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a b s t r a c t
Prior to their extirpation around 1900 CE, Lake Ontario hosted the world’s largest freshwater Atlantic salmon (Salmo salar) fishery. Due to their early disappearance, questions remained about fundamental
aspects of the species’ biology, such as whether they belonged to sea-run (anadromous) or freshwater
resident (potamodromous) ecotypes. Recent isotopic analyses have demonstrated that the complex of
Atlantic salmon populations spawning in tributaries emptying along Lake Ontario’s northern shores were
potamodromous. However, no evidence has yet been gathered for Atlantic salmon migratory behaviour
from Lake Ontario’s southeastern region, where historical observations suggest both anadromous and
potamodromous populations may have spawned. Here, we provide the first results for isotopic analyses
of bone collagen from seven fish bones from archaeological sites (c. 1427 to 1600 CE) identified as
Atlantic salmon through ancient DNA and zooarchaeological analyses. The results of the isotopic analyses
confirm that at least some of the salmon spawning in tributaries emptying into Lake Ontario’s southeastern shores were also potamodromous. Although further analyses are needed, this suggests anadromy
may have been completely absent in Lake Ontario’s complex of Atlantic salmon populations in recent
centuries.
Ó 2020 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.

Introduction
Around the turn of the nineteenth century, when European colonization of the Lower Great Lakes region was intensifying, Lake
Ontario hosted what was likely the world’s largest complex of
freshwater Atlantic salmon (Salmo salar) populations (Bogue,
2001; Dymond, et al., 2019; Parsons, 1973; Webster, 1982). These
fish had long been both spiritually and nutritionally important for
Indigenous peoples in the region and were quickly incorporated
into the rapidly expanding European freshwater fisheries
(Hawkins, et al., 2019; Recht, 1997; Tiro, 2016). However, extensive exploitation of this species, coupled with growing environmental deterioration (e.g., effluent, warming, invasive species,
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and blockage of spawning rivers; for review, see Dymond, et al.,
2019) led to significant declines in spawning numbers by the
1850s (Adamson, 1857; Wilmot, 1869). From the mid-nineteenth
century onward, the causes behind these sharply declining spawning numbers were hotly debated by period observers (for examples, see Adamson, 1857; Goode, 1884; King, 1866; Whitcher and
Venning, 1870; DeKay, 1842; Edmunds, 1874). Concerns about this
population collapse directly led to the development of one of North
America’s early major fish hatchery programs (1866–1883), which
was aimed at rehabilitating Lake Ontario’s Atlantic salmon stocks
(Wilmot, 1869; Wilmot, 1870; Wilmot, 1880). Unfortunately, this
early restoration attempt was unsuccessful (Wilmot, 1882;
Wilmot, 1885), and the species was extirpated from the lake system by the end of the century (Dymond, et al., 2019; Parsons,
1973).
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With the last confirmed sighting of Lake Ontario Atlantic salmon occurring in 1899 (Cobb, 1900), the species disappeared
before substantial or systematic studies could be performed
(COSEWIC, 2011). A controversial question that remained unanswered was whether Lake Ontario’s Atlantic salmon populations
were (1) anadromous, migrating to the ocean and back, (2) potamodromous, living only in the freshwater environs of Lake Ontario,
or (3) a mix of both (Carcao, 1986; Follett, 1932; Fox, 1930;
