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Wood smoke black carbon from Indigenous traditional cultural activities in a 
subarctic Cree community
Robert J. Moriarity a, Meaghan J. Wiltona, Eric N. Liberda b, Leonard J.S. Tsujia and Richard E. Peltier c

aDepartment of Physical and Environmental Sciences, University of Toronto, Toronto, ON, Canada; bSchool of Occupational and 
Environmental Health, Ryerson University, Toronto, ON, Canada; cDepartment of Environmental Health Sciences, University of 
Massachusetts, Amherst, MA, USA

ABSTRACT
Indoor concentrations of black carbon (BC) were measured when wood was burned for tradi-
tional cultural activities in a study in a Cree community located in subarctic Canada. The study 
also included an intervention using a propane-fuelled heater to mitigate in situ BC. Mass 
concentrations of BC were measured in a game-smoking tent for 39 days and in hunting cabins 
on the west coast of James Bay, Canada, for 8 days. Five-minute averaged BC mass concentration 
(N = 12,319) data were recorded and assessed using optimised noise-reduction averaging. Mean 
BC mass concentrations were lower in hunting cabins (mean = 8.25 micrograms per cubic metre 
(µg m−3)) and higher in the game-smoking tent (mean = 15.46 µg m−3). However, excessive BC 
peaks were recorded in the game-smoking tent (maximum = 3076.71 µg m−3) when the fire was 
stoked or loaded. The intervention with the propane heater in a hunting cabin yielded a 90% 
reduction in measured BC mass concentrations. We do not presume that exposure to BC is of 
concern in hunting cabins with appropriate wood-burning appliances that are well-sealed and 
vent outside. In game-smoking tents, we advise that persons take intermittent breaks outside of 
the tent for fresh air.
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Introduction

Burning wood indoors is part of the traditional cultural 
practices of Indigenous Peoples in North America [1,2]. 
Typically, wood is burned inside store-bought or 
homemade stoves for heating and or cooking in 
homes and cabins. Hunted and prepared wild game 
is smoked over an open fire pit that burns wood to 
produce smoke as a means of food flavouring and 
preservation [2]. However, indoor wood burning 
potentially exposes occupants to myriad pollutants 
from the combustion of the wood itself. Over the last 
few decades, studies have demonstrated evidence of 
adverse health impacts from wood smoke due to 
indoor wood burning [3–5].

The health impacts from wood smoke are from exposure 
to a combination of different inorganic (e.g. carbon mon-
oxide (CO), nitrogen oxides (NOx)), and organic compounds 
(e.g. acetic acid, polycyclic aromatic hydrocarbons) formed 
when the wood is combusted [6]. Additionally, the combus-
tion of solid fuel sources, such as wood, results in particulate 
matter. Particulate matter (PM) that is less than 2.5 micro-
metres (μm) in diameter (PM2.5) poses a risk to health as it 
may deposit in the gas exchange region in the lungs [7]. 

PM2.5 readily generates when wood-smoke concentrations 
are high, and wood smoke generates particle sizes less than 
or equal to 1 μm on average [8].

Black carbon (BC) is a significant component of 
wood-smoke PM − a light-absorbing carbon aerosol 
highly correlated to elemental carbon − and can make 
up a large part of PM2.5 mass concentrations [9–11]. 
Production of BC occurs during the incomplete com-
bustion of wood when burning temperatures are below 
500°C [12]. Following exposure to BC from 100 to over 
350 µg m−3, participants in studies [13–15] displayed 
increased adverse cardiovascular effects (e.g. arrhyth-
mias, blood pressure), bronchial irritation, and an 
increase in inflammatory markers resulting from inflam-
mation within the lung. Importantly, mortality due to 
BC from wood smoke yields higher mortality than that 
from PM when compared to a 1 µg m−3 increase in 
mass concentration [16]. Studies examining the rela-
tionship between BC exposure due to wood smoke 
and the incidence of lung cancer are present in the 
literature; however, the results in support of the caus-
ality are mixed [17–20]. Nonetheless, there is evidence 
that exposure to high concentrations of BC may impact 
human health.
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There is a knowledge gap for the assessment of BC 
exposure in Indigenous communities in North America. 
Further, concern about wood-smoke concentrations was 
brought forward by the community, and our research 
team worked with hunters and trappers to assess exposure 
in a co-designed study approved by community leadership. 
Therefore, this paper’s objective was to examine the BC 
mass concentrations generated during traditional cultural 
activities (TCA) in Fort Albany, a western James Bay Cree 
subarctic community in Canada. These TCA included a 
game-smoking tent and hunting cabins where wood was 
burned for food flavouring, preservation, cooking, and 
heating. The BC mass concentrations from an intervention 
using propane-fuelled heaters instead of burning wood as 
sources of heat in hunting cabins were also examined.

