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Abstract
High workplace temperatures negatively impact physical work capacity (PWC). Although PWC loss models with heat based on 
1-h exposures are available, it is unclear if further adjustments are required to accommodate repeated work/rest cycles over the 
course of a full work shift. Therefore, we examined the impact of heat stress exposure on human PWC during a simulated work shift 
consisting of six 1-h work-rest cycles. Nine healthy males completed six 50-min work bouts, separated by 10-min rest intervals and 
an extended lunch break, on four separate occasions: once in a cool environment (15 °C/50% RH) and in three different air tem-
perature and relative humidity combinations (moderate, 35 °C/50% RH; hot, 40 °C/50% RH; and very hot, 40 °C/70%). To mimic 
moderate to heavy workload, work was performed on a treadmill at a fixed heart rate of 130 beats·min−1. During each work bout, 
PWC was quantified as the kilojoules expended above resting levels. Over the shift, work output per cycle decreased, even in the 
cool climate, with the biggest decrement after the lunch break and meal consumption. Expressing PWC relative to that achieved in 
the cool environment for the same work duration, there was an additional 5(± 4)%, 7(± 6)%, and 16(± 7)% decrease in PWC when 
work was performed across a full work shift for the moderate, hot, and very hot condition respectively, compared with 1-h projec-
tions. Empirical models to predict PWC based on the level of heat stress (Wet-Bulb Globe Temperature, Universal Thermal Climate 
Index, Psychrometric Wet-Bulb Temperature, Humidex, and Heat Index) and the number of work cycles performed are presented.
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Introduction

A key consequence of environmental heat exposure is a 
reduction in human labour/physical work capacity (PWC) in 
industry sectors (Ioannou et al. 2017, 2022; Sahu et al. 2013; 
Wyndham, 1973). Recently, our group modelled the reduc-
tion in PWC using extensive empirical data collected across 

a wide range of environmental conditions with wide varia-
tions in temperature, humidity, solar radiation, air velocity, 
and aerobic fitness (Foster et al. 2021a, b, c and d). These 
studies were all based on measurements collected during 
1-h work sessions in a wide variety of climates. The models 
are available for several common heat stress indices (e.g. 
Wet-Bulb Globe Temperature (WBGT), Universal Thermal 
Climate Index (UTCI), Wet-Bulb Temperature, Humidex, 
Heat Index) and can be used to estimate the impact of pre-
sent and future environmental conditions on worker produc-
tivity in physical tasks, facilitating work planning during 
hot weather and allowing more accurate costing of climate 
change impact under different CO2 emission scenarios.

Our recent PWC models (work capacity in the heat 
expressed as the percentage of the total work possible in a 
cool climate) were developed from a large dataset that cap-
tured a wide range of heat stress severities. However, the 1-h 
work duration of the experiments may underestimate the 
physiological strain and impact associated with extended heat 
stress exposure (Kampmann and Bröde, 2022) and, thus, the 
work capacity loss in industry, where typical work shifts often 
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last 6–8 h. For example, data derived from extended-dura-
tion occupational heat exposures indicate that workers often 
struggle to fully replace thermoregulatory sweat losses with 
adequate water consumption during the day, particularly when 
sweat rates are high (Kalkowsky and Kampmann, 2006). 
Given the known importance of hydration status in maintain-
ing PWC in the heat (Cheung and McLellan, 1998; Marino 
et al. 2004), and an associated blunting of sweat secretion pro-
portional to the level of intracellular dehydration (Cheuvront 
and Kenefick, 2014), progressive hypohydration throughout 
the day may exacerbate PWC losses beyond what our studies 
observed during shorter 1-h heat stress exposures. Addition-
ally, with longer occupational heat stress exposures—even 
when rest breaks are permitted—heat may gradually accu-
mulate in the body throughout the working day (Bröde et al. 
2018, Kampmann and Bröde. 2022) contributing to elevated 
cardiovascular strain and further reduced work capacity.

Aside from extending our recently published PWC models, 
further research is also required to help better understand the 
thermoregulatory consequences of extended heat-stress expo-
sure and to validate the conclusions drawn from short-duration 
experimental protocols. Only limited laboratory-based research 
describes thermo-physiological responses over prolonged heat-
stress exposures (i.e. > 4 h; examples include but are not limited 
to Hellon et al. 1956; Lind and Hellon, 1957; Macartney et al. 
2020; Wyndham et al. 1967). In contrast, often experimental 
paradigms rely on shorter experimental protocols during which 
individual or group responses to heat stress are examined (Fos-
ter et al. 2021b; Jay et al. 2011). Although the short-exposure 
experimental approach is pragmatic (full-day testing in a labo-
ratory setting is extremely costly and time consuming), this 
may not fully capture the reality of more prolonged heat stress 
exposures, which are experienced commonly during occupa-
tional and recreational activities, and in heat wave scenarios.

The aim of the present study was to examine human ther-
moregulatory responses during an extended period of physical 
work in the heat and to quantify the loss of human physical 
work capacity across an extended work shift. An additional 
aim was to provide correction equations for our original 1-h 
work-based PWC model to enable physical work capacity to 
be modelled based on both heat stress severity and shift dura-
tion. We hypothesised that physical work capacity in the heat 
would be reduced as a function of the exposure duration and 
that this effect would increase with the heat stress severity.

Method

Ethical approval

Following approval from the Ethics Human Participants 
Sub-Committee at Loughborough University, nine healthy 
adult males volunteered for study participation. Participant 

characteristics are displayed in Table 1. Before admittance 
into the study, all participants completed a general health 
screen questionnaire to confirm suitability for study partici-
pation. All participants provided informed consent. Whilst a 
medical professional was not in attendance during experimen-
tal testing (in compliance with institutional requirements), all 
researchers were trained in emergency first aid and CPR. The 
criteria for terminating the testing (e.g. body core temperature 
limits) were set such that potential risk to health was low.

Study design

A within-participants experimental design was employed 
with all participants visiting the laboratory on 5 separate 
occasions. Visit 1 consisted of an incremental submaximal 
exercise test used to estimate 

.

VO2max and anthropometric 
assessment (height, mass, and body fat %).

Visits 2 to 5 were completed with a minimum of 7 days of 
separation. Participants completed a full work shift simulation 
trial on four separate occasions in the following environmental 
conditions (mean ± SD): 15.4 ± 0.7 °C, 47.7 ± 2.9% RH (cool, 
WBGT = 12.6 ± 0.5 °C) 34.6 ± 0.4 °C, 47.5 ± 1.5% RH (mod-
erate, WBGT = 29.4 ± 0.4 °C); 39.7 ± 0.3 °C, 47.9 ± 1.7% RH 
(hot, WBGT = 33.4 ± 0.2 °C); and 39.6 ± 0.5 °C, 69.4 ± 3.9% 
RH (very hot, WBGT = 36.1 ± 0.2 °C). The mean air veloc-
ity across all trials was 0.32 m·s−1. Conditions were com-
pleted in a counterbalanced order. Using the same approach as 
described in detail in our previous work (Foster et al. 2021a, 
b, c), the 15 °C, 50% RH condition served as a cool (optimal) 
reference condition, to which performance in all subsequent 
hot trials was compared. The heat stress conditions for this 
study were chosen to elicit approximately 75%, 50%, and 25% 
of the total work achievable in the cool reference environ-
ment. Pilot tests indicated minimal additional loss in PWC 
(extended work shift vs 1 h) at WBGT < 29 °C.

Location and timeline

Data collection took place within the Environmental Ergo-
nomics Research Centre at Loughborough University, in 

Table 1   Participant characteristics (n = 9 males)

Mean (SD) Range

Age (years) 23.7 (2.9) 19.7 to 27.7
Height (cm) 175.7 (4.5) 171.0 to 184.0
Body mass (kg) 70.8 (6.8) 60.9 to 79.3
BMI 23.0 (2.5) 20.7 to 27.0
Body fat (%) 13.7 (5.0) 8.8 to 26.3
Body surface area (m2) 1.86 (0.09) 1.71 to 1.93
.

VO2peak (mL·kg−1·min−1) 53.2 (7.4) 40.7 to 64.0
.

VO2peak (L·min−1) 3.7 (0.6) 2.7 to 4.7
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custom-made climatic chambers (TISS high-performance 
chambers, UK). Data was collected from January 2019 to 
September 2019. Whilst seasonal heat acclimatisation can-
not be fully excluded, it has been shown to be minimal in 
prior work (Bain and Jay, 2011). In addition, the counterbal-
anced order of exposures should remove any impact of such 
a potential issue on the data. Furthermore, acclimation was 
minimised by allowing participants to complete a maximum 
of one experimental day per week.

