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using Indigenous fisheries catch records from two 
archaeological sites in the northeast Pacific. Despite 
different catch compositions, we observe an increase 
in aMTC over a 5,000-year period at two contempo-
raneously occupied archaeological sites in southwest-
ern British Columbia, Canada. We document cooler 
catches from 5,000 to 3,000 cal yr BP and compara-
tively warmer catches from 1,800  to  250  cal  yr BP. 
These warmer temperatures are broadly consistent 
with palaeoceanographic sea surface temperature 
proxies from British Columbia and Alaska. Because 
this method requires converting measures of fish 
bones into estimates of fish size structure, abundance, 
biomass, and finally aMTC, opportunities exist to 
account for both variation and uncertainty at every 
step. Nevertheless, given that preindustrial fisheries 
data are ubiquitous in coastal archaeological sites, 
this method has the potential to be applied globally to 
broaden the temporal and geographic scale of ocean 
temperature baselines.
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Introduction

Warming of the oceans is affecting the distribution, 
abundance, and productivity of fish populations glob-
ally (Cheung et al. 2013; Duarte et al. 2020; Pinsky 
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et  al. 2013) and is projected to severely erode the 
social and economic well-being of coastal commu-
nities (Golden et  al. 2016; Weatherdon et  al. 2016; 
Wilson et al. 2020). In the northeast Pacific, marine 
fisheries have supported Indigenous communities for 
millennia (Brown et al. 2009; McKechnie and Moss 
2016; Menzies 2006), a reality that is recognized in 
Indigenous peoples’ constitutional right to fish for 
food, social and ceremonial purposes (R.S.C. 1985). 
As an economic mainstay and source of nutrition and 
cultural identity, fisheries have existed as a fundamen-
tal component of Indigenous communities in British 
Columbia (BC) throughout the Holocene (Fedje et al. 
2005; Moss and Cannon 2011). Indigenous oral his-
tories, ethnographic accounts, and archaeological evi-
dence document the sustained use of a wide range of 
coastal resources throughout the region where assem-
blages are often numerically dominated by marine 
fish bones and shellfish remains (Moss 2012). By 
an overwhelming margin, fish account for the great-
est proportion of vertebrate remains (i.e. identified 
bone fragments), and Pacific herring (Clupea pal-
lasii) and salmon (Oncorhynchus spp.) tend to be the 
most abundant and ubiquitous (McKechnie and Moss 
2016; Moss and Cannon 2011). While this evidence 
indicates an enduring and important role for fisher-
ies in the northeast Pacific, there is no consensus on 
how zooarchaeological ‘bone counts’ can be trans-
lated into estimates of fish abundance, size structure, 
or biomass.

Currently, most fisheries management decisions 
rely on data spanning the past several decades to 
inform present and future population dynamics (Kit-
tinger et  al. 2015; McClenachan et  al. 2012). Such 
an approach to fisheries management is fundamen-
tally limited, as modern data lack a deep-time per-
spective on the history of human fisheries (Steneck 
and Pauly 2019). Zooarchaeological fisheries data 
have the potential to provide millennial-scale time 
series that can reveal long-term variability in ocean-
ographic conditions and ancient catch portfolios. 
Here, we develop a method based on zooarchaeo-
logical analyses of fine-screened fish remains from 
two Indigenous archaeological sites in coastal BC 
to estimate relative proportions of fish biomass and 
ultimately past ocean temperatures, over the past 
five millennia.

In this paper, we apply the ‘Mean Temperature 
of the Catch’ (MTC) concept, developed to analyze 

responses of contemporary fisheries catches to 
changes in ocean temperature (Cheung et al. 2013), 
to estimates of fish biomass to back-cast long-
term trajectories in past ocean temperatures in the 
northeast Pacific. Our data indicate that coastal 
Indigenous fisheries catches reflect cooler ocean 
temperatures between ca. 5,000 and 3,000  years 
ago compared to between  ca. 1,800  and  250  years 
ago, both of which are cooler than modern bottom 
trawl catches. Despite differences in the composi-
tion of fish catches between archaeological sites, 
we observe consistent patterns of increasing MTC. 
These findings parallel observations from palaeo-
ecological sediment records, indicating long-term 
ocean warming since the mid-Holocene. Given this 
is the first estimate of this kind, we highlight the 
analytical steps and sources of uncertainty in gen-
erating temperature estimates, in addition to the 
opportunities and challenges in applying the Pal-
aeothermometer approach to other archaeological 
settings and time periods. As coastal archaeological 
sites with zooarchaeological fisheries data are glob-
ally distributed, the method advanced here has the 
potential to be applied elsewhere. We argue that the 
Palaeothermometer approach can provide a deep-
time perspective on oceanographic variability, the 
composition of ancient fish catches, and magnitudes 
of change in the abundance and distribution of fish 
populations.

