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Abstract
Soaking hay and steaming hay are strategies that are used to reduce respirable dust particles for horses but may result 
in variable nutrient losses, including nonstructural carbohydrates (NSC) and minerals. Since these losses have not been 
quantified in Canadian hay yet, the first aim of this study was to identify nutrient losses from first-cut timothy-alfalfa hay 
grown in southern Ontario, Canada, after soaking for 30 min or steaming for 60 min. It is uncertain whether horses prefer 
hay when it is dry, soaked, or steamed. To address this, 13 Standardbred racehorses were offered 2 of these hays side by 
side for 30 min on 6 consecutive occasions until all possible combinations had been offered. Quantity of hay eaten was 
determined and horses were video recorded during feedings to assess time spent eating and investigating hay. Additionally, 
consumption of feeds with differing NSC levels has been observed to influence glycemic response in horses; however, 
this has not been measured in horses consuming steamed hay before and the results from soaked hay studies have been 
inconclusive. As such, the final aim of this study was to examine acute glycemic response in horses after being fed dry, 
soaked, and steamed hays. Blood glucose was measured every 30 min from 9 Standardbred racehorses for 6 h following a 
meal of 0.5% of their body weight of treatment hay on a dry matter basis (DMB). Soaked, but not steamed, hay had lower 
concentrations of soluble protein, NSC, and potassium in contrast to the same dry hay (P < 0.05). Peak glucose, average 
blood glucose, total area under the curve, and time to peak did not differ among treatments (P > 0.05). We conclude that 
acute glycemic response of racehorses was not influenced by soaking or steaming hay. Horses also consumed less soaked 
hay (DMB) than dry or steamed hay (P < 0.05) and spent less time eating soaked hay than dry or steamed hay (P < 0.05).
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Introduction
Soaking hay and steaming hay are processes that are primarily 
used to reduce respirable dust particles in hay; however, 
these treatments may also reduce nutrients in hay. Nutrient 
losses from soaking may include various minerals, protein, 
and nonstructural carbohydrates (NSC) (Warr and Petch, 1992; 
Moore-Colyer, 1996; Blackman and Moore-Colyer, 1998; Watts 
and Sirois, 2003; Longland et  al., 2009, 2011, 2014; Martinson 
et al., 2012a, 2012b; Mack et al., 2014; Hansen et al., 2016; Müller 
et al., 2016); however, these losses are variable and dependent 
on a number of factors including type and maturity of hay and 
have not yet been investigated in Canadian hays. Steaming hay 
generally conserves nutrients; however, losses of phosphorus 
and NSC have been reported, though, to much lower extent than 
soaking (Earing et al., 2013; Moore-Colyer et al., 2016). Changes 
in nutrient content of foodstuffs can affect how food tastes and 
since horses prefer sweet tastes, the loss of NSC from soaking 
and steaming hay may decrease its palatability (Danel and 
Merkies, 2009; Merkies and Bogart, 2013; van den Berg et  al., 
2016). Additionally, differences in NSC have been correlated 
with differences in glycemic responses in horses (Borgia et al., 
2009). The primary goal of this study was to assess the impact 
of soaking and steaming on nutrient content of Ontario-grown 
first-cut timothy-alfalfa hay. We also sought to determine if 
soaking or steaming hay impacts the acute glycemic response 
in horses and whether these horses demonstrate a preference 
for hay when steamed, soaked, or dry. We hypothesized that 
soaking hay would result in decreased NSC, minerals, and 
protein and that steamed hay would have lower reductions 
of NSC and phosphorus while conserving all other nutrients. 
We also hypothesized that the decreases in NSC in treated 
hay would correspondingly reduce horse preference for these 
hays and that NSC losses would lead to correspondingly lower 
glycemic responses to processed hay.

Materials and Methods
All experiments and procedures involving animals were 
approved by the University of Guelph Animal Care Committee 
(AUP #3783) and performed in accordance with the guidelines of 
the Canadian Council on Animal Care (CCAC, 2009).

Hay Nutrient Analyses

All hay used in the study was first-cut mixed timothy-alfalfa 
hay, grown in southwestern Ontario on the same farm the 
participating horses were stabled at.

Hay Treatments

A single small bale of hay was randomly selected from a stack to 
compare the effects of the 3 treatments (dry, steamed, or soaked) 
as prepared using the “daily protocol” also used to prepare 
hay for the feeding preference trials. The 17.5  kg bale was 
partitioned and subjected to the following treatments: 2 flakes 
(~1.59 kg, as is) were left dry (untreated), 2 flakes were placed 
into separate hay nets to be soaked, and the remainder of the 
bale was steamed. The 2 flakes in the hay nets were immersed 
in room temperature tap water (25 °C) in a 90-L clean plastic bin 
for 30 min, a common effective soaking duration used in other 
studies. After soaking for 30 min, the hay nets were then hung 
to drain for 30  min. The remainder of the bale was steamed 
for 60  min in a commercial hay steamer (HG-2000; Haygain 
Ltd, Lambourn, Berkshire, UK) according to the manufacturer's 

instructions such that the internal temperature of the steamer 
chest was between 74 and 85 °C for the final 10 min of steaming, 
then extracted from the steamer chest, and left to cool on a tarp 
for 30 min.

Hay Sample Collection

Two discrete sets of samples were collected from the hay 
described above. The first set was collected to assess differences 
in nutrient content between the 3 hay treatments. Three random 
samples were collected from each set of treated hay flakes. To get 
a representative sample, a grab sample of hay was collected in a 
W-pattern, resulting in 3 “all over” samples for each treatment.

