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Savoie, P., Beauregard, S. and Desilets, D. 1992. Windrow inversion
and climate influences on hay drying and quality. Can. Agric. Eng.
34:061-067. Windrow inversion is a relatively new technique for
manipulating hay to enhance drying. The inverter lifts the windrow,
turns it horizontally by 180° and drops it back on the stubble in an
inverted, upside down position. The wet portion can dry more quickly
in the process. The present study reports on the effect of inversion on
drying and quality of timothy and alfalfa hays. After inversion, the
drying coefficient of alfalfa increased by an average of 0.022 h" or
28% over a period of 25 daytime hours spread over three days.
Timothy also dried faster on average but showed no benefit when
inverted at a moisture content below 50% (wet basis). The greatest
drying increase occurred when windrows were inverted at a moisture
content between 67 and 71%. Timothy fiber concentration increased
daily by 0.4 % for acid detergent fiber (ADF), 0.8% for neutral
detergent fiber (NDF) and 0.13% for acid detergent lignin (ADL).
Daily alfalfa fiber increases were 0.6% for ADF, 1.2% for NDF and
0.18% for ADL.

Le retournement des andains est une technique relativement nou-
velle pour favoriser le sechage des fourrages. Le procede permet de
ramener au sommet de randain la couche plus humide qui se trouvait
au-dessous avant le retournement. Cette etude traite de Timpact du
retournement des andains sur le sechage et la qualite du foin de luzeme
et de fleole. Le retournementa augmente le coefficientde sechagede
la luzeme de 0.022 h" ou 28% en moyenne, sur une periode de 25
heures diumes reparties sur trois jours. La fleole sechait aussi plus
rapidement, mais le retournementdevenait inefficace lorsque la teneur
en eau etait au-dessous de 50% (base humide). Le retournement avait
un impactmaximal sur le sechage des andains lorsque la teneur en eau
variaitentre 67 et 71%. La teneur en fibres de la fleole augmentait
quotidiennement de 0.4% (fibres ADF), 0.8% (fibres NDF) et 0.13%
(lignine). Pour la luzeme, les augmentations quotidiennes etaient de
0.6% (ADF), 1.2% (NDF) et 0.18% (lignine).

INTRODUCTION

There are three groups of factors that influence field hay
drying: the environment, harvest treatments, and the crop it
self. The environment includes climatic factors such as
sunshine, air temperature, humidity, wind speed and soil mois
ture. Harvest treatments include mowing and conditioning,
subsequent handlingof the hay windrowby tedding,inversion
or raking, and pick-up and packaging of the dried hay. The
cropitself influencesdryingaccording to its stageof maturity,
initial moisture content and yield.

Thesamefactors alsoaffectthequalityof theharvested hay.
Hayqualitydeterioratesas the forage is left for a longerperiod
of time in the field because of prolonged respiration and
oxidization of soluble sugars. Some mechanical treatments

such as tedding also cause severe leaf loss and a reduction of
nutrient concentration.

New haymaking technologies can reduce hay drying time
and quality degradation in the field. A complete assessment of
these technologies requires collecting field data and modeling
their performance over a wide range of conditions.

Windrow inversion has been suggested as a means of reduc
ing leaf loss in forage windrows while improving the drying
rate and uniformity (Garthe et al. 1988; Grisso et al. 1989;
Savoie and Beauregard 1989,1990; Davis etal. 1989; Shearer
et al. 1989). Attempts to model the effect of windrow inversion
have shown drying rate improvements ranging from 0 to 30%
and dry matter losses in the order of 0.5% (Rotz and Savoie
1991). However, there is little experimental data on hay qual
ity changes.

Our objective was to collect information on hay windrow
inversion with respect to hay drying and quality. This informa
tion was used to develop simple models that may be used
either to validate more fundamental forage conservation mod
els or to readily simulate the hay harvest process under various
conditions.