Experimental controls

Experimental sessions for individual participants took place 
at the same time of day, with the goal to minimise any effects 
of circadian rhythms on results (Waterhouse et al. 2004). It 
is however worth noting that, apart from changes in absolute 
core temperature, physiological effector responses are unaf-
fected by time of day (Ravanelli and Jay, 2020). Participants 
were asked to arrive hydrated before commencement of lab-
oratory testing sessions (verified via urine specific gravity 
analysis), refrain from caffeine on the day of each trial (Hunt 
et al. 2021), and refrain from alcohol and vigorous exercise 
24 h before each trial—compliance to these instructions was 
confirmed verbally upon arrival at the laboratory.

Preliminary trial (visit 1)

Anthropometric data were collected with participants 
dressed in T-shirt, shorts, and socks. Body mass (nude) 
was assessed using a digital scale (Metter Toledo kcc150, 
Metter Toledo, Leicester, UK; high-precision) and stature 
was determined to the nearest cm using a wall-mounted 
stadiometer (Holtain, Crosswell, UK). Body fat percentage 
was measured through bioelectrical impedance (TANITA 
Corporation, Tanita MC-780MA, Tokyo, Japan). Whilst not 
used in the subsequent data analysis, body fat percentage 
was determined to help characterise the morphology of our 
participant cohort.

An incremental submaximal exercise test (gradient-
based) was performed in a room regulated at 18 °C, 40% RH 
using a motorised treadmill (Mercury Medical, h/p/cosmos 
sports & medical Gmbh, Germany). The test consisted of 
up to six 3-min stages. During the protocol, treadmill speed 
was fixed at 4.5 km·h−1 and its gradient was increased by 
5% every 3 min until a steady-state heart rate of 85% of age-
predicted maximum was attained (i.e. 220 − age). Expired 
gasses and heart rate were monitored continuously (Quark 
CPET, COSMED, Albano Laziale, Rome and Polar PE4000, 
Polar-electro, Kempele, Finland). Data on oxygen uptake 
and on heart rate in the submaximal treadmill test were 
extrapolated to maximum heart rate to obtain an estimate of 
maximal oxygen consumption (V ̇O2 max) (ACSM, 2013).

Experimental protocol (visits 2–5)

A schematic overview of the full-day experimental proto-
col is shown in Fig. 1. Upon arrival, participants inserted 
a rectal thermistor (VIAMED, Yorkshire, UK) to a depth 
of 10 cm past the anal sphincter to monitor internal (rectal) 
temperature, allowing continuous monitoring of core tem-
perature. Then, they produced a urine sample for assessment 
of urine specific gravity. To ensure euhydration, participants 
were asked to drink ~ 500 mL of water if urine specific grav-
ity was > 1.020 and, if so, to provide another urine sam-
ple after a further 20–30 min (Armstrong et al. 1994). To 
monitor skin temperature (Tskin), skin thermistors (Grant 
Instruments Ltd, Corby, UK) were placed on the chest, arm 
(triceps), thigh, and calf. The mean Tskin was then calculated 
according to the Ramanathan equation (Ramanathan, 1964):

Participants were lightly clothed, wearing underwear, 
standardised shorts, socks, and trainers. Using the refer-
ence tables in the International Standard (ISO9920, 2009), 
the clothing ensemble corresponded to an intrinsic thermal 

(1)T���� = 0.3Tchest + 0.3Tarm + 0.2Tthigh + 0.2Tcalf
[
◦

�
]

Environmental conditions: Lunch

1) 15°C, 50% RH (12.6°C WBGT)

2) 35°C, 50% RH (29.4°C WBGT)

3) 40°C, 50% RH (33.4°C WBGT)

4) 40°C, 70% RH (36.1°C WBGT) Prep W1 R1 W2 R2 W3 R3 W4 R4 W5 R5 W6

8:30 9:00 10:00 11:00 11:50 12:50 13:50 14:50 15:40

Fig. 1   Schematic representation of the experimental protocol. After 
arrival and instrumentation (Prep), work cycle 1 (W1) began. All 
work cycles (W1–6) were 50 min in duration and were separated by a 
10-min rest interval (R1–5) in a temperate environment (21 °C, 50% 
RH). During rest intervals, ad libitum water intake was permitted and 

quantified for later analysis. The standardised lunch period between 
work cycles 3 and 4 lasted 1 h. Each participant completed the proto-
col in all four environments listed in the figure, in a counterbalanced 
order

2465International Journal of Biometeorology (2022) 66:2463–2476



1 3

insulation of 0.04 m2·K·W−1 (0.26 Clo). Using Eq. 31 in 
the International Standard, the evaporative resistance was 
estimated to be 0.007 m2·kPa·W−1.

Each hour of the work cycle consisted of 50 min of treadmill 
walking at either the cool, moderate, hot, or very hot condition, 
interspersed with 10 min of rest. The selection of this work-to-
rest ratio was guided by the intermittent work profile proposed 
by Bröde and colleagues (2018) and further informed by exten-
sive pilot testing, during which it became evident that 10-min 
rest intervals to be the minimum duration of rest required to 
allow the completion of six 50-min work bouts at a heart rate of 
130 beats·min−1 without unacceptable levels of fatigue. Addi-
tionally, these rest breaks allowed for ad libitum water con-
sumption, as is a common requirement in many industries. The 
treadmill was programmed to automatically change its speed 
(maximum 6 km·h−1) and grade to ensure a constant heart rate 
of 130 beats·min−1 was maintained throughout each work cycle. 
The full rationale for the selection of the 130 beats·min−1 heart 
rate work intensity—which represents the demarcation between 
moderate and heavy strain (Andersen 1978) and is considered 
to be the maximal acceptable workload for sustained work peri-
ods (Bernard and Kenney 1994)—is provided in our compan-
ion paper (Foster et al. 2021b), to which interested readers are 
directed. The speed and grade data were used to estimate the 
energy generated (above resting) in each 50-min work cycle 
using the following equation (Ludlow and Weyland, 2017):

where G(t) is the slope of the treadmill expressed in per-
cent grade at time t, v(t) is velocity of walking expressed in 
metres per second at the same time point, RQ(t) is respira-
tory quotient which was assumed to be 0.85 (Cramer and 
Jay, 2019). The summation function (∑) denotes that the 
output of the equation is summed every 1 min (t = 1) until the 
50-min work bout was completed (in some cases where HR 
increased above 130 beats·min −1 when resting, the work bout 
was ended early and the final integrated work output used), 
accounting for the change in each variable over time. Part 1 
(first square bracket) of the equation (Ludlow and Weyand, 
2017) calculates the net volume of oxygen consumed ( 

.

V

O2-net, in mL·kg body mass−1·min−1) to fuel exercise, i.e. not 
including resting 

.

VO2. Part 2 of the equation (second square 
bracket) converts the former into kJ min−1. The cumulative 
EE over all six 50-min work bouts was used to calculate the 
total EE (in kJ) above resting over the whole shift.
Physical work capacity in the heat was calculated by:

(2)
Work EE =

∑50

t=1

[
0.32 ⋅ G(t) + 3.28 + (1 + 0.19 ⋅ G(t)) ⋅

(
2.66 ⋅ v(t)

2
)]

⋅

[
19.61 +

RQ(t) − 0.707

0.293
⋅ 1.51

]
[kJ]

(3)

Physical work capacity (i cycles) =

(
∫ i

1
HotkJ

∫ i

1
CoolkJ

)
× 100(%)

where cycles = the number of 1-h work cycles, CoolkJ is the 
total energy generated (kilojoules, kJ) above resting metabo-
lism in the cool reference condition, and HotkJ is the total 
energy generated above resting metabolism in each heat 
stress trial. The cumulative value for HotkJ and CoolkJ was 
used to calculate how PWC is affected by work duration. 
For example, 1-h PWC is calculated by using the value of 
HotkJ and CoolkJ after one work cycle, whereas 6-h PWC is 
calculated by using the cumulative value of both HotkJ and 
CoolkJ after 6 work cycles (i.e. full work shift).

Upon completion of each work cycle, participants exited 
the environmental chamber, nude body mass was quanti-
fied to determine whole-body sweat loss, and participants 
undertook 10 min of seated rest in temperate conditions 
(21 °C, 50% RH). During this rest period, ad libitum water 
intake was permitted, and the volume of water consumed 
and urinated was recorded. After 10 min of rest, participants 
returned to environmental chamber for the completion of the 
next scheduled work cycle. This process was repeated until 
a total of 6 work cycles were completed. Six work cycles 
mimicked a 7-h workday (including a 1-h lunch break).

