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Allied Workers Union, St. John's, NL, Canada, *Northwest Atlantic Fisheries Centre, Fisheries and
Oceans Canada, St. John's, NL, Canada

Introduction: On the Newfoundland-Labrador Shelf, Canada, capelin (Mallotus
villosus) is a key forage fish that migrates annually from offshore to spawn
within coastal embayments. Although capelin are thought to primarily spawn
on beaches in this region, they also spawn subtidally in deeper water (5-40 m),
where their eggs remain throughout incubation. The spatial extent of subtidal
(i.e. "deep-water”) spawning habitat in coastal Newfoundland is unknown and is
a research priority for fishers and management.

Methods: We collaborated with capelin fishers to identify putative deep-water
spawning sites as a first step in determining the contribution of deep-water
spawning to capelin recruitment. Given limited fine-scale coastal bathymetry
and seabed habitat type data, which impeded spatial modeling to determine
suitable capelin spawning habitat, this science-industry research collaboration
was key to addressing this knowledge gap.

Results: Through two years of multi-bay fisher interviews, 84% of interviewed
fishers (56 interviewees) reported having observed deep-water spawning and
identified a broad distribution of putative spawning sites throughout coastal
Newfoundland. The majority of fishers indicated inter-annual variation in beach
and deep-water spawning habitat use, and most interviewees linked this
variation to temperature and capelin abundance. Further collaborations with
fishers during boat-based surveys, we sampled 136 unique sites within 12
search areas in eastern Placentia Bay and 26 unique sites within six search areas
in Bonavista Bay. Underwater video surveys combined with sediment sampling
revealed seven previously undocumented deep-water spawning sites.

Conclusion: The deep-water spawning areas derived from these fisher interviews
can now be used to build a time series for monitoring capelin spawning habitat use
alongside citizen-based beach monitoring data, as a general capelin stock health
indicator in a weight of evidence approach for the science advisory process.

KEYWORDS

fishers’ knowledge research, collaborative research, Newfoundland (Canada), Capelin
(Mallotus villosus), knowledge co-creation, fishers’ knowledge
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Introduction

Many marine systems are described as wasp-waist, whereby
energy flow to the higher trophic level is funneled through
one or a few forage species at the intermediate trophic level
(Bakun, 2006). Thus, alterations in the distributional and density
patterns of these forage species can affect marine food webs in
unpredictable ways (Coll et al,, 2008; Pikitch et al, 2012).
Capelin (Mallotus villosus) is a key forage fish species in the
Northwest Atlantic that functions as the primary wasp-waist
species, or link, between lower and higher trophic levels
(Lavigne, 1996; Carscadden and Vilhjalmsson, 2002). In
coastal Newfoundland, spawning capelin abundance and
distribution directly impact the density and distributional
patterns of marine mammals (Whitehead and Carscadden,
1985; Johnson and Davoren, 2021), Atlantic cod (Gadus
morhua; Rose and O’Driscoll, 2002), and seabirds (Carscadden
et al.,, 2002; Davoren and Montevecchi, 2003; Davoren, 2013a).
However, in the early 1990s, the capelin population on the
Newfoundland Shelf (Northwest Atlantic Fisheries Organization
[NAFO] Divisions 2J3KL) crashed from a high of 2-6 million
tons (Mt) pre-1991 to 0.03-1.0 Mt for the subsequent three
decades, reaching an all-time low in 2010 at ~1% of pre-1991
levels (Buren et al., 2014; DFO, 2015). Further, since 1991 there
have been minimal signs of recovery (Buren et al., 2019).

Maturing capelin undergo an annual migration from
offshore waters to spawn within coastal embayments of
Newfoundland and southern Labrador, with beaches
considered the primary spawning habitat in coastal regions
(Nakashima and Wheeler, 2002). There are, however,
historical reports in this region of capelin spawning at subtidal
sites in deeper water (< 50 m; hereafter referred to as ‘deep-water
sites’ Templeman, 1948). These early records included reports of
capelin spawn on traps, trawls and nets from other fisheries and
on anchors from 5-45 m depth (Templeman, 1948). Since the
early 2000s, deep-water spawning sites have been located and
scientifically monitored on an annual basis in Trinity Bay
(Nakashima and Wheeler, 2002) and Notre Dame Bay
(Davoren et al., 2008) and researchers have studied a variety
of topics, including spawning habitat selection (Davoren, 2013b;
Crook et al.,, 2017), genetic divergence between beach and deep-
water spawners (Penton et al., 2014; Kenchington et al., 2015),
and connectivity between spawning habitats (Davoren and
Halden, 2014; Davoren et al., 2015), as well as among
embayments (Tripp et al, 2020). In particular, recent studies
have shown temperature-dependent shifts between subtidal and
intertidal habitats, which results in high inter-annual variation
in spawning site use within regions (Davoren, 2013b; Crook
et al, 2017). These findings support Templeman's (1948)
hypothesis that capelin select between these two spawning
habitats based on water temperature, occupying warmer beach
habitat in years of cooler water and shifting to deep-water
habitat in warmer years. Based on observations of abnormal
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egg development and low larval emergence at deep-water
spawning sites in Trinity Bay, Nakashima and Wheeler (2002)
inferred that larval production from this habitat would be
limited. More recent studies, however, have shown that both
spawning habitats have similar egg densities, temperature-
dependent egg development (Penton et al., 2012) and produce
larvae in good condition (Penton and Davoren, 2008). Although
fishers have reported that deep-water spawning has become
more prevalent since 1994 (Nakashima and Clark, 1999) and
persistently urge fisheries scientists to quantify the productivity
of this habitat (Dawe and Carruthers, 2019), little is currently
known about the relative contribution of deep-water and
beach habitats to population-level capelin recruitment
(Davoren et al., 2008), partly because the province-wide spatial
extent of these coastal deep-water spawning sites is unknown.

