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Abstract7

Heat exposure endangers over 850 million farmworkers, with agricultural labor projected8

to account for 60% of heat-related working-hour losses by 2030. Agrivoltaic systems, which9

integrate solar panels with agriculture, may reduce this risk by modifying the thermal10

environment farmworkers operate within, yet their impact on heat exposure remains un-11

quantified. We evaluate wet bulb globe temperature (WBGT) across conventional full-12

sun agriculture and four agrivoltaic designs differing in panel height, density, and lay-13

out. Agrivoltaic systems significantly reduced WBGT, but the magnitude and timing14

of cooling varied by design. Overhead systems provided shading throughout the day, and15

consistently reduced daytime WBGT, with greater panel coverage increasing protection.16

Conversely, interspaced systems reduced morning and evening exposure but intensified17

midday heat, as restricted airflow and direct solar radiation elevated WBGT, particu-18

larly with lower solar panels. These findings demonstrate that strategic agrivoltaic de-19

sign can improve farmworker thermal safety, whereas poorly configured systems may ex-20

acerbate exposure.21

Introduction22

Occupational heat exposure threatens the health and safety of the 850 million farm-23

workers who sustain the global food system (El Khayat et al., 2022; Kjellstrom et al.,24

2019; Petropoulos et al., 2021; Tigchelaar et al., 2020). Subjected to high temperatures25

and direct sunlight, farmworkers endure physically demanding labor, often with limited26

access to cooling resources or adequate shaded rest breaks (Cheney et al., 2022; Edgerly27

et al., 2024; El Khayat et al., 2022; Moyce et al., 2017; NIOSH, 2016). Under these con-28

ditions, the body’s cooling mechanisms can quickly become overwhelmed (Budd, 2008;29

Hanna & Tait, 2015; Havenith & Fiala, 2015; Sawka et al., 2011), with consequences rang-30

ing from reduced productivity and cognitive impairment, to heat stroke, and death (Flouris31

et al., 2018; Helou et al., 2012; Morabito et al., 2020; Moyce et al., 2017; Piil et al., 2020).32

Climate change is intensifying these already dangerous conditions (Lüthi et al., 2023;33

Mitchell et al., 2016; Mora et al., 2017; Raymond et al., 2020; Tigchelaar et al., 2020).34

Rising temperatures are projected to reduce agricultural labor capacity, with the sec-35

tor expected to account for 60% of all working hours lost due to heat stress by 2030 (Kjellstrom36

et al., 2019). These temperature increases will expose growing numbers of farmworkers37

to heat conditions beyond their body’s cooling capacity (Powis et al., 2023), with 2.8%38

of global farmworkers facing unsurvivable heat conditions under the projected 2 ◦C of39
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warming, increasing to 15% under the +4 ◦C scenario (Fan & McColl, 2024). Without40

effective interventions to reduce heat exposure in agricultural settings, both worker safety41

and global food production face unprecedented threats.42

Agrivoltaic systems (Dupraz et al., 2011; Zastrow & Goetzberger, 1982), which in-43

tegrate solar electricity production with agriculture, may offer an innovative adaptation44

strategy by modifying the thermal environment experienced by farmworkers. Although45

much agrivoltaic research has centered on system optimization (Arena et al., 2024; P. Cam-46

pana et al., 2021; Hackenberg et al., 2023; Katsikogiannis et al., 2022; Kim & Kim, 2023;47

Mohseni & Brent, 2024; Riaz et al., 2021; Si et al., 2024), crop production (AL-agele et48

al., 2021; Amaducci et al., 2018; Barron-Gafford et al., 2019; Gonocruz et al., 2021; Lopez49

et al., 2023; Ludzuweit et al., 2025; Mohammedi et al., 2023; Rouini et al., 2025; Sekiyama50

& Nagashima, 2019; Thompson et al., 2020; Weselek et al., 2021), and land-use efficiency (Andrew51

et al., 2021; P. E. Campana et al., 2024; Giri & Mohanty, 2022; Ravishankar et al., 2023;52

Sarr et al., 2023; Trommsdorff et al., 2021; Valle et al., 2017; F. Zhang et al., 2023; Zheng53

et al., 2021), many studies have also documented significant modifications to air tem-54

perature, wind speed, humidity, and solar radiation. These four variables govern heat55

exchange and therefore collectively control environmental heat exposure (Bröde et al.,56

2012; Budd, 2008; Cheng et al., 2012; Gao et al., 2018; Jacobs et al., 2019; Liu et al., 2023;57

Middel & Krayenhoff, 2019; Minard et al., 1957). The concurrent impact of agrivoltaics58

on all four variables thus may offer unexamined benefits for reducing farmworkers heat59

exposure.60

How effectively agrivoltaic systems reduce farmworker heat exposure depends on61

the extent to which they modify each of these four variables. Air temperature effects show62

mixed results with many studies reporting reductions, ranging from 0.5-4.2 ◦C in agri-63

voltaic systems during peak daytime hours (AL-agele et al., 2021; Armstrong et al., 2016;64

Ashraf Zainol Abidin et al., 2024; Barron-Gafford et al., 2019; Disciglio et al., 2023; Moon65

& Ku, 2022; Thum et al., 2025; Weselek et al., 2021; F. Zhang et al., 2023), while oth-66

ers find no significant difference (Fagnano et al., 2024; Marrou, Wery, et al., 2013). Wind67

speed, though studied less frequently than air temperature, typically decreases, with re-68

ductions of up to 38% reported (Adeh et al., 2018; Ahn et al., 2022; AL-agele et al., 2021;69

Fagnano et al., 2024), whereas humidity generally increases (Adeh et al., 2018; AL-agele70

et al., 2021; Ashraf Zainol Abidin et al., 2024; Barron-Gafford et al., 2019; Juillion et71

al., 2024; Moon & Ku, 2022; Othman et al., 2023). The most consistent environmental72

modification reported across studies is reduced solar radiation (Barron-Gafford et al.,73

2019; Carreño-Ortega et al., 2021; Disciglio et al., 2025; Gonocruz et al., 2021; Hudel-74

son & Lieth, 2021; Kavga et al., 2018; Lopez et al., 2024; Marrou, Guilioni, et al., 2013;75

?, ?; Mohammedi et al., 2023; Moon & Ku, 2022; Mupambi et al., 2022; Rouini et al.,76

2025; Valle et al., 2017; Weselek et al., 2021; F. Zhang et al., 2023; Zheng et al., 2021)77

The consistency of solar radiation reduction across studies is significant given the78

critical role radiation plays in determining outdoor heat stress (Blazejczyk et al., 1993;79

Fan & McColl, 2024; Hwang & Lin, 2007; Nelson et al., 2024; Nielsen et al., 1988; Otani80

et al., 2016; L. Zhang et al., 2020). Research demonstrates that exposure to direct sun-81

light can reduce physical work capacity by up to 20% compared to shaded conditions (Foster82

et al., 2022), with life-threatening heat exposure up to 25 times higher when radiation83

is factored in (Fan & McColl, 2024). Despite the capacity of shade to reduce mean ra-84

diant temperature by 20-40 °C in various climates worldwide (Johansson & Emmanuel,85

2006; Kantor et al., 2018; Middel et al., 2021), agricultural settings often lack consistent86

shade protection for workers (Kearney et al., 2016). The substantial reductions in so-87

lar radiation provided by agrivoltaics, combined with the modest air temperature decreases88

reported in many studies, suggest these systems could offer significant thermal benefits89

for farmworkers. However, the combination of increased humidity and reduced wind speed90

could potentially offset these benefits, particularly in environments where evaporative91

cooling is already compromised (Chow et al., 2016). Given these competing effects, re-92
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search directly assessing the combined impact of these four environmental variables is93

needed to understand how these systems might impact the health of those working within94

them. Further, as agrivoltaic systems continue to expand (Lepley et al., 2025; Magarelli95

et al., 2024; Weselek et al., 2019), with installations accelerating globally and workers96

already operating under them, it is crucial to determine their net impact on farmworker97

heat exposure, both to ensure new systems are designed with worker protection in mind98

and to mitigate any thermal hazards in existing systems.99

To determine whether agrivoltaics can reduce farmworker heat exposure, we com-100

pared thermal conditions between traditional full sun agriculture and the two of the most101

common forms of agrivoltaic system: overhead (photovoltaic panels directly over agri-102

culture) and interspaced (rows of photovoltaic panels interspaced with agriculture). Since103

panel density and mounting heights are two primary design considerations in agrivoltaic104

systems, our treatments included 50% and 100% panel coverage (overhead system) and105

1.8 m and 2.4 m panel heights (interspaced system). Using multi-year empirical micro-106

climate data collected from two sites in the southwestern United States, we quantified107

all four environmental variables that govern thermal stress and, uniquely among agri-108

voltaic studies, directly measure globe temperature, a measure of radiant heat from the109

sun and surrounding surfaces, in these systems. Using these empirical measurements as110

model inputs, we calculate Wet Bulb Globe Temperature (WBGT), a measure of human111

heat stress in direct sun, across peak (June-August) and shoulder (April-May, September-112

October) growing seasons to quantify differences in heat exposure experienced by work-113

ers in agrivoltaic systems versus full sun conditions. This analysis directly addresses the114

question: can agrivoltaics reduce the heat exposure experienced by outdoor farmwork-115

ers?116

Methodology117

Study sites and experimental design118

We quantified heat stress differences between agrivoltaic systems and full-sun con-119

trols at two research sites in the southwestern United States. Each site featured two dis-120

tinct agrivoltaic configurations, enabling comparative analysis across four agrivoltaic treat-121

ments and their corresponding full-sun control plots. The four agrivoltaic treatments are122

as follows: 1) overhead system with 100% panel coverage (data period 2020-2022), 2) over-123

head checkered board with 50% panel coverage (data period 2022-2025), 3) interspaced124

system with 1.8 m panel mounting height (data period 2022-2025), and 4) interspaced125

system with 2.4 m panel mounting height (data period 2022-2025). Control site data span126

the same time periods as their respective treatments.127

Overhead system description128

The overhead system known as the Biosphere 2 (B2) agrivoltaics learning lab is lo-129

cated near Tucson, AZ, USA (32.578989 ◦N, 110.851103 ◦W, elevation 1,381 m) in a hot130

semi-arid climate (Köppen BSh; (Kottek et al., 2006)) characterized by extreme sum-131

mer heat, with mean maximum temperatures exceeding 38◦C, soil temperatures exceed-132

ing 50◦C, and limited annual precipitation (<30 cm). The agrivoltaics system consists133

of south facing fixed tilt (32◦from horizontal) panels mounted with their lower edge 3.3134

m above ground. Originally the system had 72 panels (each 0.83 m x 1.9 m tall) arranged135

in six east-west oriented rows of 12 solar panels within a 12.25 m x 14 m footprint. On136

September 28th, 2022, we modified the array by removing alternating panels in a checker-137

board pattern, creating a temporal comparison between dense (100% coverage) and sparse138

(50% coverage) shading treatments (Supplementary Figure 1). As noted in previous stud-139

ies from this site, the original system design (100% coverage) had an approximate ground140

coverage ratio of 0.75( (Rouini et al., 2025)), as such it is important to note that the 100%141

coverage refers to 100% of the original panels, however this does not equate to a ground142

–3–



coverage ratio of 1.0. Similarly, 50% coverage refers to 50% of the original panels, and143

not a ground coverage of 0.5. An adjacent full-sun control area of equal size provides ref-144

erence conditions for both the 100% and 50% panel coverage treatments. The site cul-145

tivates research crops that change annually based on research objectives.146

Interspaced system description147

The interspaced system known as Jacks’ Solar Garden (JSG) is a 1.2 MW commu-148

nity solar garden in Longmont, Colorado, USA (40.121917◦N, 105.130528◦W, elevation149

1508 m) experiencing a cold semi-arid climate (Köppen BSk; (Kottek et al., 2006)) with150

hot summers and temperatures regularly exceeding 32◦C, cold winters with January min-151

imum temperatures averaging -6◦C, and seasonal precipitation averaging 33.8 cm annu-152

ally. The site contains 3,276 north-south oriented panels (2 m x 1 m) on a single axis153

tracking system that tracks east-west, rotating from maximum tilt (45◦) eastward at sun-154

rise to minimum tilt (-45◦) westward at sunset, lying flat at midday and at night. The155

installation included panels at two mounting heights, 1.8 m (6 foot) in the western sec-156

tion and 2.4 m (8 foot) in the eastern section, with panel rows spaced 3.2 m apart in both157

sections (Supplementary Figure 2). A full sun control area is located south of the array.158

The site operates both as a research facility and non-profit production farm, cultivat-159

ing food crops for both research and local distribution.160

Measurement of environmental variables161

Data collection162

Micrometeorological stations were installed in control and each of the agrivoltaic163

treatments. Environmental variables were measured at 30-minute intervals, with each164

recorded value representing the average of the preceding 30-minute measurement period.165

At the overhead site, air temperature and relative humidity sensors (HMP45/HMP60,166

Campbell Scientific with radiation shield) and photosynthetically active radiation (PAR)167

sensors (LI-190R, LI-COR) were deployed at 2 m in the control area and at both 0.5 m168

and 2 m in the agrivoltaic treatment (note: we analyzed the 2 m agrivoltaic data to match169

the control, except for PAR where we use the average between the 0.5 m and 2 m sen-170

sors to better match the radiation patterns hitting the black globe sensor. Supplemen-171

tary Figure 3 shows 2 m vs 0.5 m air temperature and humidity comparisons). Wind speed172

(RM Young 05103) and black globe temperature sensors (Campbell Scientific, 15.2 cm173

diameter) were added later (May 2024) at 1.5 m and 1.25 m respectively in control and174

50% coverage. These measurements were not available for the 100% coverage period (2020-175

2022) as the sensors were installed after the panel modification. At the interspaced site,176

air temperature, relative humidity, and PAR sensors were installed at 0.75 m in the agri-177

voltaic treatments and the control condition. Black globe temperature sensors were in-178

stalled (June 2023) at 1.5 m in all treatments. Wind speed was measured at 1.5 m in179

control and the 1.8 m treatment, but was not available for 2.4 m.180

Data processing and quality control181

Data quality control procedures included the removal of physically impossible val-182

ues, detection and removal of statistical outliers and identification of sensor malfunction183

periods. Wind speed data gaps for both sites were reconstructed using random forests184

(details below). Air temperature, humidity, PAR and globe temperature were not gap-185

filled. Solar radiation was calculated from measured PAR using site-specific conversion186

factors accounting for site specific conditions (details below). Finally, globe temperature187

was modeled for the historical period at the overhead site when the input data was avail-188

able (model details below).189
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Solar radiation calculation190

Solar radiation was calculated from measured PAR using site-specific conversion191

factors accounting for altitude conditions. PAR measurements were first converted from192