Methods

Study region

The Fort Albany First Nation (FAFN) community in 
Ontario, Canada (Figure 1), is low-lying muskeg (grassy 

bog), remote fly-in community with winter-road access. 
It is home to approximately 850 Mushkegowuk Cree 
residents who primarily speak Cree and English 
[21,22]. As a subarctic subsistence-based community, 
members largely depend on the land to hunt big 
game, small upland game, and fish. This James Bay 
community (Köppen Climate classification Dfc) has an 
annual mean daily temperature of −2°C and an annual 
mean precipitation rate of 569 mm [23,24].

The burning of wood in the study region
Hardwood is burned for heating in homes and hunting 
cabins in and around this region. Softwood is also 
burned slowly at low heat to produce smoke for fla-
vouring and preserving game and fish, in game-smok-
ing tents – the burning of softwood typically yields 
higher BC concentrations than hardwood [25]. 
Background concentrations of BC from wood smoke 
are assumed to be relatively low in this community 
because of the low population, lack of nearby industrial 
emission, and the widespread use of electric heating in 
housing. Firewood is a limited resource and sometimes 

Figure 1. Fort Albany First Nation, James Bay, Ontario, Canada.
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requires long-distance travelling to obtain. Vehicular 
and diesel engine BC emission levels are negligible in 
this community because of the low volume of vehicles.

Black carbon aerosol concentration data collection

BC mass concentrations from the combustion of wood 
during TCA were collected in a multi-site and multi- 
participant study over 2 years, from October 2014 to 
April 2016 in sites in the James Bay region (Figure 1). 
Participants (n = 22) who enrolled in the study were 
provided with a full informed consent that followed a 
study protocol approved by the Institutional Review 
Board for Human Subjects Research at the University 
of Massachusetts (USA), University of Toronto (Canada), 
and Ryerson University (Canada). Our collection of BC 
mass concentration data was grouped into two phases 
based on sites: a single site game-smoking tent (TCA1) 
and three hunting cabins on a single site (TCA2). The 
latter, TCA2, included a propane-fuelled heater interven-
tion (TCA2i).

Instrumentation
The fixed site, online (real-time) monitoring to measure 
BC mass concentrations were carried out in both phases 
of this study at each site location using portable aethal-
ometers (model AE51, AethLabs, USA). Due to the con-
current nature of the data collection at different sites, 
only one aethalometer was available for monitoring at 
each site at a given time. All aethalometers were cali-
brated before the collection of data. Each aethalometer 
was set at a flow rate of 50 millilitres per minute (mL 
min−1) and set to measure BC mass concentration – in 
nanograms per cubic metre (ng m−3) – deposited on 
filters and optically measured (see section 2.3) at five- 
minute intervals. Left to run continuously, they were 
connected to portable solar power sources (Yeti 400 or 
1250, GoalZero, USA) or external battery sources (Astro 
Series P820, Anker, USA) to ensure the internal aethal-
ometer battery remained charged continuously. Filters 
were changed at regular time intervals, depending on 

the perceived extent of the wood-smoke levels at each 
site by one of the investigators (i.e. filters were changed 
more frequently in the smoking tent than hunting 
cabins) or when the aethalometer indicated the filter 
was saturated. Participants in hunting cabins were 
trained on how to change the filters when an on-site 
investigator was not present; investigators changed all 
filters in the game-smoking tent. Lee [26] presents a 
detailed overview of the functionality and performance 
of the aethalometers used in our study. Other instru-
mentation was also used at our study sites to record 
temperature and relative humidity.

