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Industry Summary: 
The average hot carcass weight (HCW) of U.S. pork carcasses increased 17% between 1995 and 2018.  This equates to an average increase in the weight of U.S. pork carcasses of 0.59 kg annually for the past 20 years.  Although increased carcass and primal weights represent greater throughput efficiency and present opportunities for novel cut creation through alternative fabrication methods, they also pose novel challenges for bellies and hams, primals representing the greatest contributors to carcass value on a price and volume basis, respectively. Therefore, the objectives were to 1) determine the effect of HCW on belly dimensions and composition, 2) determine effects of HCW and ham component weights, 3) establish the effect of HCW on ham processing characteristics and cured ham quality, and 4) assess the feasibility of fresh cut creation from the semimembranosus (SM) of heavy weight pigs.
Eighty-five pigs including both barrows and gilts from three commercial genetic lines were slaughtered at the University of Illinois Meat Science Lab. Carcasses were classified by HCW to represent current industry averages, carcasses that were 16% heavier than current averages, and carcasses that were 32% heavier than industry averages. Carcass sides were fabricated using traditional industry methods and bellies and hams were collected for chop and fat samples, and further processing.

As expected, bellies from heavier carcasses were longer, wider, and thicker than bellies from lighter carcasses. Bellies from heavier carcasses contained a smaller proportion of polyunsaturated fatty acids and had greater iodine values than bellies from lighter carcasses. Nonetheless, bellies from all three carcass weight categories would still be considered acceptable under standard iodine value thresholds. Despite a reduction in pump uptake, bellies from heavier pigs had greater cooked yield than bellies from lighter pigs. While bellies from heavy carcasses offer processors greater processing yields, it unknown whether consumers may discriminate against the resulting products because of excessive fatness.
Again, as expected, heavier carcasses produced heavier ham cuts. However, increased ham cut weights were slightly less than proportional to increased carcass weights. Similar to belly processing observations, reduced pump uptake was observed in hams from Heavy and Very Heavy carcasses. Differences in pump uptake and retention of hams from Heavy and Very Heavy carcasses may be a result of protein functionality differences due to slower chilling rates. Cured hams from heavier carcasses were also less red and less yellow than cured hams from lighter carcasses. 
Fabrication of the SM muscle into a ‘center-of-plate’ option resulted in chops that were more juicy and flavorful than pork loin chops, but similar in tenderness. However, SM chops were paler, less red in color, and differently shaped compared with pork loin chops. Visual and sensory consumer testing is needed to determine whether the SM chop of heavier carcasses could be a valuable addition to the pork retail case.
Contact information: Dr. Bailey Harsh, bharsh2@illinois.edu

Key Findings: 
· Bellies from heavier carcasses may offer processors the greatest processing yields. However, it is unknown whether consumers may discriminate against the resulting products because of excessive fatness. 

· Differences in pump uptake and retention of hams from heavier carcasses may be a result of protein functionality differences due to slower chilling rates. Cured hams from heavier carcasses were less red and less yellow. This result was unexpected given the poor relationship between HCW and fresh ham component weights. 
· Semimembranosus chops were more juicy and flavorful than pork loin chops but similar in tenderness. However, SM chops were paler, less red in color, and differently shaped compared with pork loin chops.
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Scientific Abstract:  
Introduction: Hot carcass weights (HCW) of pigs are expected to further increase in coming years, but the effect of increased HCW on ham and belly processing and quality is unknown. Therefore, the objective of this study was to determine the effects of increasing carcass size on ham and belly processing and quality characteristics. 
Materials and Methods:  Carcasses (n=85) from pigs slaughtered under experimental conditions were divided into three HCW categories: Average (99 to 109 kg; n=30, Heavy (116 to 126 kg; n=30), and Very Heavy (134 to 144 kg; n=25). Right side whole hams were fabricated into an inside, outside, knuckle, inner shank, and lite butt. Inside, outside, and knuckles from an individual ham were placed together in nylon netting and weighed. The hams were multi-needle injected with a Schroder Injector Marinator model N50 (Wolf-Tec Inc., Kingston, NY) targeting 120% of each green weight. The cure solution targeted 1.52% salt, 0.33% sodium tripolyphosphate, 0.014% sodium nitrite, and 0.05% sodium erythorbate in the cooked ham. Three-piece hams were prepared for each carcass. Hams were cooked for 10 hours to an internal temperature of 65.6 °C and allowed to cool for 24 hours. A 2.54 cm ham steak was cut and instrumental L*, a*, and b* color measures were taken on four visual quadrants of the ham steak and then averaged. Procedures outlined by Kyle et al. (2014) were used in the determination of fresh belly characteristics. A sample for fatty acid profile analyses, which contained all three layers of adipose tissue and was free of lean tissue, was removed from the dorsal edge of the anterior end of each belly. Adipose tissue samples were used to prepare fatty acid methyl esters (FAME) using the procedure outlined by (Lepage and Roy 1986). Bellies were injected with a standard cure solution formulated with water, sugar, salt, sodium nitrite, sodium phosphates, and sodium erythorbate. A pump uptake of 13% was targeted for the final product. Data were analyzed as a one-way ANOVA using the MIXED procedure in SAS with the main effect of weight category and blocked by genotype and sex. Means were considered significantly different at P ≤ 0.05.
Ham results: Whole and trimmed hams, and ham subprimal weights were heavier (P < 0.01) on an absolute basis in heavier weight categories with the exception of the lite butt that was not different (P = 0.15) between weight categories. In general, ham cuts from Very Heavy carcasses were about 20-25% heavier than those from Average carcasses while Heavy carcass cuts were 10-15% heavier than Average carcasses. Bone and ham trim weight was also increased (P < 0.01) in heavier weight categories. However, on a percentage of chilled side weight basis, weight of whole and trimmed ham, ham subprimals, ham bones and ham trim were slightly reduced (P ≤ 0.05) in Very Heavy carcasses compared with Average carcasses. Given the increased weight of ham cuts, it was expected that fresh three piece ham weight, pump weight, stuffed weight, and cooked weight all increased (P ≤ 0.05) in Very Heavy and Heavy compared with Average. Cooked yield percentage was not different (P = 0.11) between weight categories. There were no differences between weight categories in cured ham instrumental lightness (P = 0.64). Instrumental redness and yellowness decreased (P < 0.01) approximately 0.84 and 0.67 units respectively in cured hams from heavier carcasses. 
Belly results: No interactions between carcass weight category and sex were observed for any belly quality trait (P ≥ 0.18). Belly thickness, length, and width increased (P < 0.01) with increasing carcass weight. Pump uptake was decreased (P = 0.03) for bellies from Very Heavy carcasses compared with bellies from Average and Heavy carcasses. Despite greater pump uptake by bellies from Average carcasses, bellies from Very Heavy carcasses had greater cooked weights and cook yields (P ≤ 0.01) than bellies from Average carcasses. Overall, belly fat from Very Heavy carcasses was more saturated than fat from Average and Heavy carcasses as indicated by decreased PUFA:SFA ratios (P ≤ 0.01). The IV of belly fat from Very Heavy carcasses was reduced (P ≤ 0.01) compared with Average weight carcasses, with IV of Heavy carcasses intermediate but not different from either extreme (P ≥ 0.07). 
Introduction:  
The average hot carcass weight (HCW) of U.S. pork carcasses increased 17% between 1995 and 2018.  This equates to an average increase in the weight of U.S. pork carcasses of 0.59 kg annually for the past 20 years.  Although increased carcass and primal weights represent greater throughput efficiency and present opportunities for novel cut creation through alternative fabrication methods, they also pose novel challenges for bellies and hams, primals representing the greatest contributors to carcass value on a price and volume basis, respectively.
Large commercial studies, representative of current industry marketing weights, have reported average whole ham weights (NAMP #401) of approximately 11.8 kg (Arkfeld et al. 2016b). More recently, studies targeting marketing weights up to 181 kg reported average whole ham weight of 14.1 kg (Price et al. 2019). With the primary use for hams over 12.2 kg being further processing, there is a critical need to evaluate the potential for weight-related changes in ham processing. Further, studies evaluating carcass chilling rates have shown hams from carcasses weighing 105 kg chilled slower than hams from carcasses weighing 85 kg (Overholt et al. 2019). Therefore, processors’ ability to appropriately chill hams may become compromised as carcass weights increase, potentially compromising processing characteristics and cured ham quality. Price et al. (2019) reported no relationship between HCW and ham (Gluteus medius) pH or instrumental color; however, cured ham characteristics were not evaluated.
Similarly, relationships between belly characteristics and carcass weights are poorly defined at ranges indicative of future market weights. In commercial pigs with a mean carcass weight of 95 kg, Harsh et al. (2017) demonstrated carcass weight was a moderate predictor of belly quality traits with heavier carcasses producing thicker and firmer bellies. As belly weights increase, dimensions will likely increase to a point where bellies routine exceeds the ability to fit current belly presses or result in sliced bacon less well suited for current packaging. Additionally, as bellies become increasingly thicker and wider, bacon slices are expected to become longer and taller (slice length and width, respectively) as well. Therefore, determining the how the dimensions and composition of bellies change with increasing hot carcass weight will offer valuable insight for processors to anticipate future challenges. 

