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Supplemental File S5. Temperature-Humidity analysis  

Previous studies have used both temperature and the Temperature-Humidity Index (THI) to 

measure the impacts of heat stress on animals. THI considers both the effects of temperature 

and relative humidity associated with thermal stress, and was initially developed to gauge 

human heat discomfort (Thom, 1959), although numerous modifications have been created for 

use on cattle e.g., (Berry, 1964; Mader et al., 2006; Morton et al., 2007). THI is relatively 

simple to measure, including on farms with large herds (Li et al., 2009), although most studies 

do not usually account for localized ‘microclimates’ (fine-scale spatiotemporal variations in 

temperature and humidity) within indoor environments (Bouraoui et al., 2002; Morton et al., 

2007; McDonald et al., 2020).  

 

Here we explain in further detail how humidity and temperature were combined and assessed 

in relation to the observed bunching metrics. Although humidity was not recorded within the 

barn, so we were unable to assess micro-variation in humidity, macro-level changes in humidity 

should be reflected from recordings taken from a local weather station even though these are 

not a direct measure of the indoor environment. Moreover, similarly weak relative humidity 

data has been used in previous studies assessing the impacts of heat stress on cattle e.g., 

(McDonald et al., 2020). We therefore obtained hourly relative humidity readings Harold Hill 

weather station (Weather Underground, 2014a), approximately 11km from the study location. 

We also considered data from Stanford Rivers (approximately 7km from the study site), but 

we did not use these data because of frequent non-sensical recordings, with the maximum of 

100% humidity frequently recorded for an unrealistic number of consecutive time points 

(Weather Underground, 2014b). We thus calculated Temperature Humidity Index (THI) using 

the equation from (Kibler, 1964) (Equation 1): 

 

Equation 1.    1.8 × 𝑇 − (1 − 𝑅𝐻)(𝑇 − 14.3) + 32,  

where BT = barn temperature (°C), and RH = relative humidity. 

Supplemental Figure S5.1A shows that THI using humidity from Harold Hill peaked during 

the afternoon. The mean hourly THI reaches above the hypothesized breakpoint of THI = 65 

during the afternoon in August and September, but not during October and November 

(Supplemental Figure S5.1A). Supplemental Figure S5.2B shows THI per hour across time, 

showing that most of the values above the hypothesized breakpoint of THI = 65 lie in August 

and September (~88.52%, n = 455 of 514 hours).
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Supplemental Figure S5.1. (A) Mean 24-hourly Temperature-Humidity Index (THI) averaged over all 

days per month, and (B) mean THI recorded during the entire study period (August to November 2014). 

In A, months shown are August = red, September = orange, October = pink, November = purple. The 

data along the x axis shaded in light grey correspond to milking periods (05:00-07:59, 12:00-14:59, 

20:00-22:59) and periods during which the sensor reset (23:00 to 00:59). In B, the black data points are 

included in the analysis (“analysed”). The remaining data points, in grey, were removed from the 

analysis due to milking or because they correspond to when the system reset (“removed”). Instances 

where THI ≥ 65 are above the black horizontal line (n = 451 of 1125 hours). 
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Analysis was conducted to assess the relationship between the THI values from Harold Hill 

weather station and each of the bunching metrics (core range = CR, full range (FR), intercow 

distance (ICD) and nearest neighbor distance = NND), to determine whether the relationships 

vastly differ from those using temperature alone (Table 2 in main paper). For this, we used a 

breakpoint of THI = 65, the typical THI in UK barns according to six months of data collected 

from six farms in 2021 (Chamberlain et al., 2022), roughly equivalent to 20°C at a relative 

humidity of 60% (the mean hourly value over the study duration).  