Data collection in a game smoking tent (TCA1)
Samples of BC mass concentrations from the combus-
tion of wood for food preservation in a game-smoking 
tent were collected from a single tent located within 
the study region. The sample collection occurred over 
39 non-consecutive days in fall (October 2014), winter 
(March 2015), spring (April 2015) and summer (August 
2015) (Table 1). Our participants in this study smoked 
Canada geese (Branta canadensis) and Snow geese 
(Chen caerulescens) during our data collection periods. 
The tent itself had a permanent 6 metre (m) wooden 
frame octagonal structure, tarped canvas walls and ceil-
ing, and a fully functioning door, but was not wholly 
insulated from the outdoor elements. An approximate 
1 m opening at the top centre of the tent acted as a 
vent for excess smoke. A blow torch was used to ignite 
a fire with a dried source of wood (e.g. birch (Betula 
papyrifera) and once the fire was past its initial burning 
phase, a wetter type of wood (e.g. cedar (Thuja occiden-
talis)) was applied to the fire and allowed to smoulder 
and produce smoke. The geese’s carcases were hung 
over the smoke at approximately 1 m above the fire on 
a wooden structure (Figure 2(a)) for several hours. The 
sampling equipment was set up against the wall inside 
the game-smoking tent and allowed to run for 24-h 
cycles with periodic interventions from investigators to 
change filters. Sample collection of BC mass concentra-
tions was done during all phases of fire ignition, 

Table 1. Summary of black carbon mass concentration data collection.
Phase Season and year Start date End date Total number of days (n) Total 24-hour sampling periods (n)

TCA1 Fall 2014 October 10 October 18 8 5
Winter 2015 March 12 March 23 11 9
Spring 2015 April 12 May 1 19 13
Summer 2015 August 12 August 13 1 1

nTCA1 39 28
TCA2 Spring 2016 April 17 April 25 8
Site I - 7
Site II - 4
Site III - 2.5

nTCA2 8 13.5
N 47 41.5
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smoking and die down. No intervention to reduce the 
amount of wood smoke present in the smoking tent 
was carried out due to logistical constraints. Data for 
outdoor temperature, relative humidity and wind speed 
– factors that influence BC concentrations [27,28] – 
were recorded on a nearby weather station (HOBO 
weather station, Hoskins Scientific, Boston, USA).

Data collection in hunting cabins (TCA2)
The collection of BC mass concentrations from the 
combustion of wood as a heating source in three 

hunting cabins (sites I to III) took place over approxi-
mately 8 days from April 17 to April 25, 2016, on the 
west coast of James Bay (Figure 1). The cabins’ design 
was similar to traditional prospector tents constructed 
of a wooden frame with plywood-covered floors and 
walls, raised off the ground by a small platform and 
with canvas and or tarp roofs; the cabins were relatively 
well enclosed. The heat was generated from burning 
spruce (Picea glauca), dried wood, or cedar in wood 
stoves made from old 45-gallon fuel drums. These 
drums were previously cleaned and then fashioned 

Figure 2. Clockwise from top left: Figure 2(a). Geese being smoked over a fire in a traditional game-smoking tent. Smoke is clearly 
visible towards the top of the photo. Figure 2(b). A wood burning wood stove made of a steel 45-gallon drum in a hunting cabin. 
Figure 2(c). A chimney flue exiting a hunting cabin. Photo permissions: R. Moriarity (2a) and M.Wilton (2b and c).
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into heating and cooking stoves with fully operating 
top-loading doors and flued chimneys (Figure 2(b)). 
Two out of the three cabins at this site had well-sealed 
top-loading wood openings into the stove, while one 
site’s stove only had a thin frying pan as a cover. The 
chimney flue stack exited all the cabins with an elbow 
and ended approximately 1 m from the cabin structure 
itself (Figure 2(c)). An on-site investigator, well known 
among the participants, was available during the entire 
data collection period and was able to facilitate filter 
changes, equipment troubleshooting, and manage 
other logistical issues.

Additionally, in site I, an intervention period (TCA2i) 
to gather data for BC mass concentrations when using a 
propane-fuelled source of heat instead of burning 
wood was carried out by the on-site investigator. The 
intervention period used a propane-fuelled heater (Big 
Buddy Portable Heater, Model: MH18B, Mr. Heater, USA) 
connected to a standard 20-pound propane tank and 
was carried out for three non-consecutive days, April 
22, 23 and 25, 2016 (t ≈ 23 hours). During this interven-
tion phase, a portable propane-fuelled cookstove 
(Triton Propane Stove, Coleman, USA) was used to 
avoid overlap of BC mass concentration measures 
from two different fuel sources. A portable weather 
station (Kestrel 4500 Weather Metre, Kestrel, USA) to 
collect outdoor temperature, relative humidity and 
wind speed was also used.