Objectives: 
1. Determine the relationship between hot carcass weight and belly dimensions and composition.

2. Determine the relationship between hot carcass weight and ham component weights.

3. Establish the relationship between hot carcass weight and ham processing characteristics and cured ham quality
4. Assess the feasibility of fresh cut creation from the semimembranosus (SM) of heavy weight pigs.

Materials & Methods:  
Experimental Design

Pigs were raised at the University of Illinois Swine Research Center in pens of 4 pigs per pen. Three genetic lines of pigs, all from commercially available sires, were represented in the study. Pigs were weighed weekly starting at 23 weeks of age and marketed when they reached target weight windows of 136, 157, or 177 kg body weight (300, 345 and 390 pounds). Equal representation of genetic line and sex was targeted at each weight class. Pigs (N=85) were marketed over a ten week period between May and August 2021.

Slaughter, Chilling, and Carcass Fabrication
Pigs were transported to the University of Illinois Meat Science Laboratory and were held in lairage for a minimum of 16 h prior to slaughter. Pigs were provided ad libitum access to water but had no access to feed during this time. Pigs were weighed immediately before slaughter to determine an ending live weight. Pigs were slaughtered under the supervision of the Food Safety and Inspection Service of the United States Department of Agriculture (USDA). Pigs were immobilized using head-to-heart electrical stunning and terminated via exsanguination. Carcasses were weighed approximately 45 min postmortem to determine hot carcass weight (HCW). Carcass yield was calculated by dividing the HCW by ending live weight and expressed as a percentage. 

At approximately 22h postmortem, the left side of each carcass was ribbed between the 10th and 11th rib revealing the longissimus thoracis. Loin muscle area (LMA) surface was traced with archival polyester film. The tracings were later measured with a Wacom digital tracing pad (Wacom, Vancouver, WA) and Adobe Photoshop CS6 (Adobe Inc., San Jose, CA, USA). Tracings were measured twice and reported as the average of the two measurements. Tenth-rib back fat was measured three quarters of the distance up the LTL face. Standardized fat-free lean percentage was calculated using the following equation (Burson and Berg 2001): Standardized fat-free lean, % = ((8.588 + (0.465 × HCW, lb) – (21.896 × fat thickness, in) + (3.005 × loin muscle area, in2)) / HCW, lb) × 100.
Carcass Fabrication 

The left side of each carcass was fabricated into primal and subprimal cuts using traditional U.S. pork cutting specifications. Primals consisted of pork leg (NAMP #401), skin-on whole loin, pork shoulder (NAMP #403), neck bones (NAMP #421), jowl (NAMP #419), skin-on natural fall belly (NAMP #408), and spareribs (NAMP #416).  A skinned and trimmed primal weight was collected before primals were fabricated into subprimals. Skinned and trimmed hams were further fabricated into five subprimal ham pieces including the inside ham, outside ham, knuckle, shank, and lite butt. All ham pieces and natural fall bellies were retained for further analysis. 

