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AbstrAct
Currently available regression equations developed to predict 
pre-harvest nutritive attributes from simple field measurements 
taken in alfalfa (Medicago sativa L.)–grass mixtures can help pro-
ducers determine when to best harvest their forages but they are 
applicable to only spring growth. Our objective was to develop 
and validate predictive equations of pre-harvest forage nutritive 
attributes of mixed alfalfa–grass stands for the spring and first 
summer growth cycles. Forage samples (n = 1856) were collected 
in 2015 and 2016 from three research sites in Quebec, Canada, 
and used to develop predictive equations that were then validated 
using samples (n = 315) collected on commercial farms across 
Quebec and compared to equations previously developed in New 
York State for use during spring growth. For newly developed 
equations with two to four field measurements, R2 ranged from 
0.70 to 0.84. The best equation developed to estimate a neutral 
detergent fiber assayed with a heat stable α-amylase and corrected 
for the ash content of the residue (aNDFom) had an R2 of 0.82 
and a root mean square error (RMSE) of 29.3 g kg–1 dry matter 
(DM). Some equations can be used to predict aNDFom concen-
tration and the relative feed value of samples from commercial 
farms, but only if alfalfa proportion can be precisely determined. 
Locally developed equations resulted in better predictions than 
equations developed only for spring growth in New York State. 
Forage producers now have access to a tool to predict the pre-har-
vest nutritive value of their forages for two growth cycles.

core Ideas
•	 Predictive equations can help producers determine when to harvest 

their forage fields.
•	 Equations developed can predict nutritive value of alfalfa-grass 

stands for the spring and first summer growth cycles.
•	 Alfalfa proportion must be precisely determined for equations to 

yield reliable results.

The nutritive value of forage crops is greatly affected 
by the timing of the harvests, which in turn influences 
ruminant animal production. In dairy production, 

feeding forages with an optimal nutritive value can contribute to 
maximize milk production from forages and thus reduce require-
ments for concentrated feeds, which in turn may increase farm 
profitability (Mertens, 2009; Pellerin et al., 2013). Forage nutri-
tive value is determined based on several key attributes, which 
includes digestibility, and fiber and protein concentrations. 
However, forage nutritive attributes are often only assessed at the 
time of feeding and are less frequently a consideration in the field 
when deciding when to harvest. Indeed, many forage producers 
often base their harvest decisions on the calendar day, yield, or 
may rely on visual indicators such as plant developmental stages. 
This is attributable to a general lack of reliable, rapid, simple, 
and affordable methods to estimate forage nutritive attributes 
in the field prior to harvest. If multiple attributes can be used, 
the neutral detergent fiber (NDF) concentration is one attribute 
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often used to determine the timing of harvests. Recommended 
target NDF concentrations at the time of harvest vary depend-
ing on the forage species and the animal to be fed, but have been 
reported to range between 400 and 550 g kg–1 DM (Cherney et 
al., 2006; Parsons et al., 2009; Undersander et al., 2014); devia-
tions from these values potentially may have substantial impacts 
on animal productivity and farm profitability.

Several methods based on weather or plant development have 
been developed to estimate forage nutritive attributes in the field 
prior to harvesting (Fick and Onstad, 1988; Fick et al., 1994; 
Allen and Beck, 1996). The predictive equations of alfalfa quality 
(PEAQ) were originally developed in Wisconsin and use simple 
field measurements, such as plant height and stage of maturity, 
to predict the pre-harvest NDF and acid detergent fiber (ADF) 
concentrations of pure alfalfa stands (Hintz and Albrecht, 1991). 
The PEAQ model was demonstrated to provide robust predic-
tions of alfalfa fiber concentrations in a range of environments 
in North America and Europe (Sulc et al., 1997; Santillano-
Cázares et al., 2014; Hakl et al., 2010; Andrzejewska et al., 
2014). It has also been adapted for use with alfalfa–grass mix-
tures that predominate in many regions of northeastern North 
America, including the Province of Quebec, Canada. Parsons 
et al. (2006a, 2013) developed predictive equations of nutritive 
attributes of the spring growth of alfalfa–grass mixtures for New 
York State. These equations (NYPEAQ) use field measured 
variables including the grass contribution to total yield (grass 
fraction [GFRAC]), maximum alfalfa plant height, and growing 
degree day (GDD) accumulation to predict important nutritive 
attributes, including NDF and ADF concentrations, relative 
feed value (RFV), in vitro neutral detergent fiber digestibility 
(NDFd), and relative forage quality (RFQ). A validation study 
recently conducted in the Province of Quebec demonstrated 
that NYPEAQ equations could be used outside of their area 
of development to predict both NDF concentration and RFV 
(Wood et al., 2018). These predictive equations were validated 
using samples and data collected by trained personnel at experi-
mental research sites and the important variable GFRAC was 
determined precisely using hand separated samples. However, if 
agronomists or agricultural producers are to use predictive equa-
tions, it is essential that validation be confirmed using data col-
lected by a wide range of individuals with some variables such as 
GFRAC possibly being visually estimated to simplify data collec-
tion. In addition, to maximize the use and impact of predictive 
equations, it is also essential to develop equations for multiple 
growth cycles, as current NYPEAQ equations were developed to 
only predict nutritive attributes of the spring growth.

The objective of the current study was thus to develop and 
validate predictive equations of the pre-harvest forage nutritive 
attributes of mixed alfalfa–grass stands for multiple growth 
cycles. Predictive equations were developed using data from three 
contrasted experimental research sites in the Province of Quebec, 
Canada, and then validated using samples collected on commercial 
farms across 12 of the 17 administrative regions of the Province.

MAterIALs And Methods
Field description

For the development of predictive equations of forage attri-
butes (Part 1), experimental plots were established at three 
climatically-contrasted sites in the Province of Quebec, Canada. 

Alfalfa–grass mixtures were seeded in May 2014 at Sainte-Anne-
de-Bellevue, QC (45°43’ N, 73°94’ W), Lévis, QC (46°80’ N, 
71°09’ W), and Normandin, QC (48°50’ N, 72°32’ W). At each 
site, two experimental plot series were sown with one being sam-
pled in 2015 and the other in 2016. Wood et al. (2018) previously 
reported soil characteristics at each site. Mixtures of alfalfa (culti-
var Calypso) with timothy (Phleum pratense L. ‘AC Alliance’) or 
tall fescue [Schedonorus arundinaceus (Schreb.) Dumort., for-
merly Festuca arundinacea Schreb. ‘Courtenay’)] were seeded in 
the following proportions: 80:20, 60:40, 40:60, and 20:80 result-
ing in eight treatments. Wood et al. (2018) previously described 
in detail seeding and plot management procedures. Briefly, plots 
of the eight alfalfa and grass proportion treatments were seeded 
at the following rates (based on weight of pure live seeds): 12.8 
and 3.2, 9.6 and 6.4, 6.4 and 9.6, and 3.2 and 12.8 kg ha–1, for 
alfalfa and timothy, and 15.2 and 3.8, 11.4 and 7.6, 7.6 and 11.4, 
and 3.8 and 15.2 kg ha–1, for alfalfa and tall fescue, respectively. 
Treatments were duplicated at each site with one plot being 
sampled during spring growth and the second during the first 
summer regrowth. Plots were randomly assigned to a randomized 
complete block design with a split-plot restriction and two repli-
cations. Main plots were assigned to either spring growth or first 
summer regrowth, while subplots were assigned to the alfalfa–
grass proportion treatments. Each subplot measured a minimum 
of 1.3 by 5 m; the exact size depending on the site.

