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Abstract
This study assessed the accumulated effect of ambient heat on the performance of, and

physiological and perceptual responses to, intermittent, simulated wildfire fighting tasks

over three consecutive days. Firefighters (n = 36) were matched and allocated to either the

CON (19°C) or HOT (33°C) condition. They performed three days of intermittent, self-paced

simulated firefighting work, interspersed with physiological testing. Task repetitions were

counted (and converted to distance or area) to determine work performance. Participants

were asked to rate their perceived exertion and thermal sensation after each task. Heart

rate, core temperature (Tc), and skin temperature (Tsk) were recorded continuously through-

out the simulation. Fluids were consumed ad libitum. Urine volume was measured through-

out, and urine specific gravity (USG) analysed, to estimate hydration. All food and fluid

consumption was recorded. There was no difference in work output between experimental

conditions. However, significant variation in performance responses between individuals

was observed. All measures of thermal stress were elevated in the HOT, with core and skin

temperature reaching, on average, 0.24 ± 0.08°C and 2.81 ± 0.20°C higher than the CON

group. Participants’ doubled their fluid intake in the HOT condition, and this was reflected in

the USG scores, where the HOT participants reported significantly lower values. Heart rate

was comparable between conditions at nearly all time points, however the peak heart rate

reached each circuit was 7 ± 3% higher in the CON trial. Likewise, RPE was slightly ele-

vated in the CON trial for the majority of tasks. Participants’ work output was comparable

between the CON and HOT conditions, however the performance change over time varied

significantly between individuals. It is likely that the increased fluid replacement in the heat,

in concert with frequent rest breaks and task rotation, assisted with the regulation of physio-

logical responses (e.g., heart rate, core temperature).
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Introduction
Wildfires can last hours, days, or weeks [1,2], depending on their severity. As a result, firefight-
ers can be required to work long shifts (10 to 15 hours) over consecutive days [1,3–5], while
performing a range of physically demanding tasks [6]. While some of these tasks involve the
presence of a live fire, the majority of tasks performed during wildfire suppression are per-
formed away from the fire, either during preparation for, or ‘mopping up’ after, a fire event [6].
In addition to the physical demand imposed by firefighting work [2,7], firefighters frequently
perform their duties under a range of environmental conditions [1,8]. Australian firefighters
performing wildfire suppression and recovery operations after a major fire event (the Victorian
‘Black Saturday’ Bushfires, 2009) have been observed to do so in peak ambient conditions rang-
ing from 18.6–33.9°C [8]. During hot weather days, firefighters responding to a multi-day
‘campaign’ fire may also sleep under warm conditions, in temporary accommodation at (or
near) the fireground [1,3]. Given this combination of potentially fatiguing factors, it is impor-
tant for policy makers in the fire industry to understand the impact of performing consecutive
work shifts in the heat. If firefighters cannot sustain their work performance over multiple
work days it may have negative implications for the fire suppression effort as a whole. Slowed
productivity may result in an increase in the time taken to control a wildfire, which may ulti-
mately place firefighters, civilians, and their property at undue risk. Further, understanding the
physiological and subjective responses to such work is important for fire agencies in preserving
the health and safety of their personnel.

To date, there is a paucity of research examining the cumulative effect of heat exposure over
multiple days, particularly in an occupational context. Research investigating construction
workers performing three days of work under hot ambient conditions (ranging from 32.5 to
49.0°C) showed no difference in physiological variables (including urine specific gravity, aural
temperature and heart rate), either within or between shifts [9]. The authors’ suggest that the
workers were able to self-regulate their work output and fluid intake in order to avoid adverse
physiological consequences (e.g., dehydration, heat stress); however, no measure of work per-
formance was reported in this study. In contrast to these findings, sport acclimation research
suggests, for the most part, that short-term repeated heat exposures will actually improve per-
formance and decrease the thermal stress and exertion elicited during exercise [10–12].

Relying on the existing in-field or laboratory research to inform fireground workplace prac-
tices is problematic for several reasons. Laboratory studies that examine the relationship
between heat and manual-handling performance have observed decrements in lifting, carrying,
and pushing performance [13], and work tolerance time [14]. However, the short durations
utilised (30 to 90 min) do not provide insight into the fatiguing effects of heat over longer work
periods, or over consecutive days. The available multi-day heat acclimation studies typically
use a pre-post design, where the focus is on performance adaptations that occur following a
period of heat acclimation [11,12], rather than during. These heat-acclimation protocols also
commonly use cycling [11,12] or rowing [10] as their measure of performance, and are most
often restricted to 90 min (or less) of heat exposure per day. Wildland firefighters in the field
perform intermittent-intensity [2,4,7], manual-handling work tasks such as digging, raking,
carrying, and dragging [6], and work in shifts that last a minimum of 10 hours [1,3–5]. The
exercise modes, intensities, durations, and work to rest ratios are so vastly different to that uti-
lised in the heat acclimation protocols that it is difficult to extrapolate these findings to fire-
fighters’ performance on the fireground. The existing field research more closely resembles the
long-duration, manual-handling work profile of wildfire fighting, but does not report worker
performance [9]. Thus, it is not possible to use this research to determine the effect that multi-
ple days of heat exposure has on firefighters’ work output.
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As such, this study aims to assess and describe the accumulated effect of ambient heat on
the performance of repeated, long-duration simulated wildfire-fighting tasks over consecutive
days. Further, this study aims to quantify the effect that consecutive days of heat exposure have
on physiological and subjective responses during simulated firefighting work. Although multi-
ple-day heat research is not yet developed enough to support a firm hypothesis, the current
authors predict that performance of the simulated firefighting work will be negatively impacted
by consecutive days of heat exposure. Specifically, that firefighters will decrease their rate of
work on each task in the heat when compared to a temperate control condition, and that work
output will be further reduced on the second and third days of heat exposure when compared
to the first day. Secondly, it is predicted that this decrease in work productivity will regulate
physiological and subjective responses so that they remain comparable to that observed in a
more temperate environment.

