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and composition of forages. This study used the available data on fat and FA content and
composition of forages to (i) compute mean composition values for the main forages, and
(ii) estimate the influence of forage conservation, cultivation and harvest conditions on fat

I;ae{words. and FA content and composition. We report mean values for the main forage species in
Fatty acid the form of fresh forage, silage or hay. The main factor influencing fat and FA composition
Forage was vegetation stage of forage at harvest (estimated by the month of harvest or regrowth
Silage interval). Compared with fresh forage at harvest, wilting or drying forages (especially in bad
Hay drying conditions) altered their FA, whereas unwilted silage, the use of ensiling additives
Linolenic acid and N fertilization had only minor effects. The differences between grass (except corn) and

legume species were lower than those induced by vegetation stage and wilting or drying.
We gave equations to estimate the effects of these factors and thus refine the estimation of
the FA content and composition of the forages. Total FA content and proportion of linolenic
acid were positively related to crude protein, and negatively related to fiber content of the
forages.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Forages form a major part of dairy cows’ diets in most farming systems, and sometimes contain significant amounts of
fat and polyunsatured fatty acids (FA). Diets based on pasture and grass silage can thus improve the nutritional quality of
milk and meat by shifting their FA composition toward less saturated FA and more polyunsatured FA, especially omega-3
FA (Dewhurst et al., 2006). For example, these diets can provide milk that is as rich in linolenic acid (C18:3 n-3) as linseed-
supplemented diets and lower in trans-FA (Dewhurst et al., 2006; Chilliard et al., 2007). Several empirical models have been
developed to describe relationships between dietary FA and FA digestion (Glasser et al., 2008b; Schmidely et al., 2008) or
milk FA composition (Glasser et al., 2008a). To optimize diet composition for a target milk FA composition, we need to know
the FA content and composition of the dietary feedstuffs. Mean values for fat content and FA composition of concentrate
feedstuffs (cereals, oilseeds and their products) are available in feed tables (e.g. Sauvant et al., 2004). However, to the best
of our knowledge, no quantitative analysis of a comprehensive dataset is available for forages, despite a significant number
of publications dedicated to the FA composition of forages, or simply reporting FA composition of some forages used in

Abbreviations: ADF, acid detergent fiber; CP, crude protein; DM, dry matter; FA, fatty acid; OM, organic matter; NDF, neutral detergent fiber.
* Corresponding author at: INRA, UMR1213 Herbivores, F-63122 Saint-Genés-Champanelle, France. Tel.: +33 4 73 62 41 13; fax: +334 73 62 42 73.
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experiments. The nature and composition of forages influence FA metabolism in the rumen (Buccioni et al., 2012); it is thus
of interest to study the factors that modify FA in forages. Fuller knowledge of the factors that influence the FA content and
composition of forages could help farmers to optimize cultivation and harvest conditions and thereby improve the quality
of their forages (Khan et al., 2012).

This study uses the available data for fat and FA content and composition of forages to (i) compute mean composition
values for the main forages and (ii) estimate the influence of forage conservation, cultivation and harvest conditions on fat
and FA content and composition.

2. Materials and methods
2.1. Database building

A database was built from systematic web searches and examination of bibliographic references that included all pub-
lications dated post-1970 dealing with the effects of various factors on the FA composition of forages. Publications were
included when at least two of the following measurements were reported (or computable from the reported data): FA com-
position of forages (as g/100 g of total FA or dry matter [DM]), total FA content (in g/kg DM) and fat content (g/kg DM). This
focused database comprised a total of 58 publications (Appendix 1) and two unpublished experiments by our laboratory
(INRA, UMR1213 Herbivores, Saint-Genés-Champanelle, France).

To estimate the influence of forage conservation and cultivation or harvest conditions on fat and FA composition, the
database was split into four sub-databases according to the variation factor studied: 26 publications studied the effect of
conservation (fresh forages compared with ensiled, wilted, hay, etc.) (250 forages), 32 studied the effect of vegetation stages
(comparing different dates of harvest or regrowth intervals, numbers of cuts, etc.) (281 forages); 9 studied the effect of silage
additives (68 forages), and 5 the effect of fertilization (50 forages). Thirteen publications studied other effects and were not
included in the four sub-databases.

For the determination of mean composition values for the main forages, this database was completed with various
forage analysis data extracted from a non-focused database comprising 136 publications dealing with the digestion of FA in
ruminants or relationships between dietary FA and milk FA (Appendix 2).

The study focused on the five main FA, which cover more than 95 g/100 g of total FA: palmitic, stearic, oleic, linoleic and
linolenic acids, referred to as 16:0, 18:0, 18:1, 18:2 and 18:3, respectively. The main analytical methods used for fat deter-
mination in the publications were ether extraction (53% of total publications, with either petroleum ether or diethyl ether),
acid ether extraction (ether extraction preceded by HCI hydrolysis: 16% of total publications), chloroform-methanol extrac-
tion (Folch et al., 1957: 10% of total publications) and hexane extraction (6% of total publications). For FA determination, the
main methods were one-step methylation (Sukhija and Palmquist, 1988) for 53% of total publications, chloroform-methanol
followed by NaOH-methanol (14% of total publications), and chloroform-methanol followed by other procedures (13% of
total publications).

2.2. Data cleansing

Once the databases had been built, we proceeded to cleanse the data: when the number of data included in a meta-
analysis is limited, the atypical data has a high leverage effect on the resulting means, equations or models. To partly
overcome this limit, we opted to exclude the statistical outliers: if Q1 is the first quartile and Q3 the third quartile, data
below “Q1 —1.5x(Q3 — Q1)” or above “Q3 +1.5x(Q3 — Q1)” were considered as outliers, a criterion used to identify outliers
in boxplots (Tukey, 1977).