µmol s-1 m-2 to W m-2 using the standard conversion factor of 0.217 W·m-2 (µmol s-1193

m-2) (Thimijan and Heins, 1983). Solar radiation was then derived using site specific PAR194

to Solar radiation ratios: 0.50 for the interspaced site (1526 m elevation) and 0.47 for195

the overhead system (1381 m elevation). These ratios account for reduced atmospheric196

attenuation of solar radiation at higher altitude, where decreased atmospheric mass and197

water vapor content result in higher PAR transmission relative to total solar radiation198

compared to standard sea-level conditions (Proutsos et al., 2022). Calculated solar ra-199

diation values from control treatments were validated against measured nearby mete-200

orological stations to ensure accuracy.201

Wind speed reconstruction202

Wind speed data was not available for the complete study period at both sites and203

was reconstructed based on relationships between site measurements (interspaced sys-204

tem) and external meteorological stations (overhead system) during overlapping peri-205

ods. The reconstruction was done with random forest regression models. For the over-206

head system, 80% of the wind speed data was reconstructed by establishing the relation-207

ship between data from a nearby meteorological station and measured wind speeds in208

50% coverage and control during overlapping periods. The models incorporated tempo-209

ral features, lagged wind speed values, and rolling statistics. Models were trained on 80%210

of the data (one model per treatment), and yielded a score of R2 = 0.73, RMSE = 0.34211

m/s for 50% coverage, and R2 = 0.74, RMSE = 0.38 m/s for control on the test set (20%212

of the data). The trained models were then used to predict wind speeds from the weather213

station measurements for the missing time steps. Wind speed reconstruction was not pos-214

sible for 100% coverage because no wind speed measurements were collected during this215

time period. Consequently, a direct relationship between the external wind speed data216

and 100% coverage wind speed could not be established. Where wind speed data was217

needed as an input for the WBGT model (see below), we applied the relationship de-218

rived from the 50% coverage period to estimate 100% wind speed. Given that panel mod-219

ifications occurred at 3.3 m height while wind measurements were at 1.5 m (suggesting220

minimal impact on near-surface conditions), this substitution represents a limitation as221

some differences in wind patterns between coverage periods cannot be ruled out. For the222

interspaced site, no external weather station was available, and wind speed was recon-223

structed using bidirectional Random Forest models that used the spatial correlation (r224

= 0.81) between the control and 1.8 m treatment during their overlapping measurement225

periods (25,023 paired observations representing 70% temporal overlap). Missing 1.8 m226

wind speed was predicted from control data (test score on 20% of the data of R2 = 0.73,227

RMSE = 0.36 m/s), while missing control wind speed was predicted from 1.8 m mea-228

surements (test score on 20% of the data of R2 = 0.84, RMSE = 0.38 m/s). Similar to229

the 100% coverage, wind speed reconstruction was not possible for 2.4 m treatment as230

no wind speed sensor was installed in this section. Where wind speed was required, the231

1.8 m wind speed data was used. This substitution represents a limitation as wind pat-232

terns may differ between 1.8 m and 2.4 m mounting heights due to differences in panel233

height and potential changes in airflow patterns.234

Heat stress assessment235

Wet Bulb Globe Temperature calculation236

We calculated Wet Bulb Globe Temperature (WBGT) as our heat stress metric237

because it integrates all four of the primary drivers of outdoor thermal conditions and238

is used internationally as a tool for determining safe working conditions in sport, mil-239
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itary, and other outdoor labor (Budd, 2008; Parsons, 2006; Wyndham & Atkins, 1968).240

WBGT is calculated using the formula:241

WBGT = 0.7 Tnwb + 0.2 Tg + 0.1 Ta, (1)

where Tnwb is natural wet bulb temperature, Tg is globe temperature, and Ta is air tem-242

perature (all in ◦C). To calculate WBGT, we used measured Ta for all treatments, only243

measured Tg was used for the interspaced treatments, whilst Tg was modelled at the over-244

head site to extend the measurement record. Tnwb was modelled for all treatments. To245

model Tg and Tnwb we used a modified version of the Liljegren et al. (2008) model, which246

is widely regarded as being the most accurate model for estimating WBGT from stan-247

dard meteorological inputs (Patel et al., 2013). The model calculates Tg and Tnwb from248

the following inputs: air temperature, relative humidity, wind speed, solar radiation, baro-249

metric pressure, and solar zenith angle. Barometric pressure measurements were avail-250

able for the overhead site from an onsite meteorological station, while a constant baro-251

metric pressure was used for the interspaced site based on local data records. Solar zenith252

angles were calculated using the pysolar library (Reda & Andreas, 2008), based on site253

coordinates and timestamps. For the control condition at the overhead site, we imple-254

mented the standard Liljegren model for globe temperature with two small modifications255

to prevent computational instabilities while preserving the original physics. We (1) capped256

solar zenith angle (capped to 85◦zenith angle, corresponding to cos θ = 0.0872) to pre-257

vent division by zero in the solar term during the day, and (2) tightened the exponen-258

tial bounds (±4 vs. unlimited) in the direct/diffuse fraction calculation to prevent nu-259

merical overflow. For the agrivoltaic treatments, we modified the Liljegren globe tem-260

perature model more extensively to account for the altered radiation environment un-261

der the solar panels. These modifications changed the radiation environment from a “globe262

under open sky” to a “globe under/close to heated solar panels” which was achieved through263

four modifications.264

The standard Liljegren model assumes globe sensors receive longwave radiation from265

the atmosphere only:266

LW atm = 1/2 (1 + εa) · σ · T 4
a , (2)

where LW atm is atmospheric longwave radiation, εa is the emissivity of the atmosphere,267

σ = 5.67 × 10−8 W m-2 K-4, the Stefan-Boltzmann constant. Note that Ta is here in268

Kelvin.269

However, agrivoltaic installations create fundamentally different radiative environ-270

ments where heated solar panels block exchange with the atmosphere and represent a271

longwave source. We replaced the atmosphere only equation with a weighted multi-source272

model:273

LWnet = Vsky · Fsky + Vpanel · Fpanel, (3)

where LWNet is the net longwave radiation from the environment to the globe (W m-2).274

Vsky and Vpanel are dimensionless view factors (0-1) representing the fraction of the globe’s275

hemispherical view occupied by the sky and panels, respectively, with Vsky + Vpanel =276

1. Fsky is the flux from the sky (W m-2). Fpanel is the flux from the panels (W m-2). Sky277

radiation (Fsky) was calculated using the Liljegren atmospheric model (equation 2); how-278

ever, for εa, we used the Martin-Berdahl clear sky emissivity model instead of the stan-279

dard vapor pressure-based emissivity, where:280

εa = 0.711 + 0.0056 · Tdp + 0.000073 · T 2
dp + 0.013 · cos (15 (Ta − Tdp)), (4)

where εa is the clear sky emissivity and Tdp is dew point temperature calculated from281

air temperature and relative humidity using the Magnus-Tetens formula(Tetens, 1930).282

Panel radiation (Fpanel) was calculated from panel surface temperatures:283

Fpanel = σ · εpanel · T 4
panel, (5)
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where εpanel = 0.85 (panel emissivity), and Tpanel is the calculated panel surface tem-284

perature (K) using enhanced SAM/NOCT methodology. View factors for sky (Vsky) and285

panel (Vpanel) radiation exchange were calculated using geometric analysis with the pyview-286

factor library based on actual panel dimensions, spacing, height, and tilt angle. Static287

view factors were calculated for 100% panel coverage (Vsky = 0.298, Vpanel = 0.702), 50%288

panel coverage (Vsky = 0.543, Vpanel = 0.457).289

Since panels become heat sources in the modified radiative environment, accurate290

panel temperature estimation is critical for longwave radiation calculations. We devel-291

oped a dual-phase panel temperature model using the System Advisor Model (SAM) pho-292

tovoltaic performance model (Gilman et al., 2018), which includes the Nominal Oper-293

ating Cell Temperature (NOCT) methodology for daytime calculations and thermal mass294

physics for nighttime calculations. The daytime model uses an iterative energy balance295

where heat generated (Qheat) equals heat loss (Qloss). Heat generation:296

Qheat = Gsolar · asolar · (1 − ηelectrical) . (6)

Where Gsolar is incident solar irradiance (W/m2), asolar is solar absorptance (0.95 ini-297

tially, degraded 0.4%/year), and ηelectrical is electrical conversion efficiency. Heat loss:298

Qloss = hconv (Tpanel − Tair) + hrad (Tpanel − Tsky) (7)

Where hconv is the convective heat transfer coefficient in W m-2 K-1 (hconv = 2.8 +299

3.0·vwind, where 2.8 represents natural convection baseline (W m-2 K-1), 3.0 is the forced300

convection coefficient per unit wind speed, and v is wind speed in m/s adjusted from con-301

trol measurement height to panel height using a logarithmic wind profile with surface302

roughness), hrad is the radiative heat transfer coefficient using Martin-Berdahl sky tem-303

perature (W m-2 K-1), Tpanel is panel surface temperature in Kelvin, and Tsky is effec-304

tive sky temperature from the Martin-Berdahl model (K). The iterative energy balance305

is solved until panel temperature converges within 0.1 ◦C between iterations. The night-306

time model incorporates thermal mass effects using principles for exponential cooling.307

The energy balance, which represents thermal storage rate being equal to heat loss rate,308

is as follows:309

Tpanel = Ta + ∆Tthermal · exp (−∆t/τ) (8)

Where t is thermal time constant (seconds) (Cthermal/ (hconv + hrad)), Cthermal is 20,000310

J/m2/K (heat storage capacity per unit panel area), ∆t is the measurement interval (1800311

seconds), exp(−∆t/τ) is the retention factor representing exponential cooling, and ∆Tthermal312

is the retained heat above air temperature.313

We used control solar radiation as unblocked radiation (Gsolar) for solar panel heat-314

ing calculations, and agrivoltaic solar radiation was used for the globe solar term. This315

reflects that panels receive full solar radiation while the globe sensors receive reduced316

irradiance due to panel shading. For natural wet bulb temperature calculations, we ap-317

plied the original Liljegren model without modification for control and agrivoltaic treat-318

ments, as the wick evaporation physics are primarily controlled by air temperature, hu-319

midity, and wind speed rather than radiative environment. While overhead panels may320

have minor effects on the wet bulb radiative environment, these are expected to be min-321

imal compared to the large radiative changes affecting globe temperature, and treatment322

differences are likely adequately captured through the measured meteorological inputs.323

Globe temperature model validation324

Both the control and overhead agrivoltaic globe temperature model were validated325

against measured black globe temperature from the field sensors. The control model per-326

formed well against control treatment observations: RMSE = 1.12◦C, MAE = 0.82◦C,327

R2 = 0.993, bias = -0.28 ◦C (Supplementary Figure 4, 5), demonstrating that the model328

accurately captures globe temperature dynamics in the full sun. The agrivoltaic model329
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was similarly validated against the globe temperature observations from the 50% cov-330

erage treatment (RMSE = 2.16 ◦C, MAE = 1.31 ◦C, R2 = 0.962, bias = 0.18 ◦C [Sup-331

plementary Figure 6, 7]). Model errors were primarily attributed to temporal offsets in332

diurnal peaks and troughs rather than systematic bias, resulting from spatial separation333

between meteorological input sensors and the globe temperature sensor within the treat-334

ment. Time series analysis revealed that the model accurately captured daily patterns,335

seasonal variation, and temperature magnitudes, with discrepancies largely manifesting336

at phase shifts of 30-60 minutes rather than amplitude error (Supplementary Figure 7).337

This indicated the model correctly represents the underlying physics, with remaining er-338

rors attributable to micro-spatial variations in input data rather than fundamental model339

limitations. Globe temperature sensors were not available for the 100% coverage treat-340

ment, meaning this treatment could not be directly validated. However, the model frame-341

work was validated using the 50% coverage treatment, which represents the same phys-342

ical environment and panel configuration as 100%, but with fewer panels. Since our model343

accounts for panel density differences through the sky view factor calculations (Vsky and344

Vpanel), the successful validation at 50% coverage provides confidence in the model’s abil-345

ity to accurately represent the 100% coverage radiative environment.346

WBGT validation347

To further validate our analysis, we compared modeled WBGT values against ob-348

served WBGT measurements from field instruments (Kestrel 5400 Heat Stress Tracker)349

collected during limited field campaigns at both study sites. At the overhead site, model350

validation for the 50% coverage treatment and its respective control showed model bias351

of -0.81 ◦C and -1.23 ◦C, respectively, with strong correlations (R2 = 0.915 and 0.970)352

and RMSE values of 1.47◦C and 1.57◦C (Supplementary Figure 8). At the interspaced353

site, model validation for the 1.8 m treatment and control yielded model bias of -0.67354

◦C and -0.94◦C, respectively, with strong correlations (R2 = 0.934 and 0.952) and RMSE355

values of 1.78 ◦C and 1.27 ◦C (Supplementary Figure 9). Previous validation studies of356

the Kestrel Heat Stress Tracker (model 4400) instruments have shown they tend to over-357

estimate WBGT in prolonged direct sunlight and low wind speed, with reported instru-358

ment uncertainty of 1.23 ◦C RMSE (Cooper et al., 2017); “Kestrel 5400 WBGT heat stress359

tracker (HST) & weather meter,” 2025) . The consistent pattern of negative bias in our360

models, with greater underestimation in higher sunlight and lower wind conditions at361

both sites, aligns with expected Kestrel overestimation behavior. Our RMSE values falling362

within or only modestly exceeding known instrument uncertainty, and the strong cor-363

relations across all treatments demonstrate that our models accurately capture diurnal364

patterns and treatment differences, providing confidence in our modeling approach and365

conclusions.366

WBGT flag exceedance analysis367

WBGT values were classified into standardized heat stress flags representing work/rest368

guidelines: white flag (25.6-27.7 ◦C), green flag (27.8-29.4 ◦C), yellow flag (29.5-31.0 ◦C),369

red flag (31.1-32.1 ◦C), and black flag (≥32.2 ◦C), with progressively shorter allowable370

work periods. Flag exceedance analysis was performed on only timestamps common to371

both control and treatment conditions to ensure temporal compatibility. For each treatment-372

control pair, we calculated the count and percentage of times each treatments exceeded373

different flag thresholds, as well as the change in exceedances relative to control condi-374

tions.375
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Statistical analysis376

Final dataset description377

The final number of paired data points between each treatment and control for each378

variable were: air temperature (100% coverage: 38,363 pairs; 50% coverage: 26,606 pairs;379

1.8 m: 20,095; 2.4 m: 20,095), relative humidity (100% coverage: 38,191 pairs; 50% cov-380

erage: 26,407 pairs, 1.8 m: 21,294, 2.4 m: 21,294), wind speed (50% coverage: 13,500;381

