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Abstract 15 

Range cattle in semi-arid regions are commonly limited by lack of nitrogen and other 16 

nutrients from grazing low-quality forage. Managers are faced with the challenge of 17 

monitoring diet quality in order to address nutrient limitations. Near-infrared 18 

spectroscopy of faecal samples (FNIRS) is a method used to determine diet quality in 19 

grazing animals. Previous research illustrated the ability of FNIRS to estimate cattle diet 20 

quality with accuracy. When combined with a nutritional balance software such as the 21 

NUTBAL (Nutritional Balance Analyzer) system, FNIRS can be used to monitor 22 
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nutritional status and estimate weight change. Our research aimed to test the ability of 23 

NUTBAL to predict animal performance as represented by body condition score (BCS) 24 

in cattle grazing on a semi-desert rangeland. Between June 2016 and July 2017, BCS 25 

and faecal samples were collected from the Santa Rita Ranch’s registered Red Angus 26 

herd (n = 82). Standing biomass and botanical composition were measured before each 27 

grazing period, and relative utilisation was measured following each grazing period. 28 

During the midpoint of grazing in each pasture, 30 BCS and a faecal composite of 15 29 

samples were collected. Faecal derived diet quality varied between a maximum of 30 

10.75% crude protein (CP) and 61.25% digestible organic matter (DOM) in early August 31 

2016, to a minimum value of 4.22% CP and 57.68% DOM in January 2017. Three 32 

evaluations were conducted in NUTBAL to determine the likelihood of accurately 33 

predicting animal performance; one with typical user defined inputs, one with improved 34 

environment and herd descriptive inputs, and one with these improvements plus the use 35 

of metabolisable protein in the model. This third evaluation confirmed the ability of 36 

FNIRS:NUTBAL to predict future BCS within 0.5 BCS more than 75% of the time. With 37 

this information, cattle managers in semi-arid regions can better address animal 38 

performance needs and nutrient deficiencies. 39 

 40 

Introduction 41 

As of the January 2018 United States Department of Agriculture-National Agricultural 42 

Statistics Service report, there were 19.1 million beef cows that had calved in the 17 43 

contiguous western states during 2017. This represents approximately 60% of the 44 

mature reproductive females in the national herd, and thus, a significant contribution by 45 
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western rangelands to the United States (U.S.) supply of animal-source protein. The 46 

southwestern region of the U.S. accounts for approximately 10% of reproductive 47 

females in the national herd. Climate projections indicate that the southwestern U.S. will 48 

be generally hotter and drier in coming years and though already prone to drought, this 49 

region will experience longer and more frequent droughts than those in the historical 50 

record (Garfin et al., 2014). If these projections come to pass, meeting the nutritional 51 

needs of grazing cattle will become increasingly difficult in arid and semi-arid regions 52 

(Baker et al., 1993; Eckert et al., 1995; Craine et al., 2010).  53 

 54 

Animal nutritionists have long touted the importance of quantifying the nutritional value 55 

of forage in an efficient beef production system. Several authors have described the 56 

need for intelligent use of forage resources to sustain rangelands and or animal 57 

agricultural production (e.g. Budd and Thorpe 2009; Nardone et al., 2010; Owensby et 58 

al., 1996; Loeser et al., 2007). Specifically, Olson (2005) outlined the importance of 59 

range management practices on beef cattle reproduction, Hart and Ashby (1998) 60 

demonstrated long term sustainability in rangeland condition and heifer gain from 61 

moderate adaptive stocking, and Ramsey et al. (2005) provided economic data to 62 

support grazing and strategic supplementation to reduce feed costs in beef operations.  63 

 64 

Despite many efforts expended and literature devoted to extolling the virtues of 65 

nutritional monitoring, effectively quantifying the nutritional status of free-ranging 66 

animals remains an elusive goal. There is thus a need for practical methods with which 67 

to determine grazing cattle diet quality and to subsequently predict animal performance. 68 
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Such methods could then be applied to make intelligent grazing management and or 69 

supplemental feeding decisions. This is especially true in the context of a changing 70 

climate. 71 

 72 

Several methods to accomplish the determination of intake and diet quality exist 73 

including esophageal fistulation and stomach content analysis. Most of these are useful 74 

for research purposes but not feasible for practical management (Coleman 2005). 75 