Some publications have reported the effect of one particular factor on several cultivars of the same species, leading to
an inflation of data for these publications and a high weight in the resulting analysis. In this case, only the means of all
the cultivars were used in the analyses, or only one cultivar was selected that exhibited average values for the species. In
the publications comparing the composition of a fresh forage and the same forage ensiled with different additives, only the
silage with no additive was used in the comparison. The forages that were only wilted without ensiling, were not considered,
as they are of no practical use.

2.3. Statistical analyses

The publications were very diverse in terms of factor studied, forage species and conservation methods, and of analytical
methods used for fat and FA determination. When all these factors were simultaneously taken into account, very small
clusters of data resulted, often extracted from only 1 or 2 publications, and so very likely subject to publication bias. To
limit this bias, we chose to favor global approaches, pooling several plant species, or several analytical methods, or several
modalities, so as to obtain at least 10 data items per pool and thus more robust estimates of the effects studied. Hence some
differences are probably disregarded, but the analyses reported are based on a larger dataset, and so less likely to be biased
by publication effects.
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For the computation of mean values for the main forage categories, we computed the means and SD, pooling data to have
at least 10 forages per category (due to missing values, not all criteria had 10 data items; we kept only those criteria for
which more than 3 data items were available).

For the estimation of the total FA content of the forages from their fat content, GLM models (SAS, 2008) were used on all
the data reporting both fat content and total FA content for the same forage. The dependent variable was total FA content
(g/kg DM); the independent variables were fat content and other chemical composition criteria available in the publications.
Several factors were also tested in these models of total FA content, either as simple effects or in interaction with fat content:
analytical method, forage species, etc. For all the other analyses (effect of selected factors on forage composition), we took
a within-forage approach, comparing the effect of a factor (conservation, cultivation conditions, etc.) applied to the same
forage within the same publication (Sauvant et al., 2008). For these models, data were encoded to identify each forage
and its counterparts, varying only in the factor of interest, e.g. haymaking the same code was used for one fresh forage
and the corresponding hay; for the vegetation stages the same code was used for one forage harvested at different stages.
For the effects of qualitative factors (haymaking, ensiling and silage additive), we adjusted GLM models (SAS, 2008) of the
composition of the treated forage (conserved or with additive) according to the composition of the untreated forage (fresh
or without additive). For the effect of continuous variables (chemical composition, cutting date or regrowth intervals for
vegetation stages, N fertilization), mixed models (SAS, 2008) were used, including a random forage effect (represented by
the above codes, to account for the variance between forages). For the effect of cutting date, successive cutting dates for the
same forage were considered as repeated measurements, with an autoregressive covariance structure. For all the statistical
analyses, the significance threshold was set at P<0.05.

3. Results
3.1. Mean composition of the main forage categories

We compiled all the data available in the overall database to obtain mean values and variability of the FA and chemical
composition of the main forage categories. The resulting values are given in Table 1 for single-species grass forages, in Table 2
for legumes and corn silage, and in Table 3 for multi-species forages.

For orchard grass (Table 1), there was a group of hays with very low 18:3 contents, which we named “low-quality hays” (in
some instances, the conditions of haymaking were mentioned in the publications, reporting wet weather or a long duration
of drying). These low-quality hays had a mean 18:3 content of 28.1 g/100 g total FA, against 51.8 for the fresh orchardgrass.
There were only two data items reporting the content of 18:3 in “standard” orchardgrass hays (50.2 and 41.6 g/100 g), with
a mean of 45.9g/100 g total FA. For ryegrass, only fresh ryegrass and ryegrass silage are reported in Table 1, because there
were fewer than 10 data items for ryegrass hay in the database.

Alfalfa (Table 2) was characterized by a large decrease in 18:3 content by haymaking, the 18:3 content of most hays being
almost half that of fresh alfalfa. Only two data items, corresponding to pelleted alfalfa, exhibited 18:3 contents similar to
those of the fresh forage. Good drying conditions could thus ensure the preservation of this FA. Some alfalfa hays, originating
in publications from South Dakota State University, Brookings (e.g. Casper et al., 1988, 1990; Dhiman et al., 1999; Chichlowski
etal., 2005), were very low in total FA (<10 g/kg DM) and high in 16:0 (>30g/100 g total FA) and 18:0. However, they did not
differ significantly from the other alfalfa hays for the other components. Whether this was an effect of the forages themselves
or of sample handling or analytical methods remains unclear.

For red clover, all the conserved forages (hay and silages) were pooled to obtain enough data: there was no significant
difference (based on the few data items available) between these two conservation methods.

Within corn silages, the contents of 18:2 and 18:3 ranged widely, but were related to their chemical composition. The
content of 18:2 was related to the neutral detergent fiber (NDF) content of the corn silage according to the equation:

18 :2(g/100g total FA) = 97.8 — 0.124 NDF (g/kg DM)
(n=18, R2=0.42, RMSE=17.1).

The content of 18:3 was related to the DM content of the corn silage by:

18 : 3(g/100¢g total FA) = 15.6 — 0.0285 DM (g/kg fresh weight)
(n=18, R?=0.56, RMSE=1.7).

The multi-species forages exhibited broad variability: they were referred to as “grass”, “pasture” or various mixes of grass
and legumes (clovers and alfalfa), most often poorly characterized regarding their species composition, vegetation stages,
etc. Given this heterogeneity, we opted to pool all the data corresponding to multi-species forages. Table 3 presents the
mean values according to the conservation: fresh, silage or hay, with an additional category, “low-quality hay”, defined as
hays with less than 35g 18:3/100 g total FA (this threshold was set from the distribution of the data). There was also one
silage with a very low 18:3 content (bromegrass and alfalfa silage, Wiesen et al., 1990).
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Table 1
Single-species grass forages: fatty acid (in g/100 g total FA*) and chemical composition (in g/kg DM?). The values are presented as means + SD, number of
observations. Only cells with more than 3 observations are reported.

