

[image: image1]
Non-fiber Carbohydrates in Forages and Their Influence on Beef Production Systems












	
	REVIEW
published: 19 March 2021
doi: 10.3389/fsufs.2021.566338






[image: image2]

Non-fiber Carbohydrates in Forages and Their Influence on Beef Production Systems

Juan J. Villalba1*, Serkan Ates2 and Jennifer W. MacAdam3


1Department of Wildland Resources, Utah State University, Logan, UT, United States

2Department of Animal and Rangeland Sciences, Oregon State University, Corvallis, OR, United States

3Department of Plants, Soils and Climate, Utah State University, Logan, UT, United States

Edited by:
Urs Feller, University of Bern, Switzerland

Reviewed by:
Mariana Ornaghi, State University of Maringá, Brazil
 René Baumont, INRAE Clermont-Auvergne-Rhône-Alpes, France

*Correspondence: Juan J. Villalba, juan.villalba@usu.edu

Specialty section: This article was submitted to Agroecology and Ecosystem Services, a section of the journal Frontiers in Sustainable Food Systems

Received: 27 May 2020
 Accepted: 19 February 2021
 Published: 19 March 2021

Citation: Villalba JJ, Ates S and MacAdam JW (2021) Non-fiber Carbohydrates in Forages and Their Influence on Beef Production Systems. Front. Sustain. Food Syst. 5:566338. doi: 10.3389/fsufs.2021.566338



Forages can provide a complete diet for ruminant animals, increasing the sustainability of beef production systems worldwide while reducing competition with humans for agricultural land or grain crops. Much of the emphasis on the nutritional characteristics of forages has been on the fiber, sugars, starch, and protein they supply to the rumen, despite the fact that other less-explored constituents, i.e., neutral detergent soluble fiber (NDSF) and other non-structural or non-fiber carbohydrates (NFC) also play a key role in the nutrition of ruminants. This paper explores the less investigated potential of temperate legumes to accumulate levels of NFC comparable to corn silage or beet pulp in cool, dry environments under irrigation, and its implications for forage-based beef production systems. We conclude that genetic or managerial interventions (i.e., breeding programs, defoliation frequency) or ecological conditions (i.e., climate, elevation) that increase concentrations of NFC in legumes can enhance beef production, meat quality, and the efficiency of nitrogen utilization by ruminants while reducing environmental impacts.
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INTRODUCTION

The most productive cultivated forages such as grasses, legumes, and forbs provide a complete diet for the ruminants—primarily cattle and sheep—with which they co-evolved (Grove and Rackham, 2001; Diamond, 2002). Most cultivated forages used in temperate climates originated in the Mediterranean regions of southern Europe and North Africa (Zeder and Hesse, 2000; Wilkinson et al., 2004). Unlike grain crops, the entire shoot biomass of forages is grazed or harvested and fed to ruminants as hay or silage. Plant tissues are composed of cell with walls of varying thicknesses composed primarily of cellulose (Gilbert, 2010; Cosgrove, 2012), which can be digested by rumen microbes (Allen and Mertens, 1988; Weimer, 1992). Forage biomass is often characterized by the relative proportions of fiber, which refers to the dry mass of plant cell walls, and cell contents, which refers to the dry mass of lipids, sugars, proteins, nucleic acids, and nutrient ions in the protoplasm of plant cells (Figure 1) (Van Soest, 1994).
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FIGURE 1. A simple schematic to illustrate the carbohydrates located in plant cell walls or in the protoplasm, enclosed by the cell membrane.


When the nutritive value of grasses and legumes cultivated in temperate climates is compared, the concentraton of fiber is greater in grasses (e.g., 65% of dry mass) than in legumes (e.g., 50% of dry mass), while the concentration of protein is greater by a similar proportion in legumes, largely because the leaves of legumes are low in fiber and because legumes create sufficient nitrogen fertilizer for their own needs internally, in association with soil bacteria (Van Soest, 1994; Franche et al., 2009; Garg, 2009). Feed consumed by cattle is digested by microbes including bacteria, archaea, protozoa, and fungi in a large forestomach, the reticulo-rumen. As is the case for other microbial systems, the balance of available proteins and carbohydrates in the rumen dictates the rate of microbial colonization of organic matter (Hall et al., 1999; Hall and Herejk, 2001). This is similar to soil microbial systems, where sufficient nitrogen must be present for microbes to mineralize roots or the plant litter that accumulates on the soil surface (Rigby et al., 2016), and it is also important in the rumen, where forage biomass is digested by microbes that are in turn digested by the ruminant (Nocek, 1988; Archimède et al., 1997; Owens et al., 2014). This paper focuses on the importance of the nutritive value of grasses and legumes for beef production systems, with emphasis on the less investigated potential of temperate legumes to accumulate significant levels of readily digestible carbohydrates in their shoots when grown under irrigation in semi-arid temperate climates.