The second set of samples was collected to assess for 
differences within the soaked and steamed treatments, as it 
was unknown if the treatments were affecting the hay evenly 
throughout. Samples were collected in triplicate from each 
given area (top, middle, and bottom) relative to how the hay was 
placed in the soaker or steamer. This was done by separating 
the treated hay into 3 sections (top, middle, and bottom) and 
collecting grab samples in a W-pattern from each section.

All samples were collected and placed into sterile plastic 
bags and were kept at room temperature (20 °C) and submitted 
for nutrient analyses, which were performed within 1  h of 
collection as described below.

Nutrient Analyses

The hay samples were submitted to the Agri-Foods Laboratories 
(Guelph, ON, Canada) for analysis. Each sample was dried and 
milled before being separated into subsamples for different 
components of the analysis. Dry matter (DM) and moisture 
were determined according to Goering and Van Soest (1970) by 
the oven drying method. The total ash and individual minerals, 
calcium, phosphorus, potassium, magnesium, sodium, zinc, 
copper, iron, and manganese were analyzed by inductively 
coupled plasma as outlined by the AOAC (AOAC, 1996). Crude 
protein (CP), soluble protein (SP), a-neutral detergent fiber (aNDF; 
the a stands for α-amylase, which was used to remove starch 
and protein), acid detergent fiber (ADF), lignin, fat, water soluble 
carbohydrates (WSC), NSC, ethanol soluble carbohydrates (ESC), 
and starch were determined using near-infrared reflective (NIR) 
spectroscopy according to the manufacturer's instructions 
(Spectra Star RTW, Unity Scientific, Milford MA; Software: 
InfoStar V3.11.1)). Digestible energy (DE) was calculated using 
the National Research Council (NRC) equation for dry forages 
and roughages, pasture, range plants, and forages fed fresh 
(NRC, 2007) as follows:

Tap Water Collection and Mineral Analyses

To account for minerals that may have been introduced to hay 
from soaking water, three 250-mL samples of tap water used 
for soaking were submitted to the Agri-Food Laboratories for 
mineral analyses. From these samples, phosphorus, potassium, 
calcium, magnesium, sodium, iron, zinc, manganese, and copper 
were analyzed by inductively coupled plasma—atomic emission 
spectrometry as outlined by the United States Environmental 
Protection Agency in Method 6010D (U.S. EPA., 2014).

Calculation of Tap Water Contribution

The fraction of each respective mineral that was present in the 
tap water was multiplied by the proportion of moisture in the 
soaked hay (assuming at best that all of the previous moisture 
in the hay had been replaced by the tap water). This value was 
divided by the total fraction of each mineral that was present in 
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the soaked hay on an as-is basis. This gave the highest possible 
proportion of each mineral that could have been introduced into 
the hay by the tap water.

Feeding Preference Study

Horses
Fourteen healthy, privately owned, Standardbred racehorses 
(mean ± SE body weight [BW], 457 ± 44.6 kg; 5 geldings, 9 mares; 
1.5–9 yr of age) were selected for the feeding preference study 
to assess preferences for hay when offered dry, steamed, or 
soaked. Horses were stabled in the same barn and managed by 
the same team of trainers. One horse was on stall rest for the 
duration of the study; all other horses trained 6 d a week. Each 
horse was kept in a 3- × 3-m box stall, built with wood planks. 
At the front of the stall, horses could freely stick their heads out 
to look out over the stall door, which was on the left-hand side 
when looking at the stall from the outside. On the right-hand 
side was a wall with a metal grill at the top to allow horses to 
see out but not stick their head through. Just below the bars, 2 
buckets were secured to the wall; the bucket near the corner 
was for grain and the other bucket was filled with fresh water 
daily. A salt block was hung on the right-side wall so that horses 
had free access to salt. Each horse was stabled in the same stall 
throughout the study and stalls were bedded with fresh wood 
shavings daily. Prior to the beginning of the study, horses were 
being given hay, which was lightly hosed off and drained in a 
wheelbarrow before being fed on the ground. The daily feeding 
regime for each horse was 2 flakes (~1.59 kg, as is) of Ontario-
grown first-cut mixed timothy-alfalfa hay 3 times a day (0600, 
1200, and 1700 hours), along with a grain and concentrate 
mixture. This mixture was tailored for each individual horse and 
kept consistent throughout the study.

Experimental design
The experiment was designed as a 3 × 3 incomplete Latin square 
design, in which animals were split into 3 cohorts to allow for 
complete videotaping. Each cohort completed the feeding trial 
over 24 d in 2 phases; first, a conditioning phase and, then, the 
preference testing phase. The conditioning phase consisted of 
each horse being offered 1.59 kg of treatment hay from a hay 
bag in replacement of their normal hay at 2 of their normal 
feeding times, 1200 hours (lunch) and 1700 hours (dinner) for 
5 consecutive days. This was repeated until horses had been 
offered all 3 hay treatments such that the conditioning phase 
lasted for 15 consecutive days. The order of treatments offered 
was randomized by cohort. Next, the horses completed the 
preference testing phase over 9 d. Horses were simultaneously 
offered 2 hay treatments at lunch and dinner for 3 consecutive 
days, then offered a different pairing of hay treatments for 
the next 3 d, and the final possible pairing of treatments for 
the last 3 d. The order of treatment combinations offered was 
randomized by cohort.