Materials and Methods

Participants
Male and female volunteer and career firefighters (n = 36) participated in this study (~14%
female, in accordance with the ratios observed within Australia’s firefighting population [15]).
Participants in each group were matched (in order of priority) by age, gender, and body mass
index [16] in order to minimise variation between groups. Participants were also matched
according to the sequence in which they completed the physical work circuit (see Experimental
Protocol for details). A self-report measure of habitual physical activity was also collected from
each participant in order to glean an indication of their aerobic fitness levels, given this is a fac-
tor known to influence exercise performance in the heat. Unfortunately direct measures of aer-
obic fitness were unable to be conducted due to time and cost constraints. Firefighters from
hotter climates (e.g., Northern Australia) were excluded from the study in order to control a
potentially confounding variable (heat acclimation), and reduce variation in the participant
cohort. Data collection also took place during the autumn and winter months to minimise the
effect of heat acclimation. Participants provided written informed consent and filled out a
Medical Questionnaire prior to commencement of the study to ensure they were physically
able to perform the work protocol. Ethical approval was obtained for this study by Deakin Uni-
versity (DUHREC 2014–040).

Prior to testing, participants’ height was measured and recorded using a stadiometer (Fit-
ness Assist, England), and semi-nude body mass was measured using an electronic scale (A
and D, Japan). In all trials, participants wore firefighting personal protective clothing (PPC).
This included a two-piece jacket and trouser set made from Proban cotton fabric (Protex, Aus-
tralia), suspenders, boots, gloves, and helmet (amounting to ~5 kg), which meet the perfor-
mance requirements for wildland firefighting clothing as stipulated by the International
Organization for Standardization (ISO 15384:2003).

Experimental Protocol
Participants were allocated to either a control (CON; 19°C, 58% RH) or hot (HOT; 33°C, 40%
RH) environmental condition to reflect the different ambient environments often faced on the
fireground [8], and were tested in groups of five (or less). Ambient temperature was main-
tained through the use of split cycle air conditioners (Panasonic, Japan) and portable ceramic
disk heaters (Micro Furnace, Sunbeam, Australia), and was continuously measured and logged
using three temperature nodes (Onset Computer Corporation, USA). Participants were
required to perform three days of simulated fire suppression work, including physical work as
well as physiological and cognitive tests. The suite of cognitive tests was part of a broader
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study; thus, the methods surrounding these protocols and the ensuing results will not be
described.

Testing took place in a windowless, climate-controlled room measuring 9 × 13 m. The dis-
tance between the various work stations was precisely measured during each testing session to
ensure a consistent standard was being met between groups. Participants were familiarized
with the physical work tasks, as well as the rating of perceived exertion (RPE) [17] and thermal
sensation [18] scales, on the day prior to the commencement of testing. Participants were also
then made aware of the condition to which they’d been allocated (CON or HOT). Participants
ingested a core temperature capsule (Jonah, Minimitter, Oregon) prior to sleep (9:30 pm) to
allow adequate time for the capsule to pass through the stomach, thereby preventing inaccurate
readings occurring as a result of ingested food or liquid [19]. Core temperature pills were
administered each consecutive night throughout the protocol, in order to capture accurate core
temperature readings during the following day of simulated work.

Prior to the commencement of testing each day, participants had heart rate monitors (Polar,
Finland) and skin temperature patches (VitalSense/Jonah, Minimitter, Oregon) affixed. Core
and skin temperature recorded continuously on a data logger (VitalSense, Minimitter, Ore-
gon); therefore ‘pre-work’ readings were extracted from the data post-testing. Participants then
dressed in their firefighting PPC, and began testing at 12:30 pm (on day one) in both
conditions.

On day one, participants performed three work ‘circuits’, each lasting two hours (six-hour
total work period), and comprising 55 min of physical work, 20–25 min of physiological data
collection, 20–25 min of cognitive testing and a 15–20 min rest period. On days two and three,
participants performed five of the two-hour testing circuits (10-hour work periods) to simulate
the often-long work shifts performed during a campaign fire deployment [1,3–5]. Thus, over
the thee-day simulation all firefighters performed 13 work circuits in total. Participants were
allowed a half-hour lunch break in the middle of the workday (on days two and three).

The work to rest ratios that made up each two-hour circuit mimic the ratios of actual fire-
ground work [4,5,7], and the physical tasks were designed to simulate the movements and fit-
ness components of fire suppression tasks in the field [6,20]. Each participant had the same
work opportunity each circuit; however the starting position (task) was staggered to allow mul-
tiple participants to be tested at once. Once allocated to a circuit order, participants followed
the same sequence in all 13 work circuits.

