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Concentrate intake affects ruminal pH and milk production of lactating cows on pasture
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Abstract
The aim of this research paper was to assess the impact of varying levels of concentrate supplementation on production, ruminal pH and fermentation of lactating dairy cows on pasture. Supplements are often necessary in combination with pasture to maximize dry matter (DM) intake, milk production, and profitability, but the inclusion of supplements in the form of starch can potentially decrease ruminal pH and have adverse effects on rumen function. Six ruminally cannulated lactating Holstein dairy cows were assigned to a Latin rectangle design. Cows were fed 4, 8, or 12 kg DM of a corn-based concentrate mix per day. Not all cows consumed their daily allotment of concentrate mix (intake ranged from 0 to 12 kg DM/d); therefore, concentrate intake was analyzed as a continuous variable. Total DM intake increased with increasing concentrate intake, while intake of pasture decreased. Intake of NDF and ADF decreased with increasing concentrate intake, whereas intake of CP and starch plus water-soluble sugars increased. Total tract digestibility of starch plus water-soluble sugars and in situ digestibility of pasture DM decreased with increasing levels of concentrate supplementation. Milk production and yield of components increased with concentrate supplementation. Milk composition did not change with supplementation, except for percent lactose, which increased with increasing concentrate consumption. Total ruminal VFA, propionate, and butyrate concentrations increased with increased concentrate intake, but acetate to propionate ratio was unaffected. Daily mean and minimum ruminal pH decreased with increasing concentrate intake. Time and area spent below pH 5.8 increased with increasing concentrate consumption. Cows consuming increasing levels of concentrate experienced more bouts of pH below 5.8, and the bouts were more pronounced. In conclusion, the results indicate that grazing cows supplemented with high levels of concentrate might experience a substantial amount of time below pH 5.8, which could adversely affect digestibility.
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Introduction
The economics of dairying in the United States have encouraged dairy farmers to search for new ways to reduce costs. Farms using managed grazing typically produce less milk per cow than confinement farms (Kriegl, 2005). However, economic studies show that grazing farms are economically competitive with confinement operations. A well-managed grazing dairy system is typically less expensive to establish and operate, with increased net returns, compared to a confinement dairy (Kriegl, 2005). As the sole diet, pasture does not meet nutrient requirements for high-producing dairy cows; therefore, energy is the first limiting nutrient (Kolver and Muller, 1998). Dairy cows that solely graze pasture have been shown to have a decreased dry matter intake (DMI) (Kolver and Muller, 1998; Bargo et al., 2002b), decreased milk production (Kolver and Muller, 1998; Sorianet et al., 2001; Baret et al, 2002b), altered milk composition (Kolver and Muller, 1998; Bargo et al., 2002b), altered ruminal fermentation (Holet et al., 1994; Bargo et al., 2002c) and an overall decrease in net energy for lactation (NEL) compared to cows receiving a total mixed ration (TMR) with no pasture (Kolver and Muller, 1998).
The use of supplements is necessary, in combination with pasture, to optimize DMI in order to maintain profitable milk production. Cows grazing high-quality pastures and supplemented with concentrates twice daily produce more milk but with reduced fat content (Berzaghi et al. 1996; Carruthers and Neil, 1997; Reis and Combs, 2000; Bargo et al. 2002a).
Low ruminal pH has adverse effects on rumen function. A reduced ruminal pH may result in suboptimal digestion and nutrient supply and contribute to metabolic diseases such as ruminal acidosis and laminitis (Allen, 1997; Kolver and de Veth, 2002). It is known that the inclusion of starch in the diet depresses fiber digestibility by reducing the cellulolytic activity of fiber digesters, which may be associated with the acidic conditions resulting from rapid starch fermentation (Mertens and Loften, 1980).  It has generally been accepted that an ideal rumen pH >6.0 because extended time below 6.0 will inhibit cellulolysis (Mould and Ørskov, 1983). However, DeVeth and Kolver (1999) reported that the degradation of NDF in good-quality pasture in vitro is not inhibited until the pH falls below 5.9. Bargo et al. (2003) stated in a review that supplementation with concentrates did not affect the digestibility of OM but reduced the digestibility of NDF. Compared with a pasture-only, supplementation with 10 kg DM/d concentrate reduced the insoluble potentially degradable DM fraction of pasture, without affecting the soluble fraction, rate of degradation, and the effective degradability of DM (Reis and Combs, 2000).