Treatments
For every preference test, a canvas hay bag was weighed before 
filling with hay and weight was recorded. When offering dry 
hay, hay was left as is and placed directly in canvas hay bag 
by hand and 1.59 kg of dry hay (1.38 kg DM) was weighed out 
for each horse. Steamed hay was prepared by placing a fully 
strung small square hay bale (~17.5 kg, as is) in a commercial 
hay steamer (HG-2000; Haygain Ltd) and steamed according to 
manufacturer's instructions (steamer run for approximately 
1 h such that the temperature gauge fell between 74 and 85 °C 
for at least 10 min). Upon completion of the steamer cycle, the 

bale was removed, placed on a clean, dry tarp, strings were cut, 
and flakes were spread across the tarp to promote more rapid 
cooling. Flakes were flipped over after 5 min to further enable 
cooling and left for another 5  min. Steamed hay was then 
placed in canvas hay bags and 1.59 kg of hay (1.37 kg DM) was 
weighed out for each horse as steaming did not change the 
moisture content of the hay. The quantity of soaked hay that 
was offered to each horse had to be altered from 1.59 to 0.91 kg 
of dry hay to minimize wastage, because it was determined 
within the first couple of days of the conditioning phase (results 
not published) that, even after 1 h, no horses had finished all 
of their soaked hay. For the rest of the conditioning phase and 
for all of the preference testing phase, soaked hay was prepared 
by weighing out 0.91  kg of dry hay (0.79  kg DM) in nylon hay 
nets after accounting for the weight of the hay net, then placing 
all of the filled hay nets in one clean plastic bin, and filling the 
bin with room temperature water from a tap inside the barn. 
Hay nets were left to soak for 30 min, then hung to drip dry for 
another 30  min, and then transferred from each hay net to a 
hay bag and weighed again to account for how much water had 
been absorbed before being fed. Grab samples were collected 
in triplicate from steamed hay and from soaked hay during 
feeding trials for nutrient analyses to represent “daily protocol” 
treatments in the protocol comparison.

Conditioning protocol
In preparation for the preference testing, 2 hooks were screwed 
into each stall on the left wall, relative to the researcher when 
looking into the stall. The hooks were placed approximately 1.0 
m apart from each other such that 2 hay bags could be hung side 
by side but with enough space between them such that the horse 
would need to make an obvious movement to eat from one or 
the other. Hooks were placed so that when hay bags were hung, 
the feeding hole of the hay bag was approximately 1.5 m from 
the ground, which was roughly level with the horse's mouth 
when in a standing position. During the conditioning phase, 
horses were offered 1 hay bag with the designated treatment 
hay at each feeding period, so the hook that the bag was placed 
on was altered daily to acclimatize the horse to eating from both 
locations. Since eating from the hay bag was a new experience 
to all of the horses, the bags offered at the lunch feeding were 
left up from 1200 to 1530 hours, when the researchers returned 
to prepare for the dinner feeding to allow horses more time to 
acclimatize to eating from the hay bags. At the dinner feeding, 
hay bags were only left up for 1 h because of safety concerns 
over leaving them up overnight. After taking hay bags down, 
they were immediately weighed, and any hay left in the bag 
was then emptied onto the floor of the horse's stall, in the same 
manner they had been fed prior to the study. The empty bags 
were then weighed again so that the quantity of hay consumed 
could then be determined.

Preference test protocol
Treatment hay for the preference test was prepared in the 
same manner as for the conditioning period and was offered 
from the same canvas hay bags. For the preference testing, 2 
hay bags were prepared and hung up for each horse at each 
feeding, so that 2 different treatments were offered side by 
side. A  video-recording device (AKASO 4K ultra HD model 
EK7000 action cameras, Panasonic HC-X900M 16 MP camcorder, 
or Sony Handycam HDR-CX405 9.2 MP) was set up at the top 
of the front of each stall to record horses while eating. When 
hay bags were ready, one researcher would enter the stall and 
hold the horse by the halter off to the right side of the stall 
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with the horse facing toward the front of the stall. Once the 
horse was secured, the second researcher would hang the 
hay bags. A random number generator was used to determine 
whether the treatments were positioned left-right or right-
left to account for side preference. Once the bags were hung, 
the second researcher exited the stall and started the video 
recorder, then the first researcher would let go of the horse 
and exit the stall. The second researcher would record what 
time the video recording started and when the horse had been 
released, as well as which hay bag the horse approached first 
and ate from first. This exact procedure was replicated for each 
horse. After each horse had been given 30 min to eat, the first 
researcher would enter the stall and secure the horse to the 
right of the stall, while the second researcher stopped the video 
recording, took down the hay bags, and took them out of the 
stall. Hay treatment could not be reliably determined from hay 
that had fallen to the floor and, therefore, was not collected or 
weighed. Hay bags were weighed in the same manner as the 
conditioning period to determine total hay intake, which was 
used to calculate dry matter intake (DMI). When calculating 
DMI, the average dry matter content of dry and steamed hay 
was used for those respective calculations. For soaked hay, the 
moisture content of the hay before soaking was assumed to be 
the average moisture content of dry hay, while the added water 
content of soaked hay was determined from the difference in 
weight of the hay before and after soaking.

Coding of video recordings
An unbiased person, who was not involved in data collection 
or the study in general, was assigned the task of recording all 
assigned video names and relevant data and renaming the 
videos using a random word generator so that 2 researchers from 
the study could code the videos and be blinded against which 
hay treatments were being offered and which horse was in the 
video. The videos were coded using Behavioral Observation 
Research Software (BORIS, version 6.3.1., University of Torino, 
Italy). BORIS was also used to calculate the Cohen's kappa 
statistic to assess interrater reliability after both researchers 
had separately coded the same video. There was a total of 234 
videos, with each video encompassing the 30-min feeding 
period. Interrater reliability was calculated from 46 videos (20% 
of total videos) and the remaining 188 videos (80% of total) were 
randomly split between the 2 researchers. The researchers first 
coded 10 of the same videos (4% of total) to ensure their Cohen's 
kappa statistic was over 80%. Then their patterns were to code 
15 of their own set of videos (6% of total) and then code 2 more 
of the shared videos (1% of total) to ensure their Cohen's kappa 
statistic was still over 80%. This pattern was repeated until all of 
the videos were coded. The ethogram that was created to code 
the behavioral events of the videos was based on which side 
the relevant hay bag was on from the horse's point of view and 
included total time spent investigating each side and total time 
spent eating from each side.