Lunch break

Between the third and fourth work cycle participants were given 
a 1-h lunch break, during which they rested in temperate con-

ditions (21 °C, 50% RH) and consumed a standardised lunch 
meal consisting of cheese and tomato pasta, cereal bar, banana, 
and an isotonic carbohydrate sports drink. In total, the lunch 
provided 925 kcal; 156 g of carbohydrate; 27 g of protein; 22 g 
of fat. Ad libitum water intake was also permitted, and quanti-
fied, during the lunchbreak. We consider the standardisation 
of food to be an important feature of our study design. Dur-
ing piloting, we observed that the ingestion (and digestion) of 
food exerted a profound impact on heart rate responses during 
subsequent work performed in the heat. Given the fixed heart 
rate protocol employed in the current study, it was important 
that any additional cardiovascular strain imposed by the con-
sumption of lunch was consistent across experimental trials and 
between participants. Failure to standardise the lunchtime meals 
would have increased both the within- and between-participant 
variation in performance in the afternoon work bouts to an 
unacceptable level (especially considering our modest sample 
size). The standardised meal was designed to be palatable to 
all participants (i.e. did not contain meat, nuts/other allergens 
etc.) and was representative of a ‘typical’ meal (i.e. balanced in 
macronutrient content), whilst also providing sufficient energy 
(925 kcal) to enable physical work of extended duration.

2466 International Journal of Biometeorology (2022) 66:2463–2476
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The volume of isotonic sports drink (Lucozade Ribena Sun-
tory Limited) was considered when calculating fluid balance 
(Fig. 5), whilst the water content of the food (322.4 g) was also 
accounted for (estimates derived from the CompEat Pro 5.8.0 
computerised food tables; Nutrition Systems, London, UK).

Calculation of the heat stress indices

Wet‑bulb globe temperature  The WBGT (outdoor equa-
tion) was determined using a WBGT monitor (QUESTemp 
model 34, TSI Incorporated), which measured ambient tem-
perature Ta, globe temperature Tg, And Natural Wet-Bulb 
Temperature Tnwb. The value used for modelling was the 
average over the course of each work cycle. As in the cli-
matic chamber Ta equals Tg, the outcome of the outdoor and 
indoor WBGT equation deliver the same result.

Aspirated (psychrometric) wet‑bulb temperature

Aspirated wet-bulb temperature was calculated based on the 
formula provided by Stull (2011):

where Ta is air temperature in degrees Celsius and RH is 
relative humidity in % (0–100).

Universal Thermal Climate Index

An excel calculator was used to determine the UTCI (www.​clima​
techip.​org/​excel-​wbgt-​calcu​lator), using the published regression 
polynomial of UTCI (Bröde et al. 2012). The input values used 
for the calculation were Ta, RH, mean radiant temperature and 
air velocity (converted to 10-m-high value as required by UTCI).

Humidex

The Humidex calculation was based on (Masterton and 
Richardson, 1979; Rana et al. 2013):

Heat Index

The Heat Index was calculated based on (Rothfusz, 1990):

(4)
T
wb

= T
a
× atan

[
0.151977(Rh + 8.313659)

1

2

]
+ atan

(
T
a
+ RH

)
−

atan (RH − 1.676331) + 0.00391838(RH)
3∕2

×atan (0.023101RH) − 4.686035[◦C]

(5)

Humidex = Ta +
5

9

([
6.112 × 10

(
7.5Ta

237.7+Ta

)
×

RH

100

]
− 10

)
[◦C]

(6)
Heat Index = −42.379 + 2.04901523T

a
+ 10.14333127RH−

0.22475541T
a
⋅ RH − 6.83783 × 10−3T2

a
− 5.481717 × 10−2RH2+

1.22874 × 10−3T2

a
⋅ RH + 8.5282 × 10−4T

a
⋅ RH2 − 1.99 × 10−6T2

a
⋅ Rh2[◦F]

where Ta is in degrees Fahrenheit and RH is in % (0–100). 
The Heat Index in Fahrenheit (HIF) was converted to degrees 
Celsius by:

Statistical analyses

Statistical analyses were performed using IBM SPSS version 
27. Differences in absolute kJ energy output, thermometric 
variables (average core, skin, and body temperature for each 
cycle), and perceptual variables (average rating of perceived 
exertion, thermal sensation, thermal comfort for each cycle) 
were analysed using a two-way repeated measures ANOVA. 
The independent variables were heat stress condition (4 lev-
els; cool, moderate, hot, very hot) and work cycle (6 levels; 
W1, W2, W3, W4, W5 and W6). The impact of whole-body 
sweat loss on net fluid loss over the day was analysed using a 
mixed model with whole-body sweat loss (WBSL) as fixed, 
and participant as random factor. For the random factor, both 
the slope and intercept were variable. The independent effect 
of the lunch break and meal on the reduction in PWC (abso-
lute kilojoules) was also examined, with the same 4 levels of 
heat stress conditions, but with two levels of work cycle (W3 
vs W4). The influence of heat stress on the relative change 
in PWC (% reduction from W3 to W4) caused by the lunch 
break and meal consumption was tested using a one-way 
ANOVA. The two-tailed alpha value of significance testing 
was set as p < 0.05.

Correction equations for the impact of work duration 
on PWC were developed using linear regression of addi-
tional PWC loss due to longer work versus the work time, 
expressed in the number of work cycles. The additive cor-
rection is, by definition, zero for a single work cycle, as the 
original model (Foster et al. 2021b) is based on that. The 
model describes the additional impact over a range of two 
to six work cycles. Corrections are developed for each of the 
hot climates, and calculations are presented showing inter-
polations between the different levels of heat stress.

Results

Performance responses

Physical work capacity

For the cool condition, work output remained quite stable 
in the morning, but decreased after lunch and then showed 
a partial recovery in cycles 5 and 6 (Fig. 2 and supple-
mentary Table 1). For the full work shift trial, increasing 
heat stress severity (expressed as WBGT) decreased whole 

(7)Heat Index =
(
HIF − 32

)
×
5

9
[◦C]
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work-shift PWC (main effect for WBGT, F3,24 = 86.12, 
p < 0.001, ηp

2 = 0.92). PWC also decreased with increas-
ing number of work cycles (main effect for work cycle, 
F5,40 = 57.69, p < 0.001, ηp

2 = 0.88). There was an interaction 
between WBGT and work cycle number (interaction effect, 
F15,120 = 5.68, p < 0.001, ηp

2 = 0.42) with the impact of work 
duration on PWC becoming larger with increasing WBGT.

Food intake and physical work output

Despite the longer rest time during the lunch break, work 
output in the first session after lunch (W4) was lower com-
pared to the work cycle immediately before lunch (W3, 
F1,8 = 28.30, p < 0.01, ηp

2 = 0.78, Fig. 3). As heat stress 
severity increased, the additional lunch-induced reduction 
in PWC lessened, with a strong interaction effect observed 
(F3,24 = 9.43, p < 0.001, ηp

2 = 0.54) with the difference pre- 
to post-lunch becoming non-significant at 36.5 °C WBGT 
(p > 0.05). A recovery of work capacity was observed dur-
ing the second work cycle after lunch, but this recovery was 

diminished with increasing heat stress severity and was 
absent at the highest heat stress level (Fig. 3).

Thermoregulatory responses

Rectal and skin temperature responses across the work shift 
are shown in Fig. 4 and in supplementary Table S2. Com-
parisons between work cycle 1 and work cycle 6 for each 
condition are shown in supplementary Figure S1.

Rectal (core) temperature

Whilst not for all individual heat increments, across the 
board rectal temperature increased with increasing heat 
stress severity (main effect for WBGT, F3,24 = 8.25, p < 0.01, 
ηp

2 = 0.51) and with increasing work duration (main effect 
for work cycle, F5,40 = 18.88, p < 0.001, ηp

2 = 0.70). The 
impact of work duration (work cycle number) increased 
with heat stress severity with a significant interaction effect 
observed (F15,120 = 2.92, p < 0.01, ηp

2 = 0.27).

