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Abstract: Forage management and environmental conditions affect water soluble carbohydrate (WSC)
storage, and, in turn, influence ruminant forage utilization in silvopastoral systems. The objective
was to determine effects of four dependent variables: forage species [(non-native, C3 (orchardgrass
(Dactylis glomerata L.)) and native C4 mix (8:1:1 big bluestem (Andropogon gerardii Vitman), little
bluestem (Schizachyrium scoparium Michx. Nash) and indiangrass (Sorghastrum nutans L.))]; fertility
(poultry litter and an unfertilized control); forage sampling date (mid-May, late-May, early-June,
mid-June, and late-June); and hour of day (0800, 1100, 1400, and 1700 h) on WSC accumulation in
a silvopasture. Concentrations of WSC (g kg DM−1) were greater (p ≤ 0.05) for C3 forages, with
poultry litter not impacting WSC accumulation. Overall, WSC was greatest in mid-June, with the
lowest WSC concentration observed at 0800 compared to 1100, 1400, and 1700 h (p ≤ 0.05). Therefore,
harvesting forages later in the day resulted in greater WSC. A stepwise regression model indicated
acid detergent fiber, ash, and forage P concentration were the best predictors (R2 = 0.85, p ≤ 0.05) of
forage WSC. These results may be useful in future studies aimed at explaining diurnal cattle grazing
preference and optimum forage harvest timing in silvopastoral systems.

Keywords: water soluble carbohydrates; forage species; forage quality; correlation analysis; poultry
litter; and diurnal changes

1. Introduction

In silvopastures, or the integration of trees and livestock in one system, appropriate
management of trees and pasture is critical to ensure complementary productivity. Forage
management is particularly important for increasing forage nutrient composition and
ensuring high forage utilization by grazing animals. Typically, non-structural carbohy-
drates, including water soluble carbohydrate (WSC), are not routinely measured in grazing
experiments. However, cattle preference and intake likely have strong relationships with
WSC [1–5], sometimes even more so than neutral detergent fiber (NDF) [5]. Therefore,
investigations into potential factors affecting WSC concentration in forages, such as forage
species, fertilization, and seasonal and diurnal variations are necessary to better understand
forage utilization by grazing livestock in silvopasture systems.

Integrating both cool- and warm-season forages in silvopastoral systems may be
advantageous to livestock producers because of the contrasting seasonal growth patterns.
C3 grasses reportedly have greater concentrations of WSC than C4; however, WSC in both
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C3 and C4 species, are reportedly affected by various factors, including soil fertility [6].
Applications of poultry litter on pastures increases forage nutritive values, especially
concentrations of N and P [7–9]. Although, synthetic N fertilizers may reportedly reduce
WSC concentration [10,11], poultry litter impacts on WSC are widely unknown.

Water soluble carbohydrate levels in cool-season grasses can vary seasonally [12,13]
and diurnally [6,12,14]. Griggs et al. [14] observed a 35 g kg−1 dry matter (DM) increase in
total WSC in orchardgrass (Dactylis glomerta L.) at 1900 compared to 0700 h. Burner and
Belesky [6] also observed increases in WSC as sampling hour progressed in orchardgrass
at three different sites: one open pasture and two silvopasture sites. Similarly, in the warm-
season forage, Melinis minutiflora, WSC increased by 10 g kg−1 DM, while starch increased
60 g kg−1 DM between 0800 and 1800 h [13]. The non-structural carbohydrate contents of
switchgrass (Panicum virgatum L.) and eastern gamagrass (Tripsacum dactyloides L.) baleage
increased 38% when harvested at 1800 h rather than 0600 h, which resulted in increased
total dry matter intake by steers offered these baleages [15].

Variation in seasonal and diurnal WSC accumulation in cool-season forages has been
well documented; however, less information exists for C4 species in comparison with C3
species, with or without poultry litter fertilization. Consequently, the impact of these factors
on WSC accumulation in forages grown in an integrated agroforestry system in the mid-
South is not well understood. In order to advance our understanding of factors affecting
WSC accumulation and fluxes in forages, this study aims to evaluate: (i) differences in WSC
accumulation in C3 and C4 grasses; (ii) how fertility (poultry litter) impacts forage WSC;
(iii) diurnal and seasonal fluctuations for C3 and C4 forages, fertilized and un-fertilized;
and (iv) correlations between forage nutrient content parameters and WSC concentrations
in a silvopastoral system. Authors hypothesize that C3 forages will have greater WSC
(across all sampling dates), that diurnal and grazing-season fluxes will occur, and that
poultry litter amendments will influence WSC accumulation.

