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In this paper we present a collaborative, transdisciplinary research project
that explores the cumulative ecological and human impacts of colonization
on the səl̓ilwət (Tsleil-Wat, Burrard Inlet) ecosystem in what is now known
as British Columbia, Canada. səl̓ilwət is at the heart of the traditional and
unceded territory of səl̓ilwətaɬ (Tsleil-Waututh), a Coast Salish Indigenous
Nation. This research is conducted at the request and under the leadership
of səl̓ilwətaɬ. Drawing on archaeology, historical ecology, historical/archival
records, and səl̓ilwətaɬ science, we use Ecopath with Ecosim to model
selected environmental stressors and the devastating loss of səl ̓ilwətaɬ
life caused by colonization, from 1750–1980 CE. We include European-
introduced smallpox epidemics, the rise in the settler population and
settler fishing pressure, the loss of shoreline habitat and the closure of
bivalve harvesting owing to industrial and urban pollution. Our results
show dramatic change in the ecosystem state following these events, with
significant losses in biomass and degradation of ecosystem health during
the 230 years that we assess. We demonstrate the ecological impact that
smallpox had through loss of both human life and Indigenous stewardship.
This research sits within the palaeoenvironmental, palaeoecological and
environmental archaeological space of reconstructing past environments
and human-to-environment relationships over deep time.

This article is part of the theme issue ‘Shifting seas: understanding
deep-time human impacts on marine ecosystems’.

1. Introduction

(a) Introduction and scope

səl̓ilwət has been the home to and origin of səl̓ilwətaɬ (Tsleil-Waututh), a
Coast Salish First Nation, for millennia, and is the centre of the Nation’s
traditional and unceded territory [1–5]. səl̓ilwətaɬ specialises in managing
and stewarding marine and tidal resources [1,3,5–9]. səl̓ilwət is a water
system that wraps around and through what is now known as Metropolitan
Vancouver, in British Columbia, Canada (see figure 1). It is home to the Port of
Vancouver, the largest marine port in Canada, as well as numerous indus-
trial, commercial, urban and recreational activities and interests, and over
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2.5 million people. The səl̓ilwət ecosystem has experienced rapid and intense change and damage from colonization and
urbanization of the area since European contact in approximately 1792 CE (Common Era, an alternative to AD or Anno Domini),
with most changes occurring since the 1880s. In this research, we seek to answer the question: what are the cumulative impacts
of selected environmental stressors caused by colonization on the ecosystem health of səl ̓ilwət? For environmental stressors,
we include 1) the impact of smallpox on the səl ̓ilwətaɬ population and the resulting health of Səl ̓ilwət; 2) the impact of settler
fisheries, including Pacific salmon and Pacific herring as priorities; 3) the impact of settler hunting on terrestrial animals,
including ungulates; and 4) the impact of urbanization on the health of the ecosystem. This research is led by the Nation and
aims to combine Western scientific research and səl ̓ilwətaɬ Indigenous science to inform and support stewardship activities, and
to understand and mitigate the cumulative effects of industrial, commercial and urban development and activities brought by
colonization and the growth of the surrounding cities [7,10–12].

(b) Research context and governance

This research is conducted through a collaborative partnership between səl̓ilwətaɬ Nation and the University of British
Columbia under the səl̓ilwətaɬ data sovereignty and research governance. We model the cumulative effects of selected environ-
mental stressors and loss of human life caused by colonization in səl̓ilwət (Tsleil-Wat, Burrard Inlet, British Columbia, Canada).
The goals, priorities and direction of the work have been developed under the leadership of səl̓ilwətaɬ traditional knowledge
experts, and this research has been done at the Nation’s request. Representatives of səl̓ilwətaɬ approached V. Christensen to
initiate and request this research, which led to the research team (co-authors) designing the research as part of a doctoral
research project for M. Efford. When discussing the cumulative effects of colonization on an ecosystem, we must consider the
human loss and pain felt by the communities who experienced it first-hand. This is not only an ecological story, but a human
story that speaks to the wide-reaching impacts of colonization. In this paper, we discuss distressing topics, including smallpox
epidemics, ecosystem and environmental damage and loss, and loss of and damage to herring and salmon populations. It is
necessary to include these topics as some of the cumulative impacts of urbanization and colonization on the Səl̓ilwət ecosystem.
However, we acknowledge that these topics are challenging and unsettling, and we encourage readers to seek support if they
need it1 . Text sections that discuss or mention loss of human life will be outlined with a box to ensure readers are aware of the
areas within the text that can be the most challenging to read. Note that figure 2 includes reference to loss of human life.

(c) Modelling of past ecosystems

Palaeoenvironmental reconstruction has been an important component of environmental archaeology for decades, focusing
in many cases on the ecology of human communities and the places they made their homes [13,14]. Understanding past
environments aids in understanding how humans can live in and interact with those environments. Isolating the reconstructive
modelling of past environments within a single discipline or data source, such as archaeology, can result in incomplete
or incorrect reconstructions [14]. Hence the research framework of historical ecology, which has called for interdisciplinary
approaches to understand human-to-environment relationships over deep time [15–18]. Palaeoecology specifically focuses on
the reconstruction and analysis of past ecosystems. Archaeology focuses on the material remains of human culture in the
past. By combining these two knowledge sources with Traditional Ecological Knowledge (TEK), we can better understand the
relationships and influences between human communities and their environments [14,19]. TEK is Indigenous knowledge and
science that encompasses local ecological principles and indicators, and that is passed down through generations as part of
community relationships to and stewardship of place [20–25].

The use of ecological networks, which map the connections between species within an ecological community, benefits the
reconstruction of past ecosystems by incorporating food webs [26]. Combining ecology, archaeology and səl̓ilwətaɬ science in
environmental reconstructions allows for the analysis of landscape transformation over time, both owing to human activity
and unrelated natural environmental change [27]. Incorporating archaeological, palaeoenvironmental and palaeoecological
datasets and approaches into ecosystem modelling can create ecological networks of past ecosystems. This can include trophic
interactions between components of the ecosystems, bringing the reconstruction to life in a way that is challenging to do
otherwise. This incorporates the ecology of the ecosystem and the biology of any modelled plant and animals. Ecosystem
models can be used to test scenarios and ask management questions. Additionally, this approach invites questions regarding
what, owing to taphonomic processes, the archaeological record leaves invisible, under-represented or over-represented, as we
require predator, prey and other biological interactions and parameters (discussed below) to balance the model. If parts of the
ecosystem are under-represented or over-represented, the model may not balance, offering an opportunity to adjust to make
the model of the ecosystem more realistic. There is precedent for the use of Ecopath in the modelling of past ecosystems in
British Columbia, combining fisheries ecology, marine history, archaeology and economics to develop ecosystem models from
past ecosystem states [28,29]. Ecopath with Ecosim (EwE) has been used in the modelling and analysis of ecosystems ranging
from small lakes to the global ocean [30,31]. Our research is based on a static-state reconstruction of the Səl ̓ilwət ecosystem
set in 1750 CE as the starting point for the time-dynamic model we present here, which can be found on EcoBase [32] under
the name ‘Burrard Inlet, 1750−1980 CE’ [10]. The selected environmental stressors from 1750−1980 CE are smallpox epidemics,
settler fisheries and shoreline loss.