Participants were allowed to drink room temperature water ad libitum throughout testing.
Prior consultation with fire agencies determined that participants were also supplied with
sachets of flavoured electrolyte supplement, and a ‘ration pack’ of snack foods (e.g., muesli
bars, crackers, and confectionary) similar to that which they would receive on the fireground.
Food and drink consumption was only permitted during the rest periods between tasks, not
during the performance of the physical work tasks.

Physical Work Circuit. The work circuit comprised six physical tasks, which were chosen
on the basis of being the most physically demanding tasks performed by Australian rural fire-
fighters [6]. These tasks are also considered the most important tasks in achieving operational
outcomes [6], and have been shown to be the most frequent, and/or longest and most intense,
tasks performed during wildfire suppression work [20]. All hose tasks employed in the protocol
were performed using 38-mm hoses with branch attached. The tasks included:

Rakehoe work—involved raking 29-kg of material (large and small tyre crumb) from one
end of a rectangular wooden box (2 × 0.9 m) to the other, using a rakehoe, to simulate building
a firebreak [6,21].

Blackout hose work–involved walking the perimeter of a 2.5- × 2.5-m square, stopping at
each corner for three seconds (as timed by a metronome). Whilst walking, participants dragged
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a 15-kg weight attached to a 2-m hose. This task simulates the ‘stop-start’ dragging of a charged
hose when dousing smouldering debris with water during post-fire clean up work [6].

Hose rolling–a common task performed during pack up, this task required participants to
roll up a 16-m hose (folded in half to a length of 8 m) to an operational standard [6].

Lateral hose repositioning–involved walking in an arc (3.5-m radius; 11-m length), carrying
a 3.5-m hose. The hose was attached to a weighted stand centred at the base of the arc. Two
platforms (68 × 28 × 15 cm; Spalding, Australia) served as ‘obstacles’ (e.g., logs, fallen debris),
that participants had to manoeuvre. This task simulated moving a charged fire hose sideways
from a fixed point, such as a water source [6].

Charged hose advance–simulated walking forwards with a hose filled with pressurised liquid
[6]. Participants dragged a 15-kg weighted tyre attached to a 2-m hose, up and down a marked
distance of 8 m.

Static hose hold–involved pointing a 3.5-m hose (attached to a weighted stand via an elastic
strap, to provide resistance) at a target (with laser pointer attached). Participants were
instructed to hold the laser within the target for five minutes, or until exhaustion. If the laser
moved out of the target, or if the hose touched the ground, for more than two seconds, partici-
pants’ performance time was recorded at that point. This simulated holding a charged hose in
position for an extended period when dousing a fire [6]. All participants in both conditions
were able to complete the maximum time of five minutes, so performance results for this task
will not be reported.

Five min was allocated to each task (inclusive of the time taken to move from one station to
the next); however, the work to rest ratios within that time varied between tasks, according to
the work to rest ratios observed for each task in the field (Table 1) [20]. Similarly, some tasks
were performed only once in each 55-min physical work period, whereas others were per-
formed multiple times according to their frequency in the field (Table 1) [20]. While the work
and rest periods were standardised across groups, firefighters could self-select their work out-
put within the work periods (e.g., by increasing or decreasing the number of repetitions per-
formed in the given time frame). The repetitions completed during each work task were
recorded through the use of a specially designed iPad application (Good Dog Design, Austra-
lia). In analysing the data, repetitions were converted into distance (m), or area (m2) in the case
of the rakehoe task. Each of the physical work tasks was analysed individually, based on the
amount of work that was performed at each station during each of the physical work circuits
(circuits 1–13). For brevity, daily mean performance data will be presented in the Results.

Overnight Protocol. Over the three days of testing, participants ‘lived’ in the simulated
environment at the testing facility, and adhered to a strict schedule throughout their stay. This
included set meal, sleep, and physical, physiological, and cognitive testing times throughout
each day. Caffeine and cigarettes was permitted; however participants were encouraged to

Table 1. Task frequencies and work to rest ratios.

Task name Work to rest ratio Times performed each circuit

Rakehoe work 90 s work: 60 s rest: 90 s work 1

Blackout hose work 90 s work: 60 s rest: 90 s work 2

Hose rolling 60 s work: 60 s rest: 60 s work 1

Lateral hose repositioning 30 s work: 30 s rest × 4 4

Charged hose advance 65 s work: 55 s rest: 65 s work 1

Static hose hold 5 minutes continuous work (maximum) 1

Dedicated rest break 5 minutes 1

doi:10.1371/journal.pone.0136413.t001
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consume them only as they would during a multi-day campaign fire, and only during rest peri-
ods (i.e., not during physical or physiological testing). All food and drink was provided to par-
ticipants, based on the standard food items that would be available to firefighters on the
fireground (according to consultation with industry). This included a hot breakfast (bacon,
eggs, baked beans, and toast), sandwiches for lunch, and a hot dinner (e.g., pasta, meat, and
vegetables).