2. Materials and Methods

This study was conducted on a 4.25-ha silvopastoral system located at the University
of Arkansas Agricultural Research and Extension Center in Fayetteville, AR (36.09◦ N,
94.19◦ W). The site is in the Ozark Highlands, Major Land Resource Area 116A [16].
Previous site history and tree establishment is described by DeFauw et al. [17], Sauer
et al. [18], and Thomas et al. [19]. Soil in most of the experimental area is mapped as Captina
silt loam (fine-silty, siliceous, active, mesic Typic Fragiudults) with some Pickwick silt loam
(fine-silty, mixed, semiactive, thermic Typic Paleudults) and small areas of Johnsburg
silt loam (fine-silty, mixed, active, mesic Aquic Fragiudults), and Nixa cherty silt loam
(loamy-skeletal, siliceous, active, mesic Glossic Fragiudults) [20].

Briefly, in 2000, fifteen rows of three tree species including Northern red oak (Quercus
rubra L.), eastern black walnut (Juglans nigra L.), and pecan (Carya illinoinensis Wangenh.
K. Koch) were oriented east-west at 15-m spacing between rows [18]. In 2014, the eastern
black walnut trees were replaced with rows containing three species including: American
sycamore (Plantanus occidentalis L.), cottonwood (Populus deltoides W. Bartram ex Marshall),
and pitch/loblolly pine (Pinus rigida × Pinus taeda). Forage species treatments were
established in the alleys between tree rows, including a cool-season species (orchardgrass
(cv. Tekapo)), seeded fall 2015 at 17 kg pure live seed (PLS) ha−1 and a native warm-
season mix [8:1:1 big bluestem (Andropogon gerardii Vitman), little bluestem (Schizachyrium
scoparium (Michx. Nash)) and indiangrass (Sorghastrum nutans L.)], which was seeded in
spring of 2016 at 10 kg PLS ha−1. Alleys or experimental units (148 × 15 m) were planted
with a Haybuster 107C no-till drill (DuraTech, Jamestown, ND, USA), with each alley
being replicated thrice. Before establishment, Cornerstone® Plus (Westwego, LA, USA)
(N-[phosphonomethyl] glycine) was used to kill existing vegetation at a 2.2 kg ha−1 rate
(41% a.i.). After establishment, alleys were treated with PlateauTM (BASF, Fremont, CA,
USA) (Ammonium salt of imazapic) at 0.28 kg ha−1 rate (23.6% a.i.). The site receives
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an average (30-year mean) annual precipitation of 1232 mm and has an average ambient
temperature of 14.5 ◦C [21].

2.1. Treatment Implementation and Study Management

Forage species were the whole plots and fertility split-plots, with three replications.
Fertility (using locally sourced poultry litter) was applied to both forage treatments at a
rate of 84 kg N ha−1 on 21 March 2018, and on 12 April 2019 (4.94 Mg ha−1, fresh weight
basis). Poultry litter used in 2018 was 19.8 g kg−1, 5.8 g kg−1, 10.2 g kg−1, and 6.2 for N, P,
K, and pH, respectively, and 24.8 g kg−1, 6.9 g kg−1, 9.4 g kg−1 and 5.2 for N, P, K, and pH,
respectively, in 2019 (Arkansas Diagnostic Laboratory, Fayetteville, AR, USA). Response to
litter application was compared with an unfertilized control. Angus heifers (Bos taurus L.)
grazed the site; stocking rates were maintained at 2.20 animal units (AU) ha−1 from 24 May
to 6 July 2018, and 2.42 AU ha−1 from 29 May to 11 July 2019. The animals had access
to the entire area throughout the experiment. Weather variables were measured by a
micro-meteorological weather station approximately 500 m from the experimental site.