Knowledge of ruminal pH of grazing dairy cows is limited, and no consistent relationship was found between ruminal pH and level of supplementation in a review by Bargo et al. (2003). The number of samples collected and the timing of rumen sampling in relation to feeding are likely to affect these results. Mean daily ruminal pH values of 5.70 to 6.57 have been reported for dairy cows grazing high-quality pasture (Bargo et al., 1998; Reis and Combs, 2000). Some authors reported reduced ruminal pH when feeding large amounts (> 8 kg DM/d) of concentrate supplements (Bargo et al., 2002a) but also when feeding small amounts (1.4 kg DM/d; Carruthers and Neil, 1997) of concentrates to grazing dairy cows. In contrast, other authors reported similar ruminal pH between pasture-only diets and diets plus varying amounts of supplementation (Berzaghi et al., 1996, Reis and Combs, 2000; Graf et al., 2005). The lack of consistency in results with the amount of concentrate supplementation on ruminal pH of grazing dairy cows suggests that there is not a simple relationship between the amount of concentrate supplemented and ruminal pH.
This experiment aimed to assess the impact of varying levels of concentrate supplementation on production performance, ruminal pH, and fermentation in grazing dairy cows. We hypothesized that concentrate supplementation would (1) result in increased milk production, (2) decrease mean ruminal pH, and increase time and area below pH 5.8, and (3) decrease diet fiber digestibility.
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[bookmark: _Hlk209705064]Six ruminally cannulated Holstein cows (three primiparous and three multiparous) were randomly assigned to three supplement treatments within a Latin rectangle design. Average BW was 543 ± 45.4 kg at the beginning of the experiment and 570.6 ± 46.1 kg at the end of the experiment. Cows averaged 147 ± 14.3 DIM and 29.7 ± 5.7 kg milk/d at the beginning of the experiment. The experiment consisted of three 21-day periods with 11 days of adaptation and ten days of sampling. The experiment was approved by the West Virginia University Animal Care and Use Committee and was conducted at the West Virginia University Research Farm from June 25 to August 26, 2008. The treatments consisted of three levels of concentrate supplementation: 4.3, 8.7, and 13.0 kg concentrate DM/d. For composition of the concentrate supplement see online Supplementary Table S1. Assuming a pasture intake of 14 kg DM/d combined with the lowest level of supplementation, the diet met NRC (2001) requirements for cows 130 DIM and producing 23 kg milk/d. The cows were milked twice daily at 0830 and 1930 h and fed half the daily allotment of their respective concentrate supplement using a Calan gate feeding system (American Calan Inc., Northwood, NH) directly after each milking. A trace mineral salt was offered ad libitum each day after the evening milking and cows had ad libitum access to water on pasture. Cows had access to pasture for approximately 21 h per day.
The pasture was a 2.02 ha natural, unfertilized field that was previously cut for hay 21 days before the start of the experiment. Total herbage mass of the pasture averaged 1038 kg DM/ha and was measured by sampling the field 16 times with a 0.5 m2 quadrant cut to a stubble height of 6 cm. Approximately one-third of the field was mechanically clipped 14 d into the experiment (21 d before cows gaining access to this area) to maintain pasture quality through fresh regrowth. Pasture composition was estimated by sampling the field ten times with a 0.5 m2 quadrant and consisted of (DM basis): 57.9% grasses, 16.9% legumes and 25.5% weeds. The grasses were primarily smooth bromegrass (Bromus inermis L.), orchard grass (Dactylis glomerata L.) and Kentucky bluegrass (Poa pratensis L.), whereas the legumes consisted of white (Trifolium repens) and red (Trifolium pratense) clover. The cows were allowed access to 0.08 ha of fresh pasture per day after the morning milking, providing 14 kg of fresh pasture DM/cow/d. The fences were moved, so the cows had access to the new 0.08 ha paddock and the previous day’s paddock. Precipitation was 124-, 159-, and 11-mm during periods 1 (June 25 to July 15), 2 (July 16 to August 5), and 3 (August 6 to August 26), respectively. Average high temperature was 27.4, 28.9, and 27.5°C, and the average low temperature was 16.7, 16.8, and 14.9°C, for periods 1, 2, and 3, respectively. 

