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tumor samples in patient-derived xeno-

graft mouse models (3). However, it is un-

clear whether antibiotics could be used in 

CRC prevention, given the years to decades 

over which cancerous lesions in the colon 

develop and the consequent potential of 

developing antibiotic resistance. Highly 

selective antibiotics or antivirulence ap-

proaches might represent a more viable 

strategy that is less disruptive for human 

microbial ecology. FMT, the transfer of 

fecal material from healthy individuals 

to patients, is increasingly being used to 

combat colitis caused by antibiotic-resis-

tant Clostridium difficile infection. More 

recently, FMT has been considered for 

the treatment of a number of diseases, in-

cluding obesity and inflammatory bowel 

disease, with several clinical trials under 

way. FMT has also been piloted in a small 

number of cancer patients who developed 

severe colitis associated with the use of 

immunotherapy (15).

Beyond FMT, carefully curated cocktails 

of microbes are being tested for C. diffi-

cile colitis and for CRC. The goal of such 

a therapeutic is to use microbial consortia 

to “push out” or exclude a disease-associ-

ated microorganism from a patient’s gut 

or tumor. Vaccines also hold tremendous 

potential for cancer prevention, with can-

cer-associated microbes and tumor neoan-

tigens used to elicit antitumor immunity. 

For many CRC-potentiating microbes, their 

toxins, adhesins, and outer membrane pro-

teins are attractive vaccine targets. Addi-

tionally, exciting opportunities also exist 

for using microbiota profiling information 

not only in CRC prevention, diagnostics, 

and therapeutics but also for treatments 

targeting GI microorganisms to decrease 

the toxicities of CRC therapeutics. j
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BRIDGE: INDIGENOUS AND SCIENTIFIC KNOWLEDGE

“Two-eyed seeing” supports 
wildlife health
Bridging Indigenous and scientific knowledge improves 
wildlife surveillance and fosters reconciliation

By Susan Kutz1 and Matilde Tomaselli1,2

T
he cry “Don’t shoot the leaders!” is 

central to the traditional knowl-

edge of Indigenous peoples across 

the Canadian North. For countless 

generations, northern Indigenous 

peoples have witnessed the annual 

caribou migrations, understanding their 

mechanisms and patterns. They know that 

if the caribou leading the migration are re-

moved, the rest of the herd do not know 

where to migrate and will not return to the 

traditional harvesting grounds. A recent 

scientific study on the migratory behavior 

of hoofed animals also concludes that they 

learn from their conspecifics where and 

when to migrate (1). Experiential-based 

knowledge such as that of the northern In-

digenous peoples, acquired through prac-

tice and over generations, has been central 

to human adaptation and survival for mil-

lennia. Combining this knowledge with 

scientific knowledge will help to achieve 

better-informed and more timely and ef-

fective decision-making on wildlife health 

and conservation.

The urgency of ethically documenting 

and effectively using local knowledge for 

wildlife health surveillance is underscored 

by the current rate of climate change in 

the Arctic and elsewhere (2), where dis-

ease emergence and wildlife population 

declines are threatening species survival (3) 

and the livelihoods, food safety, and food 

security for Indigenous peoples (4). Many 

of the principles that apply to local knowl-

edge held by Indigenous peoples also apply 

to local knowledge held by nonindigenous 

people around the world.

VALUING INDIGENOUS KNOWLEDGE

Accounts related by Indigenous knowledge 

holders, and even local idioms, provide 

tremendous insights into wildlife biology, 

health, and disease ecology. People living 

in close intimacy with their environment 

have a comprehensive understanding of 

the dynamic nature of the systems in which 

they live, including indicators of ecosys-

tem health and their natural variability. 

Systematically documenting Indigenous 

knowledge can result in early detection of 

ecological changes (5). For example, obser-

vations by subsistence hunters of thinner 

1Department of Ecosystem and Public Health, Faculty of 
Veterinary Medicine, University of Calgary, Calgary, Alberta, 
Canada. 2Polar Knowledge Canada, Government of Canada, 
Cambridge Bay, Nunavut, Canada. Email: skutz@ucalgary.ca; 
matilde.tomaselli@ucalgary.ca

Inuit harvester Julia Ogina, of the Kitikmeot Inuit Association (left), shares her knowledge on muskox health 

with wildlife veterinarian Matilde Tomaselli (right), in Cambridge Bay, Nunavut, Canada. 
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animals can predict an impending popula-

tion decline long before detection by con-

ventional population surveys.

Whether it be overt events such as dis-

ease outbreaks or more insidious population 

changes, early detection is essential to re-

spond effectively to conserve wildlife and to 

protect human and domestic animal health, 

food security, and livelihoods (6). Conserva-

tion organizations are increasingly recogniz-

ing that respecting Indigenous knowledge is 

essential for equitable development and en-

vironmental sustainability (7).

