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ABSTRACT

Objectives: Agricultural workers are at high risk of morbidity and mortality from workplace heat
stress. Shade contributes to reduced heat exposure by blocking solar radiation. Though several US
states have adopted occupational heat rules that require shade, implementation of specific shade
approaches is typically not specified in rules. We compared different shade materials for agricul-
tural worker heat exposure mitigation to inform decision-making.

Methods: We conducted a quantitative field comparison study over three summer days in a real-
world agricultural setting in Central Washington State. We examined the effect of five different
shade materials on solar radiation and heat exposure, measured using Black Globe (BG) and Wet
Bulb Globe Temperature (WBGT) sensors, respectively. We used multivariable linear mixed-effects
regression to examine the effect of different materials on BG and WBGT while accounting for
repeated measures and small cluster sizes. We also performed a qualitative assessment of shade
preferences among agricultural partners, including workers and supervisors.

Results: The mean (SD) dry air temperature across all study days was 28.3(1.3)°C [82.9(2.4)]°F.
Shade materials reduced BG by 6.1-8.8°C and WBGT by 1.7-2.2°C, on average, depending on the
material, compared to no shade. Compared to no shade, the largest reduction in BG (—8.81°C) was
seen for a hay tarp material (HAY: 95% Confidence Interval [Cl]: —9.39, —8.23) followed by an 80%
monofilament material (M80: —7.68°C; 95%C| —8.27,-7.10). For WBGT, we also found the largest
reductions among HAY (-2.22°C; 95%Cl| —2.44,-2.00) and M80 (-2.07°C; 95%Cl| —2.29,-1.84).
Comparing between shade materials, we did not find substantial differences in BG and WBGT.
Ease of use and mobility of shade structures near work locations, in addition to effectiveness in
reducing heat exposure, was identified in qualitative analyses as factors that may influence
workplace shade implementation decisions.

Conclusions: In this study, we found that all studied shade materials significantly reduced BG and
WBGT compared to no shade, but we observed no substantial differences in heat exposure
mitigation between the shade materials themselves. For similarly performing shade materials,
worker and supervisor preferences and practical considerations should be considered when

KEYWORDS
Farmworker; heat exposure;
heat stress; shade

selecting shade approaches in specific workplaces that are likely to be adopted and sustained.

Introduction

Agricultural workers are at high risk of morbidity
and mortality from workplace heat stress. United
States (US) Bureau of Labor Statistics data indicate
that the agricultural industry has 35 times the rate
of occupational heat-related deaths compared to
all industries." Occupational heat stress is asso-
ciated with heat-related illnesses, which can be
fatal,” heat-related traumatic injuries,” and acute
kidney injury® among agricultural workers.
Workers who are new to the job, returning from

a prolonged absence or working at the onset of
a heat wave may not be heat acclimatized and may
be at increased risk of heat-related illness.’
Acclimatization is physiological adaptation that
occurs during repeated exposure to a hot
environment.® Extreme heat events, which
increase the risk of heat-related illness for workers,
are projected to increase in frequency and inten-
sity in the future” During the US Pacific
Northwest extreme heat dome event from
June 25-30, 2021, there was an increase in
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Washington State Fund workers’ compensation
claims for occupational heat-related illness, with
the top number of claims occurring among farm-
workers and laborers.

Occupational heat stress is comprised of ambi-
ent heat exposure, internal body (i.e., metabolic)
heat from physical work, and clothing that impairs
body heat dissipation, such as non-breathable per-
sonal protective equipment.2 Ambient heat expo-
sure can be measured with a Wet Bulb Globe
Temperature (WBGT) monitor, which consists of
a dry air sensor to measure air temperature, a wet
bulb sensor to measure humidity, and a black
globe sensor to measure radiant heat (e.g., sun).?
These parameters are combined to assess WBGT,
a gold standard metric of net heat exposure.’
Controls that reduce metabolic heat, such as
administrative rest breaks, and that reduce radiant
heat, such as shade, can help to reduce overall heat
stress in outdoor environments where engineering

controls such as air-conditioning are not
practical.”
Several states, including California,®

Washington State (WA),” Oregon,'® Colorado,""
Nevada,'” and Maryland,"” have adopted occupa-
tional heat rules or laws that cover outdoor agri-
cultural workers and are intended to reduce
adverse health effects of workplace heat stress.
Additionally, in 2023, the US Occupational Safety
& Health Administration (OSHA) proposed an
indoor and outdoor occupational heat rule.'*
These rules include requirements for hydration,
shade, and other protections. However, specifics
for how shade, and other provisions such as
hydration and rest, can be implemented may not
be fully specified in rules, and additional research
could inform which approaches may be most
effective. In the interim, employers must decide
how to implement protections.

Few studies have systematically characterized
the prevalence of employer-provided shade in
agricultural settings. Results from in-person inter-
views of farmworkers in Georgia, where there is no
state heat rule, suggested that about one-third of
workers had no access to shade.'> A survey study
of WA crop workers in 2013 reported that the
majority (92%) of workers reported access to
shade from trees at work.'® However, our previous
study of heat exposure in WA field conditions

indicated that pop-up shade canopies but not
cherry trees or grape crops, were associated with
substantial reductions in heat exposure measured
using a WBGT monitor, suggesting that the crops
studied were not effective sources of shade.'”
Although a more humid setting, a study in North
Carolina similarly found higher WBGT in the
center of tall-growing sweet corn and tobacco
fields compared to the field perimeter.'®

Agricultural workers in the US have reported
a variety of different types of workplace shade
approaches, including trees, vehicles, commercial
shade structures, and an absence of shade.'>'”"”
In WA, some growers have used crops and pop-up
shade canopies, others are experimenting with
mounting shade cloths on posts, and tractor stores
are starting to sell mobile shade trailers (2025 per-
sonal communication of the Pacific Northwest
Agricultural Safety & Health Center with JTS).
There are several studies evaluating tent cover
materials used by the wunhoused in hot
climates,”>*" but research on approaches to shade
materials relevant to agricultural workers is lim-
ited. Additional information on the effectiveness,
feasibility, and acceptability of different shade
approaches is needed to guide recommendations
for rule implementation.