2.2. Sample Collection and Analysis

Forage sampling for WSC occurred four times per year (mid-May, late-May, early-
June, mid-June, and late-June). On each sampling date, 10 random samples (per treatment
combination) were collected in a transect in the grazed alleys at four time points: 0800, 1100,
1400, and 1700 h. These data were used to determine diurnal fluctuations in water soluble
carbohydrate concentration (g kg DM−1). These samples were gathered from ungrazed
and undamaged fully emerged plants to minimize confounding effects from grazed tissue.
If undamaged samples were not available, they were collected from enclosures. Specifically,
4 m2 enclosures were placed and secured in each alley center (per experimental unit to
minimize shading effects) of each treatment combination (three replications total). Samples
were collected on days with little to no cloud coverage. In addition, enclosures were
removed at the end of each experimental year and placed in a random location the following
year to minimize year affects. Plants were clipped to 4 cm above the soil and upon collection,
samples were immediately placed on ice in a cooler prior to transporting to the laboratory.
Once in the laboratory, samples were weighed and stored in −20 ◦C before subsequent
lyophilization. Samples were weighed upon removal from the freeze-dryer, and ground
through a 1-mm screen using a Wiley Mill (Thomas Scientific, Swedesboro, NJ, USA).

In tandem with sampling for WSC, forage mass and nutritive samples were collected
from within the aforementioned 4 m2 enclosures by clipping forage (0.25 m2) 4 cm above
the soil surface. One sample was collected per date from within each enclosure (n = 3 per
species × fertility treatment combination) to correlate forage nutrient variables and WSC.
Subsequently, forage sub-samples were dried at 60 ◦C for 48 h and reweighed to determine
moisture content for DM yield. After drying, samples were ground using a Wiley mini-mill
(Thomas Scientific, Swedesboro, NJ, USA) to pass through a 1-mm screen. Total C and
N were determined via high-temperature combustion using a VarioMax C: N analyzer
(Elementar Americas, Mt. Laurel, NJ, USA) and crude protein (CP) was calculated by
multiplying N by 6.25. Neutral detergent fiber, acid detergent fiber (ADF), and lignin were
determined sequentially using an ANKOM 2000 Fiber Analyzer (ANKOM Technologies,
Macedon, NY, USA) [22]. Hemicellulose was calculated as NDF minus ADF [22]. Ash
concentration was determined by burning samples in a muffle furnace at 500 ◦C for 6 h
(Method 942.05) [23]. Forage samples were digested with concentrated HNO3 and H2O2,
and mineral elements were measured by inductively coupled plasma using a 5110 ICP-OES
(Agilent, Santa Clara, CA, USA). In addition, plant heights (5 observations per species and
fertility treatment per replicate) of un-grazed forage samples were recorded per sampling
date.

The concentration of WSC was measured in forage samples using a calorimetric
procedure as described by Dubois et al. [24]. Briefly, standards were prepared by mixing
0.1 g of dextrose with 250 mL distilled water. Then, 0.25 g of each forage sample was
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soaked in distilled water for 2 h and the solution was filtered. Samples and standards
were transferred to glass tubes, and 0.133 mL of 0.90% (wt/wt) phenol and 5 mL of
concentrated H2SO4 were added. Samples were then placed at room temperate for 10 min
followed by incubation for 20 min in a water bath at 28 ◦C. Absorbance was measured on
a spectrophotometer (SPECTRAmax 250, Molecular Products, Sunnyvale, CA, USA) set
to a 490 nm wavelength. The WSC were reported on a g kg DM−1 basis. The absorbance
and concentrations of standards (ug sugar /mL solution) were used to build a scatter plot
to get a regression equation from the trend line, the concentration of WSC standards was
plotted as a function of absorbance. This relationship was then used to determine the
concentrations of WSC in forage samples. Since dilution of samples was 0.25 g sample in
100 mL solution, the final concentration was calculated on an air-dry basis (Equation (1), as

g sugar/kg sample DM − 1 basis
= [(ug sugar/mL solution)
× (100 mL solution/0.25 g sample weight/1000)]