Forage Fescue, fresh Orchardgrass, Orchardgrass, Orchardgrass, Orchardgrass, Ryegrass, Ryegrass, Timothy, fresh
fresh silage hay low-quality fresh silage
hay
FA (g/100g total FA)
12:0 - 0.34+0.127 - - - 0.30+0.217 0.28+0.126 0.36+0.075
n=4 n=8 n=14 n=13
14:0 - 0.58 +0.086 - - - 1.04+0.602 1.28+0.778 0.77+0.133
n=>5 n=23 n=18 n=13
16:0 16.7+3.40 20.7 +3.59 18.4+1.16 22.4+3.37 28.7+6.55 16.7 +3.81 19.8+3.78 18.8+1.20
n=10 n=11 n=7 n=4 n=4 n=68 n=46 n=17
16:1 - 1.63+0.914 - - - 1.99+0.855 0.76+0.583 2.14+0.222
n=5 n=25 n=20 n=13
18:0 2.95+1.847 2.04+0.413 1.49+0.060 2.78+0.733 3.224+0.291 1.73+£0.926 2.08+0.758 2.12+0.208
n=10 n=11 n=7 n=6 n=4 n=47 n=32 n=14
18:1 3.49+0.963 2.794+1.242 3.58+0.713 - 6.93+2.920 2.42+0.845 3.03+0.889 5.79+1.333
n=10 n=12 n=7 n=4 n=51 n=36 n=17
18:2 13.4+2.15 15.7+1.48 18.4+2.54 16.6 £2.19 16.0+2.46 123 +£2.27 14.5+2.23 20.3+2.42
n=17 n=12 n=7 n=6 n=4 n=_81 n=46 n=23
18:3 55.9+2.60 51.8+4.86 49.4+2.53 - 28.1+5.51 61.0+7.32 53.4+6.12 499+3.94
n=13 n=12 n=7 n=4 n=_82 n=46 n=23
20:0 - - 1.75+0.230 - - - 0.69+0.269 -
n=7 n=9
22:0 - - 1.11+0.112 - - - -
n=7
Chemical (g/kg DM)
Total FA 219+2.14 16.7+£3.94 11.9+2.83 9.3+4.98 8.8+6.14 22.6+8.13 203+596 18.9+2.99
n=11 n=12 n=7 n=6 n=4 n=51 n=42 n=22
Ether extract 18.7 +6.37 31.1+7.84 24.0+5.85 - - 33.5+12.07 386+7.10 -
n=5 n=9 n=6 n=20 n=6
Acid EE? - - - - - - 42.0+6.03 32.0+5.64
n=5 n=7
NDF - - 592 +10.0 600+8.7 - 481+72.4 538 +59.3 -
n=7 n=4 n=20 n=15
ADF - - 338+94 336+17.4 - 233+41.0 330+29.8 -
n=7 n=5 n=13 n=14
Cp? - - 89.7+18.02 86.2+12.77 89.54+14.93 167 £40.5 163+24.5 -
n=7 n=6 n=4 n=26 n=25

a FA, fatty acids; DM, dry matter; EE, ether extract; CP, crude protein.

3.2. Relationships between total FA content and fat content

From this point, all analyses were made on a within-forage basis, i.e. the relationships and comparisons were established
on the same forage from the same publication. In the literature, forages are sometimes characterized by their fat content
and FA composition, without their total FA content. It would thus be useful to be able to estimate total FA content from fat
content of the forage. To adjust models of total FA content from fat content, we studied corn silage and the other forages
separately. For corn silage, after the removal of some outliers (n=4), there were 13 data items with both total FA and fat
contents, with fat content ranging between 25.0 and 37.5 g/kg DM. There was a negative relationship between total FA and
fat:

Total FA(g/kg DM) = 33.5 — 0.347 fat(g/kg DM)
(n=13, R?>=0.43, RMSE=1.3).

For the other forages, various models of total FA content were tested, including the effects of fat content, other chemical
characteristics (NDF, acid detergent fiber (ADF), crude protein (CP), etc.), and the effects of the species, botanical family,
conservation, method used to determine the fat content, and various interactions between these factors. The best model
was valid across all species and depended on fat content, NDF content, conservation and fat determination method:

Total FA(g/kg DM) = 28.0 + Aconserv + Amethod + 0.21 fat — 0.035 NDF (all in g/kg DM),

with Aconserv = 1.3 for fresh, —2.5 for hay and 1.2 for silage; Aethoq =0.8 for ether extract, —1.8 for hexane, 2.9 for Folch and
—1.9 for acid ether extract (n=57, R2=0.61, RMSE=3.6).

On this dataset, fat and NDF contents ranged between 14.5 and 52.0 g/kg DM, and 394 and 637 g/kg DM respectively. The
effect of the botanical family (grasses or legumes) was not significant in this model.

The effect of the fat determination method on the fat content value was difficult to assess, because very few publications
were available that compared different methods on the same forage. The difference between fat content (g/kg DM) measured
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Table 2
Legumes and corn silage: fatty acid (g/100 g total FA?) and chemical composition (g/kg DM?). The values are presented as means + SD, number of observa-
tions. Only cells with more than 3 observations are reported.

