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ABSTRACT

The combined use of solar photovoltaics and agricul-
ture may provide farmers with an alternative source 
of income and reduce heat stress in dairy cows. The 
objective of this study was to determine the effects on 
grazing cattle under shade from a solar photovoltaic 
system. The study was conducted at the University of 
Minnesota West Central Research and Outreach Center 
in Morris, Minnesota on a grazing dairy. Twenty-four 
crossbred cows were randomly assigned to 2 treatment 
groups (shade or no shade) from June to September in 
2019. The replicated (n = 4) treatment groups of 6 cows 
each were provided shade from a 30-kW photovoltaic 
system. Two groups of cows had access to shade in pad-
docks, and 2 groups of cows had no shade in paddocks. 
All cows were located in the same pasture during sum-
mer. Behavior observations and milk production were 
evaluated for cows during 4 periods of summer. Boluses 
and an eartag sensor monitored internal body tempera-
ture, activity, and rumination on all cows, respectively. 
Independent variables were the fixed effects of breed, 
treatment group, coat color, period, and parity, and 
random effects were replicate group, date, and cow. No 
differences in fly prevalence, milk production, fat and 
protein production, or drinking bouts were observed 
between the treatment groups. Shade cows had more 
ear flicks (11.4 ear flicks/30 s) than no-shade cows (8.6 
ear flicks/30 s) and had dirtier bellies and lower legs 
(2.2 and 3.2, respectively) than no-shade cows (1.9 and 
2.9, respectively). During afternoon hours, shade cows 
had lower respiration rates (66.4 breaths/min) than 
no-shade cows (78.3 breaths/min). From 1200 to 1800 
h and 1800 to 0000 h, shade cows had lower body tem-
perature (39.0 and 39.2°C, respectively) than no-shade 
cows (39.3 and 39.4°C, respectively). Furthermore, be-
tween milking times (0800 and 1600 h), the shade cows 
had lower body temperature (38.9°C) than no-shade 

cows (39.1°C). Agrivoltaics incorporated into pasture 
dairy systems may reduce the intensity of heats stress 
in dairy cows and increase well-being of cows and the 
efficiency of land use.
Key words: dairy, heat stress, pasture-based, solar 
photovoltaic

INTRODUCTION

Global warming has occurred on every continent, and 
greater than average warming has occurred over land 
than over oceans (Allen et al., 2018). Climate change 
is expected to cause greater than average maximum 
temperatures, greater than average minimum tempera-
tures, and lower than average cool days. An increase in 
the duration and intensity of heat waves and droughts 
are also likely to occur in most land regions (IPCC, 
2007).

Thermal balance is the difference between heat 
production and loss from metabolism and heat trans-
fer with the outside environment (National Research 
Council, 1981). Increased temperatures decrease the 
amount of time cattle are in zones of thermal comfort, 
and heat stress typically occurs above 25°C for cows 
(West, 2003). Some producers may modify barns with 
heat abatement measures such as sprinklers and fans to 
make use of evaporative cooling techniques. However, 
for pasture-based dairy systems, heat abatement for 
cows may pose a challenge. As temperatures increase, 
cow cooling for pasture-based systems necessitates fur-
ther exploration.

Heat stress has been estimated to cost the dairy in-
dustry in the United States more than $900 million 
annually due to production losses (St-Pierre et al., 
2003). The main contributors to heat stress are tem-
perature, humidity, and temperature-humidity index 
(THI); THI is used to estimate effects of heat stress 
on milk production, nutrition, behavior, reproduction, 
and overall health of cows (Cook et al., 2007; Tucker 
et al., 2008). A THI of 68 to 72 has been reported 
to induce heat stress in cows and decrease milk pro-
duction (Bohmanova et al., 2007; Becker et al., 2020), 
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decrease fertility (García-Ispierto et al., 2006), and 
increase lameness in dairy cattle (Cook et al., 2007). 
Prior research has been conducted on heat abatement 
measures in freestall barns with sprinklers, evaporative 
cooling, and fan design (Chen et al., 2015; Drwencke et 
al., 2020). However, pasture-based research efforts on 
heat abatement are limited and have investigated fabric 
and trees for shade and sprinklers (Tucker et al., 2008; 
Schütz et at., 2009; Palacio et al., 2015).

Agrivoltaics is the combined use of solar photovol-
taic (PV) and agricultural systems to provide mutual 
benefits for both the agricultural and energy industries 
(Hassanpour Adeh et al., 2018). Dupraz et al. (2011) 
determined that agrivoltaic systems have the potential 
to increase land productivity and efficiency by 60 to 
70%. Maia et al. (2020) used an agrivoltaic system to 
investigate the behaviors of sheep that had access to 
shade from solar panels or a shade cloth that blocked 
80% of solar irradiation. The authors found benefits 
of shade for sheep and reported that the solar system 
provided a resource for generating electrical energy, 
and thus reduced the carbon footprint of the farm. No 
research in the scientific literature has investigated the 
use of shade from a ground-mounted solar PV system 
and the effects on dairy cows. The current study used 
a solar PV system for shade that was a permanent 
structure in the pasture, and the solar panels were not 
translucent compared with shade cloth, which may 
not be permanent in pasture and may allow some light 
through the cloth. The permanent solar system is ex-

pected to be in the same location in the pasture for 
25 to 30 yr with low or no maintenance. The solar 
photovoltaic system would also provide benefits of solar 
energy for the farm, whereas shade cloth would provide 
no energy generation.