Data treatment

The aethalometers used in this study only have one 
reference signal wavelength (λ = 880 nanometres 
(nm)) and are reliable when measuring online BC mass 
concentrations. However, noise generated from sub-
stantial periodic changes in levels of BC, electronic or 
optical fluctuations can result in negative BC or light 
attenuation measures that are erroneous [26,29]. 
Therefore, a post-processing method for cleaning the 
data was necessary. This method requires an overview 
of how the aethalometer detects changes in BC mass 
concentrations, specifically through light attenua-
tion (ATN).

Black carbon light attenuation
The aethalometer measures BC mass concentrations and 
simultaneously records changes in light intensity through 
a process modelled on the Beer–Lambert law [30]. This 
measurement is generated through two sensors: a refer-
ence signal sensor and a sensing photodetector measur-
ing the BC aerosol drawn in by a pump and deposited on 
a filter [31]. In plain terms, the aethalometer calculates 
the logarithmic ratio between the reference signals 

detected intensity of the wavelength (I0) and the photo-
detector’s detected intensity of the wavelength (I) trans-
mitted through the BC deposited on the filter at time t. 
Then, at the next set time interval (t + Δt) – every 5 min in 
our study – the measurement repeats and produces a 
difference between t and t + Δt as shown in the following 
eqaution Equation (1) [26,29,30]:

ΔATN¼ log10
I0
I

� �

� loge10
� �

tþΔt
� log10

I0
I

� �

� loge10
� �

t

(1) 

where loge10 � 2:303. This difference (ΔATN) of light 
attenuation is then used with Optimised Noise-reduction 
Averaging (ONA) software to treat the data as to reduce 
noise and smooth the overall time series of the dataset [29].

Optimised noise-reduction averaging
The ONA algorithm used as a post-processing method 
to treat our data, following download from the aethal-
ometer, used software developed by the USA 
Environmental Protection Agency [EPA] (US EPA, ver-
sion 0.0). This software is available for free online but is 
no longer updated or supported [32]. By treating the 
data using this software, most negative values of BC 
were removed using a time-averaged difference of the 
light attenuation (ΔATN) across several neighbouring BC 
mass concentration measurements, thus creating a new 
positive ONA BC mass concentration that maintained 
similar trends of the original data. For example, a single 
negative value was averaged with the two nearest 
positive values, and a single new positive ONA BC 
mass concentration measure was created for all three 
measures. The resulting output of the ONA software 
contained the original BC mass concentrations, the 
ONA BC mass concentrations, the initial light attenua-
tion level and the number of original BC measurements 
used to average the newly created measure. For a 
complete overview of the ONA methodology, please 
refer to Hagler et al. [29]. Following this post-processing 
method, any remaining negative ONA BC values were 
removed as they resulted from unresolved error outside 
of our control [33].

Statistical analysis

All statistical tests were carried out in R version 3.5.2 (R Core 
Team, Vienna, Austria, 2018) with statistical significance set 
at p < 0.05 using the positive ONA BC mass concentrations. 
The Shapiro–Wilk test was used to assess the normality of 
the data. Following this, Mann-Whitney-Wilcoxon tests 
were used to assess the difference of median BC mass 
concentrations for the seasons in the game-smoking tent 
and across the hunting cabin sites. The same test was also 
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used to identify differences between BC mass concentra-
tions when burning wood for heat and when using pro-
pane-fuelled heaters as a source of heat.

Results

Table 2 presents the descriptive statistics of the BC mass 
concentrations data for all seasons in the game-smoking 
tent (TCA1) and hunting cabin sites (TCA2) analysed for 
this study − including measures from the TCA2i propane 
intervention. Figure 3 summarises the range of the BC 
mass concentrations for the game-smoking tent and 
hunting cabins. All results are presented in µg m−3.