The overall objectives of this study were to
compare different shade materials and approaches
for agricultural worker heat exposure mitigation
and to determine agriculture partner shade prefer-
ences. WA’s permanent outdoor heat exposure
rule was updated in 2023 to require shade above
an ambient temperature of 80°F.° The results of
the study are intended to assist growers in WA
and states with similar climates, populations, and
settings with decisions about which shade materi-
als and approaches to implement to protect work-
ers from heat exposure.

Methods
Quantitative study

Study site, location, and timeframe

The quantitative study was conducted by the
Washington State Labor and Industries’ (L&I)
Safety & Health Assessment and Research for
Prevention (SHARP) Program in Central/Eastern



WA, a dry (18-23 cm [7-9 in] of rainfall annually)
agriculturally intensive area with mean maximum
summer temperatures of 27-34°C (high 80 to mid-
90s°F).** The study was conducted in an open field
covered with dirt and patchy ground cover at
Washington State University’s (WSU) Irrigated
Agriculture Research and Extension Center
(IAREC), in Benton County, Central/Eastern WA
(Figure 1). As previously described,’” TAREC is
comparable to real-world agricultural work set-
tings because of its commercial-grade crop blocks
consisting of typical regional crops. Apples, hops,
and grapes are among the 10 agricultural com-
modities with the highest production value in
WA, and WA is the number one producer of
apples, hops, and cherries in the US.*> The study
took place on August 19-21 (Days 1-3), 2024,
a typically hot time of year in Central/Eastern WA.

Figure 1. Study site with different shade materials mounted on
canopy frames.
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Shade materials

Five shade materials plus one control (no shade
material) condition were evaluated. The shade
materials were selected because they were of inter-
est to agricultural partners, as determined through
conversations with WA L&I's Division of
Occupational Safety & Health Outreach staff and
the Pacific Northwest Agricultural Safety and
Health Center, who directly interact with employ-
ers and workers. All shade conditions consisted of
shade material mounted on one of the six gazebo-
style 3.05 m x3.05 m (10 ft x 10 ft) steel straight leg
simple push canopy frames with a center height of
2.82m (9.25ft, Ozark Trail® Outdoor Equipment,
Bentonville AR). The materials were placed on the
tops of the frames with all sides open to the ambi-
ent air. The control condition of No Shade (NOS)
was a canopy frame with no mounted material.
Details of the materials are provided in the
Supplementary Methods. In brief, Material one
(CAN) was a heavy-duty light grey material with
a reflective undercoating. Material two was a thick
hay tarp (HAY) with a white outer color and
a black underside that was mold, mildew and
acid resistant. Material three was highly reflective
aluminized shade fabric (A70) with a shade per-
centage rating of 70-75%. Material four was
SilviShade (S80), a highly reflective aluminized
shade fabric with a shade percentage rating of
80%. Material five was a black monofilament
shade cloth (M80) with a shade percentage rating
of 80%. Through visual inspection, the authors
subjectively determined that HAY had the least
porosity to permit wind passage, while A70 was
determined to be the most porous allowing wind
to pass.

Instruments, sampling plan, data download &
processing
Figure 2 shows the locations of the shade materi-
als, which were randomized on the first day and
systematically rotated on each subsequent day to
ensure materials did not end up in the same posi-
tion on consecutive days by chance. Shade cano-
pies were spaced 3.05m (10ft) apart along
a north-south transect to avoid shading of one
canopy by another.

Six portable heat exposure monitors were
mounted on six 1.14m (3.75ft) high tripods
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Figure 2. Placement of shade materials relative to each other on each study day.

placed under each canopy frame to measure the
dry bulb (DB) temperature, wet bulb (WB) tem-
perature, black globe (BG) temperature, and rela-
tive humidity (QUESTemp® Model 34, TSI*/Quest,
Shoreview MN). Outdoor and indoor WBGT, or
WBGT,,, and WBGT],, respectively, were calcu-
lated and reported by the QUESTemp® using the
equations in the Supplementary Methods. The
position of each monitor under its canopy was
adjusted approximately every 30 min to ensure it
was always under cover of shade and never in
direct sunlight.

Data were logged at 10-min intervals and down-
loaded daily to Microsoft Excel on a laptop com-
puter using an RS-232 communication cable and
TSI Quest™ Detection Management Software
(Version 3.2.3.14, TSI Incorporated, Shoreview,
MN). The first 20 min of each day’s measurements
were removed from the dataset after sensors were
placed under canopies or NOS to account for the
time it took the monitors to equilibrate. We
restricted our analysis to data points where the
NOS DB was at or above 26.7°C (80°F), since

WA’s current permanent outdoor heat exposure
requires shade above 80°F.” Data from 15:10 to
16:18 on Day 1, 12:35 to 16:26 on Day 2, and
13:25 to 16:29 on Day 3 were analyzed. Wind
speed was assessed using data from WSU’s
AgWeatherNet weather station network.**

Quantitative analyses

The primary objective of our quantitative analysis
was to assess the effectiveness of commonly used
shade materials (CAN, HAY, M80, S80, A70) on
reducing heat exposure, when compared to the
absence of shade (i.e., NOS). We selected BG tem-
perature as an outcome of interest because we
aimed to evaluate the effectiveness of different
materials on blocking the sun, specifically. As an
additional outcome of interest, we examined how
shade materials may impact WBGT,,. We focused
on WBGT,,, rather than WBGTj, because shade
materials do not fully block solar radiation, but we
also examined WBGT],, in sensitivity analyses. Our
study conditions were relatively dry (mean relative



humidity across all sampling days 20.6-24.6%,
depending on the shade condition), and therefore
humidity was not expected to play as prominent
a role in “real feel” temperature as in hot humid
climates.

