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Abstract: The objective of this study was to assess the joint effect of perennial ryegrass cultivars and
drying methods on concentrations of water-soluble carbohydrates (WSC) and crude protein (CP) and
WSC/CP ratio. AberMagic AR1 and Expo AR1 forage were collected in December 2016, March, June,
September and November 2017 and either oven-dried at 60 ◦C for 48 h (OD_60), at 80 ◦C for 16 h
(OD_80), frozen at −80 ◦C for 48 h then freeze-dried (−80_FD), or flash-frozen with liquid N then
freeze-dried (LN_FD). Data were analyzed by ANOVA in a factorial design with cultivar and drying
method as factors. AberMagic AR1 had between 9.0 to 31.5% higher WSC concentration than Expo
AR1 in the four samplings. Freeze-drying preserved more WSC than oven-drying treatments (+22.7%),
particularly in June. The CP concentration of Expo AR1 was higher only in December (+6.8%), and was
22.9 and 10.9% higher in OD_60 samples compared to LN_FD samples in December and November,
respectively. The WSC/CP ratio varied in June, being greater in AberMagic AR1 (+36.1%). Drying
method affected WSC/CP ratio in December, June and November where freeze-drying produced
greater ratios. Drying techniques generated differences in WSC, CP and WSC/CP ratio, which may
affect the accuracy of the estimated impacts of forages on productivity and N use efficiency.

Keywords: Lolium perenne L.; leaves; high sugar grasses; oven-drying; freeze-drying; liquid nitrogen;
nitrogen use efficiency

1. Introduction

Water-soluble carbohydrates in grazing plants are important as reserve compounds to support
plant growth after defoliation [1–3] and are valuable as a source of readily available energy for gut
microbial growth in ruminant animals [4]. One of the key strategies to improve the efficiency of
grassland systems is to optimize the energy to protein balance of forages [5], with the aim of balancing
the supply of these nutrients in optimal proportions to satisfy the requirements of ruminal microbes
and minimize the excretion of excess N via urine, limiting the associated negative environmental
impacts [6]. Enhancing the WSC concentration in perennial ryegrasses, either by cultivar selection
or agronomic management, is an accepted pathway to manipulating herbage nutritive quality and
improving N use efficiency (NUE) [7], described here as the N excreted (either milk or urine) per unit
N eaten.

Moreover, the WSC/CP ratio can be used to predict NUE [8,9]. Both studies included data from
works that used either freeze-drying [10,11] or oven-drying [12–17] prior to WSC and CP determination.
Yet, it is supposed that different drying methods may affect these constituents thus producing different
concentration values, in the dry matter (DM), for WSC, CP and WSC/CP ratio.

Analytical procedures to quantify the chemical composition of forages have been long
established [18,19] and the influence of drying methods on forage sample constituents is well
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documented. For example, greater drying temperatures lead to caramelization of sugars [20], Maillard
products [21] or a reduced recovery of soluble sugars [22], whereas reported changes in CP level are
inconsistent [23,24]. Furthermore, imcomplete drying apparently may not inactivate all the enzymes
in the forage sample resulting in carbohydrate loss through respiration [25].

Given the role of WSC for plant re-growth and ruminal microbes, and that the WSC/CP ratio can
be used to estimate NUE for urine and milk [8,9], it is important to avoid processes that may affect
the accuracy of results. As aforementioned, past work has indicated that drying methods to preserve
forage samples can sometimes alter the chemical composition (mainly WSC) [25]. The objective of
this study was to test the hypothesis that cultivar and different but routinely used laboratory drying
methods can change the WSC and CP concentrations and thus the WSC/CP ratio.

2. Materials and Methods

The study was conducted in Remehue Research Center (40◦31′ S, 73◦03′ O, 71 metres above sea
level (m.a.s.l.)), at the Instituto de Investigaciones Agropecuarias, Osorno, Chile, between August 2016
and November 2017. The site has a mean annual temperature and precipitation of 10.6 ◦C and 1321 mm,
respectively, [26] and a temperate, without dry season, warm summer (Cfb) climate classification [27].
The mean monthly temperature, rainfall and incident solar radiation for the experimental period are
presented in Figure 1.
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2016 at a seeding rate of 25 kg ha−1. Pots were fertilized with Basacote Plus 3M (Compo GmbH) in 
August 2016 and 2017 at a rate equivalent to 60 kg N ha−1. Weeds were pulled by hand and no 
herbicides were applied in any sampling period. Plants were grown outside in the field and were 
sustained under rainfed conditions. 
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Figure 1. Observed monthly mean temperatures (#), precipitation (�), and incident solar radiation
(∆) during the sampling period, and historical averages (1977–2017) for mean temperature (�) and
precipitation (�).