As capelin typically spawn subtidally in small patches of
suitable sediment (0.5-25 mm; Templeman, 1948; Nakashima
and Wheeler, 2002; Davoren et al., 2008; Penton et al., 2012;
Penton and Davoren, 2013) within a limited temperature range
(2-12°C; Carscadden et al., 1989; Davoren, 2013b; Crook et al.,
2017), modeling the spatial extent of this habitat in coastal
Newfoundland requires both fine-scale (< 100 m) bathymetry
and seabed habitat information within the 50 m contour, which is
typically within suitable temperature ranges for capelin spawning
(Davoren et al., 2006). Unfortunately, both data types have limited
spatial coverage within coastal Newfoundland. Therefore, we
aimed to collaborate with capelin fishers to identify potential
deep-water spawning areas. Fishers” knowledge (FK) research and,
more broadly, Local and Traditional Ecological Knowledge (LEK
& TEK), can provide information on species beyond the scope of
ongoing scientific observations (e.g., Neis et al., 1999; Silvano et al,,
2006; Martinez-Levasseur et al., 2017). In coastal Newfoundland,
a long-standing commercial capelin roe fishery occurs during
their spawning season with a 100% utilization of both male and
female fish since 2006, so fishers collect pre-season samples to
determine sex ratios of the schools, female size and roe content
(DFO, 2022a). The focus on roe results in an intensive observation
window by fishers during spawning which leads to extensive LEK
on the location, timing, and duration of beach and deep-water
spawning. Additionally, capelin deep-water spawning may
overlap with traditional fishing grounds for other species such
as cod. Incorporating such fishers’ knowledge has increased our
understanding of capelin stock dynamics and ecology in the past
(DFO, 1997; Neis and Morris, 2002). In support, FK of other fish
stocks has challenged the results/conclusions of stock assessments
(e.g., Neis et al.,, 1999; Hutchings and Ferguson, 2000) and has
documented spawning components (e.g., Ames, 2004; DeCelles
et al,, 2017) as well as fish migration and feeding patterns (e.g.,
Fraser et al., 2006; Silvano et al., 2006) that either differed from or
were not previously documented by fisheries science.

To identify the number and location of deep-water capelin
spawning sites throughout the south and east coasts of
Newfoundland, we used structured interviews in 2018 and
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2019 to document capelin fishers’ knowledge of deep-water
spawning areas and then, using information recorded during
these interviews, we worked with capelin fishers during boat-
based surveys to locate deep-water spawning sites during the
2019 spawning season. We focused our boat-based research
surveys on only Bonavista and Placentia bays due to previous
knowledge on potential deep-water spawning sites (Placentia
Bay, Sjare et al., 2003) and encouragement by fishers based on
the economic importance of the local capelin fishery (Bonavista
Bay, DFO, 2022a). These bays also represent two different
capelin stocks (Placentia Bay: 3Ps; Bonavista Bay: 2J3KL), one
of which (3Ps) has a paucity of data. Fisher knowledge interviews
were also used to assess inter-annual shifts in the use of beach
and deep-water spawning sites, as well as to identify factors likely
influencing these shifts in habitat use. Our ultimate goal was to
map fishers’ knowledge of the spatial extent of deep-water
spawning sites to serve as an important first step in
quantifying the contribution of deep-water spawning habitat
to capelin recruitment dynamics and to complement ongoing
work examining the productivity of capelin spawning habitats
(Penton et al., 2012; Davoren et al., 2015) and regions
(Tripp et al., 2020) as well as environmental drivers of capelin
recruitment (Murphy et al, 2018; Lewis et al., 2019). The
results from our study address a research priority for fishers,
thereby strengthening fisher-science advisor relationships,
and have the potential to be used in the assessment of the
stock alongside a citizen-based beach monitoring time series
(Murphy, 2022).

Materials and methods
Interview design

We asked capelin fishers a series of questions during in-
person interviews. Researcher (ND) from the Fish, Food and
Allied Workers Union (FFAW) conducted interviews during
January-February 2019 (26 interviewees) in Conception,
Trinity, Bonavista, Notre Dame, and White bays, and
researcher (LB) from the University of Manitoba conducted
interviews during August 2018 in eastern Placentia Bay, St.
Mary’s Bay and Southern Avalon (22 interviewees), and July-
August 2019 in eastern and western Placentia Bay (19
interviewees). Interview questions were based on an interview
template previously used to investigate changes in capelin
biology and behavior (Sjare et al., 2003; Table S1). The
primary purpose of the interviews was to obtain information
on the spatial locations of capelin beach and deep-water
spawning activity, while the secondary purpose was to obtain
information on the inter-annual changes in use of spawning
habitats, as well as factors likely influencing these changes. We
identified interviewees by recruitment at the wharf, during
which we asked fishers present who in the area had the most
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experience fishing capelin. Long-time fishers were
recommended by their peers as “experts”, that is, particularly
knowledgeable representatives of their fleet sector and region
(e.g. Davis and Wagner, 2003). We identified additional
interviewees using snowball sampling (i.e. asking interviewees
to recommend other fishers; e.g. Gunderson and Watson, 2007).
Other fishers were recommended for interviews based on their
length of time in the fishery (range 8-65 years), fleet sector (fixed
or mobile), and region.

