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Abstract: The development of short-season hybrids has made corn (Zea mays L.) silage (CS) production
possible in cooler areas. This work aimed at determining biomass yield and nutritive quality of
short-season corn CS hybrids. Six corn hybrids were grown in three years at four locations within
the Canadian prairies with four field replications. Hybrids were harvested before occurrence of frost
at a target dry matter (DM) content of 300 to 400 g kg−1. Corn heat units (CHU) from seeding to
harvesting (CHUseed-harv) and water supply were recorded. Samples were analysed for nutrient
content; i.e., DM, neutral detergent fiber (NDF), crude protein (CP), starch, and in vitro DM and NDF
digestibilities (48 h incubation). Then, CHUseed-harv, water supply, whole plant DM, CHU rating of
the hybrid, and cob percentage were assessed as predictors of nutrient content. Location, hybrid,
and year affected nutrient composition and yield. Overall, CP and NDF were positively correlated
(r = 0.48, p < 0.01), but both were negatively correlated with DM yield (r = −0.63, −0.28, p < 0.01)
and starch (both r = 0.71, p < 0.01). Within and among locations, CHUseed-harv differently affected
nutrient composition and DM yield. However, DM yield was the most predictable factor (R2 = 0.86)
with CHUseed-harv being the strongest contributor (48%) to the overall variability, followed by water
supply (23%). Whole plant DM and CHUseed-harv were also good predictors of starch (R2 = 0.54).
This work showed the high variability of biomass yield and nutritive quality of short-season CS
hybrids grown in Northern areas.
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1. Introduction

Availability of short-season corn hybrids has made corn silage (CS) production possible in areas
with shorter growing season [1,2]. Consequently, CS production in Canada increased by 28% between
2011 and 2016 (from 273,178 ha to 383,879 ha), with the greatest increase in the Canadian prairies (+35%
in Manitoba (MB), +73% in Saskatchewan, and +52% in Alberta (AB); [3]). Expansion of CS production
is also due to its potential for high yield and digestibility and greater lodging resistance compared
to small grains such as barley and oats [4]. Given that beef and dairy cattle production are limited
by digestible energy intake [5], CS represents an opportunity to increase meat and milk production
without expanding land usage.

However, corn grown on the Canadian prairies for silage does not always achieve its potential
due to a cool environment where season-length and temperature limit kernel filling, maturation, and
attainment of the required 320–380 g kg−1 whole plant DM content necessary for ensiling. Daynard [6]
reviewed the dynamics of whole plant DM concentration for corn, the achievement of maximum silage
and grain yield during the grain filling period, and the consequences this has on ensiling and nutritive
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value of corn silage in short-season regions in Canada. Corn hybrids may not attain 300 g kg−1 DM
prior to autumn frost, especially when their maturity rating in corn heat units (CHU; [7]) is greater than
that of the adaptation zone. It was concluded [6] that attainment of 250 g kg−1 DM might be acceptable
for ensiling, although limitations to digestible intake by ruminants could occur. Since the study of
Daynard [6], corn hybrids as early as 2000 CHU rating (Minnesota Relative Maturity (MRM) = 52,
using equation given by [8]) have become available compared to the earliest hybrids with 2300 CHU
(MRM = 65) in the 1970s. The availability of early maturing hybrids has enlarged the area of corn
adaptation in western Canada, but some of the same short-season issues [6] impact CS yield and cause
variability in nutritive value. In warmer regions, yield of CS is maximized at greater DM concentrations,
and consequently grain content is increased, but this is not always possible in short-season growing
areas because of early occurrence of frost.

Previous research found little change in in vitro digestibility of the whole plant post-silking
through the grain filling period [9]. Inversely, whereas starch concentration increased in adapted
Wisconsin CS from 182 g kg−1 at 300 g kg−1 whole plant DM to 370 g kg−1 at 350 g kg−1 DM, with starch
digestibility exceeding 90%, fiber digestibility decreased over this period [10]. Current information
on changes in fiber digestibility and starch accumulation and digestibility during the grain filling
period indicates these off-setting factors impact animal performance [5,10]. However, there is a lack of
information concerning these parameters and relationships with corn hybrid maturity when grown
among and within short-season CHU zones in western Canada.

Economic production of CS is dependent on silage DM yield and nutritive value. Given that yield
is positively correlated with CHU accumulation and hybrid maturity [6] and nutritive value is affected
by maturity, a better understanding among these parameters and with CHU accumulation across CHU
zones in short-season growing areas in Canada is required. Therefore, the first objective of this work
was to determine the DM yield and nutrient content (chemical composition, in vitro digestibility) of
short-season CS hybrids having a wide range in CHU rating to maturity (2000 to 2600) and grown in
various CHU zones. The second objective was to develop relationships between silage DM yield and
nutrient content with accumulated CHU and other environmental factors.

2. Materials and Methods

2.1. Experimental Design and Agronomic Practices

Corn was grown for three years (2013, 2014, and 2015) in four different locations (Lacombe, AB;
Lethbridge, AB; Vauxhall, AB; Elm Creek, MB) representing the range in environmental conditions of
CS-producing areas within the Canadian prairies (Table 1).
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Table 1. Location, soil description and long-term climatic information for Lacombe, Lethbridge, and Vauxhall (Alberta) and Elm Creek (Manitoba).

Location

Parameter Lacombe Lethbridge Vauxhall Elm Creek

Latitude 52◦28′ N 49◦37′ N 50◦11′ N 49◦40′ N
Longitude 113◦45′ W 112◦48′ W 112◦07′ W 97◦59′ W

Elevation, m 850 929 760 239
Soil Description †

Texture Fine sandy loam Silt loam Silt loam Sandy loam

Classification Orthic black chernozem
(Udic Borroll)

Orthic dark brown chernozem
(Typic Borroll)

Orthic brown chernozem
(Aridic Boroll)

Gleyed black chernozem
(Udic Borroll)

Climatic Normal ‡

Mean temperature, ◦C 12.2 13.6 13.3 13.9
Accumulated precipitation, mm 376.6 273.3 228.0 416.4

Accumulated CHUseed-harv § 1955 2448 2538 2463
Growing season CHU¶ 2025 2135 2161 2590

Average date of first autumn frost 11 September 17 September 23 September 22 September

† Michalyna et al. [11]; Canadian Soil Information System [12]. Definition of soil texture can be obtained from Soil Classification Working Group [13]. ‡ Average data between May and Oct.
from 1981 to 2010; Government of Canada [14]. § Corn heat units determined from planting date until harvest date (not until first autumn frost). ¶ Average corn heat units during the
growing season from 1976 to 2005 [15].
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At each location, six short/medium season CS hybrids were planted (74,000 seeds ha−1; row
spacing 75 cm; 11.0 m2 average plot size) in four replicates in a randomized complete block design
each year. Given that each location has a different long-term CHU rating, hybrids were selected to
be adapted within each zone with some overlap (Table 2). While some overlap for hybrids existed
among locations it was not possible to satisfy sufficient adaptation among hybrids and use identical
hybrids in all locations. Given the lack of short-season hybrids for the Lacombe location, earliest
maturing hybrids available were used. This difference in hybrids among locations was considered in
the statistical analyses and interpretation.

Table 2. Selected corn hybrids with grain maturity ratings for Lacombe, Lethbridge, and Vauxhall
(Alberta) and Elm Creek (Manitoba) over three years.