Two cultivars of perennial ryegrass (Lolium perenne L.) were used in the study, namely AberMagic
AR1 (+19) developed in Wales and Expo AR1 (+21) developed in New Zealand. The cultivars were
selected because both expressed higher concentrations of WSC [28], were developed in different
latitudes, have similar heading dates and are both diploids. Nine 125 L (0.48 m diameter × 0.91 m
height) pots were filled in March 2016 with an Andisol soil of the Osorno series (textural class: silty
loam) characterized by 13%, 70% and 17% of sand, silt and clay, respectively [29]. The topsoil (0.1 m
depth) had a pH of 5.6 (water, 1:2.5), 11.9% organic matter, 74 mg kg−1 N (NO3+NH4), 83.7 mg kg−1

Olsen P and 18.0 mg kg−1 S. Exchangeable cations (cmol(+) kg−1) were 9.2, 1.3, 2.3, 0.2 and 0.07 for Ca,
Mg, K, Na, and Al, respectively. Each cultivar was hand sown into pots on 25 August 2016 at a seeding
rate of 25 kg ha−1. Pots were fertilized with Basacote Plus 3M (Compo GmbH) in August 2016 and 2017
at a rate equivalent to 60 kg N ha−1. Weeds were pulled by hand and no herbicides were applied in any
sampling period. Plants were grown outside in the field and were sustained under rainfed conditions.

Between sowing and the first sampling, plants were harvested periodically with hand scissors once
they had reached the three-leaf stage, leaving 0.05 m stubble height. Samples were collected during the
mornings of 5 December 2016 (late spring), and 15 March (autumn), 21 June (winter), 14 September
(early spring) and 05 November 2017 (middle spring) within a one hour time window. The sampling
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points reflect the broad range of forage growing seasons. Pots were harvested as explained before.
The harvested material of each block (i.e., three pots per cultivar) was combined together per cultivar
(>0.6 kg of fresh matter) and sub-samples of 0.15 kg of fresh matter were allocated to one of the following
drying procedures: oven-drying at 60 ◦C for 48 h (OD_60), oven-drying at 80 ◦C for 16 h (OD_80),
freezing at −80 ◦C for 48 h followed freeze-drying (−80_FD) or flash freezing with liquid nitrogen
at harvest followed by freeze-drying (LN_FD). For freeze-drying treatments (−80_FD and LN_FD),
plant material was placed into porous plastic bags (Ziploc). For oven-drying treatments (OD_60
and OD_80), plant material was placed into Aluminum foil trays. After freeze-drying (Labconco) or
oven-drying (Lab-Lines), dried samples were ground to pass a 1 mm sieve (Thomas-Wiley, Philadelphia,
USA). The determination of WSC concentration was carried out using the anthrone reaction assay
and absorbance of the extract was measured by a spectrophotometer [30]. Determination of CP
concentration (N × 6.25) was by means of the Kjeldahl method [31].

The concentrations of WSC and CP and WSC/CP ratio were analyzed by ANOVA in a 2 × 4
factorial experiment design with cultivar (2) and drying method (4) as factors in a randomized block
with three replicates. If there were differences between treatments, Tukey´s Honestly Significant
Difference (HSD) test comparison was used.