MATERIALS AND METHODS

Experiments were conducted at the Deschambault Research
Station (Quebec) during the first and second forage growth
cycles in 1989. During each growth cycle, two 40 m by 100m
plots containing either alfalfa or timothy were subdivided into
two subplots (40 m by 50 m). Subplots of each forage species
were mowed at two dates: June 12 and 26, during first cutting;
July 24 and August 9, during second cutting. Subplots in
cluded six experimental units (40 m by 8 m); each
experimental unit was formed of three 40 m long windrows
side by side.

Forage was mowed in the morning between 9:30 and 10:30
with a 2.7 m wide Vicon KM 281 disk mower with rubber roll

conditioning. (Trade names are used in the paper solely to
provide specific information. Mention of trade names does not
constitute an endorsement of the product to the exclusion of
other products not mentioned.) The deflectors on the mower-
conditioner were set to form a narrow windrow of 1.0 to 1.2 m
width. Some windrows were left to dry undisturbed. Others
were inverted twice with a windrow inverter (Pequea 786).
Inversion was done 4 h and 24 h after mowing. Inversion
consisted of lifting the windrow on a horizontal platform,

CANADIAN AGRICULTURAL ENGINEERING Vol. 34, No.1, JANUARY/FEBRUARY/MARCH 1992 61



turning it either 135° to maintain normal width or 180° to
widen the windrow, and letting it drop off the platform. In the
process the drier top layer ends up at the bottom and the wetter
bottomlayerends up on top (Savoieand Beauregard1990).Each
growing cyclerepresented a split-plot design. The two mowing
dates during each growth cycle were blocks; they included the
effect of climate and crop maturity. During thefirstcutting, two
treatments (control andinverted normally at 135°) were applied
randomly within the six experimental units of each forage
species(alfalfa and timothy) at each mowingdate. Hence there
were three replications per treatment. During the second cutt
ing, three treatments (control, inverted at 135° and inverted at
180° for widening) were repeated twice within the six experi
mental units of each forage at each mowing date.

Fieldmeasurements included forage drying rateandquality
changes. To measure drying rate, short windrow sections were
placed on 0.9 m by 1.2 m screen trays with two trays per
experimental unit. Trays were weighed immediately after
mowing and at regular intervals (3 to 6 h) between 9:30 and
20:00each day during two to four days. The weight loss was
assumed to represent water evaporation. Dry matter loss by
respiration was neglected.

Initial forage moisture contentwas measured by oven dry
ing at65°C for 72 h (ASAE 1986) two fresh samples of500 g
taken in each experimental unit at the timeof mowing. When
anexperimental unit was inverted(4 h and 24 h aftermowing),
a forage sample was taken from each tray prior to inversion
and another sample was taken near the tray after inversion. A
lastsample wastaken from eachtrayafterthelastweighing for
dryingmeasurements.All samples were oven dried to measure
moisture content.

Total dry matter in each tray was estimated on the basis of
initialand final wet masses,and corresponding moisture con
tents. The average dry matter was used to calculate moisture
content at the end of each drying interval. An exponential
function was used to calculate a drying coefficient (Rotz and
Chen 1985).

M = Af*exp(-£0 (1)
where:

M = final moisturecontent (kg water/kg DM; dry basis),
Mo = initial moisture content (kg/kg),
k = drying coefficient (h1), and
t = drying time (h).

Drying coefficients were calculated after inversion on the
first day (between 14:00 and 19:00) and at the end of the
second and third day for accumulated periods corresponding
to daytime drying after inversion (15 and 25 h respectively).
To quantify the effect of inversion, the relative and absolute
differencesbetween drying coefficients were calculated as:

/ = ti/fe

A = k\ - ki

where:

/ = multiplicative effectof treatment on drying
coefficient,

A= linear additive effect of treatmenton dryingcoefficient
(h1),
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(2)

(3)

k\ = drying coefficient oftreated windrows (h1), and
ki= drying coefficient ofuntreated windrows (If1).

Meteorological data werecollectedhourly throughout each
experimental week. Measurements included global radiation,
air temperature, relative humidity and windvelocity.