PLANT CARBOHYDRATES

The structural or cell wall fraction of forages is a biologically complex entity representing the incompletely digestible fraction of forages, comprising the carbohydrates cellulose, hemicellulose, pectic substances, galactans, and ß-glucans (Table 1), plus the phenolic macromolecule lignin. The hemicellulose-lignin-cellulose, or neutral detergent fiber fraction (NDF) of cell walls, is insoluble in neutral detergent solution, and the lignin-cellulose, or acid detergent fiber (ADF) fraction is insoluble in acid detergent solution, chemicals commonly used for in vitro analysis of forages (Van Soest, 1994). In contrast, the non-structural or cell contents fraction of plant material comprises the carbohydrates starch, sugars (water soluble carbohydrates; WSC), organic acids (OA) and fructans (Table 1), plus lipids, proteins and nucleic acids, and is soluble in neutral detergent solution (Van Soest, 1994; Hall et al., 1999). Pectins, galactans and ß glucans are located in the cell wall and are considered structural carbohydrates but are soluble in neutral detergent solution and readily digestible by rumen microbes. They are therefore included in non-fiber carbohydrates (NFC) along with starch, WSC, OA, and fructans (Table 1). The components of the neutral detergent-soluble or NFC fraction of forages are the basis for another important nutritive value characteristic of feeds, total digestible nutrients (TDN), a metric that summarizes the energy value of ruminant feeds required for the production of milk and meat (Van Soest, 1994). High-quality forages grazed by cattle often have excessive protein but insufficient energy. When this occurs, amino acids are deaminated and used for energy, resulting in significant N losses to the environment (Satter and Roffler, 1975; Haynes and Williams, 1993). Therefore, identifying growth conditions that increase the energy value of forages and balance the ratio of energy to protein in forages will allow greater efficiencies and ruminant productivity while reducing the environmental impacts of livestock production systems without adding costly inputs.


Table 1. Structural (cell wall) and non-structural (cell contents) carbohydrate components of forages.
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NON-FIBER CARBOHYDRATES AND RUMINANT NUTRITION

The diverse group of carbohydrates accumulated in the shoots of forage plants are chemically and nutritionally complex (Hall et al., 1999). We will distinguish the readily digestible NFC carbohydrates from slowly digestible cellulose and hemicellulose, or NDF. Some authors refer to NFC by the more technical term neutral detergent-soluble carbohydrates (NDSC) (Hall et al., 1999). We will refer to the subset of NFC found in the cell wall (galactans, pectins and ß glucans) as neutral detergent-soluble fiber or NDSF (Table 1) (Hall et al., 1999).

In grains, the NFC fraction is dominated by starch (e.g., 70%), with levels of NDSF as low as 6–10%, whereas NDSF predominates in soybean hulls, beet pulp, citrus pulp, and pasture forbs including legumes (Hall, 2000). While the concentration of pectin in alfalfa cell walls is reported to range from 100 to 200 g kg−1 in stems and from 250 to 300 g kg−1 in leaves (Hatfield and Weimer, 1995), the pectin concentrations of grasses is typically only 10 g kg−1 DM (Hatfield et al., 1999). Pectins are complex polysaccharides that include galacturonic acid, arabinose, galactose, xylose, rhamnose, glucuronic acid, and fucose (Van Soest, 1994) and are a dominant fraction of NDSF. Preliminary analyses suggest that the pectin component of NFC varies in response to growth environment (MacAdam, 2019). Compared with the NFC totals of 42% in leaves and 13% in stems of New York-grown alfalfa (Hall et al., 1999), the total NFC concentrations in the leaves and stems of alfalfa grown in the Mountain West were 42 and 37%, respectively, with as much as 20% of the dry matter (DM) of both leaves and stems estimated to be pectins (MacAdam, 2019).

Few studies of forages report NFC concentrations, but focus instead on the concentration of starch and WSC, which ferment rapidly to lactic acid in the rumen, lowering the pH (Strobel and Russell, 1986; Ben-Ghedalia et al., 1989). In contrast, the fermentation of pectin, a dominant component of the NDSF fraction of dried citrus and beet pulps, results in a high ratio of acetate to propionate plus little or no lactate, and thus pectin fermentation does not lower rumen pH (Hall et al., 1998; Hall, 2000). Fermentation of the NFC fraction of forages begins rapidly and proceeds at greater rates than the fermentation of the NDF fraction (Titgemeyer et al., 1992; Hall et al., 1998; Arthington et al., 2002) with the added benefit that increments in the concentration of NFC in legumes promotes a glucogenic fermentation and enhances microbial N synthesis in the rumen (Berthiaume et al., 2010).