1.8 m: 18,330 pairs), solar radiation (100% coverage: 27,832 pairs: 50% coverage: 26,068382

pairs; 1.8 m: 21,255 pairs; 2.4 m: 21,255), and globe temperature (50% coverage: 13,500383

pairs; 1.8 m: 18,019 pairs; 2.4 m: 18,019 pairs). The final output of paired WBGT data384

points between each treatment and control were: 100% coverage: 27,141 pairs; 50% cov-385

erage: 25,136 pairs; 1.8 m: 17,958 pairs 2.4 m: 17,958 pairs.386

Analytical framework387

We analyzed patterns across two seasonal periods: peak heat season (May-August)388

and shoulder seasons (March-April, September-October). Diurnal patterns were char-389

acterized across 24-hour cycles using 30-minute intervals (48-time bins per day). Treat-390

ment comparisons quantified microclimate changes by comparing each agrivoltaic treat-391

ment against its corresponding control and examining effects of design parameters: panel392

density (overhead site) and mounting height (interspaced).393

Variables analyzed394

Six variables were examined: air temperature, relative humidity, wind speed, so-395

lar radiation, globe temperature. And WBGT. For the first five variables, which also served396

as model inputs, statistics were calculated exclusively from measured sensor data, ex-397

cluding any reconstructed wind speed or modeled globe temperature data. Only WBGT398

analysis incorporated modeled values (namely, reconstructed wind speed and modeled399

globe temperature where measurements weren’t available).400

Time period classification401

Time periods were classified as daytime or nighttime using site-specific sunrise and402

sunset times derived from observed solar radiation. Daily sunrise and sunset were de-403

termined by identifying when solar radiation first exceeded 1 W m-2, and when it dropped404

below 1 W m-2. These daily values were then averaged by month to establish consistent405

monthly day/night classification periods. For the overhead system (Arizona, no daylight406

savings), monthly sunrises and sunsets ranged from 06:00-08:08 and 17:13-19:42 respec-407

tively. For the interspaced system (Colorado, with daylight saving time correction), times408

ranged from 07:00-08:53 and 17:53-21:30 respectively.409

Statistical methods410

Statistical analysis was restricted to timestamps where data were available for both411

control conditions and the respective agrivoltaic treatment simultaneously. For the over-412

head system where agrivoltaic treatments occurred at separate time periods, data were413

analyzed from common observations between control and 50% coverage and then sep-414

arately for 100% coverage and control. In contrast, at the interspaced site where all three415

treatments co-existed, analysis was completed on common data across all three treat-416

ments. For each environmental variable, season and treatment combination, the follow-417

ing statistics were calculated: (1) half-hourly differences between treatment and control,418

(2) 24-hour mean values, (3) separate daytime and nighttime mean values, (4) the half419

hour period of maximum and minimum percentage difference between treatment and con-420

trol. All comparative values were calculated as absolute differences and percentage dif-421
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ferences. Error bands in Figures 3-5 represent standard error of the mean calculated across422

all observations within each seasonal 30-minute time bin. Significance testing was per-423

formed for all input environmental variables (air temperature, relative humidity, wind424

speed, solar radiation [Supplementary Table 1]), and globe temperature [Figure 3; Sup-425

plementary Table 2] as well as for WBGT [Figure 4, 5; Supplementary Table 3]. For each426

variable-season combination, Mann-Whitney U tests were used to compare treatment427

and control measurements within each 30-minute time bin, as well as day and night cat-428

egories within each season-variable combination. Rank-biserial correlation was calculated429

to measure effect size. To account for multiple comparisons across the 48-half hourly time430

bins, False Discovery Rate (FDR) correction using the Benjamini-Hochberg procedure431

was applied at α = 0.05.432

Results433

Agrivoltaic panel coverage and height determine microclimate mod-434

ifications435

Overhead system436

Both overhead treatments significantly reduced daytime air temperature (all re-437

lationships discussed p ≤ 0.01 unless otherwise noted, see Supplementary Table 1), with438

reductions consistent across panel coverage and season. During peak season, both treat-439

ments reduced mean daytime air temperature by 1.5% (Figure 1a, 1d). However, 50%440

coverage had a greater maximum cooling of 6.7% at 07:30, compared to 5.3% for 100%441

coverage. Cooling effects diminished in absolute magnitude in the shoulder season but442

increased in relative terms (100%: 2.2%, 50%: 1.8%). Both treatments increased mean443

nighttime air temperature. Daytime relative humidity exceeded control conditions in both444

panel coverage treatments and seasons: 100% coverage was 7.5% higher than control dur-445

ing peak season (Figure 1b) and 50% coverage was 6.4% higher (Figure 1f). Nighttime446

humidity was lower in 100% coverage compared to control, with reductions of 3.2% and447

5.1% during the peak and shoulder season, respectively. Solar radiation was substantially448

reduced in both treatments relative to control, averaging 86.7% less in 100% coverage449

(Figure 1c), and 64.7% lower in 50% during the peak season (Figure 1g). However, where450

100% coverage maintained consistently low solar radiation throughout the day, 50% cov-451

erage oscillated between higher and lower solar radiation. Maximum differences between452

the agrivoltaic treatments and control were recorded at 12:00 (-93.5%) for 100% and 13:30453

(-88.5%) for 50% coverage. In the shoulder season, solar radiation demonstrated very454

similar relationships to during the peak season. Average wind speed was lower in 50%455

coverage compared to control in both seasons (Figure 1e). Despite this, increased evening456

windspeed compared to control was recorded, showing maximum increases of 41.2% in457

the peak season. Wind speed was not available for 100% coverage.458

Interspaced system459

Mean daytime air temperature was reduced in both interspaced treatments com-460

pared to control, with peak season mean reduction of 1.8% in 1.8 m (Figure 2a) and 3.5%461

in 2.4 m (Figure 2e). Cooling increased during the shoulder season, with mean daytime462

reductions of 3.7% in 1.8 m and 6.4% in 2.4 m. Peak season maximum cooling occurred463

at 09:30 when 1.8 m was 10.9% cooler than control, while 2.4 m reached 10.4% below464

control at 10:00. Maximum cooling showed larger relative reductions during the shoul-465

der season. Both treatments saw a midday increase in air temperature, however this was466

only significant in peak season for 1.8 m which reached up to 4.8% warmer at 13:30 com-467

pared to control. In the shoulder season, an insignificant warming of 3.4% was found in468

1.8m, while 2.4 m remained cooler than control throughout the day. Both treatments469

remained more humid than control. Daytime humidity increases relative to control were470

almost identical between the treatments during the peak season (1.8 m: +5.8% [Figure471
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a)

b)

d)

f )

c)

e)

g)

Figure 1: Diurnal patterns for the four thermal environmental variables under 100% and 50% panel

coverage at the overhead agrivoltaic site during peak heat (June-August) and shoulder seasons (April-

May, September-October). Air temperature (◦C), wind speed (m/s), relative humidity (%), and solar

radiation (W/m²) are shown for 1) 100% panel coverage (Blue; before September 27, 2022) and 2) 50%

panel coverage (pink; after September 27, 2022). Grey lines show full sun control conditions. Solid lines

represent peak heat season, and dashed lines represent shoulder season. Yellow shading represents day-

time, dark blue shading indicates nighttime, and gradient navy shows shifting sunrise and sunset times

where darker gradients represent a given time is more often nighttime than daytime. Data points rep-

resent 30-minute averages calculated from all available common observations within each season and

treatment.
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a) b)

d)

f )

c)

e)

g)

Figure 2: Diurnal patterns for the four thermal environmental variables measured in the 1.8m and

2.4m interspaced agrivoltaic systems during peak heat (June-August) and shoulder seasons (April-May,

September-October). Air temperature (◦C), wind speed (m/s), relative humidity (%), and solar radiation

(W/m²) are shown for 1) 1.8m height panels (orange) and 2) 2.4m height panels (green). Grey lines show

full sun control conditions. Solid lines represent peak heat season and dashed lines represent shoulder

season. Blue shading denotes average night while yellow shading denotes average daytime. Yellow shading

represents daytime, dark blue shading indicates nighttime, and gradient navy shows shifting sunrise and

sunset times where darker gradients represent a given time is more often nighttime than daytime. Data

points represent 30-minute averages calculated from all available common observations within each season

and treatment
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2c], 2.4 m: +5.7% [Figure 2f]), whilst in the shoulder season 2.4 m was more humid (8.1%472

vs 6.8%). At night, 1.8 m stayed the most humid, +4.4% compared to +2.9% in 2.4 m.473

Solar radiation reduced more in the 2.4 m treatment (Figure 2g), with mean reductions474

of 28.2% compared to 24.7% in 1.8 m during the peak season (Figure 2d). Solar reduc-475

tion peaked at 10:30 in 1.8 m but an hour later at 11:30 in 2.4 m, reducing by 78.2% and476

72.2% respectively. Both treatments reduced morning solar radiation more than evening.477

Wind speed was 34% lower in 1.8 m during peak season (Figure 2b). The largest reduc-478

tion was recorded at 13:30 when wind was 48.7% lower in 1.8 m than control, though479

nighttime showed greater relative reductions overall (53.2% vs 28% during daytime).480

Agrivoltaics modify radiant heat loads experienced by farmworkers481

Overhead system482

50% coverage provided consistent globe temperature cooling from sunrise until late483

afternoon in both seasons (Figure 3a, Supplementary Table 2). Mean daytime globe tem-484

perature was 10.5% and 12.2% lower in 50% coverage compared to control during the485

peak and shoulder season, respectively. While both conditions followed a clear diurnal486

pattern, globe temperature in control rose and fell steadily whilst 50% coverage showed487

intermittent peaks and troughs resulting in mean globe temperature reductions of 16.5%488

at 12:00, but 4.7% at 14:00 (peak season). Maximum differences between control and489

50% coverage were documented at 09:30, when 50% coverage was 17.7% cooler. In the490

shoulder season, maximum cooling reduced in absolute terms but represented a larger491

proportional cooling of 19.3% at 09:00. Globe temperature was on average 6.6% warmer492

in 50% coverage during the night during peak season, but 11.2% warmer during the shoul-493

der season.

b)a)

Figure 3: Diurnal globe temperature comparison between agrivoltaic treatments and control conditions

during peak heat (June, July, August) and shoulder seasons (April, May, September, October) at the

a) overhead agrivoltaic site, and b) interspaced agrivoltaic site. Grey lines represent control conditions,

pink represents 50% panel coverage, orange represents 1.8 m panel height, and green represents 2.4 m

panel height. Solid lines show peak heat season, while dashed lines indicate shoulder seasons. Statistical

significance between control and the respective agrivoltaic treatment at each 30-minute timestep was

determined using Mann-Whitney U with significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001. Error

bands show standard error of the mean. Yellow shading represents daytime, dark blue shading indicates

nighttime, and gradient navy shows shifting sunrise and sunset times where darker gradients represent

a given time is more often nighttime than daytime. Data points represent 30-minute averages calculated

from all available common observations within each season and treatment

494
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Interspaced system495

The 2.4 m treatment reduced mean daytime globe temperature more than 1.8 m,496

and both showed afternoon warming despite overall daytime cooling (Figure 3b, Sup-497

plementary Table 2). During the peak season, mean daytime globe temperature was re-498

duced by 5% in 1.8 m, and 7% in 2.4 m. The shoulder season showed larger daytime cool-499

ing, with mean reductions of 8.7% and 11%, respectively. Afternoon increases in globe500

temperature compared to control were greater in 1.8 m (+5.8%) and recorded 30 min-501

utes later, at 13:30, compared to 2.4 m (+4.6%). Smaller midday increases of 3.8% and502

2.8% were found during the shoulder season. These increases were balanced out by sub-503

stantial cooling in the morning. At 09:30 in the peak season, 1.8 m was 28.8% cooler than504

control, whilst 2.4 m was 27.7% cooler. These maximum cooling differences increased505

in the shoulder season to 47% at 09:00 for 1.8 m and 44.2% at 09:30 for 2.4 m. Both treat-506

ments insignificantly reduced globe temperature during the nighttime.507

Agrivoltaic microclimate modifications alter heat stress exposure508

Overhead system509

Wet bulb globe temperature (WBGT) was significantly reduced throughout the day-510

time in both treatments and seasons (Figure 4, Supplementary Table 3). 100% cover-511

age remained on average 8.9% cooler than control during the peak season between the512

hours of 06:30 and 18:00 (Figure 4a). Comparatively, 50% coverage had a smaller cool-513

ing effect, reducing WBGT by 6.5% between 06:30 and 17:30 (Figure 4b). In the shoul-514

der season, cooling increased, with WBGT an average of 12.9% lower in 100% between515

07:00 and 17:30, and 9.1% lower than control in 50% for the 07:00-17:00 period. WBGT516

was always higher at night in both treatments compared to control, although this rela-517

tionship reduced in significance after 22:30 in both seasons. 50% coverage had higher night-518

time warming compared to 100%. WBGT is an international standard human heat in-519

dex that can be categorized into six levels: unflagged (no restrictions) and five colored520

flags (white, green, yellow, red, and black) that represent progressively severe heat ex-521

posure thresholds requiring shorter work periods due to increased heat strain on the body522

(Budd, 2008, Parsons, 2006, patel2013). Substantial reductions in heat stress flag con-523

ditions requiring work restrictions were found in the overhead system compared to con-524

trol, with 100% coverage reducing white flag or higher exceedances by 85% and 50% cov-525

erage reducing them by 52%.526

Interspaced system527

Both 1.8 m and 2.4 m reduced WBGT in the mornings but increased it during the528

afternoons (Figure 5, Supplementary Table 3). In peak season, 1.8 m was 10.2% cooler529

than control from 07:30-11:00 and 18:00-20:00, however, between 12:00-14:30 it was 6.8%530

warmer, with maximum warming reaching 9.9% higher than control (Figure 5a). 2.4 m531

had a larger cooling effect, reducing WBGT by 11.2% between 07:30-11:30 and 18:00-532

20:30. Afternoon warming was less in 2.4 m, increasing WBGT by 5.7% between 12:30-533

14:00, and reaching up to 7.4% warmer than control (Figure 5b). Both treatments had534

large morning cooling, with 1.8 m hitting 20% cooler than control, and 2.4 m peaking535

at 20.1% lower 30 minutes later at 10:00. In the shoulder season, afternoon warming was536

less prolonged and less significant, with a mean increase of 8.6% between 13:00-13:30 in537

1.8 m. 2.4 m was not significantly warmer during the shoulder season. This meant mean538

daytime reductions in WBGT increased in the shoulder season. 1.8 m was 19.6% lower539

between 08:30-11:00 and 17:30-19:30, and 2.4 m was 20% between 08:30-11:30 and 17:00-540