 

Using the hypothesized breakpoint of THI = 65, the breakpoint is significant for all the metrics 

except ICD considering all the data, although this also becomes non-significant when excluding 

outliers for FR and NND (n = 5 data points) to satisfy model assumptions (Supplemental Table 

S5.1-2; Supplemental Figure S5.3). The relation is (significantly) negative above this 

breakpoint, before and after excluding the outliers (n = 5 data points), except for with NND 

after excluding outliers (Supplemental Table S5.1-2; Supplemental Figure S5.3). It is not 

unexpected that the negative pattern does not hold for NND; the positive relationship with THI 

is negligible and non-significant (e = 0.001, P = 0.51; Supplemental Table S5.1), like the non-

significant weak relationship found between NND and barn temperature (e = -0.01, P = 0.19; 

Table 2 in main paper).
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Supplemental Table S5.1. Linear regression model outputs below and above the hypothesized 

breakpoint of Temperature-Humidity Index (THI) = 65 (n = 998 and 283 data points, respectively), 

using humidity from a local weather station, Harold Hill. Chow test outputs testing the significance of 

the hypothesized breakpoint are also shown. Each test is conducted for each bunching metric, with 

outliers1 

1Bunching metrics: CR = core range, FR = full range, ICD = intercow distance, NND = nearest-

neighbor distance. 

*Significant P-values.

Metric Chow-test  THI < 65 

[Shapiro-Wilks; NVC] 

THI ≥ 65 

[Shapiro-Wilks; NVC] 

CR F = 12.87,  

p = 2.94e-6* 

e = -0.13, SE = 0.06,  

t-value = -2.38, P = 0.02* 

[W = 0.98, P = 5.54e-9*; 

Chi-sq = 0.97, P = 0.33] 

e = -1.44, SE = 0.18,  

t-value = -7.86, P = 8.12e-14* 

[W = 0.99, P = 0.006*; 

Chi-sq = 0.68, P = 0.41] 

FR F = 8.56,  

p = 0.0002* 

e = -0.20, SE = 0.11,  

t-value = -1.85, P = 0.06 

[W = 0.99, P = 1.61e-7*; 

Chi-sq = 0.48, P = 0.49] 

e = -1.77, SE = 0.47,  

t-value = -3.81, P = 0.0002* 

[W = 0.98, P = 0.0001*; 

Chi-sq = 5.44, P = 0.02*] 

ICD F = 1.98,  

p = 0.14 

e = -0.01, SE = 0.005,  

t-value = -2.78, P = 0.005*  

[W = 0.94, P < 2.2e-16*; 

Chi-sq = 61.71, P = 3.99e-15*] 

e = -0.24, SE = 0.03,  

t-value = -6.97, p = 2.28e-11*  

[W = 0.91, P = 6.84e-12*; 

Chi-sq = 0.73, P = 0.39] 

NND F = 7.94,  

p = 0.0004* 

e = 0.01, SE = 0.001,  

t-value = 8.19, P = 7.88e-16* 

[W = 0.99, P = 0.0003*; 

Chi-sq = 24.46, P =7.59e-7*] 

e = -0.002, SE = 0.007,  

t-value = -0.23, P = 0.82 

[W = 0.98, P = 0.0001*; 

Chi-sq = 0.96, P = 0.33] 
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Supplemental Table S5.2. Linear regression model outputs below and above the hypothesized 

breakpoint of Temperature-Humidity Index (THI) = 65 (n = 998 and 278 data points, respectively. 

Chow test outputs testing the significance of the hypothesized breakpoint are also shown. Each test is 

conducted for each bunching metric, without outliers (n = 5 data points), based on model assumption 

testing1 

1Bunching metrics: CR = core range, FR = full range, ICD = intercow distance, NND = nearest-

neighbor distance. 

*Significant P-values.