Huntsman, 1944; Legendre et al., 1980; Parsons, 1973; Smith,
1892, 1995; Webster, 1982).
A number of studies have shed light on the migratory behaviour
of Lake Ontario’s Atlantic salmon using new analytical techniques
that have become available over the intervening 120 years. In an
early paper, Blair (1938) examined scale circuli patterns from three
museum-curated Lake Ontario Atlantic salmon specimens from the
nineteenth century to reconstruct mobility history and showed
that these individuals were in fact potamodromous. Repetition of
these analyses by Guiry et al., 2016, using scales from the composite representation of sea-run Miramichi Atlantic salmon as a comparator, were able to confirm Blair’s (1938) findings and
demonstrated that all five known museum skin mount specimens
from Lake Ontario’s native Atlantic salmon population were potamodromous. Guiry et al., 2016 also developed a second analytical
approach, relying on stable carbon isotope (d13C) composition of
collagen, for assessing the migratory status of Lake Ontario’s native
Atlantic salmon population. This isotopic approach can be applied
to the thousands of Late Holocene Atlantic salmon bones preserved
in the Lake Ontario watershed archaeological record and can therefore offer a more detailed spatiotemporal perspective on the species’ migratory behaviour. This approach is based on the
observation that differences in carbon sources and cycling (for
review, see Guiry, 2019) between the respective adult habitats of
potamodromous and anadromous Atlantic salmon in the Lake
Ontario/St. Lawrence River region enable the two behavioural
types to be differentiated using their d13C values. To date, the
stable carbon isotope composition of collagen from 60 Atlantic salmon bones from 8 sites dating to between 1300 and 1900 CE (common era) have been published (Guiry et al., 2016; van der Merwe
et al., 2003). These data have provided clear evidence for potamodromy amongst salmon spawning across a large area of the lake.
While these studies indicate that most Atlantic salmon in Lake
Ontario were behaviourally ‘landlocked’, the possibility exists that
some spawning tributaries for which archaeological remains have
not yet been analyzed were utilized by anadromous populations.
All isotopic analyses to date have been on historical scales and
archaeological bones (both isotopically directly comparable;
Guiry and Hunt, 2020) collected from locations around the northern shore of Lake Ontario, where the majority of known Atlantic
salmon spawning tributaries were situated (King, 1866; Parsons,
1973). This geographical concentration also reflects favourable
taphonomic conditions at archaeological sites along Lake Ontario’s
northern shore (i.e., due to the more alkaline nature of soils in the
region, favourable to bone preservation), as well as strong archaeological legislation, which has led to the recovery of large numbers
of well-preserved fish bones.
There are a number of reasons to anticipate that, if anadromous
Atlantic salmon spawned in the Lake Ontario watershed in recent
centuries, they may have used tributaries along the lake’s southeastern shores. First, the tributaries emptying along the southeastern shores on Lake Ontario would have been the closest and most
accessible for salmon returning from the St. Lawrence River. Second, the large size of Lake Ontario’s watershed, with its many
waterways flowing into and out of subsidiary lakes, coupled with
Atlantic salmon’s behavioural plasticity, means it is possible that
different sub-populations within the lake could exhibit a range of
migratory behaviours. This may be supported by historical