We conducted several secondary analyses to
address the following questions that we anticipated
might arise when agricultural supervisors make
decisions about shade: 1) Is there a difference in
sun blockage between aluminized (reflective) ver-
sus black monofilament (absorbent) materials?; 2)
Is there a difference in sun blockage between
materials with different shade percentage ratings?;
and 3) Is there a difference in net heat exposure
between non-porous and porous materials? To
address these questions, we examined: 1) the dif-
ference between the aluminized materials A70 and
S80 versus the monofilament M80 (reference) on
BG; 2) the difference between the different percen-
tage rating materials S80 and M80 versus A70
(reference) on BG; and 3) the difference between
the potentially least porous material (HAY) and
the potentially most porous material (A70, refer-
ence) on WBGT,,;, as WBGT is affected not only
by solar radiation but also by humidity and wind
speed.

Data analyses

We conducted descriptive data analyses to charac-
terize variation by different materials and NOS
over time and on different days in terms of BG
and WBGT,,;. Multivariable linear mixed-effects
regression (LMER) models were used to examine
potential variation in heat exposure mitigation
(BG and WBGT,,,;) among different shade materi-
als and NOS over time. LMER model structures
were identical for BG and WBGT,,. Shade mate-
rials were included as a fixed factor, while hours
nested within days (hours per day among three
sample days) were included as a random factor.
Presented model results, such as confidence inter-
vals and p-values, utilized the Kenward and Roger
degrees of freedom correction for small cluster
sizes.”> Analyses were conducted using R, version
4.2.0 (Vienna, Austria).”® The Ime4 package and
LMER modeling function were utilized to derive
model estimates.”’
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Qualitative assessment

To provide additional contextual information
about worker and supervisor shade preferences,
the research team collaborated with the Pacific
Northwest Agricultural Safety & Health (PNASH)
Center to collect information from attendees,
including workers and supervisors, at local WA
agricultural safety and health conferences in
2025. Research team members displayed examples
of shade materials used in the quantitative study at
the PNASH Center booth and asked respondents
multiple choice and open-ended questions focused
on shade decision-making factors, preferences
(e.g., for shade materials and design), and which
of the studied shade materials are preferred and
why. The research team recorded responses, job
title/role, and crop worked in Spanish or English
on a paper form from individual respondents or
groups of respondents who visited the booth. The
research team did not offer incentives for
participation.

Information from the paper forms was entered
in Spanish or English into an electronic database.
Responses  from  participants working in
Washington State were included in the analysis.
Demographic information was described and
tabulated. Each member of the Spanish/English
bilingual/bicultural research team (ECS, SFA,
MB) independently developed themes and codes,
which through consensus were then consolidated
into a single codebook of categories and defini-
tions. To ensure inter-analyst agreement, two
research team members independently coded
each question. The research team discussed and
resolved incongruities between coders. The quali-
tative study was reviewed and determined to be
exempt by the Washington State Institutional
Review Board.

Results
Quantitative study

Descriptive results

The study sample, which was restricted to mea-
surements at times when the NOS DB was at or
above 26.7°C (80°F), consisted of 284 observations.
Table 1 shows heat exposure metrics summarized
by material. Figures 3 and 4 show BG and
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Table 1. Heat exposure metrics by shade material across all three sampling days in the study sample (N =284)*.

WBGT,, (°C) BG (°C) WB (°C) DB (°C) RH (%)
Shade Mean Median Mean Median Mean Median Mean Median Mean Median
material (SD) (Range) (SD) (Range) (SD) (Range) (SD) (Range) (SD) (Range)
NOS 241 24.1 414 423 18.6 185 28.3 27.8 20.6 20.5
(1.1) (22.0, 27.0) (3.3) (35.0, 47.5) (0.6) (17.5, 20.6) (1.3) (26.9, 31.7) (2.1) (17.0, 24.0)
A70 22.5 224 353 354 18.0 179 28.0 27.7 22.3 22.0
(0.9) (209, 24.3) (2.1) (31.6,40.2) (0.6) (16.9, 19.4) (1.4) (26.1, 31.9) (3.0 (16.0, 28.0)
CAN 223 22.3 34.4 34.2 18.1 18.0 28.1 27.7 241 24.5
(0.9) (20.5, 24.2) (2.1) (30.5, 38.5) (0.6) (16.8, 19.4) (1.5) (26.2, 31.7) (2.8) (18.0, 29.0)
S80 22.2 22.0 347 34.6 17.8 17.6 27.9 27.4 24.2 25.0
(1.0 (20.6, 24.6) (2.1) (31.0, 38.6) (0.7) (16.9, 19.9) (1.6) (25.9, 31.7) (2.5) (18.0, 28.0)
M80 221 22.0 337 34.0 17.9 17.7 28.1 27.7 241 24.0
(0.8) (20.7, 23.9) (1.9 (30.4, 37.5) (0.6) (16.9, 19.3) (1.3) (26.5, 31.3) (3.4) (17.0, 30.0)
HAY 21.9 21.8 326 326 18.0 179 28.1 27.8 24.6 24.0
(0.7) (20.4, 23.6) (1.7) (28.9, 35.7) (0.4) (17.1,19.2) (1.4) (26.2, 31.2) (3.9 (17.0, 30.0)

A70 = Aluminet®; BG = black globe temperature; CAN = canopy cover; DB =dry air temperature; HAY = hay tarp; M80 = monofilament shade cloth;
NOS =no shade; RH=relative humidity; S80 = SilviShade; SD =standard deviation; WB =wet bulb temperature; WBGT,,;=wet bulb globe

temperature (outdoor) calculated as WBGT,,, = 0.7 WB + 0.2BG +0.1 DB.