Glycemic Response Tests

Horses
Nine healthy, privately owned, Standardbred racehorses (mean 
± SD BW, 472 ± 41.3 kg; 4 geldings, 1 colt, 4 mares; 1.5–9 yr of age) 
participating in the feeding preference trials were also selected 
for the glycemic response tests and allocated to treatment 
rotation blocked by sex and age. All horses used in the glycemic 
response tests had not competitively raced in the past 72 h prior 
to each glycemic test. Horses had all undergone their regular 
training the day before, with the exception of 1 horse, which was 

on stall rest for the duration of the study. Horses were housed 
individually in 3- × 3-m box stalls with wood shavings for the 
duration of the experimental period.

Experimental design
The 9 horses were randomly split into 3 groups and the 
experiment was conducted as a 3 × 3 Latin square design with 
3 treatments (dry, steamed, and soaked hay). Due to conflicts 
with racing schedules and equipment issues, 3 horses were 
unavailable to participate on the first trial date and completed 
the study on a delayed schedule starting on the second trial 
date 1  wk later. Glycemic response testing was conducted 
once a week for 3 consecutive weeks, always on the same day 
each week when horses did not undergo their regular morning 
training.

Treatments
Each horse received 0.5% BW of the dry weight equivalent of 
treatment hay at the beginning of each trial, following a 10-h 
fast. The hay treatments were prepared differently for the 
glycemic response testing than the preference testing as hay 
needed to be prepared overnight so that it was ready to feed 
immediately in the morning when the researchers arrived. This 
was accomplished by weighing out dry hay for each horse, then 
subjecting it to the appropriate treatment the night before the 
trial. For dry, hay was left as is. For steamed, hay was steamed 
the night before the trial in nylon hay nets in a commercial hay 
steamer (HG-2000; Haygain Ltd) according to manufacturer's 
instructions (steamer run for approximately 1 h such that the 
temperature gauge fell between 74 and 85 °C for at least 10 min). 
Upon completion of the steamer cycle, the steamer chest was 
kept closed to best retain moisture until the next morning. For 
soaked, hay nets were placed in a clean plastic bin filled with 
room temperature water. Nets were left to soak overnight for 
10 h, then hung to drip dry for 30 min in the morning before 
being fed. Three “all over” grab samples were collected from 
steamed hay and 3 from soaked hay during glycemic response 
trials for nutrient analyses to represent “overnight protocol” 
treatments in the protocol comparison.

Blood collection and glucose analyses
The night before each trial, all participating horses received 
their last meal (hay and grain) at 1700 hours. Researchers 
arrived at 0415 hours the next morning to complete trial setup. 
Soaked hay was hung up to drain, horses were haltered, topical 
anesthetic (EMLA Cream [2.5% lidocaine and 2.5% prilocaine], 
Astra Pharmaceuticals, L.P. Wayne, PA) was applied to the 
sampling area on the neck and baseline blood samples were 
collected. Horses were then fed treatment hay at 0500 hours 
(time 0) and blood samples were collected every 30 min for the 
next 6 h. All blood samples were taken from the jugular vein, 
at least 10  min after application of topical anesthetic, from 
alternating sides every hour. For each sampling, approximately 
2  mL of blood was collected by jugular venipuncture in 6-mL 
lithium heparin vacutainers (Becton, Dickinson, and Company, 
Franklin Lakes, NJ) using 21 G × 1.5” needles, and samples were 
gently inverted several times as directed. Whole blood glucose 
levels were determined immediately using a handheld glucose 
monitoring system (AlphaTRAK; Abbott Laboratories, Abbott 
Park, IL) validated for use in horses (Hackett and Mccue, 2010). 
After the final samples were collected at 1100 hours, horses 
were fed their afternoon meal (hay and grain) and resumed their 
regular daily schedule.
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Statistical Analyses

All nutrient data were analyzed using the mixed model 
procedure of a commercial software (SAS version 9.4; SAS 
Institute, Cary, NC). To assess effects of treatment alone on 
nutrient density of the hay, regardless of position sampled 
from, data described as “all over” and “daily protocol” were 
analyzed together, and treatment (dry, steamed, and soaked) 
was a fixed effect and bale was used as a random effect. This 
analysis was then repeated separately for each treatment, with 
position (top, middle, and bottom) as the fixed effect. Finally, 
effects of differing treatment protocols were assessed for each 
experimental treatment (steamed and soaked), with protocol 
(daily and overnight) declared as fixed effects and bale as the 
random effect to account for samples taken from different bales 
of hay. All results were expressed as least squares means ± SEM, 
and differences were considered significant at P ≤ 0.05. When 
the effect of treatment was significant, individual means were 
compared using the pdiff multiple comparisons test.

Behavior data were analyzed using the mixed model 
procedure of SAS and results expressed as least squares means 
± SEM. In all cases, differences were considered significant at P 
≤ 0.0.5. When the effect of treatment was significant, individual 
means were compared using the pdiff multiple comparisons 
test. Data from each trial were analyzed separately based on 
combinations of treatments that were presented. The variables 
“day offered” (i.e., first, second, or third day that horse was 
presented with that particular combination) and “meal” (lunch 
or dinner) were combined into one variable “daymeal.” For 
each treatment combination, dry matter consumed, time spent 
eating, and time spent investigating were analyzed using the 
mixed model procedure with treatment, side, and daymeal as 

the fixed effects, trial (first to sixth for each combination; i.e., 
dinner on the second day of that combination would be the 
fourth trial) as the random effect, and horse as the subject.