Remote sensing may provide a means to assess the nutritional value of forage (Lugassi 76 

et al., 2015; Wijesingha et al., 2020) but it is yet to be determined if these methods are 77 

practical or cost-effective at a ranch operational scale. Similar to other means of 78 

quantifying the nutrient composition of available forage, at present, remote sensing 79 

methods will still not provide information on the actual diet selected by herbivores.  80 

 81 

Cattle managers have historically used visual assessment of faecal pats, i.e. color and 82 

consistency, to infer the nutritional status of their herds (Lyons et al., 2000; Consuegra 83 

2003). Wildlife and livestock scientists have gone a step further and employed chemical 84 

analyses of faecal samples to assess diet attributes in free-ranging animals, nitrogen in 85 

particular (Leslie et al., 2008). Earlier research (e.g. Holechek et al., 1982; Holloway et 86 

al., 1981; Leite and Stuth 1990; Wofford et al., 1985) explored the use of primarily 87 

faecal nitrogen indices to infer ruminant diet quality. Another analytical technique, near-88 

infrared spectroscopy of faeces (FNIRS), has been used to non-invasively determine 89 

diet quality in feedlots (Jancewicz et al. 2016) and free-ranging animals (Coates 2000; 90 

Coleman 2010; Landau et al., 2016). The FNIRS technique has been reported for a 91 
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variety of ungulate herbivore species in various parts of the world (Tolleson 2010), 92 

including cattle in the U.S. (Lyons and Stuth 1992), Africa (Ossiya 1999), Australia 93 

(Coates 1998), Japan (Purnomoadi et al., 1998) and the Caribbean (Boval et al., 2004). 94 

 95 

In addition to evaluating diet nutritional value, Stuth et al. (1999) have used FNIRS-96 

derived crude protein (CP) and digestible matter (DOM) in conjunction with a grazing 97 

animal-oriented software, the Nutritional Balance Analyzer (NUTBAL) to predict weight 98 

or body condition score (BCS) in livestock. The combination of FNIRS and NUTBAL has 99 

been used in several rangeland drought mitigation projects around the world (Stuth et 100 

al., 2003; Tolleson et al., 2008), but relatively few validations of this system have been 101 

reported. Tolleson and Schafer (2014), Jinks et al. (2004), Lyons and Machen (2007), 102 

and Horsley (2002) are exceptions, and these have reported mixed results with respect 103 

to prediction of diet quality and animal performance. While the NUTBAL Online is now 104 

available for use of the software 105 

(http://cnrit.tamu.edu/nutbal_online/pages/user/default.jsp), the desktop package 106 

NUTBAL PRO was used in this study. Both applications of NUTBAL use the same 107 

calibration equations and require the same user inputs. All mentions of the NUTBAL 108 

software in this document refer to NUTBAL PRO. 109 

 110 

Sprinkle et al. (2015) reported general annual forage quality curves for Arizona (U.S.) 111 

grasses and shrubs (Fig. 1a), and Cable and Shumway (1966) determined diet quality 112 

on Arizona rangeland using esophageally-fistulated cattle (Fig. 1b). Additionally, Stuth 113 

(unpublished) generated FNIRS-predicted CP and DOM from faecal samples collected 114 
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in Arizona from 1995 to 2007 (Fig. 1c). There are, however, no reports in the literature 115 

using the combined FNIRS:NUTBAL system for this predominately Sonoran Desert 116 

region with a strong southwestern U.S. monsoon weather pattern. In addition to 117 

evaluating these aforementioned methods in a southwestern U.S. arid environment, 118 

there is also a need for collecting concomitant forage quantity and utilisation data to 119 

better inform nutritional monitoring at a ranch operational scale. 120 

 121 

Therefore, we conducted an experiment on The University of Arizona’s Santa Rita 122 

Experimental Range (SRER) with the following objectives: 1) to determine forage 123 

quantity, relative utilisation, and diet quality (via FNIRS) of free-ranging cattle in this 124 

environment, and 2) to determine the ability of the FNIRS:NUTBAL system to predict 125 

BCS at a level of accuracy useful to management. 126 

 127 

Methods 128 

Study site  129 

This study was conducted on or adjacent to the SRER approximately 56 km south of 130 