*Study sample is limited to measurements at times when NOS dry air temperature = 80°F/26.7°C.
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Figure 3. Black globe temperature (BG) per hour by shade material, averaged across all three sampling days in the study

sample (N =284)*.

A70 = Aluminet®; CAN = canopy cover; DB = dry air temperature; HAY = hay tarp; M80 = monofilament shade cloth; NOS = no shade;

S80 = SilviShade.

*Study sample is limited to measurements at times when NOS dry air temperature > 80°F/26.7°C; intermittent clouds present at

hours 14, 15, and 16

WBGT,,, respectively, over time by material,
across sampling days in the study sample. Across
all study days, the mean (SD) NOS DB was 28.3
(1.3)°C, the mean (SD) of the daily maximum
NOS DB was 30.0 (1.7)°C, and the mean wind
speed was 2.2 (0.4) m/s. The mean (SD) BG was
highest for the NOS condition 41.4 (3.3)°C and
lowest for HAY 32.6 (1.7)°C (Table 1). HAY had

the highest mean RH (24.6%) and NOS the lowest
(20.6%) (Table 1). As shown in Figures 3 and 4
and Table 1, BG and WBGT,,; were lower among
shade conditions relative to NOS. Specifically,
mean BG was highest for NOS, followed by A70,
S80, CAN, M80, and HAY, while mean WBGT
was highest for NOS, followed by A70, CAN, S80,
M80, and HAY. In general, increased variability in
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Figure 4. WBGToyr per hour by shade material, averaged across all three sampling days in the study sample (N = 284)*.
A70 = Aluminet®; CAN = canopy cover; DB = dry air temperature; HAY = hay tarp; M80 = monofilament shade cloth; NOS = no shade;

S80 = SilviShade.

*Study sample is limited to measurements at times when NOS dry air temperature > 80°F/26.7°C; intermittent clouds present at

hours 14, 15, and 16.

BG and WBGT,,, was observed later in the after-
noon (Figures 3 and 4), consistent with intermit-
tent cloud cover later in the day. Heat exposure
metrics summarized by day are presented in
Supplementary Table 1, and BG and WBGT,
time-series plots in Supplementary Figures 1 & 2.

Inferential results

Results from our linear mixed-effects models of BG
and WBGT,,,; by material show significantly lower BG
and WBGT , in all shade conditions compared to no
shade (Table 2). The largest reduction in BG (-8.81
°C) was seen for HAY (95% Confidence Interval [CI]:
-9.39, -8.23) followed by M80 (-7.68°C; 95%CI
-8.27, —=7.10), with the smallest reduction for A70
(=6.10°C; 95% CI: —6.68, —5.53). The magnitude of
the effect of shade material on temperature was gen-
erally smaller for WBGT, than for BG.

Secondary analyses identified a marginally
higher BG temperature for A70 (1.58°C; 95% CI:
1.07, 2.09; p <.001) and S80 (1.00°C; 95% CI: 0.50,
1.51; p<.001), compared to M80, suggesting only
a small difference in sun blockage between alumi-
nized versus monofilament materials. BG was
slightly lower for 80% material S80 (-0.58°C,
95% CI: —1.08, —0.07; p =.025), compared to 70%
material A70, suggesting only a very small

difference in BG in these shade percentage ratings.
Finally, WBGT,,, was slightly lower for HAY
(-0.56°C, 95% CI: -0.78, —0.34; p<.001), com-
pared to A70, suggesting only a very small differ-
ence between non-porous and porous materials.

Inferences were similar when we substituted
WBGT,,; with WBGTj;,, and after accounting for
intermittent cloud cover in sensitivity analyses
(Supplementary Methods &  Supplementary
Table 2).

Table 2. Multivariable linear mixed-effects models of black
globe and WBGT,,; by shade material.
BG WBGT,¢

Effect Estimate (Standard Error; Estimate (Standard
95% Confidence Interval)  Error; 95% Confidence
Interval)
Condition NOS Ref Ref

A70 —6.10 (0.29; —6.68, —1.66 (0.11; —1.88,

—5.53)* —1.44)*
CAN —7.00 (0.30; —7.58, —1.78 (0.11; —=2.00,

—6.41)* —1.55)*
HAY —8.81 (0.30; —9.39, —2.22 (0.11; —2.44,

—8.23)* —2.00)*
M80 —7.68 (0.30; —8.27, —2.07 (0.11; —=2.29,

-7.10)* —1.84)*
S80 —6.68 (0.29; —7.26, —1.94 (0.11; -2.16,

—6.10)* —1.71)*

*p <.001.

