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Ruminants can convert feeds unsuitable and unpalatable for humans into milk and meat, and thereby play a key role in food security. Milk production efficiency is usually calculated as the ratio between nutrients secreted in milk and nutrient intake, but this metric does not address concerns about human/livestock feed competition. Our objective was to evaluate effects of diets composed of ecological leftovers (ECO; industrial by-products and feed produced on land unsuitable for human food production) on dairy cattle productivity compared with traditional diets used in the U.S. We also sought to estimate human-edible (HE) nutrient recovery rate (HE inputs vs. milk nutrients) in different scenarios: thrift (all potentially HE ingredients counted as such), choice (ingredients rarely consumed by humans considered not HE), and land use (land used for forage production could be used to grow corn and soybeans for direct human consumption). Experiment 1 evaluated effects of an ECO diet (ECO1), incorporating wheat straw and by-products, on performance of 12 mid-lactation cows in a crossover design with 20-d periods. Experiment 2 evaluated effects of a different ECO diet (ECO2), using winter crop forage and by-products with or without rumen-protected Lys and Met (ECO2-AA), on performance of 12 late-lactation cows in a 3 × 3 Latin square design with 21-d periods. Both ECO diets were compared to lactation diets typical in North America (CON). Although ECO1 decreased feed efficiency (milk yield ÷ feed intake), both feed intake and milk yield were maintained for primiparous cows. ECO1 increased the HE recovery of metabolizable energy (ME) and protein relative to CON1 across all food system scenarios. In Experiment 2, ECO diets significantly decreased feed intake and milk yield, and in the thrift scenario, recovery of ME and protein were worsened by ECO2. All diets resulted in a positive net recovery of HE digestible essential amino acids, and ECO diets further improved their recovery. In conclusion, several factors affect recovery of HE nutrients fed to dairy cows, including dietary composition, land use, and human food system assumptions. Depending on these factors, ECO diets can either improve or reduce the efficiency of converting HE nutrients from feeds into milk.
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INTRODUCTION

Growing world population, lack of arable land for agriculture expansion, energy demands (bio-fuels), and food waste may threaten global food security in coming decades. Food waste along the supply chain from the producer to the consumer is estimated at 40% in the U.S. (Hall et al., 2009; Guners, 2017). The world's population is expected to grow from 7.6 to 10 billion between 2017 and 2067 (United Nations, 2017) while the global demand for milk is expected to increase by 48% between 2005 and 2050 (Alexandratos and Bruinsma, 2012). In addition, global life expectancy (Zijdeman and Ribeira da Silva, 2014), adult height (NCD Risk Factor Collaboration, 2016), and body mass index (Finucane et al., 2011) have consistently increased over the years, thus affecting the overall maintenance nutrient requirements of the human population. A larger and wealthier global population will demand not only more food but also other goods and services that require land, water, energy, and minerals for their production. In the past 60 years, growth in demand for food has been met primarily by steady increases in agricultural productivity; however, there are worrying signs that productivity gains are leveling off. For instance, the global rate of yield increase of cereal crops has steadily declined—dropping from 3.2%/year in 1960 to 1.5% in 2000 (FAO Food Agriculture Organization of the United Nations, 2009). Thus, new agricultural technologies that can reinvigorate productivity gains and approaches to enhance agricultural/food system efficiency are considered critical to meeting global food security goals.

Studies have suggested that net food production could be increased by shifting crop production away from bioenergy, livestock feed, and other non-food applications (Foley et al., 2011). These authors estimated that shifting major crops directly to human consumption would add over a billion tons to global food production or the equivalent of 3 × 1015 kcal annually, a 49% increase (Foley et al., 2011). Food security concerns, though, extend beyond caloric needs of the growing world population; in fact, amino acids and vitamins are more likely to be limiting for global health than energy (Wu et al., 2014; Chaudhary et al., 2018). As animal-source foods are high in protein, they should not be evaluated primarily as energy sources. In addition to the high protein content found in animal-source foods, protein quality of beef and milk is 1.40–1.87 times greater than human-edible (HE) plant protein inputs used in the dairy industry (Ertl et al., 2016a). Furthermore, some scenarios do not evaluate best practices in assessing the contribution of livestock to the agricultural system. In applied animal nutrition, feed processing methods (Giuberti et al., 2014), genetic modifications (Ferraretto and Shaver, 2015), and metabolic modifiers (McGuffey, 2017) have been consistently used to improve feed efficiency in livestock.

Ruminant rations are composed of a diversity of feed ingredients, of which some could be used as food for humans. Mottet et al. (2018) estimated that only 4–5% of feed consumed by domestic ruminants globally is human-edible (HE), a much smaller share compared with feed consumed by monogastric livestock (83%). Both beef and dairy industries have a major impact on the food system because they can convert feeds unsuitable and unpalatable for humans into high-quality, protein-rich products (Tedeschi et al., 2015), with relatively high concentration and bioavailability of vitamin B12 (Matte et al., 2012). Feed efficiency of livestock is classically defined as the production of animal products (milk, meat, eggs, etc.) divided by the amount of feed ingested. An alternative measurement of feed efficiency in livestock is the calorie/protein retention proposed by Fry et al. (2018), which estimates the percentage from the total calorie and protein consumed by animals that is available for human consumption. These measurements, however, can be misleading because ruminants produce protein-rich meat and milk from fibrous feeds not suitable for many other species, including humans. Therefore, ruminants could be considered more efficient in terms of supporting the human food supply if they consume feeds unsuitable for human nutrition and do not displace human food production from arable land.

In contrast to ruminant systems that rely almost exclusively on grazing non-arable land, highly productive intensive ruminant systems such as those predominant in the U.S. utilize a greater proportion of HE grains and protein sources. Although intensive systems may decrease efficiency on a HE basis, they also enable the use of byproduct feeds in carefully balanced rations. North American dairy rations contain 20–30% by-product feedstuffs (Tricarico, 2016), and thus provide an important avenue for converting these materials into nutrient-dense foods for human consumption. Thus, use of by-product feeds in intensive systems can enhance efficiency in the overall food system. Despite the challenges of feeding by-products (i.e., risk of mycotoxin contamination, variation in nutrient composition between batches, etc.), studies have demonstrated that diets with relatively high proportions of by-products can maintain or even improve ruminant performance (Bradford and Mullins, 2012). Dairy cows fed by-products in place of cereals and pulses had similar dry matter intake (DMI) and milk yield compared with cows fed conventional diets, and the by-product diet increased the conversion ratio of undesirable food for humans into milk (Ertl et al., 2015). More recently, dairy goats fed a diet wherein the concentrate portion was comprised entirely of by-products exhibited improvements in N utilization and feed efficiency and produced less methane in comparison with a traditional diet containing corn and sunflower meal (Romero-Huelva et al., 2017). These experiments support the concept that feeding by-products to ruminants can decrease feed costs, improve the environmental sustainability of milk production (VandeHaar and St-Pierre, 2006), and support high levels of productivity, if utilized carefully (Bradford and Mullins, 2012). Furthermore, Schader et al. (2015) modeled a food system in which animals were fed zero human-edible feeds (grassland and by-products) and predicted reductions in greenhouse emissions, pesticide use intensity, freshwater use, soil erosion potential, and N- and P-surplus while providing enough food for the 2050 reference scenario from Alexandratos and Bruinsma (2012). Thus, feeding animals with ingredients not edible for human consumption likely has a positive impact not only on global food security, but also on the environment.