1The Lamathut 24/7 Crisis Line can be reached at 1 (800) 721-0066, and the Indian Residential School Survivors Society Elder and Cultural Support Line can be
reached between 4:30-7pm PST, 7 days a week, at 1 (833) 414-4325.
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(d) Addressing uncertainty with a transdisciplinary approach

Archaeological research and, by extension, the modelling of past ecosystems based on archaeological data, are inherently
uncertain endeavours [33–35]. The interpretation of archaeological evidence is to speculate on the lived experiences and realities
of past communities, and this speculation is inherently necessary to archaeological analyses [33–35]. Further, our approach
to modelling of past ecosystems is to create a best-possible estimate based on the available data. However, by incorporating
multiple lines of evidence and by incorporating the perspective and knowledge from səl̓ilwətaɬ co-authors, knowledge holders
and co-creators of the research, our interpretation of our data is more robust and substantial, which therefore reduces uncer-
tainty in our interpretation of our research results [36–38] . Together, this transdisciplinary approach focuses on the co-design,
co-production and co-evaluation of research and offers a stronger, more complete picture of past ecosystems [36,37,39].

(e) Smallpox epidemics

Smallpox devastated Indigenous communities throughout North America [40–47] and it was an intentional tool of
colonization in the Pacific Northwest [47,48]. The first wave of smallpox in this area—a virgin soil epidemic (first exposure
of the disease to the area)—is estimated to have happened in 1782, before the ‘first contact’ with Europeans in the area
in 1792 CE [41,43,44]. Captain George Vancouver, the person after whom the City of Vancouver is named, noted the
impact of smallpox on the villages he saw during his travels (1792) in the Salish Sea a few years after this first wave,
including deserted villages, skeletal Ancestral remains and scars characteristic of smallpox on those still living [41,43].
Prior to Vancouver’s ‘first contact’ with the area in 1792, Spanish Captain José María Narváez is reported to have visited
the area in 1791, likely bringing European diseases like smallpox to the area [49]. Different reports assess the loss of life
as between 50–90% of the communities, and others mention communities nearly being wiped out or villages completely
deserted [41,43,44]. The second smallpox wave in 1862 was less devastating for Coast Salish peoples but resulted in further
significant population loss [43,44]. It is important to consider how the loss of human life impacts their local ecosystems.

Figure 1. Map of səl ̓ilwət (Burrard Inlet) with the study area of 443 km2 outlined, including 103 km2 of water and intertidal zone habitats. Burrard Inlet IR3 marked

with grey box. Created by V. Christensen and M. Efford 2024.
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(f) Settler fisheries and the loss of herring

The rising settler population in Vancouver, British Columbia, Canada corresponded to a rise in capitalism and industrial
development. This resulted in an increase in the capacity of fishing vessels and efficacy of equipment, also known as technolog-
ical creep [50–53]. The industrialization of fishing in səl ̓ilwət resulted in devastating losses in forage fish populations [54].

Figure 2. Modelled change over time in 12 key functional groups, including: Pacific herring (Clupea pallasii); chum salmon (Oncorhynchus keta); bivalves (Saxidomus

gigantea and others); birds (Anas spp. and others); Northern anchovy (Engraulis mordax); eulachon (Thaleichthys pacificus); surf smelt (Hypomesus pretiosus);

pink salmon (Oncorhynchus gorbuscha); crabs (Metacarcinus magister, Cancer productus); ungulates (Odocoileus hemionus and others); white sturgeon (Acipenser

transmontanus); harbour seals (Phoca vitulina). Impacts to each functional group are included where relevant in graph titles, including smallpox, shoreline loss, settler

fisheries, settler hunting and prey loss. See table 1 and electronic supplementary material, table S2 for data. Values are biomass in t km–2 year–1. Artwork for the four

pillars of Ancestral səl̓ilwətaɬ diets (Pacific herring, chum salmon, marine/tidal birds and bivalves) was commissioned from artist Irene de Jong for this project.
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Herring was extirpated from səl̓ilwət by settler fisheries employing dynamite over 1885−1915, starting in the eastern end
of the inlet and moving west [8,54]. This fishery, based in Coal Harbour, included Spratt’s Oilery, a processing plant that
processed herring into fish oil for the forestry industry for use as a lubricant for machinery. Pacific herring (Clupea pallasii),
surf smelt (Hypomesus pretiosus), and eulachon (Thaleichthys pacificus) were devastated by commercial fishing and habitat loss
in the 1880s−1920s [54]. Settler fishing practices reduced these populations by 99% [54]. This dramatic loss in herring, smelt
and eulachon populations in the ecosystem happened before baseline states of Səl̓ilwət were established, so Western scientific
understanding of the biodiversity of Səl̓ilwət has been based on a reduced state until very recently [54], a phenomenon known
as shifting baseline syndrome [55,56]. Surf smelt spawn in the upper intertidal zone and are impacted by shoreline loss [57].

Pacific salmon have been important to settler fisheries since the beginning of colonization of the region in the 1820s, and
decades of government reports include salmon as one of the most important resources in British Columbia fisheries [58–61].
The rapid increase in the settler population and the corresponding increase in industrialized salmon fishing and habitat
change resulted in declines in salmon populations in the late 1800s [51,52,60,62,63]. Several canneries relied on the Səl̓ilwət
salmon populations and likely səl̓ilwətaɬ fishing knowledge, including Bidwell Cannery (1928−1964), English Bay Cannery
(1898−1905), Tulloch-Western Cannery (1946–unknown) and Great Northern Cannery (1900−1968), which saw increased success
after focusing on chum salmon in the 1930s [64]. We model the growth of the settler fisheries using the settler population as a
representation of and proxy for the industrialization of fishing methods, global trade and capitalism in addition to the settler
population itself.

(g) Shoreline loss and the closure of bivalve harvesting

The development of the urban cities has caused extensive shoreline damage and change since the late 1800s, resulting in 55%
loss of səl̓ilwət intertidal areas caused by urban, commercial and industrial development and change [65]. This reduces tidal
habitat and impacts culturally and ecologically important plants, fish and animals, including eelgrass, clams, crabs, ducks and
smelt, among many others [65]. The intertidal zone was also important for səl̓ilwətaɬ fishing methods, including the use of weirs
and clam gardens [1,65]. The extensive shoreline change has reduced clam habitat significantly [65]. Many of the clam habitats
in səl ̓ilwət (sub area 28−6 to 28−14 as designated by the Department of Fisheries and Oceans) have been destroyed by urban,
industrial and commercial development. Other clam habitats still exist but are unsafe to harvest owing to contamination from

Table 1. Change in biomass (t/km2) of key groups from 1750−1980 CE. Extracted Ecosim model results. Total area used to estimate loss in biomass is 103 km2 for

aquatic groups and 340 km2 for the terrestrial group (ungulates). Total study area is 443 km2 (see figure 1).