Metric Chow-test  THI < 65 

[Shapiro-Wilks; NVC] 

THI > 65 

[Shapiro-Wilks; NVC] 

CR F = 5.84,  

p = 0.003 

e = -0.11, SE = 0.05,  

t-value = -2.07, P = 0.04* 

[W = 0.98, P = 5.54e-9*; 

Chi-sq = 0.97, P = 0.33] 

e = -1.52, SE = 0.17,  

t-value = -8.76, P < 2.e-16* 

[W = 0.99, P = 0.06; 

Chi-sq = 2.60, P = 0.11] 

FR F = 1.84,  

p = 0.16 

e = -0.20, SE = 0.11,  

t-value = -1.85, P = 0.06 

[W = 0.99, P = 1.61e-7*; 

Chi-sq = 0.48, P = 0.49] 

e = -0.19, SE = 0.04,  

t-value = -4.98, P = 7.21e-7* 

[W = 0.99, P = 0.06; 

Chi-sq = 5.78, P = 0.02] 

ICD F = 1.87,  

p = 0.15 

e = -0.01, SE = 0.005,  

t-value = -2.45, P = 0.01* 

[W = 0.94, P < 2.2e-16*; 

Chi-sq = 61.71, P = 3.99e-15*] 

e = -0.25, SE = 0.03,  

t-value = -7.98, P = 3.84e-14* 

[W = 0.95, P = 2.27e-8*; 

Chi-sq = 1.49, P = 0.22] 

NND F = 0.14,  

p = 0.87 

e = 0.01, SE = 0.001,  

t-value = 8.53, P < 2e-16* 

[W = 0.99, P = 0.0003*; 

Chi-sq = 24.46, P = 7.59e-7*] 

e = 0.001, SE = 0.01,  

t-value = 0.14, p = 0.89 

[W = 1.00, P = 0.51; 

Chi-sq = 0.07, P = 0.79] 
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Supplemental Figure S5.2. Linear regression plot outputs below and above the hypothesized 

breakpoint of Temperature-Humidity Index (THI) = 65 (> THI = 65: n = 170 data points). Plots are 

shown for each bunching metric: core range (CR; 50%; measured in virtual cells of 2.25m2), full range 

(FR; 95%; measured in virtual cells of 2.25m2), intercow distance (ICD), nearest neighbor distance 

(NND), excluding outliers (n = 5 data points), based on model assumption testing. A single point 

represents an average per hour and points are colored by month: August = red, September = orange, 

October = pink and November = purple.  Significant relationships are marked with an asterisk (*). 
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Forced breakpoints are outputted as approximately THI = 54 to 68, and the relations above 

these breakpoints remain negative, and are significant for all metrics except for NND 

(Supplemental Table S5.3).  

 

Supplemental Table S5.3. The relation between Temperature-Humidity Index (THI) and each 

bunching metric. THI breakpoints were found using a data-driven approach. Outliers have been 

excluded, based on linear model assumption testing (n = 5 data points)1  

Metric BP Chow-test < BP ≥ BP 

CR 68.27 F = 5.20,  

P = 0.01 

e = -0.07, SE = 0.04,  

t-value = -1.68, P = 0.09 

e = -2.36, SE = 0.47,  

t-value = -5.02, P = 2.29e-6* 

FR 54.39 F = 2.34,  

P = 0.10 

e = 0.90, SE = 0.43,  

t-value = 2.11, P = 0.04* 

e = -0.58, SE = 0.11,  

t-value = -5.22, P = 2.19e-7* 

ICD 65.52 F = 2.43,  

P = 0.09 

e = -0.02, SE = 0.005,  

t-value = -3.45, P = 0.001* 

e = -0.27, SE = 0.03,  

t-value = -7.92, P = 8.5e-14* 

NND 68.47 F = 1.05,  

P = 0.35 

e = 0.01, SE = 0.001,  

t-value = 10.23, P < 2e-16* 

e = -0.01, SE = 0.02,  

t-value = -0.80, P = 0.42 

1Bunching metrics: CR = core range, FR = full range, ICD = intercow distance, NND = nearest-

neighbor distance. 

*Significant P-values.
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