Feeding animals with resources not suitable for human consumption, such as by-products and grass from marginal land unsuited for crop production, is referred to as producing livestock on “ecological leftovers” (ECO; Garnett, 2009). The ECO concept follows a set of normative principles including (1) arable land should primarily be designated to plant-based food for humans, (2) animals should be fed biomass unwanted by or unsuitable for humans, and (3) semi-natural grassland should be used for livestock, if grazing can be justified by reasons other than meat and milk production (e.g., biodiversity or soil conservation). Although there are many studies evaluating the replacement of cereals and pulses with by-products in ruminant diets, the literature lacks data evaluating the effects of full ECO diets on dairy cow performance and HE nutrient recovery. The objective of this study was to evaluate impacts of different ECO diets on performance of mid- and late-lactation Holstein cows compared with a conventional diet used in the U.S.; we hypothesized that cows fed carefully-formulated ECO diets would maintain similar milk production while improving HE nutrient recovery (amount HE nutrients recovered per HE nutrients fed). Furthermore, we provide an alternative approach to estimating HE nutrient recovery rate for dairy cows.



MATERIALS AND METHODS

Two experiments were carried out between March and May 2015 (Experiment 1) and March and May 2017 (Experiment 2) at the Dairy Teaching and Research Center of Kansas State University (KSU), under the approval of the KSU Institutional Animal Care and Use Committee. In both experiments, cows were housed in a tie-stall barn containing rubber beds covered with wood shavings, and individual feed bunks and waterers.


Experiment 1

Twelve dairy cows (six primiparous and six multiparous) after peak lactation (154 ± 20 days post-partum and 42.6 ± 5.4 kg/d milk yield at the start of experiment) were randomly assigned to treatment sequence (within parity) in a crossover design. Periods lasted 20 d; the first 17 d allowed for diet adaptation and d 18–20 were used for data collection and sampling. Treatments were a conventional diet containing 31% by-product feeds (CON1) or a diet with 95% by-product feeds (ECO1; Table 1). Cows were fed diets twice daily as total mixed rations (TMR) for ad libitum intake. Feedstuff and TMR samples were collected, composited, and analyzed for chemical composition (Table 2) using wet chemistry methods by the Dairy One Forage Laboratory (Ithaca, NY), including dry matter (method 930.15, AOAC), ash (method 942.05, AOAC), crude fat (ether extraction method 2003.05, AOAC), acid detergent fiber (method 973.18, AOAC), neutral detergent fiber (NDF) adding sodium sulfite and alpha-amylase to the detergent (Van Soest et al., 1991), and crude protein [CP; methods 990.03 (animal feed) and 992.23 (cereal grain), AOAC]. Net energy of lactation was calculated according to the National Research Council (2001) and non-fiber carbohydrate (NFC) was calculated as: NFC = 100 – (ash-free NDF% + CP% + crude fat% + ash%). Total mixed ration samples were assessed for particle size distribution (Heinrichs and Kononoff, 2013).


Table 1. Ingredients and chemical composition of diets provided in Experiment 1.
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Table 2. Chemical composition of feeds used in Experiment 1 (% of DM, otherwise stated).
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Feed and refusals were weighed daily to calculate DMI over each sampling period. On d 20, blood samples were collected from coccygeal vessels into evacuated tubes (6 mL K3EDTA Vacutainer tubes; Becton Dickinson, Franklin Lakes, NJ) before the morning feeding and analyzed for plasma glucose concentration by a colorimetric kit (kit #439–90901; Wako Chemicals USA Inc., Richmond, VA), and plasma insulin concentration by a bovine-specific sandwich ELISA (#10–1201–01; Mercodia AB, Uppsala, Sweden). Absorbance was measured on a spectrophotometer (PowerWave XS; BioTek Instruments Inc., Winooski, VT) and calculations were performed using Gen5 software (BioTek Instruments Inc.).

Cows were milked thrice daily, and milk samples were collected on the last 3 days of each experimental period at nine consecutive milkings in plastic vials with preservative (Microtabs II, Advanced Instruments, Norwood, MA) and analyzed by DHIA Laboratories (Manhattan, KS) for milk fat, true protein, lactose, and urea N concentrations as well as somatic cell count (SCC) as described in Ylioja et al. (2018). Somatic cell linear score (SCLS) was calculated as: SCLS = log2 (SCC/100) + 3 (Shook, 1993). Body weight and body condition score were recorded at the beginning and end of each period (Wildman et al., 1982).

Data were submitted to analysis of variance using the MIXED procedure of SAS 9.4 (SAS Institute, Cary, NC) to account for the fixed effects of diet, parity, and their interaction, as well as the random effects of cow and period. Residual normality was verified. When diet by parity interaction was significant, differences among least square means were analyzed using the Tukey option. Significance was declared at P ≤ 0.05 and tendencies at 0.05 < P ≤ 0.10. One primiparous cow was removed from analysis due to refusal to consume the ECO1 diet.



Experiment 2

Twelve second lactation dairy cows (231 ± 40 days post-partum and 34.4 ± 7.2 kg/d milk yield at the start of the experiment) were assigned to a 3 × 3 Latin square design experiment balanced for carryover effects. Adaptation to diets was allowed for 17 d and 4 d were used for data collection and sampling. Cows were blocked (n = 4) according to fat-corrected milk yield and days in milk, and randomly assigned to treatment sequence within block. Treatments (Table 3) were: (1) a conventional TMR for lactating cows (CON2) containing 25.7% by-product feeds; (2) a TMR comprised entirely of ECO feedstuffs (ECO2); and (3) ECO2 with top-dressed rumen-protected lysine and methionine [ECO2-AA; 77 g/d AjiPro-L (Ajinomoto, Chicago, IL) and 45 g/d MetaSmart (Adisseo, Antony, France)]. Cows were milked and fed twice daily (0530 and 1,600 h). The CON2 TMR was mixed before the morning feeding in a horizontal mixer wagon, whereas ECO2 TMR was prepared before the afternoon feeding in a stationary horizontal mixer. Spent coffee grounds were acquired from three coffee shops every other day and stored in plastic buckets at room temperature until mixed with other feeds. Amino acids were top-dressed and mixed into the top 2/3 of the TMR for each cow at both feedings for ECO2-AA. CON2 was formulated according to the National Research Council (2001). ECO2 and ECO2-AA were formulated using Formulate2 (Diet Formulation Systems LCC, Visalia, CA) based on the National Research Council (2001) model and requirements. Chemical composition of feeds is shown in Table 4.


Table 3. Ingredient, chemical composition, and particle size distribution of diets provided in Experiment 2.

[image: Table 3]


Table 4. Chemical composition of feeds used in Experiment 2 (% of DM unless otherwise labeled).
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Feed and refusals were weighed daily, and feeding rates targeted 10–15% refusals. During the last 4 d of each period, TMR samples were collected to assess particle size distribution and chemical composition as described earlier. Milk samples were collected during every milking of the last 4 d of each period, and analyzed by MQT Lab Services (Kansas City, MO) using the same methods described in Experiment 1. Body weight and body condition score were recorded at the start and end of each period.

Analysis of variance was performed using the Mixed procedure of SAS 9.4 (SAS Institute) in a model including the fixed effects of diet and block and the random effects of period and cow within block. Normality of residuals was verified. Differences among least square means were evaluated using the Tukey option. Significance was declared at P ≤ 0.05 and tendencies at 0.05 < P ≤ 0.10.


Human-Edible Nutrient Recovery Calculations

Maximum HE ME and protein contents of cattle diets were estimated based on sugar, starch, true protein, and fat concentrations in corn grain (including grain in silage), hominy feed, soybean meal products, wheat middlings, and molasses. Other feedstuffs were considered unsuitable for human consumption (such as spent coffee grounds). Metabolizable energy content of feeds and milk were calculated based on Atwater calorie factors (Atwater and Bryant, 1900): 4 kcal/g of starch or sugar, 9 kcal/g of fat, and 4 kcal/g of protein (Table 5). Corn silage was considered to contain 45.0% corn grain (DM basis), and the corn grain was assumed to contain 66% starch and 9.5% protein (DM basis), and 50% moisture. Soybean meal product (Soy Best, Grain States Soya Inc., West Point, NE) was estimated to contain 6.6% fat (DM basis), 49% protein (DM basis), and 11% moisture. Hominy feed and wheat middlings nutrient values were retrieved from the National Research Council (2001). We calculated HE nutrient recovery in milk in three scenarios; the first considered hominy feed and wheat middlings suitable for human consumption (thrift scenario), the second considered hominy feed and wheat middlings as unlikely to be consumed by humans (choice scenario), and the third was similar to the thrift scenario but considered that the land used for alfalfa hay production could be used to grow soybeans and corn (land use scenario).