3. Results

3.1. Water-Soluble Carbohydrates Concentration

Water-soluble carbohydrate concentration of forage varied between cultivars in four of the five
sampling points, March (autumn), June (winter), September (early spring) and November (middle
spring), where AberMagic AR1 had between 9.0 and 31.5% higher WSC than Expo AR1 (Table 1).
In the first sampling (December 2016; late spring) a significant interaction was seen between cultivar
and drying method, where Expo AR1 had higher WSC in the LN_FD drying treatment (224.0 g kg−1

DM) but lower for the other three drying treatments (Figure 2). No significant interaction was found
for the other four sampling points. Drying technique affected WSC concentrations in June (winter)
and November (middle spring) showing that, in general, freeze-drying preserves a greater amount of
WSC in the samples compared with oven-drying procedures (Table 1). In June (winter), the largest
difference between freeze-drying and oven-drying was 28.2% (−80_FD vs. OD_80) while in November
(middle spring) the largest difference between drying treatments was 26.8% (LN_FD vs. OD_60).
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Figure 2. Water-soluble carbohydrate (WSC) concentration as affected by cultivar and drying procedure
for the first sampling (December 2016; late spring). OD_60: oven-drying at 60 ◦C for 48 h, OD_80:
oven-drying at 80 ◦C for 16 h, −80_FD: freezing at −80 ◦C for 48 h followed freeze-drying, LN_FD:
liquid nitrogen followed freeze-drying. Vertical bars represent the standard error of the mean.
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Table 1. Water-soluble carbohydrate concentration (WSC, g kg−1 DM) in AberMagic AR1 and Expo
AR1 dried under different procedures in five harvests.

Variable

WSC (g kg−1 DM)

5 Dec 16 15 Mar 17 21 Jun 17 14 Sep 17 5 Nov 17

Late Spring Autumn Winter Early Spring Middle Spring

Cultivar (C)
AberMagic AR1 201 215 a 220 a 247 a 289 a

Expo AR1 195 180 b 167 b 204 b 265 b
SED 6.40 8.32 6.44 14.31 11.30

Significance 0.343 0.001 0.001 0.009 0.050

Drying method (D)
OD_60 195 187 175 b 207 242 b
OD_80 181 188 173 b 220 263 ab
−80_FD 206 202 221 a 234 296 a
LN_FD 209 213 206 a 243 307 a

SED 9.05 11.77 9.12 20.23 15.99
Significance 0.029 0.120 0.001 0.329 0.003

C × D
SED 12.81 16.65 12.89 28.62 22.61

Significance 0.033 0.225 0.152 0.628 0.255

OD_60: oven-drying at 60 ◦C for 48 h, OD_80: oven-drying at 80 ◦C for 16 h, −80_FD: freezing at −80 ◦C for
48 h followed freeze-drying, LN_FD: liquid nitrogen followed freeze-drying. Different letters within a column,
cultivar, and drying method indicate significant differences according to the Tukey´s Honestly Significant Difference
(HSD) test.

3.2. Crude Protein Concentration

Crude protein concentration varied between cultivars only in the first sampling, with cultivar
Expo AR1 containing 6.8% more CP than AberMagic AR1 (Table 2). Cultivars did not differ for March
(autumn), September (early spring) and November (middle spring) samplings. Mean CP concentrations
were 139.2, 150.0 and 98.8 g kg−1 DM for these sampling points, respectively. A significant interaction
between cultivar and drying method was found in the third sampling, where oven-drying resulted in
higher CP concentration of Expo AR1 compared to AberMagic AR1, whereas freeze-drying resulted in
lower CP concentration (Figure 3). Drying method significantly affected CP concentration in the first
and fifth sampling points, where oven-drying generally resulted in higher CP content compared with
freeze-drying. For these sampling points, OD_60 resulted in 22.9 and 10.9% more CP compared to the
LN_FD procedure for December 2016 (late spring) and November 2017 (middle spring), respectively
(Table 2). Drying methods did not differ for March (autumn) and September (early spring) samplings,
where mean CP concentration was 139.2 and 150.1 g kg−1 DM, respectively.
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Figure 3. Crude protein (CP) concentration as affected by cultivar and drying procedure on the third
sampling (June 2017; winter). OD_60: oven-drying at 60 ◦C for 48 h, OD_80: oven-drying at 80 ◦C for
16 h, −80_FD: freezing at −80 ◦C for 48 h followed freeze-drying, LN_FD: liquid nitrogen followed
freeze-drying. Vertical bars represent the standard error of the mean.
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Table 2. Crude protein concentration (CP, g kg−1 DM) in AberMagic AR1 and Expo AR1 dried under
different procedures in five harvest.