Materials and methods

Fisheries researchers have established that fish species 
exhibit and maintain through time a preferred tempera-
ture range and have subsequently developed methods 
for detecting shifts in the composition of fisheries as 
they relate to ocean climate trajectories (Cheung et al. 
2013; Pinsky et  al. 2013). Cheung et  al. (2013) have 
developed a method for estimating the ‘Mean Tem-
perature of the Catch’ (MTC) and applied it globally 
to reveal mid-latitude warming trends over a 36-year 
period. A benefit of the MTC metric is that it can be 
applied to systematically collected catch data. MTC 
is one of several climate proxies that are useful for 
informing coastal communities of the ocean climate 
challenges that threaten local food security, such as 
reductions in the catch potential of valuable food fish 
(Golden et al. 2016; Weatherdon et al. 2016).
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Sample description

To estimate changes in ocean temperature using 
archaeological data and the MTC metric, we first esti-
mated proportional fish biomass from ancient Indig-
enous catch records. We used zooarchaeological data 
recovered from fine screen (3.2 and 2  mm) column 

samples taken from two Indigenous archaeological 
sites (Ts’ishaa (DfSi-16) and Huu7ii (DfSh-7)) on 
southwestern Vancouver Island, British Columbia, 
Canada (Fig. 1). Both archaeological sites are located 
on small islands (< 2 km2) and have contemporaneous 
occupation histories spanning the past 5,000  years 
(McMillan and St. Claire  2005, 2012). Enduring 

Fig. 1   Archaeological fisheries data were collected from 
two settlement sites in Barkley Sound, on western Vancouver 
Island, British Columbia, Canada. Ts’ishaa is situated in Tse-
shaht First Nation Territory, while Huu7ii is located in Huu-ay-

aht First Nation Territory. Upper right inset map shows general 
locations of sediment cores from Praetorius et al. (2015). Map: 
Robert Gustas
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human use and occupation of these two village sites is 
evident in extensive shell-bearing cultural sediments 
(i.e. shell midden) that can be broadly separated into 
mid-Holocene (5,000–3,000  yr BP) and late-Holo-
cene (1,800–250 yr BP) components (Fig. 2).

We conducted  morphological identifications of 
recovered skeletal elements to the most specific taxo-
nomic classification possible, using a comparative 
collection at the University of Victoria, Victoria, 
BC, Canada (McKechnie 2005b, 2012). The Univer-
sity of Victoria Zooarchaeology Lab holds one of the 
most extensive comparative collections for North-
west Coast fauna in western North America and has 
helped inform osteological identifications since 1981 
(McKenzie 2021). As not all skeletal elements are 
morphologically diagnostic to species, some speci-
mens have lower taxonomic resolution required us to 
create larger taxonomic groupings (Table 1). For oste-
ologically distinct species (e.g. halibut (Hippoglossus 
stenolepis) and lingcod (Ophiodon elongatus)), we 
separated these taxa into their own individual groups 
rather than the larger taxonomic groupings of flatfish 
(Order Pleuronectiformes) and greenlings (Family 
Hexagrammidae).

 We  identified and quantified  faunal specimens 
from multiple areas of the two sites. Samples were 
taken from vertically spaced 5–10-cm intervals within 
‘columns’ of sediment (i.e. column samples) to mini-
mize the probability that bones from a single individ-
ual were counted twice (Fig. 2). Based on the ‘Num-
ber of Individual Specimens’ (NISP), a ‘Minimum 
Number of Individual’ (MNI) fish for each archaeo-
logical context was then estimated from the largest 
number of non-repeatable elements within each col-
umn sample level. The excavated volume for each 

discrete column sample level represents 1.0–6.25 L 
of archaeological sediment and typically contains 
10–200 identifiable bone specimens (see Supplemen-
tary Table S1). We aggregated taxonomic categories 
with more than one species unless there were clear 
size differences in the specimens (e.g. halibut vs. 
misc. flatfish). Once a MNI for each column sample 
level was derived, we totaled minimum counts of fish 
according to the most specific taxonomic division 
possible (Table 1) and calculated proportional counts 
for each taxonomic grouping (following McKech-
nie 2012). The relative proportion of MNI (% MNI) 
for each taxonomic grouping reflects the percentage 
of identified fish for each taxonomic category in the 
archaeological record at both Ts’ishaa and Huu7ii. 
For closely related species that are not morphologi-
cally distinguishable (e.g., rockfish [family Scorpae-
nidae] and salmon), we refined body mass estimates 
using existing aDNA identifications (Rodrigues et al. 
2018) and bone measurement data for salmon verte-
brae (McKechnie 2007a, 2012) from these same sites 
to estimate the relative composition of species present 
in the archaeological assemblages (Table 1).