Non-fiber carbohydrates are ~98% digestible (Van Soest, 1967), but components vary in their fermentation and digestion characteristics and thus in the profile of metabolizable nutrients that they provide (Leiva et al., 2000). For instance, ruminal fermentation of NDSF such as pectic substances is extensive (Titgemeyer et al., 1992) and rapid (Hatfield and Weimer, 1995) although fermentation of pectin slows if rumen pH decreases, while fermentation of starch and sucrose continues, lowering rumen pH even further (Strobel and Russell, 1986). The metabolizable nutrients produced in the rumen by sugars and starch are enriched in propionate, which is converted to glucose in the liver, whereas those produced by NDSF are enriched in acetate, which is lipogenic (Hall, 2000). Pectin ferments more rapidly in the rumen than starch, so pectin-rich diets result in less microbial production per unit of carbohydrate digested than starch-rich diets. Dairy diets enriched in pectins resulted in greater milk fat while diets enriched in starch resulted in greater milk protein, either because pectin is digested more rapidly than starch, thereby yielding less microbial protein, or because a greater proportion of absorbed protein is utilized for glucose production in pectin-rich diets (Leiva et al., 2000).

Neutral detergent-soluble fiber can represent a key source of energy in beef and sheep finishing diets as well as in dairy cow diets (Leiva et al., 2000; Caparra et al., 2007; Favarola et al., 2016), with fewer negative effects on rumen fermentation (e.g., reduction of ruminal pH) than starch-rich diets (Bampidis and Robinson, 2006). Nevertheless, diets with high NDSF may yield less metabolizable protein than those containing greater amounts of starch (Rosendo et al., 1999), although other studies have observed improved microbial synthesis (Zhao et al., 2013) and flow of microbial crude protein (CP) to the small intestine (Huhtanen, 1988), with reductions in urinary N excretion (Gressley and Armentano, 2005) and improved animal performance (Kim et al., 2007) in response to supplemental NDSF. Legume forages are enriched in protein, so diets with elevated NDSF from legumes would contain sufficient metabolizable protein to complement the energy supplied by the NDSF fraction. While NDSF is almost entirely digestible by rumen microbes, the rumen digestibility of the NDF in feeds varies enormously, ranging from 13% for peanut hulls to 78% for soybean meal (Varga and Hoover, 1983). Almost all the information available on NDSF is derived from studies that use products rich in this fraction (such as beet pulp) added to feedlot rations.

A significant gap in knowledge exists regarding the influence of NDSF on the nutrition of grazing livestock or the agroecological variables that impact the concentration of this fraction in forages, despite the fact that increasing the use of legumes with elevated NDSF and reducing the use of starch-rich concentrates would enhance the sustainability of forage-based livestock production systems. A particular benefit of NFC in forages over grain is reduced competition for grain in beef production systems. Such a benefit is already being recognized in dairy systems; Münnich et al. (2018) calculated that substituting beet pulp (a source of NDSF) for maize grain in one-third of a Simmental dairy cow diet on a dry matter (DM) basis reduced human-edible food use by about 37% while increasing fiber digestibility.


Effect of Neutral Detergent-Soluble Carbohydrates on Performance of Beef Cattle

While it is known that the amount and composition of NFC fractions of ruminant diets serve a different function from structural carbohydrates, study of the NFC fraction of forages has largely been limited to WSC or starch and not on the effects of other fractions such as NDSF on rumen function. However, it has been demonstrated that differences in dietary starch and pectin result in differences in protein and fat production in ruminants. It has also been demonstrated that digestion of NDF decreases when forage diets are supplemented with either starch or pectin at high levels, likely due to a decrease in pH below 6.2 and competition for N between NFC- and NDF-digesting microorganisms (Cameron et al., 1991; Grant and Mertens, 1992).

Newly developed grass cultivars, such as high-sugar ryegrass varieties, have been bred for greater contents of WSC to increase the supply of energy to the rumen and the synchrony of energy with CP to increase the efficiency of N use in pasture-based systems (Edwards et al., 2007). When the effects of different levels of the water-soluble carbohydrate component of NFC in perennial ryegrass (Lolium perenne L.) on rumen metabolism and N absorption were investigated with grazing Hereford × Friesian steers, Lee et al. (2002) reported that DM intake increased for cattle grazing high-sugar perennial ryegrass, contributing to higher flows of non-ammonia N to the duodenum, and increased the absorption of amino acids from the small intestine. Conversely, in a study conducted with ruminally cannulated Holstein–Friesian steers, the addition of sucrose to diets based on grass silage at 90 g/kg DM only tended to increase OM digestion in the rumen, but did not affect intake or digestion of NDF organic matter (Owens et al., 2008).

The majority of the work that investigated the effects of NFC on the digestion efficiency and performance of beef cattle was performed by direct supplementation with carbohydrates rather than by employing forages containing varying types and concentrations of NFC. Feeding supplemental NFC, in particular at high rates, without providing additional rumen-degradable protein in diets, may potentially hinder forage fiber digestion (Arroquy et al., 2004). Most studies suggest that the efficiency of NFC supplementation may be optimized by providing supplemental rumen-degradable protein in conjuction with NFC in diets (Heldt et al., 1999).