Black carbon mass concentrations in a game- 
smoking tent (TCA1)

BC mass concentrations from the game-smoking tents 
(N = 9459) are presented by season in Figure 4. The 
maximum measured peak concentration of BC mass 
concentrations of all the measurement periods was 
measured during the spring – when increased smoking 
of game meat coincided with the spring hunt – at 
3076.71 µg m−3. The highest mean and median BC 
mass concentrations were measured in summer at 
204.08 µg m−3 and 129.13 µg m−3. Similarly, high 
peaks of BC mass concentrations were also observed 
during this seasonal period. The next nearest seasonal 
high mass concentration of BC was measured in fall 
with peak concentrations exceeding 2600 µg m−3. The 
median BC mass concentrations measured in fall, win-
ter, and spring were generally the same, with a signifi-
cant difference (p < 0.001) between those seasonal 
median concentrations compared to the median BC 

mass concentration measured in the summer. The 
descriptive statistics demonstrated similarity across the 
winter and spring seasons for the mean, median and 
measured BC mass concentrations up to the 75th-per-
centile. There was a divergence at the 95th-percentile 
where the BC mass concentrations more than doubled 
in the winter (Table 2). The fall and summer season’s BC 
mass concentrations in game-smoking tents showed 
little similarity as the concentrations measured in the 
summer increased exponentially faster than the mea-
sured fall season concentrations before or around the 
25th percentile.

Black carbon mass concentrations in the hunting 
cabins (TCA2)

The BC mass concentrations measured (N = 2860) in 
hunting cabins over the same period and relative loca-
tion are considerably lower than the game-smoking 
tent. The lower BC mass concentrations are not sur-
prising because wood-smoke emissions within hunting 
cabins resulted from space heating and cooking fugi-
tive emissions, not the intentional release of wood 
smoke for food preservation purposes. The maximum 
peak measured in the hunting cabins was 637.57 µg 
m−3 (Table 2) for site II. The descriptive statistics of the 
BC mass concentrations up to the 95th-percentile are 
less variable in the hunting cabins than the game- 
smoking tent, with the mean of sites I and III, and 
medians of sites I and II being relatively similar. The 
median BC mass concentrations from all sites have 
higher median concentrations than the closest com-
parable game-smoking tent season – winter. Figure 5 
shows a time series of the measured BC mass 

Table 2. Black carbon mass concentrations in game-smoking tents and hunting cabins.
TCA1: Game smoking tents (µg BC m−3) TCA2: Hunting cabins (µg BC m−3)

Fall Winter Spring Summer Overall Site I Site II Site III Overall Site If

n 1060 2281a 5994b,c 124 9459 1115 1332d 413d,e 2860 90
Mean 64.43 8.61 5.51 204.08 15.46 6.24 9.09 5.73 8.25 0.63
s 232.11 40.51 71.36 257.66 106.43 16.72 31.61 15.40 28.07 1.07
Min 0.01 0.01 0.00 0.06 0.00 0.02 0.07 0.09 0.02 0.08
P5 0.01 0.03 0.03 0.06 0.03 0.02 0.13 0.11 0.08 0.11
P25 0.09 0.09 0.13 19.36 0.11 0.14 0.40 0.39 0.32 0.11
P50 0.17 0.38 0.45 129.13 0.33 0.63 1.04 3.08 0.99 0.20
P75 0.17 3.66 0.95 278.41 1.41 3.56 5.63 3.85 5.23 0.21
P95 522.00 34.35 16.12 564.31 44.07 34.36 37.87 18.23 36.79 3.54
P99 1135.25 162.31 80.43 1290.66 397.21 81.14 129.70 94.98 111.91 4.06
Max 2682.83 971.66 3076.71 1853.60 3076.71 181.60 637.57 129.72 637.57 5.21
Mean indoor RH (%) 63.13 36.49 31.43 84.30 48.60 34.13 47.70 40.50 40.79 34.13
Mean indoor temperature (ºC) 22.82 24.06 24.56 27.73 18.07 16.40 15.50 20.70 17.16 16.40

a: internal battery failure on aethalometer or external connection failure on March 19, yield n = 23 samples. 
b: internal battery failure on aethalometer or external connection failure on April 24, yield n = 35 samples. 
c: sample interval fluctuated from 3.5 to 5 mins April 19–20 following time anomaly on April 19 morning. Corrected on start-up on April 22. Reason for 

anomaly remains unknown. 
d: equipment turned off during night period (approximately 21:00 to 08:00). 
e: equipment frequently turned off during day due to annoyance. 
f: TCA2i: propane intervention. 
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Figure 4. Wood smoke BC mass concentrations during TCA1. Non-consecutive time-series plot of mass concentrations of BC over 
the seasonal data collection periods in the game-smoking tent. The change in season is noted by the break in the axis. The 
seasonally adjusted data (blue line) and moving average (dashed red line) are included to indicate the trend of the data.