Deriving biomass from MNI

To derive body mass estimates for fish present in the 
Barkley Sound zooarchaeological record, we assem-
bled species and genera-specific length and weight 
data from multiple sources to estimate body mass. 
We compiled regionally specific fisheries independ-
ent data, fisheries dependent data, and where avail-
able, archaeological data to best approximate the size 
structure of fish targeted by Indigenous fishers. For 
archaeological specimens, we calculated harvested 

Fig. 2   Excavation 
units and column samples 
from the archaeological 
site of Huu7ii, located in 
Huu-ay-aht First Nation 
Territory. Panel A depicts 
the main village component 
at Huu7ii, which dates 
between approximately 
1,500–400 yr BP, while 
panel B depicts the back 
terrace component with 
dates spanning between 
5,000–3,000 yr BP. Photos: 
Iain McKechnie
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body mass using regression formulae based on skel-
etal measurements from contemporary specimens of 
known length and weight (e.g. McKechnie 2007a; 
Nims and Butler 2019; Orchard 2003; Salmen-Hart-
ley 2018; Sanchez 2020; Table 1). In the absence of 
archaeological data, we preferentially used contem-
porary regionally specific fisheries independent sci-
entific survey data (Anderson et  al. 2019), dockside 
(recreational) survey data from Barkley Sound (DFO 
2001), size and weight data for comparative speci-
mens in the University of Victoria’s Zooarchaeol-
ogy Lab (McKenzie 2021), and finally, more general 
estimates from archaeological and scientific literature 
(e.g. NPAFC 2021). For each species, we compiled 
multiple length and weight estimates and preferen-
tially selected sources using the ranking described 
above (see Supplementary Table S2).

We then calculated the median body mass (kg) for 
each taxonomic category by weighting each species 
contribution based upon the relative proportion of 
MNI observations (% MNI) for each species present 
in the archaeological record. For greater detail on the 
process used to calculate weighted body mass esti-
mates, see Table  2. In addition to using the median 
body mass for each taxonomic group, we report the 
25th and 75th quartiles to enable uncertainty esti-
mates for biomass.

For larger taxonomic categories including mul-
tiple species (e.g. salmon and sculpin (Family 
Cottidae)), we calculated body mass by weight-
ing the individual body mass of each species by 
the proportion of specimens that had been identi-
fied by skeletal measurements (Cannon and Yang 
2006; Cannon and Yang 2011; Huber et  al. 2011; 
Miszaniec 2021; Moss et  al. 2014; Orchard and 
Szpak 2011; see Table  2). In the case of salmon, 
we calculated the body mass for each species using 
body mass data compiled from contemporary fish-
eries dependent catch landings (NPAFC 2021). 
We then weighted each salmon species’ contribu-
tion to the larger taxonomic group using skeletal 
measurement data of archaeological specimens 
(n = 282) based on the size distribution of salmon 
vertebral measurements. Finally, we multiplied the 
MNI by the body mass for each taxonomic cate-
gory and column sample to estimate biomass (kg). 
These total weights were summed and divided by 
the total biomass for each archaeological assem-
blage to determine the proportion of the catch (% 

Biomass). Table  3 provides a step-by-step walk-
through of a hypothetical archaeological assem-
blage for calculating % Biomass from MNI data.

Calculating ancient MTC (aMTC)

The median temperature preference for each spe-
cies present in the Barkley Sound zooarchaeological 
record was obtained from www.​fishb​ase.​org (Fro-
ese and Pauly 2021). We then calculated a weighted 
median temperature preference for each taxonomic 
category based on the proportion of species present 
in the region’s zooarchaeological record (% MNI). 
The median temperature preference for each taxo-
nomic group was then used to calculate ancient MTC 
(aMTC) for each archaeological assemblage.

Following Cheung et al. (2013), aMTC was calcu-
lated using the equation provided below:

Here, Ci,tp is the catch of taxonomic category i in a 
specific archaeological assemblage for a temporal period 
tp, Ti is the median temperature preference of taxonomic 
category i, and n is the total number of taxonomic catego-
ries. In other words, aMTC is computed by multiplying 
the median temperature preference for each taxonomic 
category by the proportion of the catch (% Biomass). We 
then summed these results and multiplied the product by 
the total count of groups for each archaeological site and 
temporal period. These results were then divided by the 
sum of the proportion of the catch (i.e. 100%) multiplied 
by the number of groups for each assemblage and tempo-
ral period to derive aMTC estimates.