Belly Quality Evaluation

Procedures outlined by Kyle et al. (2014) were used in the determination of fresh belly characteristics. A sample for fatty acid profile analyses, which contained all three layers of adipose tissue and was free of lean tissue, was removed from the dorsal edge of the anterior end of each belly. Bellies were measured at the midpoint of the latitudinal axis for the evaluation of length and at the midpoint of the longitudinal axis for the evaluation of width. Fresh belly thickness was measured at eight individual locations along the belly. Thickness was evaluated by inserting a probe through the lean side of each belly. Measurements 1 to 4 were collected at the midpoint between the latitudinal axis and the dorsal edge at 20%, 40%, 60%, and 80% of the length of the belly starting at the anterior end. Measurements 5 to 8 were collected at the midpoint between the longitudinal axis and the ventral edge at 20%, 40%, 60%, and 80% of the length of the belly starting at the anterior end. Additionally, flop distance was measured by placing the bellies, skin side down, over a bar. The distance was then measured between the inside edges of the bellies. After fresh belly characteristics were evaluated, they were vacuum packaged and stored at -34°C until further manufacturing. 
Fatty Acid Composition

Adipose tissue samples, taken from the dorsal edge of the anterior end of each belly, were used to prepare fatty acid methyl esters (FAME) using the procedure outlined by (Lepage and Roy 1986). Samples were analyzed in duplicate and followed standardized procedures. The long chain fatty acids (LCFA) were analyzed using Hewlett-Packard 5890 Series II and Hewlett-Packard 6890 gas chromatography equipment. A glass column (Supelco SP-2560, 100 M x 0.25 mm x 0.2 µm film) was used in each chromatographer. The oven temperature, detector temperature, and injector temperature were 240℃, 245℃, and 240℃, respectively. The concentration of LCFA were calculated as the LCFA content of substrate-containing tubes minus the LCFA content of blank tubes divided by substrate weight expressed on a dry matter basis.

Belly Processing

Frozen bellies were thawed at 4°C for approximately 4 d. After properly thawed, bellies were injected with a standard cure solution formulated with water, sugar, salt, sodium nitrite, sodium phosphates, and sodium erythorbate. A pump uptake of 13% was targeted for the final product. Bellies were then immediately weighed after injection to determine pump uptake according to the following equation: [(pumped weight – initial weight) / initial weight] * 100. Using bacon combs inserted through the anterior medial side, bellies were hung in the smoke house and processed to an internal temperature of 60.0°C. Bellies were chilled to an internal temperature between -5.6°C and -4.4°C for approximately 24 h. After chilling, bellies were weighed again allowing the calculation of cooked yield using the following equation: [(cooked weight – initial weight) / initial weight] * 100. After initial cooked weights were recorded, the skin and teat line with bootjack were removed with weights taken between each step. Bellies were sliced on a PUMA slicer (TREIF, Shelton, CT, USA) starting at the anterior end.
Ham Processing
Inside, outside, and knuckles from an individual ham were placed together in nylon netting and weighed. The hams were multi-needle injected with a Schroder Injector Marinator model N50 (Wolf-Tec Inc., Kingston, NY) targeting 20% pump uptake. The cure solution targeted 1.52% salt, 0.33% sodium tripolyphosphate, 0.014% sodium nitrite, and 0.05% sodium erythorbate in the cooked ham. After injection, hams were immediately weighed to determine percent pump uptake.  Hams were allowed to drain for 30 minutes on racks placed on a stainless steel table and hams were weighed again to determine final pump uptake (pump retention), and final pumped ham weight.  Percent uptake (both initial and final) were calculated as [(pumped weight – initial weight) / initial weight] * 100.  Hams were allowed to equilibrate for at least two hours.  After this time, hams were removed from the nylon net, macerated twice in a crisscrossing pattern, placed in a plastic bag (as a complete set of inside, outside, and knuckle originating from the same ham) and tumbled under a vacuum for two hours.  Maceration was achieved using a Belam macerator (Wolfking Meat Processing Equipment, Slagelse, Denmark) where each pass through the macerator penetrated both sides of the meat approximately 5 mm.  After tumbling, ham pieces were stuffed into nets such that the outside portion was on the bottom of the ham, the inside portion was placed on top of the outside portion and the knuckle was placed in front of the inside and outside portions towards the factory clipped end of the netting.  Hams were weighed to determine stuffed weight.  Stuffed yield was calculated as (stuffed weight/initial weight) * 100.  Hams were cooked in an Alkar smokehouse (Lodi, WI) for 10 h to a targeted internal temperature of 65.6 °C.  After cooking, hams were showered with cold water and moved to a 4 °C cooler where they were chilled for at least 24 h.  Hams were weighed with the casing removed to determine a final cooked weight.  Final cook yield was calculated as (cooked weight/initial weight) * 100.
Trained Sensory Analysis

A subset of the 85 total carcasses were used for trained sensory analysis. This subset was chosen to include all three sire lines and both sexes. Chops were allocated to 16 panels such that each panel contained serratus ventralis (SV), triceps brachii (TB), and SM chops from both the Heavy and Very Heavy weight categories and one Average LD chop. Each chop was weighed individually and cooked on Faberware Open Hearth grill (model 455N, Walter Kidde, Bronx, NY, USA). Internal temperatures were monitored during cooking using thermocouples (type K, range: -200°C to 1250°C standard error: ±2.2°C, Omega Engineering, Stamford, CT, USA). Thermocouples are placed at approximately the geometric center of the chops and attached to an Omega HH378 Data Logger Thermometer (Omega Engineering, Norwalk, CT). Chops were cooked to an internal temperature of 31°C, flipped, and cooked to an internal temperature of 63°C. Then, chops were trimmed of subcutaneous fat and edges, cut into 1x1 cm sections, and served to panelists in random order. Sensory analysis was evaluated by six trained panelist seated in individual booths breadbox style with red lights to prevent bias due to sample color. Each panelist received two cubes per sample on paper plates. Panelists were provided water and unsalted crackers to cleanse the palate between samples.  Chops were scored for tenderness, juiciness, and pork flavor each on a 15 cm semi-structured line  scale anchored at 7.5cm where 0 = extremely tough, extremely dry, or no flavor and 15= extremely tender, extremely juicy, and very intense flavor.
Statistical Analysis

Ham processing, belly quality, and fatty acid composition data were analyzed as a three-way ANOVA in the MIXED procedure of SAS 9.4 (SAS Institute, Cary, NC), with the fixed main effects of weight class, sex, genetic background, and their interaction. Least squares means were separated using the PDIFF option, with significance considered at P ≤ 0.05. Sensory tenderness, juiciness, and flavor, as well as cook loss, were analyzed similarly with the addition of panel as a random effect. As sex and genetic background were included in the model as fixed effect blocking factors, only the main effect of weight class was reported for all ham outcomes. Because of the well-documented effect of sex on belly quality and fatty acid composition, main effects of weight class and sex, as well as their interaction, was reported for these outcomes.
Results:  