	Pasture to be grazed samples were collected twice weekly using a 0.5 m2 quadrant; five random sub-samples were cut to a stubble height of 6 cm, collected, and pooled from the next day’s paddock. Concentrate was sampled twice per period.
Lanthanum (La) in solution was used as a marker to estimate fecal output (Hartnell and Satter, 1979). It was ruminally dosed after each milking throughout the entire study to provide 0.8 g of La per cow per day. Ten fecal samples per cow per period were collected at differing times during the last four days of sampling to represent a 24 h period to account for diurnal variation. The samples were frozen immediately, then dried at 60° C, pooled by period for each cow, and ground through a 1-mm screen with a Wiley Mill (Arthur H. Thomas, Philadelphia, PA). 
The estimated pasture intake for each cow was based on the presence of indigestible ADF (IADF) in pasture, concentrate, and fecal samples collected each period.
In situ ruminal degradation of pasture DM was measured using Dacron polyester bags with a pore size of 52 ± 5 µm (10 x 20 cm, Ankom Technology, Fairport, NY). Pasture samples used in the in situ procedure were collected from the rumens of two cows that grazed the pasture immediately before the first period. Rumens of the two cows were evacuated, and the animals were allowed to graze for 45 min. Pasture consumed by the cows was then removed from the rumen and immediately ground with dry ice through a 4-mm screen with a chilled Wiley Mill (Arthur H. Thomas, Philadelphia, PA) and then frozen. Rumen-evacuated pasture samples were weighed in 15 g duplicates, placed in larger mesh bags, soaked in warm water for 10 min, and ruminally incubated for 24 h, occurring during the first day of sampling. After removal from the rumen, bags were washed under cold, running tap water and then frozen for later analysis. Dacron bags were rinsed in cold water upon thawing and then dried at 60° for 48 h.
Continuous pH data was collected using a submersible Lethbridge Research Centre pH measuring system (LRCpH, Dascor, Escondido, CA). Indwelling systems were proven an accurate and precise method to measure changes in pH over time (Penner et al, 2006). The LRCpH was inserted, with two 1 kg weights attached to prevent shifting, into the ventral sac of the rumen for 96 h. Before insertion into the rumen, pH readings were recorded in standard buffers of pH 4 and pH 7. Readings recorded every 30 seconds included pH, rumen temperature, and battery voltage. Data transfer from the logger to a computer was conducted every 24 h and occurred after the morning milking. During this time, the logger was removed and disabled, the data was downloaded, and then the logger was re-enabled and returned to the respective cow. Standardizations of the pH electrodes in standard buffer solutions of 4 and 7 were conducted after 48 and 96 h. The shift in millivolt readings from the electrodes between the start and end standardization was assumed to be linear and was used to convert millivolt readings to pH units.
Rumen fluid was sampled (in relation to morning feeding) at times 0, 2, 3, 6, 9, 12, 14, 15, 18, and 21 h during the last day of sampling for the determination of VFA and ammonia concentrations. Rumen fluid was obtained by grab samples of the digesta from the anterior, medial and posterior ventral locations of the rumen and then strained through four layers of cheesecloth. Samples of 10 ml, done in duplicate, were acidified with 0.5 ml of H2SO4 and frozen for later VFA analysis. Another 10 ml sample was acidified with 0.2 ml of H2SO4 and frozen for later determination of ammonia concentrations. 
Milk samples were collected, and milk yields were recorded at each milking for the last four days of each experimental period. Individual milk samples were analyzed for lactose, true protein, milk fat, and SNF (Dairy One, Ithaca, New York).
Collected samples of feces, concentrate and pasture were oven dried at 60°C for 48 h. Analytical DM, ash and crude protein (Tecator Inc., Herndon, VA) of the concentrate, pasture, and fecal matter where determined according to AOAC (1995). Ether extraction of the concentrate and pasture was performed according to AOAC (1995) using a Soxtec Foss Tecator (Foss Analytical, Hillerød, Denmark). Determination of the NDF and ADF content in the concentrate, pasture, and fecal matter was by using an Ankom 200 Fiber Analyzer (Ankom Technology Corp, Macedon, NY). The sugars of the concentrate, pasture, and fecal samples were determined by the extraction procedure adapted from Derias (1961). Reducing sugars were determined spectrophotometrically with potassium ferricyanide. The starch content of concentrate, pasture, and fecal matter was determined by the procedure of Smith (1969).
Lanthanum concentrations were determined by dry ashing ground fecal samples at 500°C for 16 h. The ashed samples were then dissolved in 70% nitric acid, diluted to 1:50 in dH2O, and filtered twice through 42 µm filter paper. Lanthanum concentrations were determined by inductively coupled plasma spectroscopy (ICP). Fecal output was calculated based on La concentration in feces.
Indigestible ADF (ADF remaining after 144 h ruminal in situ incubations) was determined by incubating 0.350-g samples of fecal, pasture, and concentrate composites in 5 × 10 cm Dacron bags with 50-micron pores (Ankom Technology, Fairport, NY) in the rumens of two cannulated dairy cows fed a 60% forage, 40% concentrate diet. Using fecal output and the percentage of IADF in the feces the total IADF output was calculated for each cow in each period. Intake of pasture IADF was calculated as the difference between total IADF output and intake of concentrate IADF. Pasture intake was calculated based on the IADF content of the pasture samples collected each period.
Analysis of VFA concentrations in the rumen fluid was performed using the gas chromatographic separation procedure (Anonymous, 1975). The gas chromatograph was a Varian model 3300 with an FID detector (Varian, Inc., Palo Alto, CA). The column was a 2 m × 2 mm glass column packed with 10% SP-1200/1% H3HPO4 on 80/100 chromosorb WAW (Supelco, Inc., Bellefonte, PA). Ammonia in the rumen fluid was measured according to AOAC (1995) using an automated Tecator digestion system (Tecator Inc., Herndon, VA).