Variable

CP (g kg−1 DM)

5 Dec 17 15 Mar 17 21 Jun 17 14 Sep 17 5 Nov 17

Late Spring Autumn Winter Early Spring Middle Spring

Cultivar (C)
AberMagic AR1 197 b 138 149 153 98.1

Expo AR1 211 a 140 163 146 99.6
SED 6.15 7.06 6.18 8.74 2.51

Significance 0.043 0.744 0.046 0.439 0.556

Drying method (D)
OD_60 215 a 142 167 160 105 a
OD_80 223 a 146 158 161 100 ab
−80_FD 199 ab 133 151 140 95.1 ab
LN_FD 178 b 134 148 138 94.6 b

SED 8.71 9.99 8.75 12.36 3.55
Significance 0.001 0.537 0.181 0.156 0.030

C × D
SED 12.31 14.13 12.37 17.48 5.02

Significance 0.084 0.709 0.006 0.900 0.129

OD_60: oven-drying at 60 ◦C for 48 h, OD_80: oven-drying at 80 ◦C for 16 h, −80_FD: freezing at −80 ◦C for 48 h
followed freeze-drying, LN_FD: liquid nitrogen followed freeze-drying. Different letters within a column, cultivar,
and drying method indicate significant differences according to the Tukey´s HSD test.

3.3. Water-Soluble Carbohydrates to Crude Protein Ratio

The ratio between WSC and CP only varied between cultivars in the third sampling, being greater
in AberMagic AR1 than in Expo AR1 (+36.1%) and tended to vary in the first and fifth sampling
(p = 0.058 and p = 0.073, respectively; Table 3). The WSC/CP ratio means for December (late spring),
March (autumn), September (early spring) and November (middle spring) samplings were 0.98, 1.43,
1.55 and 2.83, respectively. Drying method affected WSC/CP ratio in the first, third and fifth sampling
points, with freeze-drying generally producing greater ratios than oven-drying procedures (Table 3).
Differences in the WSC/CP ratio between drying procedures were as large as 39.1, 37.6 and 37.1% in
December (late sping), June (winter) and November (middle spring), respectively. Mean WSC/CP
ratios for March (autumn) and September (early spring) samplings were 1.44 and 1.55 respectively. No
interaction was found between cultivar and drying method for any sampling point.

Table 3. Water-soluble carbohydrate (WSC) to crude protein (CP) ratio in AberMagic AR1 and Expo
AR1 cultivars dried under different procedures in five harvests.

Variable

WSC/CP Ratio

5 Dec 17 15 Mar 17 21 Jun 17 14 Sep 17 5 Nov 17

Late Spring Autumn Winter Early Spring Middle Spring

Cultivar (C)
AberMagic AR1 1.04 1.57 1.47 a 1.65 3.00

Expo AR1 0.93 1.30 1.08 b 1.46 2.67
SED 0.058 0.100 0.093 0.182 0.170

Significance 0.058 0.154 0.001 0.304 0.073

Drying method (D)
OD_60 0.90 b 1.33 1.09 b 1.31 2.33 b
OD_80 0.81 b 1.30 1.12 ab 1.40 2.63 ab
−80_FD 1.04 ab 1.52 1.50 a 1.71 3.13 a
LN_FD 1.19 a 1.61 1.39 ab 1.79 3.26 a

SED 0.082 0.141 0.132 0.258 0.241
Significance 0.001 0.120 0.018 0.219 0.004

C × D
SED 0.116 0.200 0.187 0.365 0.341

Significance 0.811 0.303 0.079 0.885 0.135

OD_60: oven-drying at 60 ◦C for 48 h, OD_80: oven-drying at 80 ◦C for 16 h, −80_FD: freezing at −80 ◦C for 48 h
followed freeze-drying, LN_FD: liquid nitrogen followed freeze-drying. Different letters within a column, cultivar,
and drying method indicate significant differences according to the Tukey´s HSD test.
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4. Discussion

The aim of the present work was to determine the effect of cultivar and drying method on the
concentration of WSC, CP and its ratio given their relevance for animal nutrition and N use efficiency.
More accurate estimations of these indicators would help graziers make better management decisions to
improve productivity and sustainability of ruminant productions systems and would help in orienting
plant breeding programmes towards including such indicators. This study evaluated two perennial
ryegrass cultivars bred for enhanced WSC concentration and different drying procedures commonly
used worldwide (i.e., oven-drying and freeze-drying).