The hypothesis of the current study was that shade 
from solar panels for dairy cows would reduce the in-
tensity of heat stress indicated by reduced respiration 
rates, internal body temperatures, and drinking events. 
Therefore, the objective of this study was to investigate 
the effects of shade from solar PV on the production, 
health, and behavior of pastured dairy cows.

MATERIALS AND METHODS

Experimental Design and Collection of Data

The study was conducted at the University of Min-
nesota West Central Research and Outreach Center 
(WCROC) dairy farm in Morris, Minnesota. Animal 
care and management were approved by the University 
of Minnesota Institutional Animal Care and Use Com-
mittee (#1709–35099A). The WCROC dairy maintains 
300 cows in a low-input, grazing-based system. During 
the summer of 2018, a 30-kW ground-mounted solar 
system was installed in a single pasture at the WCROC 
(Figure 1). To optimize solar energy collection, the 
panels were mounted at a 35° angle facing due south. 
The Heliene solar panels (Heliene Photovoltaic Mod-
ules, Marie, Ontario) were mounted 2.4 to 3 m from 
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Figure 1. The 30-kW solar photovoltaic ground-mounted system for solar shading at the University of Minnesota West Central Research 
and Outreach Center in Morris, Minnesota.
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the ground so cows could not reach the panels. The 
solar system was a permanent fixture in the pasture 
and could not be moved to other pastures.

The study was conducted from June 2019 through 
September 2019. Twenty-four crossbred cows were en-
rolled and were randomly balanced across treatments 
by parity, breed group, DIM, and coat color. Crossbred 
cows were a mixture of Holstein, Montbéliarde, Viking 
Red, Jersey, and Normande breeds. All cows calved 
during the spring (March to May) of 2019. The cows 
were separated into 4 balanced and replicated groups, 
and each group had 6 cows. Replicated groups of 6 
cows had an equal number of breed groups and par-
ity and an equal number of cows determined to have 
either a minimum of 50% of a light-colored coat, 50% 
of a dark colored coat, or a mixture of both light and 
dark on their coats. Coat color was determined from 
photographs taken of the left and right side of each 
cow. Microsoft Paint software (Microsoft Corp., Red-
mond, WA) and visual analysis was used to determine 
the percentage of dark and light spots on the cows. 
The cow was determined to have a light coat color if 
over 50% of the coat was white or light colored. Dark 
colored coats were over 50% dark brown, black, or red. 
Mixed coats had an even amount of both dark and 
light coloring. The cows were from the certified organic 
herd at the WCROC and, during the study months, 
were required to be housed on pasture and to have at 
least 30% DMI from pasture (USDA-NOP, 2019). All 
cows had access to 3,500 kg of DM per hectare from 
pasture, and forages were smooth bromegrass (Bromus 
inermis), orchardgrass (Dactylis glomerata), meadow 
fescue (Festuca pratensis), quackgrass (Elymus repens), 
red clover (Trifolium pratense), and kura clover (Tri-
folium ambiguum M. Bieb.). All cows were located in 
the same pasture; however, each group was provided 
a different paddock of 5,030 m2 in area. Cows were 
assigned to 1 of 2 treatments: shade or no shade. Shade 
cows had access to the shade from the solar PV system 
on pasture. The no-shade cows did not have access to 
any shade from trees or buildings while on pasture. All 
treatment groups were provided a water tank and ad 
libitum access to a trace mineral mix. No grain or TMR 
was offered to cows. The cows were milked from 0600 to 
0800 h and from 1600 to 1800 h. Before milking, cows 
were in a holding pen (7 × 10 m) with rubber mats and 
2 circular fans. Cows were in the holding area and in 
the milking parlor for approximately 30 min each for 
milking before returning to pasture, and all cows were 
subject to the same heat abatement in the holding area.

Cows were provided access to pasture with the shade 
and no-shade treatments during 4 periods of the sum-
mer. Period 1 was from June 3 to June 10, 2019; pe-
riod 2 was from July 8 to July 12, 2019; period 3 was 

from August 12 to August 17, 2019; and period 4 was 
from September 16 to September 20, 2019. The study 
periods were chosen based on the rotational grazing 
management plan of the herd, and typically grazing 
starts in the Upper Midwest in late May or early June 
each year. The solar system was permanent in the pas-
ture; therefore, cows were on the study pasture based 
on grass growth and rotation of pastures within the 
dairy herd. The study allowed approximately 30 d of 
regrowth to occur on pasture before cows returned to 
the grazing pasture with the solar system. The first 
period was 7 d because maximum grass growth oc-
curs in pastures in the Upper Midwest in early June, 
and more grass was available for cows during the first 
period. The other periods were 5 d because of lower 
forage quantity in the pasture, and the cows would not 
have been able to graze for 7 d because of low forage 
availability for all cows in all groups. When cows were 
not on the study periods, they were combined with the 
remaining organic cows at the WCROC, which were 
housed on alternative pastures. The cows were with the 
same treatment groups during each period of the study.