Statistical Analyses
Data were analyzed using the mixed model procedure of SAS 9.1 (2001). Because the cows did not eat the full allotment of concentrate offered at the high level, and because one cow did not eat any concentrate throughout the entire experiment, concentrate intake was analyzed as a continuous variable. Data that did not have repeated measures over time were analyzed using a model including concentrate intake as a fixed effect and period and cow as random effects. Slopes and intercepts were obtained by requesting the solutions of the fixed effects.
Ruminal variables with repeated measures over time (ammonia, VFA concentrations and percentages, and acetate:propionate ratio) were analyzed using a model that included concentrate intake, feeding time (morning or evening), and hours post-feeding as fixed variables, along with their two- and three-way interactions. Period, cow, and cow by period were included as random effects in the model. Based on model fitting statistics, a Compound Symmetry covariance structure was used for these analyses. Significant effects of feeding and hrs post-feeding and their interactions are discussed in the text but not presented in the tables. Slopes and intercepts were obtained by requesting the solutions of the fixed effects. For parameter estimation purposes, non-significant interactions were removed from the model leaving only significant fixed effects. Differences were considered significant at P ≤ .05 and considered a trend at 0.05 < P ≤ .10.
Results
Dry Matter Intake and Nutrient Digestibilities
Composition of the concentrate supplement is shown in Table 1. Pasture quality parameters (Table 2) correspond to samples clipped at 6 cm stubble height, which might be different from the pasture selected by the cow. On average, pasture quality was 15.7% CP, 44.5% NDF, 31.2% ADF, 2.9% EE, 11.7% water-soluble carbohydrates, and 0.9% starch. As mentioned above, one cow did not eat any concentrate throughout the experiment. Also, several cows did not eat all of the allotted concentrate when fed at the high level (12 kg DM/d). Concentrate intake ranged from 0 to 12 kg DM/d across cows and levels of concentrate fed. 
Without offering any concentrate supplement, pasture alone resulted in a pasture DM intake (DMI) of 16.9 kg/d (Table 3). Pasture intake decreased with increasing levels of concentrate consumed (P = .0008; Table 3). For every 1 kg increase in concentrate consumed, cows consumed 0.53 kg less pasture. Total intake of DM and OM increased by 0.47 and 0.48 kg, respectively, for every kg increase in concentrate intake (Table 3). The intercept of the regression of concentrate intake on NDF intake was at 7.53 kg NDF/d. Intake of NDF and ADF decreased with increasing levels of concentrate supplement; for every 1 kg increase in concentrate consumed, cows consumed 0.12 and 0.11 kg less NDF and ADF, respectively. Intakes of CP and starch plus WSC increased by 0.10 and 0.56 kg, respectively, for every kg increase in concentrate intake. There was no effect of level of supplementation on total tract digestibility of any of the nutrients except starch and water-soluble sugars, which decreased by 1.1 percentage units for every kg of concentrate consumed. Total tract DM digestibility of pasture alone was 54.4%. Although we saw no effect of level of concentrate consumed on total tract fiber digestibility, we did find that in situ pasture DM digestibility at 24 hrs of incubation decreased by 0.94 percentage units with every kg of consumed concentrate. 
Milk Production and Composition
Milk production increased by 0.57 kg for each kg concentrate consumed (Table 4). Milk fat percentage was not different due to treatment, but milk fat yield increased linearly with increasing concentrate intake due to the increase in milk yield (0.033 kg fat for every kg increase in concentrate intake). Milk protein percentage did not change with increasing levels of supplementation, but milk protein yield increased by 0.02 kg for every kg increase in concentrate intake. Lactose percentage and lactose yield increased 0.02% and 0.03 kg, respectively, with each kg increase in concentrate consumed.
Ruminal Fermentation Characteristics
The effect of concentrate supplementation on ruminal ammonia concentrations differed depending on the time passed since the last feeding as evidenced by a concentrate intake by hrs post-feeding interaction (P = .02; Table 5). Ruminal ammonia concentrations immediately prior to feeding increased 0.44 mg/dL for every kg increase in concentrate intake, but the effect of concentrate intake diminished as hrs post-feeding increased (Table 5). Ammonia concentrations were higher following the morning feeding (11.29 mg/dL) than following the evening feeding (8.69 mg/dL; P = .002). Ammonia concentrations were affected by hrs post-feeding (P = .006), with concentrations increasing from 10.38 mg/dL at 0 hrs to 11.46 mg/dL at 2 hrs after feeding, but then decreasing thereafter to 8.25 mg/dL at 9 hrs post feeding. 
Total VFA concentration increased 1.35 mmol/L for every kg increase in concentrate intake (Table 5), mirroring the increase in total DM. There was a feeding by hrs post feeding interaction (P = .04) for total VFA concentration; however, the differences in VFA concentrations were minor, and there was no clear pattern to the VFA concentrations in the hours following the two different feedings (data not shown). Acetate concentration was not significantly affected by level of concentrate intake, although acetate concentration did increase numerically with increasing concentrate intake. There was an interaction between feeding and hrs post feeding for acetate concentration (P = .01); acetate concentration increased with hrs post feeding following the evening feeding (from 69.33 mmol/L at 0 hrs to 75.08 mmol/L at 9 hrs), whereas there was no clear pattern relating to hrs following the morning feeding. Propionate concentration increased by 0.36 mmol/L for every kg increase in concentrate intake (Table 5). Butyrate concentration increased by 0.51 mmol/L with every kg increase in concentrate intake (Table 5). A three-way interaction between concentrate intake, feeding and hrs post feeding was found for acetate to propionate ratio (P = .02). However, there was no clear pattern to this three-way interaction and none of the slopes for the feeding by hr post feeding combinations were significant (data not shown); therefore, only a simplified regression model is shown in Table 5. Using this regression model, acetate to propionate ratio did not change with increasing concentrate intake and at 0 concentrate intake, it averaged 3.92.
Percentages of the three main individual VFA were affected by increasing concentrate intake. Acetate percentage decreased 0.46 percentage units with every kg increase in concentrate intake. There was a tendency towards an interaction between concentrate intake and feeding  for propionate percentage (P = .07); percentage of propionate increased 0.16 units with every kg increase in concentrate intake following the evening feeding, whereas there was no relationship between propionate percentage and concentrate intake following the morning feeding. Percentage of butyrate increased 0.31 units with every kg increase in concentrate intake.
	