accounts, which suggest that phenotypically divergent Atlantic salmon populations spawned in Lake Ontario’s southeastern tributaries. While there were nineteenth-century observers who
firmly believed that Lake Ontario’s Atlantic salmon were either
entirely anadromous (e.g., DeKay, 1842; Talbot, 1824; Wright,
1892) or entirely potamodromous (e.g., Clinton, 1822; Goode,
1884; Simcoe, 1911), there were many whose first-hand experience with these fish led them to believe that both types were present in New York (e.g., Adamson, 1857; Atkins, 1872; Edmunds,
1874; Nettle, 1857). A compelling piece of evidence suggesting that
both potamodromous and anadromous ecotypes were present in
Lake Ontario comes from the observations of J. A. Mathewson,
who fished Atlantic salmon on the New York side of Lake Ontario
for >50 years. Mathewson’s accounts describe how fish returning
to three tributaries in New York to spawn were notably different
in character and quality, with some being ‘‘long and slim” (Deer
Creek), some ‘‘short and chubby” (Grindstone Creek), and some
‘‘heavy” (Salmon River) (Goode, 1884, 473-474). The variation in
characteristics observed by Mathewson could be consistent with
the physical appearance of Atlantic salmon that had undergone
both long and short migrations and could be suggestive of a mix
between anadromous and potamodromous salmon stocks spawning in New York (Parsons, 1973).
Historical observations also appear to suggest that some rivers
may have hosted two temporally segregated spawning seasons
(Parsons, 1973). Comprehensive reviews of historical observations
have established that the primary period for Lake Ontario Atlantic
salmon spawning was during the fall, and mostly between October
and November (Dymond, et al., 2019). However, substantial variation in eyewitness accounts for the timing of upstream migration,
both between and within tributaries, confounded early attempts to
generate a unified overview of spawning behaviour in Lake Ontario
Atlantic salmon (e.g., Edmunds, 1874; Goode, 1884; Smith, 1892).
There is sufficient evidence from these accounts to confirm that
in some rivers, such as the Salmon and Oswego (e.g., Goode,
1884; Jackson, 2016; Simpson, 1949; Smith, 1892) in New York
and the Credit (Wilmot, 1872) in Ontario, Atlantic salmon moved
upstream during spring (between April and July), in addition to fall.
The nature of these spring upstream movements remains unclear.
While some have interpreted these movements as a second, spring
spawning run (Huntsman, 1944; Parsons, 1973), others draw on
additional historical observations to compellingly argue that a
more parsimonious explanation is that they simply reflect a natural instinct for Lake Ontario’s Atlantic salmon to occasionally swim
into spring freshets (Dymond, et al., 2019). However, observations
from Samuel Wilmot, describing differences in the physical characteristics of fish swimming upstream in the spring (‘‘bright and silvery in color, rich, fat, and in prime condition”) and fall (‘‘dark in
color, lean, lank, out of condition”) (Wilmot, 1872, 79), provide
additional clues that, again, seem consistent with expectations
for the physical conditions of separate potamodromous and
anadromous populations returning to spawn. Although Wilmot
was a keen and knowledgeable observer of Lake Ontario’s salmon,
it is also possible that his observation of leaner salmon in the fall
simply reflects a change in the appearance of salmon that had
already spawned (i.e., kelts) but had not yet returned to the lake.
In this study, we investigate the possibility that anadromous
populations of Atlantic salmon may have utilized tributaries emptying along Lake Ontario’s southeastern shores in recent centuries.
To test this hypothesis, we performed stable carbon and nitrogen
isotopic analyses on seven vertebrae from two archaeological sites
in New York’s Oswego River and Sandy Creek drainages that have
been identified as Atlantic salmon through zooarchaeological and
ancient DNA (aDNA) analyses. The results of our analysis suggest
that at least some of the Atlantic salmon spawning in tributaries
draining into southeastern Lake Ontario were potamodromous.
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Methods
Sample collection
Seven fish vertebrae were collected from archaeological assemblages from two sites curated at the New York State Museum
(Albany, NY, USA; Fig. 1). Five of these vertebrae are from the Diable site (NYSM 665), an ancestral Oneida village dating to c. 1570–
1600 CE (Jones, 2008; Weiskotten, 1986). The Diable site is located
near Oneida Creek, a formerly productive spawning ground for
Atlantic salmon (Webster, 1982) up river (~50 km SSE) of Oneida
Lake, which is accessed from Lake Ontario via the Oswego River.
While Oneida Lake itself hosted a highly productive Atlantic salmon fishery, the disappearance of the species shortly after the construction of locks blocking access to Lake Ontario at the turn of the
nineteenth century (Jackson, 2016) suggests that salmon spawning
in this area were downstream migrants. The remaining two vertebrae are from the Toles site (NYSM 9349; also known as the Durfee
site), a Jefferson County Iroquoian village dating to c. 1427–1560
CE (Abel, et al., 2019). The Toles site is located on Taylor Brook, a
tributary of South Sandy Creek, which is accessed from Lake
Ontario via Sandy Creek. All seven specimens were identified as
Atlantic salmon with a high degree of certainty by two ichthyozooarchaeological experts (co-authors TJO, SNH) through morphological comparisons with reference specimens held in the Deborah
J. Berg Faunal Collection at the Department of Anthropology,
University of Toronto Mississauga (Mississauga, ON, Canada).
Ideally, our analyses would be performed on cranial bones,
which allow for an accurate estimation of how many individual
fish are included in a given sample. Unfortunately, due to their
lower bone density, cranial bones from Atlantic salmon are extremely rare in comparison with those from other non-salmonid fish
taxa at archaeological sites (Hawkins, et al., 2019). It was therefore
necessary for our analyses to utilize vertebrae, which are typically
much more abundant archaeologically due to their higher bone
density (Butler and Chatters, 1994; Hawkins, et al., 2019;
Lubinski, 1996). However, aside from the atlas, penultimate, and
ultimate vertebrae, salmonid vertebrae do not have morphological
features allowing for the differentiation of individuals. In order to
mitigate this issue, where possible, samples were selected from
different archaeological contexts in order to reduce the likelihood
of sampling more than one bone per individual. Therefore, while
the minimum number of individual fish represented by samples
from each site is technically one, we believe that it is likely that
our sample represents multiple individuals at each site.