Weather Data

Weather data were collected for each period during 
the study from the weather station at the WCROC lo-
cated at 45°35′44″ N and 95° 52′53″ W (HOBO RX3000 
Data Logger and Weather Station, Onset Computer 
Corp., Bourne, MA; Table 1). Data recorded included 
temperature, relative humidity (%), total precipitation, 
and solar irradiation (W/m2). The THI for each pe-
riod was determined using the following equation from 
Kendall et al. (2006): THI = (1.8 × T + 32) − [(0.55 
− 0.0055 × RH) × (1.8 × T − 26)], where T = air 
temperature (°C) and RH = relative humidity (%).

Behavioral and Biological Measurements

Fly Counts and Fly Avoidance Behaviors. Four 
observers were trained to collect biological and behav-
ioral measurements before the first study period. Before 
the initiation of the study, fly counts and fly avoidance 
behaviors, respiration, and hygiene scoring were agreed 
upon on site by 5 observers (an experienced animal 
scientist and the 4 observers that were conducting the 
visual observations for the study). These definitions 
were based on previous research studies and the train-
ing of the animal scientist (Sjostrom et al., 2019; Perttu 
et al., 2020). Fly counts on cows were recorded twice 
during the morning (1000 h) and twice during the eve-
ning (1600 h) observations. Stable flies on front and 
back legs were recorded as the mean number of stable 
flies per leg, horn flies per a cow’s side, and face flies 
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per a cow’s face. Fly counts were made from a distance 
of 4 m (Kienitz et al., 2018; Perttu et al., 2020). Ten 
behavior observations were conducted twice per day on 
every cow: once in the morning and once in the after-
noon. An observer watched each cow continuously for 
30 s and recorded ear flicks, tail swishes, foot stomps, 
head tosses, and skin twitches.

Fly avoidance behaviors included head tosses, skin 
twitches, tail swishes, front leg stomps, and back leg 
kicks. A head toss was recorded if the animal’s head was 
thrust back toward its body, far enough that the nose 
crossed an imaginary plane across the front of the cow’s 
chest (Mullens et al., 2006). A skin twitch occurred 
if an isolated twitch took place in a localized area or 
as a continuous shiver over the whole flank for several 
seconds (Dougherty et al., 1995). A tail swish occurred 
if the tail was moved from its resting position to 1 side 
of the cow's body; a separate swish occurred if the tail 
crossed to the opposite side of the body (Dougherty et 
al., 1994). A front leg stomp was defined as a raising of 
either front leg (while standing) followed by a forceful 
thrust back to the ground. A hind leg kick occurred 
if either hind leg was thrust upward toward the cow’s 
belly (Dougherty et al., 1995). Leg stomps and leg kicks 
were combined for analysis.

Respiration Rates, Hygiene Scores, and Pro-
duction. Respiration rates of all cows were recorded 
once each morning (1000 h) and afternoon (1600 h). 
The same 4 observers counted the number of breaths 
for each cow for 30 s (flank movements/30 s; Nienaber 
et al., 2003). During afternoon observations, hygiene 
scores were recorded for each cow. The tailhead, upper 
leg (thigh), abdomen, udder, and lower hind leg were 
all scored for hygiene, with 1 = clean to 5 = dirty 
(Reneau et al., 2005). Daily milk production from in-
dividual cows was measured with a Boumatic Smart 
Dairy system (Madison, WI), and weekly measures of 
fat, protein, and SCC were recorded during each period 
of the study.

Sensors for Monitoring Body Temperature, 
Activity, and Rumination. All cows had a Cow-
Manager eartag sensor (CowManager SensOors, Agis, 
Harmelen, the Netherlands) that was mounted into a 
blank radio frequency identification tag and then placed 
on the right ear. Data from the sensor were transmitted 
wirelessly through a plug and play router or solar pow-
ered router to a base computer in the milking parlor 
and made available through a web-based application. 
The sensor classified data as ruminating, eating, not 
active, active, and high active behaviors (Pereira et al., 
2018). Agis Automatisering BV (Agis, Harmelen, the 
Netherlands) provided processed hourly data from the 
CowManager sensor for ruminating, eating, not active, 
and active behaviors for all cows.
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HOBO Pendant G loggers (Onset Computer Corp.) 
were used to record lying time and standing time of 
all cows during the study periods. The loggers were 
programmed with logging intervals of 60 s. The log-
gers were wrapped in a piece of SyrFlex (SyrVet Inc., 
Waukee, IA) cohesive bandage to reduce friction and 
attached to the right side of the right rear leg of each 
cow using SyrFlex bandage. The logger was oriented so 
that the x-axis of the logger was parallel to the ground 
pointing toward the cow’s head. The loggers tracked 
the x, y, and z-axes on the cow, which converted into 
standing and lying behaviors. The loggers were at-
tached to the cows during the morning milking of the 
first day of each study period and removed during the 
afternoon milking on the last day of each study period. 
After removal, the data were downloaded with Onset 
Hoboware software and exported to Microsoft Excel 
(Microsoft Corp., Redmond, WA). Daily lying times, 
frequency of lying bouts, and lying-bout duration were 
computed for each cow using a macro in SAS (SAS 
Institute, 2016) developed by N. Chapinal (Universtiy 
of British Columbia, Vancouver, BC, Canada).