Mean ruminal pH with pasture intake only was 6.44 (Table 6). Mean ruminal pH decreased by 0.02 pH units for every kg increase in concentrate intake. This decrease was accompanied by a 0.03 pH units decrease in daily minimum pH for every kg increase in concentrate intake. Time and area below pH 5.8 increased 26.3 min and 416.8 pH units × min/d, respectively, with every kg increase in concentrate intake. Mean length of a bout below pH 5.8 was not increased, but the number of bouts below pH 5.8 increased by 0.95 per day for every kg increase in concentrate intake. 

Discussion
Dry Matter Intake and Nutrient Digestibilities
Except for CP being lower, the pasture quality parameters were within the ranges summarized by Muller and Fales (1998) for cool-season grass during the spring and summer in the North East US. The pasture alone intake of 16.9 kg/d was above the estimated pasture allowance of 14 kg DM/cow/d and is higher than pasture DMI at no supplementation reported by others (Robaina et al., 1998; Reis and Combs, 2000; Walker et al, 2001). Supplementing cows with concentrate resulted in a substitution rate (SR) of 0.53 kg pasture/kg concentrate in the current study. Substitution rates (SR) vary, and grazing studies have shown an inconsistent relationship between amount of supplement fed and SR (Bargo et al., 2003). Pasture quality affects SR; the higher the pasture quality, the higher the SR due to increased pasture DMI (Penno et al, 2006). A review of the literature by Bargo et al. (2003) showed that pasture allowance (PA) affects SR; at low PA (<25 kg DM/cow/d), SR averaged 0.2 kg pasture/kg concentrate, whereas at high PA (>25 kg DM/cow/d) SR averaged 0.62 kg pasture/kg concentrate. Therefore, It is surprising to find a SR of 0.53 kg pasture/kg concentrate in the current study with a medium-quality pasture combined with a low pasture allowance. It is possible that stage of lactation influences SR; the studies referenced above were carried out with high-yielding early- to mid-lactation cows, whereas we utilized mid- to late-lactation cows.
Despite the decreased pasture intake when concentrate was supplemented, total intake of DM and OM increased with increasing concentrate intake, resulting in a total DMI comparable to that reported by Bargo et al. (2002a) who supplemented with 8.7 kg corn/cow/day. Intake of NDF for cows eating pasture only was equal to 1.4% of BW. This is higher than the 1.1% estimated to be the daily NDF intake capacity (Mertens, 1987) but similar to the 1.5% reported by Vazquez and Smith (2000), who reviewed 27 previously published studies. In this study, intake of NDF and ADF decreased with increasing intake of concentrate while intake of CP and starch plus WSC increased. The increasing intakes of CP and starch plus WSC can be explained by their high content in the concentrate (18 and 62.9%, respectively). Total tract digestibility of pasture alone was comparable to the values reported by Reis and Combs (2000). Concentrate supplementation did not affect total tract digestibility of DM, OM, or fiber, but we found that in situ pasture DM digestibility at 24 hrs of incubation decreased with increasing concentrate intake. A decrease in ruminal DM digestibility with increasing concentrate intake might be compensated for by increased digestibility in the lower digestive tract. The effect of supplementation on total tract digestibility in this study is not in accordance with some other research. Bargo et al (2002a) and Reis and Combs (2000) found increasing total tract digestibilities of DM and OM with supplementation, which did not occur in the present study. Since starch is highly degradable in the digestive tract of ruminants, total tract digestion of DM and OM should increase when concentrate supplements are added to a diet containing sufficient levels of RDP. Berzaghi et al. (1996) found that total tract digestibility of OM and NDF decreased when cows on pasture were supplemented with cracked corn. Reis and Combs (2000) reported an increased starch digestibility with increasing levels of supplementation, which should result in high DM digestibility. Contrary, we observed a decrease in starch digestibility in the current study. Although we did not measure rate of passage, the increase in DMI observed with increasing levels of supplementation might be expected to increase rate of passage. Dry ground corn has an average ruminal starch digestibility of 76.4% (Owens et al., 1986), so an increased passage rate would could negatively impact starch digestion. We did see undigested starch in the form of corn kernels in the feces of the cows supplemented with high levels of concentrate.

Milk Production and Composition
Milk production did not increase much in response to concentrate supplementation. Milk production responses to concentrate supplementation has been reported to range between 0.6 to 1.2 kg milk/kg grain (Kellaway and Porta, 1993), whereas we saw an increase of 0.57 kg for each kg concentrate consumed. Stage of lactation influences responses to concentrate supplementation (Dixon and Stockdale, 1999). During early lactation, cows will partition more nutrients towards milk production; thus, the response to concentrate supplementation might be higher than in late lactation cows, when more nutrients are directed towards BW gain. Indeed, cows in the current study gained on average 27 kg BW during the study. As expected, milk fat yield increased with increasing concentrate intake, whereas milk fat percentage was unaffected by concentrate intake. Other studies have reported a decrease in milk fat percentage where grazing cows were supplemented with greater than 5 kg/cow/day (Berzaghi et al, 1996; Carruthers and Neil, 1997; Bargo et al, 2002a). Reis and Combs (2000) reported linear reductions in milk fat percentage from 3.89, 3.50, to 3.08% with increasing levels of concentrate supplementation from 0, 5, to 10 kg/d. For all but the Carruthers and Neil (1997) study, the decrease in milk fat percentage may be associated with lower acetate-to-propionate ratios in supplemented cows, which was not seen in the current study (Table 5). In the present study acetate to propionate ratio averaged 3.0, well above the ratios reported in other studies where supplementation resulted in lower milk fat percentage. Carruthers and Neil (1997) reported a low acetate-to-propionate ratio average for all treatments of 2.1 compared with a ratio average of 3.3 from supplemented cows in other studies (Reis and Combs, 2000; Bargo et al., 2002a).
Similar to the results for milk fat, milk protein yield increased with increasing concentrate intake, but milk protein percentage did not change. However, in other research (Carruthers and Neil, 1997; Reis and Combs, 2000; Bargo et al., 2002a), milk protein percentage and yield increased with corn supplementation. Reis and Combs (2000) and Bargo et al. (2002a) reported an increase in propionate production with supplementation. An increase in propionate would be expected to decrease the use of amino acids for gluconeogenesis, thereby making more amino acids available for milk protein synthesis. In the current study, propionate concentration increased by 0.36 mmol/L for every kg increase in concentrate supplementation (Table 5), increasing protein yield but not protein percentage.