Fig. 2   Panel A shows the absolute energy expenditure above resting, 
achieved in each work cycle separated by Wet-Bulb Globe Tempera-
ture (WBGT). The asterisk denotes the main effect for WBGT, the 
number sign denotes the main effect for work cycle, and the dagger 
denotes the interaction effect (all p < 0.01). Panel B shows, as a per-
centage, the energy expenditure achieved in each individual work 
cycle (W2–6) compared to the first work cycle (W1) in the same cli-
mate condition. Panel C shows the physical work capacity (PWC%) 
achieved relative to the PWC in the cool climate (12.6 °C WBGT) for 

the same work duration, assessed after 1 (solid line) or the total for 6 
(dashed line) work cycles. The difference shows the extra loss over 
a full work shift versus a single cycle of work. Panel D shows these 
same differences seen in panel C, for the cumulative effect of 2 to 6 
work cycles. The data in panel D were subsequently used to form cor-
rection equations, for the prediction of PWC based on the interaction 
between heat stress severity and work cycle duration (number of work 
cycles). Raw data are available in supplementary Table 1
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Skin temperature

Skin temperature increased with heat stress severity (main 
effect for WBGT, F3,24 = 266.92, p < 0.001, ηp

2 = 0.97). 
Whilst there was a main effect for work cycle (F5,40 = 3.11, 
p < 0.05, ηp

2 = 0.28), post hoc tests show no differences in 

Tskin over time, for any heat stress condition. There was a sig-
nificant interaction effect observed (F15,120 = 4.49, p < 0.001, 
ηp

2 = 0.36), suggesting that Tskin changed with WBGT and 
work cycle. At each cycle number, Tskin was different across 
all heat conditions, except for no difference between WBGT 
34.1 and 36.5 °C in the final work cycle (W6) (p > 0.05). 
Average Tskin values for each work cycle and WBGT condi-
tion are shown in supplementary Table S2.

Whole‑body sweat loss and fluid intake

Mean whole-body sweat losses and fluid intake (drink-
ing + meal) across work cycles are presented in supplemen-
tary Table S3.

The analysis of net fluid loss across the day corrected for 
whole-body sweat loss across that period (and corrected for 
individually different responses) resulted in the relationship 
depicted in Fig. 5 (Net fluid loss =  − 1.86 + 0.74WBSL). The 
explained variance based on the fixed factor WBSL was cal-
culated as 56%.

Whole-body sweat loss (WBSL) increased with heat stress 
severity (WBGT) (F3,24 = 6.26, p < 0.05, ηp

2 = 0.44) and work 
duration (number of work cycles) (F5,40 = 9.60, p < 0.01, 
ηp

2 = 0.55), but there was no interaction effect between 
WBGT and work duration (F4,27 = 2.108, p > 0.05, ηp

2 = 0.21).

Fig. 3   Effect of the lunch break and meal consumption on the abso-
lute loss in work output, shown through the difference between cycle 
3 and 4. *p < 0.05; **p < 0.01; ****p < 0.0001; ns, not significant. 
The error bars indicate the SD of the data. All values except the 
36.1 °C were significantly different from zero

Fig. 4   Rectal and skin tempera-
ture response throughout the 
full work shift protocol, sepa-
rated by Wet-Bulb Globe Tem-
perature (WBGT) condition. 
W, work cycle; R, rest. N.B 
limited data are presented for 
W6 at 36.1 °C WBGT as when 
participants became unable to 
perform any work during the 
final work cycle (i.e. no work 
was possible without exceeding 
130 beats·min−1) they exited the 
chamber and the experimental 
session was terminated. Error 
bars indicate the SD of the data, 
which represent the average 
HR values of all participants 
recorded at 10-min intervals 
over the course of the day. The 
drop in core temperature before 
the rest period starts (e.g. W2 
at 36.1 °C WBGT) is due to 
some participants stopping 
work as their HR exceeded 130 
beats·min −1 even at rest
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We found a strong relationship between total net fluid 
loss (i.e. fluid deficit = WBSL-water uptake) and gross 
WBSL over the work shift (R2 = 0.56). When WBSL was ≤ 2 
L across the working day, that water loss was sufficiently 
replaced by water intake, causing no net fluid loss or even a 
mass gain. However, when WBSL was ≥ 2 L across the day, 
a deficit developed that increased in a linear fashion at ~ 0.74 
L for every 1 L of sweat secreted above 2 L. The relation-
ship between net fluid deficit and WBSL is shown in Fig. 5.

Modelling physical work capacity

The reduction in PWC observed consists of two compo-
nents: (1) the reduction due to the heat as described in the 
previously published 1-h data (Foster et al. 2021b) and (2) 
the additional reduction observed when work duration is 
extended beyond a single work bout. The latter is repre-
sented in Fig. 2D, showing the extra reduction due to heat 
when the number of work cycles is extended. The regression 

equations in Fig. 2D are used to define corrections for the 
interaction of extended work time and environmental heat 
load. It was arbitrarily chosen to use a linear interpolation for 
climate values between the regression lines at the different 
heat load levels. For the reference condition and tempera-
tures below, this is defined as zero, whilst for heat stress 
levels above the highest tested the values are limited to the 
highest values obtained, as no data are available above this. 
The corrections are presented in Table 2, based on either 
WBGT, UTCI, Twb, Humidex, and Heat Index. Column two 
shows the basic correction based on the 1-h data (Foster 
et al. 2021b) and column three the additional correction 
needed when two or more work cycles are performed.

Using these correction equations, PWC can now be pre-
dicted for different work durations from:

where ‘cycles’ stands for the number of work cycles per-
formed, PWCref (column two in Table 2) should be taken 
from the models presented in our companion paper (Foster 
et al. 2021b), and PWCcorr, only applicable if more than one 
cycle is performed, is shown in Table 2, column three. An 
example output using WBGT as the heat stress assessment 
metric is shown below in Fig. 6.

Example calculation

Below we provide an example calculation based on the for-
mat set out in Table 2 of this paper. The example is based on 
WBGT, in which the correction factor (PWCcorr) is shown in 
Table 2. The calculation below assumed a WBGT of 32 °C 
and six work cycles being performed.

Using the original model based on 1 h of work (i.e. with-
out the correction), PWC would be 58%, which is reduced 
by a further 6.7% when an extended shift is worked. As such, 
using the above example, PWC is calculated as 51%. Note 
the original model (PWCref, the left square bracket) should 
be taken from column 2 of Table 2.

Discussion

The current study examined how work duration and heat 
stress severity interact with human physical work capac-
ity (PWC) in work paced by constant cardiovascular strain. 
Considering the data obtained in the cool reference climate 

(31)
Physical Work Capacitycycles = PWCref − PWCcorr,cycles

(32)
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Fig. 5   A The relationship between total fluid intake and whole-body 
sweat loss and B net fluid loss and whole-body sweat loss over the 
course of an extended work shift. Net fluid loss increases linearly 
with whole-body sweat loss, despite ad libitum water intake. Regres-
sion analysis using WBSL as fixed and participant as random factor
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Table 2   Correction equations for calculation of physical work capac-
ity (PWC) based on work duration for different heat stress indices. 
These corrections should only be applied if two or more work cycles 

are completed. The values generated from PWCcorr (3rd column) 
should be subtracted from the 1-h projections in our companion paper 
(2nd column; Foster et al. 2021b)

Heat stress metric and range (°C) PWCref: original physical work capacity equation for 
one 1-h work cycle (Foster et al. 2021b)

PWCcorr: correction value for additional loss in 
physical work capacity depending on the number of 
1-h work cycles, which needs to be subtracted from 
PWCref in column two. This correction only applies 
for 2 to 6 work cycles

Wet-Bulb Globe Temperature (WBGT)
IF WBGT < 12.6 PWCref =

100

1+

(
33.63

WBGT

)−6.33

  

PWCcorr = 0 Equation (8)

IF 12.6 < WBGT ≤ 29.4
PWCcorr =

(
WBGT−12.6

16.8
× [0.65cycles + 1.3]

)
Equation (9)

IF 29.4 < WBGT ≤ 33.4
PWCcorr =

(
33.4−WBGT

4.0
× [0.65cycles + 1.3]

)
+

(
WBGT−29.4

4.0
× [1.1cycles + 0.98]

)
Equation (10)

IF 33.4 < WBGT ≤ 36.1
PWCcorr =

(
36.1−WBGT

2.7
× [1.1cycles + 0.98]

)
+

(
WBGT−33.4

2.7
× [1.77cycles + 6.12]

)
Equation (11)

IF WBGT > 36.1 PWCcorr = (1.77cycles + 6.12)Equation (12)

Universal Thermal Climate Index (UTCI)
IF UTCI < 15.8 PWCref =

100

1+

(
45.33

UTCI

)−4.30

  

PWCcorr = 0 Equation (13)

IF 15.8 < UTCI ≤ 35.6
PWCcorr =

(
UTCI−15.8

19.8
× [0.65cycles + 1.3]

)
Equation (14)

IF 35.6 < UTCI ≤ 42.5
PWCcorr =

(
42.5−UTCI

6.9
× [0.65cycles + 1.3]

)
+

(
UTCI−35.6

6.9
× [1.1cycles + 0.98]