Figure 3. Wood smoke BC mass concentration boxplots. Mass concentrations of BC (log10 µg m−3) of the game-smoking tent (TCA1) 
and the hunting cabins (TCA2) with seasonal or site means (red circle). The width of the boxes varies by sample size, where a larger 
box represents a larger sample size and vice versa.

INTERNATIONAL JOURNAL OF CIRCUMPOLAR HEALTH 7



concentrations throughout the data collection period. 
For site I, data collection stopped midday on April 21 
due to equipment failure. For sites II and III, the breaks 
in the time series resulted from the participants shut-
ting off the machines because of noise annoyance 
during the night-time hours or other reasons – 
unknown to the researchers – when participants 
decided they no longer wanted the equipment run-
ning in their hunting cabin.

Propane intervention (TCA2i)
The BC mass concentrations measured during the pro-
pane-intervention period provided data that demon-
strated a considerable and statistically significant 
reduction (p < 0.001) in measured BC mass concentrations 
(Figure 6). The mean BC mass concentration was 0.63 µg 
m−3. The maximum recorded BC mass concentration was 
5.21 µg m−3 during the intervention period and is com-
parable to the 75th-percentile measured concentrations of 
sites I to III when burning wood. Conversely, measured BC 
mass concentrations were minimal during the April 25 
data collection period and did not exceed the aethal-
ometer’s minimum detection limit (0.05 µg m−3); there-
fore, no useable data were generated during this period 
approximately 510 minutes (8.50 hours). The instrument 

appeared to operate correctly during this period, and, 
therefore, we assume the BC aerosol concentrations 
were negligible at this location.

Discussion

BC emissions from the burning of wood in an indoor 
space for food preparation or preservation and heating 
may have a health impact on those exposed 
[3,5,6,16,34–39]. Our study is the first to investigate BC 
mass concentrations from wood-smoke emissions dur-
ing Indigenous TCA in subarctic Canada.

Black carbon mass concentrations compared 
across phases

Our results are comparable with studies investigating 
the indoor burning of wood for cooking and heating, in 
which woodstoves and open pits that burn wood for 
heating and food preparation were studied [20,40]. BC 
mass concentrations are always higher in unvented, 
indoor open-pit style burning; this style of wood burn-
ing is comparable to the game-smoking tent in our 
study. However, the difference between the maximum 
peak concentrations among the game-smoking tent 

Figure 5. Wood smoke BC mass concentrations during TCA2. Time-series plot of mass concentrations of BC over the period from 
April 17 to 25, 2016 at site I (top plot), site II (middle plot) and site III (bottom plot). The propane interventions at site I are noted by 
the red dashed-line boxes.
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and the hunting cabins was considerable, as was the 
significant difference between the measured BC mass 
concentrations during the propane intervention period. 
The maximum peak BC mass concentration of all the 
hunting cabin sites was 79% lower than the maximum 
peak level in a game-smoking tent in spring. The spikes 
in measured BC mass concentrations typically appeared 
when starting a fire before smoking-game in the tent, 
and first thing in the morning in the hunting cabins or 
when the propane heater failed to provide adequate 
heat (Figures 4 and 5). Other spikes in measured BC 

mass concentrations occurred when stoking the fire, 
adding wood, cooking, or other reasons for additional 
heat.

Interestingly, the median BC mass concentrations are 
higher in the hunting cabins than in the game-smoking 
tent, except for summer, but with far less variation in 
the range of concentrations. We suspect that this has to 
do with the hunting cabins’ insulation as they are better 
insulated than the game-smoking tent, and they may 
trap more BC aerosol inside. However, because they are 
insulated – and the woodstoves vented properly – the 

Figure 6. Wood smoke BC mass concentrations boxplots before and during propane intervention (TCA2i). Mass concentrations of BC 
(log10 µg m−3) in hunting cabin site I while burning wood for heat (grey box) and when the propane-fuelled heater was introduced 
(blue box). The mean BC mass concentrations are indicated by a red circle. Sample size varies by width of box.
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measured BC mass concentrations are much lower than 
the game-smoking tent overall, and the better insula-
tion in the hunting cabins results in more efficient 
heating and less wood being burned [41,42].