Overall, increases in the concentration of NFC to levels commonly used in total mixed rations positively affects animal performance. For instance, Ramos-Aviña et al. (2018) reported higher average daily gain of Holstein steers fed diets containing high concentrations of NFC in an indoor feeding study, without affecting DM intake. Nevertheless, there is a paucity of information on the effect of the NDSF fraction of forages on animal performance and in particular, on meat quality. The majority of the studies that investigated the effects of NDSF used either citrus pulp or beet pulp as the main source, while only a few studies compared forages containing different amounts of these carbohydrates. Use of citrus pulp, a byproduct with high contents of NDSF, has been associated with positive effects on ruminal fermentation (Pinzon and Wing, 1976), fiber digestion (Miron et al., 2002), and microbial protein synthesis (Ariza et al., 2001). Supplementation of beef cattle that were fed a tropical grass-based diet (Cynodon nlemfuensis Vanderyst) with increasing amounts of pelleted citrus pulp had a positive effect on digestibility of total diet dry matter and organic matter owing to greater NDSF content (predominantly pectins) (Villarreal et al., 2006). Huhtanen (1988) also reported greater rumen and total track digestibility of NDF when cannulated cattle were fed beet pulp-containing diets as compared to barley-based (high starch) diets. In a study that compared the effects of starch from cereals with isoenergetic diets containing soluble fiber from beet pulp as 50% of the diet DM on the fattening characteristics of Belgian Blue, Limousin and Aberdeen Angus cattle, no diet effect was found on animal performance, DM intake, or meat quality (Cuvelier et al., 2006). In a comparison of the digestion of isonitrogenous diets in sheep supplemented with either pectin or starch, Ben-Ghedalia et al. (1989) found that rumen pH was significantly greater (6.42 vs. 6.18) and rumen ammonia concentration was significantly less (17 vs. 24 mg/100 mL) for pectin- vs. starch-supplemented sheep.



Effect of Non-fiber Carbohydrates on Meat Quality

MacAdam and Villalba (2015) reported that beef cattle grazing the perennial legume birdsfoot trefoil (Lotus corniculatus L.), with an NFC concentration of 40% of dry mass, had nearly twice the gain during finishing compared with beef cattle grazing grass pastures. Consumer sensory panels rated steaks from these high-NFC legume-finished cattle comparable to grain-finished cattle for tenderness and juiciness due to greater deposition of intramuscular fat, and steaks from both legume- and grain-finished cattle were preferred over steaks from grass-finished cattle (Chail et al., 2016). When the NFC concentrations of the grain and legume pasture diets in this study were compared, their concentrations were both about 40%, twice that of the grass pasture diet. When the NFC concentration of hay made from alfalfa and other perennial legumes grown in the Mountain West was measured, it ranged from 36 to 40% (Stewart et al., 2019) and 42 to 48% for the same legumes sampled in pastures (MacAdam, 2019). Therefore, NFC losses during field curing are ~5% of dry mass, and perennial legume hay has an NFC concentration more similar to corn silage or beet pulp (36 and 38%, respectively) than to conventional alfalfa hay (26%), based on numerous samples from commercial dairy farms located in the Central Valley of California (Getachew et al., 2004).

Acetate and propionate from rumen fermentation can both be directed to fat deposition in cattle, but propionate must first be converted to glucose in the liver, which is an energy-consuming process (Smith and Johnson, 2014). In young cattle, glucose is used preferentially for intramuscular fat accumulation (marbling), while acetate is used preferentially for subcutaneous (back) fat deposition (Smith and Crouse, 1984). However, as cattle mature, the use of acetate in marbling increases and the use of glucose decreases (Choi et al., 2014). Eight-month-old Angus steers on high-energy (70% ground corn) diets or lower-energy (corn silage) diets had similar DM intake, marbling, and Longissimus thoracis et lumborum cross-sectional area. However, the steers fed ground corn carried 30% more backfat at 18 months than the corn silage-fed steers (Smith and Crouse, 1984). Intramuscular fat deposition depends on a sufficient supply of energy, whether in the form of glucose or acetate, and excess energy will be accumulated as backfat, at least in Angus cattle (Smith and Johnson, 2014). These data suggest that increasing NFC in the form of pectins is more desirable than by increasing starch.

Corn grain is estimated to contain 6–10% NDSF, 0–5% sugars, and 70% starch; in contrast, citrus pulp and beet pulp typically contain about 30% NDSF, 10% sugars, and 1% starch on a dry matter basis (Hall, 2000). The perennial forage legumes cultivated under irrigation in the western US contain NFC concentrations similar to corn silage (35–45%), but starch and WSC concentrations were not elevated (MacAdam, 2019) and OA concentrations tend not to vary greatly, so elevated NFC in perennial legumes is thought to be due to greater pectin concentrations. In ruminant studies where dietary starch was replaced by beet pulp or citrus pulp, both rich in NDSF, the resulting blood glucose of dairy cows (Belibasakis and Tsirgogianni, 1996; Münnich et al., 2018) and lambs (Bhattacharya and Harb, 1973; Sharif et al., 2018) was unaffected.