For this study, 85 pigs, both barrows and gilts, representing three commercial sire lines were used. Pigs were classified into carcass weight categories such that the lightest pigs had carcass weights ranging from 99-109 kg (218-240 lb). The 5-year average carcass weight of pigs in the US ranges from 94-98 kg (208-216 pounds) (https://www.ams.usda.gov/mnreports/ams_2705.pdf). Thus, while the range of weights for the lightest carcasses this study overlap the 5-year average range, they are certainly among the heavier carcasses that would typically be found in commerce in 2022. For this report, they will be reported as the “Average” category. The next heavier category after average had carcass weights ranging tom 116-126 kg (256-278 lb). For the purpose of this report, these are termed “Heavy” pigs as they represent carcass weights that are approximately 25% greater than current industry averages. Finally, the heaviest carcasses in this study ranged from 134-144 kg (295-317 lb). For this report, this category is reported as “Very Heavy” as these carcasses represent weights that are approximately 45% greater than current industry averages. For reference, the average live weights for these three categories were: Average, 133 kg (293 lb); Heavy, 153 kg (337 lb); and Very Heavy 172 kg (379 lb).

The distribution of barrows and gilts from each sire line for each carcass weight category are found in Table 1. Each sire line was represented by 27-30 pigs. Overall, there were more barrows (53) than gilts (32) in the study. However, each sire line contributed both barrows and gilts to each carcass weight category. Sire line and sex were used as blocking factors in the statistical analysis where appropriate, and this report focused on differences between carcass weight categories. 
Objective 1: Determine the relationship between hot carcass weight and belly dimensions and composition.
No interactions between carcass weight category and sex were observed for any belly quality trait (P ≥ 0.18). Given that bellies from barrows and gilts are not typically separated during processing, main effects of carcass weight category are also discussed below. Belly thickness increased (P < 0.01) with increasing carcass weight (Average – 3.93 cm, Heavy – 4.21 cm, Very Heavy – 4.66 cm; Table 3). Belly length and width also increased (P < 0.01) with increasing carcass weight. However, belly flop distance did not differ (P = 0.70) between carcass weight categories. As expected, barrows had thicker bellies with greater flop distances (P ≤ 0.01) than gilts. Interestingly, gilts had wider bellies (P = 0.05) than barrows in the present study. 
No interactions between carcass weight category and sex were observed for any belly processing trait (P ≥ 0.18). Both initial belly weight and pumped belly weight increased (P < 0.01) with increasing carcass weight. Pump uptake was decreased (P = 0.03) for bellies from Very Heavy carcasses compared with bellies from Average and Heavy carcasses. There was no difference in pump uptake (P > 0.05) between Average and Heavy carcasses. Despite greater pump uptake by bellies from Average carcasses, bellies from Very Heavy carcasses had greater cooked weights and cook yields (P ≤ 0.01) than bellies from Average carcasses. However, regardless of similar pump uptake between bellies from Average and Heavy carcasses, bellies from Heavy carcasses had greater cooked weights and cook yields (P < 0.01) compared with bellies from Average carcasses. No differences between sexes were observed for any belly processing trait. 
Total saturated fatty acid content was not different (P = 0.14) between carcass weight categories, despite a numerical increase in SFA with increasing carcass weight (Table 4). Total SFA differences are largely influenced by C16:0 and C18:0 concentrations, the two SFA present in the greatest concentration in pork fat. Despite a numerical increase with increasing carcass weight, C18:0 concentration in belly fat was not different (P = 0.28) between carcass weight categories. There was a tendency for increased C16:0 concentration (P = 0.09) with increasing carcass weight. The percentage of C14:0 and C20:0 in belly fat was not different (P ≥ 0.38) between carcass weight categories. Concentrations of C8:0, C10:0, C12:0, C15:0, C22:0, and C24:0 were each less than 0.1% of total fatty acids for all carcass weight categories and C17:0 comprised less than 1% of total fatty acids for all carcass weight categories.
Total MUFA content of belly fat, as well as palmitoleic acid (C16:1) concentration and oleic acid (C18:1n-9) concentration were not different (P ≥ 0.13) between carcass weight categories. However, there was a tendency for an interaction (P = 0.10) between carcass weight and sex for total MUFA content. This effect was largely due to a tendency for an interaction (P = 0.06) between carcass weight and sex for oleic acid, the fatty acid comprising nearly half of all fatty acids present in pork fat. This tendency for an interaction is driven by a greater concentration of oleic acid in belly fat of Average weight, barrow carcasses than gilts, whereas for Heavy and Very Heavy carcasses, belly fat from barrows contained less oleic acid than gilts. Belly fat concentrations of C18:1n-7 did not differ (P = 0.52) among carcass weight categories. Concentrations of C14:1, C18:1 trans-9, C20:1n-15, C20:1n-9, C20:1n-7, and C22:1 were each less than 1% of total fatty acids for all carcass weight categories.
Total PUFA concentration was decreased (P = 0.02) in belly fat of Very Heavy carcasses compared with Average and Heavy carcasses. Total PUFA concentration was not different between bellies of Average and Heavy carcasses. The PUFA present in the greatest concentration in pork fat followed this same pattern, with fat from Very Heavy carcasses (12.23%) having lesser (P ≤ 0.01) linoleic acid (C18:2n-6) concentration compared with Average (13.46%) and Heavy carcasses (13.13 %). Similarly, belly fat from Very Heavy carcasses had lesser C20:4n-6 concentrations (P = 0.04) compared with Average and Heavy carcasses. The percentage of α-linolenic acid (C18:3n-3) and γ-linolenic acid (C18:3n-6) did not differ (P = 0.52) among carcass weight categories. However, an interaction between carcass weight category and sex (P = 0.01) was observed for α-linolenic acid; however, differences were minimal (data not presented in tabular form). There were no differences in the concentration of C20:2n-6, C20:3n-6, and C20:3n-3 (P = 0.0.16) between carcass weight categories. 
Overall, belly fat from Very Heavy carcasses was more saturated than fat from Average and Heavy carcasses as indicated by decreased PUFA:SFA ratios (P ≤ 0.01). This was likely driven by a decrease in the PUFA linoleic acid and numerical increase in the saturated fatty acids palmitic and stearic acid with increasing carcass weight. No changes in MUFA were observed with increasing carcass weight. This change in the degree of unsaturation was reflected in iodine value differences. The IV of belly fat from Very Heavy carcasses was reduced (P ≤ 0.01) compared with Average weight carcasses, with IV of Heavy carcasses intermediate but not different from either extreme (P ≥ 0.07). 
Objective 2: Determine the relationship between hot carcass weight and ham component weights.