Testing concluded at 6:30 pm on each of the three testing days. On nights one and two, par-
ticipants then ate dinner in the testing environment (on the third night 6:30 pm represented
the conclusion of testing). After dinner, participants left the testing environment briefly to
shower and prepare for bed. Once showered and dressed for bed, firefighters had approxi-
mately 2.5 hours of ‘free time’ (within the testing environment), where they were permitted to
watch movies, read, or play card/board games. Participants were in bed by 9:45 pm, with lights
out at 10:00 pm. Overnight temperature was maintained at 18°C during the control trial, and
23°C during the hot condition. This simulated the often warm sleeping environment firefight-
ers experience on a campaign tour [1,3].

Participants were woken at 6:00 am on days two and three, where they dressed and prepared
for the day. After breakfast, participants were again fitted with a heart rate monitor and skin
temperature patches, and baseline physiological measures were recorded. During this time, the
temperature was increased to 33°C in time to commence the ‘workday’ at 8:00 am.

Physiological and Subjective Measurements. Core temperature, skin temperature, and
heart rate were recorded continuously throughout the three simulated work ‘shifts’. Maximum
heart rate (HRmax) was predicted using the formula 207–0.7 × age [22] in order to account for
the substantial variation in participant age (range: 18–60 years). Skin temperature was recorded
at four sites on the left side of the body; the middle of the chest, thigh, upper arm and calf [23].
Mean skin temperature was calculated using the formula 0.3(tchest + tarm) + 0.2(tthigh + tleg)
[24]. The types and quantities of ingested food and liquid were recorded throughout testing,
and food and drink data was extracted using the FoodWorks 7 nutrition software (Xyris Soft-
ware Pty Ltd, Australia). All urine was measured for volume, and USG was analysed using a
portable refractometer (Atago, Japan), to determine hydration status. Given that day one was
shorter than days two and three, all fluids ingested and urine expelled were expressed relative
to the number of circuits each day. Finally, participants were asked to provide RPE [17] and
thermal sensation [18] ratings after each individual physical task (i.e., every five minutes).

Statistical Analysis. Statistical analyses were carried out using the IBM Statistical Package
for the Social Sciences (SPSS V.22.0.0, Champaign, Illinois) and Stata 12.0 (StataCorp, Texas,
USA). The distribution of the data was tested for normality using visual inspection of Q-Q
plots, formal testing (Shapiro Wilk tests), and by calculating skewness and kurtosis [25]. All
variables met assumptions of normality with the exception of ingested and expelled fluids, as 1)
Q-Q plots deviated substantially from the line of identity, 2) the Shapiro Wilk tests were signifi-
cant (P< 0.05), and 3) they fell outside the acceptable range for kurtosis values (kurtosis> 2
or< -2) [26]. Participant characteristics, ambient temperature, relative humidity, energy,
smoking status, and caffeine consumed were analysed using t-tests to determine differences
between the two experimental conditions. For all other variables, the Generalized Linear Latent
and Mixed Model approach was used (gllamm software, version 2.3.20) [27,28].

The GLMMmodelling procedure more accurately accounts for the serial correlation of data
points over time, and is therefore increasingly preferred over repeated-measures ANOVA for
these types of data sets [29]. This generalized technique allows for non-normal distributions to
be specified if the data does not meet the assumption of normality [30]. Thus, models were
constructed with a gamma distribution for the ingested and expelled fluid variables, but did
not converge. Therefore, the authors proceeded to use models with a normal distribution. The
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implications of fitting normal models to non-normally distributed data will be further dis-
cussed in the Discussion section of the manuscript. The gllamm software also provides valid
estimates in the presence of missing data, and uses maximum likelihood estimation with adap-
tive quadrature for more reliable parameter estimates than quadrature [27]. In the current
study,< 2% of performance, heart rate, perceptual, and hydration data was missing. For core
and skin temperature variables, 20% of the data was missing due to device malfunction, and
thus was treated as missing-at-random. Mixed effects models incorporate fixed effects to assess
the influence of the experimental intervention, as well as random effects that factor in the
unique responses of individuals (e.g., individual differences in response to heat exposure) [31].
Thus, mixed models are able to differentiate between-subject from within-subject effects. The
construction of the mixed models followed the iterative framework recommended by Singer
[32], where the fixed effects of Condition (categorical variable), Circuit (continuous variable),
and Condition × Circuit were analysed, with random intercepts and random slopes that varied
at the Participant level. Given that the circuits were performed with only brief breaks in
between, it is likely that the physiological responses and/or physical fatigue accrued during one
circuit would impact the following circuit (e.g., if core body temperature was increased after
the first circuit of work, it is possible that values would not return to baseline levels before the
beginning of the subsequent circuit). Therefore, performance and physiological responses were
treated as time-series data because of the likely serial dependency between consecutive circuits.
In this way, GLMMs allow rates of change to be assessed, rather than conceptualising time
points as discrete categories of time (as done by ANOVAs with post-hoc tests) [33,34].