2.3. Analysis of Data and Model Development

Analysis of variance (ANOVA) tests of explanatory variables including WSC, yield,
and forage nutrient variables (ADF, NDF, lignin, ash, C, N, C/N, CP, and minerals) were
performed using the MIXED procedure of SAS (SAS V9.3; SAS Inst., Cary, NC, USA) [25].
In each model, forage species, fertility (poultry litter and the control), and sample date
were considered fixed effects, whereas sampling time within sampling date was consid-
ered a repeated measure. For the repeated measure, an autoregressive covariance was
used and the denominator degrees of freedom for Type III F-test were adjusted with the
Kenward-Roger method [26]. However, the −2 Log-likelihood did not change under the
repeated-measure analysis (i.e., did not drop by at least 5 per covariance parameter) and the
autoregressive correlation value (0.24) indicated a weak correlation among observations, so
autoregressive covariance was removed. Thereafter, an additional model, which included
sampling timing within sampling date was included as a fixed effect and plant height as a
covariate was run using a mixed model analysis of variance (MMAOV). In all models, year
and replication were random effects. When effects or interaction confluences were found,
mean separations were performed using the SAS macro ‘pdmix800’ [27] with Fisher’s least
significant difference at a Type I error rate of less than or equal to 5% [25].

A stepwise regression analysis was also performed on WSC and forage nutrient
parameters to evaluate what forage nutrient parameters, if any, are linked to WSC in efforts
to identify if any forage quality trait could be used as a proxy for time-consuming WSC
analyses.

3. Results and Discussion
3.1. Diurnal and Temporal Variations of WSC Based on Treatments

A four-way interaction (forage species (C3 and C4) × poultry litter fertility treatment
(fertilized with poultry litter and a control) × date (mid-May, late-May, mid-June, and late-
June) × sampling time (800, 1100, 1400, and 1700 h)) was not observed for WSC (p ≥ 0.05;
Table 1). However, a date × sampling time interaction was detected (p ≤ 0.05). The greatest
(p ≤ 0.05) concentration of WSC (128 g kg DM−1) was observed mid-June at the 1100 h
sampling time (Figure 1). These values, however, were not different (p ≥ 0.05) from forages
harvested at 1400 h in mid-May, late May, and mid-June, and forages harvested at 1700 h
in late-May and mid-June. Generally, WSC concentrations were lowest when harvested
late-June and at 800 h across all dates and sampling time points.



Agronomy 2021, 11, 354 5 of 13

Table 1. Analysis of variance of water-soluble carbohydrates from 2018 and 2019 (analyzed across
years as there were no year effect; p ≥ 0.05) based on two forage species types (C4: native grass mix;
and C3: non-native, orchardgrass), fertility (with and without poultry litter), dates (late-May, early
June, mid-June, and late-June), and diurnal time points (800, 1100, 1400, and 1700 h) in a silvopastoral
system in Fayetteville, AR, USA.

Effect Num. DF † F Value p ≥ F ††

Species 1 39.39 ≤0.0001
Fertility 1 2.07 0.1515

Species × Fertility 1 0.52 0.4711
Date 3 2.87 0.0365

Date × Species 3 1.19 0.3140
Date × Fertility 3 0.32 0.8080

Date × Species × Fertility 3 0.17 0.9147
Sampling time 3 5.78 0.0007

Species × Sampling time 3 0.76 0.5178
Fertility × Sampling time 3 0.10 0.9593

Species×Fertility × Sampling time 3 0.06 0.9797
Date × Sampling time 9 2.24 0.0193

Date×Species × Sampling time 9 0.38 0.9458
Date×Fertility × Sampling time 9 0.04 1.0000

Date×Species×Fertility × Sampling time 9 0.05 1.0000
† Num. DF = numerator degree of freedom, Den. DF = denominator degree of freedom; †† ANOVA probability
levels significant at p ≤ 0.05.
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The interaction between date and sampling time as likely owing to plant maturity
and diurnal WSC accumulation. From mid-May until mid-June, the C3 was developing
seedheads, whereas C4 grasses were in a state of vegetative growth with a greater biomass
contribution from leafy components [28]. As grasses mature, an increase in cell wall
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components reduces the concentration of WSC [29]. Since plant leaves are the main site for
photosynthesis, a decrease in leaf mass and surface area may decrease photosynthetic rates
and carbohydrate storage [30].