Whole ham (NAMP #401), trimmed hams (NAMP #402), inside (NAMP #402F), outside (NAMP #402E), and knuckle weights were heavier (P < 0.01) on an absolute basis in heavier weight categories with the exception of the lite butt that was not different (P = 0.15) between weight categories. In general, ham cuts from Very Heavy carcasses were about 20-25% heavier than those from Average carcasses while Heavy carcass cuts were 10-15% heavier than Average carcasses. Inside had an average increase of 0.46 kg from Average to Very Heavy, outside increased 0.62 kg, and knuckle increased 0.41 kg, respectively. Bone and trim weight was also increased (P < 0.01) in heavier weight categories. However, on a percentage of chilled side weight basis, weight of whole and trimmed ham, ham subprimals, ham bones and ham trim were reduced (P ≤ 0.05) in Very Heavy carcasses compared with Average carcasses. Knuckle, on a percentage of chilled side, there were no differences among carcass weight categories (P = 0.37).
Objective 3: Establish the relationship between hot carcass weight and ham processing characteristics and cured ham quality

Given the increased weight of ham cuts, it was expected that fresh three-piece ham weight, pump weight, drain weight, stuffed weight, and cooked weight all increased ( P≤ 0.05) in hams from Very Heavy and Heavy carcasses compared with Average carcasses. Similar to belly processing observations, pump uptake was decreased (P < 0.01) for hams from Very Heavy carcasses compared with hams from Average carcasses. Pump uptake of hams from Heavy carcasses was intermediate but not different (P ≥ 0.13) from either extreme. Pump retention was decreased (P ≤ 0.04) for both hams from Heavy and Very Heavy carcasses compared with hams from Average carcasses. Despite differences in initial weight and pump uptake, no differences in cook yield were observed (P = 0.11). Increasing carcass weights had no effect on cured ham instrumental lightness (P = 0.64). Interestingly, cured hams from Average carcasses were redder in color (a*; P ≤ 0.01) than Heavy and Very Heavy carcasses. Similarly, cured hams from Average carcasses were also more yellow in color (b*; P ≤ 0.05) than Heavy and Very Heavy carcasses. No differences in cured ham redness or yellowness were observed (P ≥ 0.45) between Heavy and Very Heavy carcasses.
Objective 4: Assess the feasibility of fresh cut creation from the semimembranosus (SM) of heavy weight pigs.

The semimembranosus muscle was investigated for its potential to serve as a “center of the plate” option similar to boneless loin chops. As such, the semimembranosus from Heavy and Very Heavy carcasses were compared in terms of quality, size and visual appearance, and sensory attributes to loin chops from Average carcasses. All cuts were fabricated into 2.54 cm (1 inch) chops. Loin chops from Average carcasses weighed between 155-200 g. Chops from the semimembranosus of both Heavy and Very Heavy carcasses was heavier than loin chops (Figure 4). Chops from the semimembranosus weighed between 195-364 g from Heavy carcasses and between 230-415 g from Very Heavy carcasses. The semimembranosus muscle yielded between three and five 2.54 cm chops. Therefore, carcasses would be expected to yield about 6-10 chops of a similar size to boneless loin chops. However, the shape of this cut was not the same as a boneless loin chop. In general, chops from the semimembranosus were longer and narrower than boneless loin chops.
In terms of fresh pork quality, chops cut from the semimembranosus muscle were similar in yellowness compared with the loin. Ultimate pH was increased (P ≤ 0.05) in semimembranosus chops (pH 5.63) compared to loin chops (pH 5.52). However, semimembranosus chops were both lighter (L*; P ≤ 0.05) and less red (a*; P ≤ 0.05) than chops from the loin. Few differences in chop quality were observed for the semimembranosus between weight categories. However, an improvement in chop redness was observed (P ≤ 0.05) in semimembranosus muscles of Very Heavy carcasses compared with Heavy carcasses.
Sensory evaluation of loin and semimembranosus chops was performed with all chops cooked to 63°C. All chops exhibited similar cook loss (P = 0.26). Tenderness of loin and semimembranosus chops from both Heavy and Very Heavy carcasses were similar (P > 0.05). Juiciness and flavor were both improved in semimembranosus chops from Heavy and Very Heavy carcasses compared with loin chops from Average carcasses. 
Discussion:  
Objective 1: 

· Previous studies evaluating the effects of increasing carcass weights on pork quality traits have reported improvements in belly thickness and firmness with increasing carcass weight (Harsh et al. 2017). Despite weak correlations, belly thickness and firmness have been reported to be among the best fresh belly indicators of bacon processing yields (Kyle et al. 2014). Fresh belly quality findings in this study were consistent with Harsh et al. (2017).

· Minimal differences in fatty acid composition of bellies were observed in the present study. Concentrations of total PUFA in belly fat tissue decreased with increasing carcass weight although differences were minimal and consistent with Raj et al. (2010) where concentrations of polyunsaturated fatty acids (PUFA) were reduced by 0.37% units per 10 kg marketing weight increase from 90 to 130 kg.
· Despite minor changes in fatty acid composition, iodine values of bellies decreased with increasing carcass weights. Nonetheless, bellies from all three carcass weight categories would still be considered acceptable under typical industry thresholds (Iodine value ≤ 74; Seman, Barron, and Matzinger 2013). Further, previous studies have reported carcass weight only accounted for 7-10% of the variation in iodine value (Harsh et al. 2017; Price et al. 2019)
· Historically, deviations from belly thickness specifications have resulted in a $1.00 per carcass loss to packers (Stetzer and McKeith 2003). Based on belly thickness categories (“thin” = < 2.4 cm, “average” = 2.4 - 2.8 cm, and “thick” > 2.8 cm; Person et al. 2005), all bellies in the present study, representative of current and future carcass weight increases, would be categorized as thick.
· Reduced pump uptake observed in bellies from Very Heavy carcasses is likely attributable to increased fat content, as lean tissue has greater water holding capacity than fat tissue. Nonetheless, bellies from Very Heavy carcasses still had greater processing yields. 
· While bellies from heavy carcasses offer processors the greatest processing yields, it is possible consumers may discriminate against the resulting products because of excessive fatness.   Person et al. (2005) reported consumer may discriminate against bacon slices from thick bellies due to perceived fatness. 
Objective 2: 