For the validation of the predictive equations (Part 2), sam-
ples and data were collected from fields on commercial farms 
across the Province of Quebec. Samples were collected from 
fields located in 12 of the 17 administrative regions of Quebec 
(i.e., Abitibi-Témiscamingue, Bas-Saint-Laurent, Capitale-
Nationale, Centre-du-Québec, Chaudière-Appalaches, Estrie, 
Gaspésie-Îles-de-la-Madeleine, Laurentides, Montérégie-Ouest, 
Lanaudière, Mauricie, and Outaouais). Ten fields were sampled 
in 2015 and 13 in 2016. Selected fields were predominantly mix-
tures of alfalfa with either timothy or tall fescue. Fields varied in 
terms of soil characteristics, seeding, fertilization, and harvest 
management. Two areas of 8 m2 were randomly selected in each 
field for data collection and sampling.

Field sampling and Measurements

For Part 1 of the study, a total of 1856 samples were col-
lected from experimental plots (908 in 2015 and 908 in 2016). 
Each plot was sampled twice a week for 4 or 5 wk during both 
the spring growth and the first summer regrowth using 50 by 
50 cm quadrats, with each sample being taken from a previously 
unsampled area. Sampling in the spring was initiated when 
alfalfa reached an average height of 40 cm and continued for 
up to 5 wk resulting in 8 to 10 independent samples per plot. 
Plots sampled during the spring growth were then discarded. 
Plots to be sampled during the first summer regrowth were all 
cut on the same date when the spring growth of alfalfa reached 
the early flowering stage of development. These plots were then 
allowed to regrow to an average alfalfa height of 30 cm before 
being sampled during the first summer regrowth using the same 
method as described previously for the spring growth sampling.

For Part 2 of the study, a total of 315 samples (144 in 2015 
and 171 in 2016) were collected from commercial farm fields. 
Plots were sampled twice a week for up to 4 wk during the spring 
growth once the alfalfa reached an average height of 40 cm. 
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Samples were taken within a 50 by 50 cm quadrat with each 
sample being taken from a previously unsampled portion from the 
8-m2 area, resulting in up to eight independent samples per field.

Measurements and staging of plants within the quadrats 
for Part 1 of the study were completed as Wood et al. (2018) 
described in detail and included: alfalfa maximum height 
(AMAXHT, length in centimeters of the tallest alfalfa stem 
from the ground to the terminal bud once fully extended); alfalfa 
maximum stage (ASTAGE, stage of development of the most 
mature alfalfa stem) based on Kalu and Fick (1981); grass maxi-
mum height (GMAXHT, length in centimeters of the tallest 
grass stem from the ground to the tip of the lastly emerged grass 
leaf); and grass maximum stage (GSTAGE, stage of develop-
ment of the most mature grass tiller) based on Moore and Moser 
(1995). Samples were cut at a height of 7.5 cm using scissors and 
were later separated into alfalfa, grass, and weed components 
before being bagged and dried at 55°C for 72 h to determine the 
actual grass and alfalfa contributions to total biomass on a DM 
basis (GFRAC and alfalfa fraction [AFRAC]). Forage DM yield 
per hectare was also determined from these samples. The grass 
fraction group (GGRP) was defined as the 0.20 interval (i.e., 0.2, 
0.4, 0.6, or 0.8) that was closest to the GFRAC value. The day 
of the year (DOY) that is the number of days from the start of 
the year at time of sampling was noted and data for the calcula-
tion of cumulated growing degree days (GDD) were collected 
from weather stations located at each site. Growing degree days 
in degrees Celsius using a base temperature of 0°C (GDD0) and 
5°C (GDD5) were calculated as Wood et al. (2018) described. 
The data collected and mean, range, and standard deviation for 
each variable determined are presented in Supplemental Table S1.

For Part 2 of the study, the data collection on commercial 
farm fields was similar to that described above and included: 
AMAXHT, ASTAGE, GMAXHT, GGRP, GSTAGE, DOY, 
GDD0, and GDD5. The determination of alfalfa and grass 
contributions to total biomass, however, differed. The GFRAC 
was estimated visually, while the AFRAC was determined 
by subtracting GFRAC from 1 assuming that samples were 
weed-free. Samples were cut at a height of 7.5 cm using scissors, 
bagged, and placed in freezers until all samples were collected. 
All samples were then dried at 55°C for 72 h. Data for the calcu-
lation of GDDs were collected from the nearest weather sta-
tion that could be accessed through the Environment Canada 
meteorological website (http://climate.weather.gc.ca/). The 
data collected and mean, range, and standard deviation for each 
determined variate are presented in Supplemental Table S2.

nutritive Value Analyses

Wood et al. (2018) described in detail sample preparation, 
details of laboratory analyses, and appropriate calculations. 
Briefly, all collected forage samples from both parts of the study 
were scanned by visible near infrared reflectance spectroscopy 
(VNIRS) using a NIRS DS2500 monochromator instrument 
(Foss NIRSystems Inc., Silver Spring, MD). From the VNIRS 
scans of the samples taken for Part 1 of the study, a set of 170 
forage samples (120 for calibration, 30 for validation, and 20 
outliers) was selected by the WinISI software version 4.5.0.1407 
(Infrasoft International, LLC, Silver Spring, MD). Using the 
same procedure, a validation set of 43 forage samples (22 from 
2015 and 21 from 2016) was selected from samples collected 

from commercial farms for Part 2 of the study. The sets of 170 
and 43 forage samples were chemically analyzed for the concen-
trations of acid detergent fiber corrected for the ash content of 
the fiber residue (ADFom), aNDFom, total nitrogen (TN) to 
be converted to crude protein (CP = TN × 6.25), in vitro true 
digestibility of dry matter corrected for the ash content of the 
residue (IVTDom), and in vitro neutral detergent fiber digest-
ibility corrected for the ash content of the residue (NDFdom). 
The relative feed value (RFV) was calculated using the Excel 
spreadsheet Milk2013 (Undersander et al., 2013) for all chemi-
cally analyzed forage samples. Results from chemical analyses 
and calculations for the calibration set of samples were then 
used to develop calibration equations for each nutritive attribute 
using the WinISI 4 software. Calibration equations were vali-
dated using the same software by comparing predicted against 
reference laboratory values obtained for the 30 validation 
samples selected for the development of predictive equations. 
The VNIRS predictions were considered excellent with the ratio 
of prediction to deviation (RPD = ratio of standard deviation 
of the reference data used in the validation set to standard error 
of prediction corrected for bias) values >4, ranging between 
4.4 and 5.4 as Wood et al. (2018) reported. Using the modi-
fied PLSR method of the WinISI 4 software, predicted values 
of each nutritive attribute were then generated for all forage 
samples of the development and validation of the predictive 
equations. For samples collected on commercial farms in Part 2 
of the study, the VNIRS predictions were considered successful 
with RPD values >3 for ADFom, aNDFom, and CP, moder-
ately successful for NDFdom with 2.25 < RPD < 3, and moder-
ately useful for IVTDom and RFV with 1.75 < RPD < 2.25.