A seasonal trend of greater WSC concentrations in late spring is commonly found [32–34], but the
lower concentration of WSC in the December harvest (late spring) was not expected, possibly due to
the vegetative stage of the four-month plants in the December sampling. The WSC concentrations
found in this study were greater than those reported with cultivars not selected for an enhanced WSC
concentration [33] under the same defoliation management and temperate climate of this study, where
the highest concentration obtained was nearly 200 g kg−1 DM in the late spring (November–December)
and the lowest in early spring (August–October) of approximately 130 g kg−1 DM. However, the year
may have had a relevant effect in the study carried out by Loaiza et al. [33] which could explain the
lower values compared with the present study. Previous results in cultivars with different genetic
potential for producing WSC were not consistent, and the use of favourable management (defoliation at
the three-leaf stage, and N fertilization of 83.3 kg N ha−1 year−1) improved the WSC concentration only
in early spring and autumn seasons [35]. Few studies comparing high sugar cultivars with standard
cultivars in temperate climate conditions have been reported [35,36], but the expression of greater
WSC concentrations in AberMagic has been confirmed in other cool temperate climates [37,38].

The effect of drying method used were present in two of the five harvests for WSC concentration.
It is commonly accepted that the drying procedure may affect WSC concentration [39]; losses of
9 and 14% due to oven-drying versus freeze-drying of samples have been previously reported for
grass-legume crops and perennial ryegrass, respectively [22,40]. Moreover, drying forage samples for
16 h at 100 ◦C has been shown to underestimate the WSC concentration compared to 80 ◦C, without
altering the ranking between cultivars of perennial ryegrass [41]. Differences between the highest
and lowest WSC concentration in the present study were not as large as those obtained in the spring
growth of Timothy (Phleum pratense L.), where the WSC concentration in freeze-dried samples nearly
doubled that of oven-dried samples (55 ◦C for 48 h) [42]. Conversely, samples of perennial ryegrass
that were stored at −18 ◦C after harvest and then processed by thermal (oven-drying at 40 ◦C for 48 h)
or freeze-drying (−55 ◦C for 72 h) did not differ in WSC concentration [43]. In one study, the use of
frequent turning of samples in a forced-air circulation oven (2 h) resulted in similar WSC concentrations
regardless of whether samples were dried at 30 ◦C, 50 ◦C, 70 ◦C or 105 ◦C [44]. Storage of samples
in a freezer before drying and the frequent turning of samples during drying were not used in the
present study.

In addition to the unexpected low level of WSC in the harvest carried out in the December
sampling (late spring), the cultivar × drying method interaction observed for this sampling date
produced a greater WSC concentration in Expo AR1 dried by LN_FD, which contrasts with the general
trend of AberMagic AR1 expressing greater WSC levels. However, it can be inferred that freeze-drying,
either with or without the use of liquid N in the field, better preserves WSC in forage samples compared
to oven-drying. Comparison of two freeze- and five oven-drying treatments of fodder radish, lucerne,
italian ryegrass and maize silage indicated that storage at −20 ◦C before freeze-drying has no effect on
WSC when compared with freeze-drying at 3 ◦C (106 and 100 g kg−1 DM respectively), however, the
use of oven-drying at lower temperatures reduces WSC content, giving concentrations of 41 g kg−1

DM when drying at 30 ◦C and 76 g kg−1 DM when drying at 70 ◦C [23].
Crude protein concentration followed the seasonal pattern of greater CP concentration in the

winter and lower in the spring [45,46]. Previous studies comparing perennial ryegrass found CP
concentrations of between 60–61 and 340–353 g kg−1 DM, with a mean of 180–229 g kg−1 DM [47,48].
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Interestingly, the CP concentration found in the present study rarely exceeded the proposed CP
requirements of 200 g kg−1 DM for animals grazing temperate forages [49]. Harvesting at the three-leaf
stage, as used in the present study, permits a lower CP concentration compared with more frequent
defoliation management [50]. This management strategy to reduce CP concentration in forages will
help to reduce some externalities of temperate grazing systems [51].