Hybrid † CHU rating Hybrid † CHU rating

Lacombe Vauxhall

P39F44 2000 P7632HR 2200
P7213R 2050 39V05 2250
P39M26 2100 P8193AM 2400

Edge 2150 P8210HR¶ 2475
2262RR 2175 P8673AM 2550

P7632HR 2200 P8622AM 2600
Lethbridge Elm Creek

P39F44 2000 39D95 2175
P7443R 2100 P7632HR 2200

P7632HR 2200 39V05 2250
39V05 2250 P8016AM § 2350

P8673AM 2550 P8673AM 2550
P8210HR ‡ 2600 P8906AM 2650

† Hybrids were supplied by Pioneer Hi-Bred, Johnston (IA) except for hybrids Edge (Elite, Saint-Hyacinthe, QC,
Canada) and 2262RR (Pickseed, Lindsay, ON, Canada). ‡ Hybrid P8210HR was replaced by P8622AM in year 1.
¶ Hybrid P8210HR was replaced by P8016AM in year 2. § Hybrid P8016AM was replaced by P8210HR in year 3.

In all locations and years, corn was seeded prior to May 20 except for Elm Creek in 2014 and 2015,
and harvest occurred in September except for Elm Creek in 2014 (Table 3). The decision was made to
harvest just before occurrence of frost, rather than at a prescribed DM concentration as it was expected
that not all hybrids would attain 300 g kg−1 DM prior to frost. Corn was planted with a three-point
hitch two-row corn planter at Lacombe, Lethbridge, and Vauxhall (John Deere, Moline, IL, US) and
Elm Creek (Plot King 2600, Wintersteiger AG, Innkreis, Austria). A two-row corn silage harvester was
used at Lacombe, Lethbridge, and Vauxhall (John Deere Model 3940 in Lacombe and Model 8320 in
Lethbridge and Vauxhall). A single-row harvester was used at Elm Creek (Model 717, New Holland,
Turin, Italy).



Agronomy 2018, 8, 164 5 of 25

Table 3. Seeding date, the first and the last mean silking date, and harvesting date for corn hybrids
grown at Lacombe, Lethbridge, and Vauxhall (Alberta) and Elm Creek (Manitoba) over three years.

Year Seeding Date First and Last Silking Date† Harvesting Date

Lacombe

2013 10 May 3 August–19 August 18 September
2014 16 May 31 July–9 August 16 September
2015 5 May 23 July–3 August 15 September

Lethbridge

2013 8 May 23 July–10 August 22 September
2014 22 May 8 August–13 August 22 September
2015 6 May 15 July–31 July 18 September

Vauxhall

2013 17 May 3 August–12 August 24 September
2014 29 May 8 August–13 August 21 September
2015 3 June 18 July–30 July 18 September

Elm Creek

2013 13 May 29 July–2 August 17 September
2014 19 May 5 August–11 August 8 October
2015 7 May 29 July–6 August 24 September

† Mean silking date of earliest and latest hybrid at the location.

Minimum, maximum, and mean daily temperatures between seeding and harvesting, as well
as precipitation were recorded based on the on-site or closest (<25 km) weather station. The CHU
accumulated between seeding and harvesting (CHUseed-harv), and between silking and harvesting
(CHUsilk-harv), were calculated for each year and location as the sum of daily CHU provided by
Government of Canada [14] between the targeted periods. Initiation for summation of CHU at
each location and year used the method outlined by Huggins-Rawlins [16]. The final day of CHU
accumulation at each location and year corresponded to the silage harvesting date. Water supply
and mineral fertilization per location and year are presented in Table 4. Fields were only irrigated in
Lethbridge and Vauxhall. Crops were fertilized to excess, so that only maturity and climate were the
limiting factors for CS development.
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Table 4. Environmental data, accumulated corn heat unit (CHU), and inorganic fertilization rate at Lacombe, Lethbridge, and Vauxhall (Alberta) and Elm Creek
(Manitoba) over three years.

Lacombe Lethbridge Vauxhall Elm Creek

Parameter † 2013 2014 2015 2013 2014 2015 2013 2014 2015 2013 2014 2015

Mean temperature, ◦C 15.0 14.4 14.2 17.2 16.7 16.5 17.2 16.4 16.2 17.4 16.0 18.1
Date of autumn frost 25 September 11 September 17 September 4 October 3 October 5 October 2 October 3 October 28 September 20 October 9 October 29 September

Water supply, mm

Precipitation 276.2 231.2 278.6 343.0 325.5 158.8 216.4 198.6 157.8 313.4 317.4 252.7
Irrigation 0.0 0.0 0.0 229.0 155.0 125.0 229.0 155.0 125.0 0.0 0.0 0.0

Total 276.2 231.2 278.6 572.0 480.5 283.8 445.4 353.6 282.8 313.4 317.4 252.7
Accumulated CHU

Seed to harvest 2113 1780 1837 2631 2205 2263 2458 2168 2182 2292 2178 2308
Silk to harvest 859 663 793 1318 740 1220 1066 704 1128 1033 999 1138

Fertilizer applied, kg ha−1

Nitrogen 200 100 212 117 175 175 112 37 37 185 196 210
Phosphorus 60 30 60 25 37 37 45 17 17 56 28 30
Potassium 30 30 72 0 0 0 34 0 0 112 37 70

Sulfur 0 0 0 0 0 0 34 0 0 175 6 10

† Temperature and water supply are between May and October each year.
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2.2. Sampling and Chemical Analysis

Upon harvesting, five plants per replicate were separated into ear and stover, and weighed.
The remaining plants were harvested, weighed to determine total wet weight biomass (weight of five
plants was included) and a 5-kg representative sample was retained to determine DM concentration
and nutritive quality. Samples were frozen and shipped to the Lethbridge Research and Development
Centre (LeRDC, Agriculture and Agri-Food, Lethbridge, AB, Canada) where they were dried to a
constant weight at 55 ◦C prior to further processing.

Dried samples were ground in a Wiley mill (A.H. Thomas, Philadelphia, PA, USA) through a
4-mm screen. A subsample was further ground through a 1-mm screen and another subsample was
ball-ground (mixer mill MM 400; Retsch Inc., Newtown, PA). All samples from year 1 year were
analyzed in duplicate for DM (135 ◦C for 2 hours; method 930.15; [17]), organic matter (OM; 550 ◦C
for 5 hours; method 942.05; [17]), neutral detergent fiber (NDF), acid detergent fiber (ADF), acid
detergent lignin (ADL), crude protein (CP), and starch concentrations, as well as in vitro digestibility.
Fiber (NDF and ADF) was determined by a sequential procedure [18] with the ANKOM200 Fiber
Analyzer (Ankom Technology Corp, Macedon, NY, USA) after pre-treatment with sodium sulfite
and α-amylase and expressed inclusive of residual ash. Lignin was analyzed using ADF residues
with the direct sulphuric acid (72%) method [19]. The ball-ground samples were used to determine
CP and starch concentrations. Starch was measured with an enzymatic method as described by
Koenig et al. [20]. Nitrogen was analyzed by a combustion method with gas chromatography and
thermal conductivity detection (Carlo Erba Instrumentals, Milan, Italy; method 990.03; [17]), and
CP was calculated as N × 6.25. Dry matter digestibility (DMD) and NDF digestibility (NDFD) were
determined after in vitro incubation for 48 h in a DAISYII Incubator (Ankom Technology, Macedon,
NY, USA).