Despite these advances, application of In-

digenous knowledge for wildlife health as-

sessment and conservation is in its infancy, 

and there remains uncertainty, and at times 

skepticism, among decision-makers on how 

to combine local perspectives with scientific 

insights for evidence-based decision-mak-

ing around wildlife. Fundamental barriers 

include the “need to meet scientific cred-

ibility” to produce reliable accounts and the 

difficulty to “translate user perceptions into 

categories/criteria that rely on numbers” 

(8). Addressing these barriers does not 

mean that Indigenous knowledge must be 

coopted into the scientific knowledge sys-

tem or to be validated with science; rather, 

it requires engagement in meaningful dia-

logues that enable different knowledges to 

interface.

THE POWER OF “TWO-EYED SEEING”

Recognizing the legitimacy of multiple 

ways of knowing is the first step in bridg-

ing knowledge types. This includes mutual 

respect for different philosophical theories 

and assumptions underlying knowledge 

systems, acknowledging limitations, and 

capitalizing on strengths (9, 10).

Scientific knowledge is widely regarded 

as the gold standard because of its focus on 

measurable and objective criteria. However, 

scientific surveillance of wildlife health is 

often limited in space and time, only docu-

ments certain types of information, and is 

difficult to interpret when data are frag-

mented. These limitations are especially 

evident in remote settings where fieldwork 

is expensive, logistically difficult, and often 

restricted to specific months of the year.

Indigenous knowledge, a holistic body of 

knowledge acquired through experience at 

broad spatial and temporal scales, cumula-

tively captures information across multiple 

interdependent elements (10). Indigenous 

knowledge holders generally cannot talk 

about caribou populations, behavior, or 

health without discussing the environment, 

wolves, insects, and caribou-human inter-

actions. In many ways, Indigenous knowl-

edge provides an ideal example of the “One 

Health” approach, in which animals and the 

complexities of their environment, including 

the human element, are considered simulta-

neously. Unfortunately, the legacy of colonial 

practices, together with rapid socioecological 

changes and an aging population of knowl-

edge holders, has led to the breakdown of in-

tergenerational transmission of Indigenous 

knowledge, putting the continuity of this 

rich knowledge system at risk.

Bridging multiple knowledge systems 

requires drawing on natural and social 

sciences’ methodologies and constant con-

sideration for the value systems of all knowl-

edge holders, a process that is based on 

ongoing iteration and feedback (see fig. S1). 

The Mi’kmaq principle of “Etuaptmumk” 

or “two-eyed seeing” captures the concept 

of bringing different knowledge systems 

together to increase our collective breadth 

and depth of understanding: “learning to 

see from one eye with the strengths of In-

digenous knowledges…and from the other 

eye with the strengths of Western knowl-

edges…and learning to use both these eyes 

together, for the benefit of all” (11).

Participatory epidemiology provides a 

pragmatic framework for applying this 

principle to understand wildlife health. 

Participatory epidemiology was developed, 

and is still largely applied, in low-income 

countries to enhance livestock disease sur-

veillance. The two-eyed seeing principle 

is achieved through triangulation, or cor-

roboration of information by using multiple 

methods and sources, including knowledge 

from resource users and conventional veter-

inary methods. This approach was essential 

for the global eradication of the infectious 

viral disease rinderpest: Pastoralist knowl-

edge identified the last foci of rinderpest in 

remote areas of East Africa where scientific 

methods had failed, guiding targeted con-

trol (12).

In Arctic Canada, participatory epide-

miology was used to understand health 

in a declining muskox population (5). 

Knowledge of Inuit harvesters identified 

and characterized changes in population 

demographics, condition, emerging dis-

ease syndromes, and mortality. Together, 

scientific and Inuit knowledge generated 

a greater understanding of mechanisms 

that drive muskox populations. The utility 

of participatory epidemiology applied to 

wildlife health extends beyond the Arctic 

and Indigenous peoples—particularly to de-

veloping countries, where data on wildlife 

are often scarce, and strong interactions be-

tween people, wildlife, and livestock create 

hotspots for emerging zoonoses.

OVERCOMING BARRIERS

Bridging Indigenous and scientific knowl-

edge holds considerable promise in wildlife 

health ecology and surveillance; however, 

challenges remain. As the combined use 

of Indigenous and scientific knowledge 

becomes increasingly encouraged and 

mandated, there is risk of implementing 

approaches that produce power imbalances 

Indigenous knowledge of bowhead whale behavior provides new insights that are critical for management. 
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or include Indigenous knowledge only su-

perficially. To ethically bridge knowledge 

systems, meaningful engagement with 

knowledge holders is necessary at all stages, 

from project design to data interpretation 

and project evaluation (10, 13).

To move from anecdote to the data that 

will be used by decision-makers, docu-

mentation of local knowledge must follow 

rigorous qualitative research design, includ-

ing repeatable and transparent methods 

(“need to meet scientific credibility”) (5, 9). 