Propane intervention
Our intervention using a propane-fuelled heater in a 
hunting cabin produced limited but positive results. 
However, the findings demonstrated significantly 
reduced BC mass concentrations in the hunting cabins, 
and this is a significant improvement compared to 
burning wood for heating. The results during the inter-
vention phase of our study align with the few existing 
rural-intervention studies that used propane-fuelled 
heaters to mitigate the high mass concentrations of 
BC from burning wood indoors for heat via a vented 
wood-burning appliance. As rural studies are the closest 
representation of our study design, they will provide a 
comparative basis. Noonan et al. [43] found an approxi-
mately 30% reduction in particulate matter (PM2.5), a 
proxy for BC [10,44], when they used propane-fuelled 
heaters among other types of non-combustible heating 
during a multi-year intervention study replacing wood- 
burning stoves in rural Montana, USA.

Additionally, a review by the World Health 
Organisation (WHO) found that PM2.5 concentrations 
were reduced by up to 80% when using clean fuelled 
heaters, including propane, as a heating source instead 
of burning wood [39]. The mean black-carbon-aerosol 
concentration we measured during the propane-inter-
vention phase of our study was 90% lower than the 
measured BC mass concentrations when burning wood 
in the same cabin (Figure 6). However, even though we 
discovered promising results, the intervention was not 
suitable in practice.

Participants who were keen to adopt – and who had 
agreed to – the propane-fuelled heater intervention 
found they were unsure about the equipment once 
installed at their camps. They were new adopters and 
were unable to receive input from experienced peers as 
this was not a traditional cultural method of heating a 
cabin. Consequently, the on-site researcher had permis-
sion to test the propane intervention equipment in a 
cabin to assess any change in BC mass concentrations 
and determine if it was practical. For this reason, we 
were only able to use one cabin site for the propane 
intervention. While the BC mass concentrations were 
significantly lower, the intervention was impractical for 
a cabin in the remote subarctic. Although the propane- 
fuelled heater was rated sufficiently for the cabin’s 
square footage, it was inadequate in dealing with the 
extremely cold and windy conditions during the inter-
vention period. The wood stove is not only for heating 

but has multiple purposes that a propane-heater could 
not replace (e.g. use of the fire to prepare hunted game 
by burning off feathers and melt snow for a non-pota-
ble water supply for cleaning). Thus, the intervention 
could have hindered other traditional activities asso-
ciated with well-being [45,46]. Nonetheless, the pro-
pane-heater may be of practical use during the fall 
harvesting of wild game when weather is not as 
extreme, as in the winter and spring seasons, and 
mobility of campsites is important.

Potential exposure to black carbon

There is no consensus in the literature about exposure- 
dose-response relationships of BC [34]; thus, our 
approach to assessing exposure is descriptive. We sus-
pect that typical exposure to BC is limited in-cabin. 
During the day, people spend most of their time away 
from the cabin to hunt, forage, and for physical activity, 
and therefore, wood is reserved for inclement weather, 
cooking and overnight use (Figure 5). The potential 
exposure to BC during the propane intervention is 
assumed to be negligible, but the potential exposure 
in game-smoking tents is considerably different.

Even though the median BC mass concentrations are 
lower in the game-smoking tents than the hunting 
cabins, there are 23 high peak concentrations at or 
exceeding 1000 µg m−3 recorded over the study dura-
tion. This result does not mean that high concentrations 
are sustained for an extended period; however, even a 
few minutes of exposure to BC mass concentrations at 
or above this level could negatively impact health 
[20,34,39]. Furthermore, this exposure does not con-
sider the cumulative exposure already received or 
received when spending time inside the game-smoking 
tent, nor does it account for effects attributed to other 
co-exposures, such as participant use of tobacco, 
underlying health impairments, or genetic predisposi-
tion to a disease. Participants in our study spent on 
average between four to six hours inside the tent pre-
paring geese for smoking, leaving for bathroom breaks, 
or getting needed equipment or food. Given their 
cumulative exposure to ambient and peak periodic 
concentrations in the tent − especially in the fall, spring 
and summer – participants’ exposure to BC could be 
high. Generally, the exposure is an inequity faced by 
women predominantly as a result of food preparation 
or preservation using wood smoke [38,39]. However, 
responsibilities during TCA are currently shared 
among men and women in the present-day 
Mushkegowuk Cree culture; therefore, the potential 
exposure to BC is likely more even across genders 
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than in different Indigenous cultures globally or as it 
was in the past.