19:30. Similarly, maximum reductions reached 34.6% and 33.1% respectively. Under both541

treatments and seasons, WBGT was insignificantly lower than control during the night.542

The increased afternoon WBGT in both treatments resulted in large increases in heat543
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a) b)

Figure 4: Diurnal patterns of Wet Bulb Globe temperature (WBGT) comparing full sun control and

overhead agrivoltaics (AV) during peak heat season (June, July, August) and shoulder seasons (April-

May, September-October). A) shows WBGT for the 100% panel coverage period (blue) and b) panel

shows data from the 50% panel coverage period (pink). Solid lines show peak heat season, while dashed

lines indicate shoulder seasons. Statistical significance between control and the respective agrivoltaic

treatment at each 30-minute timestep was determined using Mann-Whitney U with significance levels:

* p < 0.05, ** p < 0.01, *** p < 0.001. Error bands show standard error of the mean. Yellow shading

represents daytime, dark blue shading indicates nighttime, and gradient navy shows shifting sunrise and

sunset times where darker gradients represent a given time is more often nighttime than daytime. Colored

horizontal bands across the top of each panel indicate WBGT heat stress categories: no band (< 25.5◦C),

white (25.6-27.7◦C), and light green (> 27.8◦C).

b)a)

Figure 5: Diurnal patterns of Wet Bulb Globe temperature (WBGT) comparing full sun control and

interspaced agrivoltaics (AV) during peak heat season (June, July, August) and shoulder seasons (April-

May, September-October). A) shows the WBGT for the 1.8 m panel height treatment (orange) and b)

shows the WBGT for the 2.4 m panel height treatment (green). Solid lines show peak heat season, while

dashed lines indicate shoulder seasons. Statistical significance between control and the respective agri-

voltaic treatment at each 30-minute timestep was determined using Mann-Whitney U with significance

levels: * p < 0.05, ** p < 0.01, *** p < 0.001. Yellow shading represents daytime, dark blue shading

indicates nighttime, and gradient navy shows shifting sunrise and sunset times where darker gradients

represent a given time is more often nighttime than daytime. Colored horizontal bands across the top of

each panel indicate WBGT heat stress categories: no band (< 25.5◦C), white (25.6-27.7◦C), and light

green (> 27.8◦C).
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stress flag conditions, with 1.8 m increasing white flag or higher exceedances by 57% and544

2.4 m increasing them by 17%.545

Conceptual figure of agrivoltaic design effects on farmworker heat stress546

The previously documented differences in air temperature, humidity, solar radia-547

tion, and wind speed (Figure 1 & 2) between treatments translate into measurably dif-548

ferent thermal environments for farmworkers (Figures 4 & 5). Figure 6 synthesizes these549

microclimate modifications observed in our study, showing cooler conditions in both morn-550

ing (Figure 2, 4, 6b) and early afternoon (Figure 4, 6e) in the overhead system compared551

to full sun control (Figure 4, 6a, 6d), whilst morning cooling (Figure 5, 6c) and early af-552

ternoon warming (Figure 5, 6f) is found in the interspaced system. This conceptual fig-553

ure illustrates how agrivoltaic design choices directly influence heat exposure and ther-554

mal comfort throughout the working day.555

a) b) c)

d) e) f )

Figure 6: Conceptual figure describing changes in human thermal comfort between control (a, d), over-

head agrivoltaics (b, e) and interspaced agrivoltaics (c, f). Yellow lines are solar radiation, and green

dashed lines are wind speed. Thicker lines describe greater wind speed and solar radiation. Air temper-

ature is represented by the thermometer symbol with yellow representing cooler conditions through to

dark red representing hotter conditions. Relative humidity is represented by green/blue shading, with

darker shading representing higher humidity. Colored circles within each person describes their human

thermal comfort, with yellow representing cooler conditions and dark red representing hotter conditions.

Sun position describes time of day, with the top row (a, b, c) illustrating morning, and the bottom row

illustrating midday (d, e, f). The figure illustrates how overhead agrivoltaics provides consistently cooler

environments throughout the workday compared to full sun agriculture, whilst interspaced agrivoltaics

provided cooler morning conditions but increases midday to early afternoon heat.
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Discussion556

This study provides the first empirical evidence that agrivoltaics can significantly557

reduce heat exposure for farmworkers in semi-arid agricultural environments. Across both558

peak and shoulder seasons, all treatments showed mean daytime WBGT reductions com-559

pared to control, demonstrating overall heat mitigation benefits. However, these ben-560

efits varied in magnitude and timing according to system design. The overhead system561

yielded consistent protection throughout the day, particularly with higher solar panel562

density which provided almost continuous shading. 50% coverage delivered more vari-563

able shading, creating fluctuating cooling that peaked during shaded periods. Despite564

this oscillation, cumulative heat exposure in 50% coverage was much less than the cor-565

responding control. Further, mobile farmworkers could maximize heat mitigation by mov-566

ing with the shade, a potential benefit not captured by our static micrometeorological567

station. In contrast, the interspaced system reduced morning and evening heat exposure568

when lower solar angles created significant shading, but increased afternoon WBGT when569

the flattened panels exposed the inter-row beds to direct sun, eliminating shading ben-570

efits. The panels and mounting structure also reduced wind speed within the panel canopy,571

limiting convective cooling, resulting in increased heat exposure during critical midday572

hours. Importantly, this increase in afternoon heat was more severe and sustained un-573

der the lowest clearance (1.8 m) system, demonstrating intensifying heat risk as panel574

height decreased. These design differences have critical labor implications: overhead sys-575

tems substantially reduced heat stress flags compared to full-sun, potentially offsetting576

climate-driven labor capacity losses, while interspaced systems (particularly low-clearance)577

increased flags, exacerbating predicted workforce reductions. However, strategic work578

scheduling in the interspaced systems could reduce heat exposure by avoiding midday579

periods. Our results highlight the potential of agrivoltaics to improve worker thermal580

comfort while demonstrating that system design choices are critical to thermal outcomes.581

As such, the health of farmworkers should be central to agrivoltaic system design.582

The observed differences in cooling benefits between agrivoltaic treatments stem583

from their varied impact on the energy balance. Maximum reduction in environmental584

heat load occurs when the agrivoltaic system physically blocks sunlight and alters the585

partitioning of solar energy in agricultural settings. This reduces direct radiant heating,586

thereby lowering surface temperatures (Lopez et al., 2024; Weselek et al., 2021), air tem-587

perature (Barron-Gafford et al., 2019), and heat exposure (Middel & Krayenhoff, 2019).588

Overhead systems maximize this benefit by blocking sunlight during crucial solar max-589

imum hours, ensuring at least partial shade when thermal conditions are most extreme.590

The reduced direct sunlight also slows evaporation, allowing water to remain in the sys-591

tem longer and prolonging evapotransporative cooling (Ashraf Zainol Abidin et al., 2024;592

Beniuga et al., 2025). This is particularly beneficial in high vapor pressure deficit cli-593

mates where added moisture provides additional cooling without a problematic buildup594

in humidity. However, solar panels and mounting structures can impede airflow (Adeh595

et al., 2018; Ahn et al., 2022; Li & Sun, 2024), particularly when panels are mounted be-596

tween ground and worker height (Bruhwyler et al., 2024), blocking wind where labor oc-597

curs and reducing convective cooling. When wind blocking is paired with little to no re-598

duction in midday solar radiation, heat conditions can significantly worsen.599

While the shading patterns and airflow dynamics described above were the dom-600

inant factors shaping heat exposure in our semi-arid environment, humidity represents601

an additional microclimate consideration that may become critical in other contexts. The602

modest increase in humidity observed in our agrivoltaic treatments did not exacerbate603

heat stress under the conditions examined. However, the combined effect of increased604

humidity and reduced wind speed should be carefully considered in agrivoltaic systems605

in more humid climates. In such climates, increased humidity coupled with decreased606

wind speed could compound heat stress by limiting convective alongside evaporative cool-607

ing, two of the body’s primary heat dissipation mechanisms (Ferguson, 1988; Huang &608
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Zhai, 2020; Koop & Tadi, 2024; Koppe et al., 2004; Osilla et al., 2024), resulting in dan-609

gerous heat conditions (Budd, 2008; Platt & Vicario, 2013; Ravanelli et al., 2015). This610

consideration is critical given that humid-heat events are escalating globally (Bekris et611

al., 2023; Coffel et al., 2017; Hanna & Tait, 2015; Palmer, 2013; Poppick & McKinnon,612

2020; Raymond et al., 2020; Willett & Sherwood, 2012). Such events pose a serious and613

growing threat to farmworker health and are linked to significant heat-related illness and614

death (Dally et al., 2020; Diaz et al., 2023; El Khayat et al., 2022; Fan & McColl, 2024;615

Flouris et al., 2018; Kang & Eltahir, 2018; Mishra et al., 2020; Mora et al., 2017; Spec-616

tor et al., 2016). Therefore, examining agrivoltaic impacts on wind flow and humidity617

is crucial to avoid inadvertently contributing to the growing humid-heat risk faced by618

farmworkers.619

These human safety considerations must be weighed against the plant-focused ben-620

efits that an agrivoltaic microclimate can provide. Research has demonstrated that the621

wind sheltering effect of agrivoltaics can increase crop yields (Honningdalsnes et al., 2025).622

Similarly, greater soil moisture retention and increased humidity can improve plant pro-623

ductivity (Adeh et al., 2018; Ashraf Zainol Abidin et al., 2024; Barron-Gafford et al., 2019;624

Marrou, Guilioni, et al., 2013), particularly when plants are heat-stressed (Amaducci et625

al., 2018; Disciglio et al., 2025). This highlights a fundamental trade-off between human-626

and plant- centric benefits of agrivoltaics whereby humid-heat is preferable for plant sur-627

vival (Lesk et al., 2022; Schauberger et al., 2017; Ting et al., 2023; Troy et al., 2015) but628

dry-heat is preferable for human survival (Buzan & Huber, 2020; Gillett et al., 2021; Hal-629

dane, 1905; Hanna & Tait, 2015; Raymond et al., 2020; Rogers et al., 2021; Russo et al.,630

2017; Sherwood, 2018; Sherwood & Huber, 2010; Vecellio et al., 2022; Willett et al., 2007).631

From a crop-centric perspective, maximizing wind sheltering and humidity retention within632

an agrivoltaic system might be desirable to limit water stress. However, in a human-centric633

system the opposite would be true. Consequently, crop needs should be carefully con-634

sidered in balance with the needs of those who work within the system to ensure crop635

productivity is maximized without compromising farmworker health.636

The demonstrated heat mitigation potential of well-designed agrivoltaic systems637

is particularly significant given the escalating threat of heat exposure to farmworker health638

and agricultural productivity (de De Lima et al., 2021; El Khayat et al., 2022; Kjellstrom639

et al., 2016; Moda et al., 2019; Nelson et al., 2024; Simpson et al., 2021; Tigchelaar et640

al., 2020). Despite the urgency of this threat, many major agricultural regions lack ro-641

bust heat protection legislation and practices, leaving farmworkers vulnerable to extreme642

heat exposure (Arnold et al., 2020; Courville et al., 2016; Irani et al., 2021). Where reg-643

ulations do exist, they often focus on behavioral mitigation strategies, such as hydration,644

rest periods, access to shaded break areas, and protective clothing (Courville et al., 2016;645

Kearney et al., 2016). However, structural barriers, including piece-rate-pay systems that646

discourage breaks and the absence of guaranteed rest periods, can prevent workers from647

effectively implementing these protective behaviors (Edgerly et al., 2024; Morera et al.,648

2020; Spector et al., 2015). While behavioral strategies are essential (Day et al., 2019),649

they place the burden of heat mitigation on individual workers and may be insufficient650

under extreme or prolonged heat conditions (Langer et al., 2021). There is therefore a651

need for interventions that modify the thermal environment itself, moving beyond re-652

lying on worker behavior. Our findings demonstrate that agrivoltaics can provide such653

interventions, directly reducing heat load where farmwork occurs. However, design choices654

critically determine thermal outcomes. As shown here, lower mounting heights can worsen655

heat conditions during critical periods, potentially exacerbating rather than alleviating656

heat stress. If agrivoltaics are designed with worker thermal safety as a priority and in-657

tegrated with behavioral heat mitigation strategies and policy protections, these systems658

could form a key component of an integrated approach to safeguarding farm labor in a659

warming world.660
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While this study provides multi-year evidence that agrivoltaics can reduce envi-661

ronmental heat exposure, its findings are based on four specific system configurations662

across two semi-arid locations. As such, results may not be generalized to other climates,663

particularly more humid or temperate regions where microclimate dynamics may differ.664

Further, the focus on environmental heat metrics as opposed to worker-reported expe-665

riences or physiological outcomes limits our ability to holistically assess the extent of oc-666

cupational health impacts. Future research should extend to a wider range of climates,667

system designs, and labor contexts, incorporating worker-centered and physiological data.668

One promising avenue of future research is exploring dynamic tracking systems which669

could be programmed to prioritize heat protection for farmworkers during labor periods.670

While current tracking systems are typically programmed to prioritize electricity gen-671

eration and sometimes crop productivity, a third strategy could program panels to max-672

imize shading when and where farmworkers are actively laboring, shifting to crop or elec-673

tricity optimized orientations during non-working hours. This temporal approach could674

substantially enhance worker protection during key heat exposure periods without com-675

promising overall agricultural or electrical performance.676

Advancing our understanding of the impact of agrivoltaics on human heat stress677

is essential in ensuring these systems are not only productive and scalable, but also safe678

and equitable under intensifying climate conditions. While agrivoltaics are often promoted679

as a win-win strategy across the water-energy-food nexus, achieving truly sustainable680

agricultural production requires centering the workforce that enables food systems. Mov-681

ing forward, future agrivoltaic development should maximize benefits across energy, crop,682

and labor dimensions. Only through this integrated approach can agrivoltaics deliver on683

their promise as a climate solution for agriculture.684
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cember). Lettuce Production under Mini-PV Modules Arranged in Patterned777

Designs. Agronomy , 11 (12), 2554. doi: 10.3390/agronomy11122554778

Cheney, A. M., Barrera, T., Rodriguez, K., & Jaramillo López, A. M. (2022, Jan-779
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Figure S 1: Birds eye view of the overhead agrivoltaic treatments illustrating a) 100% panel coverage,

and b) 50% panel coverage
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Figure S 2: Side view of the interspaced agrivoltaic treatments illustrating a) 1.8 m, and 2) 2.4 m.
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a) b)
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Figure S 3: Diurnal patterns of air temperature and relative humidity at two measurement heights