)
Equation (15)

IF 42.5 < UTCI ≤ 50.8
PWCcorr =

(
50.8−UTCI

8.3
× [1.1cycles + 0.98]

)
+

(
UTCI−42.5

8.3
× [1.77cycles + 6.12]

)
Equation (16)

IF UTCI > 50.8 PWCcorr = (1.77cycles + 6.12)Equation (17)

Aspirated/Psychrometric Wet-Bulb Temperature (Twb)
IF Twb < 11.3 PWCref =

100

1+

(
30.98

Twb

)−5.90

  

PWCcorr = 0

IF 11.3 < Twb ≤ 27.1
PWCcorr =

(
Twb−11.3

15.8
× [0.65cycles + 1.3]

)
Equation (18)

IF 27.1 < Twb ≤ 30.8
PWCcorr =

(
30.8−Twb

3.7
× [0.65cycles + 1.3]

)
+

(
Twb−27.1

3.7
× [1.1cycles + 0.98]

)
Equation (19)

IF 30.8 < Twb ≤ 34.6
PWCcorr =

(
34.6−Twb

3.8
× [1.1cycles + 0.98]

)
+

(
Twb−30.8

3.8
× [1.77cycles + 6.12]

)
Equation (20)

IF Twb > 34.6 PWCcorr = (1.77cycles + 6.12)Equation (21)

Humidex
IF Humidex < 15.4 PWCref =

100

1+

(
54.50

Humidex

)−4.10

  

PWCcorr = 0 Equation (22)

IF 15.4 < Humidex ≤ 43
PWCcorr =

(
Humidex−15.4

27.6
× [0.65cycles + 1.3]

)
Equation (23)

IF 43 < Humidex ≤ 53
PWCcorr =

(
53−Humidex

10
× [0.65cycles + 1.3]

)
+

(
Humidex−43

10
× [1.1cycles + 0.98]

)
Equation (24)

IF 53 < Humidex ≤ 62
PWCcorr =

(
62−Humidex

9
× [1.1cycles + 0.98]

)
+

(
Humidex−53

9
× [1.77cycles + 6.12]

)
Equation (25)

IF Humidex > 62 PWCcorr = (1.77cycles + 6.12)

Heat Index
IF Heat Index < 15 PWCref =

100

1+

(
55.47

HeatIndex

)−2.90

  

PWCcorr = 0 Equation (26)

IF 15 < Heat Index ≤ 39.8
PWCcorr =

(
HeatIndex−15

24.8
× [0.65cycles + 1.3]

)
Equation (27)

IF 39.8 < Heat Index ≤ 52.0
PWCcorr =

(
52−HeatIndex

12.2
× [0.65cycles + 1.3]

)
+

(
HeatIndex−39.8

12.2
× [1.1cycles + 0.98]

)
Equation (28)

IF 52.0 < Heat Index ≤ 67.7
PWCcorr =

(
67.7−HeatIndex

15.7
× [1.1cycles + 0.98]

)
+

(
HeatIndex−52

15.7
× [1.77cycles + 6.12]

)
Equation (29)

IF Heat Index > 67.7 PWCcorr = (1.77cycles + 6.12)Equation (30)
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(12.6 °C WBGT), PWC in the sixth hourly work cycle is 
reduced by 17% compared to the work done in the first hour. 
The largest negative impact on PWC in the cool climate 
was observed in the work bout immediately following the 
lunch break, which may plausibly be explained by the addi-
tional blood flow competition imposed by food ingestion 
and digestion. Having studied how this baseline reduction 
in relative PWC changes when heat stress is added, we now 
provide empirical evidence that, apart from the additional 
heat-induced impairment of PWC increasing nonlinearly 
with heat stress severity as observed previously (Foster 
et al. 2021a, c, d) it is also dependent on the exposure dura-
tion/work time. Using WBGT as an example index, we found 
only modest additional effects of exposure time (< 5%) on 
cumulative PWC at WBGT ≤ 30 °C, but the impact grew 
progressively when WBGT > 30 °C. Thus, for most work-
ing conditions—including those that fall below the Inter-
national Standard (ISO7243 2017) reference limit WBGT 
values for physical work—the obtained PWC losses in 1-h 
experiments (Foster et al. 2021a, b, c, d) provide an accept-
able approximation (i.e. within 5%) for whole working days, 
but for WBGT > 30 °C, the additional corrections provided 
in this paper should be used. Correction equations are gen-
erated such that PWC can be predicted based on (a) one of 
five different heat stress metrics (WBGT, UTCI, Twb, Heat 
Index, or Humidex) and (b) exposure time.

The progressive reductions in PWC observed across the 
work shift appear primarily driven by the lunch break and asso-
ciated meal consumption (see Fig. 3). For example, after the 
lunch break, PWC dropped by ~ 20% of the pre-lunch cycle 

value in all conditions (i.e. cycle 3 vs cycle 4, where lunch 
was consumed in between these cycles). Whilst strictly spo-
ken in the present experimental design we cannot differenti-
ate between the effect of the break and the effect of the food, 
the observed drop in PWC may be plausibly explained by the 
well-established phenomenon termed postprandial hyperae-
mia which is characterised by increased gastrointestinal blood 
flow observed after meal consumption (Madsen et al. 2006). 
In the context of the current experimental design (i.e. clamped 
cardiovascular strain/heart rate model), redistribution of blood 
towards the digestive system provides additional competition 
for a limited cardiac output, necessitating a reduction of blood 
flow to active musculature resulting in a reduction of PWC. 
Figure 2 demonstrates that PWC was maintained quite well 
in the cool climate prior to the lunch break, suggesting little 
influence of ‘cumulative’ strain on PWC. In the warmer condi-
tions, a progressive reduction in PWC was noted prior to food 
ingestion, suggesting a more direct effect of prolonged heat 
exposure on PWC (compared with 1-h cycles). In the current 
study, consistent and progressive increases in rectal (but not 
skin) temperature were observed across the six work cycles, 
in all conditions apart from the cool reference (see Fig. 4 and 
supplementary Fig. 1). Furthermore, water deficits (water loss 
through sweat not countered by the ad libitum fluid intake in 
the breaks) were noted only in the warm conditions, as shown 
in Fig. 5. Throughout repeated work cycles, the combination 
of cumulative thermal strain and dehydration likely mediated 
the reductions in PWC prior to the lunch break. The exponen-
tial loss in PWC in the hottest condition (WBGT = 36.1 °C) 
is potentially further amplified by a reduction in stroke vol-
ume mediated by excessive venous pooling (i.e. reducing left 
ventricular end-diastolic volume). The progressive increases 
in core temperature observed with repeated cycles of work 
have important implications for occupational heat safety man-
agement, as a propensity for cycle-by-cycle heat storage may 
further predispose workers to hyperthermia, and potentially 
heat-related morbidity, during the latter part of a work shift 
(Flouris et al. 2018). Whilst it is acknowledged that the heat 
stress conditions used in the current study exceed the Inter-
national Standard (ISO7243) reference WGBT values for 
physical work, it should be noted that workers in many global 
regions are already faced with very severe environmental con-
ditions in which they are either expected—or necessitated—to 
work. Furthermore, current climate change projections indicate 
that the severity of future extreme heat events will continue to 
worsen. In such future climate scenarios, it is very likely that 
the current ISO limit values will be regularly exceeded.