All glycemic response data were analyzed using the mixed 
model procedure of SAS and results expressed as least squares 
means ± SEM. In all cases, differences were considered significant 
at P ≤ 0.0.5. When the effect of treatment was significant, 
individual means were compared using the pdiff multiple 
comparisons test. Blood glucose variables were analyzed using 
repeated measures in a mixed model with treatment, time, and 
the interaction of treatment and time as the fixed effects and 
horse nested in treatment as the random effect. The subject 
was horse. The variance–covariance matrix used was a Toeplitz 
matrix and was selected based on the lowest value for Akaike 
information criterion (AIC). The area under the curve (AUC), 
time to peak, and peak value data were analyzed using a mixed 
model with treatment as a fixed effect and horse as a random 
effect. AUC was calculated using the trapezoidal rule (Shiang, 
2004).

Results

Hay Nutrient Analyses

Effect of treatment on nutrient composition
Table 1 shows the nutrient content of each treatment hay 
expressed as a percent of total contents on a dry matter basis 
(DMB). The moisture content of soaked hay was over 5 times 
greater than that of dry (P < 0.0001), and there was no difference 
between dry and steamed hay (P > 0.05). CP content was greater 
in soaked hay compared to dry and steamed hay (P  = 0.0213). 

Table 1. Forage nutritive concentrations of timothy-alfalfa hay (mean ± SEM) when dry, soaked for 30 min, and steamed for 60 min; reported 
on a DMB (n = 6)

Item1 Soaked Dry Steamed P-value

DM, % as is 29.9 ± 0.9b 86.7 ± 1.0a 86.0 ± 0.4a <0.0001
Moisture, % as is 70.1 ± 0.9a 13.3 ± 1.0b 14.0 ± 0.4b <0.0001
CP, % DM 9.4 ± 0.4a 8.3 ± 0.4b 8.4 ± 0.3b 0.0239
SP, % DM 2.6 ± 0.3b 3.2 ± 0.3ab 3.4 ± 0.2a 0.0082
ADF, % DM 46.0 ± 0.8a 43.2 ± 0.9b 43.0 ± 0.6b 0.0024
aNDF, % DM 66.8 ± 1.6 65.7 ± 1.7 65.5 ± 1.5 0.2712
Lignin, % DM 11.2 ± 1.0a 9.7 ± 1.0b 8.8 ± 1.0c <0.0001
Fat, % DM 1.5 ± 0.2a 1.2 ± 0.2c 1.4 ± 0.1b 0.0018
ESC, % DM 4.9 ± 0.6b 6.5 ± 0.6a 6.9 ± 0.5a <0.0001
WSC, % DM 6.7 ± 0.5b 9.8 ± 0.5a 9.9 ± 0.2a <0.0001
NSC, % DM 8.7 ± 0.6b 12.4 ± 0.7a 12.4 ± 0.3a <0.0001
Starch, % DM 2.1 ± 0.2b 2.5 ± 0.2a 2.6 ± 0.2a 0.0045
Ash, % DM 4.9 ± 0.7ab 4.7 ± 0.7b 5.4 ± 0.6a 0.0657
Calcium, % DM 0.62 ± 0.03a 0.47 ± 0.04b 0.48 ± 0.02b 0.0022
Phosphorus, % DM 0.17 ± 0.04 0.17 ± 0.04 0.17 ± 0.04 0.6411
Ca:P, DM 4.0 ± 0.7a 2.9 ± 0.7b 2.9 ± 0.7b <0.0001
Potassium, % DM 0.8 ± 0.1c 1.4 ± 0.1b 1.6 ± 0.1a <0.0001
Sodium, % DM 0.07 ± 0.01a 0.04 ± 0.01b 0.04 ± 0.004b 0.0164
Magnesium, % DM 0.19 ± 0.04 0.17 ± 0.04 0.17 ± 0.04 0.5507
Copper, ppm DM 5.7 ± 0.3a 4.9 ± 0.3ab 4.9 ± 0.1b 0.0414
Iron, ppm DM 118.6 ± 76.9 77.9 ± 84.8 187.9 ± 52.2 0.4022
Manganese, ppm DM 53.5 ± 24.0 47.5 ± 24.2 52.1 ± 23.7 0.7260
Zinc, ppm DM 21.2 ± 1.2 18.3 ± 1.3 20.1 ± 0.6 0.2874
Zn:Cu, DM 3.8 ± 0.3 3.7 ± 0.3 4.2 ± 0.1 0.2578
DE, Mcal/kg 1.84 ± 0.02 1.84 ± 0.02 1.85 ± 0.01 0.8551

1Ca:P, calcium to phosphorus ratio; Zn:Cu, zinc to copper ratio. DE = 4.22 – 0.11× (ADF) + 0.0332 × (CP) + 0.00112 × (ADF2).
a–cLeast square means within a row not sharing a common superscript letter differ (P ≤ 0.05), P-value refers to the analysis of variance of the 
effects of treatment.
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SP content was lesser in soaked hay compared to steamed hay 
(P = 0.0022) but was not different compared to dry hay (P > 0.05). 
Soaking resulted in a greater proportion of ADF in comparison 
to dry and steamed hay (P = 0.0024) but had no effect on aNDF 
content (P > 0.05). Lignin content was greatest in soaked hay, 
intermediate in dry hay, and least in steamed hay (P < 0.0001). 
Both steaming and soaking led to greater proportions of fat 
compared to dry hay (P  =  0.0420 and P  =  0.0005, respectively), 
and fat was greater in soaked hay than steamed hay (P = 0.0168). 
Soaking resulted in lesser proportions of WSC, ESC, NSC, and 
starch by 32%, 25%, 29%, and 17%, respectively compared to dry 
hay (P = 0.0002, P = 0.0005, P = 0.0004, and P = 0.0207, respectively), 
while there were no differences between steamed hay and dry 
hay (P > 0.05). Soaking, however, resulted in 32% greater calcium 
content (P = 0.0052) and no difference in phosphorus content 
(P > 0.05), resulting in a greater calcium to phosphorus ratio 
(P  =  0.0003) compared to dry hay. Steaming had no effect on 
these nutrients in contrast to dry hay (P > 0.05). Potassium was 
different among all 3 hay treatments, with the least in soaked 
hay and greatest in steamed hay (P < 0.0001). There was also 
greater sodium content in soaked hay compared to dry and 
steamed hay (P = 0.0148 and P  =  0.0073, respectively). Copper 
was greater in soaked hay compared to steamed hay (P = 0.0129), 
but neither was different from the dry hay (P > 0.05). Magnesium, 
iron, manganese, zinc, and digestible energy were not different 
among treatments (P > 0.05).