As all dependent variables were treated as having a Gaussian (e.g., normal) distribution, the
‘identity’ link function was specified [35]. The CON and HOT groups were coded 1 and 0,
respectively. Therefore, a positive beta (β) value for the effect of Condition indicates that
HOT> CON, and a negative β value indicates that CON>HOT. For Circuit (time) effects, a
positive β value indicates an increase over time (e.g., over successive circuits), and a negative β
value indicates a decrease. Thus, when using the GLMMmethod, parameter estimates (pre-
sented as β values) reflect the magnitude of the difference between groups (or over time). The
random effects explain the variance due to inter-individual differences at baseline (random
intercept) and over time (random slopes). In selecting the optimal model for each variable,
Akaike weights (which determine the relative likelihood of the model, given the data) were
compared between models as per the procedure outlined in Burnham and Anderson [36]. The
final parameter estimates for all GLMM variables are reported as β coefficient ± standard error
of the estimate (SE). Statistical significance was set at P� 0.05, and all other data are presented
as means ± standard deviations.

Results
There was no difference between the CON and HOT groups for participants’ age, height,
weight, BMI, the ratio of males to females, self-reported habitual caffeine consumption, or
physical activity (P� 0.481; Table 2). Two participants in the CON group were smokers,
whereas all participants in the HOT group were non-smokers (P = 0.154). There was also no
difference (P = 0.605) in the amount of energy consumed each day between the CON
(14,706 ± 3774 kJ) and HOT (15,080 ± 3489 kJ) groups. There was, however, a significant dif-
ference (P = 0.019) in the amount of caffeine consumed each day during the simulation. The
CON and HOT groups consumed on average 80 ± 75 and 121 ± 97 mg per day, respectively.
Average room temperature and relative humidity (%) during the simulated shifts were also dif-
ferent between conditions (P< 0.001), reaching 32.50 ± 1.30°C and 39.56 ± 2.80% in the HOT
group compared to 19.16 ± 0.25°C and 58.26 ± 2.78% in the CON group.
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Work performance
Raw data for all task-based variables, including daily mean performance (per circuit), are pre-
sented for ease of comparison between conditions (Table 3). All participants completed the
5-minute maximum static hose hold, thus performance is not reported for this task. For all of

Table 2. Characteristics of firefighters in the CON and HOT conditions. All data are reported as
means ± SD.

CON HOT

n 18 18

Age (years) 39 ± 16 36 ± 13

Height (cm) 178 ± 8 178 ± 9

Weight (kg) 84.9 ± 17.8 88.0 ± 18.0

BMI (kg.m-2) 26.7 ± 4.9 27.5 ± 3.5

Males: Females 15: 3 14: 4

Habitual daily caffeine intake (mg) 183 ± 126 196 ± 130

Habitual physical activity (sessions per week) 3.2 ± 3.0 3.2 ± 2.4

doi:10.1371/journal.pone.0136413.t002

Table 3. Daily mean work performance, heart rate, RPE and thermal sensation data across the CON and HOT conditions. Work performance is
reported as distance (m) for all tasks except rakehoe work, which is reported in area (m2). All data are reported as means ± SD.

Work performance Heart Rate (%
HRmax)

RPE Thermal
sensation

Day Day Day Day

TASK 1 2 3 1 2 3 1 2 3 1 2 3

Blackout hose CON Mean 165.5 168.7 166.8 65 62 62 12.1 11.9 12.1 4.9 4.7 4.8

SD 12.7 12.8 12.8 12 10 10 0.9 0.8 0.9 0.4 0.6 0.5

HOT Mean 180.2 171.6 175.0 68 61 60 12.0 11.5 11.5 5.6 5.5 5.6

SD 27.8 23.0 22.6 10 8 7 1.0 0.9 0.8 0.6 0.5 0.5

Charged hose advance CON Mean 104.9 111.2 116.6 77 74 73 15.5 15.4 16.1 5.6 5.5 5.5

SD 24.2 24.0 28.7 13 14 13 1.4 1.3 1.7 1.0 1.0 1.1

HOT Mean 106.0 112.1 114.5 76 71 70 14.7 14.6 14.5 6.2 6.0 6.0

SD 25.9 32.7 27.0 10 9 7 1.6 1.5 1.4 0.6 0.7 0.7

Lateral hose repositioning CON Mean 617.2 656.8 688.0 65 63 63 11.3 11.3 11.5 4.7 4.6 4.7