Tucson, Arizona (31°48'N, 110°50'W; Fig. 2). All data were collected on the southern 131 

portion of the SRER and on an adjacent U.S. Forest Service pasture. In total, the study 132 

area included 11 pastures for a total of 3,154 ha. On the SRER, pasture size varied 133 

between 87 and 329 ha. The Forest Service pasture (Ranger Station) totaled 1,004 ha, 134 

of which only 406 ha is considered accessible to cattle grazing due to rugged terrain. 135 

Elevation varies from 890 to 1580 m above sea level across the SRER with higher 136 

elevations found near the mountain range on the Ranger Station pasture. Yearly 137 
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precipitation averages between 250 and 500 mm across the property. Rainfall generally 138 

increases with elevation. Annual mean temperature across the study site is 16° C with 139 

summer temperatures frequently rising above 35° C.  Precipitation data were collected 140 

from the SRER website (cals.arizona.edu/srer/data) for the duration of the study, June 141 

2016 to June 2017.       142 

 143 

Up to 90% of perennial grass growth occurs during the summer monsoon period (Culley 144 

1943). Warm season grasses are the primary forage species on the SRER and the 145 

amount of available forage is highly correlated with the amount of summer rainfall 146 

(Martin and Severson 1988). Dominant herbaceous species include natives such as 147 

Arizona cottontop (Digitaria californica), large-spike bristlegrass (Setaria macrostachya), 148 

grama grass (Bouteloua spp.), aristida (Aristida spp.), Tanglehead (Heteropogon 149 

contortus), and the non-native invasive Lehmann and Boer lovegrasses (Eragrostis 150 

spp.). Other plant species common to the site are mesquite (Prosopis spp.), paloverde 151 

(Parkinsonia spp.), cholla (Cylindropuntia spp.), and prickly pear (Opuntia spp.). 152 

 153 

Vegetation sampling 154 

To document forage conditions during the study, standing biomass, botanical 155 

composition, and relative utilisation were measured in each pasture grazed during the 156 

yearlong period. Biomass and species composition were sampled along three, 100-157 

pace transects before the herd entered each pasture. After the herd left each pasture, 158 

relative utilisation was measured on three to five, 100-pace transects. All transect data 159 

were collected one to five days before and one to five days after a herd rotation. The 160 
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number of grazing utilisation transects for each pasture was determined using the 161 

following rule: one transect per 80 ha with a minimum of three transects per pasture. 162 

Transect locations were determined randomly using ArcGIS software.    163 

 164 

Standing biomass and botanical composition were measured using the dry-weight-rank 165 

and comparative yield methods (Coulloudon et al., 1999). When measured in 166 

conjunction with dry-weight-rank, comparative yield provides a measure of plant species 167 

composition by weight (Despain et al. 1997). Herbaceous seasonal utilisation was 168 

determined using the percent un-grazed plant method as described by Roach (1950).  169 

Seasonal utilisation is defined as that which is based on anything other than the peak 170 

standing crop (Smith et al., 2016). In other words, utilisation data determined from 171 

production data collected at some point during the growing season, not the total annual 172 

end of growing season production. In addition to the percent un-grazed plant method, 173 

the landscape appearance method (Coulloudon et al., 1999) was performed to 174 

determine browse utilisation. In total, 45 transects measuring standing biomass and 175 

species composition, and 50 transects estimating relative utilisation were measured. 176 

 177 

Animal study population 178 

We non-invasively monitored a herd of 82 mature (~ 5-year-old) registered Red Angus 179 

cow/calf pairs owned by a private rancher. Therefore, no University animal use protocol 180 

was required. Approximately 90% of calves were born in July and August of 2016 and 181 

calves were weaned on April 21, 2017. Following calving, the average weight of cows 182 

was 546 ± 19 kg, and the average BCS was 5.3 ± 0.16 on a scale of 1 to 9. Cows were 183 
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artificially inseminated in October of 2016, at which point bulls were released into the 184 

pasture. Water was readily available in all pastures. Cows had access to a mineral 185 

block near water, with no other supplementation.  186 

 187 

Faecal sample collection and body condition score observations  188 

Faecal samples were collected near the mid-point of the grazing period in each pasture 189 

as recommended by Tolleson and Schafer (2014). Six additional samples were 190 

collected at predetermined times corresponding to expected changes in animal nutrition 191 

requirements (e.g., peak lactation, gestation, weaning) or when the grazing period 192 

within a pasture exceeded one month. A sample consisted of approximately one 193 

tablespoon of faeces from 15 individual faecal pats, each weighing approximately 25 g, 194 

placed into one plastic bag. A composite of 15 faecal samples is considered suitable for 195 

management applications in herd and pasture sizes used in this study (White et al., 196 