· Most ham component weights, as a proportion of total chilled side, decreased with increasing carcass weights. This also applied to both ham bones and trim components. 
· This slight decrease in the proportion of ham weight may be explained by a slight increase in the proportional weight of loin and belly components (expressed as a percentage of chilled side weight) as carcass weights increased.
Objective 3: 
· Similar to belly processing observations, reduced pump uptake was observed in hams from Heavy and Very Heavy carcasses. While it is possible this decrease in pump uptake is also attributable to increased fat content, it is less likely due to the increased lean content of hams compared to bellies.

· Differences in pump uptake and retention of hams from Heavy and Very Heavy carcasses may be a result of protein functionality differences due to slower chilling rates. Overholt et al. (2019) reported hams from heavier carcasses would likely be warmer than those from lighter carcasses at the end of a 22 h chilling period. This reduction in chilling rate may result in reduced ability to hold and retain moisture.
· Cured hams from Heavy and Very Heavy carcasses were less red and less yellow. This result was unexpected given the poor relationship between HCW and fresh Gluteus medius redness (R2 = 0.0039, Harsh et al. 2017) as well as fresh leg (NAMP #401) weight and cured ham redness (r = 0.01, Arkfeld et al. 2016a).
Objective 4: 
· Semimembranosus chops from Heavy and Very Heavy carcasses performed similarly to boneless loin chops from Average carcasses from both a cut quality and sensory standpoint. 
· Despite improvements in flavor juiciness compared with loin chops, it is unknown whether the longer, narrower shape of semimembranosus chops would affect consumer perception and willingness to purchase.
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	Table 1. Distribution of barrows and gilts for each sire line in carcass weight categories of Average (99-109 kg), Heavy (116-126 kg), and Very Heavy (134-144 kg). 

	 
	 
	Average

99-109 kg
	Heavy 

116-126 kg
	Very Heavy 

134-144 kg

	Sire Line 1
	Barrows, n
	5
	4
	8

	
	Gilts, n
	5
	5
	1

	Sire Line 2
	Barrows, n
	6
	7
	4

	
	Gilts, n
	5
	4
	4

	Sire Line 3
	Barrows, n
	5
	8
	6

	
	Gilts, n
	4
	2
	2

	 
	Total Pigs, n
	30
	30
	25

	
	
	
	
	


	Table 2. Carcass characteristics from Average (99-109 kg), Heavy (116-126 kg), and Very Heavy carcasses (134-144 kg).1

	
	Carcass Weight Category
	
	

	 Item
	Average

99-109 kg
	Heavy 

116-126 kg
	Very Heavy 

134-144 kg
	SEM
	P- value

	 Pigs, n
	30
	30
	25
	
	

	 Live weight, kg
	133.07a
	153.32b
	171.87c
	0.68
	< 0.01

	 Hot carcass weight, kg
	104.31a
	121.47b
	138.15c
	0.59
	< 0.01

	 Carcass yield2, % 
	78.4a
	79.2b
	80.4c
	0.30
	< 0.01

	 Loin muscle area, cm2
	50.56a
	55.91b
	61.39c
	1.16
	< 0.01

	 10th rib back fat, cm
	2.09a
	2.47b
	2.79c
	0.11
	< 0.01

	 Fat-free lean3, %
	52.66b
	51.49a
	50.84a
	0.47
	0.01

	1Different superscript letters within the same row reflect carcass weight category treatment differences (P ≤ 0.05)

2Carcass yield = (Hot carcass weight/live weight) x 100. 

3Standardized fat-free lean = ((8.588 + (0.465 x HCW, lb) - (21.896 x fat depth, in) + (3.005 x Loin muscle area, in2)) ÷ HCW) x 100, (Burson and Berg, 2001).


	Table 3. Main effects of weight category and sex on belly yield and quality1  

	
	Carcass weight category
	
	Sex
	
	P-value

	Item
	Average

99-109 kg
	Heavy 

116-126 kg
	Very Heavy 

134-144 kg
	SEM
	Barrow
	Gilt
	SEM
	Weight
	Sex
	Weight × Sex

	Bellies, n
	30
	30
	25
	
	53
	32
	
	
	
	

	Length, cm
	70.67a
	73.22b
	75.32c
	0.60
	72.75
	73.39
	0.49
	< 0.01
	0.27
	0.44

	Width, cm
	27.90a
	29.44b
	30.52c
	0.41
	28.88
	29.69
	0.33
	< 0.01
	0.05
	0.55

	Thickness, cm
	3.93a
	4.21b
	4.66c
	0.09
	4.42
	4.11
	0.08
	< 0.01
	<0.01
	0.18

	Flop, cm
	27.72
	27.41
	29.70
	2.23
	31.04
	25.52
	1.79
	0.70
	0.01
	0.51

	Initial weight, kg
	7.15a
	8.61b
	9.92c
	0.14
	8.48
	8.64
	0.12
	< 0.01
	0.28
	0.56

	Pumped weight, kg
	8.00a
	9.63b
	10.96c
	0.15
	9.45
	9.62
	0.12
	< 0.01
	0.23
	0.51

	Pump uptake, %
	11.90a
	11.99a
	10.55b
	0.44
	11.44
	11.52
	0.35
	0.03
	0.86
	0.68

	Cooked weight skin-on, kg
	7.12a
	8.66b
	9.96c
	0.14
	8.51
	8.64
	0.12
	< 0.01
	0.38
	0.62

	Cooked weight skin-off, kg
	6.68a
	8.19b
	9.44c
	0.14
	8.04
	8.17
	0.11
	< 0.01
	0.36
	0.59

	Cooked yield2, %
	99.51a
	100.62b
	100.40b
	0.25
	100.31
	100.04
	0.20
	< 0.01
	0.27
	0.18