We asked interviewees if they knew whether capelin
spawned on beaches and/or in deep water currently or
historically. Deep-water spawning was defined as subtidal
spawning that is not contiguous with a beach or a beach
spawning site. We also asked interviewees how they knew
deep-water spawning occurred (see Table SI for specific
questions). Physical evidence of deep-water spawning included
the presence of capelin eggs adhered to fishing gear (e.g., nets,
traps, pots) and capelin spawning visually observed on the
seabed in < 5 m depth. Supplemental non-physical evidence
that fishers stated to aid in identifying deep-water spawning
areas included ‘heard from others’, ‘bird and whale activity’, and
‘aggregations of capelin’ including deep-water spawning
behavior observed on echosounders (i.e. stationary
aggregations of seabed-associated shoals that were confirmed
to be capelin during fishing). Finally, we asked interviewees to
draw the location(s) of beach and deep-water spawning on a
nautical chart and to only provide information on deep-water
spawning locations that were based on physical evidence. These
areas identified as putative deep-water spawning areas based on
physical evidence (hereafter referred to as ‘putative areas’) were
later converted to centroid points for standardization and used
to inform boat-based sampling (see below).

As we were also interested in inter-annual changes in the use
of beach and deep-water spawning areas, along with fishers’
understanding of factors likely influencing changes in habitat
use, we also asked questions related to changes in the timing of
spawning, area use, and the duration of spawning at known
spawning areas (see Table S1 for specific questions).

Boat-based sampling

As there is high inter-annual variation in the timing of the
first day of capelin spawning (3-6 weeks; Crook et al., 2017), the
timing of spawning from interviews (in previous years) was not
used to determine the initiation of boat-based sampling. Instead,
prior to boat-based sampling, we regularly monitored citizen-
science social media platforms, including Twitter (#CapelinRoll)
and www.ecapelin.ca, where beach spawning observations are
posted, to ensure that we began boat-based surveys after capelin
had begun beach spawning. This minimized the chances of
sampling before deep-water spawning had commenced.
Additionally, when spawning at beaches was reported on

frontiersin.org


http://www.ecapelin.ca
https://doi.org/10.3389/fmars.2022.1061689
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Bliss et al.

social media, we sampled them and other nearby beach sites at
least once to verify capelin had started spawning. Specifically, we
carefully examined beach sediment for adherent eggs and, when
eggs were present, we placed the sediment/egg sample into a 20
mL glass scintillation vial with Stockard’s Solution (50 mL
formaldehyde, 37% solution; 40 mL glacial acetic acid; 60 mL
glycerin; 850 mL sea water). Samples of 50-100 eggs from each
site. were then examined under a dissecting microscopic
(Olympus SZX7) to quantify the number of eggs within six
stages of development (as described in Frank and Leggett, 1981;
see methods in Penton et al., 2012). The presence of eggs in early
developmental stages (Stage I & II) was used to indicate current
and recent spawning activity (i.e. 1-5 days, depending on site-
specific temperature), whereas later stages (Stages III-VI)
indicated spawning activity many days prior to sampling.

To search for deep-water capelin spawning areas, we
chartered local fishers for boat-based sampling during July-
August 2019. A standard-sized rectangle (4.6 km by 2.3 km) was
drawn around the centroid of each putative deep-water
spawning area indicated by capelin fishers during interviews.
The standardized rectangle size was based on the largest area
indicated by an interviewee. If more than one rectangle
overlapped, we replaced the overlapping rectangles with a
single rectangle which was arranged to cover the area of
highest spatial overlap. As the purpose of the interviews was to
identify areas in which to search for capelin deep-water
spawning, we called these rectangles ‘search areas’. As we did
not have fine-scale (< 100 m) bathymetry or seabed habitat type
data to refine the search area based on suitable capelin spawning
habitat, we used ArcMap 10.3.1 to generate 10 random sites
within each search area. The random sites within a search area
were at least 500 m apart, based on the size of the sampling vessel
(6 m) and expected drift to reduce the risk of resampling another
randomly generated site. Other sites (hereafter referred to as
‘adaptive sites’) were added within a search area or outside a
search area if we saw evidence suggesting a nearby capelin
spawning site while at sea (i.e., dead male capelin on the
seabed; stunned, solitary males in the water column; capelin
schools on an echosounder or observed from the surface;
abundant foraging seabirds and/or whales). All random and
adaptive sites were examined carefully regardless of whether they
had suitable spawning sediment (0.5-25 mm, Penton and
Davoren, 2012), as capelin are also known to spawn on
suitable algal species in areas dominated by bedrock in coastal
Newfoundland (Bliss and Davoren, 2021).