Fig. 1. Map of study region showing the locations of the Toles and Diable sites
relative to other sites with previously published isotopic data.
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If the Atlantic salmon bones recovered from the Diable and
Toles are from fish caught elsewhere and then transported to these
sites, it is possible that they may not originate from the Lake
Ontario population. However, because the sites are located within
a short travelling distance (less than 1–2 h walking) of known
Atlantic salmon spawning sites in the Lake Ontario watershed,
the long-distance transportation of fish from other drainages offers
a less parsimonious explanation for these specimens’ origins. In
this context, we believe that the Atlantic salmon bones at Diable
and Toles are derived from fish caught locally within the immediate watershed, at least partly during their spawning period, when
they would have been easiest to catch (Hawkins, et al., 2019).
Ancient DNA analysis
Although relatively abundant at many archaeological sites in
the northern half of the Lake Ontario watershed, salmon bones
appear to be rare in archaeological fish bone assemblages from
New York. For this reason, while being confident in the
morphology-based taxonomic identifications, we opted to conduct
aDNA analysis to verify the zooarchaeological identifications
assigned to the remains. Sample decontamination, DNA extraction,
and PCR setup were all performed in a dedicated ancient DNA laboratory in the Department of Archaeology at Simon Fraser University (Burnaby, BC, Canada). To reduce the likelihood of
contamination, strict contamination control protocols, including
the separation of the pre-PCR and post-PCR laboratories, the use
of protective clothing, and the regular cleaning of work surfaces
with bleach, were adhered to throughout the analysis (Cooper
and Poinar, 2000; Yang and Watt, 2005). Ancient DNA analysis
was conducted on 11–57 mg subsamples of bone removed from
each vertebra. Following Speller et al. (2012), all the samples were
decontaminated prior to DNA extraction through a combination of
chemical decontamination and exposure to UV irradiation. For
chemical decontamination, each sample was submerged in a commercial bleach solution (5% w/v NaOCl) for 8 min, rinsed in distilled water for 1 min, and then submerged in distilled water for
10 min. Following chemical decontamination, the samples were
UV irradiated for 30 min on two sides in a UV crosslinker. The
decontaminated samples were then added to 3.5 mL of lysis buffer
(0.5 M EDTA pH 8.0, 0.25% SDS, and 0.5 mg/mL proteinase K) and
incubated overnight at 50 °C in a rotating hybridization oven.
DNA was then extracted from the samples using a modified
silica-spin column method (Yang, et al., 1998; Yang, et al., 2008).
DNA extractions were performed in a single batch that included
all seven vertebrae and a single blank extraction control.
Following established protocols (Yang, et al., 2004; Yang and
Speller, 2006), a 168 bp fragment of the mitochondrial cytochrome
b (cytb) gene and 255 bp fragment of the mitochondrial control
region (D-loop) useful for salmonid species identification were
amplified with published primers (Table 1). These fragments were
either co-amplified in a single 35 lL reaction volume (Yang and
Speller, 2006) or amplified individually through a singleplex PCR
conducted with a 30 lL reaction volume (Yang et al., 2004). The
reaction volumes for both the singleplex and co-amplification PCRs
included 1.5 PCR Gold Buffer (Applied Biosystems, Carlsbad, CA,
USA), 2 mM MgCl2, 0.2 mM of each dNTP, 1 mg/mL BSA, 3 lL
DNA solution, and 0.75 U AmpliTaq Gold (Applied Biosystems,
Carlsbad, CA, USA). The co-amplification PCRs also contained
0.6 lM of each D-loop primer and 0.3 lM of each cytb, while the
singleplex PCRs included 0.3 lM of each cytb or D-loop primer.
For both the co-amplification and singleplex PCRs, the thermocycling program consisted of an initial denaturation step at 95 °C
for 12 min, followed by 60 cycles at 95 °C for 30 s (denaturation),
54 (singleplex PCRs) or 56 (co-amplification PCRs) °C for 30 s (annealing), and 70 °C for 40 s (extension), and a final extension step
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Table 1
Primers used for the PCR amplification of fragments of cytochrome b and D-loop.