Forage quality changes wereevaluated by takingsamples at
mowing, and at the end of the seventh day of field drying,
corresponding to 0 and 168h aftermowing. Two sampleswere
takenfrom eachcrop,at each dateand fromeach experimental
unit (invertedor undisturbed). Each sample was oven dried at
65°C for 72h. Chemical analyses of the dry matter included
crude protein, acid detergent fiber (ADF), neutral detergent
fiber (NDF) and acid detergent lignin (ADL).

RESULTS AND DISCUSSION

At the time of mowing, the alfalfa field had, on a dry basis
(d.b.), an average purity of 82% in first cutting and 93% in
second cutting; other crops were mainly natural grasses. The
timothy fields had a purity of 75% in first cutting and 99% in
second cutting (these were not the same fields); other crops
were predominantly natural grasses with less than 3 % in
non-grass crops. The initial moisturecontent (IMC)generally
declined withmaturity; this wasmorepronounced in timothy.
Alfalfa IMC declined from 81.5 to 79.5% wet basis (w.b.) in
first cutting over the weeks of maturity; it rose from 77.9 to
79.9% in the second cutting. Timothy IMC decreased from
83.4 to 75.1% in the first cutting, and from 75.0 to 65.9% in
the second cutting.

Table I contains climatic data observed during the field
experiments. Dryingmeasurements were takenduringthefirst
three daysof each week. Rain delayed the drying experiment
in thesecond week (June 27and28).During thatweek, drying
measurements were prolonged to the fourth and fifth days to
measure drying after rainfall. A third windrow inversion was
applied on the morning of the fourth day. In general, air
temperature and solar radiation were favorable for drying.

Table II shows the effect of windrow inversion on field
drying of timothy hay. Table III shows similar data for alfalfa
hay. Windrow inversion was applied early in the afternoonof
the mowing day,and again in the morning of the second day.
Such a manipulation always increased the drying rate during
the first two days. In relatively mature timothy (week of Au
gust9), the benefitof increased dryingrate did not persist on
the second and third days. The drying coefficient increased
more after inversion of wetter, less mature timothy (week of
June 12). There was little difference between widened and
normal windrows after inversion. In somecaseswidening was
beneficial (alfalfa, August 9; timothy, July 24); in other cases
it was detrimental (alfalfa, July 24; timothy, August 9). The
drying improvement was more consistent in alfalfa than in
timothy. On average for alfalfa, the relative drying rate in
crease was 28% up to the third day of drying (25 h of
cumulative field drying). For timothy, the drying rate increase
was 66% for an early maturity first cutting. There was practi
cally no increase for late maturity second cutting of timothy.

The absolute increase of the drying coefficient varied be
tween 0 and 0.035 h in timothy over a 25 h period after the
first inversion treatment. The increase for alfalfa was between
0.008 and 0.031 h"1 with an average of0.022 h"1.
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Table I. Climatic data observed over a 24 h period (daily) or a daytime period (diurnal from 9:00 to 19:00) during the
field drying experiments in 1989

Date Temperature (°C)
Tjiiitti al Daily

radiation

rYiiifniil

Rain

(month, day) Daily Daily Diurnal RH

.L/iUUHU

wind Diurnal Daily

min max mean (%) (MJ/m2) (m/s) (mm) (mm)