BG = black globe temperature; WBGT,,; = wet bulb globe temperature
(outdoor).
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Qualitative assessment

Qualitative results are reported by encounter, as
some respondents encountered the research booth
as individuals and others as groups. We recorded
a total of 40 encounters (individual or group),
which included 94 individuals. Crop and job title
categories were not mutually exclusive (i.e., some
groups contained individuals in more than one
category). The majority of encounters involved
employees in tree fruit (n =33), followed by hops
(n=6), with only a few (n=3) involving employ-
ees in blueberries and vineyards (Supplementary
Table 3). The majority of encounters involved
manager/supervisors (n=18) or general laborers
(n=11), with fewer involving mechanics (n=5),
pesticide sprayers (n = 6), tractor drivers (n = 3), or
human resources/administrative/office employees
(n=8). Among encounters (n=40) reporting
shade preferences, the most common preference
was for mobile shade trailers movable by vehicles.
Mobile shade trailers are often fitted with bench
seats and have a fixed overhead roof made of solid
materials like sheet metal. The next most com-
monly reported shade preferences were monofila-
ment material, canopy, and hay tarp. Across
worker job titles of general laborers, pesticide
sprayers, mechanics, and tractor drivers, prefer-
ences were for shade mobility (e.g., ability to
move the shade to where workers are working),
followed by ease of use (e.g., not too labor inten-
sive or time intensive to take up and put down)
and effectiveness in protecting from heat and sun.
Among encounters that included managers/super-
visors, preferences included ease of use, followed
by mobility and effectiveness in protecting from
heat, sun protection, material breathability (e.g.,
ability to withstand wind), durability, and cost.
Workers named additional preferences to accom-
pany shade such as cool drinking water, seating,
restrooms and handwashing stations that are not
too far away, sufficient shaded space, and air
conditioning.

Discussion

In our study evaluating different shade materials,
we found that all evaluated materials significantly
reduced BG and WBGT,,; compared to no shade.

However, there were minimal differences in miti-
gation of BG and WBGT,,; between most of the
studied materials. Workers and supervisors pro-
vided different perspectives about shade
approaches. Our qualitative results indicated that
factors such as ease of use and shade mobility may
influence shade implementation decisions in the
workplace.

The studied shade materials reduced BG by an
average 6.1-8.8°C and WBGT,,, by an average
1.7-2.2°C, depending on the material, compared
to no shade. This magnitude of effect is consistent
with studies compiled in a literature review of heat
stress alleviation practices among dairy cows,
which reported reductions in BG temperature
from 2°C to 11°C under different artificial shade
materials compared to no shade.”® A previous
study, at the same location as the current study,
of pop-up shade canopies with the CAN material,
compared to open areas without shade, reported
a 5.1-6.2°C lower WBGT,,..!” The difference in
magnitude of the decrement in WBGT,,; in shade
compared to the present study may be attributed
to the sunnier and hotter conditions in the pre-
vious study compared to the current study (mean
dry air temperature 31°C [88°F] versus 28°C [82°
F], respectively). Previous studies comparing
shaded conditions among dairy cattle with no
shade have reported the greatest effect of shade
on heat exposure during the hottest and sunniest
times of day.”” Our estimates of mitigation by
shade materials of BG and WBGT,,,, may there-
fore be underestimates compared to shade mitiga-
tion in hotter and sunnier settings and climates.

The magnitude of WBGT,,; (total heat exposure)
mitigation by shade materials, compared to no
shade, was generally lower than for BG. WBGT,,,
is a weighted sum of WB (70%), BG (20%), and DB
(10%).> WB and DB did not vary considerably
between materials, so differences in WBGT,,; miti-
gation were driven by differences in BG. Despite the
relatively low weighting (20%) of BG in computing
WBGT,,, we still observed reductions in our linear
mixed-effects models of WBGT,,; for all materials
compared to no shade. There is potential practical
significance, depending on the scenario, of the
observed magnitude of WBGT,,,; mitigation in con-
ditions exhibited by shade materials compared to
no shade. For example, based on National Institute



for Occupational Safety & Health (NIOSH)
methods®> and mean WBGT,, measurements
from Table 1, assuming work in double layer cloth-
ing (+3°C WBGT clothing adjustment factor), the
time-weighted average WBGT exposures can be
computed for a scenario with a 30 min shaded
versus unshaded 110 Watt metabolic rate lunch
break (25% of a 2-h period) in the middle of a -
90 min 250 Watt unshaded work period (75% of
a 2-h period). Exposure during unshaded work and
an unshaded break is 24.1°C + 3°C = 27.1°C WBGT
and during shaded breaks is 21.9°C to 22.5°C + 3°C
=24.9°C to 25.5°C WBGT. The time-weighted aver-
age exposure of unshaded work and an unshaded
break is 27.1°C, and the time-weighted average
exposure of unshaded work and a shaded break is
26.6°C to 26.7°C, depending on the shade material.
In this scenario, the condition of unshaded work
and an unshaded break exceeded the NIOSH heat
stress Recommended Alert Limit (RAL) of 27.0°C,
but unshaded work plus a shaded break did not.
We did not find substantial differences in BG
and WBGT,,; between different shade materials.
This finding is consistent with an urban study of
different tent shade materials, including mylar
(polyester), tarp, and bedsheet, that reported
a substantial difference in mean radiant tempera-
ture between shaded and non-shaded tents but no
substantial differences between the different shade
materials during the day.”® Compared to all other
studied materials, hay tarp (HAY) exhibited
a lower BG, indicating mitigation of solar radia-
tion. The effect of HAY on WBGT,,;, a measure of
net heat exposure, was similar to 80% monofila-
ment (M80), and both materials exhibited better
heat exposure mitigation through a lower
WBGT,,, than all of the other materials.
However, both HAY and M80 were heavier and
more difficult to transport and maneuver than
other materials. In terms of solar radiation, we
found only a<2°C BG difference between the
reflecting aluminized flat tape (A70 and S80) and
light-absorbing black monofilament (M80) mate-
rials. When comparing the aluminized flat tape
materials, we found only a <1°C BG difference in
their shade percentage ratings (S80 versus A70).
Finally, in terms of heat exposure mitigation and
the potential effects of wind speed, we found only
<1°C difference in WBGT,,; between non-porous
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(HAY) compared to the most-porous (A70)
materials.