At each random and adaptive site, we first deployed
underwater video cameras to visually determine the presence/
absence of capelin eggs. These surveys were conducted during
daylight hours, although capelin spawn in both daylight and
dark. Underwater video cameras (GoPro Hero 7) were attached
to a metal frame (meshless whelk or crab pot), along with a
temperature logger (Hoskin Scientific Limited Waterproof
TidbiT v2 temperature logger or Star-Oddi DST) that
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measured temperature every 5-60 s throughout each
deployment. The metal frame was lowered to the seabed and
left at the bottom for three minutes (‘stationary survey’), during
which video footage was continuously recorded. At each site,
bottom temperature was characterized by averaging
measurements after temperature stabilized at depth. In
Placentia Bay only, the metal frame was subsequently lifted ~1
m off the seabed and allowed to drift for up to 250 m (‘drift
survey’) to explore more of the adjacent seabed for the presence
of capelin eggs. When eggs were determined to be visually
present or when egg presence/absence was uncertain, we
sampled the sediment using a 15-cm® Ponar Grab system or a
dredge, which consisted of a metal pipe (diameter: 11.4 cm;
length [top]: 39.4 cm; length [bottom]: 47 cm) with 150-pum
mesh at one end. We identified eggs from sediment samples
obtained from deep-water sites as capelin eggs based on egg size
and colour (Fridgeirsson, 1976), and compared these eggs to
reference capelin egg samples collected from active capelin beach
spawning sites. Additionally, we quantified the primary stage of
egg development from each sample (described above).

Ethical statement

Animal: The care and use of experimental animals complied
with Canadian Council of Animal Care animal welfare laws,
guidelines and policies as approved by Canadian Council of
Animal Care (Protocol: F16-017).

Human: When we contacted fishers, and before each
interview, we described project objectives and how the data
would be used, thereby providing the information needed for
free and informed consent. Additionally, all interviews were
randomly assigned a unique alpha-numeric identifier to ensure
anonymity (e.g., Al, B6, F15). We adhered to national ethical
research guidelines (e.g., TCPS2 2018), ensuring confidentiality
and privacy was protected. Interviews lasted 0.5-3 h, and we
recorded responses on prepared interview sheets.

Results
Interviews

Over two years (2018, 2019), we interviewed a total of 67
former or current capelin fishers along the southern and eastern
Newfoundland coasts (Figure 1). In 2018, interviewees across all
regions (22 interviewees) on average had 34 years (range: 8-65
years) of fishing experience, which was similar to 2019 (45
interviewees; average: 40 years; range: 19-60 years). During
exploratory analysis, we found fishing experience did not affect
the number of capelin spawning areas reported, likely because
we targeted community ‘experts’, and thus, the average
interviewee had experience fishing capelin before the stock
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FIGURE 1

Capelin fishing areas (FA; fishing areas delineated by dashed
black lines) covered by interviews of capelin fishers, along with
the number of interviewees residing in each fishing area and the
year interviews were conducted indicated in parentheses.

collapsed (i.e. pre-1991). In 2018, 19/22 interviewees across all
regions said that capelin spawn in deep water and 5/19 referred
to these areas as “capelin holes” (described as bathymetric
depressions); 13/19 indicated one or more deep-water areas on
a map. In 2019, the majority of interviewees in all regions (37/
45) said that capelin spawn in deep water and 34/37 indicated
one or more deep-water areas on a map. Many fishers were not
surprised to be asked about the importance of deep-water
spawning and clearly had years of experience observing it:

“If they don’t hit the beach [to spawn], they’re offshore
[spawning]. Now I believe that’s a common occurrence.” (A1)

The interviewed fishers in 2018 and 2019 that reported
capelin spawning in deep water (56/67), noted that this
knowledge was based on one or more types of information.
Fishers that indicated locations of deep-water spawning areas
primarily reported observing capelin eggs adhered to their
fishing gear, including on trawl foot gear, cod gillnets,
lumpfish nets or on crab and lobster pots or visual
observations of capelin eggs on the seabed. This physical
evidence was often supplemented by non-physical evidence
based on observations: the location of capelin spawning
behavior as observed on echosounders (8 interviewees; see
quotes A2, J7, and F2 below), occurrence of post-spawning
capelin and/or capelin eggs in cod stomachs (4), persistent
aggregations of whales and gulls during the spawning season
(4), and information from other fishers (3). For example:

“When they [capelin] are flat on the bottom, they are spawning
and if you put a net there it will be covered by spawn.” (A2)

“See them [capelin] on sounders when they are flat on the
bottom. They are spawning. If [you] put a net there [it will be]
full of spawn.” (J7)
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“[If you] see spawn on the gear [you will] see them on the
sounder they stay on the bottom for days.” (F2)

As the capelin spawning migration typically moves
northward up the coast of the island, with capelin spawning
first in southern bays and subsequently spawn in northern bays
as the season progresses (Johnson and Davoren, 2021), many
fishers harvest capelin in multiple capelin fishing areas (FA;
shown in Figure 1) within a single season. Therefore, our
interviewees often identified more than one deep-water
spawning location in bays other than their bay of residence.
Interviewees identified 101 putative deep-water spawning areas
and 193 putative beach spawning areas across eight FAs (see
centroids in Figure 2). Due to limited ship time, we focused on
13 putative deep-water spawning areas in eastern Placentia Bay
and seven in southern Bonavista Bay. Most search areas in
Placentia and Bonavista bays contained a single putative area,
with the exception of search areas three (two putative areas) and
nine (two putative areas; Figure 3). Therefore, a total of 18 search
areas (4.6 km by 2.3 km rectangles) were established for both
bays (see rectangle search areas in Figure 3).