ENVIRONMENTAL BENEFITS OF NON-FIBER CARBOHYDRATES

In addition to reducing the use of grain in ruminant diets, the use of forages with elevated NFC, such as perennial legumes cultivated in the Mountain West, will benefit the environment by increasing ruminant production efficiency relative to cattle fed forages with lower NFC concentrations (Figure 2). In a study of ewes (Barrios-Urdaneta et al., 2003) where 85% of the diet dry matter consisted of barley grain or dried citrus pulp, the citrus pulp diet significantly reduced excretion of nitrogen in the urine, but feces nitrogen excretion was unchanged. Forages are typically high in rumen-degradable protein but low in non-structural carbohydrates, causing rumen microbes to use protein as an energy source and resulting in excess rumen ammonia ([image: image])-nitrogen (Satter and Roffler, 1975) and excretion of increased amounts of urea, the predominant nitrogen-containing compound in the urine. Excretion of excess nitrogen results in both a metabolic cost to the animal (Lobley and Milano, 1997) and increased environmental pollution. Urea is rapidly hydrolyzed to ammonia that is converted to nitrate ([image: image]) in the soil (Haynes and Williams, 1993), where it can be leached to groundwater and waterways (Leip et al., 2015). Large losses of [image: image] also occur by volatilization after urination, as well as losses of nitrous oxide during the denitrification process (Lee et al., 2014). Thus, providing feeds sufficiently high in NFC to match rumen-degradable protein concentration has been proposed as a potential management approach for reducing nitrogen losses (Dalley et al., 2017).


[image: Figure 2]
FIGURE 2. Factors that increase the NFC of alfalfa and other perennial legumes include harvesting in the afternoon rather than the morning, breeding for greater pectin concentration, and greater photosynthesis combined with reduced aerobic respiration. Relatively dry climates in which forages are grown under irrigation are exposed to long hot sunny days with more solar radiation and therefore produce more photosynthate than more humid environments, and lower relative humidity results in cool nighttime temperatures that reduce aerobic respiration. The reduced fiber and increased NFC concentration of these forages result in more rapid digestion and emptying of the rumen, leading to greater intake, and increased ruminant production of meat and milk. Increased NFC also results in better protein utilization, increased nitrogen retention, less nitrogen excretion, and reduced enteric emissions of methane and carbon dioxide.


In pasture-based production systems, feeding grass varieties containing elevated WSC, a subset of NFC, reduced nitrogen excretion in urine and feces by providing sufficient readily available (and synchronous) energy for microbial capture of digested grass protein to increase microbial protein synthesis (Miller et al., 2001; Ellis et al., 2012). High-sugar ryegrass, chicory, and plantain varieties have also been used in pasture systems to achieve such goal (Totty et al., 2013; Bryant et al., 2020; Wilson et al., 2020). The digestibility and composition of forages with greater NFC concentrations have a substantial impact on methane (CH4) production from ruminants through more rapid ruminal fermentation and passage rates per unit of feed (Figure 2) (Hindrichsen et al., 2005). Knapp et al. (2014) reported that a 5% increase in apparent total-tract NDF digestibility led to a 5% decrease in CH4 methane production per unit of energy-corrected milk due to greater yield of volatile fatty acids relative to increases in CH4, and increased milk yield.



FACTORS AFFECTING THE CONCENTRATION OF NFC IN FORAGES


Maturity

Plant maturity at the time of harvest is one of the primary factors decreasing nutritive value of forages in both grazed and conserved forage/livestock production systems, at least in humid environments. The nutritive value of forages declines with increasing plant maturity due to accummulation of structural carbohydrates (NDF) and an increasing stem-to-leaf ratio. In general, as alfalfa matures, the proportions of fiber, and lignin increase and the proportions of protein and NFC decrease (Martin et al., 2004). It should be noted that Martin et al. (2004), working in Wisconsin, report that “exceptional quality” alfalfa hay is expected to have an NFC concentration of 31.5%, while NFC concentrations of Mountain West alfalfa hay are routinely 36–39% (MacAdam and Yost, 2020). Yu et al. (2003), working in Saskatchewan, reported that the changes in carbohydrate fractions as plant maturity advanced were slight in alfalfa, and there were no changes in timothy grass (Phleum pratense L.). Similarly, alfalfa cultivated in the northern Mountain West maintained a constant NFC concentration of about 40% as it matured from the vegetative to the early bloom stage (MacAdam, 2020).



Defoliation

Harvest management of forages, in particular the defoliation time, frequency and intensity, affects plant regrowth, persistence, morphological structure, and chemical composition. Under frequent defoliation, either in the form of grazing or mechanical harvesting, pasture grasses produce smaller tillers but at higher density (Matthew et al., 1996). Therefore, non-structural carbohydrates of both harvested forage material and remaining stubble may be depleted by recurrent defoliation because the NFC stored in the stubble of plants provides energy for regrowth (Donaghy et al., 2008; Alderman et al., 2011). Overall, the water-soluble carbohydrate component of NFC is reduced in grasses as defoliation severity increases (Lee et al., 2008). Conversely, as defoliation interval increases, the nutritive value of grasses declines along with digestibility, but at varying rates depending on the grass species (Turner et al., 2006).