Forage Alfalfa, Alfalfa, Alfalfa, hay Red clover, Red clover, hay =~ White clover, White clover, Corn, silage
fresh silage fresh or silage fresh wilted silage
FA (g/100g total FA)
12:0 0.94+0.948 1.23+0.746 093+1.165 0.20+0.157 0.17+0.152 0.18+0.124 - 0.35+0.164
n=>5 n=>5 n=8 n=10 n=8 n=>5 n=14
14:0 14140947 130+0.830 2.03+1.295 0.77+0.459 1.06+0.583 1.33+0.857 - 0.39+0.235
n=6 n=6 n=18 n=13 n=10 n=7 n=27
16:0 23.242.21 2444+2.79 29.9+9.03 18.0+3.53 19.7+3.39 15.3+2.35 16.1+2.09 15.94+2.05
n=7 n=11 n=21 n=21 n=30 n=10 n=11 n=40
16:1 22941109 2.07+0.819 1.51+1.606 1.51+1.029 0.77 +£0.833 2.04+0.617 - 0.41+0.280
n=6 n=8 n=15 n=13 n=8 n=9 n=24
18:0 4.074+0.693 3.71+0.641 4.59+1.274 2.99+0.997 2.83+0.660 2.02+0.617 2.32+0.614 2.32+0.676
n=7 n=10 n=20 n=20 n=23 n=11 n=6 n=39
18:1 468+2.235 3.00+£0.631 4.81+1.342 3.90+1.988 3.38+1.245 3.09+1.171 2.81+£1.108 21.4+4.02
n=7 n=9 n=19 n=20 n=25 n=12 n=6 n=44
18:2 19.9+2.39 18.2+2.60 17.8+2.79 19.8+2.52 18.7+2.67 16.5+2.37 15.2+1.86 45.8+7.89
n=7 n=10 n=20 n=22 n=31 n=13 n=11 n=44
18:3 41.7 +5.81 32.2+7.70 22.6+8.19 49.0+9.11 46.9+8.85 58.0+5.51 59.0+3.88 5.04 +2.418
n=7 n=11 n=22 n=22 n=31 n=11 n=11 n=42
20:0 - - 1.20+0.595 0.93+0.498 1.01+0.337 - - 0.74 +0.392
n=10 n=6 n=15 n=12
22:0 - - 1.924+0.906 1.09+0.254 1.04+0.251 - - 0.40+0.251
n=9 n=>5 n=13 n=15
24:0 - - 1.65+1.359 1.26+0.201 1.344+0.465 - - 0.60+0.410
n=8 n=4 n=6 n=11
Chemical (g/kg DM)
Total FA 17.7+2.88 19.7+3.78 12.0+5.71 22.8+8.23 19.1+6.83 30.9+8.02 26.6 +£5.37 24.0+3.24
n=7 n=9 n=15 n=20 n=31 n=11 n=11 n=27
Ether Extract - - 19.44+7.17 - 27.0+4.40 - - 31.5+4.36
n=13 n=7 n=17
Acid EE? - - 27.6 £6.68 - - - - 343+444
n=7 n=7
NDF - 447 +43.0 488 +£53.1 366+ 66.9 423 +60.6 - - 418 £46.1
n=4 n=12 n=10 n=19 n=19
ADF - 355+31.0 269+53.8 305+59.0 - - 237+375
n=11 n=7 n=12 n=18
CP? - - 185+14.8 203 +25.8 195+15.6 233+44.2 276+34.2 79+8.0
n=13 n=9 n=14 n=4 n=6 n=23

2 FA, fatty acids; DM, dry matter; EE, ether extract; CP, crude protein.

by ether extraction alone and acid ether extraction (preceded by HCl hydrolysis) depended on the conservation of the
forage: it was not significant for silages (+2.6 £ 6.2 g/kg DM with hydrolysis, n=14), but was significant for fresh forages
(+20.3+14.4g/kg DM with hydrolysis, n=12) and hay (+20.3 £ 11.5 g/kg DM with hydrolysis, n=7). The mean difference
between fat content measured with the Folch method and ether extraction was +18.9 + 7.0 g/kg DM (n=5); the effect of
conservation could not be statistically assessed (+11 for silage, n=1, +16.2 for hay, n=2 and +25.5 for fresh, n=2).

3.3. Effects of haymaking

The effect of haymaking on the fat and FA content and composition was studied on all the species pooled. The results
are given in Table 4 for the main FA, total FA and fat content: they are reported as adjusted models describing Y, the value
of the hay, according to X, the value for the corresponding fresh forage. For most FA, there was no significant effect of the
species, and when it was significant it was mostly due to one species (often in one publication) that differed from the others.
When the intercept was not significantly different from zero, the models were forced through the origin (for 16:1, 18:0, fat
and total FA). When the slopes were not significantly different from unity, they were set to 1 and only the mean change
(Y—X) was computed (e.g. for 18:3). For 18:2 there was no significant difference between fresh and hay (Y =X). Haymaking
induced a slight decrease in total fat and FA content, and among the FA a decrease in 18:3, mainly compensated for by an
increase in 16:0. The decrease in 18:3 (overall between —17% and 0% of the content in fresh forage) was higher when the
drying conditions were bad (low-quality hays: wet weather or barn-dried after dampening).

3.4. Effects of ensiling

The effect of ensiling on the fat and FA content and composition was studied on all the species pooled except for corn:
there was only one publication in the database reporting the composition of fresh corn and corresponding silage (Alves
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Table 3
Multi-species forages: fatty acid (g/100 g total FA*) and chemical composition (g/kg DM?*), according to conservation. The values are presented as means + SD,
number of observations. Only cells with more than 3 observations are reported.