(2 m and 0.5 m) under 100% panel coverage (top row) and 50% panel coverage (bottom row) compared

to control conditions. Measurements at 2 m (darker colored line) are used for primary analysis as they

match the height of the control sensors, while 0.5 m measurements (lighter colored lines) illustrate ver-

tical microclimate gradients. Solid lines represent peak season (June-August) and dashed lines represent

shoulder season (April-May, September-October). Under 100% panel coverage, air temperature at 0.5

m remains cooler for longer compared to 2 m height during daytime hours. Under 50% panel coverage,

air temperature at both heights follow similar daytime patterns. In both 100% and 50% panel coverage,

relative humidity is substantially higher during the day at 0.5 m compared to 2 m.
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Figure S 4: Comparison of modeled versus observed globe temperatures for the control condition at the

overhead agrivoltaic site. The dashed line represents the 1:1 relationship. Statistical metrics show strong

model performance with R² = 0.993, RMSE = 1.12°C, and a small negative bias of -0.28°C.
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Figure S 5: Monthly diurnal patterns of globe temperatures in control condition at the overhead agri-

voltaic site, comparing modeled (red dashed line) and observed (blue solid line) values. Yellow shading

indicates daytime hours while blue shading indicated nighttime hours. Bias values shown represent the

mean difference between modeled and observed temperatures during day and night periods.
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Figure S 6: Comparison of modeled versus observed globe temperatures for the 50% panel cover treat-

ment at the overhead agrivoltaic site. The dashed line represents the 1:1 relationship. Statistical metrics

show strong model performance with R² = 0.962, RMSE = 2.16°C, and a small bias of 0.18°C.
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Figure S 7: Monthly diurnal patterns of globe temperatures comparing modeled (red dashed line) and

observed (blue solid line) values for the 50% panel coverage overhead agrivoltaic treatment. Yellow shad-

ing indicates daytime hours while blue shading indicates nighttime hours. Bias values shown represent the

difference between modeled and observed temperatures during day and night periods.
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a) b)

c)

Figure S 8: Validation of modeled WBGT against observed values for the overhead agrivoltaic (pink)

and respective control condition (grey). Scatter plots comparing modeled versus observed WBGT for

a) 50% coverage, and b) control treatment, with performance statistics including bias, RMSE, MAE,

and coefficient of determination (R²). The dashed line represents perfect agreement (1:1 line) and the

colored line shows the linear regression fit. C) shows diurnal patterns of observed and modeled WBGT

showing temporal agreement between observations and predictions for both treatments, with shaded areas

indicating variability ranges. Both treatments show negative bias (-0.81 °C 50% coverage, -1.23 °C con-

trol), consistent with known tendency of Kestrel instruments to read slightly high , particularly in direct

sunlight/ low wind conditions. The models demonstrate strong correlations and effectively capture the

diurnal patterns across both conditions. Data date range: 23rd May to 7th June 2025.
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a) b)

c)

Figure S 9: Validation of modeled WBGT against observed values for the interspaced agrivoltaic (pur-

ple) and respective control condition (grey). Scatter plots comparing modeled versus observed WBGT

for a) 1.8 m height, and b) control treatment, with performance statistics including bias, RMSE, MAE,

and coefficient of determination (R²). The dashed line represents perfect agreement (1:1 line) and the

colored line shows the linear regression fit. C) shows diurnal patterns of observed and modeled WBGT

showing temporal agreement between observations and predictions for both treatments, with shaded areas

indicating variability ranges. Both treatments show negative bias (-0.67 °C 1.8 m, -0.94 °C control), con-

sistent with known tendency of Kestrel instruments to read slightly high , particularly in direct sunlight

conditions with low wind. The models demonstrate strong correlations and effectively capture the diurnal

patterns across both conditions. Data date range: 16 Th June to 22nd July 2025.
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Table S 1: Statistical significance of air temperature, relative humidity, wind speed, and solar radiation

categorized by day and night for the raised overhead system (100% and 50% coverage) and the raised

interspaced system (1.8 m and 2.4 m)

TreatmentSeason Variable Time

period

Absolute

diff.

Percentage

diff.

Sig.

level

100% Peak Air tempera-

ture

Day -0.47 -1.53 ***

100% Peak Air tempera-

ture

Night 0.47 1.89 ***

100% Shoulder Air tempera-

ture

Day -0.56 -2.18 ***

100% Shoulder Air tempera-

ture

Night 0.56 3.00 ***

100% Peak Relative hu-

midity

Day 2.25 7.51 ***

100% Peak Relative hu-

midity

Night -1.40 -3.21 *

100% Shoulder Relative hu-

midity

Day 2.38 12.37 ***

100% Shoulder Relative hu-

midity

Night -1.62 -5.14 ***

100% Peak Solar radiation Day -483.99 -86.65 ***

100% Shoulder Solar radiation Day -498.79 -89.31 ***

50% Peak Air tempera-

ture

Day -0.50 -1.55 ***

50% Peak Air tempera-

ture

Night 0.40 1.61 ***

50% Shoulder Air tempera-

ture

Day -0.46 -1.84 ***

50% Shoulder Air tempera-

ture

Night 0.47 2.62 ***

50% Peak Relative hu-

midity

Day 1.50 6.36 ***

50% Peak Relative hu-

midity

Night 0.08 0.23 ns

50% Shoulder Relative hu-

midity

Day 1.89 9.46 ***

50% Shoulder Relative hu-

midity

Night -0.03 -0.08 ns

50% Peak Solar radiation Day -372.52 -64.73 ***

50% Shoulder Solar radiation Day -358.15 -66.90 ***

50% Peak Wind speed Day -0.15 -10.60 ***

50% Peak Wind speed Night 0.03 7.40 ***

50% Shoulder Wind speed Day -0.20 -12.47 ***

Continued on next page
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Table S 1 – Continued from previous page

TreatmentSeason Variable Time

period

Absolute

diff.

Percentage

diff.

Sig.

level

50% Shoulder Wind speed Night 0.01 2.19 ***

1.8 m Peak Air tempera-

ture

Day -0.46 -1.80 **

1.8 m Peak Air tempera-

ture

Night -0.40 -2.51 ***

1.8 m Shoulder Air tempera-

ture

Day -0.67 -3.67 ***

1.8 m Shoulder Air tempera-

ture

Night -0.43 -5.21 ***

1.8 m Peak Relative hu-

midity

Day 2.64 5.78 ***

1.8 m Peak Relative hu-

midity

Night 3.45 4.42 ***

1.8 m Shoulder Relative hu-

midity

Day 2.79 6.77 ***

1.8 m Shoulder Relative hu-

midity

Night 3.52 4.79 ***

1.8 m Peak Solar radiation Day -93.29 -24.66 ***

1.8 m Shoulder Solar radiation Day -94.97 -27.36 ***

1.8 m Peak Wind speed Day -0.26 -27.90 ***

1.8 m Peak Wind speed Night -0.23 -53.19 ***

1.8 m Shoulder Wind speed Day -0.46 -36.63 ***

1.8 m Shoulder Wind speed Night -0.36 -59.31 ***

2.4 m Peak Air tempera-

ture

Day -0.90 -3.53 ***

2.4 m Peak Air tempera-

ture

Night -0.37 -2.32 ***

2.4 m Shoulder Air tempera-

ture

Day -1.18 -6.42 ***

2.4 m Shoulder Air tempera-

ture

Night -0.45 -5.49 ***

2.4 m Peak Relative hu-

midity

Day 2.61 5.72 ***

2.4 m Peak Relative hu-

midity

Night 2.23 2.86 ***

2.4 m Shoulder Relative hu-

midity

Day 3.34 8.11 ***

2.4 m Shoulder Relative hu-

midity

Night 2.50 3.40 ***

2.4 m Peak Solar radiation Day -106.70 -28.21 ***

2.4 m Shoulder Solar radiation Day -103.64 -29.86 ***
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Table S 2: Summary table of globe temperature results including absolute and percentage difference be-

tween the named treatment and their respective full sun control, the significance (corrected using FDR),

and the effect size.

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

50% coverage Peak 0:00 1.40 6.10 *** 0.29

50% coverage Peak 0:30 1.37 6.08 *** 0.28

50% coverage Peak 1:00 1.47 6.62 *** 0.29

50% coverage Peak 1:30 1.46 6.70 *** 0.26

50% coverage Peak 2:00 1.47 6.83 *** 0.28

50% coverage Peak 2:30 1.41 6.62 *** 0.27

50% coverage Peak 3:00 1.48 7.01 *** 0.30

50% coverage Peak 3:30 1.44 6.93 *** 0.30

50% coverage Peak 4:00 1.43 6.91 *** 0.29

50% coverage Peak 4:30 1.45 7.07 *** 0.28

50% coverage Peak 5:00 1.44 7.04 *** 0.27

50% coverage Peak 5:30 1.42 7.01 *** 0.28

50% coverage Peak 6:00 1.08 5.21 *** 0.23

50% coverage Peak 6:30 -1.12 -4.70 *** -0.26

50% coverage Peak 7:00 -3.72 -12.32 *** -0.57

50% coverage Peak 7:30 -5.57 -16.07 *** -0.67

50% coverage Peak 8:00 -6.14 -16.44 *** -0.67

50% coverage Peak 8:30 -5.59 -14.56 *** -0.64

50% coverage Peak 9:00 -6.95 -17.26 *** -0.79

50% coverage Peak 9:30 -7.30 -17.70 *** -0.84

50% coverage Peak 10:00 -6.52 -15.49 *** -0.81

50% coverage Peak 10:30 -4.81 -11.29 *** -0.62

50% coverage Peak 11:00 -2.89 -6.71 *** -0.45

50% coverage Peak 11:30 -4.11 -9.46 *** -0.59

50% coverage Peak 12:00 -7.29 -16.52 *** -0.87

50% coverage Peak 12:30 -7.18 -16.15 *** -0.87

50% coverage Peak 13:00 -3.96 -8.91 *** -0.59

50% coverage Peak 13:30 -2.20 -4.95 *** -0.34

50% coverage Peak 14:00 -2.09 -4.70 *** -0.29

50% coverage Peak 14:30 -4.35 -9.87 *** -0.60

50% coverage Peak 15:00 -6.25 -14.31 *** -0.71

50% coverage Peak 15:30 -5.76 -13.43 *** -0.67

50% coverage Peak 16:00 -5.11 -11.95 *** -0.61

50% coverage Peak 16:30 -4.26 -10.01 *** -0.55

50% coverage Peak 17:00 -4.98 -11.92 *** -0.61

50% coverage Peak 17:30 -3.08 -7.63 *** -0.41

50% coverage Peak 18:00 -0.65 -1.70 ns -0.09

50% coverage Peak 18:30 1.92 5.72 *** 0.26

50% coverage Peak 19:00 2.70 8.94 *** 0.41

Continued on next page
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Table S 2 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

50% coverage Peak 19:30 1.76 6.17 *** 0.32

50% coverage Peak 20:00 2.41 9.16 *** 0.42

50% coverage Peak 20:30 2.19 8.77 *** 0.39

50% coverage Peak 21:00 1.90 7.87 *** 0.35

50% coverage Peak 21:30 1.58 6.65 *** 0.30

50% coverage Peak 22:00 1.41 5.99 *** 0.28

50% coverage Peak 22:30 1.32 5.62 *** 0.28

50% coverage Peak 23:00 1.29 5.51 *** 0.27

50% coverage Peak 23:30 1.28 5.50 *** 0.27

50% coverage Shoulder 0:00 1.69 10.33 * 0.17

50% coverage Shoulder 0:30 1.73 10.78 ns 0.16

50% coverage Shoulder 1:00 1.67 10.58 ns 0.16

50% coverage Shoulder 1:30 1.73 11.07 ns 0.16

50% coverage Shoulder 2:00 1.76 11.48 * 0.17

50% coverage Shoulder 2:30 1.69 11.16 ns 0.16

50% coverage Shoulder 3:00 1.79 11.98 * 0.18

50% coverage Shoulder 3:30 1.66 11.16 ns 0.16

50% coverage Shoulder 4:00 1.68 11.38 ns 0.16

50% coverage Shoulder 4:30 1.73 11.81 ns 0.17

50% coverage Shoulder 5:00 1.72 11.87 ns 0.16

50% coverage Shoulder 5:30 1.71 11.83 ns 0.16

50% coverage Shoulder 6:00 1.57 10.83 ns 0.15

50% coverage Shoulder 6:30 0.43 2.69 ns 0.03

50% coverage Shoulder 7:00 -2.21 -10.79 ** -0.20

50% coverage Shoulder 7:30 -3.40 -14.14 *** -0.32

50% coverage Shoulder 8:00 -5.37 -18.44 *** -0.46

50% coverage Shoulder 8:30 -6.13 -19.12 *** -0.47

50% coverage Shoulder 9:00 -6.66 -19.33 *** -0.57

50% coverage Shoulder 9:30 -6.38 -18.25 *** -0.52

50% coverage Shoulder 10:00 -6.18 -17.63 *** -0.55

50% coverage Shoulder 10:30 -6.10 -16.96 *** -0.52

50% coverage Shoulder 11:00 -2.61 -7.13 ** -0.25

50% coverage Shoulder 11:30 -3.77 -10.23 *** -0.35

50% coverage Shoulder 12:00 -6.90 -18.48 *** -0.57

50% coverage Shoulder 12:30 -6.58 -17.54 *** -0.54

50% coverage Shoulder 13:00 -4.27 -11.27 *** -0.40

50% coverage Shoulder 13:30 -3.34 -8.79 *** -0.30

50% coverage Shoulder 14:00 -3.30 -8.67 *** -0.30

50% coverage Shoulder 14:30 -4.27 -11.23 *** -0.39

50% coverage Shoulder 15:00 -5.79 -15.49 *** -0.52

50% coverage Shoulder 15:30 -5.54 -15.05 *** -0.49

50% coverage Shoulder 16:00 -3.23 -8.80 *** -0.29

50% coverage Shoulder 16:30 -4.34 -12.02 *** -0.42

Continued on next page
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Table S 2 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