Group 1750 Biomass (t/

km2)

1880 Biomass (t/

km2)

1980 Biomass (t/

km2)

Total Δ in biomass

(t/km2)

1750−1980

Total Δ in biomass

(tonnes)

1750−1980

Total % Δ in

biomass

Pacific herring (Clupea pallasii) 13.200 9.862 0.049 −13.150 −1354.49 −100%

Chum salmon (Oncorhynchus

keta)

2.400 7.126 1.334 −1.063 −109.47 −44%

Bivalves (Saxidomus gigantea

and others)

9.840 22.780 16.261 +6.421 +661.32 +65%

Birds (Anas spp. and others) 0.432 1.668 0.228 −0.204 −21.02 −47%

Northern anchovy (Engraulis

mordax)

2.405 2.105 0.260 −2.144 −220.85 −89%

Eulachon (Thaleichthys

pacificus)

1.206 2.388 0.003 −1.203 −123.87 −100%

Surf smelt (Hypomesus

pretiosus)

1.440 1.767 0.000 −1.440 −148.32 −100%

Pink salmon (Oncorhynchus

gorbuscha)

0.480 1.851 0.255 −0.225 −23.20 −47%

Crabs (Metacarcinus magister,

Cancer productus)

3.120 5.005 2.446 −0.673 −69.34 −22%

Ungulates (Odocoileus

hemionus and others)

0.760 1.245 0.192 −0.568 −193.18 −75%

Harbour seals (Phoca vitulina) 0.240 1.228 0.173 −0.067 −6.88 −28%

White sturgeon (Acipenser

transmontanus)

7.200 27.384 0.194 −7.006 −721.63 −97%

Totals 42.722 84.409 21.399 −21.323 −2,330.94 —
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Table 2. Ecopath fleet landings, including səl̓ilwətaɬ and settler fishing, hunting, harvesting, and ecosystem change. ‘outside system’ category includes prey species

that are found outside of our study area, but provide necessary dietary contributions to migrating species included in the model. ‘undergrowth’ category includes the

dense growth of plants found around trees, including saplings, shrubs, and other vegetation.

Fleets (landings in t km–2 year–1)

Functional Group TWN Harvest (10 k pop) Settler fishing Settler herring Settler hunting Urbaniza

tion

Total

Ungulates 0.225 — — 0.000 — 0.225

Small terrestrial mammals 0.165 — — 0.005 — 0.170

Berries 0.082 — — — 0.010 0.092

Root vegetables 0.082 — — — 0.010 0.092

Medicinal plants 0.082 — — — 0.002 0.084

Undergrowth — — — — 0.025 0.025

Eagles — — — — — —

Birds pelagic — — — — — —

Waterfowl 1.845 — — 0.030 — 1.875

Whales/dolphins 0 — — — — —

Sea lions 0.137 — — 0.005 — 0.142

Seals 0.031 — — 0.000 — 0.032

Salmon shark — — — — — —

Dogfish 0.343 — — — — 0.343

Sturgeon 0.399 0.010 — — — 0.409

Marine white fish 0.589 0.044 — — — 0.633

Flatfish 0.577 0.001 — — — 0.578

Anchovy 0.618 0.030 — — — 0.648

Eulachon 0.618 0.020 — — — 0.638

Surf smelt 0.618 0.023 — — — 0.640

Herring 2.678 — 0.087 — — 2.768

Pink salmon 0.366 0.010 — — — 0.375

Chum salmon juv — 0.0007 — — — 0.001

Chum salmon ad 1.969 0.035 — — — 2.004

Sockeye salmon 0.022 0.002 — — — 0.023

Coho salmon juv — 0.020 — — — 0.020

Coho salmon ad 0.065 0.002 — — — 0.066

Chinook salmon juv — 0.022 — — — 0.022

Chinook salmon ad 0.022 0.001 — — — 0.023

Salmonid 0.384 0.006 — — — 0.390

Surfperch 0.092 — — — — 0.092

Rockfish 0.072 — — — — 0.072

Sculpin 0.106 — — — — 0.106

Stickleback 0.046 — — — — 0.046

Misc. prey fish — — — — — —

Outside system — — — — — —

Zooplankton (carn) — — — — — —

Zooplankton (herb) — — — — — —

Jellyfish — — — — — —

Squids 0.058 — — — 0.000 0.058

Shrimp 0.092 — — — — 0.092

Crabs 1.648 — — — — 1.648

(Continued.)
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urban development starting in the late 1800s, with faecal coliform bacteria, persistent organic chemicals, heavy metals and/or
seasonal marine biotoxins [65,66].

Water quality concerns, including stormwater and sewage overflows, widespread contamination from the fossil fuel industry
and other water quality issues have all but eliminated safe shellfish harvesting in Səl̓ilwət intertidal habitats, and the Canadian
government closed bivalve harvesting in 1972 [66–71]. Contamination from faecal coliforms, including Escherichia coli (E. coli), is
a key concern regarding the safety of bivalve consumption [69,72]. The main source of faecal coliforms in Səl̓ilwət is the human
population through wastewater [72,73]. Another concern is pollution and heavy metal poisoning from the fossil fuel industry.
An analysis of chemical levels in shellfish in the study area found mercury, arsenic and lead in all samples of Dungeness crab
(Metacarcinus magister), softshell clam (Mya arenaria) and the invasive varnish clam (Nuttallia obscurata), and both arsenic and
lead are carcinogenic [67]. Cadmium, which is also carcinogenic, was found in all clam samples [67]. Those analyses were
conducted within the context of evaluating the cumulative impacts of industrial chemical pollution from events such as oil spills
and the contested Trans Mountain Pipeline expansion, which would increase the likelihood of oil spills and other environmental
damage in Səl̓ilwət 0wing to increased pipeline capacity and the corresponding oil tanker traffic [5,67,74]. During the late 20th
century, some səl̓ilwətaɬ community members continued to consume shellfish and other traditional foods from Səl̓ilwət after
the bivalve harvest closure, which resulted in very high cancer frequency [11,67]. Industrial pollution poisoning traditional
foods has been found to result in an increased risk of cancer both in marine and oil sands environments [11,67]. Varnish clams,
manila clams (Venerupis philippinarum) and softshell clams are invasive to the area but established and abundant in Səl̓ilwət
intertidal habitat, competing with the preferred and traditionally harvested butter clams (Saxidomus gigantea) and littleneck
clams (Protothaca staminea) [75–79].