In Placentia Bay, the 12 search areas overlapped with all five
of the areas previously indicated as important areas for capelin
spawning (i.e., St. Lawrence, Marystown/Burin, Swift Current,
Placentia, and Cape St. Mary’s; Sjare et al., 2003) based on fisher
interviews (see black ellipses in Figure 2B). Out of the 41
interviewees that indicated deep-water spawning areas in
Placentia Bay on a map, 10 interviewees identified putative
areas < 5 km from Cape St. Mary’s Ecological Reserve as
important for capelin deep-water spawning, seven identified
areas near Placentia, six identified areas in Marystown/Burin,
and three identified areas in St. Lawrence. Only two of the 41
interviewees had knowledge about deep-water capelin spawning
in the Swift Current area (Figure 2B). Fishers also identified
putative deep-water spawning areas that have been scientifically
documented and monitored along the northeast coast (Penton
and Davoren, 2012; Figure 2A, red circles) and six of the putative
deep-water spawning areas were within 3.5 km of long-term
scientifically monitored deep-water spawning sites in Trinity
Bay (red circles; Figure 2B; Nakashima and Wheeler, 2002).

In all bays across both years, 31 of the 56 interviewees who
said that capelin spawn in deep water also said that capelin
shifted between beach and nearby deep-water habitats within
bays annually or on a decadal scale. Eighteen of the 31
interviewees identified factors associated with these shifts: 2/18
suggested the abundance of capelin and 17/18 indicated
temperature as the primary factor causing the shift between
spawning habitats. For example:

“Temperature has all to do with it. Capelin don’t have to
come into the land to spawn. If the temperature is right in 20
fathoms of water, they’ll spawn in 20 fathoms of water.” (B1)
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The centroids of putative beach (193; black X symbol) and deep-water (101; black circles) spawning areas identified by interviewees, along with
areas previously suggested as important for capelin deep-water spawning by archived fisher interviews in Placentia Bay (black ellipses; based on
Sjare et al., 2003), other known and scientifically monitored deep-water spawning sites (16 red circles; based on Nakashima and Wheeler, 2002
and Penton and Davoren, (2012) and beach spawning sites (10; red X symbol). Panel (A) (left): Capelin fishing areas 3—-5; Panel (B) (right): Capelin

fishing areas 6-10

“Temperature has to do with everything. When and where
they spawn. [If the] temperature [is] not right by the shore -
[capelin will] spawn where the temperature is right.” (B2)

“More capelin spawn in the water now than on beaches.
[Capelin] spawned more on beaches in the 1980s. Has to do with
the water temperature.” (B3)

Fishers were interviewed along the northeast coast in early
2019, following the 2018 capelin spawning season, which was earlier
and more broadly distributed than 2016 and 2017 (DFO, 2021).
Among interviewed fishers on the northeast coast who compared
2018 spawning activity to recent years, almost all (17/18) reported
an increase in the amount of spawning capelin and/or the number
of spawning locations during 2018 relative to recent years.

Boat-based sampling

To confirm capelin were actively spawning prior to or during
boat-based sampling during July 2019, we sampled beach sites for
capelin spawning in Placentia Bay (three sites), Bonavista Bay (five
sites), and nearby beaches along the coast of the Southern Avalon
Peninsula (five sites) of Newfoundland (Table 1). In three out of the
five initial beach sediment samples from sites in Bonavista Bay, the
presence of capelin eggs in later developmental stages (i.e. Stage ITI-
VI; Table 1) indicated that capelin had begun spawning prior to the
initial egg sampling date. Similarly, both of the initial beach egg
samples in western and eastern Placentia Bay were primarily in later
developmental stages, while eggs in early developmental stages (i.e.
Stage I-II) in later egg samples from the beaches indicated
continued spawning or a second spawning run (Table 1).
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After confirming the presence of spawning capelin in the bays
of interest, we sampled for capelin eggs at putative deep-water
spawning areas using an underwater camera and/or a bottom
grab/dredge at a total of 136 unique sites within 12 search areas in
eastern Placentia Bay (Jul 16, 20, 21, 23, 25, 27 and Aug 6, 7, 9, 10,
11, 15) and 26 unique sites within six search areas in Bonavista
Bay (Aug 9, 10, 11, 14, 19, 20). These sites included randomly-
generated sites (141 sites) and adaptive sites based on evidence of
capelin spawning while at sea (21 sites; see methods). We found
seven deep-water capelin spawning sites within two search areas
(search area 6 in Bonavista Bay; search area 17 in Placentia Bay;
Figure 3). These sites were identified from underwater footage
based on the presence of dense mats of yellowish fish eggs adhered
to gravel/sand, pebbles, or algae (Bliss and Davoren, 2021) which
were later confirmed to be capelin eggs. Although dead and live
capelin were observed at some of these sites, capelin in the act of
spawning were not seen on the video footage. Even though
spawning behavior was not directly observed during these
surveys, a thorough search of areas adjacent to where capelin
eggs were found did not reveal any other egg patches at nearby
subtidal or beach sites (Bliss and Davoren, 2021). Overall, we
sampled eggs from two of the three deep-water spawning sites
located in Placentia Bay and each of the four sites located in
Bonavista Bay (Table 2). All seven of these deep-water sites were
non-contiguous with the beach, with site-specific depths ranging
from 6.1-13.9 m and temperatures ranging from 3.0-15.6°C at the
time of egg sampling (Table 2). We measured temperature at the
Placentia Bay deep-water spawning sites three times from 20 July
to 11 August and the temperature increased at both sites by a
maximum of 6.6°C (Table 2).
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FIGURE 3

Boat-based search areas (18 areas; rectangles) based on putative deep-water spawning areas identified by interviewees, along with random and
adaptive sites (162; black circles), where underwater camera surveys and sediment sampling for capelin spawning (i.e. presence of capelin eggs)
were conducted during July—August 2019. Beach sites (21; red X symbol) and deep-water sites where capelin eggs were found (7; orange circles)
during July 2019 are also indicated. Panel (A) (left): Bonavista Bay, capelin fishing area 5. Panel (B) (right): Placentia Bay, capelin fishing area 10.