Table 5. Human-edible (HE) nutrient values used for calculations (DM basis; g/kg unless otherwise labeled)a.
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For the land use scenario, a blend of corn and dehulled soybeans (82 and 18% on DM basis, respectively) offering a ME:protein ration similar to milk (21.8 kcal/g protein; 3.5% fat, 3.2% protein, and 4.8% lactose) was evaluated in place of alfalfa. Thus, one hectare used for alfalfa hay production could be used to grow 0.57 ha of corn and 0.43 ha of soybeans. The annual yields (on DM basis) of alfalfa hay (7,263 kg/ha), corn (7,125 kg/ha), and soybeans (2,240 kg/ha), retrieved from Kansas 2017 Annual Crop Production Summary (Bounds, 2018), were used to determine the potential HE ME and protein displaced by alfalfa hay production. Soybean yield was discounted 7.3% (Perkins, 1995) to account for inedibility of hulls. Employing these assumptions, the displaced HE nutrient potential of alfalfa hay was estimated at 9.63 MJ/kg and 103 g protein/kg alfalfa.

To account for amino acid recovery, we estimated the HE digestible amino acid inputs and outputs using the feed total amino acid content and standardized ileal digestibility (SID) values from the National Research Council (2012) ingredient library, with the exception of milk values that we retrieved from INRA-CIRAD-AFZ (2002). Standardized ileal digestibility of amino acids in pigs can be used when values in humans are not available (FAO, 2013). Recoveries of HE nutrients in milk were calculated as the ratio between nutrients secreted in milk and the corresponding HE nutrient intake by cattle, where a value of 2 would indicate that for every HE unit (energy, protein, or amino acid) the cow consumes, she would secrete 2 units in milk. Detailed calculations for HE nutrient displacement by alfalfa, HE SID content of feeds, and HE nutrient recovery can be found in Supplementary Material.





RESULTS


Experiment 1

Cows fed ECO1 had decreased feed efficiency in terms of milk yield (P = 0.025) per kg of DMI compared with CON1 (Table 6). Feeding ECO1 instead of CON1 to cows also reduced yields of milk fat (P = 0.001) and milk protein (P = 0.020) and tended to decrease (P = 0.084) lactose yield. On the other hand, ECO1 reduced (P < 0.001) milk urea N concentration and increased (P < 0.01) blood glucose concentration compared with CON1. As expected, primiparous cows had lesser (P ≤ 0.001) DMI, SCLS, and body weights compared to multiparous cows. The effect of diet on milk yield differed by parity, where the ECO1 diet decreased milk yield (interaction P = 0.045) only in multiparous cows.


Table 6. Performance and blood plasma metabolites of mid-lactation cows fed a conventional lactation diet or a by-product-based diet (Experiment 1).
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In all three calculated scenarios, the ECO1 diet decreased (P < 0.01, Table 7) HE ME inputs by 27–119 MJ/d and HE protein inputs by 0.37–1.53 kg/d compared with CON1 diet. In the choice scenario, HE inputs differed by parity for the CON1 diet only, with multiparous cows consuming more than primiparous. However, the overall effects of diet were similar in magnitude; ECO1 had 90% lower ME inputs and 95% lower HE protein inputs than CON1. The land use scenario had outcomes similar to the thrift scenario, although CON1 HE input values for ME and protein were greater than in the thrift scenario so that reductions in HE inputs with ECO1 were even greater. In all food system scenarios, cows fed ECO1 had greater HE ME and protein recoveries than those fed CON1 (P < 0.01), although the magnitude of the difference varied greatly based on the scenario (Figure 1). For thrift scenario and land use scenarios, recoveries of HE energy and protein were 0.6–0.94 for CON1 and increased by 5–50% for ECO1. However, for choice scenario ECO1 increased recoveries of energy and protein by 700–2,000%. Human-edible digestible amino acid recoveries were analyzed in the choice scenario. Cows fed the ECO1 diet had greater (P < 0.01) recoveries of all amino acids evaluated in this study (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, Val, Cys, and Tyr; Table 8).


Table 7. Human-edible (HE) nutrient inputs and outputs of mid-lactation cows fed a conventional lactation diet or a by-product-based diet (Experiment 1).
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FIGURE 1. Human-edible (HE) metabolizable energy (left panels) and protein (right panels) conversion rate of mid-lactation cows fed a conventional lactation diet or a co-product-based diet (Experiment 1) in a thrift scenario (A,B), a choice scenario (C,D), or a land use scenario (E,F). A recovery value of 2 would indicate that for every HE unit (either MJ or protein) the cow consumes, she would produce 2 HE unit in milk. Thrift scenario considered that hominy feed and wheat middlings were edible by humans, whereas choice scenario considered that hominy feed and wheat middlings were not edible by humans. Land use scenario calculations were made based on thrift scenario with additional consideration that the land used for alfalfa production could have been used to grow corn and soybeans for direct human consumption. Treatments: conventional lactation TMR (CON1), containing 31% by-product feeds; and TMR composed of ecological leftover feedstuff (ECO1), containing 95% by-product feeds. Letters above columns describe treatment by parity differences (P < 0.05; Tukey's Honestly Significant Difference test). Error bars are SE.



Table 8. Human-edible (HE) digestible amino acid recovery (g output/g input) in milk of mid-lactation cows fed a conventional lactation diet or a by-product-based diet (Experiment 1, Choice Scenario).
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Experiment 2

Cows fed ECO2 or ECO2-AA diets consumed less DM (P < 0.01) compared with those fed CON2 (Table 9). ECO2 and ECO2-AA likewise decreased (P < 0.01) milk yield of cows. Feed efficiency (milk yield ÷ DMI) was similar between cows fed CON2 and ECO2 but was reduced (P = 0.02) when cows were fed ECO2-AA. In general, ECO2 and ECO2-AA diets reduced the production of milk fat, protein, and lactose. Cows fed ECO2 diets also had greater (P < 0.01) SCLS relative to those fed the CON2 diet.


Table 9. Performance of late-lactating cows fed a conventional lactation diet or by-product-based diets (Experiment 2).
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Feeding cows with ECO2 and ECO2-AA diets reduced (P < 0.01) outputs of HE ME and protein in milk in comparison with CON2 diet (Table 10). In the thrift scenario, ECO2 diets had no effect on HE ME inputs, and they increased (P < 0.01) HE protein input. In the choice scenario, cows fed ECO2 diets had lesser (P < 0.01) HE ME and protein inputs compared with those fed CON2 diet. In the land use scenario, cows fed ECO2 diets had lesser (P < 0.01) HE ME input but did not affect HE protein inputs. Recovery of HE ME and protein in milk were decreased (−30 and −40% on average, respectively; P < 0.01) by ECO2 diets under the thrift scenario (Figures 2A,B). On the other hand, in choice scenario (Figures 2C,D) ECO2 diets improved (P < 0.01) the recovery of HE ME and protein in comparison with CON2 diet. In the land use scenario (Figures 2E,F), recovery of HE ME was not affected by diets and recovery of HE protein was worsened (P < 0.01) by ECO2 diets. In the choice scenario, HE ME and HE protein recoveries increased by 360 and 950%, respectively. Similar to observations in Experiment 1, ECO2 diets in a choice scenario improved (P < 0.01) the recovery of all amino acids evaluated (Table 11), with no detectable differences between ECO2 and ECO2-AA.