2. Methods

(a) Incorporating səl̓ilwətaɬ science

An essential facet of this research is collaboration with səl ̓ilwətaɬ knowledge holders and co-authors. Frequent collaborative
review meetings with səl ̓ilwətaɬ knowledge holders provided research guidance in addition to səl ̓ilwətaɬ science. We chose
collaborative review meetings rather than ethnographic interviews owing to the preference of səl ̓ilwətaɬ contributors, and to
include səl̓ilwətaɬ collaborators as co-creators of the research rather than interviewees. During initial review meetings, research
questions were developed together to address specific questions of interest to səl̓ilwətaɬ. A draft research question based on
available data was presented for refinement: ‘What are the cumulative impacts of colonization on the ecosystem health of
səl ̓ilwət?” This research question was refined to become: ‘What are the cumulative impacts of selected environmental stressors
caused by colonization on the ecosystem health of Səl̓ilwət?’ Specific environmental stressors were chosen based on available
data and səl ̓ilwətaɬ research priorities, including 1) the impact of smallpox on the səl̓ilwətaɬ population and the resulting
health of səl̓ilwət; 2) the impact of settler fisheries, including Pacific salmon and Pacific herring as priorities; 3) the impact of
settler hunting on terrestrial animals, including ungulates; and 4) the impact of urbanization on the health of the ecosystem.
In subsequent meetings, methods and results were presented to səl ̓ilwətaɬ knowledge holders and staff for consideration and
assessment. We focused discussions on 1) how səl̓ilwətaɬ is portrayed or discussed in the research; 2) the implications of this
research for səl̓ilwətaɬ; and 3) next steps, including any questions the research leaves unanswered for səl̓ilwətaɬ. Finally, in
editing the iterations of the reconstructed diet, səl ̓ilwətaɬ collaborators aided in assessing the relative dietary contribution of
each food group.

Table 2. (Continued.)

Fleets (landings in t km–2 year–1)

Functional Group TWN Harvest (10 k pop) Settler fishing Settler herring Settler hunting Urbaniza

tion

Total

Bivalves 7.270 — — — — 7.270

Echinoderms 0.177 — — — — 0.177

Eelgrass — — — — — —

Other benthos — — — — — —

Phytoplankton — — — — — —

Macrophytes — — — — — —

Mushrooms 0.041 — — — 0.000 0.042

Terrestrial — — — — — —

Cultural shell deposit — — — — — —

Detritus — — — — — —

Sum 21.517 0.223 0.087 0.040 0.048 21.915
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We held review meetings frequently over the research process, ensuring səl ̓ilwətaɬ access and opportunity for assessment
and questions. səl̓ilwətaɬ collaborators offered səl̓ilwətaɬ science and TEK to fill in the gaps that the archaeology and histori-
cal/archival records could not address. Additionally, səl̓ilwətaɬ collaborators and representatives conducted an official review
process to ensure this research was completed in a good way and could be released with the consent of the Nation. This was an
important component of this research as the research falls under səl ̓ilwətaɬ data sovereignty and leadership and is conducted at
the request of səl ̓ilwətaɬ (Tsleil-Waututh Nation).

(b) Ecopath with Ecosim

Ecopath with Ecosim (EwE) [31,80] is an ecosystem modelling framework extensively employed in fisheries management,
scenario assessment and ecological research, employing a mass-balanced approach. EwE facilitates the simulation of marine
ecosystem dynamics and management scenarios by incorporating comprehensive data on species interactions, biomass
distribution and fishing activities. While Ecopath furnishes a static portrayal of ecosystem structure and ecological relation-
ships, Ecosim introduces a time-dynamic element by simulating temporal changes through modelled events in time series.
This combined approach enables the assessment of fishing impacts, environmental fluctuations and other factors affecting
ecosystems, along with the exploration of various scenarios.

Ecopath builds models around functional groups, which represent any group of organisms from the modelled system that
can represent a single species, a group of related species or size or age groups within a species [31]. Ecopath requires a series
of input data for the functional groups to create a model and define the system. These include a list of functional groups and
their associated biomass (B) in the habitat area (t km–2), production/biomass (P/B), consumption/biomass (Q/B) and Ecotrophic
Efficiency (EE) [31,80]. P/B is the total production/biomass ratio of a functional group [31], or its total mortality (Z). Q/B is the
relative annual consumption of food by a group relative to the group biomass, which expresses how much food the group will
consume from the system, and it is determined based on the group's biology and their biomass in the modelled ecosystem.
Ecotrophic Efficiency represents the fraction of a group’s production that is used in the system (as described by the model)
and it is thus a ratio between 0 and 1. The closer the fraction is to 1, the closer to maximum capacity of production used by
the system. Only the first three of these four parameters must be entered: the model will automatically calculate the EE. For
the present model, EE was estimated for all groups. Fisheries can be added with any number of ‘fleets’ to consider fishing (or
hunting or harvesting) of functional groups, and the amount removed from the ecosystem in this way is measured in tonnes per
square kilometre per year (t km–2 year–1) [31].

Ecosim, which adds a time-dynamic dimension to the Ecopath framework, uses Ecopath for the initial parameterization and
allows for simulation of time impacted by time series, vulnerability multipliers and forcing functions. A time series is a series of
successive data points of observations of any studied biological or environmental parameter for the duration of the simulation.
Vulnerability multipliers represent the relationship between predator biomass and prey mortality. They represent the maximum
increase in predation mortality rate that a predator could cause to a prey group when the predator reaches its carrying capacity,
with the default value set to 2.00 and a minimum possible value of 1.00 [31]. Forcing functions represent physical or other
parameters that the model will enforce on the functional group to which it is applied [31]. For example, a loss in habitat can
be modelled using a forcing function by applying a pattern of habitat loss over time (e.g. 50% over 10 years) to all functional
groups that are in that habitat (e.g. the intertidal zone within the modelled ecosystem). This allows for habitat-specific changes
to be modelled without the use of the spatial–temporal module of EwE, Ecospace [31,81].

(c) Modelling ecosystem change

We use EwE to model the historically documented changes to the Səl ̓ilwət ecosystem (v. 6.7.0.18329, https://www.ecopath.com).
EwE is a unique tool with which to assess the cumulative effects of development on an ecosystem [30,80,82–84]. We use EwE
to model the cumulative effects of selected environmental stressors on Səl ̓ilwət between 1750−1980 CE. The modelled area,
outlined in figure 1, includes 443 km2 with 103 km2 of water, including marine, tidal and river habitats. We use a static state
model set in 1750 CE as our starting baseline [10,12]. The static-state model establishes a sustainable ecosystem state and is
based on archaeology, historical ecology, historical records, səl̓ilwətaɬ community knowledge and ecological data. We draw on
primarily historical and archival data to establish the data points for the time series that represent the events we include in the
model. The environmental stressors included in the model include: 1) the impact of smallpox on the səl̓ilwətaɬ population and
the resulting health of Səl̓ilwə; 2) the impact of settler fisheries, including Pacific salmon and Pacific herring as priorities; 3)
the impact of settler hunting on terrestrial animals, including ungulates; and 4) the impact of urbanization on the health of the
ecosystem.

The static state model, which can be found on EcoBase, is named ‘səl̓ilwət, Burrard Inlet, 1750−1980 CE’ and it contains 52
functional groups spanning terrestrial, river, tidal and marine habitats (see electronic supplementary material, tables S3 and 4
for the basic input parameters and basic estimates [results] from this model) [10]. ‘TWN’ stands for Tsleil-Waututh Nation. The
original ‘fleet’ focused on the səl ̓ilwətaɬ hunting, harvesting and fishing within the ecosystem, with the landings representing
the annual amount taken from the ecosystem and set to variable model population sizes, which was to test the maximum
human carrying capacity of the ecosystem. The landings were calculated based on a pre-contact səl̓ilwətaɬ dietary reconstruction
project that offers an estimated daily menu, averaged across a year and across a modelled pre-contact səl̓ilwətaɬ population of
children, adults, elders and pregnant/lactating adults [11]. The calculations from the daily menu to the landings for the Ecopath
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model are reported in electronic supplementary material, table S5. Population sizes of 1000, 5000, 10 000, 15000 and 20 000 were
tested and it was found that 10 000 was the largest population size the modelled ecosystem could sustain [10,12].