All samples that had been chemically analyzed were scanned using Near Infrared Reflectance
spectroscopy (NIRSystems 6500 Monochromator, Foss NIRSystems Inc., Silver Spring, MD, USA).
Prediction equations were developed, and the R2 and R2 of cross validation (R2

CV) were calculated.
These were greater than 0.83 for DM, OM, ADF, ADL, starch, and CP. Because of lower values for
NDF (R2

CV = 0.75, n = 232), NDFD (R2
CV = 0.42, n = 235), and DMD (R2

CV = 0.46, n = 230), the
samples from year 2 and 3 were analyzed using the chemical and in vitro methods described for year 1.
The remaining nutrients (DM, OM, ADF, ADL, ADL, starch, and CP) for samples from year 2 and 3
were predicted from the equations generated from year 1 samples.

2.3. Statistical Analyses

Statistical analyses were carried out with R software (Version 3.4.0; [21]). For a better understanding
of the overall database, a principal component analysis was conducted (function “dudi.pca” of the
package ade4), and graphical representation of variables (n = 16; component plots) was obtained with
the “plot” and “s.class” functions. Then, for each location, the fixed effects of year, hybrid, and their
interaction on specific parameters (nutrients, DM yield, and cob percentage) were tested with a linear
model (function “lme” of the package nlme) using replicates as random effect. The “lsmeans” function
(package lsmeans) was further applied on each model to calculate LSmeans and to conduct a pairwise
comparison with a Bonferroni adjustment when hybrid or year effect was significant. Because of lack
of seed availability, two hybrids had to be replaced by comparable hybrids in some years. Therefore,
the LSmeans for the hybrids that were not grown in all three years within location are not presented
in the tables, although they were used in the overall analysis. Correlations among nutrients, yields,
and CHU were determined overall and within locations with the “rcorr” function (package Hmisc).
Overall prediction equations of nutrient composition based on indicators directly measurable in
the field (CHUseed-harv, total water supply, whole plant DM, CHU rating, and cob percentage) were
estimated with the “lm” function of the package relaimpo. Only indicators being significantly correlated
with nutrients were included (except for total water supply). Relative importance of each predictor was
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calculated with the “calc.relimp” function. Data were considered significant at p < 0.05, and tendencies
were discussed at 0.05 ≤ p ≤ 0.10.

3. Results

3.1. Weather Compared to the Climatic Normals

The accumulated CHUseed-harv (Table 4) was above the long-term average climatic normals
(Table 1) in all years for Lethbridge and Vauxhall, and in 2013 for Lacombe, but was below the climatic
normal for Elm Creek in all years and Lacombe in 2014 and 2015. Averaged over the three years the
accumulated CHUseed-harv was 94%, 111%, 105%, and 88% of the 1976–2005 year average for Lacombe,
Lethbridge, Vauxhall, and Elm Creek, respectively. The date of first frost was much later than normal
in eight of the nine location-years (Table 4). At Elm Creek, autumn frost ranged from almost a month
later than average in 2013 to a week later in 2015. Although the actual frost date was later than the
climatic normal at Elm Creek, the harvest date was close to expected frost date. While accumulated
CHU was within the range expected for Lethbridge, the late harvest date (Table 4) due to the late
occurrence of frost compared with the average date of autumn frost resulted in relatively mature corn
(silage DM > 400 g kg−1 in 2013). Precipitation was below the climatic normal in all years at Lacombe
and Elm Creek (Tables 1 and 4) and was augmented with irrigation at Lethbridge and Vauxhall.

3.2. Location, Year, and Hybrid

Although interactions (p < 0.05) between hybrid and year effects were rare in any location, hybrid
and year effects were almost always significant (p < 0.05; Tables 5–8). Parameters describing nutritive
value were not reported for Lethbridge (Table 6) and Vauxhall (Table 7) in 2014 due to problems with
sample drying. Thus, only yield, DM concentration and cob percentage were shown for these locations
in 2014.

Only corn hybrid P39F44 matured adequately to meet the DM requirements for CS at Lacombe
(Table 5). Indeed, excluding P39F44, no hybrid grown at Lacombe exceeded 300 g kg−1 DM, 200 g kg−1

DM starch concentration, or 50% cob percentage when averaged over years. Averaged over hybrids
and years, the Lacombe location had relatively low DM content (286 g kg−1), DM yield (9.5 Mg ha−1),
and starch concentration (185 g kg−1 DM). In two of three years, silage DM content averaged over
hybrids did not reach 300 g kg−1. Corn DM yield in 2014 and 2015 was 56% and 36% of the 2013 value,
reflecting the earlier frost date and lower CHU accumulation in 2014 and reduced CHU accumulation
and lack of precipitation prior to silking in 2015. The earliest maturing hybrid, P39F44 at 2000 CHU,
achieved >300 g kg−1 DM, highest starch concentration (261 g kg−1 DM) and cob percentage (52.5%),
and lowest ADL concentration (20.8 g kg−1 DM). However, averaged over years P3944 had the lowest
average DM yield (80% of the other hybrids). Concentration of DMD did not differ among hybrids, but
there was a tendency (p = 0.068) for hybrid differences in NDFD (ranging from 548 to 581 g kg−1 NDF).
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Table 5. Concentration of DM, starch, NDF, ADL, CP, DMD, NDFD, DM yield, and cob percentage for whole-plant corn grown at Lacombe (Alberta) over three years.

Nutrient †
DM Yield Cob

DM Starch NDF ADL CP DMD NDFD

g kg−1 Mg ha−1 % DM
Hybrid (H)

P39F44 304 a 261 a 533 a 20.8 a 87.0 678 562 7.9 a 52.5 a
P7213R 288 ab 177 bc 565 bc 25.0 b 87.5 676 581 10.3 c 48.5 b
P39M26 288 ab 194 b 541 ab 24.5 b 84.8 669 548 10.0 bc 49.1 ab

Edge 288 ab 163 c 559 abc 25.2 b 86.6 661 557 9.7 bc 45.3 bc
2262RR 283 bc 153 c 577 c 25.2 b 85.2 656 550 9.7 bc 41.6 c

P7632HR 267 c 148 c 580 c 25.9 b 83.7 658 553 9.3 b 42.9 c
Year (Y)

2013 286 b 189 ab 568 b 21.6 a 82.5 a 681 b 561 b 14.8 c 47.0
2014 328 c 163 a 581 b 29.3 b 93.2 b 647 a 527 a 8.3 b 46.3
2015 245 a 200 b 529 a 22.4 a 81.7 a 671 b 587 c 5.4 a 46.7
SEM 8.1 12.0 11.8 0.12 1.94 12.4 14.2 0.42 1.59

P-Value H ‡ <0.001 <0.001 <0.001 <0.001 0.16 0.14 0.068 <0.001 <0.001
P-Value Y ‡ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.67

P-Value Y × H 0.056 0.064 0.47 0.277 0.21 0.86 0.34 0.28 0.25

† ADL, acid detergent lignin; CP, crude protein; DM, dry matter; DMD, 48 hours dry matter digestibility; NDF, neutral detergent fiber, all concentration of DM; NDFD, 48 hours neutral
detergent fiber digestibility as concentration of NDF. ‡ Within columns, means followed by the same letter (a, b, c, d) are not significantly different among hybrids or years (p < 0.05).



Agronomy 2018, 8, 164 10 of 25

Table 6. Concentration of DM, starch, NDF, ADL, CP, DMD, NDFD, DM yield, and cob percentage for whole-plant corn grown at Lethbridge (Alberta) over three years.