Mean values by conservation method

Fresh Silage Hay Low-quality hay

FA (g/100g total FA)

12:0 0.63+0.362 0.24+0.202 0.79+0.312 0.62 +0.472
n=21 n=16 n=4 n=4

14:0 1.00+0.451 0.87+0.550 1.04 +£0.554 1.55+0.834
n=25 n=26 n=9 n=8

16:0 16.9+4.50 18.7+3.35 21.9+4.56 29.8+4.71
n=51 n=58 n=25 n=13

16:1 1.00+0.924 0.83 +£0.649 1.69+1.512 1.80+1.470
n=25 n=22 n=8 n=4

18:0 2.14+1.29 2.124+1.191 23940911 427 +1.724
n=49 n=49 n=24 n=14

18:1 3.84+1.758 3.40+1.229 4.18+1.430 7.23+1.012
n=>55 n=>50 n=25 n=_8

18:2 15.8+2.52 16.6+2.54 17.5+2.85 16.14+2.99
n=>53 n=59 n=25 n=12

18:3 52.6+9.03 49.84+7.79 47.14+7.99 23.6+6.41
n=>55 n=59 n=27 n=14

20:0 0.89+0.434 0.73+0.322 - -
n=18 n=21

22:0 0.78 £0.431 1.12+0.515 - -
n=15 n=19

Chemical (g/kg DM)

Total FA 20.1 +£8.91 17.8+4.93 12.9+5.55 7.7+2.52
n=28 n=42 n=18 n=12

Ether Extract 27.0+9.14 29.6+9.26 21.2+7.24 16.1 +8.00
n=9 n=28 n=13 n=4

NDF 497 +73.5 503 +70.5 551+63.7 633 +36.4
n=25 n=38 n=13 n=8

ADF 297 +47.8 314+35.7 339+50.3 -
n=26 n=27 n=13

CcpP? 171+40.1 149+36.6 136 +£32.1 90.4+11.45
n=40 n=40 n=20 n=10

3 FA, fatty acids; DM, dry matter; CP, crude protein.

Table 4
Effect of haymaking on FA? composition (g/100 g total FA), fat and total FA content (g/kg DM?) of grass and legume forages.
Criterion Value for fresh forages Value of hay (Y) according Mean change®
Mean 4 SD to the value of fresh (X)
16:00 17.7 £ 3.67 Y=0.78X+6.84 2.7
(n=22,RMSE=2.84)
16:01 2.42 + 0.459 Y=0.76X —-0.56
(n=9,RMSE=0.42)
18:00 1.51 £ 0.825 Y=1.36X 0.62
(n=30,RMSE=0.70)
18:01 2.85 £+ 1.155 Y=0.83X+0.95 0.44
(n=28, RMSE=0.84)
18:02 16.8 £ 2.39 Y=X —0.03 (NS©)
(n=31,RMSE=0.59)
18:03 55.5 + 7.60 Sun-cured, good weather: Y=X—4.12 -7.13

Low-quality: Y=X—13.20
Overall: Y=X-7.13
(n=23,RMSE=1.09)

Total FA 142 + 4.11 Y=0.81X -2.40
(n=22, RMSE=2.26)
Fat 25.9 + 10.50 Y=0.86X -330

(n=19, RMSE=4.76)

2 FA, fatty acids; DM, dry matter.
b Hay minus fresh.
¢ NS, not significantly different from zero (P>0.05).
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Table 5
Effect of ensiling on FA composition (g/100 g total FA?), fat and total FA content (g/kg DM?) of grass and legume forages.
Criterion Value for fresh forages Value of silage (Y) according to Mean changeP
Mean + SD the value of fresh (X)
16:0 16.7 + 3.59 Unwilted: Y=0.23X+12.93 —-1.40
Wilted and haylage: +1.66

Y=0.23X+14.16
(n=100, RMSE=2.03)

16:1 1.53 £ 0.922 Y=X-0.16 -0.16
(n=32,RMSE=0.21)

18:0 1.77 £ 0.632 Unwilted: Y=X—0.15 (NS¢) —0.15 (NS°¢)
Wilted and haylage: Y=X+0.22 +0.22
(n=95, RMSE =0.40)

18:1 3.07 £ 1.214 Y=0.80X+0.56 —0.09 (NS)
(n=84,RMSE=0.63)

18:2 16.4 + 3.06 Unwilted: Y=0.88X+2.09 —0.04 (NS)
Wilted: Y=0.88X+2.74 +0.85
Haylage: Y=0.88X+4.50 +2.53
(n=97, RMSE =1.40)

18:3 56.3 +9.83 Unwilted: Y=0.65X+19.41 +1.59 (NS)
Wilted: Y=0.65X+17.64 -2.78
Haylage: Y=0.65X+15.93 -2.84
(n=95,RMSE=3.57)

Total FA 22.3 4+ 843 Unwilted: Y=0.76X+6.56 +1.99
Wilted: Y=0.76X+4.74 —0.71 (NS)
Haylage: Y=0.76X+2.84 —0.41 (NS)
(n=80, overall: NS,
RMSE=2.71)

Fat 229 + 5.88 Unwilted: Y=X+8.89 +8.89
Wilted: Y=X+7.49 +7.49
Haylage: Y=X+3.00 (NS) +3.00 (NS)

(n=33, RMSE=4.16)

a FA, fatty acids; DM, dry matter.
b Silage minus fresh.
¢ NS, not significantly different from zero (P>0.05).

et al.,, 2011). It reports no effect on total FA content, and a significant decrease in 17:0, 22:0, 26:0 and of all the C18 FA (all
expressed in g/100 g total FA), except 18:1-cis11, which increased. The other FA contents were not significantly changed by
ensiling.

For the other species, the ensiling methods were split between unwilted silage (resulting in DM contents between 168
and 245 g/kg of fresh matter), wilted silages (DM between 212 and 432 g/kg fresh matter) and haylages (DM between 488
and 700 g/kg fresh matter). For most FA, there was no significant effect of the species, and when it was significant it was
mostly due to one species (often in one publication) that differed from the others. The type of silage had a significant effect
on almost all the variables studied (Table 5). Ensiling induced a slight increase in fat content (higher for unwilted silages,
and not significant for haylages), and in total FA (only significant for unwilted silages). On the FA expressed as g/100 g FA,
the changes induced by ensiling were relatively minor, when significant (generally less than 10% of the values of fresh
forages). The 18:3 content was unaffected by ensiling without wilting, and was lowered by 5% on average for wilted silage
and haylage.