50% coverage Shoulder 17:00 -4.19 -11.97 *** -0.37

50% coverage Shoulder 17:30 -1.48 -4.62 ns -0.16

50% coverage Shoulder 18:00 1.81 6.48 ns 0.16

50% coverage Shoulder 18:30 3.75 15.74 *** 0.37

50% coverage Shoulder 19:00 2.34 10.62 *** 0.26

50% coverage Shoulder 19:30 2.52 12.44 *** 0.28

50% coverage Shoulder 20:00 2.50 13.27 *** 0.27

50% coverage Shoulder 20:30 2.30 12.69 ** 0.23

50% coverage Shoulder 21:00 2.03 11.48 * 0.19

50% coverage Shoulder 21:30 1.82 10.45 * 0.17

50% coverage Shoulder 22:00 1.66 9.55 ns 0.16

50% coverage Shoulder 22:30 1.75 10.25 ns 0.16

50% coverage Shoulder 23:00 1.74 10.34 ns 0.17

50% coverage Shoulder 23:30 1.73 10.48 ns 0.17

1.8 m Peak 0:00 -0.30 -1.80 ns -0.06

1.8 m Peak 0:30 -0.34 -2.08 ns -0.07

1.8 m Peak 1:00 -0.31 -1.98 ns -0.07

1.8 m Peak 1:30 -0.36 -2.36 ns -0.08

1.8 m Peak 2:00 -0.39 -2.62 ns -0.08

1.8 m Peak 2:30 -0.40 -2.81 ns -0.08

1.8 m Peak 3:00 -0.45 -3.26 ns -0.10

1.8 m Peak 3:30 -0.43 -3.20 ns -0.09

1.8 m Peak 4:00 -0.45 -3.47 ns -0.09

1.8 m Peak 4:30 -0.46 -3.62 ns -0.10

1.8 m Peak 5:00 -0.46 -3.68 ns -0.10

1.8 m Peak 5:30 -0.47 -3.88 ns -0.11

1.8 m Peak 6:00 -0.47 -3.96 ns -0.10

1.8 m Peak 6:30 -0.46 -3.96 ns -0.10

1.8 m Peak 7:00 -0.51 -4.33 ns -0.11

1.8 m Peak 7:30 -1.69 -12.65 *** -0.34

1.8 m Peak 8:00 -3.93 -23.11 *** -0.55

1.8 m Peak 8:30 -6.39 -29.52 *** -0.74

1.8 m Peak 9:00 -7.92 -31.04 *** -0.78

1.8 m Peak 9:30 -8.09 -28.78 *** -0.75

1.8 m Peak 10:00 -5.96 -19.69 *** -0.60

1.8 m Peak 10:30 -2.01 -6.30 *** -0.23

1.8 m Peak 11:00 -0.29 -0.88 ns -0.03

1.8 m Peak 11:30 0.21 0.62 ns 0.03

1.8 m Peak 12:00 0.74 2.13 ns 0.09

1.8 m Peak 12:30 1.38 3.91 * 0.17

1.8 m Peak 13:00 2.05 5.73 *** 0.24

1.8 m Peak 13:30 2.13 5.83 *** 0.27

1.8 m Peak 14:00 1.68 4.53 ** 0.20

Continued on next page
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Table S 2 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

1.8 m Peak 14:30 1.05 2.82 ns 0.13

1.8 m Peak 15:00 0.49 1.33 ns 0.07

1.8 m Peak 15:30 0.37 1.02 ns 0.05

1.8 m Peak 16:00 0.01 0.02 ns 0.00

1.8 m Peak 16:30 -0.22 -0.62 ns -0.02

1.8 m Peak 17:00 -0.30 -0.85 ns -0.03

1.8 m Peak 17:30 -0.29 -0.85 ns -0.03

1.8 m Peak 18:00 -0.49 -1.47 ns -0.05

1.8 m Peak 18:30 -1.45 -4.40 ns -0.14

1.8 m Peak 19:00 -2.93 -9.21 *** -0.29

1.8 m Peak 19:30 -3.65 -11.83 *** -0.37

1.8 m Peak 20:00 -3.72 -12.53 *** -0.37

1.8 m Peak 20:30 -2.98 -10.88 *** -0.33

1.8 m Peak 21:00 -1.88 -7.69 ** -0.20

1.8 m Peak 21:30 -0.67 -3.11 ns -0.10

1.8 m Peak 22:00 -0.26 -1.34 ns -0.05

1.8 m Peak 22:30 -0.28 -1.53 ns -0.06

1.8 m Peak 23:00 -0.30 -1.70 ns -0.06

1.8 m Peak 23:30 -0.30 -1.75 ns -0.06

1.8 m Shoulder 0:00 -0.50 -5.87 ns -0.07

1.8 m Shoulder 0:30 -0.52 -6.45 ns -0.07

1.8 m Shoulder 1:00 -0.51 -6.82 ns -0.07

1.8 m Shoulder 1:30 -0.52 -7.32 ns -0.07

1.8 m Shoulder 2:00 -0.50 -7.63 ns -0.07

1.8 m Shoulder 2:30 -0.53 -8.52 ns -0.07

1.8 m Shoulder 3:00 -0.51 -8.73 ns -0.07

1.8 m Shoulder 3:30 -0.51 -9.15 ns -0.07

1.8 m Shoulder 4:00 -0.50 -9.35 ns -0.07

1.8 m Shoulder 4:30 -0.50 -9.75 ns -0.07

1.8 m Shoulder 5:00 -0.49 -9.96 ns -0.07

1.8 m Shoulder 5:30 -0.45 -9.87 ns -0.06

1.8 m Shoulder 6:00 -0.46 -10.47 ns -0.06

1.8 m Shoulder 6:30 -0.45 -11.12 ns -0.06

1.8 m Shoulder 7:00 -0.48 -12.60 ns -0.07

1.8 m Shoulder 7:30 -0.85 -19.99 * -0.12

1.8 m Shoulder 8:00 -1.95 -32.82 *** -0.22

1.8 m Shoulder 8:30 -3.92 -42.22 *** -0.34

1.8 m Shoulder 9:00 -6.57 -46.99 *** -0.53

1.8 m Shoulder 9:30 -8.16 -45.60 *** -0.63

1.8 m Shoulder 10:00 -7.71 -37.32 *** -0.58

1.8 m Shoulder 10:30 -5.34 -23.54 *** -0.40

1.8 m Shoulder 11:00 -1.61 -6.77 * -0.12

1.8 m Shoulder 11:30 -0.11 -0.43 ns 0.00

Continued on next page
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Table S 2 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

1.8 m Shoulder 12:00 0.30 1.17 ns 0.03

1.8 m Shoulder 12:30 0.58 2.19 ns 0.05

1.8 m Shoulder 13:00 0.90 3.30 ns 0.08

1.8 m Shoulder 13:30 1.06 3.80 ns 0.10

1.8 m Shoulder 14:00 0.79 2.80 ns 0.06

1.8 m Shoulder 14:30 0.43 1.52 ns 0.04

1.8 m Shoulder 15:00 0.22 0.76 ns 0.01

1.8 m Shoulder 15:30 -0.02 -0.07 ns 0.00

1.8 m Shoulder 16:00 -0.25 -0.86 ns -0.02

1.8 m Shoulder 16:30 -0.50 -1.76 ns -0.04

1.8 m Shoulder 17:00 -0.71 -2.55 ns -0.06

1.8 m Shoulder 17:30 -1.41 -5.15 ns -0.11

1.8 m Shoulder 18:00 -2.69 -10.06 *** -0.21

1.8 m Shoulder 18:30 -3.70 -14.69 *** -0.27

1.8 m Shoulder 19:00 -4.16 -17.55 *** -0.31

1.8 m Shoulder 19:30 -3.60 -16.72 *** -0.27

1.8 m Shoulder 20:00 -2.38 -12.89 *** -0.20

1.8 m Shoulder 20:30 -1.39 -8.99 * -0.12

1.8 m Shoulder 21:00 -0.79 -6.08 ns -0.08

1.8 m Shoulder 21:30 -0.52 -4.57 ns -0.06

1.8 m Shoulder 22:00 -0.47 -4.38 ns -0.06

1.8 m Shoulder 22:30 -0.46 -4.59 ns -0.06

1.8 m Shoulder 23:00 -0.45 -4.78 ns -0.06

1.8 m Shoulder 23:30 -0.48 -5.28 ns -0.06

2.4 m Peak 0:00 -0.23 -1.37 ns -0.05

2.4 m Peak 0:30 -0.28 -1.73 ns -0.06

2.4 m Peak 1:00 -0.27 -1.69 ns -0.06

2.4 m Peak 1:30 -0.31 -2.01 ns -0.07

2.4 m Peak 2:00 -0.32 -2.15 ns -0.07

2.4 m Peak 2:30 -0.32 -2.26 ns -0.07

2.4 m Peak 3:00 -0.42 -2.98 ns -0.09

2.4 m Peak 3:30 -0.38 -2.80 ns -0.08

2.4 m Peak 4:00 -0.41 -3.12 ns -0.08

2.4 m Peak 4:30 -0.43 -3.32 ns -0.09

2.4 m Peak 5:00 -0.41 -3.30 ns -0.09

2.4 m Peak 5:30 -0.44 -3.62 ns -0.10

2.4 m Peak 6:00 -0.44 -3.66 ns -0.09

2.4 m Peak 6:30 -0.44 -3.72 ns -0.09

2.4 m Peak 7:00 -0.50 -4.22 ns -0.11

2.4 m Peak 7:30 -1.58 -11.81 *** -0.33

2.4 m Peak 8:00 -2.61 -15.33 *** -0.36

2.4 m Peak 8:30 -5.96 -27.54 *** -0.71

2.4 m Peak 9:00 -7.91 -31.01 *** -0.80

Continued on next page
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Table S 2 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

2.4 m Peak 9:30 -8.34 -29.67 *** -0.77

2.4 m Peak 10:00 -8.38 -27.70 *** -0.77

2.4 m Peak 10:30 -7.41 -23.17 *** -0.73

2.4 m Peak 11:00 -3.07 -9.17 *** -0.33

2.4 m Peak 11:30 -0.33 -0.95 ns -0.03

2.4 m Peak 12:00 0.36 1.03 ns 0.04

2.4 m Peak 12:30 1.04 2.94 ns 0.13

2.4 m Peak 13:00 1.66 4.62 ** 0.19

2.4 m Peak 13:30 1.60 4.38 ** 0.21

2.4 m Peak 14:00 1.16 3.13 ns 0.14

2.4 m Peak 14:30 0.62 1.66 ns 0.09

2.4 m Peak 15:00 0.13 0.36 ns 0.03

2.4 m Peak 15:30 0.05 0.15 ns 0.01

2.4 m Peak 16:00 -0.19 -0.54 ns -0.02

2.4 m Peak 16:30 -0.33 -0.95 ns -0.03

2.4 m Peak 17:00 -0.43 -1.23 ns -0.04

2.4 m Peak 17:30 -0.59 -1.72 ns -0.05

2.4 m Peak 18:00 -1.75 -5.21 * -0.17

2.4 m Peak 18:30 -3.58 -10.87 *** -0.35

2.4 m Peak 19:00 -4.01 -12.60 *** -0.40

2.4 m Peak 19:30 -3.94 -12.77 *** -0.40

2.4 m Peak 20:00 -3.77 -12.69 *** -0.37

2.4 m Peak 20:30 -2.97 -10.86 *** -0.32

2.4 m Peak 21:00 -1.22 -4.98 ns -0.13

2.4 m Peak 21:30 -0.73 -3.42 ns -0.11

2.4 m Peak 22:00 -0.19 -0.96 ns -0.04

2.4 m Peak 22:30 -0.19 -1.00 ns -0.04

2.4 m Peak 23:00 -0.25 -1.38 ns -0.06

2.4 m Peak 23:30 -0.24 -1.40 ns -0.05

2.4 m Shoulder 0:00 -0.37 -4.32 ns -0.05

2.4 m Shoulder 0:30 -0.37 -4.65 ns -0.05

2.4 m Shoulder 1:00 -0.38 -5.04 ns -0.05

2.4 m Shoulder 1:30 -0.38 -5.42 ns -0.05

2.4 m Shoulder 2:00 -0.37 -5.65 ns -0.05

2.4 m Shoulder 2:30 -0.40 -6.41 ns -0.06

2.4 m Shoulder 3:00 -0.39 -6.80 ns -0.06

2.4 m Shoulder 3:30 -0.41 -7.44 ns -0.06

2.4 m Shoulder 4:00 -0.39 -7.43 ns -0.06

2.4 m Shoulder 4:30 -0.40 -7.83 ns -0.06

2.4 m Shoulder 5:00 -0.41 -8.38 ns -0.06

2.4 m Shoulder 5:30 -0.37 -8.07 ns -0.05

2.4 m Shoulder 6:00 -0.37 -8.55 ns -0.05

2.4 m Shoulder 6:30 -0.36 -8.86 ns -0.05
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Table S 2 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

2.4 m Shoulder 7:00 -0.40 -10.39 ns -0.06

2.4 m Shoulder 7:30 -0.68 -15.88 ns -0.10

2.4 m Shoulder 8:00 -1.49 -25.11 ** -0.16

2.4 m Shoulder 8:30 -3.71 -39.98 *** -0.32

2.4 m Shoulder 9:00 -6.08 -43.50 *** -0.49

2.4 m Shoulder 9:30 -7.91 -44.22 *** -0.62

2.4 m Shoulder 10:00 -8.51 -41.15 *** -0.64

2.4 m Shoulder 10:30 -7.89 -34.82 *** -0.60

2.4 m Shoulder 11:00 -5.29 -22.23 *** -0.42

2.4 m Shoulder 11:30 -1.97 -7.93 ** -0.15

2.4 m Shoulder 12:00 0.05 0.19 ns 0.01

2.4 m Shoulder 12:30 0.38 1.45 ns 0.04

2.4 m Shoulder 13:00 0.76 2.78 ns 0.07

2.4 m Shoulder 13:30 0.70 2.50 ns 0.07

2.4 m Shoulder 14:00 0.28 0.99 ns 0.02

2.4 m Shoulder 14:30 0.03 0.09 ns 0.01

2.4 m Shoulder 15:00 -0.12 -0.40 ns -0.01

2.4 m Shoulder 15:30 -0.16 -0.56 ns -0.01

2.4 m Shoulder 16:00 -0.21 -0.73 ns -0.02

2.4 m Shoulder 16:30 -0.61 -2.16 ns -0.05

2.4 m Shoulder 17:00 -1.51 -5.40 ns -0.11

2.4 m Shoulder 17:30 -2.58 -9.44 *** -0.21

2.4 m Shoulder 18:00 -4.28 -16.01 *** -0.32

2.4 m Shoulder 18:30 -4.58 -18.17 *** -0.34

2.4 m Shoulder 19:00 -4.19 -17.66 *** -0.32

2.4 m Shoulder 19:30 -3.46 -16.06 *** -0.25

2.4 m Shoulder 20:00 -2.13 -11.55 *** -0.18

2.4 m Shoulder 20:30 -1.21 -7.81 ns -0.10

2.4 m Shoulder 21:00 -0.50 -3.86 ns -0.05

2.4 m Shoulder 21:30 -0.36 -3.14 ns -0.04

2.4 m Shoulder 22:00 -0.32 -3.00 ns -0.04

2.4 m Shoulder 22:30 -0.32 -3.17 ns -0.04

2.4 m Shoulder 23:00 -0.30 -3.19 ns -0.04

2.4 m Shoulder 23:30 -0.35 -3.84 ns -0.05
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Table S 3: Summary table for wet bulb globe temperature differences between agrivoltaic treatments

and their respective control. The table includes each 30-minute interval, absolute difference and percent-

age difference between each agrivoltaic treatment and control condition, the significance of the difference

(corrected for FDR), and the effect size.