Daily fluctuations in WSC generally suggest lower concentration in mornings than
in later hours of the day. Our results suggest a WSC increase of 26 g kg DM−1 from 800
to 1700 h. Through photosynthesis, plants utilize sunlight to convert carbon dioxide and
water into carbohydrates [31] and WSC typically increases during the day as a result of an
imbalance between photosynthesis and respiration [32]. During the night, plants consume
WSC during respiration, resulting in reduced levels of WSC in the morning [33]. Similarly,
other studies found a comparable pattern, wherein the concentration of WSC were 10%
greater in red (Trifolium pratense L.) and white clover (Trifolium repens L.) in the afternoon
(1500–1600 h) than in morning (800–900 h) [12]. In addition, Griggs et al. [14] observed
35 g kg DM−1 increase in total soluble carbohydrates in orchardgrass at 1900 compared
to 700 h. Similarly, Cajarville et al. [34] reported a linear increase in WSC for cool-season
forages when harvested at different time intervals (900, 1300, and 1700 h). Although not
directly measured, photosynthetically active radiation and solar radiation intensity may
influence WSC accumulation and diurnal patterns in silvopastoral systems.

Unexpectedly, applications of poultry litter did not affect (p = 0.15) WSC accumulation
across forage species, sampling dates, or sampling times (Table 1); therefore, this hypothesis
was rejected. Likewise, interactions of the other main effects and the poultry litter treatment
did not affect (p = 0.47) WSC concentrations. Clark et al. [35] found WSC concentrations
were not different in bermudagrass (Cynodon dactylon L.) hay following either a no poultry
litter application, poultry litter application immediately after harvest, or poultry litter
applied 14 d post-harvest. However, in other studies, applications of inorganic-N reduced
the concentrations of WSC in forages [10,11]. Likely, poultry litter applications did not
have an impact on WSC in this study owing to poultry litter releasing N more slowly
compared to inorganic sources of N. Further, shading could explain the lack of response to
fertilization, owing to reduced photosynthetically active radiation and subsequently lesser
WSC production in silvopastures.

Forage WSC was 32 g kg DM−1 greater (p ≤ 0.05) in C3 compared to C4 grasses
(Table 2). The presence of mesophyll in C3 plants allows them to store more WSC, while
C4 have greater fibrous plant material in bundle sheaths [10]. Effectively, a greater ratio of
leaves to stems results in greater WSC, but this ratio is lower in warm than in cool-season
grasses [36]. Seasonal variations also affect the usage and storage of WSC in both C3 and C4
grasses [37]; however, warm-season grasses generally accumulate less non-structural car-
bohydrates than cool-season grasses [38]. Cool-season grasses produce fructan and greater
total non-structural carbohydrates compared to warm-season forages and legumes [39,40].
Differences in seasonal shading may have also played a role in WSC storage. For example,
the position of the sun drives radiation intensity, thus ultimately affecting photosynthesis
rates. Consequently, further research is needed to better understand relative reductions in
WSC and other forge nutrient parameters due to shading in silvopasture systems. Future
work should evaluate WSC storage of orchardgrass and the native big bluestem mix in
an open pasture, without the presence of trees, as well as evaluate linkages to WSC and
diameter at breast height per tree species.
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Table 2. Average concentration of water-soluble carbohydrates by forage species (C4: native grass
mix; and C3: non-native, orchardgrass) and fertility (with and without poultry litter) from 2018–2019
in a silvopasture system. The concentrations were measured in forage samples collected on four
different sampling dates (late-May, early-June, mid-June, and late-June) and diurnal time points (800,
1100, 1400, and 1700 h).

Forage Species Mean Standard Error

g kg DM−1 †

Native grass 76.4 b †† 4.22
Orchardgrass 108.7 a 4.22

Fertility g kg DM−1

Fertilized 96.2 a 4.22
Non-Fertilized 88.7 a 4.22

† DM = dry matter; †† different letters following a mean indicate a significant difference at p ≤ 0.05.