	1Different superscript letters within the same row reflect carcass weight category treatment differences (P ≤ 0.05)

	2Cooked yield calculated for skin-on cooked belly


	Table 4. Main effects of carcass weight category and sex on fatty acid profile (g/100 g FAME) of belly fat1 

	
	Carcass weight category
	
	
	Sex
	
	
	P-value

	Item
	Average 

99-109 kg
	Heavy 

116-126 kg
	Very Heavy 

134-144 kg
	SEM
	 
	Barrow
	Gilt
	SEM
	 
	Weight
	Sex
	Weight × Sex

	Pigs, n
	30
	30
	21
	
	
	50
	31
	
	
	
	
	

	SFA
	
	
	
	
	
	
	
	
	
	
	
	

	  C14:0
	1.22
	1.25
	1.26
	0.025
	
	1.26
	1.22
	0.020
	
	0.38
	0.13
	0.49

	  C16:0
	22.39
	22.70
	23.11
	0.261
	
	22.93
	22.54
	0.206
	
	0.09
	0.13
	0.62

	  C18:0
	11.55
	11.78
	12.54
	0.502
	
	12.03
	11.88
	0.397
	
	0.28
	0.77
	0.41

	  C20:0
	0.18
	0.19
	0.19
	0.009
	
	0.19
	0.18
	0.007
	
	0.78
	0.32
	0.06

	  Total SFA2
	35.91
	36.52
	37.65
	0.692
	
	36.98
	36.40
	0.548
	
	0.14
	0.39
	0.38

	MUFA
	
	
	
	
	
	
	
	
	
	
	
	

	  C16:1 
	2.40
	2.67
	2.41
	0.131
	
	2.56
	2.43
	0.104
	
	0.13
	0.30
	0.42

	  C18:1n-9 
	42.53
	41.96
	42.24
	0.446
	
	42.16
	42.33
	0.353
	
	0.50
	0.70
	0.06

	  Total MUFA3
	49.43
	49.2
	49.02
	0.634
	
	49.23
	49.21
	0.502
	
	0.87
	0.97
	0.09

	PUFA
	
	
	
	
	
	
	
	
	
	
	
	

	  C18:2n-6
	13.46a
	13.13a
	12.23b
	0.339
	
	12.64
	13.23
	0.269
	
	0.02
	0.08
	0.08

	  C18:3n-6
	0.03
	0.03
	0.03
	0.002
	
	0.03
	0.03
	0.001
	
	0.82
	0.87
	0.19

	  C18:3n-3
	0.07
	0.07
	0.06
	0.004
	
	0.06
	0.07
	0.003
	
	0.18
	0.10
	0.01

	  C20:2n-6
	0.56
	0.54
	0.52
	0.019
	
	0.53
	0.55
	0.015
	
	0.18
	0.38
	0.10

	  C20:3n-6
	0.09
	0.09
	0.08
	0.003
	
	0.09
	0.09
	0.003
	
	0.57
	0.98
	0.99

	  C20:3n-3
	0.13
	0.12
	0.11
	0.007
	
	0.12
	0.12
	0.005
	
	0.16
	0.83
	0.13

	  C20:4n-6
	0.19a
	0.18ab
	0.17b
	0.007
	
	0.17
	0.18
	0.005
	
	0.04
	0.33
	0.89

	  Total PUFA4
	14.4a
	14.02a
	13.08b
	0.358
	
	13.53
	14.13
	0.283
	
	0.02
	0.09
	0.07

	Calculations
	
	
	
	
	
	
	
	
	
	
	
	

	  UFA:SFA5
	1.79
	1.75
	1.67
	0.049
	
	1.71
	1.76
	0.039
	
	0.15
	0.34
	0.31

	  PUFA:SFA6
	0.40a
	0.39a
	0.35b
	0.014
	
	0.37
	0.39
	0.011
	
	0.01
	0.09
	0.27

	  IV AOCS7
	66.22a
	65.47ab
	63.71b
	0.750
	
	64.63
	65.64
	0.594
	
	0.03
	0.18
	0.47

	  IV Meadus8
	68.66a
	67.8ab
	65.93b
	0.802
	
	66.95
	67.97
	0.472
	
	0.03
	0.20
	0.44

	1Different superscript letters within the same row reflect carcass weight category differences (P ≤ 0.05); Abbreviations: FAME: fatty acid methyl esters, IV: iodine value, MUFA: monounsaturated fatty acids, PUFA: polyunsaturated fatty acids, SFA: saturated fatty acids, UFA: unsaturated fatty acids.

	2Total SFA = ([C8:0] + [C10:0] + [C12:0] + [C14:0] + [C15:0] + [C16:0] + [C17:0] + [C18:0] + [C19:0] + [C20:0] + [C21:0] + [C22:0] + [C24:0]); brackets indicate concentration.

	3Total MUFA = ([C14:1] + [C16:1] + [C18:1trans-9] + [C18:1n-9] + [C18:1n-7] + [C19:1] + [C20:1] + [C21:1]); brackets indicate concentration.

	4Total PUFA = ([C18:2n-6] + [C18:3n-6] + [C18:3n-3] + [C20:2n-6] + [C20:3n-6] + [C20:3n-3] + [C20:4n-6] + [C20:5n-3] + [C22:5n-3] + [C22:6n-3]); brackets indicate concentration.

	5Unsaturated fatty acids (UFA):SFA = (total MUFA + total PUFA)/ total SFA.

	6PUFA:SFA = total PUFA/ total SFA.

	7Iodine value = C16:1 (0.95) + C18:1 (0.86) + C18:2 (1.732) + C18:3 (2.616) + C20:1 (0.785) + C22:1 (0.723) (AOCS, 1998).

	8Iodine value = C16:1 (0.95) + C18:1 (0.86) + C18:2 (1.732) + C18:3 (2.616) + C20:1 (0.785) + C20:2 (1.57) + C20:3 (2.38) + C20:4 (3.19) + C20:5 (4.01) + C22:4 (2.93) + C22:5 (3.68) + C22:6 (4.64) (Meadus et al., 2010).