First Cutting

First replicate

06.12 8.5 23.5 19.6 39 26.5 3.5 0.0 0.0

06.13 7.0 24.5 20.6 41 29.3 1.7 0.0 0.0

06.14 8.0 26.0 22.7 41 27.7 1.7 0.0 0.0

06.15 12.0 20.0 18.1 55 10.0 NA 0.0 0.0

06.16 12.5 15.5 14.6 65 3.7 NA 0.3 4.9

06.17 14.0 24.5 19.8 62 11.3 NA 0.0 1.5

06.18 11.0 21.0 18.8 61 14.1 NA 2.8 4.1

Second replicate

06.26 18.0 30.5 28.1 58 20.8 2.1 0.0 0.0

06.27 17.5 28.5 25.6 64 14.3 2.1 4.3 22.8

06.28 19.5 25.0 23.5 59 16.4 2.4 2.8 2.8

06.29 12.5 24.0 21.3 42 23.5 2.7 0.0 0.0

06.30 9.0 26.0 22.6 37 25.2 2.2 0.0 0.0

07.01 10.0 17.5 16.3 62 4.1 NA 2.8 3.9

07.02 15.0 25.5 22.5 62 19.4 NA 0.0 0.0

Second Cutting

First replicate

07.24 15.5 31.5 27.8 47 20.3 1.6 0.0 0.0

07.25 19.0 32.0 29.6 54 17.9 2.5 0.0 0.0

07.26 18.5 34.5 31.0 53 23.8 2.6 0.0 0.0

07.27 20.5 33.0 29.8 57 19.4 NA 12.7 18.6

07.28 20.0 23.5 21.9 56 11.6 NA 1.3 5.3

07.29 11.0 23.5 21.4 41 19.0 NA 0.3 0.8

07.30 9.5 26.5 23.3 43 23.3 NA 0.0 0.0

Second replicate

08.09 10.0 27.0 22.6 52 22.5 2.0 0.0 0.0

08.10 15.5 29.0 25.5 50 23.2 2.4 0.0 0.0

08.11 14.0 30.5 27.0 52 22.1 1.9 0.0 0.0

08.12 18.5 29.5 25.1 57 14.3 NA 0.0 0.0

08.13 19.0 30.0 26.0 58 16.9 NA NA 2.6(1>
08.14 20.0 29.0 26.5 59 15.9 NA NA 23.8(1)
08.15 17.0 30.5 27.8 54 20.6 NA 0.0 0.0<!>

(1) Measured at the airport at Quebec City, 50 km from the field.
NA Data not available

Figures 1 and 2 show the short term (5 to 9 h) effect of
windrow inversion on the drying coefficient. Figure 1 illus
trates absolute drying rate increases. In the case of alfalfa, the
drying coefficient increases varied between 0.016 and 0.038
h" with an average value of 0.026 h"1. In the case oftimothy,
the drying coefficient increases varied between 0 and 0.050 h
with an average value of0.030 h"1. The relative increase ofthe
dryingcoefficient (Fig. 2) also fluctuated considerably with an

average of 45% for alfalfa and 56% for timothy. The forage
moisture content at the time of inversion cannot alone explain
the variation. However, data with timothy clearly shows that
windrow inversion has little effect for a moisture content
below 1 kg/kg, d.b. (50%, w.b.). Interestingly, windrow inver
sion had a maximum benefit of increasing the drying rate at a
moisture content between 2 and 2.5 kg/kg, d.b. (67 and 71%,
w.b.). If windrow inversion is applied too quickly in very wet
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Table II. Moisture contents and drying coefficients of timothy hay as a function of mowing date, accumulated drying
daytime and windrow manipulation (I for inverted, IW for inverted and widened, U for undisturbed)

Date of Treatment Moisture content (kg/kg DM) Drying coefficient (h" )
mowing

(1989) Initial INV1 End End End Day 1 Days 1+2 Days 1+2+3

(4h) Day 1 Day 2 Day 3 <5h) (15h) (25h)

June 12 I 5.01 3.48 2.14 0.76 0.39 0.097 0.101 0.088

(1st cut) U 5.01 3.48 2.49 1.45

Ratio I/U

0.92 0.067

1.45

0.058

1.74

0.053

1.66

June26(1) I 3.02 2.24 1.40 _ _ 0.094 _ .

(1st cut) U 3.02 2.24 1.80

Ratio I/U

—
0.044

2.14
-

*~

July 24 IW 3.00 1.66 1.11 0.56 0.12 0.081 0.072 0.105

(2nd cut) I 3.00 1.66 1.09 0.61 0.17 0.085 0.067 0.091

U 3.00 1.66 1.31 0.74

Ratio IW/U

Ratio I/U

0.21 0.047

1.72

1.81

0.054

1.33

1.24

0.083

1.27

1.10

August 9 IW 1.93 1.33 0.75 0.44 0.24 0.114 0.074 0.068

(2nd cut) I 1.93 1.33 0.73 0.42 0.21 0.121 0.077 0.074

u 1.93 1.33 0.90 0.46

Ratio IW/U

Ratio I/U

0.22 0.079

1.44

1.53

0.071

1.04

1.08

0.072

0.94

1.03

(1) During the week of June 26, rain occured on June 27-28.