3.2. Temporal Forage Quantity and Quality Based on Forage Species and Fertility

The three-way (forage species × poultry litter fertility treatment × forage sampling
date) interaction did not affect forage herbage mass (p = 0.82; Table 3). However, there were
two-way interactions (p ≤ 0.05) between forage species (C3 and C4) and fertility, between
forage species and sampling date, and between sampling date and fertility for forage mass.
Fertilized orchardgrass yield was greater (p ≤ 0.05; Table 4) than unfertilized orchardgrass.
Yield of C4 grasses (native big bluestem mix) was intermediate, and not different (p ≥ 0.05)
from that of the C3 grass with or without poultry litter. In C4 forage species, poultry litter
applications did not increase yields (p ≥ 0.05, Table 4) as it did with the orchardgrass.
Generally, greatest yields were observed with the native grass mix harvested in June (early-
June, mid-June, late June) and orchardgrass harvested in early May. Yields were generally
lowest from warm-season grasses harvested in May and orchardgrass harvested after early
May. A study conducted by Lin et al. [41] evaluated shade effects on 30 different forages,
with warm-season forages displaying decreases in forage DM when grown under shade
regardless of the season, while cool-season forage species exhibited more shade tolerance
when grown during the summer. Therefore, warm-season yields may have been reduced
owing to tree-induced shade. Peak yields for orchardgrass are widely reported to occur in
May in the Southeast [42].

Table 3. Analysis of variance of yield from 2018 and 2019 (analyzed across two years, as there were
no year effects; p ≥ 0.05) based on two forage species (C4: native grass mix; and C3: non-native,
orchardgrass), fertility (with and without poultry litter), dates (early-May, late-May, early-June,
mid-June, and late-June) in a silvopastoral system in Fayetteville, AR.

Effect Num. DF † F Value Pr ≥ F ††

Species 1 0.23 0.6498
Fertility 1 9.91 0.0019

Species × Fertility 1 6.69 0.0105
Date 4 2.89 0.0236

Date × Species 4 3.74 0.0060
Date × Fertility 4 2.86 0.0250

Date × Species × Fertility 4 0.38 0.8243
† Num. DF = numerator degree of freedom, Den. DF = denominator degree of freedom, †† ANOVA
probability levels significant at p ≤ 0.05.
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Table 4. Average forage mass based on the two-way interaction of forage species (C4: native grass
mix; and C3: non-native, orchardgrass) × fertility (fertilized with poultry litter and without) as
well as the two-way interaction of forage species × sampling date (early-May, late-May, early-June,
mid-June, and late-June).

Species Fertility Species × Fertility †

Mg ha−1

Native grass Poultry litter 2.24 ab
Native grass Control 2.13 ab
Orchardgrass Poultry litter 2.60 a
Orchardgrass Control 1.53 b

Species Date Species × Date

Mg ha−1

Native grass early-May 1.14 d
Native grass late-May 1.75 d
Native grass early-June 2.52 abc
Native grass mid-June 2.97 a
Native grass late-June 2.55 abc
Orchardgrass early-May 2.51 ab
Orchardgrass late-May 1.80 cd
Orchardgrass early-June 2.08 bcd
Orchardgrass mid-June 1.89 cd
Orchardgrass late-June 2.04 bcd

† Different letters indicate a significant difference at p ≤ 0.05 within a given column.

There were no three-way interactions (p ≥ 0.05) among forage species, fertility treat-
ment, and forage sampling date for forage quality measurements. Forage quality parame-
ters including NDF, ADF, lignin, ash, N, and mineral concentration (K, P, and Mg) were
affected by sampling date (p ≤ 0.05, Table 5) but not by sampling date × forage species
(p ≥ 0.05). Neutral detergent fiber concentrations were lowest (p ≤ 0.05; Table 5) early May,
with fiber contents increasing over the grazing-season. Concentrations of ADF followed
a similar pattern through mid-June, but then declined sharply late-June. Crude protein
was greater (p ≤ 0.05, Table 5) in less mature forage (e.g., early-May), regardless of photo-
synthetic pathway. Increasing maturity resulted in lower concentrations of non-structural
carbohydrates and greater concentrations of cell wall constituents. Waramit et al. [43])
reported that delaying the harvesting date increased cellulose, lignin, and C concentrations,
but decreased ash and N concentrations in different species of native grasses (big bluestem,
eastern gamagrass, indiangrass, and switchgrass).