Calculating modern MTC

To compare aMTC to a modern fishery data-
set, we similarly examined catch records from 
the systematic fisheries independent Ground-
fish Synoptic Bottom Trawl Surveys, conducted 
biannually between 2004 and 2018 by Fisher-
ies and Oceans Canada off western Vancouver 
Island (Anderson et  al. 2019). We summed the 
total catch landings (kg) over this 14-year period 
for each species and then summed the total bio-
mass for this temporal period. Following this, 
we divided each species’ biomass by the total 

aMTCtp =

Σ
n
i
TiCi,tp

Σ
n
i
Ci,tp

http://www.fishbase.org
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biomass to calculate the proportion of the catch 
(% Biomass). These results were then multiplied 
by the median temperature preference for each 
species representing more than 1% of the catch 
(n = 40 species). We then summed the product 
of the median temperature preferences multi-
plied by the proportion of the catch. Next, these 
results were multiplied by the total number of 
species (n = 40). Finally, to derive modern MTC, 
we divided the product of the sum multiplied by 
the total number of species by the sum of the 
proportion of the catch multiplied by the number 
of species.

Chronology and radiocarbon dating

The two mid-to-late Holocene archaeological assem-
blages used in this study were dated by 50 radiocar-
bon samples from stratigraphically associated terres-
trial charcoal (see Supplementary Table S3). The two 
broad age-ranges were further separated by geomor-
phological context, including mid-Holocene deposits 
on elevated terraces away from the modern shoreline 
and lower elevation deposits adjacent to contempo-
rary shorelines. These site formation patterns are con-
sistent with relative sea level histories for the region 

(Friele and Hutchinson 1993). Calibrated radiocar-
bon dates for the late-Holocene fish assemblages at 
Ts’ishaa and Huu7ii date to 1,800–250  yr BP and 
1,500–400  yr BP, respectively. The mid-Holocene 
assemblages for both sites date between approxi-
mately 5,000–3,000 calibrated yr BP using the 
Intcal20 curve (see Supplementary Table S3).

Results

MNI estimates

Throughout both temporal periods, the greatest num-
ber of individual specimens (NISP) recovered from 
Ts’ishaa and Huu7ii are forage fish (e.g. Pacific her-
ring and northern anchovy (Engraulis mordax)). When 
NISP were converted to MNI estimates (% MNI), for-
age fish were still the most numerous fish represented at 
both sites (Fig. 3). However, when contrasting NISP and 
MNI, we found that MNI estimates tended to elevate the 
importance of salmon. Due to the distinctive genus-spe-
cific texture of fragmentary salmon vertebrae which are 
easier to confidently identify (Cannon and Yang 2011), 
the frequent presence of small salmon vertebrae frag-
ments may contribute to an overrepresentation in MNI 

Table 2   Barkley Sound sculpin example detailing the process 
used in this study to derive weighted body mass estimates and 
weighted temperature preferences for each taxonomic category 
of fish. In this example, sculpin  bones (recovered from both 
Ts’ishaa and Huu7ii) have been identified to the lowest taxo-
nomic level possible. These data indicate the presence of three 
distinct species (Buffalo Sculpin (Enophrys bison), Cabezon 
(Scorpaenichthys marmoratus), Red Irish Lord (Hemilepidotus 
hemilepidotus)), one genus level designation (Irish Lord spp.), 
and one broader family level designation (Sculpin spp.). When 
Minimum Number of Individuals (MNI) is summed, the taxo-
nomic category of ‘Sculpin’ represents a minimum of 49 indi-
vidual fish. The MNI for each species, genus and family is then 
divided by the total MNI to derive proportion (%). For broader 
level designations (e.g. Irish Lord spp. and Sculpin spp.), body 

mass and temperature preferences are informed by the propor-
tion of species level MNI counts comprising each group. In 
this case, Irish Lord spp. is comprised entirely of Red Irish 
Lord, while Sculpin spp. is weighted based on the proportion 
of Buffalo, Cabezon, Red Irish Lord, as well as Irish Lord spp. 
In other words, the 10 MNI for Sculpin spp. are comprised of 
all lower-level identifications based upon their proportions. 
Once the % contribution of each species, genus and family to 
the taxonomic category ‘Sculpin’ is known, a weighted body 
mass and weighted temperature preference can be generated. 
This is done by multiplying each species’ body mass and tem-
perature preference by their proportion (%) and then summed. 
The product of this is then divided by the sum of proportions 
for each species, genus and family level designations

Taxo-
nomic 
Category

Species Buffalo Sculpin Cabezon Irish Lord spp. Red Irish Lord Sculpin spp. Sculpin

MNI 2 12 16 9 10 49
Proportion (%) 4.1 24.5 32.7 18.4 20.4 100
Temperature preference (°C) 9.3 9.6 4.3 4.3 6.2 6.2
Median body mass (kg) 0.047 3.629 0.316 0.316 1.322 1.322
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counts. In the context of calculating MNI from small 
volume fine screened column samples, the presence of 
individual bone fragments from salmon has a stronger 
influence on MNI counts than more numerically abun-
dant but smaller taxa (e.g. forage fish). This is because 
forage fish have smaller skeletal elements which are 
more challenging to confidently identify than salmon 
bones when fragmented.