Compared with short exposures (1–2 h), relatively few 
studies have investigated the impact of prolonged heat expo-
sure on work performance and physiological strain across 
multiple hours. Hellon et al. (1956) reported a gradual rise 
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in rectal temperature with successive simulated work bouts 
(stepping at a fixed rate) in both younger and older men over 
the course of 4 h. Although rectal temperature was similar in 
both age groups, the older group were working at a greater 
absolute heart rate by ~ 10 beats·min−1 throughout the proto-
col. Similar physiological responses were also reported dur-
ing passive heat stress exposure across a range of effective 
temperatures with progressive increases in core temperature 
and cardiovascular strain observed across 180-min (Lind and 
Hellon, 1957). A progressive rise in core temperature was 
also observed during the first 3 h of fixed-rate work at 32.2 °C 
effective temperature, although rectal temperature plateaued 
between the third and fifth hours (Wyndham et al. 1960). Dur-
ing fixed intensity treadmill work at 32.5 °C WBGT, rectal 
temperature and heart rate did not progressively increase with 
exposure duration (Anderson et al. 2022). Whilst important 
differences in exercise prescription (i.e. fixed vs self-paced 
work simulation) preclude direct study comparison, these 
findings broadly align with those of the current study as we 
observed only modest increases in rectal temperature across 
the protocol. The modest increase in rectal temperature can 
be explained by the downregulation of work output in the 
constant cardiovascular strain model used in the present study, 
representing pacing behaviour. Importantly, in young adults, 
previous research reported no impairment of heat loss and 
no additional heat storage on the day after performing 7.5 h 
of fixed-paced physical work in hot dry conditions (Notley 
et al. 2018b). However, impairments in heat loss on day two 
vs day one were found in older adults completing a similar 
protocol (Notley et al. 2018a). These observations are of par-
ticular relevance as they indicate that our current findings 
may reasonably translate to settings in which extended work 
is performed on multiple successive days (i.e. as is common 
in many industrial sectors) however, further investigation is 
warranted to confirm the long-term impacts of heat stress 
exposure on physical work capacity across a range of work-
ing populations. Finally, Kampmann and Bröde (2022) com-
pared indicators of heat strain during the first and third hour of 
work at a constant workload, performed in a range of climates. 
They observed significantly lower heat strain (heart rate, rectal 
temperature) estimates based on the first hour data versus the 
third hour, and warn that using short studies to develop heat 
strain prediction models risks underestimating the heat strain 
for a full work shift, even at moderate heat loads. Whilst such 
an underestimation of the impact of a longer (up to 6 h over 
a 7-h shift) work period compared with a shorter 1-h experi-
mental exposure is also evidenced in the present experimental 
data (Fig. 4, Table S2), it does seem that the impacts of this 
shift length on physical work capacity for WBGT values up 
to 30 °C are smaller in the present data than for the impacts 
on physiological heat strain indicators in the Kampmann and 
Bröde (2022) data. Whilst in the present study the core tem-
parature in the third hour is between 0.1 and 0.4 °C (cool to 

most extreme condition) higher than in the first hour, the dif-
ference is less than 0.1 °C for all conditions in the the fourth 
hour immediately after lunch, and then increases again to 
0.2–0.5 °C in the sixth hour. The main reason for this differ-
ence in magnitude between these studies is the different choice 
of work paradigm. Kampmann and Bröde (2022) use a fixed 
workload, which implies that cardiovasular strain—almost by 
definition—will increase over time, where the present study 
uses a pacing strategy that limits cardiovascular strain by low-
ering the workload over time (i.e. Kampmann and Bröde’s 
data represent work where the pace is fixed, whilst the present 
study emulates workers self-pacing to limit the total strain). 
It is clear however, that in both studies, physiological strain 
levels do increase significantly with longer work periods, 
and when deducing strain limits, short studies risk underes-
timating physiological strain. On the other hand it should be 
noted that in both studies very few absolute core tempera-
tures above 38.5 °C were observed so, on an individual basis, 
risk remained low.Our findings indicate that when ad libitum 
water consumption is restricted to rest breaks between work 
cycles, a progressive water deficit increases by ~ 0.74 L for 
every 1 L of sweat secreted once WBSL exceeds ~ 2 L. A 
very similar disassociation of sweat loss and fluid intake was 
observed previously in German miners exposed to comparable 
environmental heat stress during an 8-h shift (Kalkowsky and 
Kampmann 2006), and is consistent with previous reports of 
the high prevalence of hypohydration in occupations prone to 
heat stress (Piil et al. 2018). The water deficit that developed 
across the extended work shift likely impacted PWC via two 
pathways: (1) a hypohydration-induced reduction of plasma 
volume (hyperosmotic hypovolemia) leading to a restriction of 
blood supply available for delivery to active musculature and 
(2) a blunting of sudomotor responses (i.e. sweating), result-
ing in reduced evaporative heat loss and, thus, additional heat 
storage. However, it is acknowledged that that these outcome 
variables were not directly assessed in the current study, and 
thus, these potential explanations remain speculative. None-
theless, these findings reiterate the importance of prescribing 
appropriate fluid replacement strategies during extended work 
to avoid the insidious development of hypohydration and help 
protect worker safety and preserve productivity.

The correction equations presented in this paper (Table 2) 
are intended to refine our previous estimate of PWC using 
1-h work simulations (Foster et al. 2021b). Correction equa-
tions are available in which models can be corrected based 
on WBGT, UTCI, Wet-bulb Temperature, Heat Index, or 
Humidex. Whilst estimates were good in all models,  it 
should be noted that the UTCI can also predict PWC with 
added solar radiation (Foster et al. 2021c) and can account 
for the dynamic effect of wind speed (Foster et al. 2021a), 
where other indices struggle to capture these two impacts 
correctly. Taken together, it appears that the UTCI provides 
the most accurate representation of heat stress compared 
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with all additional heat stress indices used in this study. This 
finding is not surprising given the UTCI is based on the most 
complex thermo-physiological model available, at least at 
the time of writing this paper (Fiala et al. 2012).

Limitations

A potential limitation of the current study was that rest 
breaks between work cycles were taken in temperate condi-
tions (21 °C, 50% RH), which is common in many, but not 
all hot workplaces (e.g. outdoor workplaces). It is acknowl-
edged that this may limit the translational relevance for 
occupational settings in which such respite from the heat is 
not always possible. However, in many industries, workers 
have access to cooler spaces in which rest breaks may be 
taken, for example, airconditioned staff rooms, areas with 
additional shade or at bespoke cooling stations, etc. It is, 
however, expected that the thermo-physiological impact—
and thus the observed PWC decrements —would have been 
more severe if participants had been subjected to heat stress 
throughout the entire experimental protocol. Secondly, it 
should be noted that there may be a disconnect between 
heat-safety recommendations designed to protect against 
potentially dangerous rises in body core temperature, and 
those relating to the likely impact of extreme heat on worker 
productivity/performance. However, during the current fixed 
heart rate protocol—which in turn limited metabolic heat 
production—participants rarely approached a body core 
temperature that might be considered ‘dangerous’, and 
thus, the concepts of worker safety and worker productivity 
may not be mutually exclusive. Thirdly, whilst participants 
were observed across an extended period (~ 7 h), it remains 
unknown if similar outcomes would have presented across 
multiple consecutive days of repeated heat exposure. Notley 
and colleagues (2018) reported an impairment of heat loss 
in older adults, but not younger adults on the day after pro-
longed work in the heat. Therefore, it is unclear if a similar 
phenomenon might have been observed if our participants 
had performed extended work on consecutive days, poten-
tially resulting in an additional degradation of PWC. Future 
research is warranted to further elucidate the effects of 
extended heat exposure across multiple consecutive days on 
human thermoregulation and work performance. An addi-
tional limitation was that only young, healthy males were 
recruited for study participation. Whilst it is acknowledged 
that greater heterogeneity exists in the global workforce, it is 
now well-established that both females and older individuals 
of working age respond to heat stress in a manner compa-
rable to their younger male counterparts, especially when 
individual factors (e.g. fitness levels and anthropometrics) 

are considered (Cramer and Jay 2015; Havenith et al. 1995; 
Havenith and van Middendorp 1990). The current cohort 
of male participants exhibited a wide range of fitness lev-
els (VO2peak = 40.7 to 64.0 (mL·kg−1·min−1)), and we are, 
therefore, confident that our data are translatable to wider 
working populations; however, future research is encouraged 
to confirm this assertion.

Finally, it should be noted that the choice of work inten-
sity at 130 beats·min−1 implied that participants were 
working close to the maximum level sustainable. Whilst 
perceived effort did not show excessive rises and remained 
between ‘light’ and ‘somewhat hard’, it is to be confirmed 
whether this could be sustained for multiple days. Anecdo-
tally, participants were heavily fatigued upon completion of 
the trial, such that this work level is unlikely to be tolerated 
on a day-to-day basis. Future research on multi-day work 
would need to consider this.

Conclusion

Physical work capacity reduces even in a cool climate when 
the work is extended from 1 to 6 1-h cycles, with the biggest 
drop occurring after the lunch break and meal consumption. 
Relative to the work output in the cool climate, PWC in the 
heat was further reduced as a function of both the heat stress 
severity and exposure duration, with a progressive reduction 
of PWC observed with repeated cycles of work. The magni-
tude of this cumulative degradation of PWC was augmented 
by increasing heat stress levels and was linked to a concomi-
tant increase in thermo-physiological strain. Based on these 
findings, correction equations were developed for use with 
previously published PWC prediction equations based on a 
single 1-h work cycle (Foster et al. 2021a, b, c, d), translat-
ing these to longer exposures with up to six work cycles, and 
given the linear expression of the effect, potentially up to 8 
cycles. The current findings extend our understanding of the 
consequences of extended occupational heat exposure and 
provide empirical evidence and quantification with which 
the socio-economic burden of future extreme heat may be 
predicted.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00484-​022-​02370-7.