Based on this, we use the 10 000-person population size as the starting number of people, represented as a fleet in the time
series (see table 2 for the Ecopath fleet landings and electronic supplementary material, tables S1, S3 and S4 for the Ecosim
time series, Ecopath basic input parameters and Ecopath basic estimates (base model results), respectively). We include three
more fleets in addition to the fleet that represents the səl ̓ilwətaɬ population: (i) settler fishing, (ii) settler herring, (iii) settler
hunting and (iv) urbanization, the last of which represents the replacement of habitat with urban development (see table 2
and electronic supplementary material, table S1). We modelled the settler herring fishery separately from the rest of the settler
fisheries because of the well-documented eradication of herring caused by the dynamite herring fishery. To ensure that these
‘fleets’ do not start until the time series representing the settler population starts, we apply a negative biomass accumulation to
each of the groups included in these three fleets corresponding to the landings multiplied by −1 [31]. For example, the landings
for herring are 2.678 t km–2 year–1 from settler fishing, so the biomass accumulation that we enter is −5.00. This way, the settler
fleets do not initiate until the time series instructs it to do so (see electronic supplementary material, tables S1 and 4). We use
a reduced vulnerability multiplier for the following groups to represent that they were closer to their carrying capacity before
contact than is expressed with the default setting (of 2): pink salmon, with a vulnerability value of 1.10, and Waterfowl, with a
vulnerability value of 1.20. To address exchange of biomass from migrating species, a functional group named ‘Outside system’
is included to provide prey to sturgeon and salmon groups. Immigration values of 1.5 for waterfowl and 0.13 for sea lions
are also included to represent the immigration of additional biomass of these two migratory species. These two approaches to
address exchange in and out of the study system help in modelling this small study area more accurately.

(d) Research parameters

We limit our analysis to the following events within our study period of 1750−1980 CE: two smallpox waves (1782 and 1862
CE); salmon and herring fisheries and canneries; the extirpation of herring; the change to and loss of shoreline; and the closure
of bivalve harvesting. By including these selected environmental stressors, we model the impact of these events alone. We
acknowledge that this does not represent all of the environmental stressors that impacted səl̓ilwət between 1750−1980 CE.
Additionally, the loss of freshwater streams, which represents part of lost salmon spawning habitat, is not within the scope
of this research. Finally, both the səl ̓ilwətaɬ and settler populations are represented through fleets in the model. The səl ̓ilwətaɬ
fishery includes what is harvested, hunted, fished and gathered within our study area, and it does not include any imported
or exported food goods. The growth of the settler population is determined using census data [85], represented through fleets,
which does not include the change in gear, vessels, or commercial fishing techniques or regulations that very likely had an
impact on fishing pressure and fleet efficacy. These research parameters establish the scope of this study.

(e) Smallpox epidemics and population size

Smallpox had such a significant impact on səl ̓ilwətaɬ that the few remaining səl ̓ilwətaɬ community members called
on neighbouring xwməθkwəy ̓əm (Musqueam) community members to assist with burials (Gabriel George, personal
communication, March 2024). To model the impact of smallpox on səl ̓ilwətaɬ, the səl ̓ilwətaɬ population is represented
in the model as a fleet, rather than as a functional group. This fleet includes all hunting, harvesting and fishing in the
səl̓ilwət ecosystem by the səl ̓ilwətaɬ population, and does not include any imported resources, which we assume would
equal exports. We include two smallpox waves in the model, one in 1782 and the second in 1862 CE. Smallpox inflicted
significant loss of life upon Coast Salish communities [40,41,43,44,86]. Reports vary regarding the extent of loss, ranging
from 50–90% loss of life in communities affected, with some communities experiencing great loss and villages left deserted
[40,41,43,44]. We use a time series to control the səl ̓ilwətaɬ harvest fleet, decreasing by 80% (1782 CE) and a further 60%
(1862 CE) for the two main smallpox waves, representing the depopulation and resulting decrease in fishing, hunting and
harvesting pressure caused by these waves (see electronic supplementary material, table S1). We start with a value of 1.00
and reduce the value to 0.20 (i.e. 20% of that 1750 CE population) in 1782 and 0.12 (i.e. 12% of that 1750 CE population)
in 1862 CE. It is difficult to calculate exactly what percentage of the səl̓ilwətaɬ community died in the first smallpox wave
since it was before European census records, so we apply an estimate based on historical estimates of population loss.
The 1862 CE smallpox wave would have hit a population that had already experienced at least one wave of the virus,
and so may have had some immunity. We use a further reduction of 60% for the 1862 CE wave based on Robert Boyd’s
calculations [43]. Harris calculates an overall reduction in Coast Salish populations of 90% [41], and after both the 1782
CE and 1862 CE waves, our estimates result in a 92% loss. These reductions in population size are represented in the time
series as reduced fishing pressure (see electronic supplementary material, table S1).

(f) Settler fisheries and shoreline change

We represent the extirpation of herring and the intense fishing of salmon, smelt and eulachon in the time series under the settler
fishing fleet (see table 2 for landings and electronic supplementary material, table S1 for the time series). We increase the fishing
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pressure in accordance with the settler population and recorded landings, based on census data retrieved from Statistics Canada
[85], and level off fishing pressure growth in the late 1940s (see electronic supplementary material, table S1). The intercensal
growth in population is linked to the settler fishing pressure through the time series, under the three settler Fisheries: settler
fishing, settler hunting and urbanization (see table 2 for landings). The settler fishing represents a modelled estimate of all
settler commercial, industrial and small-scale fishing in the Səl̓ilwət ecosystem. We start the time series for these fisheries with
a low starting value of 0.01 in 1820 and increase the value in accordance with the intercensal growth reported by Statistics
Canada. In 1948, we maintain the value of 100.10 until 1980 to end the link between the population growth and the Fisheries (see
electronic supplementary material, table S1).

A forcing function is applied to the following groups through the time series to represent the reduction of their intertidal
habitat: surf smelt, crabs and bivalves. The forcing function is included in the time series (see electronic supplementary material,
table S1). The loss of intertidal habitat is represented through a 1% loss per year until approximately 45% loss is attained by the
mid−1940s, ending at 62% loss in 1980. While the overall shoreline loss for Səl ̓ilwət is modelled at 55% between 1792−2020 CE,
some of the local habitats faced more intense losses of >99% in False Creek Flats, and 80% in the Capilano River Estuary [65].
These two areas include essential intertidal habitat to the functional groups to which we apply this forcing function.