3.5. Effects of ensiling additives

There were 8 publications (Dewhurst and King, 1998; Warren et al., 2002; Boufaied et al., 2003; Shingfield et al., 2005;
Arvidsson et al., 2008b, 2009; Van Ranst et al., 2009; Alves et al., 2011) comparing silages with and without additives and (or)
different additives, corresponding to 21 forages with no additive and their counterparts with additives (n = 68 observations).
We removed the corn silages of Alves et al. (2011), all the others being grasses or legumes. On corn, Alves et al. (2011)
found no significant effect of the additives (biological inoculant or formate) on the FA content or composition. For each
forage, we computed the difference between corresponding silages with and without additive. Based on a graphical study
of these differences, the additives were grouped into formate vs. all the other additives, i.e. and (or) enzymes, buffer and
formaldehyde. There were a total of 19 comparisons between formate addition and no additive, and 20 comparisons between
other additives and no additive. The only significant differences from silages without additive were observed on total FA
content (no effect of formate, decrease of 1.1 g/kg DM by other additives), on 16:0 (decrease of 0.88g/100¢g total FA by
formate, no effect of the other additives) and on 18:3 (increase of 1.37 g/100 g total FA by formate, no effect of the other
additives).
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Fig. 1. Content of 18:3 (g/100 g fatty acids) according to the time in the year. The thin lines link the data corresponding to the same forage within the same
publication, harvested at different times of the year, the thick line is the average per month (see also Table 6).

3.6. Effects of vegetation stage and relationships with chemical composition

Determining the effect of vegetation stage on fat, FA content and composition was rather difficult due to the variety of
designs used in the publications: some authors compared harvesting dates (with or without cuttings in the meantime), others
the regrowth interval (also confounded with the date or number of cuttings), others the number of cuttings (confounded
with the date or regrowth interval), etc. All the publications available in the database dealing with vegetation stages studied
fresh forages only. Three approaches were chosen: (i) studying the effect of the time in the year, (ii) studying the effect of the
regrowth interval and (iii) a global approach to the relationships between FA composition and other chemical characteristics,
across all the forages that were harvested at different vegetation stages.

For the first approach, we selected the forages that were harvested and analyzed at different times of the year. When
these data were plotted against the time of the year (Fig. 1, all data were from the Northern Hemisphere in temperate
climates, i.e., in Europe and North America), some well-known features appeared, such as the decrease in 18:3 from the
beginning of May to the beginning of July, followed by an increase until September, corresponding to re-growth vegetation
cycles. The resulting models of the FA composition and content according to the month are given in Table 6, the effect of
month being highly significant (P<0.001) for all the criteria. The contents of 18:3 and total FA were minimal in June and July,
corresponding to a maximum for most of the other FA.

For the second approach, a homogenous dataset was extracted from the sub-database on vegetation stages, which com-
pared different regrowth intervals for the same forage. There were 4 publications reporting such designs (Dewhurst et al.,
2001; Elgersma et al., 2003, 2005; Witkowska et al., 2008), corresponding to 7 forages (6 perennial ryegrass and 1 hybrid rye-
grass), with regrowth intervals between 20 and 38 days. Total FA, CP and 18:3 decreased when regrowth interval increased,
whereas the other FA increased, except for 18:1, which was not significantly affected (Table 7).

The global approach was based on the whole sub-database on vegetation stages, in which 72 forages were sampled at
two or more stages (241 observations after removal of the outliers). In addition to the FA content, the most often reported
chemical components were CP (1 =24 forages), OM (organic matter, n=18), ADF and NDF (n=16). Crude protein was chosen
as a predictor, since it was the most often reported and the variable most closely related, within forage, to the fat and FA
contents. The model equations of fat and FA according to CP are given in Table 8. In this dataset, the CP content ranged
between 80 and 250 g/kg of DM. These models were adjusted within-forage. The contents of 18:2 and 18:3 were quadratic
functions of CP, with a decrease (for 18:2) or increase (for 18:3) between 80 and 200 g/kg DM in CP content, and no significant
modification over 200 g/kg DM in CP content. The content of 18:0 was not significantly related to CP content.

Table 6

Effect of the time in the year (Northern Hemisphere) on FA? composition (g/100 g total FA) and total FA content (g/kg DM?) of pure grasses and pasture.
Month? 16:0 18:0 18:1 18:2 18:3 Total FA
April 13.86 1.96 2.31 12.66 64.33 233
May 16.42 2.62 3.72 15.86 55.58 16.8
June 18.62 2.87 4.07 15.89 50.33 14.2
July 18.59 3.22 4.01 15.48 53.28 16.7
August 18.00 2.60 3.18 14.18 55.11 16.7
September 17.50 2.31 2.84 14.36 57.74 19.1
October 16.76 2.64 2.83 13.62 59.00 20.2
November 19.50 2.79 3.92 13.67 54.77 229
RMSE 2.05 0.51 1.17 1.90 5.21 4.5

2 FA, fatty acids; DM, dry matter.
b The values are LS means by month: the mean value for each month thus corresponds to mid-month.
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Table 7
Effect of regrowth interval on FA composition (g/100 g total FA?), total FA and CP? contents (g/kg DM?) of ryegrass, and adjusted corresponding to 20 and
38 days of regrowth.

Criterion Models using the regrowth interval d (days) Adjusted valuesP

d=20 d=38
16:0 =10.12+0.16d (n=16, RMSE =0.48) 13.32 16.20
18:0 =0.81+0.026d (n=6, RMSE=0.09) 1.33 1.80
18:1 =1.23+0.029d (NS°) (n=11, RMSE=0.35) 1.80 2.32
18:2 =9.02+0.12d (n=16, RMSE=0.99) 11.42 13.58
18:3 =79.51 -0.37d (n=16, RMSE=1.25) 72.11 65.45
Total FA =32.1-0.42d (n=16, RMSE=1.51) 23.7 16.1
CP =253 —3.7d (n=10, RMSE=4.58) 179 112

a FA, fatty acids; CP, crude protein; DM, dry matter.
b Estimated using the equations with d=20 and d =38.
¢ NS, not significant (P>0.05).