Given only small differences in quantitative
effectiveness between studied shade materials,
other practical considerations should be incorpo-
rated into decision-making about which materials
to implement in specific circumstances. Research
has shown that solutions based on farmworker
input provide better outcomes.’® For example,
supervisors in our qualitative study indicated that
decision-making about shade considers ease of
use, mobility, material breathability, durability,
and cost. These considerations may inform deci-
sions about permanent versus temporary shade,
such as mounting shade materials on posts versus
pop-up shade canopies, selection of specific shade
materials based on weight, ability to withstand
local weather conditions (e.g., durability in windy
conditions), and fixed versus mobile shade,
depending on the degree to which crop layout
and tasks dictate worker movement around the
workplace. Workers provided additional informa-
tion that may inform successful shade implemen-
tation, including preferred features of a shaded
“cooling station” approach that includes cool
drinking water, seating, and restrooms and hand-
washing stations that are not too far away.

Strengths & limitations

This study has several strengths, including testing
of materials of interest to the agricultural commu-
nity that are available in our region and that could
meet the definition of shade in the WA outdoor
heat exposure rule and proposed federal OSHA
heat rule.”'* We included materials readily avail-
able on the farm that may have farm uses beyond
shade for workers. In addition, materials were
tested in fields that mimic real-world agricultural
environments. Our approach to quantify shade’s
effect on heat exposure, combined with informa-
tion about practical considerations to inform deci-
sion-making about materials, could be translated
to other highly heat-exposed industries such as
construction. Given worker and supervisor prefer-
ences for mobile shade, the solid shade materials
used in mobile shade trailers, and the integration
of a built-in place to sit, rest, and eat within mobile
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shade trailers, further study of the practicality and
effectiveness of mobile shade trailers is warranted.
This study also has several important limita-
tions. Our study conditions included unexpected
intermittent clouds. However, sensitivity analyses
accounting for “sunny” versus cloudy conditions
did not result in substantial changes in primary
or secondary model interpretations. Our findings
indicate that, even with unpredictable intermit-
tent clouds, shade materials still mitigated BG
and WBGT,,, and therefore should still be made
available to workers in these and similar condi-
tions. Second, we did not examine how shade
materials are mounted or their safety but rather
focused on the materials themselves. This study
also has limited generalizability, as it was con-
ducted in one location over 3 days in moderate
heat conditions. Third, occupational heat stress
consists of multiple components, but this study
only addressed shade, which directly impacts
solar radiation, and only measured exposure at
tixed points. Finally, we were not able to inter-
view or evaluate shade approaches at the level of
individuals. Future studies should evaluate the
feasibility, acceptability, and sustainability of co-
developed shade approaches and their effects on
WBGT, thermal comfort, and physiological heat
strain experienced by actual workers. Other
important factors to consider are heat load
under shade structures that may hold different
amounts of heat, depending on size and occu-
pancy, structure, headspace, and design. Future
studies should also systematically characterize
factors affecting employer decision-making
about shade, facilitators and barriers to trying
new approaches, how worker and supervisor pre-
ferences about types of shade compare by crop,
setting, and use type (e.g., work versus lunch
area), and how employer perceptions of shade
relate to their investment in shade resources.

Conclusions

In this study, shade materials significantly
reduced Black Globe (BG) and WBGT,,; tem-
perature compared to no shade. We did not
observe substantial differences between specific
shade materials on mitigation of BG and
WBGT,, although findings should be confirmed

in settings with extreme heat and humidity and
minimal cloud cover. Our qualitative findings
identified practical shade considerations, such as
ease of use and mobility, in addition to effective-
ness in reducing heat exposure. Workplace deci-
sion-making about shade approaches that are
likely to be adopted and sustained should con-
sider worker and supervisor preferences and
practical considerations, combined with informa-
tion about the effectiveness of different shade
approaches in reducing heat exposure.

Acknowledgments

The authors wish to thank the Washington State
Department of Labor and Industries’ Safety & Health
Assessment & Research for Prevention (SHARP)
Program’s Elyette Martin for assistance with data collection,
Washington State University’s Maurisio Garcia and Josh
Goicoechea for assistance with coordinating access to the
Irrigated Agriculture Research and Extension Center, the
Washington State Department of Labor and Industries’
Division of Occupational Safety & Health’s Bradley Farrar
and Lorena Lopez for feedback on study procedures, and the
University of Washington Pacific Northwest Agricultural
Safety and Health (PNASH) Center’s Dennise Drury for
assistance in developing the process and questions for col-
lecting qualitative data, Sara Fish and Dennise Drury for
their roles in developing visual resources for the qualitative
portion of the study, and Pablo Palméndez for his assistance
and support.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This research was funded by the Washington State
Department of Labor and Industries, Centers for Disease
Control and Prevention/National Institute for Occupational
Safety and Health Pacific Northwest Agricultural Safety &
Health (PNASH) Center [5U540H007544], and the National
Institute of the Environmental Health Sciences (NIEHS)
Biostatistics, Epidemiology, and Bioinformatics Training in
Environmental = Health (BEBTEH), grant  number
T32ES015459. This content is solely the responsibility of the
authors and does not necessarily represent the official views
of the Washington State Department of Labor and Industries,
National Institutes of Health, or the Centers for Disease
Control and Prevention.



Data availability statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

ORCID

June T. Spector

http://orcid.org/0000-0002-0761-1256

References

1.

Gubernot DM, Anderson GB, Hunting KL.
Characterizing occupational heat-related mortality in
the United States, 2000-2010: an analysis using the
Census of Fatal Occupational Injuries database. Am
J Ind Med. 2015;58(2):203-211. doi: 10.1002/ajim.

22381.

. Jacklitsch B, Williams W, Musolin K, et al. NIOSH

criteria for a recommended standard: occupational
exposure to heat and hot environments [Internet].
Cincinnati OH: NIOSH. http://www.cdc.gov/niosh/
docs/2016-106/pdfs/2016-106.pdf.  2016.  Accessed
August 3, 2023.