A number of studies reported substantial changes in chemical composition of winter annual small grains in relation to grazing and defoliation when used as supplementary off-season grazing as well as grain crops. Defoliation of such forages in early vegetative stages may have a positive effect on the nutritive value of the regrown forage material (Jacobs et al., 2009; Keles et al., 2013). Cazzato et al. (2012) reported that mechanical harvest of vegetative triticale in winter resulted in an increase in NDF but a decrease in lignin at the heading stage. Similarly, Jacobs et al. (2009) reported varying rates of increase in metabolizable energy and WSC concentrations of oat and barley varieties at silage harvest following two spring grazings at the tillering and stem elongation stages in a dual purpose management system. Ates et al. (2017) also reported that straw of spring-defoliated triticale, wheat and rye had less NDF and acid detergent fiber (ADF) but greater CP, NFC, and metabolizable energy concentrations than straw from undefoliated crops. However, Francia et al. (2006) reported no substantial changes in the nutritive value of oat or barley regrowths in relation to spring defoliation or grazing management in the Mediterranean region.



Breeding Programs

Extensive work has been devoted to improving the fiber digestibility of forage species to improve ruminant productivity. A number of breeding studies focused on increasing the NFC concentrations of forage grasses and legumes to develop varieties with high digestibility. In particular, increasing pectin concentration as the major component of NDSF in alfalfa (Medicago sativa L.) has been the focus of several breeding programs (Tecle et al., 2006), one resulting in a patent application for High Pectin Alfalfa (Hatfield et al., 2006). The patent application reported that the improved alfalfa had a pectin concentration consistently 2–3% greater than the control which resulted in an estimated increase of between 90 and 900 kg of milk per acre of alfalfa.



Sound

A recent study reported that plants increase nectar sugar concentration in response to pollinator sounds (Veits et al., 2019). Although no information was provided on NFC concentrations in the leaves of these plants, further studies may investigate effects of pollinator sounds on NFC concentrations in both grazed and conserved forages.



Photosynthesis

The NFC concentration of plants is affected by a wide range of environmental factors such as light and temperature. Photosynthesis responds to diurnal fluctuations in solar radiation, and affects the non-structural carbohydrate concentration of plants through accumulation of starch in leaves during the day that provides the energy for plant growth and maintenance processes. Consequently, greater concentrations of NFC in afternoon compared with morning harvests have been reported in pasture grasses and legumes. As the day progresses, the rate of carbon fixation progressively exceeds carbon export from leaves, and the benefit of greater concentrations of NFC in forages is therefore demonstrated by feeding alfalfa harvested in the afternoon compared with alfalfa harvested in the morning. Elevated NFC in afternoon-cut forage resulted in greater DMI and milk yield (Brito et al., 2008), nitrogen use efficiency (Berthiaume et al., 2010), and rumen bacterial protein synthesis (Brito et al., 2009). Feeding alfalfa genotypes with elevated NFC during continuous culture rumen fermentation likewise resulted in significant increments (+14%) in the synthesis of bacterial protein (Berthiaume et al., 2010). Thus, greater concentrations of readily accessible carbohydrates in the form of NDSF can enhance DM intake and rumen fermentable energy, which in turn improves ruminant performance and nitrogen utilization in beef cattle while reducing urinary nitrogen outputs (Figure 2).

Harvesting the grass timothy (Phleum pratense L.) in the afternoon as compared to the morning resulted in higher NFC, mainly sucrose concentrations, and decreased ADF and NDF concentrations (Bertrand et al., 2008). Similar results were obtained with a number of grass and legume species from a range of functional and structurual groups (Fisher et al., 1999, 2002; Griggs et al., 2005; Yari et al., 2014) that were harvested in the afternoon compared with the morning. Concentrations of non-structural carbohydrates, the cell contents subset of NFC, also vary depending on forage species and growth period (Pelletier et al., 2010). For instance, Owens et al. (1999) reported that starch accounted for most of the daily change in non-structural carbohydrates in fresh alfalfa, whereas in red clover (Trifolium pratense L.), quantitative increases in sugar and starch had an equal impact on non-structural carbohydrate concentration.

Management practices have been developed to take advantage of higher non-structural carbohydrates concentrations of pasture species in the afternoon. For instance, having a sufficiently high non-structural carbohydrates concentration is critical for successfully ensiling forages and the resultant silage quality, in particular for forages that are difficult to ensile such as alfalfa and red clover (Owens et al., 2002). Harvesting forages in the afternoon may improve the ensiling process by providing additional non-structural carbohydrates for the rapid growth of lactic acid-producing bacteria. This would in turn reduce DM losses, improve aerobic stability and reduce clostridial spoilage that occurs when lactic acid production occurs too slowly.