Table 10. Human-edible (HE) nutrients inputs and outputs of late-lactation cows fed a conventional lactation diet or by-product-based diets (Experiment 2).
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FIGURE 2. Human-edible (HE) metabolizable energy (top panels) and protein (bottom panels) conversion rate of mid-lactation cows fed a conventional lactation diet or a co-product-based diet (Experiment 2) in a thrift scenario (A,B), in a choice scenario (C,D), or in a land use scenario (E,F), where a recovery value of 2 would indicate that for every HE unit (either MJ ME or protein) the cow consumes, she would produce 2 HE unit in milk. Thrift scenario considered that hominy feed and wheat middlings were edible by humans, whereas choice scenario considered that hominy feed and wheat middlings were not edible by humans. Land use scenario calculations were made based on thrift scenario with additional consideration that the land used for alfalfa production could be used to grow corn and soybeans for direct human consumption. Conventional lactation TMR (CON2), co-product feeds; TMR composed of ecological leftover feedstuff (ECO2); and ECO2 with top-dressed rumen-protected amino acids [ECO2-AA; 77 g/d AjiPro-L (Ajinomoto, Chicago, IL) and 45 g/d MetaSmart (Adisseo, Antony, France)]. ME stands for metabolizable energy. Letters above columns describe treatment differences (P < 0.05; Tukey's Honestly Significant Difference test). Error bars are SE.



Table 11. Human-edible (HE) digestible essential amino acid recovery (g output/g input) in milk of mid-lactation cows fed a conventional lactation diet or by-product-based diets (Experiment 2, Choice Scenario).
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DISCUSSION


Dairy Cattle Productivity

The hypothesis of the current study was that cows fed ECO diets would maintain milk production while improving the HE nutrient conversion rate by dairy cows. Neither ECO1 nor ECO2 strategies were able to maintain equivalent milk yield in all cows. Furthermore, this study showed evidence that a dairy cow diet composed of by-products does not necessarily improve the HE nutrient conversion rate in dairy cows, as the outcome is dependent on parity, feed ingredients, and assumptions made in calculating the value of feed ingredients for human consumption.

In Experiment 1, cows had similar DMI across diets, but the ECO1 treatment decreased milk yield in multiparous cows and reduced overall feed efficiency in all cows, regardless of parity. Decreased milk yield might be attributed to decreased nutrient digestibility for ECO1 compared with CON1. Replacing alfalfa with wheat straw (on forage NDF basis) in diets of lactating cows decreased fiber digestibility, milk yield, and milk fat content (Poore et al., 1991). Anderson and Hoffman (2014) reported that wheat straw NDF digestibility (48 h in vitro) may range from 21 to 49% (39.0% average) whereas corn silage and alfalfa hay fiber digestibility ranges from 58 to 67% (Ivan et al., 2005) and 50 to 56% (Sulc et al., 2016), respectively. Oba and Allen (1999) summarized data from several experiments to determine the influence of fiber digestibility among forages with similar fiber and crude protein content on dairy cow performance. These authors reported that a one-unit increase in forage fiber digestibility was associated with a 0.17 kg/day increase in DM intake and a 0.25 kg/day increase in fat-corrected milk yield. High-productivity dairy cattle systems are generally based on dedicated production of highly digestible forages, and this represents a significant challenge in attempting to avoid displacing arable land from human food crop production.

The responses to ECO1 differed by parity, and this interaction provides some insights into the likely cause of the decline in milk yield when feeding ECO diets. Multiparous cows produce more milk and thus have greater nutrient requirements than primiparous cows, and in this parity group, ECO1 apparently failed to provide adequate nutrients (either from poor digestibility or an imbalance in nutrient profile) to maintain the high level of milk production. On the other hand, primiparous cows, which produce more moderate yields, maintained productivity when fed ECO1. Not surprisingly, cows with greater levels of productivity are less flexible in terms of diet formulation.

As in the current study, Karlsson et al. (2018) reported similar DMI and a marginal decrease (32.1 vs. 30.8 kg/d, P = 0.06) in milk yield when replacing cereal grains and soybean meal with sugar beet pulp and distillers' grains. In contrast, Pang et al. (2018) fed cows a diet composed of grass silage with either a by-product or grain concentrate and found a trend for decreased DMI (P = 0.06) for the group fed the by-product concentrate with no differences in milk yield. Co-products often provide less rumen-degradable protein and more rumen undegradable protein in comparison with the original feed (Bradford and Carpenter, 2017). Moreover, feeds that are excessively heated may exhibit relatively high concentrations of Maillard products, thus decreasing protein digestibility. Although not explored in Experiment 1, the formulation software highlighted a possible Met deficiency for dairy cows fed ECO1 (estimated supply of 55 g/d intestinally-available Met vs. estimated requirement of 59 g/d to maintain yield of control group; National Research Council, 2001), which is often considered to be the first-limiting amino acid for milk production in dairy cattle (Schwab and Broderick, 2017). It is important to highlight that it is difficult to meet nutrient requirements with ECO ingredients alone because by-products often lack valuable nutrients that have been removed for other purposes.

Based on the formulation software report and results from Experiment 1, the second experiment evaluated whether supplementing a by-product diet with rumen-protected amino acids would maintain milk production levels of cows. However, due to differences in feed availability, a modified formulation was used. Contrasting with experiment 1, cows fed ECO2 diets, regardless of amino acid supplements, had a substantial decrease in both DMI (−4.7 kg/d) and milk yield (−9.0 kg/d). This large negative impact on performance of cows can likely be attributed to the forage source used in this study. Supplementing ECO2 with amino acids tended to decrease milk urea N concentration, suggesting an improvement in N utilization. However, the triticale/clover hay had high crude protein content and high moisture content that favored spoilage and reductions in feed intake. These problems again highlight the challenges associated with avoiding the dedication of land toward growing high-quality forages production for dairy cattle.



Human-Edible Nutrient Recovery

Bywater and Baldwin (1980) discussed the rationale of calculating animal efficiency based on total feed inputs vs. inputs of HE energy and protein, since the ultimate concern is total human food production. For instance, returns of HE digestible energy and protein varied from 57 to 128% and 96 to 276%, respectively, depending on the feeding strategy adopted in some studies (Baldwin et al., 1992; Oltjen and Beckett, 1996). More recently, the term edible feed conversion ratio was introduced by Wilkinson (2011) to relate HE nutrient inputs and outputs in animal products, and this approach has been used to estimate HE energy and protein recovery in milk in several studies (Ertl et al., 2015; Karlsson et al., 2018; Pang et al., 2018). However, this concept estimates the proportion of crops and crop by-products that are potentially suitable for human consumption in the UK, rather than considering the nutrient composition of each feedstuff as consumed by humans. For instance, cereal by-products, oilseed meals (excluding soybean meal), and other by-products (molasses, candy waste, spent coffee, and others) were assigned a HE nutrient coefficient of 0.2 (meaning the ingredients are considered 20% human edible), whereas soybean meal and cereal and pulse grains were assigned to a HE nutrient coefficient of 0.8. This concept would consider molasses and spent coffee grounds to contain the same nutritional value for humans. In addition, the cereal portion in silages is not considered as a HE nutrient by Wilkinson (2011). Corn silage is the main forage source for confined dairy cows in much of the world, and failure to consider the corn grain portion in plants as a HE food (before ensiling) would ultimately overestimate HE nutrient recovery of the diet. In addition, the above calculations ignored the fact that land used for growing forages could in some cases be used for growing crops to be consumed directly by humans. Vandehaar (1998) calculated the efficiency of land use by considering the HE value of corn and soybeans on a protein- and energy-equivalent basis to milk to account for this possibility, postulating that a combination of corn and soybeans (similar to blends of other grains and legume seeds) would be the most effective way to feed people with limited land resources. Therefore, alternative methods to determine HE nutrient value of feeds should be considered to more precisely describe the efficiency of HE feed conversion. As an alternative approach, to describing efficiency of HE feed utilization, we calculated energy, protein, and digestible amino acid content of feeds in cattle diets that could potentially be used for human consumption relative to secretion of the respective nutrients in milk.