Table III. Moisture contents and drying coefficients of alfalfa hay as a function of mowing date, accumulated drying
daytime and windrow manipulation^ for inverted, IW for inverted and widened, U for undisturbed)

Date of Treatment Moisture content (kg/kg DM) Drying coefficient (h )
mowing

(1989) Initial INV1 End End End Day 1 Days 1+2 Days 1+2+3
(4h) Day 1 Day 2 Day 3 (5h) (15h) (25h)

June 12 I 4.39 2.88 1.53 0.50 0.22 0.126 0.117 0.103

(1st cut) U 4.39 2.88 1.73 0.79

Ratio I/U

0.39 0.102

1.24

0.086

1.24

0.080

1.29

June26(1) I 3.88 3.07 2.25 _ 0.062 _

(1st cut) u 3.88 3.07 2.51

Ratio I/U

—
0.040

1.55

— —

July 24 IW 3.53 2.07 1.31 0.58 0.13 0.092 0.085 0.111

(2nd cut) I 3.53 2.07 1.38 0.55 0.10 0.081 0.088 0.121

u 3.53 2.07 1.62 0.85

Ratio IW/U

Ratio I/U

0.22 0.049

1.88

1.65

0.059

1.44

1.49

0.090

1.23

1.34

August 9 IW 3.98 2.75 2.00 0.78 0.29 0.064 0.084 0.090

(2nd cut) I 3.98 2.75 1.89 0.94 0.45 0.075 0.072 0.072

u 3.98 2.75 2.22 1.15

Ratio IW/U

Ratio I/U

0.55 0.043

1.49

1.74

0.058

1.45

1.24

0.064

1.41

1.13

(1) During the week of June 26, rain occured on June 27-28.
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Fig. 1. Absolute increase of drying coefficient (h* ) due
to windrow inversion as a function of moisture

content at the time of inversion.

Moisture content (g water/g DM)

Fig. 2. Relative increase of drying coefficient (%) due to
windrow inversion as a function of moisture

content at the time of inversion.

Table IV. Moisture contents and drying coefficients after rainfall for inverted (I) and undisturbed (U) windrows, during
trials beginning on June 26

Crop

Timothy

Alfalfa

Treatment Moisture content (kg/kg DM) Drying coefficient (h" )

At End End Day 4 Days 4+5
Inversion Day 4 Day 5 (5h) (12h)

I 1.45 0.70 0.21 0.146 0.161

U 1.45 1.16 0.83 0.044 0.046

Ratio I/U 3.32 3.50

I 2.13 1.43 0.77 0.079 0.085

U 2.13 1.68 1.07 0.047 0.057

Ratio I/U 1.68 1.49

Table V. Chemical composition of timothy windrows either inverted (I) or undisturbed (U) at the time of mowing and
after seven days of field curing

Date of Sampling Acid detergent Neutral detergent Acid detergent Crude

mowing time

(h)

fiber (%) fiber (%) Lignin (%) protein

(1989) I U I U I U I U

June 12 0 37.7 36.7 56.2 63.5 3.96 3.48 15.6 14.4

(1st cut) 168 38.1 38.6 64.7 62.5 4.11 4.26 16.4 17.0

June 26 0 43.3 36.3 67.2 62.4 7.29 4.22 11.4 11.7

(1st cut) 168 45.2 44.2 71.2 70.1 6.38 5.16 12.9 9.4

July 24 0 39.6 38.3 62.1 63.0 6.71 5.22 11.9 12.8

(2nd cut) 168 39.5 42.1 68.6 69.8 9.55 7.76 10.7 14.1

August 9 0 40.7 39.0 65.1 62.9 4.73 4.65 9.5 8.4

(2nd cut) 168 44.2 41.6 71.1 68.3 5.13 5.43 10.0 10.1
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Table VI. Chemical composition of timothy windrows either inverted(I) or undisturbed (U) at the time of mowingand
after seven days of field curing