(g) Key functional groups for analysis

We focus our attention on the twelve functional groups that represent the top 80% of contributors to the pre-contact səl ̓ilwətaɬ
diet [11]. This includes the four pillars of the səl̓ilwətaɬ diet, representing 58% of the pre-contact səl̓ilwətaɬ diet: Pacific herring
(C. pallasii), salmon (Oncorhynchus spp.), marine birds (Anas spp. and others) and bivalves (Saxidomus gigantea and others) [11].
The salmon species we include in this analysis are chum salmon (Oncorhynchus keta) and pink salmon (O. gorbuscha), which
together contribute 93% of the salmon in the pre-contact diet from Səl ̓ilwət [11]. An additional 22% of the diet comes from white
sturgeon (Acipenser transmontanus), crabs (M. magister, Cancer productus), ungulates (Odocoileus hemionus and others), harbour
seals (Phoca vitulina) and forage fish, including eulachon (T. pacificus), Northern anchovy (Engraulis mordax) and surf smelt (H.
pretiosus). We do not include functional groups for which data are too sparse to be used for our study time period in this
analysis.

3. Results

The model showed a dramatic change in ecosystem state as soon as the 1782 CE smallpox epidemic hits the ecosystem,
reducing the səl̓ilwətaɬ population by 80%, from 10 000 to 2000 (see the impact of this human loss of life on 12 key
functional groups in figure 2). The second wave in 1862 CE, represented as a loss of 60% of the səl̓ilwətaɬ population, had
a less dramatic impact on the model as the fishing pressure was already significantly reduced. Following these epidemic
events and massive reductions in the səl̓ilwətaɬ population, the settler population and environmental impacts increase
and the biomass of the key functional groups on which we focused decreases significantly over 1900−1950 CE, when we
stopped the link between settler population growth and fishing pressure. Key fish species were heavily impacted by settler
fisheries from 1880−1980 CE. The biomass of forage fish was reduced significantly, with surf smelt reduced by 100% (148
tonnes lost between 1750−1980), eulachon reduced by 100% (124 tonnes), Northern anchovy reduced by 89% (221 tonnes)
and Pacific herring reduced by 100% (1355 tonnes). Chum salmon was reduced by 44% (110 tonnes) and pink salmon by
47% (23 tonnes). The biomass of white sturgeon was reduced by 97% (722 tonnes). However, there was a more significant
reduction in the biomass of many of the groups between 1880−1980 owing to settler fisheries, habitat loss and prey loss (see
table 1). Surf smelt was reduced by 182 tonnes and eulachon by 246 tonnes. Chum salmon was reduced by 596 tonnes and
pink salmon by 164 tonnes. Sturgeon experienced a loss of 2800 tonnes.

The shoreline of səl ̓ilwət experienced dramatic change over the modelled time period and this is clear through the loss
in the biomass of key intertidal functional groups. The biomass of bivalves initially increased owing to the lack of human
harvesting pressure or clam garden management. However, the key concern with bivalves is the levels of contamination that
make them unsafe to eat (see figure 2). While bivalves are still present and abundant, they are essentially inedible. Also marked
on the bivalves graph in figure 2 is the inlet-wide bivalve closure in 1972 CE. However, from 1880−1980 CE, the bivalves
experienced a rapid loss in shoreline habitat and their biomass is reduced by 29%, or 671 tonnes. Between 1750−1980, crabs
experienced a loss of 22% or 71 tonnes, and marine and tidal birds a loss of 47% or 21 tonnes (see the respective graphs in
figure 2). Between 1880−1980, crabs were reduced by 264 tonnes and marine and tidal birds by 148 tonnes. The biomass of
harbour seals reduced by 28% [7 tonnes, see figure 2) between 1750−1980, and 109 tonnes between 1880−1980 CE. Ungulates,
as the representative terrestrial functional group, reduced by 75% (193 tonnes, see figure 2) between 1750−1980 and 358 tonnes
between 1880−1980. These percentages are the percent difference between the 1750 CE biomass value and the 1980 biomass
value for each of the twelve functional groups that we analysed. Surf smelt was also impacted by the loss of intertidal zone
habitat as upper-intertidal spawners [57].

The most important results are the trends in change over time. With the exception of bivalves, for which there are other
concerns, the biomass of these groups that are key to səl ̓ilwətaɬ traditional lifeways and diets are reduced significantly owing
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to settler-colonial fisheries and development activities. The loss of səl̓ilwətaɬ lives, resulting in reduced fishing, harvesting and
hunting pressure, also has a significant impact on the biomass of most of the groups. Overall, our results show a significant
loss in biomass from start to end of the model, with 21.32t km–2 of biomass lost over 1792−1980 CE and 63 t km–2 of biomass
lost between 1880−1980 CE (see table 1). The 1750 total biomass across the twelve groups was 42.72 t km–2, the 1880 biomass
was 84.41 t km–2 and the 1980 total biomass was 21.50 t km–2. As the available biomass of bivalves is unsafe to consume, we
did not include it as edible biomass, and with this adjustment the total available 1980 biomass is 5.14 t km–2. If the 1750 CE
ecosystem state was able to sustain up to 10 000 people [10], a proportional decrease in carrying capacity would mean that only
1203 people could be sustained on the 1980 CE ecosystem, representing a human carrying capacity loss of 88% in the Səl̓ilwət
ecosystem.

Pacific herring and Pacific salmon are culturally and ecologically keystone species in the Pacific Coast [87–89] and the loss of
both herring and salmon impacts the people and animals that relied on them for food. As salmon, herring, shellfish and marine
birds were the four pillars of the pre-contact səl̓ilwətaɬ diet [11], the significant loss of biomass of these groups especially would
have had a substantial impact on the community. Our results show that settler-colonial fisheries and industrial/commercial
development activities were primary contributors to the considerable reduction in biomass among key species crucial to
səl̓ilwətaɬ traditional lifeways and diets.

4. Discussion

A quote shared frequently in discussions with səl ̓ilwətaɬ knowledge holders during this research is ‘when the tide went out,
the table was set’ [9]. This quote speaks to the essential role that Səl ̓ilwət holds in sustaining səl ̓ilwətaɬ communities. This is
the first study quantifying the cumulative ecological loss caused by settler-colonial activity and commercial/industrial growth
in Səl ̓ilwət. To our knowledge, this is the first attempt to quantify the loss of biomass and food availability from pre-contact to
the modern day. Our study area is 443 km2, including 103 km2 of marine and intertidal areas and 340 km2 of terrestrial areas.
Our results show that there was a loss of 21.50 t km–2 (see figure 2 and table 1). There was a total loss of 2331 tonnes of biomass
over 1750−1980 CE. The loss in biomass between 1880 CE and 1980 CE was significantly more: the total biomass in 1880 for
these twelve groups was estimated as 84.20t km–2 and the loss of biomass between 1880−1980 was 63.01 t km–2, or 6740 tonnes.
The key cause of this loss of biomass are the settler fisheries, which supplied the many canneries around the shores of Səl ̓ilwət,
including Bidwell Cannery, English Bay Cannery, Tulloch-Western Cannery and Great Northern Cannery [64], marked in blue,
and Spratt’s Oilery marked in pink on figure 3. This only represents the absolute loss in biomass, not the potential biomass lost

Figure 3. Map of səl̓ilwət including salmon canneries, Spratt’s Oilery, the present-day shoreline, the pre-contact shoreline, the lost intertidal habitat and the area

included in the 1972 bivalve harvest closure. By GIS & Information Management, Inlailawatash.
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by the eradication and devastation of key species, including herring, surf smelt, anchovy, eulachon, sturgeon and ungulates.
The potential harvest of these species between the first smallpox wave in 1782 CE and the end of the model in 1980 CE is
considerably higher and represents a considerable loss in traditional foods. For example, if səl̓ilwətaɬ had been able to continue
harvesting the modelled 2.7 t km–2 of herring per year from 1782−1980 CE, a period of 198 years, this represents a loss of 534.6 t 
km–2, or 55 064 tonnes of biomass.