Given that the AFRAC and GFRAC values for samples of 
Part 2 of the study were visually estimated by a large number 
of participants, we also estimated the AFRAC values of these 
samples with a VNIRS-predictive equation developed using 
a similar procedure as described above. Using the manually 
determined AFRAC values in all forage samples from Part 1 of 
the current study and from three previous experiments, a robust 
VNIRS-equation was developed to estimate this attribute in 
mixed alfalfa–grass samples. The VNIRS predictions obtained 
using this procedure were considered successful with an RPD of 
3.52. This VNIRS equation was used to estimate the AFRAC 
of all samples from commercial farms. The GFRAC was also 
determined by subtracting AFRAC from 1 assuming that 
samples were weed free. These estimated values of AFRAC and 
GFRAC will later be referred to as AFRAC and GFRAC deter-
mined by VNIRS. The mean, range, and standard deviation for 
the nutritive attributes of samples from commercial farms are 
presented in Supplemental Table S2.

data Analysis

Data from experimental plots of Part 1 of the study were 
used for the development of predictive equations for the nutri-
tive attributes of both the spring growth and the first summer 
regrowth of alfalfa–grass mixtures. To ensure that only samples 
with both alfalfa and grasses were used, all samples with less 
than 10% or more than 90% grass (based on GFRAC values) 
were removed from the set of 1856, leaving a total of 1156 
samples for equation development. The data were then analyzed 
using PROC REG in SAS (SAS version 9.4, SAS Institute, 
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Cary, NC) with predictive equations being identified using the 
RSQUARE method to select models that maximized the coef-
ficient of determination (R2) with a targeted minimum of 0.75. 
The single best two-, three-, and four-variable predictive equa-
tions were selected for each forage nutritive attribute of interest 
based on their R2, as well as root mean square error (RMSE), 
normalized root mean square error (NRMSE; RMSE divided 
by the mean of observed values), and mean 95% confidence 
interval (CI), with minimal values being targeted for these later 
three criteria (Myers, 1990).

For the validation of these newly created predictive equa-
tions, statistical analysis of their results using data collected on 
commercial farms from Part 2 of the study was performed using 
PROC REG in SAS (SAS version 9.4, SAS Institute, Cary, 
NC). Data were entered into the predictive equations devel-
oped as described above. Only predictive equations that had an 
R2 value ≥ 0.75 were validated. Wood et al. (2018) previously 
described details and procedures used for validation. Briefly, 
the predictive equations were validated by linearly regressing 
observed values on the corresponding values predicted using the 
various predictive equations developed in Part 1 of the study, 
as well as a few selected equations developed by Parsons et al. 
(2013) that had shown potential for use in Quebec (Wood et al., 
2018). The mean observed and predicted values for each equa-
tion were reported, as were the R2 of the simple linear regres-
sion between the observed and predicted values along with the 
RMSE. The slope (b) and intercept (a) of all regression lines 
were tested for the hypothesis that the slope was not signifi-
cantly different from 1.0 and the intercept was not significantly 
different from 0. The index of agreement (d) was also calculated 

to further define the relation between observed and predicted 
values (Willmott, 1982). This index reports on the degree of 
accuracy of the prediction and varies between 0 and 1.0, with 
1.0 indicating a perfect agreement between values, while 0 indi-
cates a complete disagreement.

resuLts And dIscussIon
Part 1: Development of Predictive Equations  
of Forage nutritive Attributes for Multiple  

Growth cycles of Mixed Alfalfa–Grass stands
Many predictive equations were developed for each nutritive 

attribute but only the single best two-, three-, and four-variable equa-
tions were selected principally based on R2 and RMSE values. Only 
predictive equations that met our a priori defined threshold of an R2 
≥ 0.75 were selected and presented for all nutritive attributes except 
CP concentration, for which a maximum R2 of 0.71 was obtained 
(Table 1). In general, increasing the number of variables included in 
the predictive equations led to greater R2 values and lower RMSE 
for all nutritive attributes. The R2 values of the best predictive equa-
tions ranged from 0.70 to 0.84, with values for aNDFom, ADFom, 
NDFdom, and RFV being similar to R2 values that Parsons et al. 
(2013) reported (0.60 < R2 < 0.81) for equations developed in New 
York State to predict nutritive attributes of the spring growth of 
mixed alfalfa–grass stands. In the specific case of aNDFom, the R2 
values in the current study ranged between 0.78 and 0.82 and were 
comparable to those that Parsons et al. (2013) reported (0.73 < R2 
< 0.81) but were lower than those of Parsons et al. (2006a) (0.89 < 
R2 < 0.94). The RMSE for some attributes were often comparable 
to values previously reported in the development of predictive 

Table 1. Equations developed using data of alfalfa–grass mixture samples from the spring growth and the first summer regrowth at three 
sites in Quebec, Canada, to predict neutral detergent fiber (aNDFom; g kg–1 dry matter [DM]), acid detergent fiber (ADFom; g kg–1 
DM), in vitro neutral detergent fiber digestibility based on a 48-h incubation (NDFdom; g kg–1 aNDF), in vitro true digestibility based on 
a 48-h incubation (IVTDom; g kg–1 DM), all corrected for the organic matter content of the residues, crude protein (CP) (g kg–1 DM), 
and relative feed value (RFV) (n = 1156).

Equation R2† RMSE NRMSE Mean 95% CI
Eq. [1]: aNDFom = 384 + (2.60 × AMAXHT) – (230 × AFRAC) 0.78 32.0 10.1 63.0
Eq. [2]: aNDFom = 356 + (1.79 × AMAXHT) + (0.93 × GMAXHT) – (203 × AFRAC) 0.81 30.1 9.6 59.1
Eq. [3]: aNDFom = 352 + (6.88 × ASTAGE) + (1.34 × AMAXHT) + (1.05 × GMAXHT) – (205 × AFRAC) 0.82 29.3 9.3 57.6
Eq. [4]: ADFom = 159 + (1.29 × AMAXHT) + (0.83 × GMAXHT) 0.77 21.2 11.2 41.7
Eq. [5]: ADFom = 155 + (5.42 × ASTAGE) + (0.93 × AMAXHT) + (0.93 × GMAXHT) 0.79 20.5 10.8 40.3
Eq. [6]: ADFom = 144 + (0.90 × AMAXHT) + (0.77 × GMAXHT) + (22.6 × GGRP) + (0.10 × GDD5) 0.81 19.7 10.4 38.7
Eq. [7]: NDFdom = 1069 – (0.37 × GDD0) – (276 × AFRAC) 0.80 40.6 9.2 79.7
Eq. [8]: NDFdom = 829 – (1.64 × AMAXHT) – (0.22 × GDD0) + (250 × GFRAC) 0.83 37.1 7.9 73.0
Eq. [9]: NDFdom = 934 – (1.55 × AMAXHT) – (0.23 × GDD0) + (142 × GFRAC) – (112 × AFRAC) 0.84 36.6 7.9 72.0
Eq. [10]: IVTDom = 1018 – (7.15 × ASTAGE) – (1.96 × AMAXHT) 0.77 25.2 10.6 49.4
Eq. [11]: IVTDom = 1012 – (1.36 × AMAXHT) – (0.13 × GDD0) + (42.3 × GFRAC) 0.80 23.2 9.6 45.6
Eq. [12]: IVTDom = 1016 – (0.90 × AMAXHT) – (0.73 × GMAXHT) + (41.5 × GGRP) – (0.16 × GDD5) 0.82 22.2 9.9 43.7
Eq. [13]: CP = 340 – (0.19 × GDD0) – (77.0 × GFRAC) 0.70 22.6 12.4 44.5
Eq. [14]: CP = 265 – (2.66 × ASTAGE) – (0.17 × GDD0) + (80.3 × AFRAC) 0.71 22.5 12.2 44.2
Eq. [15]: CP = 302 – (2.73 × ASTAGE) – (0.17 × GDD0) – (40.8 × GFRAC) + (42.4 × AFRAC) 0.71 22.4 12.0 44.0
Eq. [16]: RFV = 165 – (1.17 × AMAXHT) + (89.9 × AFRAC) 0.76 14.2 10.9 27.8
Eq. [17]: RFV = 185 – (0.67 × GMAXHT) – (0.10 × GDD5) + (66.5 × AFRAC) 0.79 13.4 9.8 26.3
Eq. [18]: RFV = 178 – (3.62 × ASTAGE) – (0.61 × AMAXHT) – (0.44 × GMAXHT) + (78.0 × AFRAC) 0.80 12.9 9.7 25.4
† R2, coefficient of determination; RMSE, root mean square error (the unit is the same as the nutritive attribute); NRMSE, normalized root mean square 
error (%); CI, confidence interval (CI; the unit is the same as the nutritive attribute). AFRAC, alfalfa fraction of sample written as a decimal; AMAXHT, length 
in centimeters of the tallest alfalfa stem from the ground to the terminal bud once fully extended; ASTAGE, stage of development of the most mature alfalfa 
stem alfalfa maximum stage based on Kalu and Fick (1981); DOY, day of year; GDD0, cumulated growing degree days based on 0°C; and GDD5, cumulated 
growing degree days based on 5°C; GFRAC, grass fraction of sample written as a decimal (e.g., 0.1 or 0.6); GGRP, grass fraction group written as a decimal 
(e.g., 0.2, 0.4, 0.6, and 0.8); GMAXHT, grass maximum height in cm of the tallest grass stem from the ground to the tip of the lastly emerged grass leaf.
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equations for alfalfa or mixed alfalfa–grass stands in other regions 
(Hintz and Albrecht, 1991; Parsons et al., 2013).