Livestock are able detect the difference in non-structural carbohydrates concentrations of plant species, and exhibit preference for forages harvested in the afternoon (Fisher et al., 1999). Similarly, allocating new pasture strips in the afternoon rather than morning has been reported to increase the milk yield of dairy cows (Orr et al., 2001) and liveweight gains of beef heifers (Gregorini et al., 2008).



Temperature and Altitude

Temperature has a strong influence on plant growth, development and chemical composition (Jung, 1989; Buxton, 1996). The increased lignification of individual plant cells and in particular reduced fiber digestibility at higher temperatures in both tropical and temperate forage species was consistently reported with the effect being less profound in tropical species in a number of studies (Akin et al., 1987; Wilson et al., 1991; Buxton and Fales, 1994). Extrapolating the research data from replicated studies, the negative effect of temperature on forage quality was also highlighted in a few recent review papers that forecasted decreasing forage digestibility due to rising global temperatures (Dumont et al., 2015; Lee et al., 2017; Ghahramani et al., 2019). Physiologically, lignin synthetic enzyme activities increase in plants as a reponse to increasing temperatures (Buxton and Fales, 1994), while higher proportions of non-structural carbohydrates are metabolized into structural carbohydrates (Deinum and Knoppers, 1979). Overall, lignification was reported to be more extensive in stem than leaf tissues (Wilson, 1983a) and plants generally produced smaller leaves at increasing temperatures, leading to reduced leaf-to-stem ratios, an increased cell wall fraction, and lower dry matter digestibility (Wilson and Minson, 1983). Ultimately, non-structural carbohydrate concentrations of forages even at comparable plant maturity stages were lower at high temperatures (Xu and Huang, 2000).

The nutritive value of forages grown at higher altitudes is understood to be superior to forages grown at lower altitudes (Old et al., 2018). However, the apparent effects of altitude are more likely related to cooler growing-season temperatures at high elevations. Plant aerobic respiration uses the carbohydrates synthesized by photosynthesis for plant growth and maintenance (MacAdam and Nelson, 2017) and aerobic respiration decreases with temperature, increasing the accumulation NFC. It would be challenging to design a study to separate the effects of altitude and temperature on irrigated, field-grown legumes. However, irrigated alfalfa grown in Utah at 1,200, 1,500, 1,800, and 2,100 m a.s.l. did not differ in NDF, NFC, or TDN, which averaged 31, 37, and 69%, respectively (MacAdam and Yost, 2020). Early lines of low-lignin lines of alfalfa grown at an altitude of 15 m. a.s.l. at Davis, CA averaged NDF, NFC or TDN concentrations of 29, 39, and 71%, respectively (Putnam et al., 2017). While dissimilar in altitude, the common element of climate in these locations is the 20°C difference in mid-summer day-night temperatures. Under irrigation, alfalfa thrives at in daytime temperatures above 30°C. while night time temperatures in the range of 10–15°C result in a reduction in root and shoot respiration (Atkin and Tjoelker, 2003) with no deleterious effect on alfalfa.



Water Availability

In general, the nutritive value of perennial forages growing under moderate water deficits tends to be greater than for forages grown under full irrigation (Wilson, 1982, 1983a,b), provided that the deficit was not severe and was initiated early in herbage growth (Buxton, 1996; Reddy et al., 2003). In contrast, long or extreme droughts inhibit tillering and branching, accelerate the death of tillers and senescence of leaves, and relocate protein, nitrogen, and NFC from leaves to roots, reducing the nutritive value of the forage (Buxton, 1996; Durand et al., 2010; Liu et al., 2018).

Under well-watered conditions, the nutritive value of alfalfa declines with maturation (Kalu and Fick, 1981), but mean maturity stage decreases with increasing water stress (Van Soest, 1994). Water deficits may directly reduce the rate of plant maturation (Wilson and Ng, 1975; Wilson, 1982; Buxton, 1996). However, Halim et al. (1989) demonstrated that increments in stem protein concentration and reductions in cellulose concentration in alfalfa stems and leaves under water stress were not fully accounted for by differences in plant maturity. These authors attributed improvements in forage quality to greater leaf-to-stem ratio in water-stressed plants, given that water stress has the greatest effect on reducing stem growth (Halim et al., 1989). Under moderate water restrictions, in vitro dry matter digestibility of alfalfa is greater and concentration of NDF is less under prolonged water deficits that reduce plant water potential than in control plants grown without a water deficit (Halim et al., 1989; Peterson et al., 1992). Research with other legumes like birdsfoot trefoil, sainfoin (Onobrychis viciifolia L.), red clover (Trifolium pratense L.) and cicer milkvetch (Astragalus cicer L.) show similar patterns in response to water stress to those described for alfalfa (Peterson et al., 1992; Küchenmeister et al., 2013), although alfalfa yields tend to be less affected by drought than other species. When these alternative legumes were droughted, they produced biomass with lower concentrations of ADF, NDF, and lignin than alfalfa, with birdsfoot trefoil and cicer milkvetch producing the highest quality forage (Peterson et al., 1992). Nevertheless, because of its superior yield and persistence under drought, it was concluded that alfalfa would produce more nutrients per unit of area than the alternative legumes (Peterson et al., 1992).