Experiment 1 showed evidence that increased inclusion of by-product feeds in the diet improves the HE nutrient recovery in milk of cows, which has also been observed by others (Ertl et al., 2015; Karlsson et al., 2018; Pang et al., 2018). However, Experiment 1 demonstrated an average increase in HE recovery of just 13% in terms of energy and 22% in terms of protein (thrift scenario), whereas previous experiments have shown recoveries ranging from 367 to 495% in energy and 267 to 441% in protein (Ertl et al., 2015; Karlsson et al., 2018; Pang et al., 2018)—suggesting that calculations strategies (i.e., HE coefficients) heavily influence conclusions regarding HE nutrient recovery in milk. For instance, in the land use scenario of Experiment 1, the average increase in HE recovery was around 50 and 40% in terms of energy and protein, respectively. (Ertl et al., 2016a) calculated the HE conversion rate (based on minimum or maximum potential recoveries rates of HE energy and protein from the respective feedstuffs) from other studies that fed by-product-based concentrates to cows (Voelker and Allen, 2003; Dann et al., 2014). The authors reported no net HE energy or protein production when calculations used minimum HE nutrient coefficients; however, when calculating the conversion rate using maximum HE nutrient coefficients, authors reported net production of HE nutrients by lactating cows (Ertl et al., 2016b). It is important to note that the thrift scenario arguably represents an extreme, incongruous situation—one where human populations have become more open to consuming foods currently avoided, but where by-products (from biofuel production, for example) remain available for cattle diets. However, this scenario could arise through food technologies that enhance the incorporation of products like wheat middlings in human foods rather than out of desperation for food sources.

To demonstrate that HE nutrient conversion rate is highly dependent on model assumptions, we also estimated HE conversion values with the assumption that wheat middlings and hominy feed are unlikely to be consumed by humans (choice scenario). Although wheat middlings can be incorporated into certain human foods (i.e., pasta; Kaur et al., 2012), it is extensively marketed as a by-product feed for livestock, and its competitive price (Capehart et al., 2018) in relation to other energy and protein sources demonstrates its low perceived desirability in the human food supply. Hominy feed is a by-product from the manufacture of pearl hominy, hominy grits, or corn meal, and it is rarely used for human nutrition. Note that hominy feed is different from hominy food, where the former is a by-product of dry corn milling and the latter is a food made from kernels of corn soaked in alkali solution that removes hull and germ. The HE recovery outcome varied drastically depending on the HE values of these two ingredients. The proportional increase in HE nutrient conversion rate was much greater for ME (8.0-fold) and protein (24.8-fold) in the choice scenario compared with the thrift scenario (ME 1.13-fold and protein 1.25-fold) in Experiment 1, and for Experiment 2, the recovery of both ME and protein improved from a HE nutrient loss in the thrift scenario to a HE nutrient gain in the choice scenario.

Some approaches to calculating HE conversion rate of nutrients ignore forage displacement entirely, but it is more reasonable that only non-arable forage land (i.e., upland pastures) should be excluded in calculations. For instance (Ertl et al., 2015), did not consider any “HE value” for alfalfa hay when estimating the HE conversion rate, potentially underestimating the HE inputs—since crops for human food production could be planted instead of alfalfa (acknowledging the complexity of this question in mountainous Austria). By incorporating the HE opportunity cost of land used for alfalfa in our calculations, the calculated HE energy recovery for CON diets dropped from ~96 to 60%, and from 84 to 62% for HE protein recovery. It is therefore quite meaningful to consider land-use tradeoffs and the extent to which forage production could be shifted to human food crops in a given locale. Shortfalls with the land use approach are that fertilizer is needed to grow corn, row crops usually increase erosion, and the protein quality from the blend of corn and soybeans is not as great as milk protein.

In areas that are seasonally unsuitable for grain production but have moderate climates, some forage crops can grow well (Wilke and Snapp, 2008) while improving soil physical, chemical, and biological properties (Fageria et al., 2005). We utilized winter cover crop forage (triticale and clover hay) produced off-season on the same land used for a food-producing crop in a dual-cropping system (Salmon et al., 2004) in Experiment 2. It is noteworthy that winter cover crops may have either negative or positive effects on subsequent corn yield, depending on agricultural practices adopted. A meta-analysis of winter cover crops under agricultural practices in the USA and Canada showed that a bi-culture of winter cover crops increased corn yield by 21%; legume cover crops had an overall positive effect on corn yield, whereas grass winter cover crops had a neutral effect (Miguez and Bollero, 2005). Although winter cover crops are usually planted by farmers due to potential forage harvest and economic benefits, cover crops also protect soil from erosion, protect water quality (reduce losses of pesticides, nutrients, or sediments from fields), and promote carbon sequestration and nitrogen fixation (Dabney et al., 2001). On the other hand, cover crops involve additional inputs and risks. For instance, winter forage conditions in many regions are not ideal for crop dry-down at harvest (hence the moisture content of triticale/hay used in this experiment). Cover crops also require additional costs compared with a single crop system, must be planted when time and labor are limited, may increase risk of diseases, and can reduce soil moisture (Dabney et al., 2001).

To account for protein quality, we calculated the recovery of HE feed digestible amino acids in milk. As mentioned earlier, ruminants can convert non-protein nitrogen or protein with poor amino acid profile into a high-quality protein that is better able to meet human amino acids requirements (Virtanen, 1966). Grains tend to have poorer amino acid profile and digestibility in comparison with animal-based products (Wu, 2016). Thus, cereal-based diets are able to meet total protein requirements but may fail to meet essential amino acid requirements (Bouis et al., 2011). Furthermore, removing animals from US agriculture would likely lead to deficiencies in supplies of several nutrients for the US population, including Ca, essential fatty acids, and vitamins A and B (White and Hall, 2017). Vandehaar (1998) estimated a 20% greater nutritional value in the protein from milk compared to protein from a mix of corn and soybeans, due to both protein availability and amino acid profile. Ritchie et al. (2018) estimated a 20.6% deficiency in average Lys requirement across the global food system if meat and dairy products were removed from supply chains. The contrast between Lys content in plant- and animal-based diets has been described elsewhere (FAO/WHO/UNU, 2007; Swaminathan et al., 2012). In Experiment 1, calculations from the choice scenario on amino acid recovery showed that feeding ECO1 greatly increased the milk recovery of all amino acids, including digestible Lys, which was secreted in milk at 471× the amount of HE Lys that cows consumed. Because molasses was considered the only HE ingredient in the choice scenario, relatively high values of digestible amino acids recovery in milk were expected. Interestingly, the CON1 diet also supported a net gain in HE supply of most amino acids, with the exception of Arg and Cys. For example, milk Lys secretion by cows fed CON1 was 291× greater than the amount of HE Lys consumed by those cows. In agreement with the current study, Karlsson et al. (2018) described improved net production of several human-digestible amino acids (His, Ile, Leu, Lys, Thr, Trp, Val, Phe + Tyr) when replacing corn and soybean meal with by-products. Furthermore, the greatest improvement in net production of digestible amino acids was observed for Lys (Karlsson et al., 2018).