2010; Tolleson and Schafer 2014). As it takes 2 to 4 days for a change in diet to be 197 

reflected in faeces (Coates et al., 1991), samples were only collected in pastures where 198 

cattle grazed for more than five days. In total, 18 faecal composite samples were 199 

collected throughout the study. After collection, samples were stored at -20oC until 200 

processing and analysis by near-infrared spectroscopy Diet quality values were 201 

obtained using FNIRS calibrations originally developed by Lyons and Stuth (1992), 202 

modified as reported by Tolleson (2012) and applied by Tolleson and Schafer (2014) 203 

and Tolleson et al. (2021). 204 

 205 
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Visual assessment of cow body condition provides a means of monitoring nutritional 206 

status without frequent gathering and handling of animals in expansive rangeland 207 

production environments. Coinciding with each faecal collection, BCS on a 1 208 

(exceptionally thin) to 9 (exceptionally fat) scale was recorded on approximately 30 209 

cows (Yaylak and Akbaş 2009). Because assigning BCS is a subjective visual 210 

estimation, calibration and training among researchers recording animal condition was 211 

conducted at the beginning and mid-point of the study. In this calibration effort, BCS 212 

was recorded to 0.5 score by each person (n = 4) expected to collect data during the 213 

project. Calibration at each time resulted in BCS recorded by observers having a SD of 214 

less than 0.5 BCS. Observed BCS (rounded to a full point) reported were subsequently 215 

obtained by at least two individuals. Consistently quantifying a BCS of less than 0.5 is 216 

difficult and therefore a margin of error equal to 0.5 is appropriate for use in a 217 

management setting (Lyons and Machen 2007). 218 

 219 

FNIRS and NUTBAL  220 

Methods for the application of FNIRS and NUTBAL for this project were adapted from 221 

Tolleson and Schafer (2014). Briefly, this process included: 1) Shipping the collected 222 

faecal samples to the Grazingland Animal Nutrition Laboratory at Texas A&M University 223 

for prediction of diet CP and DOM, 2) inputting descriptive information about the herd 224 

(e.g. breed, sex, age, reproductive status) and environmental conditions (obtained from 225 

the NUTBAL U.S. Animal Performance Weather Data System website 226 

https://cnrit.tamu.edu/cgi-bin/nutbalweather) into the NUTBAL software, 3) inputting 227 

FNIRS-predicted diet quality and finally, 4) running the model to predict animal 228 
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performance (kg/d weight change). The resulting kg/d weight change was then 229 

multiplied by the number of days between sample collections. Following the 230 

determination of weight change between each sample collection, the projected BCS 231 

was determined using an allometric relationship between animal weight, frame size  and 232 

body condition score within the COWSCORE utility of NUTBAL. The COWSCORE 233 

algorithm (Stuth et al. 1999) is based on the standard reference weight concept as 234 

developed by Fox et al. (1992) and Tyluki et al. (1994) and adopted by the NRC (2000). 235 

 236 

In the nutritional balance software, standard breed-type characteristics such as those 237 

presented in Table 1 are input to set animal nutritional requirements. If herd specific 238 

data is available, this information can be tailored to the animals being monitored. In 239 

addition, each case, run with inputs for a given sampling date, contains current 240 

information such as predicted CP and DOM, environmental conditions (e.g. 241 

temperature), and day of gestation or lactation.  242 

 243 

Three different evaluations of the FNIRS:NUTBAL nutritional monitoring system were 244 

conducted (Table 2). Evaluation number 1 was conducted as we proposed a typical 245 

user of the service would do; i.e. with standard published animal attributes and the 246 

original herd descriptive information as supplied by the producer, diet quality values (CP 247 

and DOM) as received from the laboratory after each sampling event, and a forward 248 

estimation of kg/d weight change with which to predict BCS at the next sampling date 249 