SmaXtec boluses (smaXtec Classic Bolus, Graz, Aus-
tria) were administered orally to each cow 1 wk before 
the first study period (Ammer et al., 2016a). Boluses 
recorded internal body temperature and a proprietary 
activity measurement of the cows. Data from the bo-
luses were downloaded by a repeater that transmitted 
data to the server located in the dairy barn office and 
stored data in an online database. Data were download-
ed onto the server twice per day during the morning 
and afternoon milkings as each cow passed the repeater 
located in the milking parlor. Additionally, as the bolus 
resided in the reticulum, researchers were able to deter-
mine number of drinking bouts for each cow indicated 
by sharp drops in body temperature. Daily drinking 
bouts were an absolute number of drinking bouts clas-
sified from the smaXtec system that recorded the daily 
drinking bouts of cows. Data were downloaded weekly 
from the online server into Microsoft Excel.

Body temperature from the smaXtec bolus were 
analyzed in 1-h blocks throughout the day. Body tem-
perature of shade and no-shade cows were measured 
during the hour blocks: (1) 0000 to 0600 h, (2) 0600 
to 1200 h, (3) 1200 to 1800 h, and (4) 1800 to 0000 h. 
Furthermore, body temperatures were compared during 
the daylight hours between milking times (0800 and 
1600 h) and nighttime hours between milking times 
(1800 and 0600 h). Last, body temperatures and ac-
tivity were investigated during every hour of the day. 
Body temperature was analyzed in time blocks similar 
to Tucker at al. (2008) and Allen et al. (2015). Devia-
tions from average daily body temperature of each cow 

were determined for each hour block during the study 
period.

Shade Use. For the cows in the shade treatment 
group, shade-use observations were conducted by lo-
cating cows every 10 min for two 180-min periods to 
determine if cows were utilizing the solar shade. Shade-
use observations were recorded for one 180-min period 
in the morning and one 180-min period in the afternoon 
for a total of 6 h/d of shade-use observations. Shade-
use methods were adapted from Tucker et al. (2008), 
and cows that had at least 1 hoof within the shadow 
from the solar panels or at least 1 hoof directly below 
the solar panels were recorded as using shade.

Statistical Analysis

Square root transformations of twice daily fly 
counts were used to satisfy analytical assumptions of 
equal variance and normal distribution of errors. The 
transformed fly count data were analyzed with PROC 
GLIMMIX in SAS (SAS Institute, 2016). Independent 
variables were the fixed effects of shade treatment, pe-
riod, time of day, coat color, and the interaction of time 
of day by treatment with a Poisson distribution. The 
random effect was cow nested within replicated group 
by treatment with repeated measures.

Respiration rate per 30 s (measured twice daily) was 
multiplied by 2 to obtain the respiration rate for 1 min. 
Data were analyzed with PROC MIXED of SAS (SAS 
Institute, 2016) with the fixed effects of treatment, coat 
color, period, time of day, and the interaction of time 
of day by treatment. Random effects were cow nested 
within replicated group by treatment and date nested 
within period.

Daily measures of hygiene scores and milk, fat, and 
protein production were analyzed with PROC MIXED 
of SAS (SAS Institute, 2016). The independent vari-
ables were the fixed effects of breed, parity, coat color, 
period, and treatment, and random effects were cow 
nested within replicated group by treatment and date 
with repeated measures. Daily drinking bouts were 
analyzed with PROC MIXED of SAS (SAS Institute, 
2016). Fixed effects were coat color, treatment, period, 
and the interaction of treatment by period, and ran-
dom effects were cow nested within replicated group 
by treatment and date. For analysis of lying behavior 
(daily lying time, number of lying bouts per day, and 
lying-bout duration), independent variables were fixed 
effects hour, period, treatment, and the interaction of 
treatment and hour and cow nested within replicated 
group by treatment as a random replicate effect.

For analysis of smaXtec daily body temperature 
and temperature deviation and CowManager activity, 
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eating, and rumination, fixed effects were coat color, 
treatment, and period. Replicated group by treatment 
nested within cow and period nested within date were 
random effects. For the hour and hour block analysis of 
temperature and activity, fixed effects were coat color, 
treatment, period, hour, and the interaction of treat-
ment by hour or hour block. The random effects were 
replicated group by treatment nested within cow and 
period nested within date with PROC MIXED of SAS 
(SAS Institute, 2016). Furthermore, separate regression 
analyses evaluated the effect of body temperature on 
air temperature, solar radiation, and THI indepen-
dently. For all analyses, the autoregressive covariance 
[AR(1)] structure or compound symmetry covariance 
structure was used because it resulted in the lowest 
Akaike's information criterion (Littell et al., 1998). All 
results from all analyses were reported as least squares 
means, with significance declared at P < 0.05.