In Experiment 2, HE conversion rate was not necessarily improved by ECO diets. In the thrift scenario, ECO diets worsened HE ME and protein conversion, whereas in the choice scenario, ECO diets improved HE ME and protein conversion rates. The experiment 2 outcomes (at least the thrift scenario) oppose those reported in several studies (Ertl et al., 2015; Karlsson et al., 2018), mainly because of the negative impact of ECO diets on milk yield—which was not observed in the studies cited earlier. Although HE conversion rate was not necessarily improved by ECO diets, note that these diets theoretically do not use arable land and may present a higher efficiency of land use even with cows producing less milk during the lactation. For instance, Vandehaar (1998) estimated that milk protein produced by a dairy cow yielding 10,000 kg of milk per year when fed a diet without by-products requires more than twice the land base as a nutritionally equivalent supply of protein and energy from corn and soybeans produced for direct human consumption. On the other hand, a cow producing just 5,000 kg of milk annually while consuming 33% by-products increases the efficiency of land use to 76% relative to a corn and soybean system (Vandehaar, 1998). Decreasing the utilization or increasing efficiency of land use for crops is of great interest for sustainability of food systems (Peters et al., 2016).

It is important to note that our approach carefully accounts for HE inputs and outputs of specific nutrients in particular productive stages and food system scenarios but does not consider the feed required during non-productive stages of the cow's life nor the HE value of the cow carcass after culling. These are not trivial components of the overall dairy system; Thoma et al. (2013) attributed 13% of dairy farm greenhouse gas emissions to beef production, and Tichenor (2015) suggested that this may be an underestimate. Nevertheless, dietary strategies similar to those evaluated herein can also contribute to net HE protein production in beef systems (Baber et al., 2018), and it is likely that our comparisons would hold for net beef + milk production, assuming ECO diets were employed across a farm. Future studies employing a life-cycle assessment using our approach would provide a more comprehensive estimation of net production of HE nutrients by the dairy industry.

Another caveat of this study is that we focused on a single aspect of sustainability—the utility of dairy cattle in an efficient food system, focusing primarily on arable land as a constraint. There are, of course, many other aspects of sustainability to be considered in implementing ECO diet strategies on dairy farms, not least the profitability of the farm. It is likely that the ECO diets we tested would decrease the gross cost of diet ingredients compared to CON diets, though the lack of commercial markets for some ingredients prevented us from evaluating this. In fact, very few of the ingredients we utilized could be fed industry-wide due to supply constraints; lactating dairy cows in the U.S. consume more than 200,000 metric tons of feed annually. Regardless, the 28% decline in milk yield with ECO2 would almost certainly reduce revenue far more than feed costs, leaving little to cover fixed costs (i.e., infrastructure, labor, energy), and decreasing milk output per unit of these inputs. As is often the case, focusing on maximizing one narrow aspect of sustainability will likely harm sustainability in other ways.

In summary, HE nutrient conversion rate should be carefully analyzed, as values are highly dependent on whether individual feeds are considered HE and on the calculations performed (fixed coefficient for a group of ingredients vs. variable coefficients according to feed composition). Furthermore, ECO diets can be formulated using a wide range of ingredients depending on their availability and cost. As pointed out throughout this paper, diets with a relatively high inclusion of by-products can either improve, reduce, or maintain productive performance of animals. Under some scenarios, ECO diets do not necessarily improve HE feed conversion rate in dairy cows, and they will likely decrease feed efficiency of cows in terms of milk yield ÷ DMI. Regardless of diet, parity, and productive stage, cows typically generate a net return of HE essential amino acids in milk. These findings contribute to our understanding of how dairy production contributes to a sustainable global food system in alignment with competing environmental and development goals.




CONCLUSION

In this study, we showed that even with conventional diets on modern North American farms, the dairy industry is relatively efficient at using human-edible foods to produce milk and particularly in generating a net increase in digestible essential amino acids. Moreover, we showed that inclusion of ecological leftovers can be used to effectively decrease the use of human-edible foods, especially if foods that are not desirable by humans are not consumed by humans. This increase in human-edible nutrient recovery can occur even if milk production per cow declines.
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81.4%
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67.12
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72.5*
27.3°
8.212
61.8*
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7.47
13.8
6.17
7.34
17.8
5.50
7.54
4.34
6.67
252
0.76
5.68

P-value

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

"Conventional lectation TMR (CON2), containing 25.7% co-product feeds; TMR
composed of ecological leftover feecistuff (ECO2); and ECOZ2 with top-dressed rumen-
protected amino acids [ECO2-AA; 77 g/d Ajro-L (Ajnomoto, Chicago, IL) and 45 g/d
MetaSmert (Adisseo, Antony, France)].
Superscript letters indicate treatment differences (P < 0.05; Tukey's Honestly Significant

Difference test).

Where a recovery value of 2 would indicate that for every gram of HE digestible amino
acid the cow consumes, she would produce 2g HE digestible amino acid in milk.
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Item Diet SEM  P-value?

CON2 ECO2 ECO2-AA

Mik metabolizable energy ~ 93.8°  67.7°  67.7° 424 <001
(ME) output (MJ/d)
Milk Protein output (kg/c) 1020 0708° 0747° 0045 <001
Thrift scenario®
HE ME input (MJ/d) 984 104 109 430 041
HE protein input (kg/d) 128 169°  167° 006 <001
Choice scenario®
HE ME input (MJ/d) 991* 188>  197° 208 <001
HE protein input (kg/d) 123 0075° 0079 0024 <001
Land use scenario®

HE ME input (MJ/d) 1872 104° 100° 472 <001

HE protein input (kg/d) 166 1.59 167 0068 054
Output 938* 67.7°  67.7° 424 <001

Mik metabolizable energy

(ME; MJ/d)

Milk Protein (kg/d) 1022 0.708° 0747° 0045 <001

a5 east square means within rows with different superscripts differ significantly in Tukey's
HSD (P < 0.05).

TConventional lactation TMR (CON2), co-product feeds; TMR composed of ecologicel
leftover feedstuff (ECO2); and ECO2 with top-dressed rumen-protected amino acids
[ECO2-AA; 77 g/d AjiPro-L (Ajnomoto, Chicago, IL) and 45 g/d MetaSmart (Adisseo,
Antony, France).

2p.values associated with treatment effect.

3Hominy feed and wheat middlings were considered to be foods for human consumption.
“Hominy feed and wheat middings were not considered to be foods for human
consumption.

SLand used for alfalfa production could be used to grow com and soybeans for direct
human consumption.
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Ingredient Metabolizable energy (MJ/kg) Protein Arg  His  lle Leu Lys Met Phe Thr Tp Val Cys Ty

Alfalfa hay (land-use 9.81 108 - - - - - - - - - - -
scenario)

Corn silage 2.40 160 0543 0336 0388 1.41 0812 0252 0560 0364 0081 052 0257 0347
Ground com 14.2 950 822 199 230 835 185 149 332 216 0480 3142 152 205
Soybean meal® 107 490 324 115 190 819 268 594 211 158 601 194 588 189
Wheat middings 8.13 185 - - - - - - - - - - -
Molasses 140 119 0484 0090 0352 0534 0.472 0480 0270 0.430 0086 0957 0336 0273
Hominy feed 13 56 - - - - - - - - - - - -
Whole milk (as-fed) 0.607 320 0938 0845 1.481 267 200 0674 139 127 0391 164 0178 1.06

@Values of HE metabolizable energy and protein were calculated based on chemical composition of feeds described in National Research Council (2001) and feed human-edible
proportion of feedis. Velues of HE amino acids were calculated based on HE protein value and standardizedleal digestibilty of feeds described in National Research Council (2012).
bSoy Best (Grain States Soya, Inc., West Point, NE).
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ltem Primiparous Multiparous SEM P-value
CON1 ECOt CON1 EcO1 Diet Parity Diet x Parity

DMI (kg/) 258 262 297 203 1.30 0.94 <001 052
Milk yield (kg/d) 39.4% 39.3% 42.3* 38.7° 2.21 0.04 0.71 0.05
Milk yield + DMI 163 150 1.43 132 0.084 0.03 021 0.17
Milk fat (kg/c) 137 127 1.58 1.33 0.079 <001 023 0.06
Milk protein (kg/d) 1.14 1.12 1.30 1.18 0.062 0.02 022 008
Milk lactose (kg/d) 1.96% 197 2,022 188 0.120 008 0.82 0.05
Milk urea nitrogen (mg/dL) 152 125 142 15 096 <001 030 098
scLs' 098 025 3.82 3.62 0.89 031 <001 056
BW2 change (kg/21 d) 537 116 093 132 273 028 053 0.06
BCS? change (/21 ) 0.042 0.022 -0013 0017 0.076 0.92 063 072
Plasma glucose (mg/dL) 57.4 66.2 580 612 223 <0.01 048 0.1
Plasma insulin (ng/dlL) 0.42 034 036 051 0.084 055 062 0.1

a5 east square means within rows with different superscripts differ significantly in Tukey's HSD (P < 0.05).