To our knowledge, the current study is the first to report predic-
tive equations for IVTDom with the resulting best two-, three-, 
and four-variable equations having R2 values as high as 0.77 to 
0.82 (Table 1). None of the predictive equations for CP concentra-
tion met our minimum threshold of R2 ≥ 0.75, the highest value 
being 0.71. Such values are in accordance with previous attempts to 
develop predictive equations for CP concentration of pure alfalfa 
stands (Fick and Janson, 1990; Hintz and Albrecht, 1991).

The most prevalent variable in our equations was alfalfa maxi-
mum height in centimeters (AMAXHT), a variable previously 
reported to be important when predicting the nutritive value of 
pure alfalfa stands (Hintz and Albrecht,1991; Parsons et al., 2006b; 
Andrzejewska et al., 2014) and alfalfa–grass mixtures (Parsons et al., 
2006a, 2013). Other variables of importance, based on the number 
of appearances in our equations, relate to the botanical composition 
of the forage mixture, with these being either GFRAC (i.e., the grass 
contribution to forage DM yield) or AFRAC (i.e., the alfalfa con-
tribution to forage DM yield). For all nutritive attributes, a botani-
cal composition variable was included in all or the majority of the 
equations with the exception of ADFom and IVTDom. The grass 
fraction was also present in most equations proposed by Parsons et 
al. (2006a, 2013) for predicting the nutritive attributes of legume–
grass mixtures in the spring growth. A growing degree day variable, 
either GDD0 (i.e., growing degree-days base 0°C) or GDD5 (i.e., 
growing degree-days based 5°C), was also included in 10 of our 18 
best equations, especially the three- and four-variable equations, with 
the exception of those predicting aNDFom. Two other variables, 
GMAXHT and ASTAGE, were also included in some equations 
but mostly in the three- and four-variable equations.

Our results for these newly developed predictive equations are 
difficult to compare to those reported in the literature as, to our 
knowledge, this is the first attempt to develop equations to predict 
the nutritive attributes of mixed alfalfa–grass stands from both the 
spring and the first summer regrowth. Existing predictive equations 
were developed for either the spring growth of mixed alfalfa–grass 
stands (Parsons et al., 2006a, 2013) or multiple growth cycles of 
pure alfalfa stands (Hintz and Albrecht, 1991), but none combined 
the two concepts of mixed alfalfa–grass and multiple growth cycles. 
It was expected that the additional complexity resulting from the 
addition of the grass component would lead to equations with less 
predictive ability; this was confirmed by our results. Indeed, for 
example, our equations predicting the aNDFom concentration of 
alfalfa–grass mixtures resulted in lower R2 (0.78–0.82 vs. 0.92) and 
higher RMSE (29.3–32.0 vs. 22.1 g kg–1 DM) than those Hintz and 
Albrecht (1991) reported for their equation predicting aNDF con-
centration for multiple growth cycles of pure alfalfa stands.

As mentioned earlier, our predictive equations for aNDFom 
concentration in the spring growth and the first summer regrowth 
had lower R2 and higher RMSE than those reported for aNDF 
concentration by Parsons et al. (2006a, 2013) for the spring growth. 
When using only our data from the spring growth for developing 
the predictive equations, the R2 and RSME values were closer to 
those Parsons et al. (2006a) reported (data not shown). This sug-
gests that differences in regrowth patterns of different forage species 
after the first harvest may have affected predictions of their nutritive 
value. This is plausible as the two grass species in the current study 
differ in their development after the spring harvest with tall fescue 

usually not producing reproductive structures during its regrowth 
(Wolf et al., 1979) contrary to timothy (Berg et al., 1996). It has also 
been shown that post-harvest regrowth of forages can mature faster 
at shorter canopy heights due to increased stressors such as higher 
temperatures and the potential decrease of water availability during 
the summer period, which can lead to dormancy in some cool-
season grasses (Van Soest, 1985). This may have affected the relation-
ship between the maximum height of alfalfa and the grasses, and the 
nutritive attributes during the first summer regrowth.

Part 2: Validation of Predictive 
Equations on Commercial Farms

Some of the most promising predictive equations developed 
in Part 1 of the study were evaluated for their potential in pre-
dicting nutritive attributes of alfalfa–grass mixtures using data 
collected on commercial farms from 12 administrative regions 
of the Province of Quebec. The objective was to determine how 
well these predictive equations perform in non-research situa-
tions, using samples and data collected from the spring growth 
of alfalfa–grass mixtures taken by many participants who 
ranged in experience working with forages and in measuring the 
various variables required in those equations. In addition, some 
of the predictive equations that Parsons et al. (2013) developed 
only for the spring growth, and previously demonstrated to 
hold potential for use in Quebec according to data from experi-
mental research sites (Wood et al., 2018), were also evaluated 
using the same dataset. At the onset of experimentation, we 
established that a coefficient of determination (R2) of the linear 
regression ≥ 0.75 between observed and predicted values would 
be the minimum acceptable to use the predictive equations 
across the Province of Quebec.

Validation using Visually estimated 
Alfalfa and Grass Proportions

The predictive equations developed in the current study did not 
meet our minimum R2 criteria, with all of the equations result-
ing in R2 values of the linear regression between observed and 
predicted values lower than 0.75 (Table 2). The highest R2 values 
for each nutritive attribute ranged from 0.57 for NDFdom to 
0.67 for aNDFom and RFV, while the lowest NRMSE for each 
nutritive attribute ranged from 4.1% for IVTDom to 12.8% for 
RFV. The slope of the linear regression between observed and 
predicted values was significantly different from the ideal value 
of 1 for all equations except those for ADFom. The intercept was 
significantly different from the ideal value of 0 for all aNDFom 
and NDFdom equations and two of three equations for RFV. All 
equations predicting ADFom and IVTDom and one equation 
predicting RFV, however, had intercepts that were not signifi-
cantly different from the ideal. The validation statistics with the 
predictive equations developed in this study were better than 
those associated with the equations of Parsons et al. (2013) for the 
three nutritive attributes common to both studies, that is, aND-
Fom, ADFom, and RFV. Developing locally adapted equations 
therefore improved the predictions of nutritive attributes in the 
context, and with the conditions specific, to the present study.