Table 8
Effect of vegetation stage on FA® composition (g/100 g total FA), fat and total FA content (g/kg DM?) of grasses and pastures: models using crude protein
(CP?) content.

Criterion Models using CP (g/100 g DM)

16:0 =18.40—-0.23 CP (n=82, RMSE=1.23)

18:0 =1.58 —0.010 CP (NSP) (n=57, RMSE =0.34)

18:1 =4.20-0.11 CP (n=62, RMSE=0.49)

18:2 =26.52 — 1.13 CP+0.026 CP?> (n=82, RMSE=1.28)
18:3 =41.46+2.23 CP - 0.050 CP? (n =82, RMSE =3.26)
Total FA =4.5+0.089 CP (n=61, RMSE=2.93)

Fat =4.9+0.15 CP (n=22, RMSE=4.09)

2 FA, fatty acids; DM, dry matter; CP, crude protein.
b NS, not significant (P>0.05).

Table 9
Effect of N application for the cut (kg N/ha) on FA? composition (g/100 g total FA), total FA and CP? contents (g/kg DM?) of grass forages.
Criterion Models using N fertilization (kg N/ha)
16:0 =16.07 - 0.012N (n=22, RMSE=0.41)
18:0 =2.20-0.0029N (n=10, RMSE=0.14)
18:1 =4.69 — 0.0077 N (n=16, RMSE=0.32)
18:2 =17.36 — 0.014 N (n=34, RMSE=0.65)
18:3 =58.53+0.033 N (n=34, RMSE=1.54)
Total FA =16.5+0.039N (n =34, RMSE=1.49)
CcpP =101+0.77N (n=14, RMSE=16.7)

a FA, fatty acids; CP, crude protein; DM, dry matter.

3.7. Effects of N fertilization

Five publications (Boufaied et al., 2003; Elgersma et al., 2005; Doreau et al., 2007; Arvidsson et al., 2008a; Witkowska et al.,
2008) compared various levels of N fertilization on the same forage, representing 15 forages with two or more fertilization
levels (a total of 34 observations). The independent variable reported in all publications was N application for the cut in kg/ha,
which ranged between zero (not fertilized) and 120. Across this range of fertilization levels, the response of FA content and
composition was linear, N fertilization increasing total FA and CP contents and the content of 18:3, whereas the content of
all the other FA decreased (Table 9).

4. Discussion
4.1. Methodological issues

The main difficulty we faced in determining mean values for the main forage categories was the broad dispersion of
the data. Although the total number of data items was high enough for a quantitative analysis, once they were split among
species, conservations, analytical methods, etc., homogenous datasets included only very few data, often from a very small
number of publications, with a low representativeness. In addition, the forages were often incompletely described, with
partial or no description of the vegetation stage, cultivation conditions, etc. For these reasons, we opted to pool the data and
report global estimates, perhaps less accurate, but more robust. The analytical methods introduced a bias, especially the
different methods used for fat determination (Palmquist and Jenkins, 2003). Fat content as estimated by the Folch method is
much higher than when estimated by ether extraction. In addition, when fat is determined by ether extraction, the nature of
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Table 10
Comparison of the magnitude of effects of various factors on the total FA? content (g/kg DM*) and 18:3 content (g/100g total FA) (estimated from the
results of the present study).

Factor Effect of Total FA (g/kg DM) 18:3(g/100 g total FA)
Haymaking 2.4 Average: —7.13
Good quality: —4.12
Conservation (vs. fresh forage) Bad quality: —13.20
Unwilted silage +2.0 NSP
Wilted silage NS -2.78
Haylage NS -2.84
Formate in silage NS +1.37
Cutting date (min — max) -9.1 —14.00
Vegetation stage Decrease in CP? by 50 g/kg -4.5 —1.20 to —4.90¢
Regrowth interval: +10 days —-4.2 -3.60
Fertilization +50kg N/ha +1.9 +1.65

a FA, fatty acids; DM, dry matter; CP, crude protein.
b NS, not significant (P>0.05).
¢ Quadratic model.

the ether is not always mentioned in the publications, although extraction by diethyl ether, which was mainly used before
the 1980s, yields slightly higher values than extraction by petroleum ether (Palmquist and Jenkins, 2003). We were able to
estimate the differences between ether extraction (the most frequent method used in the publications from the database)
and the two other main methods (ether extract preceded by hydrolysis, and the Folch method). These differences were
higher for fresh forages and hays than for silages (Elgersma et al., 2003). The estimation of the total FA content from the fat
content also depended on the method used for fat determination. For corn silage, after exclusion of some extreme data, we
found a negative relationship between fat and total FA contents, unlike Khan et al. (2012). However, across all the forages,
no significant effect of the method used for total FA determination was found on the various relationships reported in the
present study.