RESULTS AND DISCUSSION

Weather Data

Weather data for all periods of the study are sum-
marized in Table 1. The THI were low compared with 
other studies that involve heat stress, especially from 
the Southwest and Southeast in the United States. In 
the Upper Midwest, the evenings are cooler; therefore, 
the cows in the study may not have experienced heat 
stress during the evening hours. Also, some cows may 
not have experienced heat stress in the study because 
of the low THI. Becker and Stone (2020) reported that 
recent research has indicated that a THI of 68 induced 
heat stress in dairy cattle. Therefore, cows in the cur-

rent study experienced mild heat stress as all recorded 
THI values were between 73.3 and 77.4.

Fly Avoidance Behaviors, Fly Counts,  
and Respiration Rates

Table 2 highlights least squares means and standard 
errors of means for fly avoidance behaviors, stable, face, 
and horn fly counts, and respiration rates for shade and 
no-shade cows for morning and afternoon observations. 
The shade and no-shade cows were similar (P > 0.10) 
for tail swish, foot stomp, head toss, and skin twitch 
behaviors during the morning and afternoon observa-
tions. During the afternoon observations, the number 
of ear flicks was greater (P < 0.05) for the shade cows 
than for the no-shade cows. Furthermore, shade and 
no-shade cows had similar (P > 0.10) number of stable 
flies, face flies, and horn flies during the morning and 
afternoon hours. Kendall et al. (2007) found no differ-
ences in hoof stomps and tail flicks for shade versus 
no-shade cows. Similar to the current study, Palacio et 
al. (2015) found no differences in fly intensity between 
shade and no-shade cows. As the shade and no-shade 
cows were located in the same pasture, it was hypoth-
esized that no differences were found in fly counts or 
the majority of fly avoidance behaviors because the flies 
were easily able to transfer between each group of cows.

Respiration rates for shade and no-shade cows were 
similar (P > 0.10) during the morning hours. (Table 
2). However, during the afternoon, the shade cows 
had lower (P < 0.05) respiration rates than no-shade 
cows. Similar to the current study, Kendall et al. (2007) 
found that cows with no access to a shade structure 
had greater respiration rates than cows with access 
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Table 2. Least squares means and SEM for fly avoidance behaviors, number of stable, face, and horn flies, and respiration rates for shade and 
no-shade cows during the morning and afternoon

Measurement

Morning

 

Afternoon

Shade

 

No shade Shade

 

No shade

LSM SE LSM SE LSM SE LSM SE

Behavior            
 Tail swish (count/30 s) 8.4 1.9  11.1 2.6  7.8 1.8  11.6 2.7
 Foot stomp (count/30 s) 3.6 0.5  3.9 0.6  4.6 0.7  5.2 0.8
 Head toss (count/30 s) 1.6 0.2  1.5 0.2  1.8 0.3  1.5 0.2
 Skin twitch (count/30 s) 15.2 1.7  9.7 1.1  14.3 1.6  9.2 1.0
 Ear flick (count/30 s) 13.2 1.1  11.5 1.0  11.4a 1.0  8.6b 0.7
Fly count            
 Stable flies (flies/leg) 11.4 0.04  10.9 0.03  12.2 0.04  12.9 0.04
 Face fly (flies/face) 2.6 0.01  1.1 0.01  3.1 0.01  1.0 0.01
 Horn fly (flies/side) 28.8 0.2  21.9 0.1  24.7 0.2  17.9 0.1
 Total flies 62.9 0.2  52.9 0.2  61.7 0.2  53.1 0.2
 Respiration rates (breaths/min) 50.9 3.5  52.5 3.4  66.4a 3.4  78.3b 3.3
a,bMeans within a row by time of day with different superscripts are different at P < 0.05.
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to shade. Furthermore, Hahn et al. (1997) found that 
respiration rates under 60 breaths/min in dairy cows 
were indicative of minimal to no thermal stress, which 
indicated that both the shade and no-shade cows in the 
current study experienced heat stress conditions during 
the afternoon.

Hygiene and Production

The shade and no-shade cows had similar (P > 0.10) 
tailhead, upper leg, and udder hygiene scores (Table 3). 
However, the shade cows had (P < 0.05) dirtier bellies 
and lower legs (2.2 and 3.2, respectively) than did no-
shade cows (1.9 and 2.9, respectively). Shade cows used 
the shade for resting times during the study period, and 
as the cows defecated and urinated directly under the 
panels, bellies and lower legs became dirty as cows laid 
down to rest. The cooler and wetter ground under the 
solar panels combined with the reduced spread of cows 
furthered the dirtier conditions. Milk, fat, and protein 
production and SCC were not different (P > 0.10) be-
tween shade and no-shade cows (Table 3). Quite possi-
bly, no difference was observed for milk production be-
tween treatment groups because cows were only under 
the shade for 22 d during the summer and for 5 or 7 d 
during each study period. Additionally, the numerically 
greater production of the no-shade cows may have been 
observed because the no-shade cows may have grazed 
longer during the day and evening hours, while the 
shade cows were standing underneath the solar panels 
and not grazing and eating. Additional research should 
evaluate long-term effects of production with more ob-
servations to determine if production of cows will be 
affected through shade structures in pastures of grazing 
cattle. Long-term effects of milk production and SCC 
may have been observed had cows been under the shade 
for the entire summer. Kendall et al. (2007) reported no 
difference in daily milk production between shade (14.0 
kg/d) and no-shade (13.2 kg/d) cows in New Zealand. 
Furthermore, Muller et al. (1994) found no difference 
in milk production or fat and protein in milk between 
shade and no-shade cows in South Africa.