A majority of the predictive equations included a botanical 
composition variable (AFRAC or GFRAC), which is difficult to 
visually estimate, as Parsons et al. (2006a, 2013) indicated and 
as supported by our own experience. The predictive equations 
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evaluated herein were developed with AFRAC and GFRAC 
being precisely determined; each botanical component being 
manually separated, dried, and weighed with exactitude using a 
scale. However, for the validation of the predictive equations with 
samples and data from commercial farms, AFRAC and GFRAC 
were estimated visually to simplify data collection by participants. 
They were the only variables that were collected or determined 
differently for the validation than for the development of the pre-
dictive equations. We thus hypothesized that the poor validation 
statistics were in part attributable to the large variation and errors 
in the visual estimations of AFRAC and GFRAC.

Validation using Visible  
Near-Infrared Reflectance Spectroscopy-

determined Alfalfa and Grass Proportions

To determine whether differences in the determination of 
AFRAC and GFRAC for the data used in the development and 
the validation of the predictive equations were the key reason for 
low R2 values we developed and validated a VNIRS equation to 
estimate AFRAC values for samples collected on commercial 
farms. This VNIRS-based procedure was developed using the 
mixed alfalfa–grass samples from Part 1 of this study as well as 
samples from three other studies. Once the AFRAC values were 

Table 2. Validation of equations developed in Quebec to predict nutritive attributes of mixed alfalfa–grass fields in the spring growth and 
the first summer regrowth and concurrent validation of comparable predictive equations developed for the spring growth in New York 
State. Values entered into equations for grass fraction (GFRAC) and alfalfa fraction (AFRAC) were visually estimated. Data were collect-
ed from commercial farm fields located across 12 administrative regions of Quebec. These equations predict the following nutritive at-
tributes: neutral detergent fiber (aNDFom; g kg–1 DM), acid detergent fiber (ADFom; g kg–1 DM), in vitro neutral detergent fiber digest-
ibility based on a 48-h incubation (NDFdom; g kg–1 aNDF), in vitro true digestibility based on a 48-h incubation (IVTDom; g kg–1 DM), 
all corrected for the organic matter content of the residue, and relative feed value (RFV) (n = 315). Equation numbers refer to predictive 
equations presented in Table 1; Predictive equations of forage nutritive attributes from New York State (NYPEAQ) refers to equations 
developed by Parsons et al. (2013) and previously demonstrated to hold potential for use in Quebec (Wood et al., 2018).

 
Equation

Mean 
observ.

Mean  
prediction

 
R2†

 
RMSE

Slope  
coefficient (b)

 
SEb

 
P b = 1

Intercept  
coefficient (a)

 
SEa

 
P a = 0

 
d

Eq. [1]: aNDFom = 384 + (2.60 × AMAXHT) – (231 × 
AFRAC)

457 407 0.56 49.6 0.84 0.04 <0.001 116 17.2 <0.001 0.77

Eq. [2]: aNDFom = 356 + (1.79 × AMAXHT) + (0.93 × 
GMAXHT) – (203 × AFRAC)

457 418 0.65 44.4 0.91 0.04 0.019 76 16.0 <0.001 0.83

Eq. [3]: aNDFom = 352 + (6.88 × ASTAGE) + (1.34 × 
AMAXHT) + (1.05 × GMAXHT) – (205 × AFRAC)

457 417 0.67 42.9 0.92 0.04 0.023 74 15.3 <0.001 0.82

NYPEAQ: aNDFom = 125 + (224 × GFRAC) + (3.15 
× AMAXHT)

457 414 0.55 50.1 0.76 0.04 <0.001 143 16.2 <0.001 0.79

Eq. [4]: ADFom = 159 + (1.29 × AMAXHT) + (0.83 × 
GMAXHT)

309 316 0.61 29.0 0.99 0.04 0.87 –4 14.2 0.76 0.86

Eq. [5]: ADFom = 155 + (5.42 × ASTAGE) + (0.93 × 
AMAXHT) + (0.93 × GMAXHT)

309 315 0.63 28.3 1.00 0.04 0.92 –4 13.6 0.75 0.87

Eq. [6]: ADFom = 144 + (0.90 × AMAXHT) + (0.77 × 
GMAXHT) + (22.6 × GGRP) + (0.10 × GDD5)

309 309 0.63 28.3 0.99 0.04 0.73 5 13.2 0.73 0.88

NYPEAQ: ADFom = 104 + (71.2 × GFRAC) + (2.54 × 
AMAXHT)

309 302 0.54 31.7 0.71 0.04 <0.001 96 11.3 <0.001 0.85

Eq. [7]: NDFdom = 1069 – (0.37 × GDD0) – (276 × 
AFRAC)

656 658 0.47 63.7 0.75 0.05 <0.001 160 30.1 <0.001 0.82

Eq. [8]: NDFdom = 829 – (1.64 × AMAXHT) – (0.22 × 
GDD0) + (250 × GFRAC)

656 665 0.57 57.2 0.84 0.04 <0.001 99 27.5 <0.001 0.86

Eq. [9]: NDFdom = 934 – (1.55 × AMAXHT) – (0.23 × 
GDD0) + (142 × GFRAC) – (112 × AFRAC)

656 658 0.57 57.6 0.83 0.04 <0.001 110 27.3 <0.001 0.86

Eq. [10]: IVTDom = 1018 – (7.15 × ASTAGE) – (1.96 × 
AMAXHT)

805 857 0.56 35.5 0.96 0.05 <0.001 –13 40.9 0.75 0.69

Eq. [11]: IVTDom = 1012 – (1.36 × AMAXHT) – (0.13 
× GDD0) + (42.3 × GFRAC)

805 853 0.55 35.9 0.95 0.05 <0.001 –7 41.4 0.86 0.70

Eq. [12]: IVTDom = 1016 – (0.90 × AMAXHT) – (0.73 
× GMAXHT) + (40.5 × GGRP) – (0.16 × GDD5)

805 862 0.61 33.3 1.01 0.05 <0.001 –61 38.8 0.12 0.68

Eq. [16]: RFV = 165 – (1.17 × AMAXHT) + (89.9 × 
AFRAC)

131 145 0.56 19.3 0.77 0.04 <0.001 19 5.7 <0.001 0.82

Eq. [17]: RFV = 185 – (0.67 × GMAXHT) – (0.10 × 
GDD5) + (66.5 × AFRAC)

131 144 0.67 16.8 0.90 0.04 0.0039 2 5.2 0.70 0.85

Eq. [18]: RFV = 178 – (3.62 × ASTAGE) – (0.61 × 
AMAXHT) – (0.44 × GMAXHT) + (78.0 × AFRAC)

131 139 0.66 16.9 0.84 0.03 <0.001 13 4.9 0.007 0.87

NYPEAQ: RFV = 354 – (110 × GFRAC) – (0.13 × 
GDD0) – (1.09 × AMAXHT)

131 163 0.57 19.2 0.52 0.03 <0.001 47 4.3 <0.001 0.70

† R2, coefficient of determination; RMSE, root mean square error; AMAXHT, length in centimeters of the tallest alfalfa stem from the ground to the 
terminal bud once fully extended; GMAXHT, grass maximum height in cm length in centimeters of the tallest grass stem from the ground to the tip 
of the lastly emerged grass leaf; ASTAGE, stage of development of the most mature alfalfa stem alfalfa maximum stage based on Kalu and Fick (1981); 
GDD0, cumulated growing degree days base 0°C; GDD5, cumulated growing degree days base 5°C; AFRAC, alfalfa fraction of sample written as 
a decimal; GFRAC, grass fraction of sample written as a decimal; GGRP, grass fraction group, with group defined as the 0.2 interval closest to the 
GFRAC, written as a decimal (e.g., 0.6 or 0.8); d, index of agreement.
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determined using this approach, we calculated GFRAC by sub-
tracting from 1 as participants collected samples mostly from field 
sections with minimal weed occurrence. This change also affected 
the GGRP variable and it was re-determined based on the new 
VNIRS-based GFRAC values, but not all values were affected 
because the GGRP variable only had four possible values (0.2, 
0.4, 0.6, or 0.8). By inserting the VNIRS-determined AFRAC 
and GFRAC into the predictive equations to replace the values 
estimated visually by participants, while retaining all other field-
collected data, the validation statistics were significantly improved 
for all predictive equations that used these variables (Table 3). The 
resulting R2 values for linear regressions between observed and 
predicted aNDFom concentration and RFV met our minimum 
threshold of R2 ≥ 0.75 for at least one of the three predictive 
equations.