Funding  Funding was provided by ‘HEAT-SHIELD’, European 
Union’s Horizon 2020 research and innovation programme under grant 
agreement no. 668786.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 

2474 International Journal of Biometeorology (2022) 66:2463–2476

https://doi.org/10.1007/s00484-022-02370-7


1 3

were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

ACSM (2013) ACSM’s guidelines for exercise testing and prescription. 
Lippincott Williams and Wilkins, 9th revised North American 
edition

Andersen KL, Masironi R, Rutenfranz J, Seliger V et al (‎1978) Habitual 
physical activity and health. World Health Organisation Regional 
Office for Europe. Copenhagen, Denmark

Anderson CAJ, Stewart IB, Stewart KL, Linnane DM, Patterson MJ, 
Hunt AP (2022) Sex-based differences in body core temperature 
response across repeat work bouts in the heat. Appl Ergon. https://​
doi.​org/​10.​1016/j.​apergo.​2021.​103586

Armstrong LE, Maresh CM, Castellani JW, Bergeron MF, Kenefick 
RW, LaGasse KE et al (1994) Urinary indices of hydration status. 
Int J Sport Nutr 4:265–279. https://​doi.​org/​10.​1123/​ijsn.4.​3.​265

Bain AR, Jay O (2011) Does summer in a humid continental climate 
elicit an acclimatization of human thermoregulatory responses? 
Eur J Appl Physiol 111:1197–1205. https://​doi.​org/​10.​1007/​
s00421-​010-​1743-​9’

Bernard TE, Kenney WL (1994) Rationale for a personal monitor for 
heat strain. Am Ind Hyg Assoc J 55:505–514. https://​doi.​org/​10.​
1080/​15428​11949​10187​72

Bröde P, Fiala D, Błażejczyk K, Holmér I, Jendritzky G, Kampmann B 
et al (2012) Deriving the operational procedure for the Universal 
Thermal Climate Index (UTCI). Int J Biometeorol 56:481–494. 
https://​doi.​org/​10.​1007/​s00484-​011-​0454-1

Bröde P, Fiala D, Lemke B, Kjellstrom T (2018) Estimated work ability 
in warm outdoor environments depends on the chosen heat stress 
assessment metric. Int J Biometeorol 62(3):331–345. https://​doi.​
org/​10.​1007/​s00484-​017-​1346-9

Cheung SS, McLellan TM (1998) Heat acclimation, aerobic fitness, 
and hydration effects on tolerance during uncompensable heat 
stress. J Appl Physiol 84:1731–1739

Cheuvront SN, Kenefick RW (2014) Dehydration: Physiology, assess-
ment, and performance effects. Compr Physiol 4:257–285. https://​
doi.​org/​10.​1002/​cphy.​c1300​17

Cramer MN, Jay O (2015) Explained variance in the thermoregulatory 
responses to exercise: the independent roles of biophysical and fit-
ness/fatness-related factors. J Appl Physiol 119:982–989. https://​
doi.​org/​10.​1152/​jappl​physi​ol.​00281.​2015

Cramer MN, Jay O (2019) Partitional calorimetry. J Appl Physiol 
126:267–277. https://​doi.​org/​10.​1152/​jappl​physi​ol.​00191.​2018

Fiala D, Havenith G, Bröde P, Kampmann B, Jendritzky G (2012) 
UTCI-Fiala multi-node model of human heat transfer and tem-
perature regulation. Int J Biometeorol 56:429–441. https://​doi.​
org/​10.​1007/​s00484-​011-​0424-7

Flouris AD, Dinas PC, Ioannou LG, Nybo L, Havenith G, Kenny GP 
et al (2018) Workers’ health and productivity under occupational 
heat strain: a systematic review and meta-analysis. Lancet Planet 
Heal 2:e521–e531. https://​doi.​org/​10.​1016/​S2542-​5196(18)​30237-7

Foster J, Smallcombe J, Hodder S, Jay O, Flouris A, Havenith G 
(2021a) Quantifying the impact of heat on human physical work 
capacity; part II: the observed interaction of air velocity with tem-
perature, humidity, sweat rate and clothing is not captured by most 
heat stress indices. Int J Biometeorol 66(3):507–520

Foster J, Smallcombe J, Hodder S, Jay O, Flouris A, Nybo L et al 
(2021b) An advanced empirical model for quantifying the impact 
of heat and climate change on human physical work capac-
ity. Int J Biometeorol 65:1215–1229. https://​doi.​org/​10.​1007/​
s00484-​021-​02105-0

Foster J, Smallcombe J, Hodder S, Jay O, Flouris A, Nybo L et al 
(2021c) Quantifying the impact of heat on human physical work 
capacity; part III: the impact of solar radiation varies with air 
temperature, humidity, and clothing coverage. Int J Biometeorol 
In Press. https://​doi.​org/​10.​1101/​2021.​07.​01.​449782

Foster J, Smallcombe JW, Hodder S, Jay O, Flouris AD, Morris NB 
et al (2021d) Aerobic fitness as a parameter of importance for 
labour loss in the heat. J Sci Med Sport 24:824–830. https://​doi.​
org/​10.​1016/j.​jsams.​2021.​05.​002

Havenith G, vanMiddendorp H (1990) The relative influence of physi-
cal fitness, acclimatization state, anthropometric measures and 
gender on individual reactions to heat stress. Eur J Appl Physiol 
Occup Physiol 61:419–427. https://​doi.​org/​10.​1007/​BF002​36062

Havenith G, Inoue Y, Luttikholt V, Kenney WL (1995) Age predicts 
cardiovascular, but not thermoregulatory, responses to humid heat 
stress. Eur J Appl Physiol Occup Physiol 70:88–96

Hellon RF, Lind AR, Weiner JS (1956) The physiological reac-
tions of men of two age groups to a hot environment. J Physiol 
133:118–131

Hunt LA, Hospers L, Smallcombe JW, Mavros Y, Jay O (2021) Caf-
feine alters thermoregulatory responses to exercise in the heat 
only in caffeine-habituated individuals: A double-blind placebo-
controlled trial. J Appl Physiol. https://​doi.​org/​10.​1152/​jappl​physi​
ol.​00172.​2021

Ioannou LG, Tsoutsoubi L, Samoutis G, Bogataj LK, Kenny GP, Nybo 
L et al (2017) Time-motion analysis as a novel approach for evalu-
ating the impact of environmental heat exposure on labor loss in 
agriculture workers. Temperature. https://​doi.​org/​10.​1080/​23328​
940.​2017.​13382​10

Ioannou LG, Foster J, Morris NB, Piil JF, Havenith G, Kenny G, Glen 
P et al (2022) Occupational heat strain in outdoor workers: a com-
prehensive review and meta-analysis. Temperature 9(1):67–102. 
https://​doi.​org/​10.​1080/​23328​940.​2022.​20306​34

ISO 7243 (2017)Ergonomics of the thermal environment — Assess-
ment of heat stress using the WBGT (wet bulb globe temperature) 
index. International Organisation for Standardisation, Geneva. 
https://​www.​iso.​org/​stand​ard/​67188.​html

ISO9920 (2009). International Standardisation Organisation. Ergonom-
ics of the thermal environment - estimation of thermal insulation 
and water vapour resistance of a clothing ensemble.

Jay O, Bain AR, Deren TM, Sacheli M, Cramer MN (2011) Large 
differences in peak oxygen uptake do not independently alter 
changes in core temperature and sweating during exercise. AJP 
Regul Integr Comp Physiol 301:R832–R841. https://​doi.​org/​10.​
1152/​ajpre​gu.​00257.​2011

Kalkowsky B, Kampmann B (2006) Physiological strain of miners at 
hot working places in German coal mines. Ind Health 44:465–473

Kampmann B, Bröde P (2022) Do one-hour exposures provide a valid 
assessment of physiological heat strain? Z Arb Wiss 76:105–117. 
https://​doi.​org/​10.​1007/​s41449-​022-​00303-z

Lind AR, Hellon RF (1957) Assessment of physiological severity of 
hot climates. J Appl Physiol 11:35–40. https://​doi.​org/​10.​1152/​
jappl.​1957.​11.1.​35

Ludlow LW, Weyand PG (2017) Walking economy is predictably deter-
mined by speed, grade, and gravitational load. J Appl Physiol 
123:1288–1302. https://​doi.​org/​10.​1152/​jappl​physi​ol.​00504.​2017

Macartney MJ, Notley SR, Meade RD, Herry CL, Kenny GP (2020) 
Heart rate variability in older men on the day following prolonged 
work in the heat. J Occup Environ Hyg 17:383–389. https://​doi.​
org/​10.​1080/​15459​624.​2020.​17799​32