The lowest (p ≤ 0.05, Table 5) concentrations of K and P occurred mid-June. The
decrease in K and P in forages was likely related to forage maturity [44,45]. In addition,
minerals are more concentrated in leaves than in stems, and the ratio of leaves to stem
decreases as plant matures, which in turn can further reduce forage mineral contents [46].
Further, in the present study, Mehlich 3 soil test P ranged from 17 to 64 mg kg−1 (data
not shown; DNS), and the cool-season grass had a greater response to P applications via
poultry litter than warm-season grasses. However, warm-season grasses have been shown
to utilize soil P more efficiently, resulting in 3 times greater yield than cool-season grasses
grown on a soil with low (5 mg kg−1) P concentration [47].

Forage species affected mineral concentrations with greater (p ≤ 0.05, Table 5) K, P, and
Mg in orchardgrass compared to the warm-season grass mixture. Others reported that cool-
season grasses contain greater P and lower Mg compared to warm-season forage [48,49].
Concentrations of NDF, ADF, lignin, ash, and hemicellulose, C, N, and C/N were not
affected by forage species (p ≥ 0.05, Table 5).
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Table 5. Variation in forage nutritive value measurements and selected macromineral concentrations by date (early-May, late-May,
early-June, mid-June, and late-June) and by forage species C3 (non-native, orchardgrass) and C4 (native grass mix) forages grown in a
silvopastoral system with and without poultry litter fertilization.

Date NDF †† ADF Lignin Ash C N CP C:N K P Mg

———————————————-g kg−1 DM————————– ————–g kg−1————–

Early-May † 557 c ‡ 336 bc 58 ab 11 ab 441 a 22 c 138 a 210 c 16.538 a 3.117 ab 1.181 d
Late-May 612 b 351 ab 48 c 8 b 447 a 17 b 110 b 262 b 15.220 ab 3.105 ab 1.425 c
Early-June 630 ab 360 ab 57 a 16 a 446 a 16 a 100 c 290 a 14.285 ab 3.074 ab 1.540 c
Mid-June 633 a 363 a 49 bc 9 b 448 a 15 a 95 c 305 a 13.489 b 2.995 b 1.722 b
Late-June 614 ab 317 c 51 abc 9 b 444 a 16 ab 100 bc 286 ab 14.335 ab 3.501 a 2.047 a

Forage
species

Native grass 615 a † 345 a 50 a 10 a 450 a 17 a 106 a 280 a 12.509 b 2.713 b 1.370 b
Orchardgrass 603 a 345 a 55 a 12 a 442 a 17 a 111 a 262 a 17.038 a 3.604 a 1.796 a
† Different letters indicate a significant difference at p ≤ 0.05 within a given column. Data were combined across forage species because of
the failure to detect a forage species by harvest date interaction (p ≥ 0.05). †† NDF = neutral detergent fiber, ADF = acid detergent fiber, C=
carbon, N = nitrogen, CP = crude protein, K = potassium, P = phosphorus, Mg = magnesium. ‡ Different letters within a given column
indicate a significant difference at p ≤ 0.05.

3.3. Correlation between Water Soluble Carbohydrates and Forage Quality Measurements

Forage WSC was positively correlated with K, P, Mn, and yield (p ≤ 0.05; r ≥ 0.61;
Table 6) and negatively correlated with forage height (p ≤ 0.05; r ≥ −0.25; DNS). When
environmental parameters such as temperature and wind speed were included in the
correlation analysis, there was a positive correlation between WSC and time of the day
(p ≤ 0.05, r = 0.2), but no correlation with temperature and humidity (p ≥ 0.05; DNS).

Table 6. Pearson correlation coefficients between forage nutritive parameters from two forage species (C4: native grass mix; and C3:
non-native, orchardgrass) grown in a silvopastoral system with and without poultry litter application and harvested on multiple dates
(early-May, late-May, early-June, mid-June, and late-June).