(typically 30 days). Note: the initial cases run with producer-supplied information placed 250 

the days pregnant for the herd at approximately 248 on June 10, 2016. However, as 251 
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calving occurred, we observed that average days pregnant for the herd would have 252 

actually been approximately 210 on the project start date. Therefore, we adjusted days 253 

pregnant from 0 to 261 for the July 31, 2016 sampling date and all subsequent 254 

nutritional balance case evaluations were conducted based on the observed average 255 

calving date. Additionally, Evaluation 1 determined weight gain or loss as being limited 256 

by either CP or energy (Mcal) values as described in Stuth et al. (1999).   257 

 258 

In Evaluation 2, we utilised additional information (e.g. published peak milk production 259 

values [Coleman, et al., 2014, Sprinkle, et al., 2011] from similar production 260 

environments) which allowed us to better describe the herd and set baseline nutritional 261 

requirements. Based on this information, peak milk production was adjusted to 6.5 kg, 262 

and days pregnant were based on the observed calving dates from the beginning of the 263 

study. As in Evaluation 1, weight gain or loss was based on CP or energy balance.  264 

 265 

Evaluation 3 was as described for Evaluation 2, except for the use of metabolisable 266 

protein (MP) and energy values to predict weight gain or loss. This latter adaptation is 267 

due to the observation by previous workers that using MP in the nutritional model 268 

provided more accurate projections of performance than CP in cattle grazing semi-arid 269 

Arizona (Tolleson and Schafer 2014), or Texas (Lyons 2010) rangelands. 270 

 271 

Within each evaluation, relationships between observed versus FNIRS:NUTBAL-272 

predicted BCS were determined by simple regression and paired t-test techniques 273 

(Steele and Torrie, 1980). Additionally,  chi-square procedures (Steele and Torrie, 1980) 274 
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were applied to gauge effectiveness in predicting BCS to within either 0.5 of 0.25 of a 275 

BCS .  276 

 277 

Results 278 

Vegetation 279 

Cumulated rainfall across the SRER during the study period of June 2016 through June 280 

2017 was 390.85 mm. Seventy-eight percent of rainfall occurred between June 2016 281 

and September 2016 as is typical for the monsoon climate. Precipitation was 282 

approximately 10% above the long-term average during the 2016 monsoon and 283 

approximately 10% below average for the remainder of the study. Standing biomass 284 

measured before each grazing period averaged 2,632 ± 295 kg/ha across the study 285 

pastures and ranged from 3018 ± 72 kg/ha in pasture 4 to 1879 ± 307.49 kg/ha in 286 

pasture UA-C. Botanical composition was largely dominated by Eragrostis lehmanniana 287 

and Prosopis spp. Relative utilisation measured following each grazing period is 288 

presented in Fig. 3 and ranged from 7 to 47% (19.0 ± 3.8%). Relative utilisation 289 

measured following each grazing period exceeded 21% only twice during the study; in 290 

pasture UA-C and the Ranger Station pasture at the end of the study. When measuring 291 

utilisation, plant species was recorded and by inference an estimate of diet composition. 292 

Cattle almost exclusively consumed perennial grasses throughout the year and intake 293 

was never estimated to be limited by forage availability. On average, estimated diets 294 

consisted of 60% Eragrostis lehmanniana, 12% Setaria macrostachya, 13% Digitaria 295 

californica, and 15% other native grasses. Browse use was negligible in all pastures 296 

throughout the study except pasture 1 where utilisation was very light (6% to 20%). 297 
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Calliandra eriophylla was the species recorded as browsed in pasture 1 from field 298 

observations. 299 

 300 

Diet quality and cattle body condition 301 

Faecal NIRS-derived diet quality (Fig. 4b) varied during the study from minimum values 302 

of 4.22% CP and 57.68% DOM after approximately 60 days grazing pasture 8 in 303 

January 2017, to a maximum of 10.75% CP and 61.28% DOM in early August 2016 304 

during the summer monsoon season. Diet quality began to decline in early September 305 

and remained low throughout the winter until the end of the sampling period in this 306 

study.  307 

 308 

Cow condition varied within the range of approximately one BCS score during the study 309 

period (Table 3). The lowest recorded BCS was 4.27 ± 0.17 on 29/09/16, just before 310 

estimated peak lactation in the cows and following an extended grazing period in 311 

pasture UA-C due to the needs of another study in that pasture. The highest recorded 312 