Effect of position within treatment
Greater moisture was found in the bottom section of the soaked 
hay compared to the top position (P  =  0.0177; Supplemental 
Table 2). No other significant position effects were observed in 
the soaked hay and none were observed in the steam treated 
hay (P > 0.05; Supplemental Table 1).

Effect of treatment protocol
Differences were found between the daily and overnight 
protocols for both steamed and soaked hay. Hay that was soaked 
for 10 h had 22% less CP than hay soaked for 30 min (P = 0.0066; 
Supplemental Table 4). Interestingly, WSC and NSC were greater 
in overnight 10-h-soaked hay than 30-min-soaked hay by 47% 
(P = 0.0284) and 39% (P = 0.0222), respectively. Potassium and 
sodium were lesser for the overnight 10-h soak compared to the 
30-min soak by 41% (P = 0.0496) and 81% (P = 0.0213), respectively. 
No other differences between soaking times were observed. Hay 
left in the steamer chest overnight for 10 h had greater moisture 
(P = 0.0443; Supplemental Table 3) and WSC (P = 0.0252) and less 
SP (P = 0.0015) content than hay removed immediately from the 
steamer and allowed to cool in the open. There were no other 

differences found between the different steaming protocols (P 
> 0.05).

Water mineral analyses
Table 2 displays the mineral content of the water used to soak 
the hay, alongside the mineral content of the soaked hay as is, 
and the calculated contribution of minerals from soaking water 
to the hay. These findings demonstrate that negligible amounts 
of minerals (<5% of contents in hay) may hay been introduced to 
soaked hay from water.

Feeding Preference Study

Preference tests
Table 3 shows the DMI, total time spent eating, and total time 
spent investigating for each hay treatment in the 30-min 
2-choice preference tests. One horse refused to eat from 
the hay bags and was removed from the study; therefore, 13 
horses completed the preference testing component of the 
study. Soaked hay was eaten less when compared to both dry 
(P = 0.0068) and steamed (P = 0.0052) hay on a DMB, and there 
was no difference between the amount of hay eaten when dry 
and steamed were offered together (P > 0.05). There were no 
differences between any combinations of treatments for time 
spent investigating hays. Less time was spent eating soaked hay 
when offered with either dry (P = 0.0018) or steamed (P = 0.0489), 
and there was no difference between time spent eating when 
steamed and dry were presented together (P > 0.05).

Glycemic response tests
All 9 horses completed a 6-h blood glucose response trial for 
each hay treatment. Rate of intake was not measured; however, 
all horses consumed all the treatment hay they were given 
and, therefore, total intake was consistent. There was a change, 
due to hay consumption, in blood glucose over time within 
all treatments (P  < 0.0001) as expected. Average blood glucose 
for horses fed dry hay was 5.3  ± 0.2  mmol/L, soaked hay was 
5.2 ± 0.2 mmol/L, and steamed hay was 5.4 ± 0.2 mmol/L. There 
were no differences in blood glucose among treatments or the 
interaction of treatments and time. Average total AUC for horses 
fed dry hay was 1894.6 ± 54.7 mmol/L ⋅ 360 min, fed soaked hay 
was 1876.6 ± 54.7 mmol/L ⋅ 360 min, and fed steamed hay was 
1852.3 ± 54.7 mmol/L ⋅ 360 min. Average time to peak and peak 
glucose value for horses fed dry hay were 187 ± 40 min and 6.2 ± 
0.2 mmol/L, respectively, soaked hay were 213 ± 40 min and 5.8 ± 
0.2 mmol/L, respectively, and steamed hay were 187 ± 40 min and 
5.6 ± 0.2 mmol/L, respectively. There was no difference between 
AUC, peak time, or peak glucose value among treatments (P > 
0.05).

Table 2. Mineral contents of hay-soaking water and soaked hay on an as-is basis (mean ± SEM) and calculated contribution of water mineral 
content to soaked hay assuming that the moisture content of soaked hay was entirely tap water (70%)

Mineral Water contents (n = 3) Soaked hay contents (n = 6) % of minerals in hay from water