Identification of expert knowledge hold-

ers, thematic saturation and triangulation 

(qualitative research methods used to avoid 

missing and to corroborate information, 

respectively), and validation and cointer-

pretation of results will ensure accurate ac-

counts, interpreted and applied in context, 

and will serve as an internal peer review 

process (5).

Through participatory appraisal exer-

cises (such as mapping, timelines, and pro-

portional piling), qualitative information 

from resource users can be translated into 

spatial, temporal, and numerical represen-

tations (“into categories/criteria that rely on 

numbers”) (5). These types of data enable 

inclusion of local knowledge into familiar 

formats used for management decisions. 

As with scientific data, quantifying local 

observations allows us to understand vari-

ability around observations and act with 

knowledge of that uncertainty. However, 

qualitative and quantitative data must be 

documented and interpreted together to 

avoid misinterpreting information and loss 

of deeper insights.

Growing efforts to incorporate local 

knowledge into quantitative models [such 

as Bayesian Belief Networks (14)] can pro-

vide tools that further facilitate inclusion of 

this knowledge into decision-making. How-

ever, sophisticated mathematical models 

can pose technical barriers to participation, 

producing power imbalances (15). When ap-

plying these tools, it is paramount to ensure 

that Indigenous knowledge holders actively 

participate at all stages and share control of 

the process.

Inevitably, at times, Indigenous and sci-

entific knowledges will conflict. Partners 

then need to coevaluate the strengths and 

limitations of the respective studies and 

jointly reflect on disparate findings. Such 

a contention arose in 1977 between scien-

tists and indigenous whalers around the 

number of bowhead whales, which resulted 

in a hunting ban (10). This conflict was re-

solved only when the knowledge of Iñupiat 

whalers on bowhead whale behavior was 

considered, leading scientists to realize that 

they had severely underestimated the stock 

size based on faulty assumptions. This ex-

ample is a reminder that such instances 

of conflict are opportunities for the great-

est insights into ecological processes to be 

revealed, transformative knowledge gener-

ated, and improved dialogue among part-

ners achieved, enabling the development of 

shared solutions.

“Don’t shoot the leaders” echoes as a call 

for action to enable today’s elders to pass 

their knowledge to the youth who will be 

tomorrow’s leaders. The creation of an in-

clusive platform for knowledge exchange 

around wildlife health, a theme so central 

to many Indigenous cultures, improves 

wildlife conservation and public health 

protection, promotes intergenerational 

learning and retention of Indigenous 

knowledge within contemporary contexts, 

and contributes to reconciliation with In-

digenous peoples. Respecting Indigenous 

knowledge and working collaboratively 

with knowledge holders will build capac-

ity and empower Indigenous communities 

to set their own agendas as advocated by 

the United Nations (7). The latest report by 

the Intergovernmental Panel on Climate 

Change (IPCC) highlights the rate at which 

climate change is affecting the Arctic and 

other regions of the world (2), emphasiz-

ing the urgency with which we all need to 

embrace the concept of Etuaptmumk, to 

cogenerate knowledge and to learn from 

each other “for the benefit of all.” j
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Squeezing 
out higher 
precision
Well-timed kicks to an ion’s 
momentum enable better 
position measurements

By Monika Schleier-Smith

M
aking measurements at a preci-

sion limited only by quantum 

uncertainty is crucial for applica-

tions such as the detection of grav-

itational waves (1) or the search 

for dark matter (2). In this quest, 

physicists can reduce uncertainty in mea-

surements of one variable at the expense 

of another (3, 4). Ultimately, however, the 

precision is often limited by the classical 

noise of the measurement apparatus. In 

principle, a solution to this problem is to 

amplify the signal relative to the classical 

noise. Readers familiar with cassette tapes 

may recognize this strategy, which is much 

like turning up the volume of music in a 

car so that it can be heard above the engine 

noise, only to have the tape hiss obscure 

the finer features of the music. On page 

1163 of this issue, Burd et al. (5) report 

extremely sensitive measurements of the 

position of an individual ion, achieved by 

both suppressing quantum noise and am-

plifying signal.

Trapped ions are exquisitely well-con-

trolled quantum systems, used as ultrapre-

cise clocks (6) and as building blocks for 

quantum computers (7, 8). Electric fields 

can be used to suspend a single ion in ul-

trahigh vacuum, and lasers are then used 

to bring it to rest in its lowest energy state. 

Even in this stable resting state, the ion has 

zero-point energy associated with quantum 

fluctuations in its position and momentum. 

In the case of the low-mass magnesium 

atom studied by Burd et al., the motion cre-

ated by the zero-point energy is 70 times the 

size of the ion in its trapped ground state. 

Does this mean that precise measurements 

of its position are futile?

The limit imposed by the Heisenberg 

Uncertainty Principle makes knowing both 

an object’s position and its momentum at 
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