SD 91.1 83.1 86.1 11 10 10 0.7 0.8 0.9 0.5 0.6 0.5

HOT Mean 646.5 628.9 624.2 66 60 59 11.0 10.7 10.7 5.5 5.4 5.4

SD 103.7 97.8 104.9 9 8 7 1.1 1.3 1.1 0.5 0.4 0.4

Hose rolling CON Mean 17.9 21.6 24.6 66 65 64 12.3 12.3 12.8 4.8 4.7 4.8

SD 4.1 5.0 7.1 11 10 10 1.1 1.2 1.5 0.6 0.7 0.7

HOT Mean 17.9 21.5 23.8 67 63 61 11.0 11.3 11.6 5.3 5.4 5.5

SD 6.1 8.0 7.9 11 10 8 0.9 0.5 0.8 0.5 0.5 0.4

Rakehoe work CON Mean 4.9 5.4 5.6 73 71 70 14.6 14.5 14.9 5.7 5.5 5.7

SD 1.3 1.4 1.4 10 8 9 0.9 1.3 1.3 0.6 0.7 0.7

HOT Mean 4.9 5.3 5.7 76 69 67 14.3 14 14.1 5.9 6.0 6.1

SD 1.1 1.1 1.3 10 8 8 1.7 1.4 1.8 0.7 0.6 0.6

Static hose hold CON Mean - - - 65 60 59 13.7 13.1 13.2 5.4 5.3 5.5

SD - - - 13 11 11 2.0 1.9 1.8 0.9 0.9 0.7

HOT Mean - - - 69 61 59 12.7 12.0 11.5 6.1 6.0 5.8

SD - - - 11 8 7 1.7 1.4 1.3 0.6 0.7 0.7

doi:10.1371/journal.pone.0136413.t003
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the physical work tasks, the fixed effect of Condition did not explain a significant amount of
variance in work performance (P� 0.321). Random slope models best explained the variance
in work performance for all tasks (P< 0.001), highlighting the individual variability in both an
individual’s starting point and their performance responses over time.

Core and skin temperature
The variance in average core and mean skin temperature each circuit was best explained by
the full model. For mean skin temperature there was a Condition × Circuit effect, which
showed that participants in the HOT condition were hotter, and that this difference increased
each successive circuit (β = 0.03 ± 0.01°C; P = 0.014). Both core and mean skin temperature
also displayed significant fixed effects for Condition (β = 0.30 ± 0.08 and 3.07 ± 0.27, respec-
tively; P< 0.001). The conditional growth model with random slopes explained the greatest
amount of variance in peak core and mean skin temperature per circuit. As such, peak core
and mean skin temperature were significantly higher in the HOT when compared to the CON
condition (P� 0.002), reaching on average 0.24 ± 0.08°C and 2.81 ± 0.20°C higher, respec-
tively (Fig 1).

Heart rate
Daily mean heart rate data per work task is presented in Table 3. For all physical work tasks,
the fixed effect of Condition did not explain a significant amount of the variance in firefighters’
heart rate (P� 0.477). The variance in heart rate across all tasks was best explained by the ran-
dom slope models (P< 0.001), highlighting a large amount of individual variation. Similarly,
there was no effect of Condition on average heart rate during the 2-hour circuits (P = 0.986), or

Fig 1. Peak core and skin temperature over the 13 work circuits. All data are presented as means ± SD. Tc = core temperature, Tsk = mean skin
temperature. * indicates that HOT significantly higher (P < 0.05) than CON.

doi:10.1371/journal.pone.0136413.g001
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when the 55-minute work circuits (P = 0.717) or 65-minute rest periods (P = 0.660) were ana-
lysed individually (data presented in Table 4). Again, random slope models best explained the
variance in heart rate during each of these periods (P< 0.001). Conversely, the peak heart rate
reached each circuit was best explained by the conditional growth model with random slopes
(β = -6.79 ± 3.11; P = 0.029), with a fixed effect indicating that participants in the CON condi-
tion reached a higher peak heart rate when compared to their HOT trial counterparts.

Perceptual responses
All mean daily RPE and thermal sensation data are presented in Table 3. The conditional
growth model with random slopes best explained the variance in thermal sensation for the
blackout hose, charged hose advance, hose rolling, and static hose hold tasks. For these tasks,
thermal sensation was significantly higher in the HOT trial, despite significant variations in
individual response (P� 0.029). For the lateral hose repositioning task, the conditional growth
model best explained the variance in thermal sensation (β = 0.78 ± 0.15; P< 0.001), again indi-
cating that on average firefighters felt hotter when performing this task in the HOT trial. Alter-
natively, the Circuit (time) only model best explained the variance in thermal sensation
responses during the rakehoe task (β = 0.02 ± 0.01; P< 0.016), which demonstrates that partic-
ipants reported higher thermal sensation values as the trial progressed, irrespective of condi-
tion. For firefighters’ RPE scores, random slope models explained the most amount of variance
for the raking and lateral hose repositioning tasks (P< 0.001). However, for the blackout hose
(β = -0.53 ± 0.16; P = 0.001), charged hose advance (β = -0.95 ± 0.45; P = 0.033), static hose
hold (β = -1.34 ± 0.53; P = 0.012), and hose rolling (β = -1.19 ± 0.28; P< 0.001) tasks, condi-
tional growth models with random slopes reported main effects of Condition, highlighting that
participants rated these tasks as more exerting in the CON trial.

Hydration
The variance in daily fluid consumption was best explained by the full model, with significant
fixed effects for Condition (β = 930.91 ± 207.57; P< 0.001). Firefighters in the CON trial con-
sumed 1175 ± 412 mL, 917 ± 242 mL, and 831 ± 287 mL per circuit on days one, two, and
three, compared to 2141 ± 838 mL, 1501 ± 354 mL, and 1660 ± 432 mL in the HOT condition.
The full model also best explained firefighters’USG values, with significant effects of Condition
(β = -0.007 ± 0.002; P< 0.001) and Circuit (β = -0.001 ± 0.000; P< 0.001; Fig 2). The variance
in urine output volume across all tasks was best explained by the random slope models
(P< 0.001), indicating that there was a high level of individual variation. Average urine volume
per circuit (across the three days) was 604 ± 283 mL in the CON, compared to 829 ± 419 mL in
the HOT.

Table 4. Daily heart rate data across the CON and HOT conditions. Heart rate data are expressed as a percentage of age-predicted maximum (%
HRmax). All data are reported as means ± SD.