Calcium, % as is 84.85E-04 ± 1.78E-04 0.18 ± 0.007 3.31
Phosphorus, % as is <0.1E-04 0.05 ± 0.007 <0.01
Potassium, % as is 3.77E-04 ± 0.72E-04 0.25 ± 0.017 0.11
Sodium, % as is 9.18E-04 ± 0.09E-04 0.02 ± 0.001 3.22
Magnesium, % as is 33.27E-04 ± 0.36E-04 0.05 ± 0.007 4.67
Copper, ppm as is <0.1 1.69 ± 0.08 <4.15
Iron, ppm as is 0.43 ± 0.04 33.52 ± 6.17 0.90
Manganese, ppm as is 0.13 ± 0.01 15.08 ± 4.84 0.60
Zinc, ppm as is 0.05 ± 0.01 6.26 ± 0.31 0.56
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Discussion
This was the first study to look at the effects of steaming and 
soaking on nutrient loss in Ontario-grown timothy-alfalfa 
hay, whether these changes in nutrient content occur evenly 
throughout the hay, a comparison of the glycemic response of 
performance horses when consuming these hays, and their 
preferences for them. Overall, in contrast to dry hay, soaking 
resulted in substantial losses of SP, NSC, and potassium that, in 
combination with reduced intake, could be detrimental to horses 
with high nutrient demands like racehorses. The commercial 
steamer evenly treated hay and conserved nutrients. In addition, 
performance horses displayed tight control over blood glucose 
levels, regardless of NSC and WSC levels of hay consumed, 
and least preferred soaked hay when either dry or steamed 
was available. Overall, this suggests that when comparing 
dust-reducing treatments (Blackman and Moore-Colyer, 1998; 
Moore-Colyer and Fillery, 2012), steaming would be better for 
maximizing nutrient intake from hay in contrast to soaking.

Prior to this study, Moore-Colyer and Payne (2012) were 
the first researchers to investigate horse preferences for dry, 
steamed, and soaked hay, using timothy-fescue hay and 6 Polo 
ponies by simultaneously offering all 3 treatments at once, and 
they concluded that the ponies consumed more steamed hay 
than dry and more dry hay than soaked. Differences between 
their experimental design and ours may have led to slightly 
differing results, including their smaller sample size, offering 3 
treatments at once rather than 2, their previous diet consisting of 
haylage rather than hay, and unknown conditioning parameters. 
On the other hand, Pagan et al. (2013) took a different approach 
and assessed intake of each type of treatment hay when offered 
separately to 3 Thoroughbreds and reported results similar to 
ours: that steamed and dry intake were greater than that of 
soaked hay. The results of these studies, in combination with 
ours, suggest that performance horses prefer steamed and dry 
hay over soaked hay. Together, this suggests that horses with 
very high dietary nutrient requirements would be best served by 
providing steamed hay to help maximize DMI, while reducing 
dust (Blackman and Moore-Colyer, 1998; Moore-Colyer and 
Fillery, 2012).

We expected to see some variation in nutrient losses 
compared to those seen in UK- and US-grown hays due to the 
different characteristics of the hays themselves. Since grass 
hays typically have less protein (Longland et  al., 2011), while 
legumes have greater protein (Martinson et al., 2012b), the mid-
range level of CP seen in the current study was expected for a 
hay that is a mix of these 2 hay types. In agreement with this, 
the SP level in the mixed timothy-alfalfa hay was greater than 

those seen in grass hays by Longland et al. (2009). Having more 
SP to lose may explain why there was a greater loss of SP on 
a percentage basis in the current study than in the grass hays 
studied by Longland et al. (2009). Since protein is required to build 
and maintain muscle, this loss of protein from the diet could 
negatively affect performance horses, and horse owners and 
train should be aware of this possible consequence of soaking 
hay. Interestingly, SP content was greater in the hay that was 
steamed, and this reflects the improved protein digestibilities 
reported by other researchers who have investigated the effects 
of thermal processing on plant-based food sources (Rehman and 
Shah, 2005). However, over processing of hay has the potential to 
result in protein degradation, and this is likely why SP was lesser 
in the present study when hay was steamed by the overnight 
protocol and the steamer chest was kept closed, exposing hay 
to the heat for longer. Future studies should investigate the 
optimal steaming time and temperature to reach maximum 
protein availability.

Researchers have reliably seen decreases in WSC content 
in hay soaked for longer than 10  min (Warr and Petch, 1992; 
Blackman and Moore-Colyer, 1998; Longland et  al., 2009; 
Longland et  al., 2011; Martinson et  al., 2012a; Longland et  al., 
2014; Mack et al., 2014; Moore-Colyer et al., 2014; Hansen et al., 
2016; Müller et al., 2016); this is consistent with the 32% decrease 
of the WSC levels in timothy-alfalfa in the current study. 
American first-cut orchardgrass hay also had a 32% loss in WSC 
content after a 30-min soak in cool water and a 27% loss in first-
cut alfalfa hay (Martinson et al., 2012a). Warr and Petch (1992) 
examined changes of WSC content in UK hay after soaking and 
saw a 31% decrease after 30 min. When both of these research 
teams soaked hay for longer (8  h), they observed double the 
loss in WSC content (Warr and Petch, 1992; Martinson et  al., 
2012a), but this was not the case in the current study. Water 
temperature may have been an important factor influencing 
this group of nutrients, since temperature remained constant 
in the abovementioned studies. This could not be controlled in 
the current study because we used tap water from the barn that 
was not temperature regulated, and hay was soaked overnight 
in the unheated barn during late fall in southern Ontario, 
Canada. We believe that colder temperatures overnight resulted 
in colder soaking water temperatures compared to hay soaked 
during the day. Soaking hay for 60 min in cold water extracts the 
same amount of soluble carbohydrates as 30 min in warm water 
(Watts and Sirois, 2003); therefore, the removal of WSC and NSC 
would not have been as efficient in the cooler water overnight.