Nutrient †
DM Yield Cob

DM Starch NDF ADL CP DMD NDFD

g kg−1 Mg ha−1 % DM
Hybrid (H)

P39F44 453 a 325 527 20.8 75.8 a 649 a 510 10.9 a 69.8 a
P7443R 483 a 322 531 22.6 71.7 bc 653 ab 513 12.2 ab 65.0 ab

P7632HR 407 b 331 495 21.4 69.9 c 681 ab 530 14.3 bc 63.8 ab
39V05 399 b 323 490 23.4 73.4 ab 674 ab 526 13.8 b 61.4 b

P8673AM 302 c 289 489 22.6 75.2 a 684 b 524 16.7c 50.3 c
Year (Y)

2013 454 b 314 532 23.1 72.0 675 505 15.9 b -
2014 380 a NA NA NA NA NA NA 7.0 a 61.8
2015 393 a 322 481 21.2 74.4 662 536 17.8 c 62.3
SEM 16.0 16.2 18.1 0.10 1.05 12.4 15.4 1.03 2.13

P-Value H ‡ <0.001 0.11 0.05 0.091 <0.001 0.02 0.60 <0.001 <0.001
P-Value Y ‡ <0.001 0.43 <0.001 0.005 0.001 0.10 0.002 <0.001 0.71

P-Value Y × H <0.001 0.77 0.60 0.15 0.10 0.48 0.99 <0.001 0.50

† ADL, acid detergent lignin; CP, crude protein; DM, dry matter; DMD, 48 hours dry matter digestibility; NA, samples were not available for analysis due to drying problems; NDF, neutral
detergent fiber, all concentration of DM; NDFD, 48 hours neutral detergent fiber digestibility as concentration of NDF. ‡ Within columns, means followed by the same letter (a, b, c, d) are
not significantly different among hybrids or years (p < 0.05).
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Averaged over years and hybrids at Lethbridge, silage DM content (396 g kg−1), DM yield
(13.9 Mg ha−1), and starch concentration (320 g kg−1 DM) reflected the greater CHU accumulation and
irrigation available in this area (Table 6) compared to Lacombe. Average corn silage DM yield in 2014
at Lethbridge was lower (41% of the other years; p < 0.05) than in 2013 and 2015. In 2014, accumulated
CHUsilk-harv (grain filling period) was 58% of the average of the other two years (Table 4). Although four
of the six hybrids grown at Lethbridge had CHU above the climatic normal (2135), DM concentration
of all hybrids was ≥302 g kg−1 and cob percentage exceeded 50% DM. When averaged over the study,
hybrids had a DM content of 399 g kg−1 and cob percentage of 62%. Yield of the earliest hybrid P39F44
was only 73% (p < 0.05) of that of the hybrids with CHU rating of ≥2200 (P7632HR, 39V05, P8673AM).
Starch concentrations were relatively high for all hybrids, with no differences (p > 0.11) among hybrids
and only relatively minor differences concentrations of CP, NDF, and DMD among hybrids (p ≤ 0.05).

Averaged over years and hybrids at Vauxhall DM concentration was 345 g kg−1, yield 13.4 Mg
ha−1 and starch concentration, 265 g kg−1 DM (Table 7). However, these variables were all affected by
year (p < 0.05). In 2014, average DM content and yield were lower (p < 0.05) than in 2013 and 2015.
As was the case for Lethbridge the CHUsilk-harv at Vauxhall was lower in 2014 than the other two years
(Table 4). Two corn hybrids grown at Vauxhall had CHU ratings ≤2250, while the others were ≥2400
CHU (Table 2). Differences (p < 0.05) among hybrids occurred for silage DM concentration. The two
earliest hybrids (P7632HR, 39V05) achieved greater DM content than the two latest hybrids (P8673AM
and P8622AM; Table 7). Starch concentration was also affected by hybrid (p = 0.028); but surprisingly
the difference was between the two hybrids with greatest CHU ratings. There were no differences
(p > 0.05) among hybrids in yield or NDF concentration, but small differences (p < 0.05) among hybrids
were observed for ADL, DMD, NDFD (p = 0.058), and cob percentage (p = 0.066).

Averaged over years and hybrids whole plant DM, DM yield, and starch concentration were
451 g kg−1, 19.2 Mg ha−1, and 342 g kg−1 respectively in Elm Creek, MB (Table 8). The generally
high DM concentration was due to the CHU rating of the hybrids grown (Table 2), the relatively late
harvest date, and the CHU accumulated. Although five of the six hybrids were rated less than the
climatic normal CHU for the growing season, actual CHU accumulated was in line with hybrid CHU
ratings (Table 4). Silage DM yield was greater (p < 0.05) in 2015 than the other years, corresponding to
greater CHUseed-harv and CHUsilk-harv than in the other years (Table 8). Surprisingly, the greater DM
concentration in 2015 did not result in the greatest starch content or cob percentage; starch content was
similar in 2014 and 2015 and cob percentage was actually greatest in 2013 when DM content was the
lowest. On average all hybrids exceeded 400 g kg−1 silage DM and 300 g kg−1 DM starch concentration
at harvest, with no differences among hybrids (p ≥ 0.13). There were, however, differences among
hybrids (p < 0.05) for NDF, ADL, and CP (p = 0.052) concentrations. The DMD and NDFD did not
differ among hybrids (p ≥ 0.11).
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Table 7. Concentration of DM, starch, NDF, ADL, CP, DMD, NDFD, DM yield, and cob percentage for whole-plant corn grown at Vauxhall (AB, Canada) over
three years.

Nutrient †
DM Yield Cob

DM Starch NDF ADL CP DMD NDFD

g kg−1 Mg ha−1 % DM
Hybrid (H)
P7632HR 379 d 259 ab 580 24.6 ab 72.8 a 652 ab 535 12.9 52.9

39V05 369 cd 253 ab 580 25.7 b 76.7 ab 647 ab 533 13.4 57.5
P8193AM 353 c 264 ab 576 24.1 ab 73.7 a 631 a 507 13.2 49.2
P8673AM 293 a 234 a 564 22.4 a 76.8 ab 672 b 544 13.7 45.2
P8622AM 327 b 280 b 560 23.9 ab 79.7 b 650 ab 514 13.2 53.4
Year (Y)

2013 386 c 320 538 20.2 75.6 705 562 12.9b -
2014 302 a NA NA NA NA NA NA 11.4a 52.6
2015 344 b 197 607 28.1 76.2 596 491 15.5c 50.7
SEM 12.0 13.2 17.4 0.85 2.09 10.5 15.6 1.08 6.93

P-Value H ‡ <0.001 0.028 0.66 0.011 <0.001 0.002 0.058 0.90 0.066
P-Value Y ‡ <0.001 <0.001 <0.001 <0.001 0.50 <0.001 <0.001 <0.001 0.47

P-Value Y × H 0.17 0.14 0.52 0.20 0.35 0.092 0.14 0.42 0.43

† ADL, acid detergent lignin; CP, crude protein; DM, dry matter; DMD, 48 hours dry matter digestibility; NA, samples were not available for analysis due to drying problems; NDF, neutral
detergent fiber, all concentration of DM; NDFD, 48 hours neutral detergent fiber digestibility as concentration of NDF. ‡ Within columns, means followed by the same letter (a, b, c, d) are
not significantly different among hybrids or years (p < 0.05).
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Table 8. Concentration of DM, starch, NDF, ADL, CP, DMD, NDFD, DM yield, and cob percentage for whole-plant corn grown at Elm Creek (Manitoba) over
three years.