Biomass estimates

When MNI is subsequently converted to proportional 
biomass (% Biomass), salmon are estimated to con-
tribute the single greatest fraction to fish biomass (i.e. 
total weight of fish caught) at both Ts’ishaa and Huu7ii 
(Fig.  3). At Ts’ishaa, halibut ranked second after 
salmon, followed by lingcod, rockfish, and greenling. In 
contrast, proportional biomass at Huu7ii indicates that 
dogfish (Squalus suckleyi) ranked second, followed by 
herring, rockfish, and greenling. These trends reveal 
differences in the composition of fish catches across 
sites despite being in relative proximity (< 15 km). In 
contrast to MNI, biomass estimates document a sub-
stantial reduction in the rank order of forage fish and a 
dramatic increase in salmon, halibut, and other large-
bodied fishes, as would be expected when bone counts 
are converted to numbers of fish and then biomass.

Temporal trends show modest differences in the 
rank order of fish in the mid and late-Holocene com-
ponents at both archaeological sites (Table  4), indi-
cating the persistence of Indigenous fisheries and fish 
populations over broad time scales. Throughout the 
mid-Holocene, halibut represented the largest pro-
portion of the catch (28%) at Ts’ishaa followed by 
salmon, lingcod, greenling, and rockfish. This differs 

from the late-Holocene assemblage at Ts’ishaa, where 
salmon (35%) dominated, followed by halibut, ling-
cod, rockfish, and sculpin. Meanwhile, the mid-
Holocene period at Huu7ii indicates a strong role of 
salmon (53%) followed by herring, dogfish, green-
ling, and rockfish. The late-Holocene period contin-
ues to show salmon as the highest proportion of the 
catch by weight (53%), followed by dogfish, rockfish, 
sculpin, and hake (Merluccius productus).

MTC calculations

Comparisons of the aMTC from both temporal 
components at Ts’ishaa and Huu7ii indicate cooler 
fish catches during the mid-Holocene (5.24℃ and 
5.73℃, respectively) followed by warmer tempera-
tures during the late-Holocene occupation period 
(5.64℃ and 5.9℃, respectively) (Fig. 4). At Ts’ishaa, 
the range for aMTC using the median body mass 
estimate during the mid-Holocene is 5.22 to 5.3℃, 
while the range is 5.26 to 6.01℃ for the late-Hol-
ocene component. Meanwhile, the range at Huu7ii 
during the mid-Holocene is 5.52 to 6.06℃, while the 
range is 5.46 to 6.15℃ for the late-Holocene occu-
pation period.

When aMTC is calculated using the 25th and 75th 
empirical quartiles for body mass estimates, the data 
reveal similar increases in the temperature of fish 
catches. For instance, the mid-Holocene assemblage at 
Ts’ishaa using the 25th quartile body mass estimate is 
5.3℃ (range of 5.28 to 5.34℃) and when using the 75th 
quartile body mass estimate, aMTC is 5.15℃ (range of 
5.12 to 5.22℃). At the same time, aMTC for Huu7ii 
using the 25th quartile is 5.7℃ (range of 5.5 to 6.02℃) 
and for the 75th quartile aMTC is 5.79℃ (range of 5.55 

Table 3   Generating % Biomass from a hypothetical archaeo-
logical assemblage. In this example, the Minimum Number 
of Individuals (MNI) for five taxonomic categories of fish 
are used to derive % Biomass. Using the weighted body mass 

(kg) for each group of fish, body mass is multiplied by MNI 
to generate biomass (kg). Biomass is then summed across all 
taxonomic categories  to calculate the proportion of the catch 
for each taxonomic category 

Taxonomic category Anchovy Halibut Herring Perch Rockfish Sum of bio-
mass (kg)

Sum of the propor-
tion of the catch 
(%)