For aNDFom, Eq. [2] and [3] met our minimum R2 threshold 
with values of 0.79 and 0.80, and NRMSE values of 7.5 and 7.2%, 
respectively. Their slope remained significantly different from 1, 
while the intercept was not significantly different from 0 (Table 
3). This condition, termed “rotation” by Gauch et al. (2003), indi-
cated that predictions using these equations become less accurate 
as the forage matures and the aNDFom concentration increases 
(Fig. 1). The index of agreement (d), which indicate the goodness 
of fit of a model, was very good with values of 0.94 and 0.91 for 
Eq. [2] and [3], respectively. For RFV, Eq. [18] had an R2 of 0.75 
and a NRMSE of 11.1%, while the slope and intercept were not 
significantly different from the ideal, indicating the absence of bias 
(Fig. 2). The index of agreement (d = 0.93) was very good for this 
equation.

Our locally developed equations for all nutritive attributes gen-
erally had better validation statistics than the predictive equations 

Table 3. Validation of equations developed in Quebec to predict nutritive attributes of mixed alfalfa–grass fields in the spring growth and the 
first summer regrowth and concurrent validation of comparable predictive equations developed for the spring growth in New York State. 
Values inputted into equations for grass fraction (GFRAC) and alfalfa fraction (AFRAC) were determined by visible near infrared reflectance 
spectroscopy (VNIRS). Data were collected from commercial farm fields located across 12 administrative regions of Quebec. These equations 
predict the following nutritive attributes: neutral detergent fiber (aNDFom; g kg–1 DM), acid detergent fiber (ADFom; g kg–1 DM), in vitro 
neutral detergent fiber digestibility based on a 48-h incubation (NDFdom; g kg–1 aNDF), in vitro true digestibility based on a 48-h incubation 
(IVTDom; g kg–1 DM), all corrected for the organic matter content of the residue, and relative feed value (RFV) (n = 315). Equations numbers 
refer to predictive equations presented in Table 1; Predictive equations of forage nutritive attributes from New York State (NYPEAQ) refers 
to equations developed by Parsons et al. (2013) and previously demonstrated to hold potential for use in Quebec (Wood et al., 2018).

 
Equation

Mean 
observ.

Mean  
prediction

 
R2†
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SEb

 
P b = 1

Intercept  
coefficient (a)

 
SEa

 
P a = 0

 
d

Eq. [1]: aNDFom = 384 + (2.60 × AMAXHT) –  
(231 × AFRAC)

457 424 0.74 38.3 1.06 0.04 0.077 6 15.3 0.71 0.86

Eq. [2]: aNDFom = 356 + (1.79 × AMAXHT) +  
(0.93 × GMAXHT) – (203 × AFRAC)

457 434 0.79 34.3 1.08 0.03 0.015 –10 13.7 0.45 0.94

Eq. [3]: aNDFom = 352 + (6.88 × ASTAGE) + (1.34 × 
AMAXHT) + (1.05 × GMAXHT) – (205 × AFRAC)

457 433 0.80 33.1 1.07 0.03 0.026 –5 13.0 0.73 0.91

NYPEAQ: aNDFom = 125 + (224 × GFRAC) +  
(3.15 × AMAXHT)

457 431 0.69 42.0 0.91 0.01 0.035 65 15.2 <0.001 0.88

Eq. [6]: ADFom = 144 + (0.90 × AMAXHT) + (0.77 × 
GMAXHT) + (22.6 × GGRP) + (0.10 × GDD5)

309 309 0.64 27.9 0.99 0.04 0.80 4 13.0 0.78 0.88

NYPEAQ: ADFom = 104 + (71.2 × GFRAC) +  
(2.54 × AMAXHT)

309 307 0.58 30.4 0.74 0.04 <0.001 82 11.1 <0.001 0.87

Eq. [7]: NDFdom = 1069 – (0.37 × GDD0) –  
(276 × AFRAC)

656 680 0.58 56.6 0.99 0.05 0.76 –14 32.3 0.67 0.84

Eq. [8]: NDFdom = 829 – (1.64 × AMAXHT) –  
(0.22 × GDD0) + (250 × GFRAC)

656 684 0.67 50.1 1.03 0.04 0.45 –49 28.0 0.08 0.86

Eq. [9]: NDFdom = 934 – (1.55 × AMAXHT) –  
(0.23 × GDD0) + (142 × GFRAC) – (112 × AFRAC)

656 678 0.67 50.3 1.03 0.04 0.54 –39 27.8 0.16 0.87

Eq. [11]: IVTDom = 1012 – (1.36 × AMAXHT) – 
(0.13 × GDD0) + (42.3 × GFRAC)

805 857 0.55 35.9 0.97 0.05 0.54 –26 42.3 0.55 0.69

Eq. [12]: IVTDom = 1016 – (0.90 × AMAXHT) 
– (0.73 × GMAXHT) + (40.5 × GGRP) –  
(0.16 × GDD5)

805 861 0.61 33.5 1.02 0.05 0.67 –73 39.7 0.07 0.68

Eq. [16]: RFV = 165 – (1.17 × AMAXHT) +  
(89.9 × AFRAC)

131 138 0.69 16.1 0.93 0.04 0.06 2 4.9 0.69 0.89

Eq. [17]: RFV = 185 – (0.67 × GMAXHT) –  
(0.10 × GDD5) + (66.5 × AFRAC)

131 139 0.73 15.2 0.96 0.03 0.22 –2 4.7 0.65 0.92

Eq. [18]: RFV = 178 – (3.62 × ASTAGE) – (0.61 × 
AMAXHT) – (0.44 × GMAXHT) + (78.0 × AFRAC)

131 133 0.75 14.5 0.94 0.03 0.055 5 4.2 0.19 0.93

NYPEAQ: RFV = 354 – (110 × GFRAC) –  
(0.13 × GDD0) – (1.09 × AMAXHT)

131 154 0.63 17.6 0.57 0.02 <0.001 43 3.9 <0.001 0.77

† R2, coefficient of determination; RMSE, root mean square error; AMAXHT, length in centimeters of the tallest alfalfa stem from the ground to the 
terminal bud once fully extended; GMAXHT, grass maximum height in centimeters length in cm of the tallest grass stem from the ground to the tip 
of the lastly emerged grass leaf; ASTAGE, stage of development of the most mature alfalfa stem alfalfa maximum stage based on Kalu and Fick (1981); 
GDD0, cumulated growing degree days base 0°C; GDD5, cumulated growing degree days base 5°C; AFRAC, alfalfa fraction of sample written as 
a decimal; GFRAC, grass fraction of sample written as a decimal; GGRP, grass fraction group, with group defined as the 0.2 interval closest to the 
GFRAC, written as a decimal (e.g., 0.6 or 0.8); d, index of agreement.
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Fig. 1. Relationship between observed and predicted forage 
neutral detergent fiber concentrations of alfalfa–grass mixture 
samples collected on commercial farms in 12 regions of Quebec, 
Canada. Observed values were assayed with an α-amylase and 
corrected for the ash content of the fiber residue (aNDFom), 
and predicted values were obtained by the predictive equations 
developed in Quebec (Eq. [2] and [3]) or by Parsons et al. (2013; 
NYPEAQ) in New York State. AFRAC, proportion of alfalfa 
within samples based on the dry matter (DM) weight written 
as a decimal (e.g., 0.1 or 0.6); AMAXHT, length in centimeters 
of the tallest alfalfa stem from the ground to the terminal bud 
once fully extended; ASTAGE, stage of development of the most 
mature alfalfa stem based on Kalu and Fick (1981); GFRAC, grass 
fraction within samples based on the dry matter weight written 
as a decimal (e.g., 0.1 or 0.6); GMAXHT, length in centimeters 
of the tallest grass stem from the ground to the tip of the 
lastly emerged grass leaf. The solid line indicates the ideal 1:1 
relationship while the dotted line represents the regression line.