Treatments: conventional lactation TMR (CON1), containing 31% by-product feeds; and TMR composed of ecological leftover feedituff (ECO1), containing 95% by-product feeds.
"Somatic cell linear score (SCLS) = logz (somatic cell count/100) + 3 (Shook, 1993).

2Bodly weight.

3Bodly condition score change (15, whereas 1 is thin and 5 is fat).
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Item Diet?

CON2 ECO2

Ingredient (% DM)

Com silage 249

Afalfa hay 19.19

Prairie Hay 163

Triticale/clover hay” 316

Com gluten feed® 236 154

Whole cottonseed with lint 385 138

Ground com 167

Expeller soybean meal® 6.08

Calcium salts of long-chain fatty acids® 0.76

Wheat middiings 265

Hominy feed 12.8

Spent coffee grounds 436

Molasses 595

Limestone 122 128

Sodium bicarbonate 106 090

Potassium chloride 045 032

Minerals and vitamins’ 088 0.60
Chemical (% DM)

Dry matter (% as-fed) 585 541

Crude protein 17.4 8.0

Acid detergent fioer 195 204

Neutral detergent fioer (NOF) 344 373

Forage NDF 218 18.71

Non-fioer carbohydrate 344 259

Starche 209 177

Ether extract 5.07 4.73

Ash 895 14.0

Total digestible nutrients (%) 69.0 62.7

Net energy of lactiong,. (MJ/kg) 673 6.09
Particle size distribution” (g/kg as-fed)

>19mm 40 240

8-19mm 220 %0

4-8mm 180 140

<4mm 560 530
Human-edible (HE) nutrient—thift scenario

HE metabolizable energy (MJ/kg DM) 375 483

HE protein (g/kg DM) 469 739
HE nutrient—choice scenariol

HE metabolizable energy (MJ/kg) 375 087

HE protein (g/kg diet DM) 469 3.49
HE nutrient—land use soenarick

HE metabolizable energy (MJ/kg) 528 483

HE protein (g/kg diet DM) 634 739

aConventional lactation diet (CONZ), containing 25.7% co-product feeds, and TMR
composed of ecological leftover feedtulf (ECO2)—water was added to achieve similar
diet DM.

BHay from the winter intercropping of titicale and red clover:

<Sweet Bran, Cargil, Blei; NE.

9Soy Best (Grain States Soya, Inc., West Point, NE).

°Megalac-R (Arm & Hammer Animal Nutrition -Church & Dwight Co., Inc. Trenton, ).
'CON2 minerals and vitamin mix (% DM): 27.6% magnesium oxide, 34.5% salt, 17.2%
vitamin E (44,000 1Urkg), 2.68% 4-plex C (Zinpro, Eden Prairie, MN), 1.37% Zinpro 120
(Zinpro), 2.91% Se, 1.72% Vitamin A (30,000 U/g), 0.51% Vitamin D (30,000 1U/g), 0.08
iodine (44,000 mg/kg), 0.72% rumensin 90 (Elanco Animal Health, Greengfield, IN), and
10.8% biotin. ECO2 minerals and vitamin mix (% DM): 27.1% magnesium oxide, 22.8%
salt, 22.8% vitamin £ (44,000 IU/kg),3.54% 4-plex C (Zinpro), 1.80% Zinpro 120 (Zinpro),
3.85% Se, 2.27% Vitamin A (30,000 IU/g), 0.67% Vitamin D (30,000 1U/g), 0.10% iodine
(44,000 mg/kg), 0.95% rumensin 90 (Elanco Animal Healtt), and 14.2% biotin.
9Calculated.

hParticle size distribution (Heinrichs and Kononoff, 2013).

"Hominy feed and wheat middlings were considered to be foods for human consumption.
iHominy feed and wheat middings were not considered to be foods consumed
by humans.

KLand used for alfalfa production could be used to grow com and soybeans for direct
human consumption.
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Ingredient® DM, % as-fed CP ADF aNDF NFC EE Ash

Corn silage 356 92 215 302 419 370 606
Alfafa hay 915 203 818 428 234 230 113
Prairie hay 983 570 431 689 140 230 9014
Triticale/clover 723 191 409 592 155 223 176
hay®

Whole cottonseed 882 223 443 572 070 157 438
with lint

Corn gluten feec® 613 230 890 818 432 510 7.05
Spent coffee 35.1 142 823 547 152 142 178
grounds

Molasses 707 580 - - - 570 154
Grain mix CON2¢ 86.4 161 680 198 453 535 136
Grain mix ECO2¢ 825 154 97 291 389 445 122

Dry matter (DM), crude protein (CP), acid detergent fiber (ADF), neutral detergent fiber
(aDF) treated with sodlum sulfte and alpha-amylase, non-fiber carbohyarate (NFC), and
ether extract (EE).

bHay was not harvested and stored properly which influenced in its moisture value.
°Sweet Bran (Cargil, Blair, NE).

9Grain mix containing (% DM): 63.99% ground cor, 23.5% by-pass soybean meal (Soy
Best, Grain States Soya, Inc., West Point, NE), 3.3% by-pass fat (Megalac-R, Am &
Hammer Animal Nutition -Church & Dwight Co., Inc. Trenton, NJ), and 9.18% minerals
and vitamins.

°Grain mix containing (% DM): 61.4% wheat middlings, 30.4% hominy feed, and 8.22%
ety ceol et
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Item Diet! SEM P-value?

CON2 ECO2 ECO2-AA

Dry matter intake (kg/d) 262° 2157 226° 112 <001
Milk yield (kg/d) 31.9° 229° 229° 303 <001
Milk yield 1212 1.07%  102° 0098 002
Fat (kg/d) 1.13* 087° 089° 0049 <0.01
Protein (kg/d) 1.02% 0.70° 0.75° 0.045 <0.01
Lactose (kg/d) 153° 103° 105° 0073 <001
Milk rea nitrogen (mg/dL) 139 141 137 014 006
ScLs? 246° 369° 869" 025 <001
Body weight change (kg/21 d) 317 219 217 496 028

Body condition score change (kg/21 d) 0.04 —0.04 —-008 0.033 029

ab] east square means with different superscripts within rows differ significantly in Tukey's
HSD (P < 0.05).

"Conventional lactation TMR (CONZ), conteining 25.7% co-product feeds; TMR
composed of ecological leftover feedstuff (ECOZ); and ECO2 with top-cressed rumen-
protected amino acids [ECO2-AA; 77 g/d AjiPro-L. (Ajnomoto, Chicago, IL) and 45 g/d
MetaSmart (Adisseo, Antony, France)].

2P-values associated with treatment effect.