Nutrient †
DM Yield Cob

DM Starch NDF ADL CP DMD NDFD

g kg−1 Mg ha−1 % DM
Hybrid (H)

39D95 441 355 483 ab 20.7 b 65.9 678 482 17.7 a 54.0 bc
P7632HR 491 354 480 a 21.3 b 61.6 689 499 19.7 ab 58.0 c

39V05 449 335 515 c 23.9 a 62.6 672 509 18.8 a 53.8 bc
P8673AM 427 324 494 abc 21.6 b 64.3 672 497 18.8 a 46.9 a
P8906AM 463 335 514 bc 22.0 b 64.5 666 498 21.0 b 49.8 ab
Year (Y)

2013 381 a 313 a 554 c 23.3 b 67.2 b 698 c 539 b 20.6 b 58.3 c
2014 433 a 357 b 442 a 18.2 a 61.5 a 677 b 436 a 16.7 a 45.9 a
2015 549 b 353 b 496 b 24.2 b 62.6 a 650 a 516 b 20.3 b 53.3 b
SEM 39.4 17.0 13.7 0.66 1.88 5.2 15.7 0.86 2.29

P-Value H ‡ 0.22 0.13 0.003 <0.001 0.052 0.11 0.33 0.001 <0.001
P-Value Y ‡ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

P-Value Y × H 0.71 0.89 0.12 <0.001 0.32 0.077 0.35 0.52 0.009

† ADL, acid detergent lignin; CP, crude protein; DM, dry matter; DMD, 48 hours dry matter digestibility; NDF, neutral detergent fiber, all concentration of DM; NDFD, 48 hours neutral
detergent fiber digestibility as concentration of NDF. ‡ Within columns, means followed by the same letter (a, b, c, d) are not significantly different among hybrids or years (p < 0.05).
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3.3. Principal Component Analysis

Graphical representation of yield and nutrient constituents from principal component analysis
(Figure 1) identified two distinct groups, which were negatively correlated, but with parameters
positively correlated within groups. The CP, NDF, ADF, and ADL concentrations were in one group,
and DM yield, whole plant DM, starch concentration, and OM concentration and cob percentage in
another. Despite being positively correlated, DMD and NDFD did not have the same relationships
with other nutrients: DMD was positively correlated with starch concentration only and negatively
correlated with NDF, ADF, CP, and ADL concentrations. Conversely, NDFD was negatively correlated
with whole plant DM, starch, and ADL, and positively correlated with CP and NDF concentrations.
Correlations among parameters are further detailed in Tables 9 and 10.
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Figure 1. Component pattern plot obtained by principal component analysis describing the relationship
among corn silage quality parameters and yield as well as agronomic practices (ADL, acid detergent
lignin (% DM); ADF, acid detergent fiber (% DM); CHU rating, corn heat unit rating; CHU SHE,
corn heat unit from seeding to harvesting; CHU SIH, corn heat unit from silking to harvesting; Cob,
cob percentage (% DM); CP, crude protein (% DM); DM, dry matter (%); DMD, 48 hours dry matter
digestibility (% DM); DM yield (T ha−1); OM, organic matter (% DM); NDF, neutral detergent fiber
(% DM); NDFD, 48 hours neutral detergent fiber digestibility (% NDF); Starch (% DM); Water, total
water supply (mm)).

3.4. Correlations and Regressions

Across locations, there was a significant correlation (p < 0.01) between yield and CHU rating
(r = 0.42) indicating that later maturing hybrids within maturity zones increased yield (Table 9).
Even more important for yield was CHUseed-harv (r = 0.55) and CHUsilk-harv (silking to harvest, r = 0.69).
Starch concentration was also highly influenced (p < 0.01) by CHU; CHU rating (r = 0.30), CHUseed-harv
(r = 0.62), and CHUsilk-harv (r = 0.61). Cob percentage, CP and NDF contents, and NDFD were inversely
related to CHU (p < 0.05), regardless of how CHU was expressed, whereas DMD was positively related
to CHU, but only CHUseed-harv (p < 0.01).
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Table 9. Correlation coefficients between hybrid corn heat unit rating (CHU rating), corn heat units
between seeding and harvesting (CHUseed-harv) and between silking and harvesting (CHUsilk-harv),
and nutrients (g kg−1), yield (Mg ha−1), and cob percentage (% DM) of whole-plant corn grown for
silage over all locations.

Parameter † CHU Rating CHUseed-harv CHUsilk-harv

DM 0.03 0.49 ** 0.52 **
Starch 0.30 ** 0.62 ** 0.61 **
NDF −0.13 * −0.20 ** −0.27 **
ADL 0.03 −0.21 ** −0.05
CP −0.36 ** −0.55 ** −0.58 **

DMD 0.00 0.24 ** −0.01
NDFD −0.22 ** −0.18 ** −0.26 **

DM yield 0.42 ** 0.55 ** 0.69 **
Cob percentage −0.38 ** −0.31 ** −0.26 **

Probability of significance * p < 0.05; ** p < 0.01. † DM, dry matter; CP, crude protein; DM, dry matter; DMD, 48 hours
dry matter digestibility; NDF, neutral detergent fiber, all concentration of DM; ADL, acid detergent lignin;
NDFD, 48 hours neutral detergent fiber digestibility as concentration of NDF.

Overall, starch content was highly correlated with DM content (r = 0.64, p < 0.01), but this
relationship was less evident at the cooler location of Lacombe (Table 10). Starch content (r = −0.71),
DM content (r = −0.34), and cob percentage (r = −0.23) were negatively correlated (p < 0.01) with
NDF content, indicating the dilution effect of cob growth and grain filling on fiber content. Overall,
increased plant maturity increased its digestibility, as DMD was positively correlated with starch
content, and negatively affected by NDF, ADL, and NDFD contents.

Regression equations (Table 11) based on data from all locations and years showed that DM
yield could be reasonably well estimated (R2 = 0.86) from the variables measured in the study with
CHUseed-harv representing 48% of the variability and water supply, 23% of the variability, followed by
whole plant DM content (14.4%), CHU rating (11.4%), and cob percentage (3%). Starch content could
also be reasonably well explained (R2 = 0.54), mostly from CHUseed-harv (39.4%) and whole plant DM
content (44.4%). The NDF content (R2 = 0.25), DMD (R2 = 0.10), and NDFD (R2 = 0.16) were less well
explained by the variables measured.
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Table 10. Correlation coefficients between nutrients (g kg−1), yield (Mg ha−1), and cob percentage (% DM) of whole-plant corn grown for silage over all locations
(Overall) and each location (Lacombe, Lethbridge, Vauxhall, AB; Elm Creek, Manitoba) for corn hybrids grown over three years.

Nutrient †

DM Starch NDF ADL CP DMD NDFD Yield

g kg−1 Mg ha−1

Overall
Starch 0.64 **
NDF −0.34 ** −0.71 **
ADL −0.13 * −0.14 * 0.06
CP −0.58 ** −0.71 ** 0.48 ** 0.15 *

DMD −0.04 0.36 ** −0.46 ** −0.40 ** −0.15 *
NDFD −0.35 ** −0.26 ** 0.22 ** −0.22 ** 0.41 ** 0.43 **

DM yield 0.47 ** 0.54 ** −0.28 ** 0.06 −0.63 ** 0.06 −0.33 **
Cob percentage 0.01 0.05 −0.23 ** 0.11 0.08 −0.03 −0.12 −0.32 **

Lacombe
Starch −0.06
NDF 0.35 ** −0.60 *
ADL 0.41 ** −0.49 ** 0.29 *
CP 0.66 ** −0.17 0.46 ** 0.65 **

DMD −0.30 ** 0.36 ** −0.46 ** −0.63 ** −0.47 **
NDFD −0.62 ** 0.22 † −0.44 ** −0.43 ** −0.42 ** 0.75 **

DM yield 0.23 −0.17 0.38 ** −0.33 ** −0.11 0.22 −0.14
Cob percentage 0.43 ** 0.20 −0.16 0.38 ** 0.40 ** −0.14 −0.19 −0.46 **

Lethbridge
Starch 0.26 †
NDF 0.42 ** −0.50 **
ADL −0.34 * −0.16 −0.26 †
CP −0.49 ** 0.05 −0.23 0.17

DMD −0.21 0.29 * −0.49 ** 0.28 0.05
NDFD −0.21 0.23 −0.39 ** −0.07 0.29 * 0.39 **

DM yield 0.00 0.03 −0.43 ** 0.35 * 0.16 0.24 0.18
Cob percentage 0.01 0.10 0.08 −0.34 −0.30 −0.13 0.13 −0.78 **
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Table 10. Cont.