. Spector JT, Masuda YJ, Wolff NH, Calkins M,

Seixas N. Heat exposure and Occupational injuries:
review of the literature and implications. Curr
Environ Health Rep. 2019;6(4):286-296. doi: 10.1007/
s40572-019-00250-8.

Moyce S, Joseph ], Tancredi D, Mitchell D,
Schenker M. Cumulative incidence of acute kidney
injury in California’s agricultural workers. | Occup
Environ Med. 2016;58(4):391-397. doi: 10.1097/JOM.
0000000000000668.

Spector JT, Sampson L, Flunker JC, Adams D,
Bonauto DK. Occupational heat-related illness in
Washington State: a descriptive study of day of illness
and prior day ambient temperatures among cases and
clusters, 2006-2021. Am | Ind Med. 2023;66
(8):623-636. doi: 10.1002/ajim.23506.

National Institute for Occupational Safey and Health.
Acclimatization [Internet]. Washington DC: NIOSH.
https://www.cdc.gov/niosh/topics/heatstress/acclima.
html. 2018. Accessed August 11, 2025.

IPCC. Climate change 2022: impacts, adaptation and
vulnerability. Contribution of working group II to the
sixth assessment report of the Intergovernmental Panel
on Climate Change. In: Pértner HO, Roberts DC,
Tignor M, et al.,, eds. Cambridge, UK and New York,
NY, USA: Cambridge University Press; 2022:3056.
California Division of Occupational Safety and Health.
California ~ Code  of  Regulations, Title 8,
Section 3395 heat illness prevention [Internet]. CA:
Cal/OSHA.  http://www.dir.ca.gov/Title8/3395.html.
2006. Accessed August 11, 2025.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

JOURNAL OF AGROMEDICINE (&) 11

Washington State Legislature. WAC 296-307-097 out-
door heat exposure [Internet]. Olympia WA: WA
Legislature. https://app.leg.wa.gov/WAC/default.aspx?
dispo=true&cite=296-307&full=true#296-307-097.
2023. Accessed August 11, 2025.

Oregon OSHA. Rules to address employee and Labor
housing occupant exposure to high ambient tempera-
tures [Internet]. Salem OR: OR OSHA. https://osha.
oregon.gov/OSHARules/adopted/2022/a03-2022-text-
alh-heat.pdf. 2022. Accessed August 11, 2025.
Colorado Department of Labor and Employment.
Division of labor standards and statistics. Agricultural
labor conditions rules 7 CCR 1103-1 [Internet].
Denver CO: CO Dept. of Labor and Employment.
https://leg.colorado.gov/sites/default/files/documents/
2025A/bills/2025a_1286_01.pdf. 2021. Accessed August
11, 2025.

Division of Industrial Relations of the Department of
Business and Industry. LCB File No. R053-20
[Internet]. Carson City NV: Division of Industrial
Relations. https://www.leg.state.nv.us/Register/
RegsReviewed/$R053-20A.PDF.  2024.  Accessed
August 11, 2025.

Maryland Department of Labor. Subtitle 12 Division of
Labor and Industry. Chapter 32 Heat Stress Standards.
Annapolis MD: MD Dept of Labor. https://www.labor.
maryland.gov/labor/mosh/09.12.32.pdf. 2024. Accessed
August 11, 2025.

US Occupational Safety and Health Administration
(OSHA). Heat injury and illness prevention in outdoor
and indoor work settings rulemaking [Internet].
Washington DC: OSHA. https://www.osha.gov/heat-
exposure/rulemaking. 2021. Accessed August 11, 2025.
Fleischer NL F, Tiesman HM, Sumitani J, et al. Public
health impact of heat-related illness among migrant
farmworkers. Am ] Prev Med. 2013;44(3):199-206.
doi: 10.1016/j.amepre.2012.10.020.

Spector JT, Krenz J, Blank KN. Risk factors for
heat-related illness in Washington crop workers.
J Agromed. 2015;20(3):349-359. doi:  10.1080/
1059924X.2015.1047107.

Flunker JC, Spector JT, Blancas M, et al. Farmworker-
relevant heat exposure in different crop and shade
conditions. J Agromed. 2024;29(4):547-560. doi: 10.
1080/1059924X.2024.2365647.

Edwards R, Lanier N, Balanay JAG, Mizelle E. Heat
risks in agriculture: Microclimate variability and
worker safety in sweet corn and tobacco. ] Occup
Environ Hyg. 2025;22(6):474-481. doi: 10.1080/
15459624.2025.2473469.

Luque JS, Bossak BH, Davila CB, Tovar-Aguilar JA. “I
think the temperature was 110 Degrees!”: work Safety
discussions among hispanic farmworkers. | Agromed.
2019;24(1):15-25. doi: 10.1080/1059924X.2018.
1536572.