3Somatic cell linear score (SCLS) = log (somatic cell count/100) + 3 (Shook, 1993).
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Item

Thrift scenario’
HE ME input (MJ/d)
HE protein input (kg/d)
Choice scenario?
HE ME input (MJ/d)
HE protein input (kg/d)
Land use scenario®
HE ME input (MJ/d)
HE protein input (kg/d)
Output
Milk metabolizable energy (ME; MJ/d)
Milk protein (kg/c)

Primiparous
CON{ ECO1
116 96.2
138 101
116° 13.9°
1.38° 0.059°
167° 96.4°
1.94° 1.01°
13 109>
114 112

Multiparous
CON1 ECO1
134 107
1.59 113
1342 15.0°
159 0.060°
193 107°
228 113
126° 110°
1.30 118

SEM

351
0.04

3.02
0.03

451
0.05

5.98
0.06

Diet

<0.01
<0.01

<0.01
<0.01

<0.01
<0.01

<0.01
0.02

P-value

Parity

<0.01
<0.01

<0.01
<0.01

<0.01
<0.01

0.38
0.22

Diet x Parity

021
0.12

<0.01
<0.01

0.04
0.03

0.03
0.07

a=Ceast square means with different superscripts within rows differ significantly in Tukey's HSD (P < 0.05).
Treatments: conventional lactation TMR (CONT), containing 31% by-product feeds; and TMR composed of ecological leftover feedstuf (ECO1), containing 95% by-product feeds.
"Hominy feed and wheat middlings were considered to be foods for human consumption.

2Hominy feed and wheat middlings were considered not to be foods consumed by humans.
31 and used for alfalfa production could be used to grow com and soybeans for direct human consumption.
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Amino acid Primiparous Multiparous SEM P-value

CON1 ECO1 CON1 ECO1 Diet Parity Diet x Parity
Arg 0.53 210 0.50 184 6.20 <0.01 0.081 0.061
His 1.08 387 1.01 339 1.4 <0.01 0.061 0.061
lle 1.33 174 1.25 152 512 <0.01 0.062 0.060
Leu 1.00 207 0.94 181 6.09 <0.01 0.062 0.061
Lys 1.62 502 1.51 440 14.8 <0.01 0.061 0.061
Met 1.39 154 1.29 135 4.65 <0.01 0.062 0.060
Phe 1.01 212 0.95 186 6.26 <0.01 0.062 0.061
Thr 1.32 122 123 107 3.60 <0.01 0.062 0.060
Trp 1.28 188 1.19 164 6.63 <0.01 0.062 0.060
Val 1.29 706 1.20 61.9 208 <0.01 0.083 0.059
Cys 0.35 212 0.33 18.6 0.63 <0.01 0.063 0.059
Tyr 1.20 160 112 140 4.7 <0.01 0.062 0.060

Treatments: conventional lactation TMR (CON1), containing 31% by-product feeds; and TMR composed of ecological leftover feedistuff (ECO1), containing 95% by-product feeds.
Where a recovery value of 2 would indicate that for every gram of HE digestible amino acid the cow consumes, she would produce 2g HE digestible amino acid in milk.
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Item Diet*

CON1 ECO1
Ingredient (% DM)

Com silage 17.2

Alalfa hay 216

Corn gluten feed® 259 321

Whole cotton seed with int 420

Expeller soybean meal® 574

Ground com 205

Wheat straw 213

Wheat middlings 340

Hominy feed 274

Molasses. 388

Porcine blood meal 073

Post-extraction algae residue 960

Limestone 1,60 1,60

Calcium salts of long-chain fatty acids? 082

Sodium bicarbonate 1.15

Potassium chloride 002

Vitamin and trace mineral mix® 083 029
Chemical (% D)

Dry matter (% as-fed) 509 503

Crude protein 17.4 17.0

Acid detergent fiver 186 182

Neutral detergent fiber (NDF) 305 329

Forage NDF 17.9 15.1

Non-fiber carbohydrate 374 356

Starch! 234 15.9

Ether extract 520 470

Ash 980 850

Net energy of lactations (MJ/ka) 710 701
Particle size distribution? (¢/kg as-fed)

>19mm 70 70

8-19mm 330 240

4-8mm 510 610

<4mm %0 70
Human-edible (HE) nutrient —thift scenario®

HE metabolizable energy (MJ/kg) 451 365

HE protein (g/kg diet DM) 535 386
HE nutrient—Choice scenario'

HE metabolizable energy (MJ/kg) 451 051

HE protein (g/kg diet DM) 535 205
HE nutrient—land use scenariol

HE metabolizable energy (MJ/kg) 6.49 365

HE protein (g/kg diet DM) 75.1 386

“Conventional lactation TMR (CONY), containing 31.0% co-product feeds, and TMR
composed of ecological leftover feedstuff (ECOT)—water was added to achieve similar
diet DM.

®Sweet Bran, Cargil, Blai; NE.

©Soy Best (Grain States Soya, Inc., West Point, NE).

9Megalac-R (Arm & Hemmer Animal Nutition-Church & Dwight Co,, Inc. Trenton, NJ).
°CON1 mineral and vitamin mix (% DIV): 13.2% vitamin E (44,000 IU/kg), 2.06% d-plex C
(Zinpro, Eden Prairie, MN), 1.49% Zinpro 100 (Zinpro), 2.25% Se, 1.32% Vitamin A (30,000
1U/g), 0.39% Vitemin D (30,000 1U/a), 0.07 iodiine (44,000 mg/kg), 0.56% rumensin 90
(Elanco Animal Health, Greengfield, IN), 16.54% XP yeast (Diamond V. Cedar Rapids, 14),
and 8.27% biotin. ECOT mineral and vitamin mix (% DM): 52.9% vitamin E (44,000 IU/kg),
8.25% d-plex C (Zinpro), 4.23% Zinpro 100 (Zinpro), 8.99% Se, 5.29% Vitamin A (30,000
1U/g), 1.59% Vitamin D (30,000 IU/g), 0.26 iodine (44,000 mg/kg), 2.22% rumensin 90
(Elanco Animal Health), and 16.3% XP yeast (Diamond V).

{Calculated.

9Particle size distribution (Heinrichs and Kononoff, 2013).

" Hominy feed end wheat middlings were considered to be foods for humen consumption.
iHominy feed and wheat middings were not considered to be foods consumed
by humans.

iLand used for alfatta production could be used to grow com and soybeans for direct
human consumption.
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Ingredient® DM (% as-fed) CP ADF aNDF NFC EE Ash

Corn silage 289 856 206 481 346 31 67
Alfalfa hay 89.6 20.7 352 431 246 22 936
Wheat straw 81.2 71 478 710 113 130 935
Whole cottonseed 905 254 289 442 121 158 252
with lint

Corn gluten feed® 55.9 231 115 328 322 60 6597
Molasses 714 56 04 7805 37 123
Grain mix CON1¢ 884 163 42 86 537 65 159
Grain mix ECO1¢ 88.7 187 82 153 510 56 933

3Dry matter (DM), crude protein (CP), acid detergent fiber (ADF), neutral detergent fiber
(eNDF) treated with sodium sulfte and alpha-amylase, non-fiber carbohycate (NFC),
other extract (EE), human-edible metabolizable energy (HE ME), and human-edible crude
protein (HE CP).

bSweet Bran, Cargill, Blair, NE.

<Grain mix containing (% DM): 64.74% ground com, 18.3% by-pass soybean meal (Soy
Best, Grain States Soya, Inc., West Point, NE), 2.81% by-pass fat (Megalac-R, Am &
Hammer Animal Nutrtion -Church & Dwight Co., Inc. Trenton, N), and 14.1% minerals
and vitamins.

9Grain mix containing (% DM): 7.82% wheat middlings, 62.7% hominy feed, 22.9% post-
extraction algae resiclue (Chlorella spp,), 1.69% porcine blood meal, and 4.83% minerals
and vharrine.