1

Primer1

Locus

Sequence (50 -30 )

Amplicon Size

Reference

cytB5 (F)
cytB6 (R)
Smc7 (F)
Smc8 (R)

cytb
cytb
D-loop
D-loop

AAAATCGCTAATGACGCACTAGTCGA
GCAGACAGAGGAAAAAGCTGTTGA
AACCCCTAAACCAGGAAGTCTCAA
CGTCTTAACAGCTTCAGTGTTATGCT

168 bp

Yang
Yang
Yang
Yang

255 bp

et
et
et
et

al.
al.
al.
al.

(2004)
(2004)
(2004)
(2004)

F and R indicate the forward and reverse primers in a primer pair, respectively.

at 72 °C for 7 min. A negative PCR control was included in each PCR
run in order to detect instances of contamination. Each combination of primers was applied to the blank extraction control.
Following amplification, 3–5 lL of PCR product from each sample was pre-stained with SYBR Green I (Life Technologies, Carlsbad,
CA, USA), electrophoresed on a 2% agarose gel, and visualized with
a Dark Reader transilluminator (Clare Chemical Research, Dolores,
CO, USA). All successfully amplified cytb or D-loop fragments were
directly sequenced with the forward or reverse amplification primers at Eurofins Genomics (Toronto, ON, Canada). The obtained
sequences were visually edited, trimmed to remove the primer
sequences, and compiled in ChromasPro v2.1.8 (Technelysium,
Brisbane, QLD, Australia). To determine their closest taxonomic
match, the edited sequences were compared against reference
sequences accessioned in GenBank (Sayers, et al., 2019) through
BLASTn searches (Altschul, et al., 1990). Following Royle et al.
(2020), multiple alignments of the obtained ancient cytb and Dloop sequences as well as reference sequences from all salmonine
species (Atlantic salmon, lake trout [Salvelinus namaycush], and
brook trout [Salvelinus fontinalis]) native to the Lake Ontario watershed (Crossman and Van Meter, 1979) were conducted with ClustalW (Thompson, et al., 1994) through BioEdit v 7.2.5 (Hall, 1999).
Each alignment also included a huchen (Hucho hucho) reference
sequence, which was used as an outgroup in the phylogenetic analyses. In BioEdit, the obtained alignments were edited by eye and
the sequences were trimmed to the same length. For each marker,
a maximum-likelihood tree was subsequently constructed in
PHYML v3.1 (Guindon, et al., 2010) through the PHYML Online
web server (Guindon, et al., 2005) using 1000 bootstrap replications and a nucleotide substitution model chosen with Smart
Model Selection (Lefort, et al., 2017) using the Akaike information
criterion (HKY85 for cytochrome b; TN93 + G for D-loop). The
obtained trees were visualized and annotated with iTOL v5.1.1
(Letunic and Bork, 2019). A sample was assigned to a species if
the obtained sequences closely resembled reference sequences
from a single species and differed significantly from other closely
related taxa (Yang, et al., 2004).

Isotopic analyses
Bone collagen was extracted from the specimens following a
Longin (1971) method modified as follows. Bone samples (50–
100 mg) were treated with a 2:1 chloroform–methanol solution
in a ultrasonic bath (solution refreshed every 15 min until it
remained clear) to remove residual bone lipids (Folch, et al.,
1957; Guiry et al., 2016b). Samples were then demineralized in
0.5 M HCl at room temperature. Demineralized samples were then
neutralized in Type 1 water before being treated with 0.1 M NaOH
in an ultrasonic bath (solution refreshed every 15 min until it
remained clear) to remove base-soluble contaminants (e.g., humic
acids). Samples were again neutralized in Type 1 water and then
solubilized in a 103 HCl solution (~pH 3) in an oven at 70 °C for
48 h. Sample solutions were then centrifuged, after which the solubilized fraction was transferred to a new vial, which was frozen
and lyophilized.

Carbon and nitrogen elemental and isotopic compositions were
measured on 0.5 mg subsamples of the extracted collagen using an
Elemental Analyzer 300 (Eurovector, Pavia, Italy) coupled via continuous flow to a Horizon Isotope Ratio Mass Spectrometer (Nu
Instruments, Wrexham, UK) at the Water Quality Research Centre
at Trent University (Peterborough, ON, Canada). All samples were
analyzed in duplicate. Stable carbon and nitrogen isotope compositions were calibrated relative to VPDB (carbon) and AIR (nitrogen),
respectively, using a two-point calibration anchored to USGS40
and USGS41a (Electronic Supplementary Materials (ESM)
Table S1; Qi, et al., 2003; Qi, et al., 2016). Standard deviations
and numbers for calibration standards are reported in ESM
Table S2. Analytical accuracy was monitored using three internal
check standards (ESM Table S1). Mean and standard deviations
for check standards are reported in ESM Table S3. Standard deviations for all duplicates are reported in ESM Table S4. Calculated for
carbon and nitrogen (d15N) isotopic compositions, respectively:
random errors (uR(w)) were ±0.06‰ and ±0.15‰; systematic errors
(u(bias)) were ±0.09‰ and ±0.14‰; standard uncertainty was
±0.11‰ and ±0.21‰ (Szpak, et al., 2017).
Collagen quality was assessed using established criteria for
ancient collagen (Ambrose, 1990; DeNiro, 1985; van Klinken,
1999). Isotopic compositions from archaeological bone collagen
are deemed acceptable if they are accompanied by elemental concentrations of >13% and 4.8% carbon and nitrogen, respectively,
collagen yields >1%, and a C:N atomic ratio between 2.9 and 3.6.