In the present study, CP concentration was affected by drying method at two of the harvest dates
and a cultivar × drying method interaction was also found. The effect of drying method on CP content
in December 2016 (late spring) and November 2017 (middle spring) is concurrent with drying method
effects on WSC for the same sampling dates. Moreover, the lower WSC concentration observed in June
(winter) oven-dried samples concurred with the interaction effect on CP concentration. Therefore, the
observed effect of drying method on CP levels of forage may be explained by a “concentration effect”
(i.e., the loss of WSC fraction during oven-drying causing a perceived increase in CP concentration).
This potential overestimation of CP concentration in forage may contribute to qualifying several forage
samples as containing excessive CP, when compared with animal requirements, which in some cases
this may not be true. In other studies the use of different drying procedures (freeze-drying and five
oven drying temperatures) has little effect on the CP concentration of perennial ryegrass, with the
generation of a protein bound to the neutral detergent fibre only in the oven-drying procedures [44].
The lack of effects on the CP concentration when samples of pasture were first frozen at −20 ◦C and
then freeze- or oven-dried (60 ◦C for 48 h) has been also reported [24].

For the cultivars used in the present study the WSC/CP ratio in four of the five harvests was
close to or greater than the advised ratio of 1.5 [8]. Lower ratios were reported when perennial
ryegrass cultivars not selected for greater WSC concentration were evaluated in the same temperate
climate as the present study [33]. When perennial ryegrass cultivar Impact AR1 was harvested at
the 3-leaf stage, the WSC/CP ratio ranged from 0.5 to 1.0 in the autumn-winter and spring-summer
seasons, respectively, and when defoliation frequency was extended from one to the five leaf-stage,
this ratio increased from 0.7 to 1.7 respectively in the spring–summer period [52]. Similar results
were also found with cultivar Alto AR1, where the WSC/CP ratio in early (August–October) and late
spring (November–December) was 0.45 and 1.11, respectively. Conversely, when assessing perennial
ryegrass cultivars with different potential for producing WSC, no effect of cultivar on WSC/CP ratio
was found, however one of the agronomic managements used (defoliations at three leaves per tiller
and N fertilization rate of 83.3 kg N ha−1 year−1) did improve the ratio in spring, summer and autumn
seasons [35].

Although AberMagic AR1 and Expo AR1 achieved the desired WSC/CP ratio in some sampling
dates, some drying methods might result in underestimation of this ratio and thus alter the prediction of
NUE. In this regard, the use of freeze-drying is recommended, as this method of drying better preserves
WSC and thus provides results that more accurately reflect fresh tissue compared to heat-drying [25].
For example, using the linear relationship between WSC/CP and NUE proposed previously [9], the
differences in WSC/CP ratio found in the present study caused by the different drying methods results
in NUE estimates ranging from 3.55% (05 December 2016; late spring) to 8.68% (November 2017;
middle spring). This highlights the need to accurately determine WSC and CP concentrations of
forages in order to ensure effective estimation of NUE and other externalities of grazing systems.

The development of varieties with enhanced levels of WSC and lower CP concentration may
contribute to reducing N emissions to the environment while maintaining a greater level of animal
production per hectare [53]. However, such cultivars might not consistently express the high sugar
trait under certain environments [8,35]. Furthermore, high sugar grasses may have lower DM yields
than standard cultivars [54–56]. Therefore, in order to assess the actual environmental benefit of
grazing systems that either use these improved cultivars or apply pasture management regimes
aimed to enhance forage WSC concentrations, an accurate evaluation of their nutritional value is
required. Although the freeze-drying process involves greater capital and running costs compared
with oven-drying [57], the advantages of generating more accurate data to make better-informed
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management decisions and to evaluate the environmental footprint of targeted interventions on grazing
systems should be emphasized.

5. Conclusions

AberMagic AR1 generally had a greater concentration of WSC than Expo AR1 cultivar. Forage
samples dried using a freeze-dryer maintained greater concentrations of WSC compared to oven-dried
samples. This implies that losses of WSC during the drying process were lower with freeze-drying
techniques than for oven-drying. For CP concentration, the effect of the drying technique was not
consistent across sampling dates however oven-drying techniques seemed to favor this component
compared to freeze-drying, contrary to the drying method effects observed for WSC. The effects of
drying technique on WSC and CP concentrations generated notable differences in the WSC/CP ratios
between freeze- and oven-dried samples. In order to avoid inaccurate predictions of NUE of grazing
animals, freeze-drying of forage samples is recommended as this drying method better preserves WSC.
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