Discussion

During two years of capelin fisher interviews in multiple bays,
we found that 84% of interviewed fishers reported knowledge of
deep-water spawning, and interviewed fishers identified a broad
distribution of putative beach and deep-water spawning sites
throughout coastal Newfoundland. Fifty-five percent of fishers
indicated inter-annual variation in spawning habitat use;
most linked this variation to temperature and some to capelin
abundance. By comparing our fisher interview results with
similar archived interviews from Placentia Bay in the 1990s
(Sjare et al., 2003), fishers identified many of the same deep-
water spawning locations in 2018-2019 as in the 1990s. Although
the spatial scope of the knowledge of 67 fishers on deep-water and
beach spawning spanned across eight bays and two stocks (3Ps,
2J3KL) in coastal Newfoundland, other ecological areas of
interest were not covered by our interviews (e.g., Fogo island)
and/or boat-based sampling (e.g., Swift Current). We recommend
that these areas are considered a priority for further investigation
via interviews and boat-based surveys. Based on the high
proportion of fishers that identified deep-water spawning areas
in this study (56/67) and previous research (Templeman, 1948;
Sjare et al.,, 2003), we conclude that future research may find that
deep-water spawning of capelin is widespread throughout
coastal Newfoundland.

Although multiple deep-water spawning sites were located that
were not previously scientifically documented, we identified active
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spawning sites during boat-based surveys in only 2 out of the 18
surveyed fisher-interview-based search areas. This result may
indicate a disadvantage to using fisher knowledge contributions
to inform the location of deep-water spawning sites; however,
the low proportion of search areas with active spawning sites may
have been due to a number of other reasons. First, as suitable
habitat for deep-water spawning can be patchily distributed and
suitable patches may be small (Davoren et al., 2008; Penton and
Davoren, 2012; Davoren, 2013a; Bliss and Davoren, 2021), active
sites may have simply been missed during our boat-based surveys.
Second, suitable sediment may be ephemeral at flat sites among
years (Penton and Davoren, 2012) and, thus, interviewees may
have outlined areas that are no longer suitable for spawning
capelin. In contrast, annually persistent deep-water capelin
spawning sites are typically found in bathymetric depressions,
referred to as “capelin holes” by fishers in this study, where
suitable sediment is retained (Penton and Davoren, 2012). Third,
the timing of our boat-based surveys began after the start of
capelin spawning in both bays. As high abundances of seabirds
and whales aggregate at capelin spawning sites during spawning
(i.e. multi-species biological hotspots; Davoren, 2013a), they are
more easily identified from observations at the ocean surface.
If spawning was complete in an area before we began our boat-
based surveys, reduced predator activity would make capelin
spawning sites more difficult to locate.

Another explanation for the low proportion of active deep-
water spawning sites within search areas may be related to inter-
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TABLE 1 Beach capelin egg sampling in Newfoundland during July and August 2019 indicating the sampling location, date and the percentage of
capelin eggs in early developmental stages (i.e. Stages I-1l) and late developmental stages (i.e. Stages IlI-VI).

Latitude = Longitude Date of Egg Percent of Eggs at Percent of Eggs at
Region Location (N) (W) Sample Stages I-lI Stages llI-VI
Placentia Bay
(West) Little Lawn 47.390 53.137 Jul 09 25 75
47.390 53.137 Jul 19 100 0
Placentia Bay
(East) Patrick’s Cove 46.882 53.947 Jul 18 34 66
47.276 52.830 Jul 29 6 94
St. Bride’s 46.920 54.175 Jul 15 11 89
46.920 54.175 Jul 19 6 94
St. Mary’s Bay Branch 46.882 53.947 Jul 10 19 81
47.039 54.118 Jul 18 0 100
Conception
Bay Holyrood 46.929 55.483 Jul 11 80 20
47.039 54.118 Jul 22 22 78
46.929 55.483 Jul 29 0 100
Southern
Avalon Burnt Cove 47.197 52.849 Jul 11 73 27
Tors Cove 47.390 53.137 Jul 22 0 100
Witless Bay 47.213 52.845 Jul 22 42 58
Princeton Beach (Site
Bonavista Bay 1) 48.426 53.590 Aug 14 35 65
Princeton Beach (Site
2) 48.428 53.586 Aug 14 97 3
North Princeton
Beach 48.419 53.598 Aug 14 59 41
Sandy Point Beach,
Charleston 48.401 53.634 Aug 19 20 80
North of Breen Point 48.429 53.585 Aug 19 47 53

Total percent of eggs is the number of eggs per category divided by the total number of live eggs. Region names are the same as those listed in Figure 1.