Drinking Bouts, Activity, Eating, Rumination,  
and Lying Time

Results for drinking bouts per day from smaXtec 
bolus; activity, eating, and ruminating behaviors from 
CowManager ear tag; and lying and standing time from 
HOBO Loggers for shade and no-shade cows are in Ta-
ble 4. The number of daily drinking bouts were similar 
(P > 0.10) between shade and no-shade cows. Hourly 
activity, eating, rumination, and no activity across a 
24-h period from the CowManager eartag were similar 

(P > 0.10) for shade and no-shade cows. However, the 
shade cows had lower (P < 0.05) high activity (6.7 
min/h) than did no-shade cows (7.8 min/h). This could 
be due to bunching behavior that cattle exhibit, which 
is thought to reduce radiant heat absorption as cattle 
provide shade for each other (Lefcourt and Schmidt-
mann, 1989). Furthermore, shade cows may have had 
lower stress, and consequently exhibited less bunching 
behavior and greater high activity. Shade cows may 
have had less bunching because the area under the 
shade was large and allowed cows to spread out under 
the solar panels.

Across all periods of the study, the shade cows and 
no-shade cows had similar (P > 0.10) lying (51.1 min/h 
and 51.4 min/h, respectively) and standing time (8.9 
min/h and 8.6 min/h, respectively). Palacio et al. 
(2015) also found no difference in lying times across a 
study period between shade and no-shade cows. Figure 
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Table 3. Least squares means and SEM for hygiene, hock lesion, and 
locomotion scores; production; and fat and protein content of milk for 
shade and no-shade cows

Measurement

Shade

 

No shade

LSM SE LSM SE

Hygiene score1      
 Tail head 3.0 0.2  3.2 0.2
 Upper leg 2.4 0.1  2.2 0.1
 Belly 2.2a 0.1  1.9b 0.1
 Udder 2.2 0.1  2.2 0.1
 Lower leg 3.2a 0.1  2.9b 0.1
Milk production (kg) 13.9 1.5  15.5 1.5
Fat (%) 4.1 0.2  3.9 0.2
Protein (%) 3.1 0.1  3.1 0.1
SCC (cells/mL) 4.0 0.1  4.4 0.1
a,bMeans within a row with different superscripts are different at P < 
0.05.
11 = clean to 5 = dirty.

Table 4. Least squares means and SEM for drinking bouts per day 
from smaXtec bolus (smaXtec Classic Bolus, Graz, Austria); activity, 
eating, and ruminating behaviors from CowManager SensoOr (Agis, 
Harmelen, the Netherlands) and lying and standing time from HOBO 
Loggers (Onset Computer Corp., Bourne, MA) for shade and no-shade 
cows

Measurement

Shade

 

No shade

LSM SE LSM SE

Daily drinking bouts 4.4 0.4  3.7 0.4
High activity (min/h) 6.7a 0.3  7.8b 0.3
Activity (min/h) 5.6 0.8  7.5 0.8
Eating (min/h) 21.3 0.8  19.7 0.9
Ruminating (min/h) 17.3 0.7  17.6 0.7
No activity (min/h) 9.4 0.5  7.5 0.5
Lying time (min/h) 51.1 0.4  51.4 0.4
Standing time (min/h) 8.9 0.4  8.6 0.4
a,bMeans within a row with different superscripts are different at P < 
0.05.
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2 has mean lying time for shade and no-shade cows 
across a 24-h period. The shade cows had greater (P 
< 0.05) lying times during 1000 and 2400 h than did 
no-shade cows. Conversely, no-shade cows had greater 
(P < 0.05) lying times during 1300, 1500, and 1600 h 
than did shade cows. Allen et al. (2015) found that 
hour of the day affected lying and standing times of 
cows exposed to mild and moderate heat stress; they 
reported that cows that had greater body temperatures 
and were more heat stressed tended to have lower lying 
times. Cows in the current study tended to lay less 
during the hottest parts of the day, and standing time 
peaked between 1200 to 1800 h. The greater lying time 
observed in the current study of the no-shade treat-
ment cows during 1500 and 1600 h could be because the 
no-shade cows were fatigued after standing during the 
previous hours. Allen et al. (2015) also found that cows 
were more willing to lie down during 1600 h, which was 
observed in the current study.