Fig. 2. Relationship between observed and predicted relative 
feed value (RFV) of alfalfa–grass mixture samples collected on 
commercial farms in 12 regions of Quebec, Canada. Predicted 
values were obtained by the predictive equations developed in 
Quebec (Eq. [16] and [18]) or by Parsons et al. (2013) (NYPEAQ) 
in New York State. AFRAC, alfalfa fraction within samples based 
on the dry matter (DM) weight written as a decimal (e.g., 0.1 
or 0.6); AMAXHT, length in centimeters of the tallest alfalfa 
stem from the ground to the terminal bud once fully extended; 
ASTAGE, stage of development of the most mature alfalfa stem 
based on Kalu and Fick (1981); GDD0, cumulated growing degree 
days based 0°C; GFRAC, grass fraction within samples based 
on the dry matter weight written as a decimal (e.g., 0.1 or 0.6); 
GMAXHT, length in centimeters of the tallest grass stem from 
the ground to the tip of the lastly emerged grass leaf. The solid 
line indicates the ideal 1:1 relationship while the dotted line 
represents the regression line.
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that Parsons et al. (2013) developed in New York State when using 
the data collected from the spring growth in commercial farm 
fields (Table 3, Fig. 1 and 2). Local predictive equations had greater 
R2 and d values, and smaller RMSE values. The use of VNIRS-
determined AFRAC and GFRAC also improved the validation 
statistics of equations previously developed in New York State 
(Parsons et al., 2013), but their R2 values did not reach our mini-
mum threshold of 0.75. Our results demonstrate that locally devel-
oped predictive equations based on samples collected from spring 
and first summer regrowth have better predictive capabilities for 
use on commercial farms across the province of Quebec than 
equations developed only for the spring growth in New York State. 
The poorer performance of equations previously developed in New 
York State to estimate NDF and ADF could be due to a range of 
factors including the fact that these equations were developed to 
estimate NDF and ADF values inclusive of residual ash, whereas 
the present study developed equations to estimate NDFom and 
ADFom. Other reasons include the fact that they were developed 
with a wider range of grass species in mixtures, and in a different 
geographical region.

The improvement in validation statistics resulting from the 
use of AFRAC and GFRAC determined by VNIRS rather than 
visually estimated was expected due to the importance of these 
two variables in predictive equations, as of all variables monitored 
they are the only estimated by users and hence most prone to 
error. Indeed, the magnitude of the coefficient value, which does 
not indicate importance but sensitivity in models, associated with 
either AFRAC or GFRAC was >200 in the case of equations 
predicting aNDFom concentration and Eq. [7] and [8] predicting 
NDFdom (Table 3). With such coefficients, even a small change in 
the value of AFRAC or GFRAC would lead to significant changes 
in the predicted aNDFom or NDFdom values. For example, 
for Eq. [2] predicting aNDFom, the coefficient in front of the 
AFRAC variable is 203. In this case, a 0.05 change in the AFRAC 
value causes a 10 g kg–1 DM change in the estimated aNDFom 
concentration. Although this may seem relatively small, it would 
add to the error already inherently associated with the predictive 
equation.

A slight improvement in validation statistics was observed 
following the use of VNIRS-determined GGRP for Eq. [6] that 
predicts ADFom concentration (Table 3). This is not surprising as 
changes to GGRP values were minimal but also the value of the 
coefficient associated with this variable was small. For example, 
a change in GGRP value from 0.2 to 0.4 affected the predicted 
ADFom concentration by only 4.5 g kg–1 DM.

In the case of Eq. [11] predicting IVTDom, no improvement 
in the R2 value was observed following the use of VNIRS-
determined GFRAC values (Table 3). This lack of improvement 
may be due to the fact that the variable was associated with a rela-
tively low coefficient in the predictive equation (i.e., 42). The effect 
on Eq. [12], which included the GGRP variable, was also minimal, 
likely for the same reasons as mentioned earlier.

Although we observed improvement in the validation statistics 
for the majority of the predictive equations when using more 
precise VNIRS-determined GFRAC and AFRAC values, only 
three predictive equations met our a priori defined minimum 
threshold of R2 ≥ 0.75 (Table 3). Some other factors must also 
be affecting our predictive equation results when used on com-
mercial farms in a wide range of environments across the province 

of Quebec. These factors may be associated with data collection, 
including differences in users’ ability to measure certain variables 
(e.g., ASTAGE), errors in data recording, and inaccurate values of 
GDD0 and GDD5 due to the distance to the nearest meteorologi-
cal station. Variations in field and soil management, grass species 
in the mixture along with errors in laboratory values due to the 
handling, storage, and shipping of samples could also have affected 
the results from the predictive equations.

concLusIons
Equations for predicting aNDFom, ADFom, NDFdom, 

IVTDom, and RFV of the spring growth and the first summer 
regrowth of alfalfa–grass mixtures were successfully developed 
with R2 values >0.75 and NRMSE <11.2%. The validation of 
those predictive equations with field measurements during the 
spring growth from commercial farms was successful for aND-
Fom and RFV with R2 values >0.75 and NRMSE <11.1%. The 
validation for ADFom, NDFdom, and IVTDom was not as suc-
cessful with R2 values between 0.61 and 0.67. The locally devel-
oped equations based on samples collected from spring through 
early summer growth of alfalfa–grass mixtures resulted in better 
validation statistics than similar equations developed to predict 
pre-harvest nutritive attributes of the spring growth of alfalfa–
grass mixtures in New York State. The success of these predictive 
equations improved with a more precise determination of the 
contribution of alfalfa or grass to forage DM yield. The predic-
tive equations are based on the field measurements of relatively 
simple variables and will help forage producers in determining 
optimal harvest time for alfalfa–grass mixtures. These equations 
although depend on the determination of precise contribution 
of alfalfa or grass to forage DM yield, field variables that are 
difficult to estimate visually for untrained users. It might thus be 
preferable to do a hand separation of samples to determine with 
more precision this important variable.

suPPLeMentAL MAterIAL

Two tables are provided as supplemental material. The first table 
provides descriptive statistics for alfalfa–grass mixture samples col-
lected at three contrasted sites (Sainte-Anne-de-Bellevue, Levis, and 
Normandin) in Quebec, Canada, and used to develop predictive equa-
tions for forage nutritive attributes (Part 1). The second table provides 
descriptive statistics for alfalfa–grass mixture samples collected in com-
mercial fields in 12 administrative regions of Quebec, Canada, and used 
to validate predictive equations for forage nutritive attributes (Part 2).

AcKnoWLedGMents

This research project was financially supported by the “Programme de 
soutien à l’innovation en agroalimentaire, un programme issu de l’accord 
du cadre Cultivons l’avenir conclu entre le Ministère de l’Agriculture, 
des Pêcheries et de l’Alimentation du Québec et Agriculture et 
Agroalimentaire Canada”. P. Seguin also acknowledges financial support 
for his research program from the Natural Sciences and Engineering 
Research Council of Canada (NSERC) through a Discovery Grant. 
Authors would also like to thank all technical staff and research assistants 
from AAFC, MAPAQ, Valacta, and McGill University who contributed 
to this project.