Date of Sampling Acid detergent Neutral detergent Acid detergent Crude

mowing time fiber (%) fiber (%) Lignin (%) proteini

(h)

(1989) I U I U I U I U

June 12 0 37.8 36.9 63.2 53.2 3.90 5.87 13.3 18.6

(1st cut) 168 39.7 42.6 67.2 61.8 5.40 7.06 14.8 17.8

June 26 0 41.0 42.2 54.8 NA 6.71 5.22 16.0 NA

(1st cut) 168 47.2 44.6 61.1 59.3 9.55 7.76 16.0 16.6

July 24 0 33.8 33.9 46.8 42.4 6.08 6.79 21.9 20.1

(2nd cut) 168 38.9 38.3 63.6 53.1 6.43 6.26 18.7 20.9

August 9 0 36.3 39.3 44.7 48.1 7.29 7.55 21.3 20.1

(2nd cut) 168 41.1 40.7 56.7 50.9 8.22 8.82 19.7 21.4

forage, there is little moisture difference between the top and
the bottom layers. For inversion to be beneficial there should
be a moisture content difference so that the top layer is consid
erably drier than the bottom layer.

Drying coefficients are also reported after inversion on the
fourth day for rained-on windrows (Table IV). The relative
increase of the drying coefficient was very high in timothy
(350%) and moderate in alfalfa (49%), when averaged over 12
h of drying time after manipulation. The absolute increases in
the drying coefficient were 0.115 h"1 for timothy and 0.028 h"1
for alfalfa. Timothy windrows are very sensitive to inversion
after being rained on.

For modeling purposes, it was seen that the drying rate
increased after inversion. The amount of increase was maxi
mum when inversion was applied at some intermediate
moisture content (between 67 and 71%, w.b. under our limited
observations). The increase was very high in wet timothy
(0.035 h"1) and practically zero in timothy drier than 50%
moisture content (w.b.). The increase was more consistent in
alfalfa ofvarious moisture contents, averaging 0.022 h"1. The
relative increase over a 25 h drying period after inversion
averaged 28% in alfalfa and varied between 0 and 66% in
timothy.

Mowed forage for the drying experiment was left in the
field a full week (7 days or 168 h). Tables V and VI show the
initial and final chemical composition of timothyand alfalfa.
For both crops, all fiber components (ADF, NDF, ADL) in
creased significantly (p<0.05) after 7 days of exposure. The
average daily absolute increases for timothy were 0.4% for
ADF, 0.8% for NDF and 0.13% for ADL. The average daily
absolute increases for alfalfa were 0.6% for ADF, 1.2% for
NDFand0.18%for ADL. This is consistentwithnormal plant
respirationand loss of soluble nutrientsduringfield drying.As
a consequence the fiber fraction increased. For both timothy
and alfalfa, the crude protein concentration did not change
significantly after 7 days of wilting (p=0.35 and 0.68 respec
tively). This does not mean there were no protein losses but
rather that the protein fraction suffered losses in the same
proportion as other fractions of the crop nutrients.

66

The mechanical treatments (inverted or undisturbed) had no
significant effect on the change of nutrient concentrations. The
main factor affecting increased fiber content was therefore the
time the forage remained in the field.

CONCLUSIONS

1. Forage windrow inversion increased the drying coefficient
of alfalfa by an average of 0.022 h or 2%%. Timothy also
dried faster after inversion, especially when windrows had
been rained on. When average moisture content was below
50% (wet basis), there was no drying benefit from inver
sion in timothy.

2. The greatest drying improvement was observed when the
windrow was inverted either at a moisture content between
67 and 71%, or after rainfall.

3. Forage fiber concentration of either inverted or undisturbed
windrows increased during field curing over a seven day
period. The average daily increase was 0.4% for ADF,
0.8% for NDF and 0.12% for ADL in timothy. In the case
of alfalfa, average increases were 0.6% for ADF, 1.2% for
NDF and 0.18% for ADL. Crude protein concentration did
not significantly change.
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