Ruminal Fermentation Characteristics
Ruminal ammonia concentrations observed in the current study were well above the 5 mg/dl necessary to maximize microbial growth (Satter and Slyter, 1974). Other studies reported decreasing ammonia concentrations with increasing levels of supplementation (Reis and Comb, 2000) and concentrate supplementation greater than 5 kg/day (Carruthers and Neil, 1997; Bargo et al, 2002a). The concentrate mix fed in the current study was relatively high in CP (18%), which might explain why we did not see a decrease in ammonia concentration with increasing concentrate intake. Instead, we saw an increase in ruminal ammonia concentrations with increasing concentrate intake when rumen fluid was sampled at 0 hrs post feeding, but this effect disappeared as hrs post feeding increased. As expected, ruminal ammonia concentrations were affected by morning versus evening feeding and by hrs post feeding. The higher ammonia concentration after the morning feeding compared to the evening feeding may be associated with cows given access to a new paddock directly after the morning concentrate feeding. Grazing behavior was not recorded, but high grazing bouts of new pasture were observed after the morning feeding which could explain the observed greater increase in ruminal ammonia concentration after the morning feeding versus the evening feeding. The increase in ruminal ammonia concentration observed after each feeding might be associated with the high CP content of the concentrate as mentioned above, or with a possible surge in grazing activity following milking and feeding, or a combination of both. 
As expected, total VFA concentrations increased with increasing concentrate intake. Unlike Reis and Combs (2000) we did not see a significant difference in total VFA concentrations between day (111.7 mmol/L) and night (114.3 mmol/L). Acetate concentration was not affected by concentrate intake, but propionate increased with increasing concentrate intake. Since propionate is the major end-product of starch fermentation, an increase in propionate concentration with increasing concentrate intake was expected. Reis and Combs (2000) reported a 6.1 mmol/L increase in propionate concentration when supplementing with 10 kg corn-based concentrate, whereas Bargo et al. (2002a) reported a 2.7 mmol/L increase on average when supplementing with 8 kg concentrate. As reported by others (Carruthers and Neil, 1997; Reis and Combs, 2000; Bargo et al., 2002a), butyrate concentration increased with increasing concentrate intake. The acetate to propionate ratio was unaffected by concentrate intake but was well above the ratios reported in other studies (Berzaghi et al., 1996; Carruthers and Neil, 1997; Reis and Combs, 2000; Bargo et al., 2002a). A reason for this higher acetate to propionate ratio may be that the acetate concentrations were higher in the current study (average of 73.75 mmol/L) than the 51 to 63 mmol/L reported by others (Berzaghi et al., 1996; Carruthers and Neil, 1997; Reis and Combs, 2000). The high acetate concentration found in the current study could be related to the relatively high pasture DMI and NDF intake (average of 13.6 and 6.8 kg, respectively) compared to the intakes reported by Berzaghi et al. (1996) and Reis and Combs (2000).
Mean ruminal pH with pasture intake only was slightly lower than the findings of Reis and Combs (2000), who reported a mean ruminal pH of 6.68, and by Bargo et al. (2002a), who reported a mean ruminal pH of 6.57 and 6.25 in un-supplemented and supplemented cows, respectively. We observed a decrease in both mean and minimum pH with increasing concentrate intake. Thus, the effect of supplementation on ruminal pH vary among studies. Carruthers and Neil (1997) and Bargo et al. (2002a) found decreased ruminal pH in supplemented cows whereas Berzaghi et al. (1996) and Reis and Combs (2000) found no differences in ruminal pH of supplemented cows compared to pasture only cows. When utilizing data from 23 pasture-based studies to analyze the relationship between ruminal pH and independent dietary variables, Kolver and de Veth (2002) found that the only dietary variable significantly related to ruminal pH across studies was non-structural carbohydrates (NSC, r2 value of 0.14). The lack of consistency with the amount of concentrate supplementation on ruminal pH of grazing dairy cows within studies is likely due to differences in amounts and types of concentrates fed and their interaction with pasture DMI and quality. However, the number of rumen pH samples collected, and the timing of the samples could also affect these results. To our knowledge, only two other studies have measured ruminal pH continuously in grazing dairy cows (Gasteiner et al., 2012; Graf et al., 2005). In the study by Graf et al. (2005), supplementing with 5.5 kg DM corn silage had no effect on mean ruminal pH, whereas supplementation with 5.5 kg hay decreased daytime mean pH, but had no effect on nighttime or overall (average) ruminal pH. Gasteiner et al. (2012) reported a decrease in both mean and minimum pH, and an increase in time spent below pH 5.8 when cows were supplemented with 4 kg concentrate per day in comparison to pasture and hay alone. Russo et al. (2021) measured ruminal pH continuously in cows fed fresh perennial ryegrass herbage and supplemented with 8 kg crushed wheat grain (DM basis) per cow per day. Following supplementation of wheat, cows fed herbage exhibited minimum ruminal fluid pH levels indicative of acute ruminal acidosis, at 5.15 and 5.06 for two different ryegrass cultivars. Furthermore, for both herbage cultivars, adding wheat resulted in a ruminal fluid pH under 6 for >20 h/day.
 When assessing the effect of diets on rumen health, it is important not only to consider ruminal pH, but also diurnal variations. Several studies have reported no effect of diet on mean ruminal pH, but significant effects on time and area below certain pH values (Woodford and Murphy, 1988; Krause and Combs, 2003; Graf et al., 2005); whereas other studies have reported the effects of diet on time and area below certain pH values to be much more profound than the effects of diet on mean ruminal pH (Krause et al., 2002). In the current study the intercept for all the ruminal pH variables, except mean and minimum pH, were not significantly different from zero, indicating that cows not supplemented with concentrate did not experience sub-acute ruminal acidosis (SARA), or extended periods of depressed fiber digestion.
Cows consuming the concentrate supplement had increased time and area below pH 5.8 with increasing concentrate intake. Number of bouts per day below pH 5.8 also increased with increasing concentrate intake. Depending on whether SARA is defined as pH reduced below 5.8 (Maekawa et al., 2002), or as pH below 5.6 (Blood and Radostits, 1989) cows supplemented with concentrate could potentially experience SARA. Although ruminal pH has been used to define acidotic conditions of the rumen, cows experiencing SARA often presents with other signs and symptoms, such as reduced milk fat test. Milk fat test was not reduced by increasing levels of concentrate supplementation in the current study, supporting the notion that cows in the current study did not experience SARA. There are few reports of SARA occurring on diets high in pasture, but Stockdale (1994) did report mean pH values as low as 5.6. A point prevalence survey of dairy cattle fed predominantly pasture found that 11% of cows were affected with SARA (defined as pH≤5.5), 42% were marginal (pH 5.6-5.8) and 47% were normal (pH >5.8) based on rumenocentesis data (O’Grady et al., 2008). Although cows might not be experiencing SARA, ruminal pH below 6.0 can decrease both rate and extent of fiber digestion (Stewart, 1077; Hiltner and Dehority, 1983). Despite the decrease in ruminal pH with increasing concentrate intake in the current study, we did not observe a decrease in total tract digestibility of DM and fiber. However, concentrate supplementation did decrease 24-h in situ DM digestibility. In general, digestibilities were low in the current study. 