Mean heart rate per circuit
(% HRmax)

Peak heart rate per circuit (%
HRmax)

Mean heart rate per 55-minute
work bout (%HRmax)

Mean heart rate per
65-minute rest period (%

HRmax)

Day Day Day Day

1 2 3 1 2 3 1 2 3 1 2 3

CON 59 ± 10 56 ± 8 56 ± 8 91 ± 11 87 ± 11 88 ± 11 66 ± 11 63 ± 9 63 ± 10 52 ± 9 50 ± 8 49 ± 7

HOT 61 ± 9 56 ± 7 54 ± 6 87 ± 10 82 ± 9 82 ± 7 68 ± 9 62 ± 8 60 ± 7 55 ± 8 50 ± 7 49 ± 6

doi:10.1371/journal.pone.0136413.t004
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Discussion
Contrary to the authors’ predictions, work performance across all physical work tasks was
unaffected by the heat. Rather, it was observed that, irrespective of experimental condition, ini-
tial performance was different between individuals, and the time course of performance change
was also individual-specific. The secondary prediction, that physiological and subjective
responses would be moderated by work output, and thus, comparable between conditions, was
also not supported by the findings. While there was little difference in heart rate values between
groups, all measures of thermal stress (core temperature, skin temperature, and thermal sensa-
tion) were elevated in the HOT condition. Conversely, USG values were significantly elevated
during the CON trial, as were RPE scores for the majority of work tasks.

Despite its occupational relevance, there is a distinct lack of research investigating the effect
of heat on work performance over consecutive days. Thus, in predicting performance outcomes
in the present study the authors had to draw upon the (albeit limited) research that has exam-
ined the relationship between heat and manual-handling performance over short durations. In
these studies, manual-handling work performance was decreased in hot relative to more tem-
perate ambient conditions [13,14], a finding that was not replicated in the present study. Ran-
dom slopes models best explained the variation in the current data set, highlighting the
significant individual variability in performance responses over time. In other words, irrespec-
tive of experimental condition, some individuals improved their performance, some main-
tained performance, and some recorded performance decrements. It is well established that a
multitude of factors determine how an individual will respond to exercise heat stress (e.g., gen-
der, body composition, age, acclimation status) [37,38]. While the current data set is under-
powered to allow for the inclusion of more factors into the model, assessing the contribution of
individual characteristics and how they impact physical performance in this population war-
rants further research. In a practical setting, this would allow fire agencies to tailor work strate-
gies according to individual characteristics that moderate the influence of heat on firefighters’
physical performance. Nevertheless, at a group level, the present findings suggest that firefight-
ers are able to perform similarly in both temperate and moderately hot conditions. This is an
encouraging finding for fire agencies, as it indicates that firefighters can be equally effective (in

Fig 2. Pre, during, and post-shift USG values over the three days. * The dotted line denotes that the threshold for dehydration is > 1.020.

doi:10.1371/journal.pone.0136413.g002
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terms of their fire suppression efforts) under varying environmental conditions. However,
whether this finding would persist in even hotter ambient environments, as occasionally
encountered during wildfire suppression [39], remains unknown. Likewise, it is possible that
firefighters performing single tasks extending over longer durations (e.g.,> 5 minutes) under
hot conditions may eventually succumb to physical fatigue.

Firefighters in the HOT condition experienced greater increases than the CON group across
all measures of thermal stress (core temperature, skin temperature, and thermal sensation).
Previously, construction workers performing three days of work under hot-very hot ambient
conditions have been observed to maintain their physiological responses (including aural tem-
perature), both within and between shifts [9]. However, no control group was used in this
study. Thus, it is highly possible that, even though the workers’ physiological responses were
relatively stable over a three-day period, they may have been significantly elevated relative to
workers in a more temperature environment (as in the present research). It should be noted
that, although the difference in peak skin temperature between groups in the current study was
relatively substantial (2.81 ± 0.20°C), peak core temperature in the HOT condition was only
0.24 ± 0.08°C higher per circuit than in the CON trial, and was consistently< 38.20°C (see Fig
1). Therefore, while this difference between groups was statistically significant, it was compen-
sable and may not translate to a meaningful effect on the fireground. It is possible that the regu-
lar rest periods utilised throughout the protocol, as well as adaptive behaviours (e.g., increased
fluid intake, jacket and helmet removal during rest breaks), allowed participants to maintain
manageable core temperature values across the course of the protocol.