MNI 15 1 30 10 8
Body mass (kg) 0.021 7.567 0.112 0.478 0.556
Biomass (kg) 0.315 7.567 3.36 4.78 4.448 20.47
% Biomass 1.5 37.0 16.4 23.4 21.7 100
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to 6.17℃). During the late-Holocene occupation period 
at Ts’ishaa, aMTC is 5.61℃ (range of 5.22 to 5.96℃) 
using the 25th quartile body mass estimate and 5.59℃ 
(range of 5.19 to 6.02℃) using the 75th quartile. At 
Huu7ii, the late-Holocene aMTC estimate using the 
25th quartile is 5.68℃ (range of 5.34 to 5.87℃) and 
when using the 75th quartile, aMTC is 5.97℃ (range 
of 5.52 to 6.2℃). These increases in temperature are 
supported by geochemical data from marine sediment 
cores taken along the continental shelf in both BC and 
in the Gulf of Alaska (Praetorius et  al. 2015). When 
aMTC is calculated for each respective archaeological 
site (i.e. representing five millennia of fishing effort), 
aMTC at Ts’ishaa using the median body mass esti-
mate is 5.54℃ (5.53℃ and 5.47℃ for the 25th and 75th 
quartiles, respectively) while it is 5.86℃ (5.68℃ and 
5.93℃ for the 25th and 75th quartiles, respectively) at 
Huu7ii. Most strikingly, all aMTC estimates are lower 
than the modern MTC calculated from the western 
Vancouver Island bottom trawl surveys (6.2℃).

Discussion and conclusion

These estimates of millennial-scale increases in ocean 
temperature measured by ancient fisheries catches 
and supported by geochemical data from marine 

sediment cores represent the first application of the 
MTC method to preindustrial fisheries records using 
archaeological data. Considering that coastal archaeo-
logical sites with fisheries records are present across 
the globe, this research methodology illuminates the 
potential for detecting shifts in fisheries from myriad 
locations and timescales. This method involves several 
assumptions and sources of uncertainty suitable for 
future refinement.

We acknowledge multiple sources of uncertainty in 
developing the aMTC index from zooarchaeological 
bone count data (Fig. 5). Many recognize that ancient 
fishing practices may not be fully represented in the 
archaeological record. For instance, cultural factors 
can have a large influence on what gets preserved in 
an archaeological deposit, including transport, pro-
cessing techniques for consumption, storage, trade, as 
well as spiritual considerations. In addition, biogeo-
chemical taphonomic processes shape the formation of 
archaeological deposits including burial conditions, and 
differential preservation and fragmentation  (Gifford-
Gonzalez 2018). Furthermore, archaeological recovery 
methods such as column sampling using fine mesh sizes 
dramatically increase the number of elements recovered 
and despite smaller examined volumes, reveal equiva-
lent measures of species richness with greater accuracy 
of taxonomic proportionality (McKechnie 2005a).

Fig. 3   Taxonomic 
composition of fish at two 
archaeological sites in 
British Columbia, Canada, 
over the past five millen-
nia. Bars depict the relative 
proportion of the Minimum 
Number of Individuals (% 
MNI) recovered from col-
umn samples and the rela-
tive proportion of biomass 
(% Biomass) estimated 
from median body mass 
values for each taxonomic 
group (Table 4). Error bars 
represent % Biomass using 
the 25th and 75th quartiles 
for body mass estimates
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Another concern is the accuracy and specificity of 
osteological identifications and the representativeness 
of comparative collections. In many cases, a substantial 
percentage of fragmentary bone specimens cannot be 
identified. These limitations mean that the representa-
tiveness of zooarchaeological data as a record of ancient 
fish landings is incomplete. As is well recognized in 
zooarchaeology, MNI is fundamentally derived from 
bone specimen counts and can be calculated across 
sites levels which affects how many organisms in an 
archaeological context are counted (e.g., how different 
layers are distinct from one another). Another challenge 
of using zooarchaeological data to generate aMTC 
relates to the applicability of body mass estimates as the 
size, length, and body mass of fish can differ between 
ancient and modern fisheries data (Braje et  al. 2017; 
McKechnie 2007a). Thus, drawing upon contemporary 
data to estimate ancient fish populations has limitations. 
Finally, median temperature preferences are based on 
a relationship between environmental conditions and 
contemporary species occurrence that may not directly 
reflect physiological temperature preferences, evolu-
tionary shifts in fish physiology, and temperature asso-
ciation given large-scale ecosystem shifts in the past.

To address these limitations, we focused our analy-
sis on two archaeological sites close to each other and 

with similar occupational histories, analytical methods, 
and rigorous sampling and quantification techniques. 
We then compiled an array of body mass estimates and 
where possible, used fisheries independent data or body 
mass estimates derived from archaeological assem-
blages using regressions or body size comparisons.