Results
Ancient DNA analysis
The targeted 168 bp fragment of cytb and 255 bp fragment of Dloop were both successfully amplified from all seven samples
(100% amplification success rate). This amplification success rate
is comparable to that obtained for these fragments from Atlantic
salmon and lake trout remains (98.36%, n = 61) from the
thirteenth-century CE Antrex (AjGv-38) site, near Lake Ontario’s
northern shore (Royle et al., 2020). These high amplification success rates suggest that, similar to other regions (for review, see
Oosting et al., 2019), DNA is generally well preserved in archaeological fish remains from the Lake Ontario watershed. No DNA
was amplified from either the blank extraction control or the negative PCR controls, suggesting a lack of systematic contamination
(Cooper and Poinar, 2000).
BLASTn searches indicated that the cytb and D-loop sequences
obtained from each sample most closely resembled Atlantic salmon reference sequences. The maximum-likelihood trees constructed for the cytb (Fig. 2) and D-loop (Fig. 3) sequences
yielded similar results. The sequences obtained from the samples
formed a strongly supported (>99% bootstrap support values)
monophyletic group with all the Atlantic salmon reference
sequences in both maximum-likelihood trees (Figs. 2 and 3). The
similarity between the cytb and D-loop sequences obtained from
the archaeological samples and Atlantic salmon reference
sequences strongly supports the morphology-based identification
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been deposited in GenBank, under accession numbers MN707925–
MN707938.
Isotopic analyses

Fig. 2. Maximum-likelihood phylogenetic trees documenting the relationship
between the cytochrome b sequences obtained from the analyzed archaeological
specimens from the Toles (denoted with diamonds) and Diable (denoted with
triangles) sites and reference sequences from salmonine species native to Lake
Ontario (GenBank accession numbers provided). The aDNA (NYS#) and isotope
(IUBC#) lab numbers for each of the archaeological specimens are provided. The
tree was rooted using a huchen (Hucho hucho) reference sequence as an outgroup.
The numbers at nodes indicate the bootstrap support values for nodes with values
50% after 1000 bootstrap replications. The scale bar represents the number of
nucleotide substitutions per site.

Results from stable isotope and elemental analyses are presented in Fig. 4 and reported in full in ESM Table S5. All samples
(n = 7) passed all collagen quality controls, with an average C:
Natomic of 3.16 ± 0.04, indicating that collagen has not been contaminated with residual lipids or materials from the burial environment. Samples from the Diable (n = 5, d13C = –19.9 ± 0.3‰;
d15N = +10.5 ± 0.2‰) and Toles (n = 2, d13C = –19.8 ± 0.1‰;
d15N = +10.3 ± 0.2‰) sites had similar mean d13C and d15N values,
which differed by 0.10‰ and 0.21‰, respectively (less than analytical uncertainty).
Together, samples from both sites had an average d13C of 19.
8 ± 0.2‰ (range = 19.7‰ to 20.4‰). These d13C values fall
squarely within the range of 20.6‰ and 18.8‰ (n = 65;
mean = 19.9 ± 0.5‰; from 9 sites) for archaeological and historical Atlantic salmon samples collected from drainages emptying
along the northern shores of Lake Ontario (Guiry et al., 2016; van
der Merwe et al., 2003) and well outside of the observed range of
16.6‰ to 14.0‰ (n = 1887) observed for collagen from archaeological and modern (Suess-corrected) anadromous Atlantic salmon (Bocherens, et al., 2014; Dixon, et al., 2015; Dixon, et al.,
2012; Drucker and Bocherens, 2004; Guiry et al., 2016b;
MacKenzie, et al., 2012; Müldner and Richards, 2007).
Stable nitrogen isotope compositions are typically measured in
tandem with d13C, and, while these compositions are not the focus
of this study, we provide them nonetheless as they may be useful
for future comparative research. Stable nitrogen isotope compositions can provide information about the trophic level at which an
organism fed (DeNiro and Epstein, 1981; Minagawa and Wada,
1984). However, due to greater complexity of nitrogen sources
and nitrogen cycling in freshwater ecosystems, ecological interpretations based on d15N from archaeological fish require a substantial
isotopic baseline (Guiry, 2019; Guiry et al., 2020), which is not yet
available for the Lake Ontario watershed. The d15N values for sam-

Fig. 3. Maximum-likelihood phylogenetic trees documenting the relationship
between the D-loop sequences obtained from the analyzed archaeological specimens from the Toles (denoted with diamonds) and Diable (denoted with triangles)
sites and reference sequences from salmonine species native to Lake Ontario
(GenBank accession numbers provided). The aDNA (NYS#) and isotope (IUBC#) lab
numbers for each of the archaeological specimens are provided. The tree was rooted
using a huchen (Hucho hucho) reference sequence as an outgroup. The numbers at
nodes indicate the bootstrap support values for nodes with values 50% after 1000
bootstrap replications. The scale bar represents the number of nucleotide substitutions per site.