It has been hypothesized that cell wall development during relatively severe water stress may be inhibited because more carbon in labile forms, like the sugars fixed by photosynthesis, is needed for osmoregulatory purposes (Wilson, 1982). In support of this idea, the concentration of glucose in cell walls tends to decline whereas the concentration of structural sugars tends to increase in forages during dry compared with wet years (Albrecht et al., 1987), and the concentration of cell wall monosaccharides is more sensitive to plant environment than other cell wall components (Buxton et al., 1987).

This has been confirmed by more recent controlled environment studies showing increments in the concentration of WSC due to water stress in forages like birdsfoot trefoil, sainfoin, white clover and perennial ryegrass (Küchenmeister et al., 2013). An increase in the concentration of WSC in plants will reduce the water potential and maintain uptake of soil water under drought stress (Morgan, 1984; Nakayama et al., 2007), an osmotic adjustment mechanism triggered in response to drought (Da Costa and Huang, 2006). Crude protein concentration in legumes tends to increase with water deficit in stems, but it decreases in leaves (Halim et al., 1989). Increased leaf senescence with water stress and translocation of amino acids to other plant parts (including stems) could explain this pattern (Halim et al., 1989). As a result, however, the ratio of CP to WSC decreases in forages under drought (Liu et al., 2018), resulting in greater N retention and less urinary excretion by ruminants (Moorby et al., 2006). Greater WSC concentrations and lower cell wall concentrations also result in greater forage digestibility, leading to increased intake.

Labile forms of carbon for osmoregulatory purposes may not only include increments of WSC, which are just a fraction of the non-structural carbohydrates present in forages, but also increments in OA, starch, and/or the NDSF fraction. Despite these benefits, no critical research has been conducted to explore the influence of water deficit on NFC, and in particular on NDSF, a significant component of legumes cultivated in cooler, drier environments. Moderate water deficits increase the concentrations of NFC in legumes and in grass-legume mixes, leading to enhancements in digestibility, animal performance and product quality, while improving the balance between NH3-nitrogen and energy supply to the rumen. The latter increases nitrogen retention and reduces the excretion of urinary nitrogen to the environment (Figure 2).




CONCLUDING REMARKS AND FUTURE DIRECTIONS

Despite the aforementioned ability of forage legume shoots to accumulate NFC to levels comparable to corn silage or citrus pulp in dry, cool environments, and the potential benefits to ruminant meat and milk productivity, very little critical research has been conducted to explore the breeding potential or to define critical management practices and ecological conditions (i.e., climate, elevation, soil water status) that result in elevated concentrations of NFC in forages. There is particular value in studying the accumulation of pectins in legumes and non-leguminous forbs as a source of energy for rumen microbes equivalent to starch but without the risk of lowering rumen pH. We hypothesize that moderate water deficits and other conditions that increase the concentrations of NFC in legumes and in grass-legume mixes will enhance the kinetics of rumen fermentation and increase the digestibility of forages by improving the synchrony of energy and protein supply, with concomitant increased nitrogen retention, improved feed conversion efficiencies, reduced greenhouse gas emissions, and improved performance of ruminants (Figure 2). Defoliation in the afternoon rather than in the morning may contribute to increments in the concentration of NFC in all forages, and likely to increased pectin concentrations in legumes. Alfalfa has been successfully selected for greater pectin concentrations but no high-pectin cultivars have been released. Elevated photosynthetic rates combined with reduced aerobic respiration under irrigation in dry climates with long hot sunny days (maximizing solar radiation) results in the accumulation of more photosynthate than under humid environments, with the corollary of a better balance between the energy to protein ratio supplied to the rumen. Lower relative humidity typical of high altitudes results in cool nighttime temperatures that reduce aerobic respiration resulting in greater residual shoot NFC concentration and proportionally reduced fiber in legumes. Ecoregions with such characteristics should be identified so forage and ruminant producers can exploit these locations for the production and marketing of forages that enhance the productivity and sustainability of livestock production systems. Ruminal NH3-nitrogen concentration typically decreases as dietary NFC concentration increases (Lee et al., 2002) and increased availability of fermentable energy in the rumen stimulates microbial growth (Brito et al., 2009), which improves animal performance. We have demonstrated that forage NFC concentrations can be significantly increased, resulting in improvements in ruminant performance and reduced carbon and nitrogen footprints, particularly when grazing nitrogen-rich legumes (Lagrange et al., 2020), representing a win-win situation for ruminant production systems.
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