The carrying capacity of the səl ̓ilwət ecosystem was reduced by 88% by the modelled events over 1820−1980, a significant
loss that increases the ecosystem’s vulnerability to environmental stressors and reduces the overall biodiversity of the
ecosystem. This study only modelled specific events: the smallpox waves of 1782 and 1862 CE, the settler fisheries
including salmon and herring, the extirpation of herring and shoreline loss. We include a discussion of the pollution and
contamination that resulted in the closure of the bivalve harvest in 1972 CE, but we do not model the contamination itself.

We did not include other events and environmental stressors, including the loss of streams, the forestry industry, or dams.
Because of this, our estimates of loss are conservative and there was almost certainly more loss to biomass and ecosystem health
during this time period that is outside the scope of this study. We also recognize that including other events would influence
the trends presented in figure 2. The rapid increase in the settler population, driving a corresponding increase in their fishing,
harvesting and hunting pressure on the ecosystem, caused dramatic loss in salmon, forage fish, white sturgeon and harbour
seals. This relationship was modelled as a direct 1 : 1 relationship between the settler population and the fishing pressure from
settler fisheries; however the settler population was used to also represent the industrialization of fishing methods, global
trade and the introduction of capitalism. The loss of shoreline habitat, primarily caused by infilling of False Creek and Inner
Harbour South [65], impacted bivalves, crabs and birds. Ungulates also suffered a dramatic reduction of their population, with
settlers favouring the elk and deer meat [90–92]. Further, settlers hunted elk intensely and wiped out the herds that had once
been abundant throughout the study area, with the last elk seen in 1881 CE nearby in Coquitlam [90–92]. Overall, there is a
pattern of biodiversity and habitat loss as a casualty of industrial and commercial development and the creation of Metropolitan
Vancouver.

We focused our analysis on the twelve functional groups we have included in our discussion. Given that the 1750 CE
landings for the səl̓ilwətaɬ fleet could feed up to 10 000 people [10], and because we do not include the contaminated
and inedible bivalves biomass, our results indicate that the modelled events left only enough food to sustain up to 1203
people by 1980. However, we do not suggest that 1,203 səl ̓ilwətaɬ people were able to sustain themselves on the Səl ̓ilwət
over 1820−1980 CE, as səl ̓ilwətaɬ food sovereignty, access, fishing, harvesting, and hunting were increasingly restricted and
controlled, including competition from industrialized settler fisheries [93,94]. The Indian Reserve System was established
in the 1830s, limiting Indigenous peoples into small pieces of land and restricting their access to their lands and resources
[1,93,95]. Starting in 1869 CE, səl ̓ilwətaɬ was forced to live on IR3 (Indian Reserve 3, or Burrard Inlet 3), marked on figure
1, and other Indian Reserves around Burrard Inlet, a very small part of their much larger traditional and unceded territory
[96]. When considering impacts to the ecosystem beyond the scope of this study, the real carrying capacity in 1980 CE
would be considerably lower. For example, other colonial and anti-Indigenous policies and infrastructure, including St.
Paul’s Indian Residential School opening in 1899 CE, are all impacts to the səl̓ilwətaɬ population that are outside of the
scope of this study. For example, the Residential School System took thousands of children from Indigenous communities
through violence and forced them to attend institutions that used abuse to attempt to ‘kill the Indian in the child’
[94,97,98]. Assault, poor hygiene, and poor diets resulted in the deaths of thousands of Indigenous children [94,97,98].

(a) Trophic impacts on biomass

One of the characteristics of ecosystem modelling in Ecopath is the diet compositions of functional groups, which is one
of the mechanisms by which the model connects groups into a functioning ecosystem, an ecological network [31]. This is a
key benefit to whole ecosystem modelling and demonstrates that the loss of the səl̓ilwətaɬ population and the rapid rise in
settler population are both felt across the ecosystem. The model shows multiple stressors on all twelve groups, including
loss of habitat, change in fishing mortality, change in predator biomass and change in available biomass of prey. Herring
and salmon are two of the pillars of traditional səl̓ilwətaɬ diets [11] and the loss of herring and salmon biomass in the
Səl̓ilwət ecosystem represents a loss to səl̓ilwətaɬ lifeways and food sovereignty.

A key example of trophic impacts to biomass is Pacific herring. Our results show a loss of 13.15 t km–2 of herring over
1880−1915 CE, which represents 1355 tonnes of herring biomass lost to settler overfishing and destructive fishing practices in
səl ̓ilwət in approximately 35 years. Herring is an ecological and cultural keystone species in the Pacific Northwest [87,89] and
this loss is felt throughout the ecosystem. Within this analysis, we see this impact on birds and harbour seals; however, more
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broadly, herring are important contributors to the diets of salmon and seals. Both salmon and seals are key foods of the critically
endangered Southern Resident Killer Whales (Orcinus orca) [99,100]. For the 2023/2024 season, the Canadian Department of
Fisheries and Oceans set a maximum allowable harvest of 8058 tons (7310 tonnes, 1.075 t km–2) of herring for the Strait of
Georgia (total area, 6800 km2), the arm of the Salish Sea in which səl̓ilwət is located [101]. səl̓ilwətaɬ was sustainably harvesting
more than double that quantity, 2.678 t km–2 (278 tonnes per year) pre-contact. Herring, smelt and eulachon are all keystone
species, and the devastation of these species in Səl ̓ilwət has ripple effects throughout the ecosystem [89]. This demonstrates a
transition from sustainable harvest to a devastating collapse in biomass to a long-term suppression of the population.

Another example of the trophic impacts to biomass is salmon. Chum salmon and pink salmon experience losses in biomass
of 1.07 and 0.23 t km–2 respectively. This represents approximately 109.8 tonnes of chum salmon biomass and 23.24 tonnes of
pink salmon biomass lost over 1880−1980, a period of 100 years. Salmon species are also ecologically and culturally keystone in
the Pacific Northwest [88]. In this analysis, the loss of salmon biomass impacts harbour seals and white sturgeon. Additionally,
salmon has an important role in the health of Səl̓ilwət aquatic and terrestrial ecosystems by providing nutrients and energy to
forests and terrestrial systems as their carcasses decompose after spawning [102,103].