Firefighters in the HOT condition almost doubled their fluid consumption (per circuit) rela-
tive to the CON group over the course of the three-day simulation. However, fluid consump-
tion results must be interpreted with caution, given that models with a normal distribution
were fitted to the data (which was not normally distributed) due to a lack of convergence when
using gamma models. This particular data set was leptokurtic (kurtosis> +2), which means
that the curve of the data displayed a higher peak and fatter tails than a normal distribution
[40]. Thus, the parameters of the models are likely to underestimate true probabilities about
the mean, and at extreme values [40]. In the absence of skewness, data with a leptokurtic curve
will still provide valid parameter estimates (i.e., mean values), however the variance in the data
may be biased (i.e., SE may be under- or over- estimated) [41]. The difference in mean fluid
consumption between groups was reflected in firefighters USG findings, in which the HOT
group recorded consistently lower values than their CON trial counterparts (see Fig 2) from
the beginning of the three-day protocol. This difference in pre-shift USG values was evident
even on day one, which indicates that participants in the HOT group had an anticipatory
increase in fluid consumption leading into the protocol (e.g., the night prior). While it must be
noted that both HOT and CON groups were classified as ‘hydrated’ throughout the simulation
[42,43], the observed difference in both fluid consumption and USG values likely played a role
in moderating all physiological variables in the heat. Previous heat research has shown that
adequate fluid replacement during exercise assists with moderating heat-induced increases in
core temperature [44], ratings of perceived exertion [44,45], and minimises cardiovascular drift
[38,45,46]. In the current study, firefighters’ heart rate was comparable at all times with the
exception of the peak heart rate achieved each circuit, which was higher in the CON group.
Similarly, RPE values were higher in the CON group for four of the six physical work tasks. It
is likely, then, that the increased fluid replacement observed in the HOT condition played a
role in blunting both heart rate and RPE responses. There is also a small possibility that the ele-
vated caffeine consumption in the heat (relative to the CON group) dampened firefighters’ per-
ception of exertion [47]. However, firefighters in both groups consumed less caffeine during
the protocol than their self-reported daily habitual caffeine consumption. Given this, and that
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the amount of caffeine consumed fell well below the 3 mg.kg-1 commonly associated with exer-
cise benefits [48], it is unlikely that caffeine played an influential role on RPE or work perfor-
mance in the current research. Irrespective of cause, the average difference in RPE between
conditions across all tasks (and days) was 0.8 units. On a 6–20 point scale, a difference of this
magnitude is unlikely to transfer itself to a meaningful difference during actual fire
suppression.

There is a small possibility that intra-group differences (e.g., cardiorespiratory fitness) may
also partially explain the observed RPE and heart rate findings. Although firefighters across the
two experimental groups were matched for age, gender, and BMI, and there was no difference
in participants’ self-report physical activity (in sessions per week), no objective measure of ‘fit-
ness’ was utilised when matching participants. Therefore, it is possible that some of the fire-
fighters allocated to the HOT condition had higher cardiorespiratory fitness levels relative to
their CON group counterparts, and thus found the work less exerting. Nevertheless, the gener-
alized mixed models used in the analysis factored in the unique responses of individuals to an
intervention [31], and thus, should have been robust enough to account for the effects of indi-
vidual subject variability. It is, however, important to note that the study design may have
some other limitations that prevent direct extrapolation of the results to the fireground. Firstly,
while conducting a laboratory study allowed for the accurate quantification of performance,
physiological, and perceptual responses during heat exposure, it is likely that the artificial envi-
ronment was not entirely representative of fire suppression in the field. Care was taken to
ensure that the protocol ‘mimicked’ a campaign fire environment wherever possible (e.g., in
the physical work tasks chosen, the food provided, types of bedding used etc.). However, the
variability of an outdoor environment (e.g., changes in wind speed and direction) and the
urgency of certain aspects of fire suppression were unable to be captured in a simulated setting.
Further, radiant heat was not simulated in the present study design. However, it has been
observed that radiant heat (from the sun or fire) accounts for very little of the total heat load
placed on firefighters, particularly during tasks performed away from the fire [49]. Given that
the majority of tasks in the present study protocol simulated either preparatory or post-fire
‘clean up’ work, replicating radiant heat load was not considered a primary objective of this
research. However, segregating the effects of radiant heat from air temperature may be an ave-
nue for future research. Lastly, while the physical work tasks used in the protocol were highly
representative of actual fire suppression work (based on both field research and exhaustive
consultation with industry experts), it is possible that the tasks were not sensitive enough to
detect small changes in performance during heat exposure. Task validity was prioritised over
reliability in the current research in order to maximise the transferability of results to the fire-
ground. Therefore, while there is a possibility that task variability may have influenced the
data, it is not likely that any undetected changes in performance would translate into a mea-
sureable performance difference in the field.

Conclusions
There was no difference in firefighters’ work output between the CON and HOT conditions.
Rather, performance responses over time varied significantly from individual to individual.
While all measures of thermal stress were significantly elevated in the HOT trial, the heat load
was compensable in both conditions, and the small (though significant) difference in core tem-
perature between experimental groups would unlikely lead to any adverse health outcomes in
an applied setting. Firefighters doubled their fluid consumption in the HOT trial, and thus
recorded significantly lower USG values relative to the CON group (though both groups fell
within the ‘hydrated’ range). It is likely that this increased fluid replacement in the heat, in
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concert with the frequent rest breaks and task rotation employed in the study, assisted with the
regulation of physiological responses. These findings are promising from a fire agency perspec-
tive; not only were firefighters observed to be equally as operationally effective in both temper-
ate and moderately hot ambient conditions, but they did so without experiencing negative
health outcomes (e.g., dehydration, heat illness). Future research should endeavour to deter-
mine whether this remains true in even hotter ambient conditions, or when individual tasks
are performed over more prolonged durations. Further, assessing which individual characteris-
tics are important in moderating the performance response of firefighters in the heat may
allow for the implementation of tailored workplace strategies.
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