A substantive consideration relates to the accu-
racy of MTC as a temperature proxy, as well as the 
temporal resolution of archaeological data that spans 
millennial time scales. Such detrended estimates 
undoubtedly incorporate a range of climatic states 
that homogenize climatic variability. However, such 
time-averaged data also reduces potential confound-
ing effects of fishing effort, seasonality in site use, 
fishing technology, and variability in climate. As the 
data reported on here reflect Indigenous communities 
living on small islands and consuming fish on a reg-
ular basis, changes in the mode of fishing over time 
may be independent of changing ocean temperature. 
To better account for the uncertainty and error in our 
aMTC estimates, uncertainty could be propagated 
throughout our calculations with hierarchical Bayes-
ian methods whereby specified prior distributions 
could be associated with each estimated parameter 
and its associated uncertainty. Furthermore, Monte 
Carlo simulation methods (Yanai et al. 2010) could be 

Table 4   Comparison of the relative proportion of the Mini-
mum Number of Individuals (% MNI) and the relative propor-
tion of the estimated catch (% Biomass) for each archaeologi-

cal site and temporal period under consideration. % Biomass is 
calculated using the median body mass estimate multiplied by 
MNI counts for each taxonomic grouping

Ts’ishaa
% MNI

Ts’ishaa
% Biomass

Huu7ii
% MNI

Huu7ii
% Biomass

Approx. Age 
(cal yr BP)

5,000–3,000 1,800–250 5,000–3,000 1,800–250 5,000–3,000 1,500–400 5,000–3,000 1,500–400

Anchovy 7 16  < 1  < 1 7 13  < 1  < 1
Dogfish 3 4 4 6 3 6 9 9
Flatfish 2 2 1 2  < 1 3  < 1 2
Greenling 24 13 8 4 11 12 7 4
Hake  < 1 3  < 1 2  < 1 6  < 1 5
Halibut 4 2 28 17  < 1  < 1 3 2
Herring 27 23 3 3 62 28 15 4
Lingcod 5 4 13 10  < 1 2 1 5
Perch 10 7 5 4 5 3 5 2
Ratfish 1 1  < 1 1 1 1 1 1
Rockfish 11 13 7 8 4 10 5 7
Sablefish 1 2  < 1 1  < 1 3  < 1 1
Salmon 6 7 28 35 6 10 53 53
Sculpin  < 1 4  < 1 7 1 3 2 5
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used to better characterize the variability associated 
with MNI counts, as well as body mass and tempera-
ture preferences, as it would consider the distribution 
of data rather than a single summary value. Such an 
approach to estimating the uncertainty and error asso-
ciated with aMTC estimates would strengthen the 
Palaeothermometer method, as it would allow for the 
deployment of various statistical tests.

Over the past five millennia, the composition of the 
catch and aMTC estimates reflect modest differences 
between the two villages of Ts’ishaa and Huu7ii. The 
difference in aMTC between sites is consistent across 
the two contemporaneous occupation periods, which 
is indicative of climatic shifts operating at a regional 
scale throughout the Holocene (Fig.  4). The modest 
differences in the composition of the catch (% Bio-
mass) between sites is intriguing, as both sites are close 
to one other (< 15  km), as well as being situated on 
small islands (< 2 km2). We interpret the difference in 
aMTC to reflect both the local bathymetry and habi-
tat characteristics in proximity to each village, as well 
as social and cultural histories associated with these 
politically separate communities. The two villages are 

associated with different contemporary First Nations 
and their respective territories (Tseshaht and Huu-ay-
aht), which are culturally associated with territorial 
access to different salmon rivers, spawning grounds, 
rocky reef habitats, as well as delineated offshore fish-
ing banks (McMillan and St. Claire 2005; 2012). The 
comparatively warmer aMTC values for Huu7ii may 
reflect the use of protected nearshore waters with a 
greater abundance of salmon than at the more exposed 
site of Ts’ishaa, which has significantly more halibut. It 
is important to recognize that the inhabitants of these 
communities would have targeted specific species of 
fish at varying depths in the water column. This is an 
important consideration, as the fisheries independent 
bottom trawl survey data (i.e., Anderson et  al. 2019) 
used for the modern baseline relies upon catch data 
from greater  depths than traditional fishing methods 
would have allowed. As a consequence, modern fisher-
ies independent survey data may miss important com-
ponents of a cultural fishery (e.g., salmon). Therefore, 
depending on the depths local fishers were accessing 
in the past, aMTC would reflect a homogenization of 
fishing effort based on the temperature preferences 
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Fig. 4   Estimates of ancient Mean Temperature of the Catch 
(aMTC) presented in this study alongside detrended Sea Sur-
face Temperature (SST) reconstructions from palaeooceano-
graphic sediment cores  (Praetorius et  al. 2015). Temperature 
values for aMTC results are derived from the median tempera-

ture preference and median body mass estimate for each tax-
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associated with different species of fish and their loca-
tion within the water column.