4.2. Factors modifying FA content and composition of forages

The main factors influencing the fat and FA content and composition of forages are already known (see reviews of
Dewhurstetal.,2006; Khan et al.,2012): species (and to a lesser degree cultivar), vegetation stage, conditions of conservation
and N fertilization. From the quantitative results of the present study, we compared the magnitude of their effects on total
FA and on 18:3, which is the main FA in forages, and the most useful for enhancing milk and meat quality (Table 10). The
predominant factor was the vegetation stage, with large variations in total FA and especially 18:3 contents over the year,
consistent with the conclusions of Khan et al. (2012). When the vegetation stage progressed and the forage grew older,
CP decreased, along with fat, total FA and the content of 18:3, while NDF increased, along with the content of 16:0, 18:0,
18:1 and 18:2 in total FA (Table 7). These variations are first due to the decrease in the proportions of leaves (Dewhurst
et al., 2001), which are richer than stems and seeds in membrane lipids, and thus in 18:3 (Buccioni et al., 2012), and then
to the maturation and senescence of leaves and an increase in the fiber and storage fractions (grain). The second factor was
haymaking, and especially bad drying conditions, which can dramatically decrease the 18:3 content (Table 4). This could
result from various processes occurring during the drying time: lipolysis and oxidation of the polyunsaturated FA (Molloy
etal.,, 1975; Dewhurst et al., 2006), loss of leaves during forage handling, or extended respiration within the plant cells until
DM content reached 850 g/kg fresh matter (Baumont et al., 2011). With good drying conditions (swift drying process) the
loss of 18:3 was lower (—2.8 to 4 g/100 g total FA), as exemplified with good-quality hays, wilted silage and haylage (Table 5).
The loss of total FA was minor in these cases. For unwilted silages, the content of 18:3 was unaffected by the ensiling process,
and the FA content was even improved, probably due to the loss of soluble contents of the forages, which in turn increase
the FA content in total DM (Baumont et al., 2011). However, although their FA profile is not altered, forage lipids undergo
extensive lipolysis during ensiling, leading to a high content of free FA in silages (Elgersma et al., 2003; Van Ranst et al.,
2009). Addition of formate to the silage had a slight protective effect on 18:3, which may be the result of a better silage
quality, even though no detailed mechanism for this protection could be found in the literature (Van Ranst et al., 2009).
Compared with the effects of vegetation stage and conservation method, the effects of N fertilization were minor, with a
slight increase in total FA and the content of 18:3 and a decrease in the contents of the other FA (Table 9). These changes are
consistent with the increase in CP in forages when N fertilization increases. This could be due to an improved proportion of
vegetative organs in the plant, richer in membrane lipids and polyunsatured FA (Boufaied et al., 2003).

The effect of species was more difficult to assess: the mean values display no major differences between species or even
botanical families (Tables 1-3). However, within publications, some significant differences in FA content and composition
were sometimes found between species (e.g. Boufaied et al., 2003) or cultivars (Boufaied et al., 2003; Palladino et al., 2009).
It is possible that some of the differences observed between species or cultivars in individual publications result from
differences in vegetation stage at harvest (Boufaied et al., 2003), which vanish when averaged over several publications.
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There was also a limited set of publications comparing pastures differing in their species composition (generally proportion
of legumes or other dicotyledonous plants). In these publications (Fievez et al., 2002; Morel et al., 2006a,b; Steinshamn
et al., 2006; Lourenco et al.,, 2007; Steinshamn and Thuen, 2008), the content of 18:3 increased when the proportion of
grasses increased (on average 18:3 increased by 0.9 g/100 g FA for each 10% increase in grass proportion), and reciprocally
the content of 18:3 decreased when the proportion of legumes increased, consistent with the conclusions of Farruggia et al.
(2008). The proportion of the other dicotyledonous plants had no significant effect. The total FA content was not significantly
altered by the botanical composition. Overall, the differences between species and cultivars seemed to be lower than those
resulting from vegetation stages or conservation.

4.3. Relationship between FA and other constituents

The mean values of the forage categories (speciesxconservation) were sometimes calculated from a small number of
data, or, conversely, did not reflect the variability of the individual values. In order to refine these mean values, estimates
can be obtained by equations using the CP content of the forage, for example to take into account the effect of vegetation
stage. The close relationship between CP content and FA composition has already been observed (Palladino et al., 2009; Khan
etal.,,2012). This is partially explained by the same location of CP and FA in the plant in leaves (photosynthetic organs) rather
than in stems. A similar approach, to estimate the FA composition of the forage from its chemical composition, has been
recently proposed, focused on grass and corn silages, by Khan et al. (2012). The equations proposed by Khan et al. (2012) to
estimate the FA contents (in g/kg DM) involve predominantly lignin and fat for grass silage, and fat, DM, and organic matter
digestibility for corn silage. In the present study, we used mainly CP for all forages except for corn silage, because it was
the most often reported component in the publications used, and because CP content of forages is routinely determined in
the field. For corn silage, we found that 18:2 was most closely related to the DM content of the silage and 18:3 by its NDF
content, consistent with the correlations found by Khan et al. (2012) on their corn silage samples. In the present study, the
relationships between FA composition and CP content were very similar (except for the intercepts of the equations) when
they were adjusted from data involving ryegrass harvested at different regrowth intervals (Table 7), from single-species and
multi-species forages harvested at different stages (Table 8), or in response to increasing N fertilization (Table 9). In all these
datasets, an increase in CP is associated with an increase in total FA (around 0.8 g/kg for each 10 g/kg DM increase in CP), in
the content of 18:3 (around 0.5/100 g total FA for each 10 g/kg DM increase in CP) and a decrease in the contents of 16:0,
18:0, 18:1 and 18:2. This is probably linked to the same determinants for the CP content and the FA composition, both linked
to the proportion and age of the vegetative organs of the plant. Thus, young forages of high nutritional value are also those
that have a high FA content and FA composition conducive to high nutritional quality of animal products.

5. Conclusions

Despite the heterogeneity of the available data, the role of several factors on FA content and composition of forages
has been assessed, and an attempt to compare their magnitude has been made. The relationships reported in this study
highlight the importance of good harvest and drying conditions, especially for haymaking, to preserve the FA composition
of the forage. The relationships between vegetation stage and FA content and composition show a trade-off between forage
yield (increasing with the vegetation stage) and polyunsaturated FA content (decreasing with vegetation stage). The mean
values (possibly refined using measurements of the CP content of the forage) could be useful to estimate the amount of FA
ingested by the animals, and thus the possible outcomes in terms of FA composition of the products.
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