BCS was 5.3 ± 0.10 on 17/08/16, coinciding with late gestation during the summer 313 

monsoon season. 314 

 315 

Model evaluation 316 

Results for FNIRS:NUTBAL-projected BCS varied depending on program inputs and the 317 

type of protein used to meet animal requirements in the model (Table 3). When FNIRS-318 

derived diet quality values were first received from the laboratory, a case analysis was 319 

conducted with no adjustments in NUTBAL to the original producer-supplied inputs 320 



Range cattle nutritional monitoring 

15 
 

(Evaluation 1). As indicated by simple regresion analysis, this resulted in no linear 321 

relationship between predicted BCS as compared to observed BCS (r2 = 0.01; P > 0.1). 322 

Similar results were obtained with Evaluation 2 (r2 = 0.01; P > 0.1) and 3 (r2 = 0.01; P > 323 

0.1). Paired t-tests, however, revealed differences in observed and predicted BCS 324 

between evaluations (Fig. 5). In Evaluations 1 and 2, cow body condition was generally 325 

underestimated (P < 0.06) by the FNIRS:NUTBAL method, whereas in Evaluation 3 326 

there was no difference (P > 0.1). Additionally, there was a greater than 10-fold 327 

difference in variation between observed and predicted BCS in Evaluations 1 and 2 as 328 

compared to Evaluation 3. There was also a divergence among the three evaluations 329 

with respect to the proportion of predicted BCS within 0.5 (X2 = 10.1, P = 0.006) or 0.25 330 

(X2 = 5.6, P = 0.06) of observed BCS. In Evaluation 1, predicted BCS was within 0.5 of 331 

observed BCS only 29% of the time and within 0.25 only 18% of the time. Evaluation 2 332 

yielded predictions within 0.5 or 0.25 of observed BCS 29% and 24% of the time, 333 

respectively. Corresponding results for Evaluation 3 (Fig 6) indicated that predicted BCS 334 

was  within 0.5 of observed BCS 76% of the time and within 0.25 53% of the time. 335 

 336 

Discussion 337 

Vegetation production and grazing utilisation data indicate that overall, cattle 338 

performance was likely not limited by forage availability during the study. One exception 339 

may have occurred during an extended stay in early September 2017 (~ 6 additional 340 

days) in pasture UA-C to meet the needs of another experiment. Above ground forage 341 

biomass in pasture UA-C was the lowest observed during the study (1,879 ± 308 kg/ha) 342 

and utilisation was the highest (46%; Fig. 3). Still, this pasture should have provided for 343 
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approximately 3 months of grazing for the herd at the prescribed stocking rate and the 344 

observed forage standing biomass. It should be noted, however, that this utilisation rate 345 

coincided with both a high nutritional demand in the cows due to stage of lactation (~40 346 

days) and, a decline in diet quality (Fig. 4b). Faecal sample collection in pasture UA-C 347 

occurred twice, after 8 and 25 days of grazing. Crude protein and DOM on day 8 were 348 

10.28% and 60.35% respectively, and on day 25, corresponding values were 7.37% 349 

and 60.32%.  This decline in protein coincident with increasing utilisation agrees with 350 

the observations of Meen (2000). Working with grass and shrub species on northern 351 

Arizona rangelands, he applied “light”, “moderate”, or “heavy” simulated utilisation and 352 

reported reductions in CP and total digestible nutrients with advancing levels of tissue 353 

removal.  Therefore, even though adequate forage biomass was available in pasture 354 

UA-C, it was not of adequate nutritional quality for cows at this early stage of lactation 355 

and relatively low intake (NRC 2000).  These convergent factors resulted in the lowest 356 

BCS observed during the study (~4.3; Table 3, Fig. 6). Otherwise, the cattle maintained 357 

body condition throughout the production year. 358 

 359 

Diet quality (Fig. 4b) varied along with expected seasonal precipitation patterns and 360 

plant phenology. Our observed diet quality was thus comparable to previous data 361 

collected in this region (Fig. 4a) and at this particular study site (Fig. 1b). Our FNIRS 362 

cattle diet quality prediction results also agree with the type of variation reported by 363 

others monitoring large ungulate nutrition in seasonally variable environments (Bailey et 364 

al., 2010; Dixon and Coates 2010; Craine et al., 2013; Tolleson and Schafer 2014; 365 