Nutrient †

DM Starch NDF ADL CP DMD NDFD Yield

Elm Creek
Starch 0.28 *
NDF −0.19 −0.77 **
ADL 0.40 ** 0.13 −0.02
CP −0.19 −0.55 ** 0.47 ** −0.08

DMD −0.44 ** 0.10 −0.05 −0.32 ** 0.04
NDFD 0.02 −0.26 * 0.64 ** 0.20 † 0.33 ** 0.25 *

DM yield 0.18 −0.16 0.45 ** 0.38 ** 0.27 * −0.12 0.51 **
Cob percentage −0.25 * 0.35 ** −0.46 ** −0.09 −0.37 −0.01 −0.36 ** −0.40 **

Vauxhall
Starch 0.64 **
NDF −0.34 ** −0.71 **
ADL −0.30 * −0.70 ** 0.49 **
CP −0.58 ** −0.71 ** 0.48 ** 0.10

DMD −0.04 0.36 ** −0.46 ** −0.79 ** −0.15 *
NDFD −0.35 ** −0.26 ** 0.22 ** −0.74 ** 0.41 ** 0.43 **

DM yield 0.31 ** −0.34 * 0.14 0.51 ** −0.19 −0.46 ** −0.52 **
Cob percentage 0.47 ** 0.17 −0.31 0.33 0.14 −0.01 −0.13 0.44 **

Probability of significance * p < 0.05; ** p < 0.01. † DM, dry matter; CP, crude protein; DM, dry matter; DMD, 48 hours dry matter digestibility; NDF, neutral detergent fiber, all concentration
of DM; ADL, acid detergent lignin; NDFD, 48 hours neutral detergent fiber digestibility as concentration of NDF.
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Table 11. Prediction equations of nutrients (g kg−1) and yield (Mg ha−1) of corn grown for silage based on indicators directly measurable in the field.

Parameter † Intercept CHUseed-harv Total Water Supply Whole Plant DM CHU Rating Cob RMSE R2

mm g kg−1 %DM
DM yield −37.7 ** 2.6 × 10−2 ** −5.0 × 10−2 ** 1.8 × 10−2 3.6 × 10−3 ** 3.3 × 10−2 2.120 0.86

SE 2.05 1.21 × 10−3 2.40 × 10−3 1.78 × 10−2 8.86 × 10−4 1.83 × 10−2

Contribution - 48.1% 23.0% 14.4% 11.4% 3.1%
Starch content −240.1 ** 1.8 × 10−1 ** −1.3 × 10−1 * 3.2 ** 2.0 × 10−2 - 55.32 0.54

SE 48.78 3.33 × 10−2 6.58 × 10−2 0.47 2.09 × 10−2 -
Contribution - 39.4% 9.9% 44.4% 6.3% -
NDF content 739.8 ** 4.5 × 10−2 −9.6 × 10−1 ** −3.1 ** 2.7 × 10−2 3.4 × 10−1 55.48 0.25

SE 61.49 3.77 × 10−2 1.94 × 10−1 0.54 2.71 × 10−2 6.15 × 10−1 - -
Contribution - 13.0% 32.5% 47.4% 2.4% 4.6%

DMD 631.4 ** −2.1 × 10−3 1.2 × 10−1 ** - - - 36.44 0.10
SE 25.65 1.54 × 10−2 3.79 × 10−2 - - -

Contribution - 29.0% 71.0% - - -
NDFD 652.6 ** 4.5 × 10−2 −7.0 × 10−2 −2.0 ** −5.4 × 10−2 ** - 46.09 0.16

SE 39.90 2.71 × 10−2 5.44 × 10−2 0.39 1.73 × 10−2 -
Contribution - 10.3% 2.9% 65.1% 21.7% -

Probability of significance * p < 0.05; ** p < 0.01. † DM, dry matter; DMD, 48 hours dry matter digestibility; NDF, neutral detergent fiber, all concentration of DM; NDFD, 48 hours neutral
detergent fiber digestibility as concentration of NDF; SE, standard error.
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4. Discussion

4.1. Corn Growing Environment and Influence on Maturity

The range in hybrid CHU ratings in the study for the four locations varied widely from 2000 to
2600 to attain the desired DM content for ensiling (320 to 380 g kg−1 silage DM). The hybrids were
selected to provide variation in maturity within and across locations, and to provide some maturity
overlap among hybrids. Shorter-season hybrids than optimum were used at Elm Creek along with
slightly later planting dates to provide maturity overlap with cooler locations. Given the actual CHU
accumulation during the study, an even earlier hybrid with 1900 CHU rating could have been used
at Lacombe, the location with the least CHU climatic normal, but unfortunately such hybrids are
not yet available. Furthermore, late-maturing hybrids could have been used at Elm Creek, because
the hybrids selected exceeded the desired DM content when harvested before the predicted frost.
Choice of hybrid at a particular location to obtain the desirable maturity for ensilaging is important
within the short-season region of the Canadian prairies. Harvesting the crop at optimum DM content
optimizes silage quality. Ensiling material that is wet (<28% DM) will result in seepage from the silo
and reduce DM intake of cattle, while material that is too dry (>40% DM) is difficult to pack and is
poorly fermented in the silo [22,23]. About 97% of DM yield accrues by 300 g kg−1 silage DM [24];
however, attaining the ideal DM concentration for ensiling proved difficult for some locations in this
study (i.e., too low in Lacombe, too high in Elm Creek).

There appeared to be a difference among locations in the silage maturity response to accumulated
CHU. Daynard [6] indicated that the relationship between the CHU rating (maturity) and silage DM
concentration as well as occurrence of maximum DM yield could differ between warmer and cooler
corn heat unit zones. Daynard [6] estimated that, in general, 250 g kg−1 DM occurs approximately
500 CHU prior to grain maturity (350 g kg−1 grain moisture). It follows that 300 g kg−1 and 350 g kg−1

silage DM would occur at 300 and 200 CHU prior to grain maturity, respectively. This would allow use
of later maturing corn hybrids when harvested for silage (200 CHU later than recommended for grain
production) to take advantage of the positive maturity-DM yield relationship. However, at Lacombe,
while all hybrids attained 250 g kg−1 DM, only one attained 300 g kg−1 DM over three years, so grain
physiological maturity at 350 g kg−1 moisture did not occur. At Lacombe, the earliest corn hybrid
reached approximately 300 g kg−1 DM at an average of 1900 CHUseed-harv. Using Daynard’s estimate
of silage drying rate vs. CHU from maturity, P39F44 at Lacombe would have reached 350 g kg−1 DM
at 2000 CHU (the grain maturity rating), and not at 2200 CHU (200 CHU later than recommended for
grain production). Generally, at other locations when actual CHU exceeded the hybrid CHU rating,
the silage DM concentration was greater than 400 g kg−1. At Lethbridge all but two hybrids had
a CHU rating less than the average CHU accumulated (2366 CHU). Hybrid P8673AM had a rating
of 2550 CHU with a silage DM concentration close to 300 g kg−1. Using Daynard’s estimates this
hybrid should have been close to 350 g kg−1 DM, given the actual CHU accumulation. Averaged over
years the DM concentration at Vauxhall also tended to lag behind Daynard’s estimate for silage DM
concentration relative to CHU rating vs. accumulated CHU. An exception was P8193AM, a 2400 CHU
hybrid, which reached 353 g kg−1 DM with an average of 2269 accumulated CHU. By contrast all
hybrids at Elm Creek, whether CHU rating was less than or greater than CHU accumulated, had silage
DM concentrations greater than 400 g kg−1 indicating all were close to grain physiological maturity [6].
Starch concentrations (≥324 g kg−1 DM) appeared to support grain physiological maturity as well.
The Elm Creek location is considered to be well adapted for corn production in western Canada with
an adaption zone rating of 2590. At Elm Creek the relatively late planting dates limited CHUseed-harv
to 88% of normal (2259 CHU). Harvest date at Elm Creek occurred within four days of the expected
frost date. Thus, at Elm Creek, it may have been necessary to include hybrids that were later than 2700
CHU rating to arrive at 350 g kg−1 silage DM.