As is demonstrated in our results despite the com-
plexities listed above, the two site assemblages of 
Ts’ishaa and Huu7ii reveal coherent and similar 
trends of increasing ocean temperature over the past 
5,000  years. Furthermore, our data indicate MTC is 
higher in the historic era, which corroborates reported 
increases in MTC over the past 36  years (Cheung 
et  al. 2013; Ng and Cheung this issue). Collectively, 
these results indicate that preindustrial fisheries in the 
northeast Pacific had cooler temperatures than at pre-
sent times. These findings are supported by detrended 
data from marine sediment cores which shows 

similar increases in two different regions of the north-
east Pacific (Praetorius et al. 2015). Additionally, geo-
chemical analysis of sediment cores from southwestern 
Yukon (Anderson et  al. 2007), faunal records pre-
served in marine sediments in Barkley Sound (Wright 
et al. 2005), and geochemical analysis of archaeologi-
cally recovered fish bones from Barkley Sound (Monks 
2017) reflect a similar shift in climate throughout the 
mid and late-Holocene. By integrating zooarchaeologi-
cal and geochemical data, we provide multiple lines of 
evidence that document broad ocean warming in the 
northeast Pacific over the past five millennia. While 
marine sediment core records offer a regional-scale 
perspective of oceanographic variability, the value of 

Fig. 5   Analytical steps taken to generate aMTC estimates 
from zooarchaeological fish remains, representing five millen-
nia of human fishing activity in the study area. Each analytical 
step is associated with its own uncertainty and assumptions. 
Sources of uncertainty include (from bottom to top of pyra-
mid): (1) ancient Indigenous fisheries are inherently selective 
records (i.e. ’fisheries dependent’ data) that do not provide a 
complete estimate of marine community structure; (2) archae-
ological assemblages may not be representative of ancient 
Indigenous fisheries, due to taphonomic and cultural factors 
as well as recovery methods (e.g. screen size, sampling effort, 
and fragmentation); (3) limitations around osteological iden-
tifications, which are influenced by the skeletal morphology 
of different taxa (e.g. robustness of certain skeletal elements, 
differences in the number of elements between taxa, and iden-
tifiability of elements), the  skill of each analyst conducting 
identifications, and the size of the comparative collection; (4) 

how the Number of Individual Specimens (NISP) is generated 
from zooarchaeological analyses, which is largely determined 
by the identifiable portions of skeletal elements; (5) how the 
Minimum Number of Individuals (MNI) is derived from NISP 
(i.e. the number of individuals based upon non-repeatable ele-
ments) and the effect that study design can have on shaping 
how different stratigraphic layers are considered distinct from 
one another; (6) uncertainty around the body mass of ancient 
Indigenous fish catches and how this effects relative biomass 
(% Biomass) calculations; (7) the challenge of using tempera-
ture preferences of modern fish to approximate the temperature 
preferences of ancient fish, as evolutionary and/or geographic 
shifts may have occurred over long time spans; and finally, 
(8) uncertainty around using aMTC as a temperature proxy 
of ancient fish catches. Photo credits (top to bottom): Luisa 
Rivera/Yale E360, Dylan Hillis, unknown (Washington State 
Archives 1890–1910: AR-07809001-ph003398)



Environ Biol Fish	

1 3
Vol.: (0123456789)

our aMTC results are in their ability to show how local 
community fisheries responded to variability in the dis-
tribution and abundance of fish populations over time.

Estimating long-term climatic baselines is an essen-
tial step for understanding the magnitude of change in 
fisheries activities, particularly if used to better inform 
recovery targets that foster social and ecological 
well-being. This study contributes to broadening the 
relevance of zooarchaeological bone count data and 
biomass estimates in relation to research into global 
environmental change. The aMTC method can be fur-
ther refined by quantifying uncertainty and expanded 
to include other archaeological datasets from different 
latitudes and cultural settings. Future efforts should 
include refinement of size estimates for zooarchaeo-
logical fish remains, species identifications, as well 
as quantifying variation and uncertainty at every step. 
While the method described here has the potential to 
inform preindustrial fisheries baselines globally, we 
acknowledge that the successful application of this 
approach requires detailed site-specific zooarchaeo-
logical data to inform biomass estimates. For greater 
consistency in the application of this method, coastal 
archaeologists are encouraged to develop region-
specific body mass estimates for fish taxa informed 
by archaeological size reconstructions. In this way, 
the Palaeothermometer approach can be expanded 
to other geographic regions and temporal periods to 
inform preindustrial fisheries baselines.
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