Parameter K †† Mg P Mn NDF ADF Lignin Ash C N Yield WSC

K r 1
†

p-value
Mg r 0.301 1

p-value 0.197
P r 0.817 0.647 1

p-value ≤0.0001 0.002
Mn r 0.541 0.336 0.371 1

p-value 0.013 0.141 0.106
NDF r −0.515 0.336 −0.237 0.085 1

p-value 0.019 0.144 0.313 0.718
ADF r −0.281 −0.197 −0.237 0.595 0.357 1

p-value 0.906 0.405 0.313 0.005 0.121
Lignin r 0.365 −0.070 0.261 0.021 −0.464 −0.067 1

p-value 0.113 0.766 0.266 0.927 0.039 0.7786
Ash r 0.234 0.022 0.043 0.243 0.129 0.290 0.244 1

p-value 0.319 0.925 0.854 0.301 0.586 0.214 0.299
C r 0.454 −0.467 0.205 −0.124 −0.849 −0.342 0.390 −0.060 1

p-value 0.044 0.037 0.384 0.599 ≤0.01 0.139 0.088 0.800
N r −0518 0.406 −0.290 0.127 0.837 0.369 −0.411 0.063 −0976 1

p-value 0.019 0.074 0.214 0.592 ≤0.001 0.109 0.071 0.790 ≤0.001
Yield r 1.000 0.301 0.817 0.541 −0.515 −0.028 0.365 0.234 0.454 −0.518 1

p-value ≤0.001 0.197 ≤0.001 0.013 0.019 0.904 0.113 0.319 0.044 0.019
WSC r 0.777 0.399 0.7184 0.606 −0.145 0.249 0.361 0.105 −0.151 0.105 0.772 1

p-value ≤0.001 0.081 ≤0.001 0.004 0.539 0.289 0.117 0.657 0.522 0.657 ≤0.001

† Bolded letters indicate significant differences at p ≤ 0.05. †† K = potassium, Mg = magnesium, Mn = manganese, NDF = neutral detergent
fiber, ADF = acid detergent fiber, C = carbon, N = nitrogen, P = phosphorus, WSC = water soluble carbohydrates.

Plant K concentration declines with maturity [50] as does WSC [51]. However, the
positive relationship between WSC and K in this study were not consistent with published
results of Wang et al. [52], in which K increased by 14% as WSC in forage decreased by
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10 g kg−1 DM. Ash and WSC are both constituents of non-structural fractions within the
plant and can explain the positive correlation in this study. Jafari [23] conducted a review
of 13 studies on correlations between WSC and DM yield; the results were inconsistent
and suggested that DM yield and WSC were independent or showed a weak positive
correlation. However, in this study there was a significantly positive relationship between
WSC and yield.

In this study, when all forage quality and mineral concentrations were included in
a stepwise regression analysis to build a model to predict the WSC in forage, 85% of
variability in WSC concentration in cool and warm-season forages can be explained by
ADF, ash, and P content (Table 7). Concentrations of WSC (g kg DM−1) are estimated in
Equation (2):

WSC = −111.5 + (31 × ADF) + (163 × ash) + (0.000024 × P)

where ADF, ash, and P are expressed as g kg−1.

Table 7. Stepwise regression analysis between different forage nutritive components and water-
soluble carbohydrate in two forage species grown in a silvopastoral system.

Parameter Coefficient p Value † R Square

WSC ††, g kg DM−1

Intercept −111.5 0.01
ADF (g kg−1) 31 0.04 0.85
Ash (g kg−1) 163 ≤0.01

P (g kg−1) 24 ≤0.01
† Probability levels significant at p ≤ 0.05; †† WSC = water soluble carbohydrates, ADF = acid detergent fiber,
P = phosphorus.

Overall, accumulation of WSC in forage is an important factor for forage utilization
by ruminants; however, the analysis of WSC in forage is time consuming. Therefore, better
understanding the relationship among different forage quality parameters can be useful to
predict WSC in forage. The aforementioned equation may be useful for estimating WSC,
with forage ADF, ash, and P concentration being useful predictors of WSC.

4. Conclusions

Accumulations of WSC in forages are important to determine forage utilization by
ruminants. In this study, WSC was greater in C3 compared to C4 grasses. Diurnal changes
affected WSC with greater WSC concentrations occurring at 1100 h and in late hours of
the day compared to forages collected at 800 h. Applications of poultry litter increased
orchardgrass forage mass, although it did not affect forage WSC concentrations regardless
of photosynthetic pathway. There were positive correlations between WSC and forage
K, P, Mn, and yield. When all forage quality measures and mineral content in forage
were included in regression models, forage ADF, ash, and P content were the most useful
predictors of WSC in forage and may be used as a proxy for WSC determinations. These
results may be useful for identifying optimum harvest dates and times or help explain
grazing preferences in mid-South silvopastoral systems.
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