protein in Atlantic salmon feed for Maine farmed salmon in the near future is feasible. It
can also provide benefits to the aquaculture and Maine forestry industries, therefore giving it
competitive potential. The best option currently appears to be a 5% inclusion level of yeast in
feed substituting for fishmeal and SPC. A 5% inclusion of yeast meets feed producer
recommendations for inclusion levels, and when it substitutes for 29% of forage fish meal and
15% of SPC, this inclusion level of yeast can reduce forage fish capture, land use for agriculture,
and greenhouse gas and acidifying emissions that result from the pursuit of proteins for
aquafeed, with reductions from 8-29% in each area. Costs to produce and purchase feed can also
be reduced, with cost of proteins decreased by nearly 8%. The wood demands of the 5% yeast
feed formula can also add a significant new purchaser to the waste softwood market for at least
some Maine sawmills. However, Atlantic salmon aquaculture as a buyer would still be small in
comparison to the total amount of waste softwood in Maine. Higher inclusion levels of yeast can
increase waste wood consumption and therefore benefit to the Maine forestry industry, but would
exceed feed producers’ desired inclusion levels, leading to issues such as requiring construction
of more storage space for feed ingredients. Therefore, the best option appears to be low
inclusion levels for multiple reasons, at least until feed producers consider higher inclusion levels
to be a good investment despite storage requirements. Increasing the scale of the production of
such yeast-containing feed, especially to the global salmon aquaculture level, would also
increase wood consumption, but data on the resulting environmental impact and cost effects at
these scales is still needed.
In addition to such yeast inclusion being mathematically possible and beneficial,
stakeholders of aquafeed production and Maine salmon aquaculture are generally open to the
concept of wood-grown yeast as a protein, or at least the overall idea of alternatives to current
proteins. Additionally, stakeholders in Maine sawmills are open to the idea of selling their waste
wood to yeast production for aquafeed. Benefits to aquaculture’s sustainability and fish health,
as well as financial benefits to both aquaculture and forestry, were seen by stakeholders. There
were more types of concerns listed than benefits, however. Some concerns were about potential
negative impacts to industries, such as negative effects on fish growth, but most involved
obstacles to getting the proposed protein off the ground, such as ensuring cost is competitive.
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Considering the areas of concern and strategies suggested by stakeholders to mitigate concern
and successfully move forward with the establishment of a yeast protein production supply chain
using waste wood from Maine for farmed Atlantic salmon, the following steps are recommended
to those attempting to establish such a product:
1) Outline risks early and study ways to combat these risks, including methods to maximize
safety and benefits of yeast for fish and taste of fish
2) Study pricing of competing proteins and yeasts used in aquafeed, and of competing uses
of waste wood, and perform research to make yeast production more cost-effective
3) Create and maintain communications with all stakeholders, including feed producers,
salmon farmers, and waste wood suppliers
4) Work to discover and meet standards of various stakeholders, including those groups who
participated in this study as well as seafood distributors, consumers, and regulators
5) Give all stakeholders an overview of the wood-grown yeast production process and safety
of such yeast for fish
6) Inform salmon and aquafeed producers on the various pros and cons of wood-grown
yeast concerning feed cost, fish health, and environmental impact, as well as on the high
availability of wood for yeast production, and inform waste wood producers on the ability
of aquafeed to provide a consistent market for their waste wood
7) Create written financial assurances to demonstrate to wood suppliers that payment for
wood will be reasonable and that the market for wood will operate consistently
throughout the year
8) Keep yeast inclusion rate low (around 5% of feed weight) initially
The following of these recommendations could support the establishment of an industry
producing wood-grown yeast protein for salmon feed and thereby, as concluded in this thesis,
assist the US aquaculture and Maine forestry industry in multiple ways through “surf and turf
mutualism.”

7. Impact Statement
This thesis provides an analysis of a strategy that could be used to better both the Maine
forest products and aquaculture industries. Using waste wood to produce yeast for aquaculture
feed can provide buyers for waste wood in place of the paper mills and biomass plants that have
closed, bringing income. For the aquaculture industry, this method could be used to reduce the
impact of the fishmeal shortage and fishmeal’s price instability as well as environmental impact
in terms of the loss of forage fish populations, which could affect populations of various species
via predator-prey or other relationships, and impact from farming of crops used as protein in
aquafeed. With less ecosystem impact, the interests of those who depend on the marine and
terrestrial resources influenced by aquafeed protein production are protected. Reducing
environmental impact could also help bring much-needed support for aquaculture.
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9. Appendix: Survey/Interview Questions
Questions for salmon farmers (If farm is not established in Maine or Eastern Canada, skip to
question 2):
1. What do you anticipate your annual production to be in the near future in metric tons? (If
farm is not yet running, skip to question 8 after completing question 1).
2. What is the cost of one metric ton of the feed you use on average? Does this cost
fluctuate?
3. What sort of proteins do you provide your fish in their feed? What percent of your
aquafeed(s) is fishmeal? Other proteins?
4. Have you made or considered making any changes to the types of proteins you use?
Why/why not? (If not, skip to question 7).
5. Referring to question 4, if so, in what way(s), and if particular substitutes were chosen or
considered, why were they chosen or considered?
6. Have you faced any challenges to substituting proteins? If so, what were/are they?
7. What is a competitive price for feed using alternative proteins for some of the protein
content?
8. Would you be interested in purchasing aquafeed containing yeast grown from waste
wood as a major protein source? Why/why not?
9. Do you have any other thoughts about this type of protein? If so, what are they? (If not,
ignore question 10).
10. Do you have any ideas for strategies that could mitigate any concerns or further increase
any benefits you mentioned in question 9?
Questions for aquafeed producers:
1. What is the cost to produce one metric ton of the Atlantic salmon feed you sell on
average (or ingredients if individual ingredients are sold)? Does this cost fluctuate?
2. Have you made or considered making any changes to the types of proteins you use in
Atlantic salmon feed? Why/why not? (If not, skip to question 5).
3. Referring to question 2, if so, in what way(s), and if particular substitutes were chosen or
considered, why were they chosen or considered?
4. Have you faced any challenges to substituting proteins in Atlantic salmon feed? If so,
what were/are they?
5. What is a competitive price for alternative proteins? What proteins are most likely to be
replaced? What would be the likely inclusion percentage of alternatives?
6. Would you be interested in purchasing yeast grown from waste wood to use as a major
protein source in Atlantic salmon feed and building the infrastructure necessary for its
use in feed? Why/why not?
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7. Do you have any other thoughts about this type of protein? If so, what are they? (If not,
ignore question 8).
8. Do you have any ideas for strategies that could mitigate any concerns or further increase
any benefits you mentioned in question 7?
Questions for forestry industry:
1. What is the current market for your waste wood like?
2. How much waste softwood do you produce in one year? How much is sold?
3. Were you aware that softwood can be used to grow yeast? That yeast can be used for feed
on fish farms?
4. Would you be interested in selling any of your wood to yeast production for aquafeed? If
so, considering your other buyers, how much volume would you be willing to sell to
yeast production for aquafeed? What price would you expect for waste wood used for
yeast production for aquafeed?
5. What, if any, concerns do you have or benefits do you see in selling your waste wood for
yeast production for aquafeed?
6.
7. Do you have any ideas for strategies that could mitigate those concerns or further
increase those benefits?
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