Landau et al., 2016).  366 
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 367 

Even though the FNIRS calibrations predicted cattle diet quality along typical seasonal 368 

patterns, and observed cattle BCS was affected by seasonal vegetation phenology and 369 

the animal production cycle, NUTBAL model predictions of cattle BCS were not of 370 

adequate accuracy to inform grazing or nutritional management decisions when used 371 

directly as received from the commercial laboratory or with only minor improvements in 372 

data input to the model (Fig. 5a). It should be noted that there was a narrow range of 373 

BCS values observed in this study, which contributed to the poor coefficient of 374 

determination values. However, if 0.5 of a BCS score is a typical margin of error for 375 

visual estimation of cow body condition (Vizcarra and Wettemann 1996), only 376 

Evaluation 3, which employed more informed inputs to the model as well as MP-based 377 

outputs, provided usable decision-making projections and did so in 76% of the cases.  378 

Metabolisable protein (NRC 2016) accounts for the nitrogen needs of both the rumen 379 

microbes and the host animal. Metabolisable protein supplied to the lower 380 

gastrointestinal tract includes microbial protein, rumen undegraded protein, and 381 

negligible amounts of endogenous protein. The NUTBAL model uses the Beef NRC 382 

(2000) calculations to determine MP balance. This option is available in the desktop 383 

version of the software which can be requested from the Gan Lab. 384 

The current results are in agreement with previous workers (Lyons 2010; Tolleson and 385 

Schafer 2014) who reported that weight change in range cattle grazing low quality 386 

forages were more accurately predicted by MP-based outputs from the FNIRS:NUTBAL 387 

system than CP-based outputs. In the current study, CP-based outputs generally under 388 

predicted BCS compared to MP-based outputs. Lyons (2010) attributed the correction of 389 
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under predicted BCS in his study to a greater supply of post ruminal protein in the 390 

model when using MP. These observations are not surprising. McCollum et al. (1985) 391 

determined that CP was a poor measure of N needs for ruminants grazing diverse 392 

forages. Other research conducted on cows grazing low quality rangeland forage has 393 

reached similar conclusions.  394 

Schauer et al. (2005) reported agreement between observed and MP-based cow 395 

performance on rangeland in the northern Great Basin. Although neither correlation nor 396 

statistical significance were reported, a simple regression derived from Table 2 and 397 

Figure 4 in Fernandez-Rivera et al. (1989) indicated reasonable agreement between 398 

observed and MP-based predictions of weight gain in beef steers grazing cornstalks. 399 

Lardy et al. (1999) determined that rumen degradable protein was the first limiting 400 

nutrient for lactating cows grazing low quality rangelands. These authors observed a 401 

slightly greater efficiency in microbial protein synthesis than published estimates, less 402 

than expected milk production which reduced MP requirements in their research herd, 403 

and enough forage intake to supply most of the microbial and host protein needs. Their 404 

observations agree with those obtained in our study.  Although we did not measure 405 

intake, forage production and stocking rates allowed for a general maintenance of cow 406 

body condition. Additionally, milk production was estimated to be moderate, consistent 407 

with range cows selected to survive in this desert environment.  408 

Departures from observed and predicted BCS values were also influenced by the timing 409 

and frequency of faecal sampling, concurrent with the interaction between animal and 410 

plant physiology (Fig. 6). In rapidly changing conditions, such as those previously 411 

discussed for pasture UA-C in August-September 2016, diet quality monitoring data 412 
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may become irrelevant soon after collection. The frequency and timing of any 413 

environmental monitoring data are critical for successful practical application and 414 

decision support (Bellocchi et al. 2014). Bellocchi et al. 2014quote Van Oijen (2002): 415 

“Predictions pose special problems for testing, especially if prediction focuses on events 416 

in the far future. Predictive models can be accepted if they explain past events (ex-post 417 

validation). However, the probability of making reasonable projections decreases with 418 

the length of time looked forward.” 419 

In an environment highly variable in space and time, especially as influenced by the 420 

amount, timing, and distribution of precipitation such as our study area (Comrie and 421 

Broyles 2002; Sponseller et al., 2012), the plant:animal interface can be so dynamic that 422 

the “far future” may only be a matter of days. To better account for changing conditions 423 

and evaluate the FNIRS:NUTBAL system in rangeland grazing scenarios, Tolleson and 424 