Conclusion
In conclusion, increasing the amount of concentrate supplement in the diet decreased pasture intake, but increased overall DM intake. This was associated with increased fluid milk yield and yield of components, with no changes in fat and protein content. Although total tract digestibility of DM and fiber was not negatively affected by increasing levels of supplementation, total tract digestibility of starch and sugars decreased with increasing supplementation, as did ruminal digestibility of pasture DM. Concentrations of total VFA, propionate, and butyrate increased with increasing levels of supplementation, and this increase was accompanied by a decrease in mean and minimum ruminal pH. Also, increasing levels of supplementation increased both time and area spent below pH 5.8, indicating that cows fed high levels of supplement can potentially experience extended periods of decreased fiber digestibility. However, in the current study supplementation with up to 12 kg DM of a corn-based concentrate mix did not affect cow performance negatively.
[bookmark: _Hlk209616900]
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Table 1. Composition of concentrate supplement
	Ingredient
	 % of DM

	    Ground corn grain
	75.2

	    Soybean meal
	18.0

	    Sugarcane molasses
	3.0

	    Hydrolyzed feather meal
	2.0

	    Limestone
	0.6

	    Salt
	0.5

	    Vitamin premix1
	0.4

	    Calcium diphosphate
	0.3


1Vit A: 9,920,625 IU/kg, Vit D3: 2,204,586 IU/kg, Vit E: 4,409 IU/kg


Table 2. Chemical composition of pasture and concentrate
	
	DM
	CP
	NDF
	ADF
	Ether Extract
	WSC2
	Starch
	NEL3

	
	Percent of DM
	Mcal/ kg DM

	Pasture
	
	
	
	
	
	
	
	

	   Period 1
	21.6 ± 3.271
	14.6 ± 2.29
	44.3 ± 2.47
	30.6 ± 2.73
	2.9 ± 0.64
	13.1 ± 0.41
	1.38 ± 0.02
	1.26 ± 0.05

	   Period 2
	21.0 ± 2.57
	17.2 ± 3.17
	42.0 ± 3.89
	31.4 ± 1.26
	3.0 ± 0.67
	11.0 ± 1.35
	0.6 ± 0.48
	1.31 ± 0.08

	   Period 3
	25.1 ± 1.33
	15.2 ± 1.21
	47.2 ± 0.35
	31.6 ± 1.25
	2.9 ± 0.14
	11.0 ± 0.49
	0.7 ± 0.56
	1.19 ± 0.01

	   Average
	22.7 ± 2.3
	15.7 ± 1.4
	44.5 ± 2.6
	31.2 ± 0.5
	2.9 ± 0.1
	11.7 ± 1.2
	0.9 ± 0.4
	1.25 ± 0.1

	
	
	
	
	
	
	
	
	

	Concentrate
	89.8 ± 0.2
	18.0 ± 0.8
	12.5 ± 1.5
	5.2 ± 0.5
	3.6 ± 0.3
	6.7 ± 0.6
	56.2 ± 0.7
	


1Standard deviation
2Water soluble carbohydrates 
3Based on Mertens (1983): NEL, Mcal/ kg DM = (1.0055 – 0.0098 * % NDF) ÷ 0.454.