of these samples as Atlantic salmon. The concordant species identities assigned to the samples through the analysis of two different
markers provide additional support for the authenticity of the
aDNA results (Yang, et al., 2004; Yang and Speller, 2006). The
D-loop and cytb sequences obtained from each of the samples have

Fig. 4. Stable carbon and nitrogen isotope values for Atlantic salmon from the Toles
(diamonds) and Diable (triangles) sites shown with baseline data from potamodromous (archaeological and historical sites from Lake Ontario, shown as green/open
circles) and anadromous (modern shown as x’s; archaeological shown by blue/solid
circles) Atlantic salmon (Dixon et al., 2012; Guiry et al., 2016; MacKenzie et al.,
2012; van der Merwe et al., 2003).
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ples from the Diable and Toles sites (n = 7; mean d15N = +10.5 ± 0.
2‰; range = +10.2‰ to +10.8‰) also fall within the range of +8.9‰
to +11.4‰ (n = 56; mean = +10.3 ± 0.3‰, 7 sites) previously
observed in archaeological Atlantic salmon bone collagen from
Lake Ontario (Guiry et al., 2016; van der Merwe et al., 2003), suggesting that individuals spawning on the northern and southern
sides of Lake Ontario filled a similar trophic niche.

Discussion
The rapid decline and extirpation of Atlantic salmon from the
Lake Ontario watershed continues to generate scholarly and public
interest due both to its historical significance (Dymond, et al.,
2019; Hutchings, et al., 2019; Stewart, et al., 2017; Tiro, 2016)
and ongoing efforts to reintroduce the species to the region
(Glass, 2010; He, et al., 2015; Houde, 2015; Houde, et al., 2017;
Randall, 2010). The findings of this study can help to provide a
more complete understanding of the behavioural ecology of Lake
Ontario’s native complex of Atlantic salmon populations. In
demonstrating that at least some of the salmon spawning in the
Oswego River and Oneida Lake region as well as the Sandy Creek
region of New York were potamodromous, our results show that
Atlantic salmon spawning in tributaries along the southeastern
shore Lake Ontario were similar to their counterparts spawning
in tributaries along the lake’s northern shore. Our identification
of Atlantic salmon at the fifteenth- to seventeenth-century Diable
and Toles sites also indicates that Lake Ontario salmon fishing
has a deep history amongst New York Iroquoians, as is the case
among their Ontario Iroquoian neighbours (for a review of Ontario
Iroquoian salmon use, see Hawkins, et al., 2019).
Our data provide additional context for interpreting eyewitness
accounts, which remain the primary resource for our understanding of the Lake Ontario watershed’s Atlantic salmon populations
and their place in its pre-industrial ecology (Dymond, et al.,
2019). First, we can re-examine historical observations of multiple
(i.e., spring and fall) upstream migrations and their interpretation
as potential evidence for the presence of both anadromous and
potamodromous Atlantic salmon populations in Lake Ontario
(Huntsman, 1944; Parsons, 1973). The Oswego River system,
where five of our samples originate, was one of the most productive spawning habitats for Lake Ontario’s Atlantic salmon and is
one of the locations for which there are multiple accounts of spring
upstream movements. For this reason, if anadromous Atlantic salmon were still returning to Lake Ontario in recent centuries, and
practiced temporally segregated spawning with their potamodromous counterparts (Huntsman, 1944; Parsons, 1973), the Oswego
watershed is an ideal location in which to search. In this context,
our analyses, showing only potamodromous salmon, suggest that
multi-season upstream movements were not related to the presence of anadromous and potamodromous populations sharing
the same tributary.
Using data generated for another study (Guiry, et al., 2020), we
are also able to more closely consider Samuel Wilmot’s observations describing differences in the physical characteristics of the
Credit and Humber rivers Atlantic salmon swimming upstream in
the spring (‘‘good condition”) and fall (‘‘poor condition”) (Wilmot,
1872, 79), which have also been highlighted as support for the idea
that there may have been separate potamodromous and anadromous populations returning to spawn (Huntsman, 1944; Parsons,
1973). Isotopic analyses of Atlantic salmon specimens from the
Antrex (c. 1250–1300 CE, see Archaeological Services Inc, 2010;
Braun, 2010; n = 21, d13C = –19.6‰) and Emmerson Springs
(AkGx-5; c. 1550–1580 CE, see Hawkins, 2004; n = 2, d13C = –19.
7‰) sites in the Credit River drainage and the Seed-Barker site
(AkGv-1; c. 1530–1560 CE, see Burgar, 2005; n = 12, d13C = –19.8