https://doi.org/10.1002/ajim.22381
https://doi.org/10.1002/ajim.22381
http://www.cdc.gov/niosh/docs/2016-106/pdfs/2016-106.pdf
http://www.cdc.gov/niosh/docs/2016-106/pdfs/2016-106.pdf
https://doi.org/10.1007/s40572-019-00250-8
https://doi.org/10.1007/s40572-019-00250-8
https://doi.org/10.1097/JOM.0000000000000668
https://doi.org/10.1097/JOM.0000000000000668
https://doi.org/10.1002/ajim.23506
https://www.cdc.gov/niosh/topics/heatstress/acclima.html
https://www.cdc.gov/niosh/topics/heatstress/acclima.html
http://www.dir.ca.gov/Title8/3395.html
https://app.leg.wa.gov/WAC/default.aspx?dispo=true%26cite=296-307%26full=true#296-307-097
https://app.leg.wa.gov/WAC/default.aspx?dispo=true%26cite=296-307%26full=true#296-307-097
https://osha.oregon.gov/OSHARules/adopted/2022/ao3-2022-text-alh-heat.pdf
https://osha.oregon.gov/OSHARules/adopted/2022/ao3-2022-text-alh-heat.pdf
https://osha.oregon.gov/OSHARules/adopted/2022/ao3-2022-text-alh-heat.pdf
https://leg.colorado.gov/sites/default/files/documents/2025A/bills/2025a_1286_01.pdf
https://leg.colorado.gov/sites/default/files/documents/2025A/bills/2025a_1286_01.pdf
https://www.leg.state.nv.us/Register/RegsReviewed/$R053-20A.PDF
https://www.leg.state.nv.us/Register/RegsReviewed/$R053-20A.PDF
https://www.labor.maryland.gov/labor/mosh/09.12.32.pdf
https://www.labor.maryland.gov/labor/mosh/09.12.32.pdf
https://www.osha.gov/heat-exposure/rulemaking
https://www.osha.gov/heat-exposure/rulemaking
https://doi.org/10.1016/j.amepre.2012.10.020
https://doi.org/10.1080/1059924X.2015.1047107
https://doi.org/10.1080/1059924X.2015.1047107
https://doi.org/10.1080/1059924X.2024.2365647
https://doi.org/10.1080/1059924X.2024.2365647
https://doi.org/10.1080/15459624.2025.2473469
https://doi.org/10.1080/15459624.2025.2473469
https://doi.org/10.1080/1059924X.2018.1536572
https://doi.org/10.1080/1059924X.2018.1536572

12 (& J. C.FLUNKER ET AL.

20.

21.

22.

23.

24,

Karanja J, Vanos J, Joshi A, et al. Impact of tent shade
on heat exposures and simulated heat strain for people
experiencing homelessness. Int | Biometeorol. 2025;69
(11):2841-2854. doi: 10.1007/s00484-024-02751-0.
Karanja J, Vieira ], Vanos J. Sheltered from the heat? How
tents and shade covers may unintentionally increase air
temperature exposures to unsheltered communities. Public
Health Pract. 2023;6:100450. doi: 10.1016/j.puhip.2023.
100450.

Washington ~ State  Department of Commerce.
Washington’s diverse climate and geography [Internet].
Olympia WA: WA Department of Commerce. http://choo
sewashingtonstate.com/research-resources/about-
washington/climate-geography/. 2022. Accessed August
11, 2025.

Washington State Department of Agriculture. Agriculture:
a cornerstone of Washington’s economy [Internet].
Olympia WA: WA Department of Agriculture. https://
agr.wa.gov/washington-agriculture. ~ 2021.  Accessed
August 11, 2025.

Washington State University. The Washington agricultural
weather network version 2.0, WSU Prosser -
AgWeatherNet [internet]. Prosser WA: WSU. http://
weather.wsu.edu/awn.php. 2013. Accessed August 11,
2025.

25.

26.

27.

28.

29.

30.

Kenward MG, Roger JH. Small sample inference for
fixed effects from restricted maximum likelihood.

Biometrics.  1997;53(3):983-997.  doi:  10.2307/
2533558.

R Core Team. R: a language and environment for
statistical ~computing [Internet]. Vienna AU:

R Foundation for Statistical Computing. http://www.
r-project.org. 2011. Accessed August 11, 2025.

Bates D, Michler M, Bolker BM, Walker S. Fitting
linear mixed-effects models using lme4. ] Stat Soft.
2015;67(1):1-48. doi: 10.18637/jss.v067.i01.

Fournel S, Ouellet V, Charbonneau E. Practices for
alleviating heat stress of dairy cows in humid conti-
nental climates: a literature review. Anim (Basel).
2017;7(5):37. doi: 10.3390/ani7050037.

Roman-Ponce H, Thatcher W, Buffington DE,
Wilcox CJ, Horn HHv. Physiological and production
responses of dairy cattle to a shade structure in
a subtropical environment. ]| Dairy Sci. 1977;60
(3):424-430. doi: 10.3168/jds.S0022-0302(77)83882-4.
Galvin K, Krenz ], Harrington M, Palmandez P,
Fenske RA. Practical solutions for pesticide safety:
a farm and research team participatory model
J Agromed. 2016;21(1):113-122. doi: 10.1080/1059924X.
2015.1107519.


https://doi.org/10.1007/s00484-024-02751-0
https://doi.org/10.1016/j.puhip.2023.100450
https://doi.org/10.1016/j.puhip.2023.100450
http://choosewashingtonstate.com/research-resources/about-washington/climate-geography/
http://choosewashingtonstate.com/research-resources/about-washington/climate-geography/
http://choosewashingtonstate.com/research-resources/about-washington/climate-geography/
https://agr.wa.gov/washington-agriculture
https://agr.wa.gov/washington-agriculture
http://weather.wsu.edu/awn.php
http://weather.wsu.edu/awn.php
https://doi.org/10.2307/2533558
https://doi.org/10.2307/2533558
http://www.r-project.org
http://www.r-project.org
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.3390/ani7050037
https://doi.org/10.3168/jds.S0022-0302(77)83882-4
https://doi.org/10.1080/1059924X.2015.1107519
https://doi.org/10.1080/1059924X.2015.1107519

	Abstract
	Introduction
	Methods
	Quantitative study
	Study site, location, and timeframe
	Shade materials
	Instruments, sampling plan, data download & processing


	Quantitative analyses
	Data analyses
	Qualitative assessment


	Results
	Quantitative study
	Descriptive results
	Inferential results

	Qualitative assessment

	Discussion
	Strengths & limitations

	Conclusions
	Acknowledgments
	Disclosure statement
	Funding
	Data availability statement
	References