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

100% cover-

age

Peak 0:00 0.43 2.49 ns 0.07

100% cover-

age

Peak 0:30 0.41 2.40 ns 0.07

100% cover-

age

Peak 1:00 0.44 2.58 ns 0.07

100% cover-

age

Peak 1:30 0.45 2.69 ns 0.08

100% cover-

age

Peak 2:00 0.46 2.74 ns 0.07

100% cover-

age

Peak 2:30 0.46 2.77 ns 0.08

100% cover-

age

Peak 3:00 0.48 2.96 ns 0.08

100% cover-

age

Peak 3:30 0.48 2.92 ns 0.08

100% cover-

age

Peak 4:00 0.50 3.07 * 0.09

100% cover-

age

Peak 4:30 0.47 2.95 ns 0.08

100% cover-

age

Peak 5:00 0.41 2.56 ns 0.07

100% cover-

age

Peak 5:30 0.44 2.73 ns 0.08

100% cover-

age

Peak 6:00 0.13 0.79 ns 0.02

100% cover-

age

Peak 6:30 -0.62 -3.57 ** -0.14

100% cover-

age

Peak 7:00 -1.73 -8.93 *** -0.40

100% cover-

age

Peak 7:30 -2.38 -11.11 *** -0.53

100% cover-

age

Peak 8:00 -2.75 -12.15 *** -0.60

100% cover-

age

Peak 8:30 -3.04 -12.93 *** -0.65

100% cover-

age

Peak 9:00 -2.32 -9.74 *** -0.51

Continued on next page
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Table S 3 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

100% cover-

age

Peak 9:30 -2.38 -9.82 *** -0.55

100% cover-

age

Peak 10:00 -2.72 -10.99 *** -0.63

100% cover-

age

Peak 10:30 -2.98 -11.86 *** -0.69

100% cover-

age

Peak 11:00 -3.01 -11.89 *** -0.70

100% cover-

age

Peak 11:30 -2.75 -10.74 *** -0.68

100% cover-

age

Peak 12:00 -2.75 -10.69 *** -0.68

100% cover-

age

Peak 12:30 -2.58 -10.00 *** -0.66

100% cover-

age

Peak 13:00 -2.56 -9.90 *** -0.66

100% cover-

age

Peak 13:30 -2.52 -9.71 *** -0.64

100% cover-

age

Peak 14:00 -2.29 -8.89 *** -0.56

100% cover-

age

Peak 14:30 -2.31 -9.02 *** -0.56

100% cover-

age

Peak 15:00 -2.19 -8.61 *** -0.53

100% cover-

age

Peak 15:30 -1.98 -7.86 *** -0.49

100% cover-

age

Peak 16:00 -1.92 -7.68 *** -0.48

100% cover-

age

Peak 16:30 -1.61 -6.55 *** -0.41

100% cover-

age

Peak 17:00 -1.29 -5.33 *** -0.34

100% cover-

age

Peak 17:30 -1.03 -4.33 *** -0.26

100% cover-

age

Peak 18:00 -0.50 -2.18 ** -0.14

100% cover-

age

Peak 18:30 0.32 1.51 ns 0.07

100% cover-

age

Peak 19:00 0.40 1.92 ns 0.08

100% cover-

age

Peak 19:30 0.61 3.08 ** 0.14

Continued on next page
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Table S 3 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

100% cover-

age

Peak 20:00 0.73 3.84 *** 0.16

100% cover-

age

Peak 20:30 0.77 4.20 *** 0.15

100% cover-

age

Peak 21:00 0.69 3.82 ** 0.13

100% cover-

age

Peak 21:30 0.61 3.39 ** 0.12

100% cover-

age

Peak 22:00 0.53 2.97 * 0.10

100% cover-

age

Peak 22:30 0.46 2.59 ns 0.08

100% cover-

age

Peak 23:00 0.46 2.61 ns 0.08

100% cover-

age

Peak 23:30 0.43 2.46 ns 0.07

100% cover-

age

Shoulder 0:00 0.66 7.16 * 0.11

100% cover-

age

Shoulder 0:30 0.63 7.08 * 0.11

100% cover-

age

Shoulder 1:00 0.63 7.17 * 0.11

100% cover-

age

Shoulder 1:30 0.61 7.10 * 0.11

100% cover-

age

Shoulder 2:00 0.62 7.33 * 0.11

100% cover-

age

Shoulder 2:30 0.66 8.05 * 0.12

100% cover-

age

Shoulder 3:00 0.67 8.34 * 0.12

100% cover-

age

Shoulder 3:30 0.62 7.89 * 0.12

100% cover-

age

Shoulder 4:00 0.64 8.18 * 0.12

100% cover-

age

Shoulder 4:30 0.62 8.07 * 0.12

100% cover-

age

Shoulder 5:00 0.62 8.15 * 0.12

100% cover-

age

Shoulder 5:30 0.58 7.50 * 0.11

100% cover-

age

Shoulder 6:00 0.36 4.56 ns 0.06
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Table S 3 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

100% cover-

age

Shoulder 6:30 -0.49 -5.36 ns -0.09

100% cover-

age

Shoulder 7:00 -1.66 -14.29 *** -0.25

100% cover-

age

Shoulder 7:30 -2.44 -17.49 *** -0.35

100% cover-

age

Shoulder 8:00 -3.33 -21.14 *** -0.53

100% cover-

age

Shoulder 8:30 -2.91 -17.09 *** -0.49

100% cover-

age

Shoulder 9:00 -2.80 -16.11 *** -0.40

100% cover-

age

Shoulder 9:30 -3.01 -16.79 *** -0.46

100% cover-

age

Shoulder 10:00 -3.39 -18.46 *** -0.55

100% cover-

age

Shoulder 10:30 -3.48 -18.62 *** -0.58

100% cover-

age

Shoulder 11:00 -3.22 -17.17 *** -0.55

100% cover-

age

Shoulder 11:30 -3.02 -15.99 *** -0.52

100% cover-

age

Shoulder 12:00 -2.97 -15.83 *** -0.52

100% cover-

age

Shoulder 12:30 -2.77 -14.65 *** -0.49

100% cover-

age

Shoulder 13:00 -2.74 -14.39 *** -0.50

100% cover-

age

Shoulder 13:30 -2.71 -14.35 *** -0.49

100% cover-

age

Shoulder 14:00 -2.56 -13.20 *** -0.49

100% cover-

age

Shoulder 14:30 -2.64 -13.62 *** -0.50

100% cover-

age

Shoulder 15:00 -2.46 -12.81 *** -0.49

100% cover-

age

Shoulder 15:30 -2.23 -11.75 *** -0.45

100% cover-

age

Shoulder 16:00 -2.05 -10.99 *** -0.42

100% cover-

age

Shoulder 16:30 -1.73 -9.48 *** -0.36
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Table S 3 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

100% cover-

age

Shoulder 17:00 -1.33 -7.43 *** -0.26

100% cover-

age

Shoulder 17:30 -0.73 -4.30 ** -0.15

100% cover-

age

Shoulder 18:00 0.01 0.07 ns 0.00

100% cover-

age

Shoulder 18:30 0.83 5.87 ** 0.16

100% cover-

age

Shoulder 19:00 0.70 5.27 ** 0.14

100% cover-

age

Shoulder 19:30 0.98 8.04 *** 0.19

100% cover-

age

Shoulder 20:00 1.06 9.44 *** 0.21

100% cover-

age

Shoulder 20:30 1.05 10.02 *** 0.20

100% cover-

age

Shoulder 21:00 0.88 8.71 ** 0.16

100% cover-

age

Shoulder 21:30 0.73 7.32 * 0.12

100% cover-

age

Shoulder 22:00 0.58 5.84 ns 0.10

100% cover-

age

Shoulder 22:30 0.59 6.03 * 0.10

100% cover-

age

Shoulder 23:00 0.60 6.18 * 0.11

100% cover-

age

Shoulder 23:30 0.59 6.17 * 0.10

50% coverage Peak 0:00 0.58 3.51 * 0.10

50% coverage Peak 0:30 0.53 3.26 ns 0.08

50% coverage Peak 1:00 0.61 3.83 ns 0.09

50% coverage Peak 1:30 0.63 3.96 ns 0.09

50% coverage Peak 2:00 0.64 4.12 ns 0.09

50% coverage Peak 2:30 0.64 4.11 ns 0.10

50% coverage Peak 3:00 0.65 4.19 * 0.10

50% coverage Peak 3:30 0.62 4.07 ns 0.09

50% coverage Peak 4:00 0.64 4.21 * 0.10

50% coverage Peak 4:30 0.66 4.40 * 0.10

50% coverage Peak 5:00 0.59 3.92 ns 0.10

50% coverage Peak 5:30 0.58 3.84 * 0.10

50% coverage Peak 6:00 0.32 2.07 ns 0.06

50% coverage Peak 6:30 -0.59 -3.52 * -0.12

50% coverage Peak 7:00 -1.84 -9.39 *** -0.36
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Table S 3 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

50% coverage Peak 7:30 -2.20 -10.12 *** -0.43

50% coverage Peak 8:00 -2.20 -9.58 *** -0.45

50% coverage Peak 8:30 -2.24 -9.48 *** -0.52

50% coverage Peak 9:00 -1.66 -6.81 *** -0.38

50% coverage Peak 9:30 -1.74 -7.22 *** -0.39

50% coverage Peak 10:00 -2.06 -8.31 *** -0.47

50% coverage Peak 10:30 -1.69 -6.77 *** -0.39

50% coverage Peak 11:00 -2.16 -8.55 *** -0.47

50% coverage Peak 11:30 -1.57 -6.12 *** -0.40

50% coverage Peak 12:00 -1.60 -6.27 *** -0.40

50% coverage Peak 12:30 -1.60 -6.17 *** -0.39

50% coverage Peak 13:00 -1.83 -7.04 *** -0.44

50% coverage Peak 13:30 -1.62 -6.25 *** -0.38

50% coverage Peak 14:00 -0.88 -3.41 *** -0.22

50% coverage Peak 14:30 -1.07 -4.19 *** -0.25

50% coverage Peak 15:00 -1.90 -7.47 *** -0.42

50% coverage Peak 15:30 -1.76 -6.99 *** -0.41

50% coverage Peak 16:00 -0.90 -3.61 *** -0.23

50% coverage Peak 16:30 -1.01 -4.08 *** -0.24

50% coverage Peak 17:00 -1.15 -4.74 *** -0.27

50% coverage Peak 17:30 -0.67 -2.85 ** -0.15

50% coverage Peak 18:00 0.07 0.30 ns 0.01

50% coverage Peak 18:30 0.67 3.13 ** 0.14

50% coverage Peak 19:00 0.80 3.96 *** 0.17

50% coverage Peak 19:30 0.77 3.99 ** 0.15

50% coverage Peak 20:00 1.10 6.03 *** 0.20

50% coverage Peak 20:30 1.00 5.71 *** 0.18

50% coverage Peak 21:00 0.88 5.12 ** 0.15

50% coverage Peak 21:30 0.75 4.44 ** 0.13

50% coverage Peak 22:00 0.63 3.75 * 0.11

50% coverage Peak 22:30 0.59 3.52 * 0.10

50% coverage Peak 23:00 0.58 3.47 ns 0.09

50% coverage Peak 23:30 0.55 3.31 ns 0.09

50% coverage Shoulder 0:00 0.58 6.35 ns 0.09

50% coverage Shoulder 0:30 0.60 6.64 ns 0.10

50% coverage Shoulder 1:00 0.61 6.96 ns 0.10

50% coverage Shoulder 1:30 0.64 7.42 ns 0.10

50% coverage Shoulder 2:00 0.62 7.43 * 0.10

50% coverage Shoulder 2:30 0.61 7.43 * 0.10

50% coverage Shoulder 3:00 0.64 7.83 * 0.10

50% coverage Shoulder 3:30 0.58 7.11 ns 0.09

50% coverage Shoulder 4:00 0.61 7.60 ns 0.10

50% coverage Shoulder 4:30 0.63 8.05 ns 0.10
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Table S 3 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

50% coverage Shoulder 5:00 0.62 7.96 ns 0.10

50% coverage Shoulder 5:30 0.57 7.35 ns 0.09

50% coverage Shoulder 6:00 0.46 5.81 ns 0.07

50% coverage Shoulder 6:30 -0.34 -3.77 ns -0.06

50% coverage Shoulder 7:00 -1.39 -12.17 *** -0.21

50% coverage Shoulder 7:30 -2.06 -14.93 *** -0.31

50% coverage Shoulder 8:00 -2.43 -15.47 *** -0.39

50% coverage Shoulder 8:30 -1.99 -11.68 *** -0.34

50% coverage Shoulder 9:00 -1.67 -9.54 *** -0.27

50% coverage Shoulder 9:30 -1.85 -10.13 *** -0.29

50% coverage Shoulder 10:00 -1.96 -10.61 *** -0.30

50% coverage Shoulder 10:30 -1.94 -10.39 *** -0.33

50% coverage Shoulder 11:00 -2.71 -14.47 *** -0.43

50% coverage Shoulder 11:30 -1.57 -8.37 *** -0.24

50% coverage Shoulder 12:00 -1.18 -6.10 *** -0.20

50% coverage Shoulder 12:30 -0.97 -5.10 ** -0.15

50% coverage Shoulder 13:00 -1.79 -9.43 *** -0.30

50% coverage Shoulder 13:30 -1.68 -8.84 *** -0.29

50% coverage Shoulder 14:00 -1.10 -5.75 *** -0.19

50% coverage Shoulder 14:30 -1.33 -6.94 *** -0.23

50% coverage Shoulder 15:00 -2.02 -10.70 *** -0.36

50% coverage Shoulder 15:30 -1.64 -8.81 *** -0.30

50% coverage Shoulder 16:00 -0.58 -3.09 * -0.11

50% coverage Shoulder 16:30 -0.98 -5.48 *** -0.19

50% coverage Shoulder 17:00 -1.26 -7.15 *** -0.23

50% coverage Shoulder 17:30 -0.43 -2.59 ns -0.09

50% coverage Shoulder 18:00 0.45 2.93 ns 0.08

50% coverage Shoulder 18:30 1.01 7.44 *** 0.19

50% coverage Shoulder 19:00 0.82 6.51 ** 0.15

50% coverage Shoulder 19:30 1.09 9.40 *** 0.19

50% coverage Shoulder 20:00 1.13 10.62 *** 0.20

50% coverage Shoulder 20:30 1.02 10.11 *** 0.17

50% coverage Shoulder 21:00 0.90 9.10 ** 0.14

50% coverage Shoulder 21:30 0.66 6.72 * 0.11

50% coverage Shoulder 22:00 0.58 5.96 ns 0.09

50% coverage Shoulder 22:30 0.60 6.13 ns 0.09

50% coverage Shoulder 23:00 0.59 6.26 ns 0.09

50% coverage Shoulder 23:30 0.59 6.27 ns 0.09

1.8 m Peak 0:00 -0.21 -1.52 ns -0.08

1.8 m Peak 0:30 -0.28 -2.02 ns -0.06

1.8 m Peak 1:00 -0.30 -2.21 ns -0.07

1.8 m Peak 1:30 -0.26 -2.02 ns -0.08

1.8 m Peak 2:00 -0.35 -2.77 ns -0.06
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Table S 3 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