‰) in the Humber River drainage (Guiry, et al., 2020) show that
all samples came from potamodromous fish, suggesting that Wilmot’s observations probably do not indicate the presence of
anadromous populations returning to spawn on the northern shore
of Lake Ontario. Samuel Wilmot was an astute observer, and his
accounts about seasonal changes in Atlantic salmon condition
can still provide valuable insights into other aspect of the species’
ecology in the Lake Ontario watershed. For instance, if Atlantic salmon coloration, size, and overall condition suggested to Wilmot
that fish were better fed and healthier in spring, it could be an indication that winter and early spring were superior feeding times for
this species in Lake Ontario. However, it remains possible that his
observations of inter-seasonal differences in the physical condition
of salmon reflect the change in the appearance of pre- and postspawning fish. Moreover, it is difficult to assess the extent to which
Wilmot’s observations (primarily from the, 1860s to the 1880s) are
representative of longer-term patterns in Lake Ontario Atlantic salmon behaviour, given that the populations had already been
severely impacted by commercial fishing and habitat destruction.
Taken together, this isotopic evidence from archaeological fish
from the Oswego, Credit, and Humber river systems supports
Dymond and colleagues’ (2019) hypothesis that spring upstream
migrations simply reflect the Lake Ontario Atlantic salmon’s
instinct to swim into freshets, rather than a second spring spawning run.
Our findings also provide a point of reference for contextualizing Mathewson’s example (Goode, 1884) of systematic variation
in Atlantic salmon spawning in three New York rivers. Mathewson’s account of Atlantic salmon spawning in the Salmon River
and in Deer and Grindstone creeks gives details of phenotypic differences at the inter-population level that could reflect different
migratory strategies (Parsons, 1973). Mathewson’s description of
Atlantic salmon spawning in Deer Creek as ‘‘long and thin” in
appearance is particularly interesting as this would be more consistent with an anadromous population that has lost significant
weight during a long return migration from the Atlantic Ocean
(Belding, 1934). Unfortunately, we have been unable to locate
archaeological Atlantic salmon remains from the Deer Creek area
and so could not directly test the hypothesis that salmon spawning
in this drainage were anadromous. However, because the example
provided by Mathewson deals with spawning rivers and creeks
that are separated by less than 5 km at their point of entry into
Lake Ontario, it is equally possible that other tributaries in New
York could have hosted a similar amount of phenotypic diversity,
potentially including use by anadromous Atlantic salmon. Our
results come from the Oswego River and Sandy Creek systems,
which empty into Lake Ontario about 65 km and 14 km west and
east of Deer Creek, respectively, and suggest that salmon spawning
in these locations were not anadromous. The Oswego River was an
important access point for Atlantic salmon spawning in a large portion of New York’s Lake Ontario watershed, including Oneida Lake
along the Oneida River to the east and Onondaga, Cayuga, and
Seneca lakes along the Seneca River to the west. While our results
demonstrate potamodromy for salmon returning to the Oneida
Lake (Diable) and Sandy Creek (Toles) watersheds, the immense
size of the broader Oswego River and Sandy Creek systems leaves
open the possibility that other spawning areas could have hosted
anadromous Atlantic salmon.

Conclusion
This study provides the first evidence for the migratory behaviour of Atlantic salmon spawning in the Oswego River and Sandy
Creek systems, which hosted one of Lake Ontario’s most productive
salmon fisheries prior to the species’ extirpation in the nineteenth
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century (Dymond, et al., 2019; Webster, 1982). A number of historical observations (e.g., Goode, 1884; Jackson, 2016; Webster, 1982)
seem to suggest that, if anadromous Atlantic salmon were still
migrating to spawn in Lake Ontario’s tributaries in recent centuries, they may have favoured river systems emptying along the
lake’s southeastern shores, in what is now New York State. Our
analyses show that salmon in at least two spawning grounds,
one in the Oswego River system and the Oneida Lake drainage
and one in the Sandy Creek drainage, were potamodromous. These
findings are concordant with those generated from the growing
body of data (Guiry et al., 2016; van der Merwe et al., 2003) from
sites in drainages along the northern shores of Lake Ontario. Taken
together, these data suggest that in recent centuries, anadromy
may have been totally absent among the complex of Atlantic salmon populations inhabiting Lake Ontario. While archaeological
fish bones suitable for isotopic analyses appear to be less common
in New York, future work on additional Atlantic salmon specimens,
if and when they are discovered, could help to further test this
hypothesis.
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