2475International Journal of Biometeorology (2022) 66:2463–2476

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.apergo.2021.103586
https://doi.org/10.1016/j.apergo.2021.103586
https://doi.org/10.1123/ijsn.4.3.265
https://doi.org/10.1007/s00421-010-1743-9’
https://doi.org/10.1007/s00421-010-1743-9’
https://doi.org/10.1080/15428119491018772
https://doi.org/10.1080/15428119491018772
https://doi.org/10.1007/s00484-011-0454-1
https://doi.org/10.1007/s00484-017-1346-9
https://doi.org/10.1007/s00484-017-1346-9
https://doi.org/10.1002/cphy.c130017
https://doi.org/10.1002/cphy.c130017
https://doi.org/10.1152/japplphysiol.00281.2015
https://doi.org/10.1152/japplphysiol.00281.2015
https://doi.org/10.1152/japplphysiol.00191.2018
https://doi.org/10.1007/s00484-011-0424-7
https://doi.org/10.1007/s00484-011-0424-7
https://doi.org/10.1016/S2542-5196(18)30237-7
https://doi.org/10.1007/s00484-021-02105-0
https://doi.org/10.1007/s00484-021-02105-0
https://doi.org/10.1101/2021.07.01.449782
https://doi.org/10.1016/j.jsams.2021.05.002
https://doi.org/10.1016/j.jsams.2021.05.002
https://doi.org/10.1007/BF00236062
https://doi.org/10.1152/japplphysiol.00172.2021
https://doi.org/10.1152/japplphysiol.00172.2021
https://doi.org/10.1080/23328940.2017.1338210
https://doi.org/10.1080/23328940.2017.1338210
https://doi.org/10.1080/23328940.2022.2030634
https://www.iso.org/standard/67188.html
https://doi.org/10.1152/ajpregu.00257.2011
https://doi.org/10.1152/ajpregu.00257.2011
https://doi.org/10.1007/s41449-022-00303-z
https://doi.org/10.1152/jappl.1957.11.1.35
https://doi.org/10.1152/jappl.1957.11.1.35
https://doi.org/10.1152/japplphysiol.00504.2017
https://doi.org/10.1080/15459624.2020.1779932
https://doi.org/10.1080/15459624.2020.1779932


1 3

Madsen JL, Søndergaard SB, Møller S (2006) Meal-induced changes in 
splanchnic blood flow and oxygen uptake in middle-aged healthy 
humans. Scand J Gastroenterol. https://​doi.​org/​10.​1080/​00365​
52051​00238​82

Marino FE, Kay D, Serwach N (2004) Exercise time to fatigue and the 
critical limiting temperature: Effect of hydration. J Therm Biol 
29:21–29. https://​doi.​org/​10.​1016/j.​jther​bio.​2003.​08.​008

Masterton J, Richardson F (1979) Humidex: a method of quantifying 
human discomfort due to excessive heat and humidity. Environ-
ment Canada, Atmospheric Environment, Downsview, Ont.

Notley SR, Meade RD, D’Souza AW, Friesen BJ, Kenny GP (2018a) 
Heat loss is impaired in older men on the day after prolonged work 
in the heat. Med Sci Sports Exerc. https://​doi.​org/​10.​1249/​MSS.​
00000​00000​001643

Notley SR, Meade RD, Friesen BJ, D’Souza AW, Kenny GP (2018b) 
Does a prolonged work day in the heat impair heat loss on the next 
day in young men? Med Sci Sports Exerc. https://​doi.​org/​10.​1249/​
MSS.​00000​00000​001444

Piil JF, Lundbye-Jensen J, Christiansen L, Ioannou L, Tsoutsoubi L, 
Dallas CN et al (2018) High prevalence of hypohydration in occu-
pations with heat stress—perspectives for performance in com-
bined cognitive and motor tasks. PLoS ONE 13:e0205321. https://​
doi.​org/​10.​1371/​journ​al.​pone.​02053​21

Ramanathan NL (1964) A new weighting system for mean surface tem-
perature of the human body. J Appl Physiol 19:531–533. https://​
doi.​org/​10.​1152/​jappl.​1964.​19.3.​531

Rana R, Kusy B, Jurdak R, Wall J, Hu W (2013) Feasibility analysis 
of using humidex as an indoor thermal comfort predictor. Energy 
Build 64:17–25. https://​doi.​org/​10.​1016/j.​enbui​ld.​2013.​04.​019

Ravanelli N, Jay O (2021) The Change in core temperature and sweat-
ing response during exercise are unaffected by time of day within 
the wake period. Med Sci Sports Exerc 53(6):1285–1293. https://​
doi.​org/​10.​1249/​mss.​00000​00000​002575

Rothfusz LP (1990) The heat index equation (or, more than you ever 
wanted to know about heat index). Tech. attachment, SR/SSD 
90-23, NWS S. Reg. Headquarters, Forth Worth, TX. http://​www.​
srh.​noaa.​gov/​images/​ffc/​pdf/​ta_​htindx.​PDF

Sahu S, Sett M, Kjellstrom T (2013) Heat exposure, cardiovascular 
stress and work productivity in rice harvesters in India: implica-
tions for a climate change future. Ind Health 51:424–431

Stull R (2011) Wet-bulb temperature from relative humidity and air 
temperature. J Appl Meteorol Climatol 50:2267–2269. https://​doi.​
org/​10.​1175/​JAMC-D-​11-​0143.1

Waterhouse J, Edwards B, Bedford P, Hughes A, Robinson K, Nevill 
A et al (2004) Thermoregulation during mild exercise at different 
circadian times. Chronobiol Int 21:253–275. https://​doi.​org/​10.​
1081/​CBI-​12003​7799

Wyndham, C. H. (1973). The effects of heat stress upon human pro-
ductivity. Archives des Sciences Physiologiques, 27(4), 491-497.

Wyndham CH, Allan AM, Bredell GA, Andrew R (1967) Assessing 
the heat stress and establishing the limits for work in a hot mine. 
Br J Ind Med 24:255–271. https://​doi.​org/​10.​1136/​oem.​24.4.​255

Wyndham CH, Strydom NB, Cooke HM, Maritz JS (1960) The tem-
perature responses of men after two methods of acclimatization. 
Int Z Angew Physiol Einschl Arbeitsphysiol 18:112–122. https://​
doi.​org/​10.​1007/​BF006​98868

2476 International Journal of Biometeorology (2022) 66:2463–2476

https://doi.org/10.1080/00365520510023882
https://doi.org/10.1080/00365520510023882
https://doi.org/10.1016/j.jtherbio.2003.08.008
https://doi.org/10.1249/MSS.0000000000001643
https://doi.org/10.1249/MSS.0000000000001643
https://doi.org/10.1249/MSS.0000000000001444
https://doi.org/10.1249/MSS.0000000000001444
https://doi.org/10.1371/journal.pone.0205321
https://doi.org/10.1371/journal.pone.0205321
https://doi.org/10.1152/jappl.1964.19.3.531
https://doi.org/10.1152/jappl.1964.19.3.531
https://doi.org/10.1016/j.enbuild.2013.04.019
https://doi.org/10.1249/mss.0000000000002575
https://doi.org/10.1249/mss.0000000000002575
http://www.srh.noaa.gov/images/ffc/pdf/ta_htindx.PDF
http://www.srh.noaa.gov/images/ffc/pdf/ta_htindx.PDF
https://doi.org/10.1175/JAMC-D-11-0143.1
https://doi.org/10.1175/JAMC-D-11-0143.1
https://doi.org/10.1081/CBI-120037799
https://doi.org/10.1081/CBI-120037799
https://doi.org/10.1136/oem.24.4.255
https://doi.org/10.1007/BF00698868
https://doi.org/10.1007/BF00698868

	Quantifying the impact of heat on human physical work capacity; part IV: interactions between work duration and heat stress severity
	Abstract
	Introduction
	Method
	Ethical approval
	Study design
	Location and timeline
	Experimental controls
	Preliminary trial (visit 1)
	Experimental protocol (visits 2–5)
	Lunch break
	Calculation of the heat stress indices
	Wet-bulb globe temperature 

	Aspirated (psychrometric) wet-bulb temperature
	Universal Thermal Climate Index
	Humidex
	Heat Index
	Statistical analyses


	Results
	Performance responses
	Physical work capacity

	Food intake and physical work output
	Thermoregulatory responses
	Rectal (core) temperature
	Skin temperature
	Whole-body sweat loss and fluid intake
	Modelling physical work capacity
	Example calculation

	Discussion
	Limitations
	Conclusion
	References