On some days where a peak BC mass concentration 
was measured, and an excessive 24-h average concen-
tration was observed: on October 14, 2014, the peak 
measured concentration was 2682.83 µg m−3 with a 
24-h average of 154.58 µg m−3; on August 13, 2015, 
the peak measured concentration was 1853.60 µg m−3 

and the 24-h average was 217.43 µg m−3. Riddervold 
et al. [15] found that exposure to wood-smoke levels 
for 3 h in an indoor environment significantly 
increased airway irritation and or inflammation after 
exposure to wood-smoke concentrations of approxi-
mately 200 µg m−3 and higher. However, the max-
imum recorded peak measurement, 3076.71 µg m−3, 
occurred on April 20, 2015, but the 24-hour average 
was only 7.26 µg m−3. We believe this resulted from 
windy conditions on April 20, where the mean wind 
speed was approximately 5.97 metres per second (m 
s−1) with average gusts of 10.21 m s−1. The wind 
speeds and gusts on the other two dates were about 
half, with limited peak gusts of 6.22 m s−1 on August 
13, during a thunderstorm.

Given that the game-smoking tent is not wholly 
insulated to the elements, we suspect that wind played 
a role in reducing BC inside the tent. A recent study [28] 
looking at BC mass concentrations from diesel emis-
sions substantiates our reasoning about wind, where 
pollutant concentrations, including BC, reduced four- 
fold with increasing wind speed from 1.11 m s−1 to 
11.11 m s−1. Finally, we note that while intense short- 
term exposure to BC can have an impact on health, 
peak periodic mass concentrations are unique, and 
forthcoming risk assessments must assess the overall 
pattern of emissions to avoid erroneous conclusions 
skewed by these extremes; a point highlighted by 
Ezzati, Saleh and Kammen [4].

Limits of a multi-phase cross-cultural study

We encountered some limitations in our study. First, 
we had logistical issues with equipment (e.g. equip-
ment stranded at sites); therefore, we could only run 
one aethalometer at one time per cabin site. Two 
aethalometers at each site would have been ideal; 
however, this is unnecessary for data collection. Two 
aethalometers at each site would have provided a 
quality assurance technique with a backup should 
one fail. Aethalometer background noise may also 
intensify when connected to an external power 
source [26]. However, this was unknown when we 
carried out our study as the Lee [26] paper was 
published after we collected data. Our original study 

design had seven cabin sites, but four of the seven 
sites quickly became inaccessible due to atypical 
weather in April 2016 – the muskeg thawed and 
made travel by snow machine impossible. The 
ground was also too soft to use an all-terrain vehicle. 
Therefore, we were limited to using a helicopter; 
flight time was limited due to availability, weather 
and budgetary constraints. The climate was an antici-
pated problem, but the weather during our study was 
atypical, with little transition between the seasons. 
This limitation left our participants to manage an 
array of equipment to collect data and troubleshoot 
any problems. Although we trained our participants 
to use the equipment, an on-site investigator was 
ideal – as their main priority was gathering data 
and would not have hunting and camping responsi-
bilities. Given what we learned with these encoun-
tered issues, we will be able to proceed with future 
studies with a more substantial knowledge base for 
quantitative investigations in the subarctic. 
Nonetheless, we believe that our current research 
has provided new insight and noteworthy areas to 
investigate for indoor BC emissions from TCA.

Conclusion

This descriptive study communicates a novel investi-
gation of BC mass concentrations in a Cree First 
Nations community in subarctic Canada. It aims to 
guide further investigations and risk assessments that 
help improve Indigenous peoples’ health and well- 
being who use hunting cabins and game-smoking 
tents as part of their cultural practices. Mass concen-
trations of BC in hunting cabins, where wood was 
burned for heat, were generally low and likely 
reflected a smaller health risk than BC exposure attrib-
uted to other TCA. In game-smoking tents, at given 
times when wood is burned to produce smoke for 
food flavouring and preservation, it is advisable to 
avoid prolonged time spent inside the tent without a 
break for more pristine air. While we cannot provide a 
specific, ad-hoc recommendation towards risk reduc-
tion interventions, we note that exposure to pollutants 
is cumulative. We recommend that Indigenous com-
munity members who participate in similar TCA take a 
proactive approach to reduce these exposures as 
much as possible, considering that one must balance 
participation in an activity that poses a known health 
risk, but has cultural significance for a community. 
Future studies must emphasise how to mitigate poten-
tial exposure to BC emissions in a game-smoking tent 
and include sustainable and culturally acceptable 
intervention strategies.
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