Agronomy Journa l  •  Volume 111, Issue 6 •  2019 3181

reFerences

Allen, M., and J. Beck. 1996. Relationship between spring harvest alfalfa 
quality and growing degree days. In: Proceedings of the 26th 
National Alfalfa Symposium, East Lansing, MI. 9–10 Dec. 1996. p. 
16–25. Certified Alfalfa Seed Council, Davis, CA.

Andrzejewska, J., F.E. Contreras-Govea, and K.A. Albrecht. 2014. Field 
prediction of alfalfa (Medicago sativa L.) fiber constituents in north-
ern Europe. Grass Forage Sci. 69:348–355. doi:10.1111/gfs.12069

Berg, C.C., A.R. McElroy, and H.T. Kunelius. 1996. Timothy. In: L.E. 
Moser et al., editors, Cool-season forage grasses. ASA, Madison, WI. 
p. 643–664.

Cherney, J.H., D.J.R. Cherney, and D. Parsons. 2006. Grass silage man-
agement issues. In: Proceedings Silage for Dairy Farms: Growing, 
Harvesting, Storing, and Feeding, Harrisburg, PA. 23–26 Jan. 2006. 
NRAES-181. Natural Resource, Agric., and Engineering Serv., 
Ithaca, NY. p. 37–49. 

Fick, G.W., and C.G. Janson. 1990. Testing mean stage as a predictor of 
alfalfa forage quality with growth chamber trials. Crop Sci. 30:678–
682. doi:10.2135/cropsci1990.0011183X003000030040x

Fick, G.W., and D.W. Onstad. 1988. Statistical models for predicting 
alfalfa herbage quality from morphological and weather data. J. 
Prod. Agric. 1:160–166. doi:10.2134/jpa1988.0160

Fick, G.W., P.W. Wilkens, and J.H. Cherney. 1994. Modeling forage qual-
ity changes in the growing crop. In: G.C. Fahey, Jr. et al., editors, 
Forage quality, evaluation, and utilization. ASA, CSSA and SSSA, 
Madison, WI. p. 757–795.

Gauch, H.G., J.T.G. Hwang, and G.W. Fick. 2003. Model evaluation by 
comparison of model-based predictions and measured values. Agron. 
J. 95:1442–1446. doi:10.2134/agronj2003.1442

Hakl, J., J. Santrucek, P. Fuksa, and L. Krajic. 2010. The use of indirect 
methods for the prediction of lucerne quality in the first cut under 
the conditions of Central Europe. Czech. J. Anim. Sci. 55:258–265. 
doi:10.17221/86/2009-CJAS

Hintz, R.W., and K.A. Albrecht. 1991. Prediction of alfalfa chemical com-
position from maturity and plant morphology. Crop Sci. 31:1561–
1565. doi:10.2135/cropsci1991.0011183X003100060036x

Kalu, B.C., and G.W. Fick. 1981. Quantifying morphological develop-
ment of alfalfa for studies of herbage quality. Crop Sci. 21:267–271. 
doi:10.2135/cropsci1981.0011183X002100020016x

Mertens, D.R. 2009. Maximizing forage use by dairy cows. In: Proceed-
ings 27th Western Canadian Dairy Seminar: Advanced Dairy Tech-
nology, Red Deer, AB, Canada. 10–13 Mar. 2009. Univ. of Alberta, 
Edmonton, AB, Canada. p. 303–319.

Moore, K.J., and L.E. Moser. 1995. Quantifying developmental morphol-
ogy of perennial grasses. Crop Sci. 35:37–43. doi:10.2135/cropsci19
95.0011183X003500010007x

Myers, R.H. 1990. Classical and modern regression with applications. 2nd 
ed. Duxbury Press, Boston, MA.

Parsons, D., J.H. Cherney, and H.G. Gauch. 2006a. Estimation of prehar-
vest fiber content of mixed alfalfa–grass stands in New York. Agron. 
J. 98:1081–1089. doi:10.2134/agronj2005.0326

Parsons, D., J.H. Cherney, and H.G. Gauch. 2006b. Estimation of spring 
forage quality for alfalfa in New York State. Forage Grazinglands 
4(1). doi:10.1094/FG-2006-0323-01-RS

Parsons, D., J.H. Cherney, and P.R. Peterson. 2009. Preharvest neutral 
detergent fiber concentration of alfalfa as influenced by stubble 
height. Agron. J. 101:769–774. doi:10.2134/agronj2008.0174x

Parsons, D., P.R. Peterson, and J.H. Cherney. 2013. Estimation of nutritive 
value of spring alfalfa–grass mixtures using in-field measurements 
and growing degree data. Forage Grazinglands 11(1). doi:10.1094/
FG-2012-0162-RS

Pellerin, D., M.-C. Coulombe, R. Roy, and E. Charbonneau. 2013. Les 
fourrages: L’or vert des fermes laitières québécoises. (In French.) Col-
loque sur les plantes fourragères. Drummondville, QC, Canada. 28 
Nov. 2018. Centre de Référence en Agric. et Agroalimentaire du 
Québec, Quebec, QC, Canada. https://www.agrireseau.net/bovin-
slaitiers/Documents/Pellerin_Doris.pdf (accessed 19 Sept. 2018)

Santillano-Cázares, J., M. Carmona-Victoria, F.E. Contreras-Govea, 
O.J. Idowu, and K.A. Albrecht. 2014. Applicability of predic-
tive equations for alfalfa quality to Southwestern United States 
and Northern Mexico. Crop Sci. 54:2880–2886. doi:10.2135/
cropsci2014.01.0075

Sulc, R.M., K.A. Albrecht, J.H. Cherney, and M.H. Hall. 1997. Field test-
ing a rapid method for estimating alfalfa quality. Agron. J. 89:952–
957. doi:10.2134/agronj1997.00021962008900060017x

Undersander, D., R. Becker, D. Cosgrove, E. Cullen, J. Doll, C. Grau et al. 
2014. Alfalfa management guide. ASA, CSSA, and SSSA, Madison, 
WI.

Undersander, D., D. Combs, R. Shaver, and P. Hoffman. 2013. University 
of Wisconsin alfalfa/grass evaluation system- Milk 2013. Forage Res. 
and Ext., Univ. of Wisconsin, Madison. http://www.uwex.edu/ces/
forage/articles.htm#milk2000 (accessed 19 Sept. 2018)

Van Soest, P.J. 1985. Composition, fibre quality, and nutritive value of 
forages. In: M. Heath et al., editors. Forages the science of grassland 
agriculture. Iowa State Univ. Press, Ames. p. 412–421.

Willmott, C.J. 1982. Some comments on the evaluation of model 
performance. Bull. Am. Meteorol. Soc. 63:1309–1313. 
doi:10.1175/1520-0477(1982)063<1309:SCOTEO>2.0.CO;2

Wolf, D.D., R.H. Brown, and R.E. Blaser. 1979. Physiology of growth 
and development. In: R.C. Buckner and L.P. Bush, editors, Tall fes-
cue. Agron. Monogr. 20. ASA, CSSA, and SSSA, Madison, WI. p. 
75–92.

Wood, S., P. Seguin, G.F. Tremblay, G. Bélanger, J. Lajeunesse, H. Martel 
et al. 2018. Validation of predictive equations of pre-harvest forage 
nutritive value for alfalfa-grass mixtures. Agron. J. 110:950–960. 
doi:10.2134/agronj2017.09.0542