1.8 m Peak 2:30 -0.33 -2.67 ns -0.08

1.8 m Peak 3:00 -0.37 -3.02 ns -0.08

1.8 m Peak 3:30 -0.41 -3.43 ns -0.09

1.8 m Peak 4:00 -0.37 -3.21 ns -0.09

1.8 m Peak 4:30 -0.38 -3.43 ns -0.08

1.8 m Peak 5:00 -0.37 -3.39 ns -0.09

1.8 m Peak 5:30 -0.40 -3.73 ns -0.08

1.8 m Peak 6:00 -0.41 -3.88 ns -0.09

1.8 m Peak 6:30 -0.40 -3.89 ns -0.09

1.8 m Peak 7:00 -0.41 -3.97 ns -0.09

1.8 m Peak 7:30 -0.72 -6.54 * -0.09

1.8 m Peak 8:00 -1.37 -10.58 *** -0.17

1.8 m Peak 8:30 -2.42 -15.54 *** -0.32

1.8 m Peak 9:00 -3.39 -19.03 *** -0.52

1.8 m Peak 9:30 -3.88 -20.02 *** -0.71

1.8 m Peak 10:00 -3.58 -17.36 *** -0.74

1.8 m Peak 10:30 -2.55 -11.96 *** -0.68

1.8 m Peak 11:00 -1.46 -6.58 *** -0.53

1.8 m Peak 11:30 0.14 0.64 ns -0.33

1.8 m Peak 12:00 0.89 3.85 ** 0.01

1.8 m Peak 12:30 1.57 6.71 *** 0.18

1.8 m Peak 13:00 2.27 9.62 *** 0.33

1.8 m Peak 13:30 2.37 9.89 *** 0.46

1.8 m Peak 14:00 1.73 7.17 *** 0.50

1.8 m Peak 14:30 0.90 3.70 *** 0.39

1.8 m Peak 15:00 0.56 2.32 ns 0.22

1.8 m Peak 15:30 0.34 1.42 ns 0.13

1.8 m Peak 16:00 0.26 1.13 ns 0.07

1.8 m Peak 16:30 0.17 0.75 ns 0.05

1.8 m Peak 17:00 0.14 0.60 ns 0.03

1.8 m Peak 17:30 -0.13 -0.60 ns 0.03

1.8 m Peak 18:00 -0.72 -3.27 ** -0.03

1.8 m Peak 18:30 -0.99 -4.55 ** -0.18

1.8 m Peak 19:00 -1.21 -5.66 *** -0.22

1.8 m Peak 19:30 -1.26 -6.06 *** -0.29

1.8 m Peak 20:00 -1.08 -5.26 ** -0.29

1.8 m Peak 20:30 -0.69 -3.55 ns -0.22

1.8 m Peak 21:00 -0.52 -2.85 ns -0.15

1.8 m Peak 21:30 -0.22 -1.27 ns -0.12

1.8 m Peak 22:00 -0.15 -0.92 ns -0.06

1.8 m Peak 22:30 -0.20 -1.33 ns -0.04

1.8 m Peak 23:00 -0.24 -1.59 ns -0.05

1.8 m Peak 23:30 -0.25 -1.73 ns -0.06
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Table S 3 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

1.8 m Shoulder 0:00 -0.53 -8.78 ns -0.06

1.8 m Shoulder 0:30 -0.56 -9.79 ns -0.08

1.8 m Shoulder 1:00 -0.54 -10.09 ns -0.08

1.8 m Shoulder 1:30 -0.55 -10.78 ns -0.08

1.8 m Shoulder 2:00 -0.54 -11.45 ns -0.08

1.8 m Shoulder 2:30 -0.57 -13.00 ns -0.08

1.8 m Shoulder 3:00 -0.55 -13.46 ns -0.08

1.8 m Shoulder 3:30 -0.54 -14.27 ns -0.08

1.8 m Shoulder 4:00 -0.53 -14.73 ns -0.08

1.8 m Shoulder 4:30 -0.52 -14.96 ns -0.08

1.8 m Shoulder 5:00 -0.51 -15.81 ns -0.07

1.8 m Shoulder 5:30 -0.51 -16.86 ns -0.07

1.8 m Shoulder 6:00 -0.50 -17.72 ns -0.07

1.8 m Shoulder 6:30 -0.48 -18.90 ns -0.07

1.8 m Shoulder 7:00 -0.54 -22.49 ns -0.07

1.8 m Shoulder 7:30 -0.62 -24.42 ns -0.08

1.8 m Shoulder 8:00 -0.92 -27.32 ns -0.09

1.8 m Shoulder 8:30 -1.63 -31.50 *** -0.13

1.8 m Shoulder 9:00 -2.64 -34.16 *** -0.20

1.8 m Shoulder 9:30 -3.56 -34.60 *** -0.31

1.8 m Shoulder 10:00 -3.83 -31.55 *** -0.41

1.8 m Shoulder 10:30 -3.42 -25.52 *** -0.46

1.8 m Shoulder 11:00 -2.14 -15.13 *** -0.41

1.8 m Shoulder 11:30 -0.88 -5.96 ns -0.26

1.8 m Shoulder 12:00 0.42 2.74 ns -0.11

1.8 m Shoulder 12:30 0.99 6.28 ns 0.05

1.8 m Shoulder 13:00 1.28 7.87 ** 0.12

1.8 m Shoulder 13:30 1.54 9.22 *** 0.16

1.8 m Shoulder 14:00 1.00 5.92 ns 0.19

1.8 m Shoulder 14:30 0.67 3.95 ns 0.13

1.8 m Shoulder 15:00 0.43 2.52 ns 0.08

1.8 m Shoulder 15:30 0.40 2.37 ns 0.06

1.8 m Shoulder 16:00 0.20 1.22 ns 0.06

1.8 m Shoulder 16:30 -0.16 -0.99 ns 0.03

1.8 m Shoulder 17:00 -0.60 -3.70 ns -0.02

1.8 m Shoulder 17:30 -1.01 -6.32 ** -0.09

1.8 m Shoulder 18:00 -1.42 -9.11 *** -0.14

1.8 m Shoulder 18:30 -1.45 -9.69 *** -0.20

1.8 m Shoulder 19:00 -1.33 -9.36 ** -0.19

1.8 m Shoulder 19:30 -1.10 -8.22 * -0.18

1.8 m Shoulder 20:00 -0.73 -6.06 ns -0.14

1.8 m Shoulder 20:30 -0.58 -5.53 ns -0.09

1.8 m Shoulder 21:00 -0.47 -5.12 ns -0.08
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Table S 3 – Continued from previous page

Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

1.8 m Shoulder 21:30 -0.41 -5.03 ns -0.06

1.8 m Shoulder 22:00 -0.44 -5.80 ns -0.06

1.8 m Shoulder 22:30 -0.49 -6.75 ns -0.06

1.8 m Shoulder 23:00 -0.48 -6.98 ns -0.07

1.8 m Shoulder 23:30 -0.50 -7.79 ns -0.07

2.4 m Peak 0:00 -0.30 -2.15 ns -0.07

2.4 m Peak 0:30 -0.38 -2.79 ns -0.09

2.4 m Peak 1:00 -0.38 -2.80 ns -0.10

2.4 m Peak 1:30 -0.38 -2.90 ns -0.10

2.4 m Peak 2:00 -0.44 -3.41 ns -0.09

2.4 m Peak 2:30 -0.40 -3.22 ns -0.10

2.4 m Peak 3:00 -0.45 -3.73 ns -0.09

2.4 m Peak 3:30 -0.49 -4.15 ns -0.10

2.4 m Peak 4:00 -0.46 -4.06 ns -0.11

2.4 m Peak 4:30 -0.46 -4.14 ns -0.10

2.4 m Peak 5:00 -0.46 -4.21 ns -0.11

2.4 m Peak 5:30 -0.47 -4.44 ns -0.10

2.4 m Peak 6:00 -0.49 -4.69 ns -0.11

2.4 m Peak 6:30 -0.49 -4.73 ns -0.11

2.4 m Peak 7:00 -0.49 -4.81 ns -0.11

2.4 m Peak 7:30 -0.78 -7.10 ** -0.11

2.4 m Peak 8:00 -1.30 -10.06 *** -0.18

2.4 m Peak 8:30 -2.24 -14.43 *** -0.30

2.4 m Peak 9:00 -3.31 -18.60 *** -0.50

2.4 m Peak 9:30 -3.86 -19.92 *** -0.71

2.4 m Peak 10:00 -4.15 -20.14 *** -0.75

2.4 m Peak 10:30 -3.78 -17.70 *** -0.75

2.4 m Peak 11:00 -2.90 -13.07 *** -0.71

2.4 m Peak 11:30 -1.69 -7.47 *** -0.59

2.4 m Peak 12:00 0.15 0.66 ns -0.39

2.4 m Peak 12:30 0.99 4.25 ** 0.02

2.4 m Peak 13:00 1.74 7.36 *** 0.20

2.4 m Peak 13:30 1.75 7.29 *** 0.37

2.4 m Peak 14:00 0.90 3.74 *** 0.41

2.4 m Peak 14:30 0.15 0.62 ns 0.23

2.4 m Peak 15:00 0.00 0.00 ns 0.04

2.4 m Peak 15:30 -0.19 -0.81 ns 0.00

2.4 m Peak 16:00 -0.18 -0.78 ns -0.05

2.4 m Peak 16:30 -0.24 -1.03 ns -0.05

2.4 m Peak 17:00 -0.29 -1.28 ns -0.06

2.4 m Peak 17:30 -0.72 -3.21 ns -0.07

2.4 m Peak 18:00 -1.28 -5.82 *** -0.15

2.4 m Peak 18:30 -1.60 -7.37 *** -0.29
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Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

2.4 m Peak 19:00 -1.59 -7.47 *** -0.35

2.4 m Peak 19:30 -1.37 -6.60 *** -0.37

2.4 m Peak 20:00 -1.24 -6.03 *** -0.31

2.4 m Peak 20:30 -1.06 -5.44 *** -0.25

2.4 m Peak 21:00 -0.54 -2.96 ns -0.23

2.4 m Peak 21:30 -0.39 -2.33 ns -0.12

2.4 m Peak 22:00 -0.27 -1.73 ns -0.11

2.4 m Peak 22:30 -0.30 -1.95 ns -0.08

2.4 m Peak 23:00 -0.33 -2.23 ns -0.08

2.4 m Peak 23:30 -0.37 -2.60 ns -0.09

2.4 m Shoulder 0:00 -0.60 -9.92 ns -0.10

2.4 m Shoulder 0:30 -0.62 -10.74 ns -0.09

2.4 m Shoulder 1:00 -0.60 -11.13 ns -0.09

2.4 m Shoulder 1:30 -0.60 -11.95 ns -0.09

2.4 m Shoulder 2:00 -0.59 -12.67 ns -0.09

2.4 m Shoulder 2:30 -0.62 -14.25 ns -0.08

2.4 m Shoulder 3:00 -0.61 -15.04 ns -0.09

2.4 m Shoulder 3:30 -0.61 -16.00 ns -0.09

2.4 m Shoulder 4:00 -0.60 -16.54 ns -0.09

2.4 m Shoulder 4:30 -0.58 -16.70 ns -0.09

2.4 m Shoulder 5:00 -0.58 -17.91 ns -0.08

2.4 m Shoulder 5:30 -0.59 -19.43 ns -0.08

2.4 m Shoulder 6:00 -0.56 -20.03 ns -0.08

2.4 m Shoulder 6:30 -0.55 -21.42 ns -0.08

2.4 m Shoulder 7:00 -0.61 -25.36 ns -0.08

2.4 m Shoulder 7:30 -0.67 -26.51 ns -0.09

2.4 m Shoulder 8:00 -0.92 -27.50 ns -0.10

2.4 m Shoulder 8:30 -1.59 -30.85 *** -0.13

2.4 m Shoulder 9:00 -2.56 -33.07 *** -0.19

2.4 m Shoulder 9:30 -3.41 -33.14 *** -0.30

2.4 m Shoulder 10:00 -3.92 -32.24 *** -0.40

2.4 m Shoulder 10:30 -4.01 -29.86 *** -0.47

2.4 m Shoulder 11:00 -3.30 -23.36 *** -0.48

2.4 m Shoulder 11:30 -2.24 -15.15 *** -0.40

2.4 m Shoulder 12:00 -0.68 -4.46 ns -0.27

2.4 m Shoulder 12:30 0.59 3.73 ns -0.08

2.4 m Shoulder 13:00 0.97 5.94 ns 0.07

2.4 m Shoulder 13:30 1.04 6.26 ns 0.12

2.4 m Shoulder 14:00 0.39 2.33 ns 0.13

2.4 m Shoulder 14:30 0.10 0.60 ns 0.05

2.4 m Shoulder 15:00 -0.04 -0.26 ns 0.01

2.4 m Shoulder 15:30 0.01 0.04 ns -0.01

2.4 m Shoulder 16:00 -0.11 -0.63 ns 0.00
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Treatment Season Time
Absolute

diff.

Percentage

diff.
Sig.

Effect

size

2.4 m Shoulder 16:30 -0.60 -3.62 ns -0.01

2.4 m Shoulder 17:00 -1.12 -6.86 ** -0.08

2.4 m Shoulder 17:30 -1.60 -10.04 *** -0.15

2.4 m Shoulder 18:00 -1.92 -12.34 *** -0.22

2.4 m Shoulder 18:30 -1.80 -12.03 *** -0.26

2.4 m Shoulder 19:00 -1.56 -10.93 *** -0.24

2.4 m Shoulder 19:30 -1.29 -9.63 ** -0.21

2.4 m Shoulder 20:00 -0.85 -7.13 ns -0.16

2.4 m Shoulder 20:30 -0.72 -6.81 ns -0.11

2.4 m Shoulder 21:00 -0.54 -5.87 ns -0.10

2.4 m Shoulder 21:30 -0.49 -5.94 ns -0.07

2.4 m Shoulder 22:00 -0.51 -6.68 ns -0.07

2.4 m Shoulder 22:30 -0.54 -7.51 ns -0.07

2.4 m Shoulder 23:00 -0.54 -7.88 ns -0.08

2.4 m Shoulder 23:30 -0.57 -8.87 ns -0.07
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