There are numerous environmental stressors to salmon, but we focus solely on the settler fisheries. The loss of spawning
habitat, the forestry industry and the construction of dams are a few stressors on salmon that we do not model. There are
numerous lost streams in the study area that were once salmon spawning habitat [65] and the loss of these streams would have
likely further reduced the biomass of salmon in səl̓ilwət. The forestry industry has a negative impact on salmon populations
by changing and damaging their spawning habitats [104,105]. Dams impact the life cycles and migration of salmon [106–108].
There is more to the story regarding the cumulative impacts of environmental stressors caused by colonization that can be
modelled in future research.

(b) Ecological impact of disease

Our research highlights the connection between disease, loss of life in Indigenous communities, environmental change
and reduction in ecosystem health. Previous work has studied the connection between loss of Indigenous lives and
environmental change, but it focused on reforestation and was located in the Southwest of the United States [109]. Our
results illuminate the ecological impact of the smallpox epidemics, resulting in not only a loss of human life, but also
environmental change that is a direct result of the loss of səl ̓ilwətaɬ lives. The model shows a balanced ecosystem in the
period before the first smallpox wave. The modelled loss of 80% of the səl̓ilwətaɬ population in 1782 CE with the first wave
of smallpox has a noticeable impact, showcasing the significance of the səl ̓ilwətaɬ relationship with the ecosystem. The
impact of the second smallpox wave in 1862 CE is more subtle, but still noticeable in all groups (see figure 2). səl̓ilwətaɬ
had millennia-long resource management and exploitation practices that were sustainable and ecocentric [1,3,6,7,110,111].
Our results illuminate the sustainability of the intensive səl ̓ilwətaɬ stewardship, fishing, harvesting and hunting in Səl ̓ilwət
pre-contact. The loss of səl̓ilwətaɬ life is felt across the ecosystem.

(c) Impact of fisheries and environmental change on biomass

Prior to the 1782 CE smallpox wave, the model is balanced (using the Ecopath mass balance process), representing a
sustained ecosystem state. The loss of 80% of the səl̓ilwətaɬ population, simulated through their fishing and harvesting
pressure on the ecosystem (table 2), results in an increase in biomass in all 12 modelled groups. The exploitation of fauna
by the səl ̓ilwətaɬ fleet exerts considerable pressure on biomass levels. However, the observed increase in biomass following
an 80% reduction in the səl̓ilwətaɬ fleet is not necessarily ecologically beneficial, as it may lead to elevated mortality rates
among prey species. The ecosystem’s balance is disrupted, and due to rapidly increasing pressure from the rising settler
population, it does not have a chance to recover. The 1862 CE smallpox wave, which is modelled as having a further
60% reduction in the səl̓ilwətaɬ population, appears to also have an impact on all twelve groups. However, there are
compounding impacts during that period, including the increasing fishing pressure from the settler population.

Settler Fisheries have a significant impact on nine of the groups: chum salmon, pink salmon, Pacific herring, surf smelt,
eulachon, Northern anchovy, white sturgeon, ungulates, and harbour seals experienced significant loss in biomass over
1900−1980 CE (see figure 2). The groups relying on the intertidal zone, including bivalves, crabs, and birds, are all significantly
impacted by the loss of shoreline(see figure 2). Overall, the effect of Fisheries on the ecosystem is that of suppressing biomass,
and this results in a complete extirpation in the cases of Pacific herring and eulachon and a near eradication in the biomass
of Northern anchovy, surf smelt, and white sturgeon (figure 2). Settler fisheries dramatically reduced the overall health of the
Səl̓ilwət ecosystem.
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Bivalves are most impacted by shoreline change reducing their habitat and by industrial and commercial activities
polluting səl̓ilwət. While we do not see as dramatic a collapse in the biomass of bivalves, the contamination with bacteria,
viruses, chemicals, heavy metals and marine biotoxins have resulted in the bivalves that once provided sustenance for
thousands of səl ̓ilwətaɬ people being unsafe to consume [68,69,71]. The increase in bivalve biomass starting at 1782 CE
is owing to the dramatic decrease in Səl̓ilwət harvesting pressure, caused by smallpox waves that reduced the Səl̓ilwət
population. We do see a loss of 28% of the biomass of bivalves from 1885−1980 caused by shoreline change—representing
a loss of 6.29 t km–2, or 648 tonnes lost over 95 years—owing to loss of and damage to habitat. However, the loss of
edible biomass is 100%: what is now present are primarily invasive species, and native species are preferred by səl ̓ilwətaɬ
harvesters [75]. Settler-colonial activities and the development of industrial and commercial interests in Səl̓ilwət have a
significant negative impact on the health of the səl̓ilwət ecosystem. Settler fisheries have a significant impact on fished
groups, dramatically reducing biomass over the study period. The loss of essential shoreline habitat further reduces the
biodiversity and ecosystem health significantly.

5. Conclusions

This research sits within the palaeoenvironmental, palaeoecological and environmental archaeological space of reconstructing
past environments and human-to-environment relationships over deep time. As far as we are aware, our study is novel in that
it is the first attempt to quantify the cumulative impacts of colonization on an ecosystem. Through combining data sources
across disciplines, this work avoids disciplinary silos and offers a holistic and robust model of the Səl̓ilwət ecosystem over
time. It is essential to approach environmental reconstruction with transdisciplinary methods to bridge data and knowledge
gaps [14,15,19,27]. Our analysis shows an overall pattern of loss of biodiversity and habitat, representing a severe reduction in
ecosystem health starting with the first smallpox wave in 1782 CE.

In this research we establish a novel method to modelling the cumulative effects of urbanization and settler-colonization
over time using Ecopath with Ecosim. While this modelling process offers a best estimate and overall biomass trends,
rather than absolute accuracy, it is grounded in historical, archival, archaeological and ecological data, as well as firsthand
accounts from səl̓ilwətaɬ experts. The model demonstrates the significant negative impacts of the modelled events on the
səl̓ilwət ecosystem. səl̓ilwət experienced dramatic change over 1782−1980 CE, and this is keenly felt by səl̓ilwətaɬ today.
Loss of biodiversity, the poisoning of important resources, loss of habitat and the horrific loss of human life have all had
significant impact on səl ̓ilwət and on səl ̓ilwətaɬ. Collectively, the damage to and loss of habitat and biodiversity in Səl ̓ilwət
are devastating. The top twelve contributors to the pre-contact səl̓ilwətaɬ diet suffer from rapid increases in fishing and
hunting pressure, as well as industrial pollution and loss of habitat. The considerable loss in available food, caused by the
settler fishing industry and industrial activities, directly undermines səl̓ilwətaɬ food sovereignty.
This story is distressing, and there is no way to ignore the pain felt by Indigenous communities throughout what we now
know today as Canada. However, səl̓ilwətaɬ has made important strides towards protecting, conserving and improving
the health of Səl ̓ilwət, and they continue to do so [8,9,75,93]. By modelling the impacts of these events on the ecosystem,
we can better understand what has been lost to or damaged in the name of development and colonization, and this can
be used by səl ̓ilwətaɬ for future stewardship work. Additionally, this community-driven and transdisciplinary approach to
the ecosystem modelling of past ecosystems and ecosystem change can be adapted and used in other communities and
ecosystems.
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