Research on nutrient content changes in steamed hay have 
shown conflicting results concerning WSC content, ranging from 

Table 3. Average amount of hay consumed, time spent eating, and time spent investigating (mean ± SEM) when 2 treatment hays were offered 
simultaneously for 30 min to horses (n = 13)

Dry Steamed Soaked P-value

DMI (kg) 0.3 ± 0.0a  0.2 ± 0.0b 0.0068
 0.3 ± 0.1a 0.2 ± 0.1b 0.0052

0.3 ± 0.0 0.3 ± 0.0  0.8243
Time spent eating (seconds) 824.2 ± 88.6a  544.2 ± 88.6b 0.0018

 860.7 ± 225.7a 667.9 ± 225.6b 0.0489
654.2 ± 72.9 651.4 ± 72.9  0.9733

Time spent investigating (seconds) 23.5 ± 9.2  15.6 ± 9.2 0.2879
 27.3 ± 13.5 34.1 ± 13.5 0.1688

20.3 ± 5.4 17.1 ± 5.4  0.3999

a,bLeast square means within a row not sharing a common superscript letter differ (P ≤ 0.05), P-value refers to the analysis of variance of the 
effects of treatment.
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a 7% increase to an 18% decrease and with no clear correlation 
to initial WSC content or steaming protocol. In the current study, 
WSC levels in steamed hay were 1.5% greater than in dry, but 
this difference was not significant. When steaming protocols 
were compared, moisture and WSC content were higher in 
the overnight protocol hay compared to the daily protocol hay. 
This likely occurred because the steamer chest was kept closed 
overnight and instead of evaporating, the steam condensed on 
the lid of the steamer chest and eventually dripped back onto 
the hay inside the chest, returning water back onto the hay, 
which consisted of moisture and WSC (Harris, 1997).

While starch, NSC, WSC, and ESC were not different between 
steamed and dry hay, all of these nutrients were less in soaked 
hay, and it was hypothesized that hay with lower carbohydrate 
contents would elicit a lower glycemic response in horses, as was 
reported by Cottrell et al. (2005) in their study using 4- to 5-month-
old fillies. This, however, was not the case in the current study, 
which used exercise-conditioned Standardbred racehorses. 
Our results agree with those of Collins (2015), who investigated 
glycemic response in mature horses (13–21 yr of age) and also 
observed no difference in glycemic response despite lower NSC 
content in soaked hay. Borgia et  al. (2009) looked at glycemic 
and insulinemic response in both healthy and polysaccharide 
storage myopathy (PSSM) horses after consuming hays with 
either low or high NSC content and reported higher glucose and 
insulin responses after consuming high NCS hay; however, in 
healthy horses consuming high NSC hay, a heightened response 
was only detected in insulin and not glucose, which supports 
the current observations. This indicates that insulin may be a 
more sensitive biological marker and, if it had been measured 
in addition to glucose, it might have revealed the predicted 
response changes. This may have been especially true for our 
particular study participants as exercise-conditioned horses, 
like other athletes, are known to have greater insulin sensitivity 
(Pratt et  al., 2006) in contrast to sedentary individuals. This 
would explain how they tightly regulated their blood glucose 
levels despite differing carbohydrate intakes. Future research 
would more greatly benefit horse owners by investigating the 
glycemic responses of insulin-resistant horses after consuming 
soaked, steamed, and dry hay.

A variety of mineral content changes were noted in both 
soaked and steamed hay, many of which may have a notable 
impact on performance horses. Among these, potassium and 
sodium are regarded as some of the most important minerals 
measured in this study, due to their roles as electrolytes. 
Potassium levels of timothy-alfalfa hay in this study decreased 
by 41% after a 30-min soak when compared to the dry hay, 
which is very similar to the 40% decrease seen in UK meadow 
hay after a 30-min soak (Blackman and Moore-Colyer, 1998). 
This was not surprising since potassium in hay has been shown 
to be more soluble than carbohydrates (Watts and Sirois, 2003) 
and, in the current study, a greater proportion of potassium was 
lost than WSC. While potassium was decreased by soaking hay, 
the proportion of sodium nearly doubled, though it still only 
made up 0.07% of the DM, whereas potassium decreased from 
1.43% to 0.84% of DM. This apparent increase in sodium likely 
only reflects a proportional increase due to the loss of other 
nutrients from soaking and would also apply to other increased 
nutrients in soaked hay, including CP, ADF, lignin, fat, and 
calcium. In addition, the lower levels of potassium and sodium 
in the overnight (10  h) soaked hay compared to the 30-min 
soaked hay are consistent with past studies where a decrease 
of 23% and 16%, respectively, were reported when comparing 
a 1-h immersion to an 8-h immersion (Hansen et  al., 2016), 

which suggests that minerals in timothy-alfalfa hay are more 
susceptible to time-dependent leaching than carbohydrates. In 
terms of electrolyte provision, since salt licks can be used as a 
reliable source of sodium and chloride, changes in the levels 
of potassium in the diet need to be carefully monitored when 
feeding the equine athlete as these minerals play a vital role 
in muscle fiber contraction and exercise recovery (Gottlieb-Vedi 
et al., 1996). Athletic horses are at a particular disadvantage if 
their diet is not sufficient in these nutrients, since horse sweat is 
hypertonic and contains considerable quantities of potassium, 
sodium, and chloride (Flaminio and Rush, 1998), and these losses 
can be exacerbated when horses are worked harder or longer 
since the extent of total body electrolyte loss is dependent on 
the intensity and duration of the activity (Ecker and Lindinger, 
1995). Interestingly, potassium levels were increased in steamed 
hay and there was no change seen in sodium levels. As has been 
demonstrated in other studies, it appears that heat treatment 
increases the availability of potassium in hay (Blackman and 
Moore-Colyer, 1998; Moore-Colyer et al., 2016), which would be 
beneficial for an athletic horse.

In conclusion, soaking hay reduced nutrients including 
soluble protein, NSC, and potassium content of Canadian first-
cut mixed timothy-alfalfa hay as anticipated. Equine athletes 
have very high nutrient demands and steaming hay was an 
effective method to conserve these nutrients to maximize 
nutrient intake. These horses preferred dry and steamed hay 
over soaked hay, and when comparing treatments used to reduce 
dust, this further supports a recommendation that steaming is a 
superior method for treating hay for performance horses.

Supplementary Data
Supplementary data are available at Journal of Animal Science 
online.
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