Attaining the ideal silage DM concentration in short growing areas can be challenging and
attention to drying rate details within location and year are required. Some producers simply allow
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corn to freeze in the cooler areas, but this can result in over-dry corn silage. It appears that choosing
hybrids for silage with a very small difference between grain maturity CHU rating and adaptation
zone CHU rating may be necessary in cooler areas. However, in southern areas, particularly southern
Manitoba, choosing corn hybrids as much as 200 CHU later than the adaptation zone rating for grain
may be desirable. Similarly, Daynard [6] indicated that hybrid maturity rating for short-season hybrids
may be reliable in warmer regions, but less so in cool regions.

4.2. Maturity, Location, and Yield

The yields in this study provide an indication of the relative production risk in growing a
warm-season crop in cool short-season areas. Corn silage yield increases with DM content and plant
maturity [25], but maximizing yield is challenging in short growing seasons. In the present study,
yields were highly variable, ranging from 5.4 to 20.6 Mg ha−1, as previously observed in a study
conducted in Lacombe [2].

Yields at Lacombe varied from season to season, but on average were likely not economical.
The yields at Lacombe were comparable to those from a previous study with CS produced at
Charlottetown, Prince Edward Island, Canada (9.0 Mg ha−1) with accumulated CHU of 2075 [26].
In the same study at Graysville, MB (similar to Elm Creek) with accumulated CHU ranging from 2300
to 2700, DM yields ranged from 13.4 to 16.3 Mg ha−1. Significant year to year variability in CS yield
was evident at Lacombe and Lethbridge when CHUsilk-harv were below average or when precipitation
was below average at Lacombe. Yields at Elm Creek appeared more than adequate and are likely
representative of CS potential at that location. Daynard and Hunter [24] observed that CS yield was
close to maximum at 300 g kg−1 DM. In more suitable growing areas, Lewis, Cox and Cherney [25]
reported a CS yield of 13.6 Mg ha−1 in New York State and Burken et al. [27] reported 22.8 Mg ha−1

for Nebraska.
The significant positive correlations between yield and CHU for the combined dataset is in

agreement with previous research [6,28]. Those authors reported that, in eastern Canada, early
maturing hybrids within location yielded less than later types and DM yield was greater in locations
with more rather than less CHU accumulation. In the present study, the latest maturing hybrid
significantly out-yielded the earliest in all locations, except at Vauxhall. While not tested statistically
the warmest location (Elm Creek) had greater DM yields on average than the others while Lacombe,
the coolest location, had the lowest DM yields. LeDrew, Daynard and Muldoon [28] concluded that in
warmer locations silage DM accumulated to higher silage DM and lower grain moisture levels than in
cooler locations. This can explain higher starch concentrations in silage than expected for the given
silage DM concentrations in the warmer regions.

The regression equation developed to estimate DM yield across locations captured the importance
of the environmental risks of variability in CHU accumulation and inadequate precipitation from year
to year. In addition to environmental factors, crop maturity (DM content) and CHU rating together
accounted for about 25% of the variability in CS yield indicating the importance of hybrid selection
within and among adaptation zones.

4.3. Yield, Chemical Composition, and Rumen Digestibility

The corn hybrids used in the study were not ensiled, thus the chemical composition and rumen
digestibility represent the potential for ensiling. Starch concentration of CS grown in the US averaged
326 ± 69.5 g kg−1 (169,620 samples; [29]). In comparison, the mean starch concentration of the corn
hybrids in the present study ranged from 163 g kg−1 in Lacombe (2014) to 357 g kg−1 in Elm Creek
(2014) indicating high variability among locations due to maturity at harvest. Starch content was also
affected by year in three of the four locations (except Lethbridge). The significant positive correlation
between starch and DM concentration (r =−0.71) for the overall database is consistent with the positive
relationship between plant maturity and grain filling previously reported for corn [30]. However, there
was an inconsistent relationship between starch and DM concentration within location. In some cases
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(e.g., Lacombe and Elm Creek) there was little variation in maturity stage at sampling. In the case of
Elm Creek maturity advanced due to CHU accumulation being greater than hybrid rating while at
Lacombe the reverse occurred resulting in immaturity with little starch. Across locations the range of
maturity and adaptation to maturity zone adequately illustrates the relationship between starch and
DM concentration and consequences of immature corn at harvest.

In warmer areas silage DM that accumulates late in the grain filling period is predominantly starch,
and causes drying by dilution and offsets declining fiber digestibility [6,9]. Daynard [6] concluded
that grain proportion may be low in CS harvested at less than 300 g kg−1 DM in cool, short season
areas. Thus, for CS production, cooler locations require hybrids with maturity suitable for grain
production to approach a suitable grain or starch concentration. The regression equation, that showed
(R2 = 0.63) 69% of variability in starch concentration was explained by silage DM concentration and
CHU accumulation, indicates that warmer locations have a large advantage for starch accumulation as
well as yield over cooler areas. Within location pushing harvest as close to kernel maturity as possible
would be beneficial, within the silage DM window of 320 to 380 g kg−1. Further, over all locations
the significant correlation between starch concentration and DM yield (r = 0.47) and DMD (r = 0.36)
indicates that as kernels advance towards physiological maturity, the digestibility (and energy content)
of the whole plant increases, a desirable outcome for CS as a feed for cattle. However, it is well
recognized that in vivo starch digestibility may decrease with advancing maturity due to increased
vitreousness of the starch, although this negative effect may be overcome by kernel processing at
harvest [10].

In the present study, the mean NDF concentration (530 g kg−1) was greater than previously
reported for CS (430 g kg−1 DM, 193,210 samples, [29]; 450 g kg−1 DM, [31]). Fiber concentration of
CS typically declines with maturity due to dilution effects of increasing starch concentration [32,33].
Therefore, the greater mean NDF concentration is consistent with the lower mean starch concentration
in this study (r = −0.71). Some studies have shown that increasing plant density also decreased NDF
concentration of CS, but these relationships are not well understood [34–37]. Recommended plant
density is greater for short season hybrids relative to the corn belt area of the US because short season
corn plants are smaller. However, as plant densities increase, silking date and plant maturity may
be delayed, which may have contributed to the lower starch and greater NDF concentration of the
hybrids in the present study [36,38].