annual shifts in beach and deep-water spawning habitat use
(Nakashima and Wheeler, 2002; Davoren, 2013b; Penton and
Davoren, 2013; Crook et al,, 2017). Indeed, habitat suitability and,
thus, shifts in the use of habitats and sites (i.e. beach vs. deep-water)
and site location within habitats among years appear to be driven by
variation in habitat- and site-specific temperature that results in
departures from the optimal temperature range for offspring
survival (2-12°C; Davoren, 2013b; Penton and Davoren, 2013;
Crook et al, 2017). This is supported by the results of our
interviews, thereby indicating agreement in fisher-based and
science-based knowledge. Indeed, 55% of interviewees that shared
knowledge about deep-water spawning also noted shifts between
beach and deep-water habitat use among years and 94% of these
interviewees stated temperature was the primary factor causing
these shifts. However, as water temperatures were similar during
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2018 and 2019, and were warmer relative to the local long-term
average (Cyr and Galbraith, 2021; DFO, 2021), we would expect
extensive use of deep-water spawning sites because beaches may
have been too warm (> 12°C) later in the summer. Therefore,
temperature was likely not a limiting factor for detecting deep-water
spawning sites in our study. Inter-annual variation in site-specific
temperature, however, may have resulted in some putative
spawning areas being unused during our surveys. In support,
seabed temperature where D. viridis was found with adhered
capelin eggs in Placentia Bay were on average cooler (4.3-4.9°C)
than sites without capelin eggs (9.2 + 3.9°C), indicating that unused
sites were at or near the upper temperature threshold for spawning
(= 12°C). Additionally, it is possible that in warmer years, such as
those encountered in 2018 and 2019, capelin may move further
offshore into unsurveyed areas where bottom temperature was
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TABLE 2 Capelin eggs sampled at six of the seven newly found deep-water spawning sites in Placentia Bay and Bonavista Bay during July—
August, 2019.

Date of = Percent of Percent of

Latitude  Longitude @ Depth = Temperature

Location E Eggs at Eggs at
(N) W) (m)  at Bottom (°C) 99 99 99
Sample = Stages |-l = Stages IlI-VI
Bonavista Ladder Rock
6 48.498 53.523 6.1 15.6 19-Aug 0 100
Bay Cove
Plate Cove
6 Head (Site 48,511 53,518 7.7 14 19-Aug 39 61
1)
Plate Cove
6 Head (Site 48.512 53.516 13.9 7.9 19-Aug 21 79
2)
h Long Beach
Southwest  Long Beac 48.426 53.590 15 3.0 19-Aug 66 34
of 6 Bight
. Near Cape
Placentia R
17 St. Mary’s 46.828 54.200 10 43 20-Jul 57 43
Bay (East) .
(Site 1)
10 - 1-Aug 0 100
Near Cape 46.830 54.199
1 . §* o o . ' -
7 St. Mary’s 16831 54200 9.5 4.6 20-Jul 17 83
(Site 2-3)

*Asterix represents one egg sample for two sites that were 123 meters apart.

Total percent of eggs is the number of eggs per category divided by the total number of live eggs. No abnormally formed or dead eggs were observed in any of these samples. Note Near
Cape St. Mary’s (Site 1) was sampled two times, 20 Jul and 1 Aug 2019.

Location of search areas indicated on Figure 3.

more suitable for spawning. Monitoring changes in capelin with a broader distribution during 2018 than 2019; however,
spawning distribution in relation to inter-annual variation in another citizen science program (DFO spawning diaries) found
temperature would be an excellent opportunity for further similar use of beach sites in both years. This difference, however,
collaboration with fishers. may be due to the methodologies of the two citizen science

Inter-annual variation in capelin abundance may also programs. Both programs aim to capture the spatial and
explain the low proportion of detected active deep-water temporal extent of beach spawning, but the former relies on
spawning areas. Indeed, density-dependent habitat use (e.g., volunteer participation across the island of Newfoundland,
Basin Model; MacCall, 1990) would result in fewer spawning whereas the latter is a long-term collaborative monitoring
sites occupied during years of lower capelin abundance, which program with a core number of beach sites in NAFO Division
was found in a recent capelin study (Crook et al., 2017). In 3KLP monitored each year by paid citizen scientists, so
support, four interviewees specifically noted the use of fewer sites does not capture sporadic beach use outside the core area
in both beach and deep-water habitats when capelin abundance (Murphy, 2022). Overall, lower capelin abundance in 2019
is lower. Interestingly, fisher interviews were conducted during combined with fewer beach spawning sites used suggests that
two fishing seasons with different perceptions of the state of the fewer deep-water spawning sites may have been used, thereby
capelin stock, with 2018 considered a higher capelin biomass resulting in fewer active spawning sites within some search areas.
year than both 2017 and 2019 based on spring acoustic surveys Given the lack of fine-scale bathymetry and seabed habitat
of offshore abundance (DFO, 2022b); however, the 2018 capelin classification in coastal Newfoundland, fishers’ knowledge in this
biomass was only ~5.5% of pre-1991 levels (DFO, 2021). study resulted in the identification of many previously
Ongoing communications with fishers in Bonavista Bay undocumented putative capelin deep-water spawning areas in
indicated that in 2018 capelin spawned at both beach and an otherwise expansive area. Similar to other studies where
deep-water sites where they had not been observed spawning fishers” knowledge increased understanding of fish ecology
for the past 20 years, whereas in 2019 spawning capelin (e.g., Fraser et al,, 2006; Silvano et al., 2006; Johannes et al.,
abundance and distribution was perceived to be more 2008; Paterson et al., 2018), we found that fishers’ knowledge of
restricted and, thus, more in line with recent, post-collapse capelin spawning behavior in coastal Newfoundland spanned a
years. In support, a citizen science program (www.ecapelin.ca) different temporal, spatial, and behavioral observational lens in
indicated that the abundance of beach spawning sites was higher comparison to traditional scientific studies. Indeed, interviewed
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fishers’ 8-65 years of observations in multiple bays was a vast
resource of ecological information without which the baseline
map of putative deep-water spawning sites herein would not
have been possible. Our study illustrates that the long history of
fishing capelin for food, bait, roe, and fertilizer in Newfoundland
(DFO, 2022a) and the ongoing commercial fisheries for capelin
during the spawning period have resulted in extensive LEK of
the locations and timing of capelin spawning in coastal
Newfoundland along with considerable knowledge of capelin
life history (i.e., spawning, migration, survival). Although the
Canadian Department of Fisheries and Oceans (DFO) has a
longstanding history of collecting this knowledge along with
data from citizen scientists on the timing of capelin beach
spawning (i.e. spawning diary program; Murphy et al., 2021;
DFO, 2022a; Murphy, 2022), we recommend further fisher
collaborations to ensure the incorporation of this knowledge
in future capelin stock assessments.