Figure 3 depicts mean hourly rumination, and Figure 
4 depicts average hourly eating from the CowManager 
ear tag during a 24-h period. During 0200, 0300, 0400, 
0900, 1500, and 2200 h, shade cows had lower (P < 
0.05) rumination than did no-shade cows. However, the 
shade cows had greater (P < 0.05) rumination than 
no-shade cows during 1300 and 1700 h. Rumination 
of shade cows was greater than no-shade cows during 
1300 h, which was one of the hottest parts of the day. 
During 0100, 0200, 0300, 1200, 1500, 1600, 1900, and 
2200 h, shade cows had greater (P < 0.05) eating time 
than did no-shade cows (Figure 4). Conversely, during 
1300, 1700, and 2300 h, no-shade cows had more (P < 
0.05) eating time than did shade cows. Hourly activity 

data from the CowManager ear tag (Figure 5) found 
no-shade cows were more active (P < 0.05) than shade 
cows during 0100, 0200, 0300, 1300, 1400, 1500, 1700, 
and 2400 h. Again, this could be due to no-shade cows 
that exhibited bunching behavior or more frequent 
standing and lying bouts.

Shade Use

Least squares means for shade use for the shade cows 
are shown in Table 5. Results are presented as the 
number of minutes per hour observed under the solar 
panels. During period 1, cows had more time not in the 
shade (P < 0.05) than in the shade. Similarly, during 
period 3, cows had more (P < 0.05) minutes not in the 
shade than in the shade. During period 4, cows had 
more (P < 0.05) minutes not in the shade than in the 
shade. Cows had similar times for shade and no-shade 
use during period 2. Period 2 had the highest mean 
temperature and humidity, THI, and high solar radia-
tion. For daily use of the shade, results were extrapo-
lated to a daily basis and showed that cows used the 
solar system 41% of the day, compared with 59% of the 
day when they did not use the solar panels. Similarly, 
Tucker et al. (2008) found that cows had more time 
under shade on days with greater solar radiation levels, 
greater ambient air temperatures, and greater THI. In 
the current study, cows spent 38% (period 1) to 44% 
(period 2) of the time in the shade during the obser-
vation periods. The percent of time cows used shade 
in this study was slightly greater than that found in 
Schütz et al. (2009), which found cows used shade 30% 
of the time during the observation period. Tucker et al. 
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Figure 2. Least squares means and SEM for lying time by hour of day for shade cows (black) and no-shade cows (yellow). *Means within 
an hour of day for treatment groups are different at P < 0.05.
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(2008) found shade use by cows ranged from 0 to 54% 
of total daily time. Possibly, shade cows had more time 
under the shade in the current study compared with 
prior studies due to greater mean temperatures, THI, 
and solar radiation observed in this study.

Body Temperature from SmaXtec

Least squares means for body temperature and tem-
perature deviation of cows from smaXtec bolus during 
specific periods during the day for shade and no-shade 
cows are in Table 6. From 0000 to 1200 h, body tem-
peratures of shade and no-shade cows were similar (P > 
0.10). During 1200 to 1800 h and from 1800 to 0000 h, 
shade cows had body temperatures of 39.0 and 39.2°C, 
respectively. Furthermore, during the daytime, shade 
cows had lower (P < 0.05) body temperatures (38.9°C) 
than no-shade cows (39.1°C). Shade and no-shade cows 
had similar (P > 0.10) body temperatures at night-
time. For the current study, cows were observed with 
greater body temperatures during the daytime hours 
compared with the evening hours. In the Upper Mid-
west, evenings are cooler in ambient temperature, and 
humidity is typically reduced. Therefore, higher body 
temperatures of cows were observed during the day-
time because of increased humidity during the daytime 
hours. During the evening hours, cows should dissipate 
their heat load because of the cooler weather in the 
evening in the Upper Midwest. Tucker et al. (2008) 
found that shaded cows had lower minimum body 
temperatures than nonshaded cows, and that body 

temperatures of cows increased as daily solar radiation 
increased. However, in disagreement with the current 
study, Tucker et al. (2008) found no differences in body 
temperatures between shade cows and no-shade cows 
during the daytime between milkings, quite possibly 
due to differing climates compared with the current 
study. The results agree with Schütz et al. (2009) and 
Ammer et al. (2016b), who found cow body tempera-
tures to be greater with increased THI and ambient 
air temperatures. The temperature deviation from the 
average mean temperature of a cows was greater (P < 
0.05) for no-shade cows during the early morning (0000 
to 0600 h) and evening hours (1800 to 2400 h). The 
deviations were greater (P < 0.05) for no-shade cows 
during the 0600 to 1800 h compared with the shade 
cows. Both treatment groups experienced an increase 
in internal body temperature during the daytime hours; 
however, the no-shade cows had a greater deviation 
from average compared with the shade cows. This may 
indicate that the no-shade cows experienced more heat 
stress during the day because no heat stress abatement 
were available to the no-shade cows.

Hourly body temperature results showed that no-
shade cows had greater (P < 0.05) body temperatures 
than shade cows during 1300 through 2300 h (Figure 
6). On average, the difference in body temperature 
from 1300 to 2300 h between shade and no-shade cows 
was 0.5°C. This follows daily trends of increased solar 
radiation and air temperatures between hours 1200 to 
1600 in Minnesota (PVWatts, 2019). The reduced body 
temperature of the shade cows indicated a reduction 
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Figure 3. Least squares means and SEM for rumination minutes per hour from CowManager sensor (Agis, Harmelen, the Netherlands) for 
shade (black) and no-shade cows (yellow). *Means within an hour of day for treatment groups are different at P < 0.05.
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in heat stress during the hottest times of the day. The 
results indicated that solar shade may be an effective 
method to reduce heat stress in pastured cows. More 
research is needed to determine body temperature 
thresholds in dairy cattle to determine if 0.5°C may 
decrease reproductive performance, reduce milk pro-
duction, decrease fat and protein content in milk, and 
increase SCC.