Table 3. Regression of concentrate intake on intake and digestibility of DM and nutrients.

	Variable
	Intercept
	SE
	P-value
	Slope
	SE
	P-value

	Intake, kg/d
	
	
	
	
	
	

	  Pasture DM
	16.85
	1.11
	0.004
	-0.527
	0.108
	.0008

	  Total DM
	16.85
	1.11
	0.004
	0.473
	0.108
	.002

	  OMI
	15.41
	1.03
	0.005
	0.478
	0.098
	.0009

	  NDF
	7.53
	0.55
	0.005
	-0.115
	0.051
	.05

	  ADF
	5.25
	0.33
	0.004
	-0.111
	0.034
	.009

	  CP
	2.61
	0.18
	0.005
	0.101
	0.016
	.0001

	  Starch + WSC1
	2.14
	0.24
	0.01
	0.561
	0.013
	<.0001

	Digestibility, %
	
	
	
	
	
	

	  DM
	54.4
	3.52
	0.004
	0.119
	0.255
	.65

	  OM
	57.9
	3.42
	0.004
	-0.030
	0.254
	.90

	  NDF
	40.3
	5.08
	0.02
	-0.216
	0.363
	.57

	  ADF
	37.7
	4.14
	0.01
	0.068
	0.318
	.83

	  CP
	56.4
	2.07
	0.001
	-0.101
	0.213
	.65

	  Starch + WSC
	86.2
	3.71
	0.002
	-1.060
	0.387
	.02

	In situ pasture DM, 24 h
	51.4
	4.38
	0.007
	-0.939
	0.223
	.003


1Water soluble carbohydrates 



Table 4. Regression of concentrate intake on milk yield, milk composition, and milk component yield.
	Variable
	Intercept
	SE
	P-value
	Slope
	SE
	P-value

	
	
	
	
	
	
	

	Milk yield, kg/d
	17.96
	1.96
	0.0117
	0.567
	0.099
	.0003

	Fat, %
	3.40
	0.17
	0.0026
	0.033
	0.020
	.13

	Protein, %
	2.78
	0.17
	0.0036
	0.002
	0.008
	.77

	Lactose, %
	4.43
	0.09
	0.0004
	0.020
	0.007
	.019

	Fat yield, kg/d
	0.561
	0.06
	0.012
	0.033
	0.007
	.0017

	Protein yield, kg/d
	0.472
	0.04
	0.008
	0.020
	0.004
	.0012

	Lactose yield, kg/d
	0.773
	0.08
	0.01
	0.032
	0.006
	.0008







Table 5. Regression of concentrate intake on ruminal ammonia and VFA concentrations and percentages.
	Variable
	Intercept
	SE
	P-value
	Slope
	SE
	P-value

	
	
	
	
	
	
	

	Ammonia, mg/dL
	
	
	
	
	
	

	   0 hrs post feeding
	7.59
	2.36
	0.0016
	0.442
	0.137
	.0016

	   2 hrs post feeding
	10.06
	2.35
	<0.0001
	0.225
	0.134
	.0946

	   3 hrs post feeding
	9.63
	2.35
	<0.0001
	0.198
	0.134
	.1426

	   6 hrs post feeding
	8.02
	2.36
	0.0009
	0.164
	0.135
	.2258

	   9 hrs post feeding
	7.86
	2.36
	0.0011
	0.061
	0.137
	.6545

	VFA, mmol/L
	
	
	
	
	
	

	   Total
	104.8
	4.4
	0.0017
	1.354
	0.526
	.0109

	   Acetate
	71.2
	2.6
	0.001
	0.423
	0.321
	.19

	   Propionate
	19.1
	1.0
	0.0028
	0.361
	0.117
	.0023

	   Butyrate
	11.9
	1.3
	0.0114
	0.511
	0.153
	.001

	VFA, %
	
	
	
	
	
	

	   Acetate
	68.3
	0.6
	<0.0001
	-0.462
	0.066
	<.0001

	   Propionate
	
	
	
	
	
	

	      1st feeding
	18.1
	0.6
	<0.0001
	0.062
	0.073
	.3963

	      2nd feeding
	18.1
	0.6
	<0.0001
	0.156
	0.073
	.0348

	   Butyrate
	11.3
	0.8
	0.0058
	0.308
	0.094
	.0012

	Acetate:Propionate
	3.92
	0.18
	0.002
	0.004
	0.021
	.8529





Table 6. Regression of concentrate intake on ruminal pH parameters.
	Variable
	Intercept
	SE
	P-value
	Slope
	SE
	P-value

	
	
	
	
	
	
	

	Mean ruminal pH
	6.44
	0.084
	0.0002
	-0.024
	0.0079
	.01

	Daily minimum pH
	5.95
	0.10
	0.0003
	-0.029
	0.0113
	.03

	Time spent ≤5.8, min/d
	-65.2
	64.3
	0.42
	26.3
	8.4
	.01

	Area ≤5.8, ph units × min/d
	-1372.1
	1123.0
	0.35
	416.8
	150.8
	.02

	Number of bouts≤5.8/d
	-1.68
	2.85
	0.62
	0.95
	0.34
	.02

	Mean length of bout≤5.8, min
	7.0
	6.2
	0.38
	1.1
	0.8
	.20

	Mean area of bout≤5.8, pH units × min
	-35.1
	85.9
	0.72
	27.0
	10.9
	.04