	Table 5. The effect of increasing carcass weight on fresh ham cutability

	 
	Carcass Weight Category
	 
	 

	Item
	Average
99-109 kg
	Heavy 

116-126 kg
	Very Heavy 

134-144 kg
	SEM1
	P- value

	Pigs, n
	30
	30
	25
	
	

	Chilled side, kg
	49.70a
	57.83b
	65.74c
	0.32
	< 0.01

	Whole ham, kg
	12.15a
	13.81b
	15.26c
	0.15
	< 0.01

	% chilled side wt
	24.44c
	23.89b
	23.22a
	0.19
	< 0.01

	Trimmed ham, kg
	10.16a
	11.67b
	12.71c
	0.13
	< 0.01

	% chilled side wt
	20.45b
	20.19b
	19.34a
	0.21
	< 0.01

	Inside, kg
	1.91a
	2.13b
	2.37c
	0.04
	< 0.01

	% chilled side wt
	3.84b
	3.69a
	3.61a
	0.07
	0.02

	Outside, kg
	2.57a
	2.87b
	3.19c
	0.06
	< 0.01

	% chilled side wt
	5.16b
	4.96ab
	4.85a
	0.10
	0.02

	Lite butt, kg
	0.28
	0.31
	0.30
	0.02
	0.15

	% chilled side wt
	0.56b
	0.54b
	0.45a
	0.03
	0.01

	Knuckle, kg
	1.47a
	1.70b
	1.88c
	0.03
	< 0.01

	% chilled side wt
	2.97
	2.94
	2.86
	0.06
	0.37

	Inner shank, kg
	0.71a
	0.82b
	0.88c
	0.01
	< 0.01

	% chilled side wt
	1.42b
	1.42b
	1.35a
	0.03
	0.04

	Ham bones, kg
	1.44a
	1.60b
	1.75c
	0.03
	< 0.01

	% chilled side wt
	2.90b
	2.77a
	2.66a
	0.05
	< 0.01

	Ham trim, kg
	1.77a
	2.22b
	2.29b
	0.05
	< 0.01

	% chilled side wt
	3.56a
	3.85b
	3.48a
	0.08
	< 0.01

	1Different superscript letters within the same row reflect carcass weight category differences (P ≤ 0.05)


	Table 6. Effects of carcass weight category on ham yield and quality1

	
	Carcass weight category
	
	

	Item
	Average
99-109 kg
	Heavy 

116-126 kg
	Very Heavy 

134-144 kg
	SEM
	P- value

	Initial weight, kg
	5.51a
	6.09b
	6.42c
	0.09
	<0.01

	Pump weight, kg
	6.73a
	7.40b
	7.70b
	0.15
	<0.01

	Pump uptake, %
	22.28a
	21.11ab
	19.92b
	0.69
	0.02

	Final pumped weight2, kg
	6.50a
	7.15b
	7.49b
	0.12
	<0.01

	Pump retention3, %
	18.11a
	16.84b
	16.53b
	0.56
	0.04

	Stuffed weight, kg
	6.40a
	7.02b
	7.32b
	0.14
	<0.01

	Cooked weight, kg
	5.62a
	6.23b
	6.44b
	0.13
	<0.01

	Cooked yield, %
	101.95
	102.00
	100.24
	0.72
	0.11

	Cured color4

	Lightness, L*
	64.62
	64.08
	64.56
	0.56
	0.64

	Redness, a*
	12.66b
	11.93a
	11.71a
	0.69
	< 0.01

	Yellowness, b*
	6.39b
	5.61a
	5.83a
	0.23
	<0.01

	1Different superscript letters within the same row reflect carcass weight category differences (P ≤ 0.05)

	2Weight 30 minutes post injection

	3Pump percentage after injected hams were allowed to drain brine for 30 minutes.

	4Calculated as the average of 4 measurements per ham slice.


	Table 7. Quality and sensory traits of chops from loins of Average pigs, and triceps brachii (TB), serratus ventralis (SV), and semimembranosus (SM) of Heavy and Very Heavy pigs1

	
	Carcass Weight Categories
	
	

	
	Average

99-109 kg
	Heavy 

116-126 kg
	Very Heavy 

134-144 kg
	
	

	Item
	Loin
	SV
	TB
	SM
	SV
	TB
	SM
	SEM
	P- value

	Cut Quality
	
	
	
	
	
	
	
	
	

	Carcasses, n
	30
	30
	30
	30
	25
	25
	25
	
	

	Ultimate pH
	5.52a
	5.87c
	5.82c
	5.63b
	5.85c
	5.89c
	5.65b
	0.05
	< 0.01

	Lightness, L*
	48.81d
	42.11bc
	39.64a
	51.83e
	42.58c
	40.07ab
	52.70e
	0.88
	< 0.01

	Redness, a*
	5.87bc
	6.71c
	5.25b
	3.89a
	6.79c
	5.10b
	5.03b
	0.44
	< 0.01

	Yellowness, b*
	10.54a
	16.47c
	15.27b
	10.27a
	16.59c
	15.36bc
	10.53a
	0.51
	< 0.01

	Sensory Evaluation
	
	
	
	
	
	
	
	
	

	Chops, n
	16
	16
	16
	16
	16
	16
	16
	
	

	Tenderness3
	7.20a
	7.87bc
	8.31cd
	7.42ab
	8.15cd
	8.60d
	7.35ab
	0.27
	<0.01

	Juiciness3
	7.36a
	8.62b
	8.25b
	8.19b
	8.72b
	8.37b
	8.31b
	0.22
	<0.01

	Flavor3
	1.92a
	3.28c
	3.09c
	2.18b
	3.18c
	3.17c
	2.26b
	0.10
	< 0.01

	Cook Loss, %
	19.86
	19.93
	21.06
	18.43
	20.84
	22.82
	18.20
	1.63
	0.26

	1Different superscript letters within the same row reflect carcass weight category differences (P ≤ 0.05)

	2Greatest standard error of the mean (SEM) occurring among treatments was reported.

	3Chops were scored for tenderness, juiciness, and pork flavor each on a 15 cm semi-structured line scale anchored at 7.5cm where 0 = extremely tough, extremely dry, or no flavor and 15= extremely tender, extremely juicy, and very intense flavor.


Figure 1. Representative images of loin chops from Average carcasses (99-109 kg), and serratus ventralis (SV) and triceps brachii (TB), and semimembranosus chops from Heavy (116-126 kg) and Very Heavy carcasses (134-144 kg).
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