Regression coefficients of cow body temperature and 
air temperature in the current study found that for 
every 1°C increase in air temperature, body tempera-
ture of cows increased by 0.028°C. For no-shade cows, 
this would have resulted in a 0.041°C increase in body 
temperature (P < 0.001). For shade cows, a 1°C in-
crease in air temperature increased body temperature 
by 0.015°C (P < 0.001), which is lower than the 0.041 
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Figure 4. Least squares means and SEM for eating minutes from CowManager sensor (Agis, Harmelen, the Netherlands) per hour for shade 
(black) and no-shade cows (yellow). *Means within an hour of day for treatment groups are different at P < 0.05.

Figure 5. Least squares means and SEM for active minutes from CowManager sensor (Agis, Harmelen, the Netherlands) per hour for shade 
(black) and no-shade cows (yellow). *Means within an hour of day for treatment groups are different at P < 0.05.
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for the no-shade cows. Furthermore, for every 1-unit 
increase in THI, no-shade cows increased 0.27°C (P < 
0.001) in body temperature, and shade cows increased 
0.011°C (P < 0.001) in body temperature. Last, for 
every 1 W/m2 increase in solar radiation, no-shade 
cows increased body temperature by 0.00016°C (P < 
0.001). Interestingly, shade cows decreased 0.00001°C 
(P < 0.001) in body temperature for every 1 W/m2 
increase in solar radiation, which indicated the shade 
cows were seeking protection from the sun. Increases 
in air temperature, humidity, and THI need to remain 

Sharpe et al.: AGRIVOLTAICS ON DAIRY FARMS

Table 5. Least squares means and SEM of shade use for shade cows 
only per 3-h observation period per day

Period

Use of shade 
(min/h)

 

No use of shade 
(min/h)

LSM SE LSM SE

1 22.9a 2.3  37.1b 2.3
2 28.5 2.3  31.5 2.3
3 23.9a 2.3  36.1b 2.3
4 23.4a 2.3  36.6b 2.3
a,bMeans within a row with different superscripts are different at P < 
0.05.

Table 6. Least squares means and SEM for body temperature and temperature deviations of cows from smaXtec bolus (smaXtec Classic Bolus, 
Graz, Austria) during specific periods during the day for shade and no-shade cows

Time of day1

Body temperature (°C)

 

Temperature mean deviation (°C)

Shade

 

No shade Shade

 

No Shade

LSM SE LSM SE LSM SE LSM SE

0000 to 0600 h 39.0 0.1  39.0 0.1  −0.27a 0.02  −0.31b 0.02
0600 to 1200 h 38.7 0.1  38.7 0.1  −0.05a 0.02  0.06b 0.02
1200 to 1800 h 39.0a 0.1  39.3b 0.1  0.36a 0.02  0.49b 0.02
1800 to 0000 h 39.2a 0.1  39.4b 0.1  −0.03a 0.02  −0.21b 0.02
Daytime 38.9a 0.1  39.1b 0.1  0.14a 0.01  0.05b 0.01
Nighttime 39.1 0.1  39.2 0.1  −0.17a 0.01  −0.08b 0.01
a,bMeans within a row by hour block with different superscripts are different at P < 0.05.
1Daylight between milkings = 0800–1600 h; nighttime between milkings = 1800–0600 h; during milkings = 0600–0800 h and 1600–1800 h.

Figure 6. Least squares means and SEM for body temperature from smaXtec boluses (smaXtec Classic Bolus, Graz, Austria) by hour of day 
for shade cows (black) and no-shade cows (yellow). *Means within an hour of day for treatment groups are different at P < 0.05.
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high for a long period of time to potentially affect the 
cow from a more biological and long-lasting standpoint. 
The findings of no-shade cows in the current study are 
similar to those of Tucker et at. (2008), who found a 
positive relationship between solar radiation and mean 
cow body temperature.

CONCLUSIONS

Future research should be conducted on the effect of 
climate change on heat stress in pastured dairy cows 
as well as heat abatement techniques, especially within 
pasture-based systems and in different locations. Fur-
thermore, research should investigate whether shade-
use during the hottest hours of the day is more or less 
beneficial to the cow than grazing. Complete pasture 
coverage by PV systems may allow for simultaneous 
grazing and cooling of cows. Agrivoltaics may provide 
an acceptable method of heat abatement to pastured 
dairy cows, although more long-term studies should be 
conducted to gain a clearer picture of the effects of solar 
shade on dairy cows. Future research on solar systems 
in a pasture dairy system should explore the economic 
effects of the solar system as well as long-term effects 
on milk production, reproductive performance, BW, 
and fat plus protein.
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