In conclusion, by combining fisher interviews and collaborative
boat-based sampling, where fishers were directly involved in data
collection and choosing non-random adaptive survey sites based on
experiential and ecological knowledge of capelin spawning, we
generated a baseline map of many putative capelin spawning
areas to target for future investigation. Through the integration of
fishers” knowledge and scientific knowledge, we aimed to resolve
conflicts between capelin fishers and science advisors and improve
stock assessment and management, as shown in previous studies
(e.g., Stanley and Rice, 2007; Carruthers and Neis, 2011; Duplisea,
2018). In particular, fishers have reported increasing use of deep-
water spawning habitat (Nakashima and Clark, 1999) and have
advocated for more scientific studies to incorporate productivity
data from this habitat into the Newfoundland capelin stock
assessment (Dawe and Carruthers, 2019). The Newfoundland
capelin stock assessment already integrates data from a beach
spawning diary program, which is used as a general indicator of
stock health in a weight of evidence approach to provide scientific
advice on stock status. For example, a high number of spawning
sites used and earlier spawning are predicted to produce stronger
year classes (DFO, 2021; Murphy et al., 2021). The baseline map of
deep-water spawning sites generated in this study could similarly be
used to build a time series for monitoring deep-water spawning
habitat use and shifts between beach and deep-water spawning
habitats, providing additional insight into the health of both 3Ps
and 2J3KL capelin stocks. As monitoring deep-water spawning sites
will be more difficult compared to beach spawning sites, and as
monitoring these sites requires vessels, sampling equipment, and
expert fisher knowledge, building this time series will require a
network of fishers to participate annually. Although this program
may be costly, fishers already fishing nearby putative sites during
spawning presents an excellent opportunity for further science-
industry research collaboration, building on our strong, multi-year
collaborative relationships established during this research. To
illustrate, through the collaborations and professional
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relationships established during this study, a fisher volunteered to
monitor the deep-water sites near Cape St. Mary’s throughout the
COVID-19 pandemic during other fishing activities. Overall,
knowledge of capelin spawning habitat, especially persistently
used deep-water spawning sites, are key to identifying highly
productive coastal areas for capelin. As this is recognized as an
important gap in our knowledge on capelin stock dynamics,
identifying these key capelin spawning areas will have
management implications for the timing and location of the
capelin fishery (i.e., which bays are open and when), as well as
applications for marine spatial planning and marine
conservation efforts.

As climate projections forecast an increase in SST of 0.4°-2.2°
C within the next 50 years on the Newfoundland Shelf (Han
et al, 2015), if capelin remain in their current range, they
are predicted to shift from warm, beach spawning habitat to
cooler deep-water habitat to ensure offspring survival
(Nakashima and Wheeler, 2002; Davoren, 2013b; Penton and
Davoren, 2013; Crook et al,, 2017). Although warming conditions
might be expected to result in earlier capelin spawning (Buren
et al., 2014), the lack of return to pre-collapse timing of spawning
(June) relative to post-collapse timing (July) despite the return to
pre-collapse oceanographic conditions (Murphy et al.,, 2021)
suggests that capelin phenology might not shift considerably in
response to future climate change. In combination with a warming
climate, the abrupt and persistent delay in the timing of spawning
when the stock collapsed in 1991 may further promote the use of
deep-water spawning sites as capelin are now predominately
spawning in mid-July when the beaches may be too warm (>
12°C; Crook et al,, 2017; Murphy et al, 2021). Therefore,
determining the relative contribution of beach and deep-water
spawning to capelin recruitment is an important research
question. Fishers support these research avenues, whereby 19/56
mentioned the need for increased monitoring and stewardship of
beach and deep-water spawning sites and three of these 19 fishers
mentioned this need unprompted. Specifically, two fishers
requested research on the survivability of larvae at deep-water
sites in Bonavista Bay and another requested increased sampling at
deep-water sites in Conception Bay. The next step to
understanding the contribution of deep-water spawning habitat
to capelin recruitment is to continue to examine the spatial extent
of deep-water spawning sites, possibly using different technologies
(e.g. acoustic-based seabed classification), combined with
quantitative estimates of site-specific larval production, as larval
production is tightly linked to recruitment (i.e. age-two recruits;
Murphy et al., 2018).
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