Corn silage quality also depends on its rumen availability, which can be assessed by DMD and
NDFD. Whole plant DMD is an indication of energy content or total digestible nutrient content.
Furthermore, a positive relationship exists between animal performance and NDFD, as a higher rumen
digestibility of NDF favors greater intake by the animal [39]. In the present study, mean DMD ranged
between 600 and 700 g kg−1 and mean NDFD between 500 and 550 g kg−1 of NDF, respectively.
These mean values are consistent with the literature (from 450 to 700 g kg−1 for DMD, [9,32,33]; from
350 to 550 g kg−1 NDF for NDFD, [39,40]) and confirm that it is possible to achieve CS with high
digestibility in Northern areas. The large range of digestibility reported in the literature is related to
hybrid, planting date, environmental growing conditions, maturity at harvest, cutting height, and so
forth. Darby and Lauer [9] suggested that delaying planting date may increase NDFD, as plants are less
mature at harvest. Delaying planting dates in short-season areas limits CHU accumulation, and hence
limits DM yield, starch content, and DMD, and thus would not be advisable. Neylon and Kung [41]
showed that increasing cutting height improves NDFD, which could be an option for short-season
CS hybrids.

Oba and Allen [39] stated that NDFD is usually poorly correlated with NDF concentration. In the
current study, despite anomalies in some locations, the overall negative correlations between NDFD
and DM and starch concentrations, and positive correlations with DMD and NDF concentrations
indicate that as the plants matured, NDF concentration declined, but DMD was negatively affected
by lower NDFD [42]. This result corroborates the findings of Burken, Nuttelman, Gramkow, McGee,
Sudbeck, Gardine, Hoegemeyer, Klopfenstein, and Erickson [27], who reported a decrease of in situ
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NDF disappearance with progressive maturity. As mentioned by Hunt, Kezar, and Vinande [32] and
Johnson, Harrison, Hunt, Shinners, Doggett, and Sapienza [30], selection of high quality silage hybrids
should focus on maintaining high grain yields and high fiber digestibility despite advanced stages
of maturity.

With respect to cooler vs. warmer locations, the average NDFD concentration from Lacombe and
Elm Creek was 558 vs. 497 g kg−1 NDF respectively. This difference could not be tested statistically
due to the difference in hybrids at each location. However, the difference is likely due to the relative
maturity of corn hybrids at the two locations driven by CHU accumulation [9]. The average CHU
rating of hybrids grown in Lacombe and Elm Creek was 2113 CHU vs. 2325 CHU, which is not a large
difference. Thus, the question may be posed, does the greater NDFD associated with relatively low
grain content exhibited in cooler regions [6,28] offset the benefits of higher starch concentration and
higher silage DM concentration with greater maturity in terms of producing high energy forage for
cattle [6]?

4.4. Predicting Yield and Nutrient Concentrations

One objective of this research was to identify factors affecting biomass yield and nutritive quality
of CS grown in short-season areas. Overall, CHUseed-harv positively influenced whole plant DM and
DM yield. Indeed, to maximize yield in Northern environments, it is recommended to plant corn early
in the season (late April or early May) to ensure the use of all available growing days and CHU [2].

Dry matter yield was reasonably predictable (R2 = 0.86) from the variables measured, with
CHUseed-harv (48%) and water supply (23%) accounting for a large percentage of the variability.
Starch concentration was also reasonably well predicted (R2 = 0.63), with factors affecting plant
maturity at harvest explaining the variability; whole plant DM content (40%), CHUseed-harv (30%), and
total water supply (16%). The relatively poor predictions of NDF content, DMD, and NDFD (R2 ≤ 0.25)
indicated that they were mainly affected by factors not accounted for in the study.

Given that whole plant DM was positively correlated with starch concentration and negatively
correlated with fiber concentration, CHUseed-harv was positively correlated with starch and negatively
correlated with NDF. The lowest starch concentration (16.3% of DM) was recorded in 2014 in
Lacombe, when the lowest CHUseed-harv was also recorded (1780). Regarding in vitro degradabilities,
CHUseed-harv positively impacted DMD but negatively affected NDFD. This result is surprising given
the positive relationship observed between DMD and NDFD. Indeed, a beneficial effect of high
CHUseed-harv on nutrient rumen digestibility was rather expected as high CHUseed-harv enhances
maturity of the plant, increases starch concentration, lowers NDF concentration, and increases NDFD
percentage. Moreover, Johnson, Harrison, Hunt, Shinners, Doggett, and Sapienza [30] previously
reported a positive relationship between CS digestibility and growing degree units (sum of mean
daily temperature above a threshold temperature over a period of time). It is worthwhile to note that
the negative correlation between NDFD and CHUsilk-harv was stronger than the correlation between
NDFD and CHUseed-harv. This shows that NDFD is mostly affected during the last cropping days
(between silking and harvesting), which is likely related to increased maturity and lignification of fiber.

The prediction equations demonstrated the impact of whole plant DM content on NDF, NDFD,
and starch concentrations, CHUseed-harv on biomass yield, and water supply on DMD content given
their high contribution to the overall variability. There is no general consensus about the impact of
water supply on biomass yield and nutritive value of CS. In general, CS has a high water demand (as
much as 700 mm for growing season; [43]). In the present experiment, water supply throughout the
CS cropping season was considerably lower than this level ranging between 231 and 572 mm among
sites and years. Masoero et al. [44] reported a lack of difference in CS yield and quality grown under
different water supply. Inversely and contrary to our study, Gallo et al. [45] reported a negative effect
of water restriction on biomass yield and nutritive characteristics.
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5. Conclusions

Over 40 years the earliest maturity ratings in corn hybrids available for short-season areas, defined
as regions with less than 2600 CHU, have decreased from 2300 to 2000 CHU for grain maturity. Even so,
variability in yield and attainment of consistently economical CS yields remains a challenge for cooler
northern locations. This was not the case for the warmer areas of Elm Creek in southern MB and
Lethbridge in southern AB. Attainment of whole plant material with a DM content of 320 to 380 g kg−1

may be difficult to achieve in some years and locations due to annual variability of CHU accumulation.
When using the CHU hybrid rating system, which is based on grain maturity, selection of hybrids
for silage will depend upon the location within the prairie region. In warmer locations, use of later
maturing corn hybrids (as much as 200 CHU later than recommended for grain production) would
be ideal because the optimum DM content for ensilaging is likely to be attained before the onset of
autumn frost. In contrast, in cooler areas, hybrids with CHU rating similar to the long term climatic
normal CHU are recommended to maximize the DM content by the end of the growing season. It is
apparent that CS produced in cooler versus warmer locations contains less starch, but the fiber is more
digestible. These differences in nutritive value may necessitate different diet formulations and perhaps
corn growing strategies for these distinct types of CS produced.

Author Contributions: V.S.B. and K.A.B. conceived, designed, conducted the experiment, provided guidance in
the laboratory analysis of samples, and helped write the final paper; J.G. analyzed the data, prepared the tables
and figures, and wrote the first draft of the manuscript.

Funding: This research was funded by the Beef Cattle Research Council of Canada (Grant number FDE.09.13)
and Agriculture and Agri-Food Canada.

Acknowledgments: The authors thank Mary Lou Swift (Trouw Nutrition, AB, Canada) for NIR analyses and
Lucia Holtshausen, Bev Farr, and David Young of Agriculture and Agri-Food Canada for laboratory assistance
and data collection. In addition, the efforts of the field crews at each site are greatly appreciated for growing
and harvesting the hybrids. Brian Beres (Agriculture and Agri-Food Canada) is thanked for his input in the
organization of the study, and Pioneer Hybrid is acknowledged for providing hybrids for the study.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

Abbreviations

ADF acid detergent fiber
ADL acid detergent lignin
CHU corn heat unit
CHUseed-harv CHU from seeding to harvest
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