Schafer (2014) employed an additional method (ex-post validation) in which predicted 425 

BCS: 426 

“…was based on the average predicted weight change between the 2 endpoint 427 

sampling dates for a given period {i.e., BW at date 1 + [(mean projected kg/d (date1, 428 

date 2)] × (number of days between date 1 and date 2)}.” 429 

Employing this method after the fact in the current study would result in predictions of 430 

BCS within 0.5 and 0.25 of a score for 82 and 64% of cases, respectively. While this 431 

method does allow for changes in both forage conditions and animal nutritional needs, 432 

and is a viable evaluation of model performance (Van Oijen 2002), it is not useful for 433 

evaluating practical management projections in real-time and is thus not consistent with 434 

the objectives of this study. Previous work from our lab (Tolleson and Schafer 2014) 435 
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also benefited from an additional year of data in which experience gleaned during the 436 

first two years of the study were applied to make adaptive improvements to the model in 437 

year three. One limitation of the current study is that we were not able to continue 438 

sample collection for an extended time period.   439 

  440 

In summary, although FNIRS-derived diet quality values were informative and followed 441 

expected seasonal variations, model predictions of animal performance as we propose 442 

are typically applied, were not sufficiently accurate to inform grazing or nutritional 443 

management. The range of BCS values observed in this study was narrow but not 444 

untypical. Cattle maintained body condition through most of the sampling period. This is 445 

not surprising as the grazing management scheme and breeding/calving seasons 446 

employed by the producer are designed to take advantage of the monsoon precipitation 447 

and resultant plant phenology in southern Arizona. Correlations between observed and 448 

predicted BCS were thus understandably low. More informative is how well the general 449 

direction of BCS change was predicted (Fig. 6) and how often the predictions were 450 

within 0.5 BCS, an identifiable range of accuracy for visual estimations of cow body 451 

condition. Regardless  of assessment criteria, the methods employed in Evaluation 1 452 

and 2 were unsuccessful. There was meaningful improvement, however, when animal 453 

physiological status was accurately described and predictions of performance were 454 

based on MP rather than CP. Additional improvements will occur with more frequent 455 

monitoring during dynamic periods of environmental conditions and or animal 456 

physiology and application of iterative adaptations to the model based on the specific 457 

location and management scenario. Thus, to be effective, the FNIRS:NUTBAL method 458 
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must utilise adequate quality inputs with respect to the animals being monitored and 459 

must rely on published reports of validation studies from similar environments to 460 

properly use and interpret model outputs.   461 
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Tables 664 

 665 

 666 

Table 2. Description of evaluation specifications for faecal near-infrared spectroscopy:Nutritional Balance 
Analyzer Program projections of animal weight and body condition score as applied in this study.

Evaluation Herd Data Input Protein Type 
1 Original user-supplied breed description and estimated average calving date 1CP
2 Adjusted to observed average calving date and reduced peak milk production 1CP
3 Adjusted to observed average calving date and reduced peak milk production 2MP

1 Crude protein (N * 6.25)
2 Metabolisable protein
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 667 

 668 

Figures 669 

Table 3. Observed versus faecal near infrared spectroscopy (FNIRS):Nutritional Balance Analyzer 
Program (NUTBAL) projected body condition scores (BCS) in cattle grazing Arizona rangeland in US.

Sample 
Date Evaluation 1 Difference Evaluation 2 Difference Evaluation 3 Difference

10/06/2016 5.24 n/a n/a n/a n/a n/a n/a
24/06/2016 5.13 4.78 0.35 5.07 0.06 5.31 -0.18
13/07/2016 5.11 3.76 1.35 4.00 1.11 4.81 0.30
31/07/2016 5.23 4.22 1.01 4.29 0.94 4.94 0.29
8/08/2016 5.10 5.25 -0.15 5.27 -0.17 5.27 -0.17

17/08/2016 5.30 5.05 0.25 5.06 0.24 5.06 0.24
30/08/2016 5.00 5.30 -0.30 5.26 -0.26 5.26 -0.26
16/09/2016 5.23 5.07 0.16 5.07 0.16 5.07 0.16
29/09/2016 4.27 5.02 -0.75 4.89 -0.62 5.16 -0.89
22/10/2016 5.00 4.34 0.66 4.23 0.77 4.26 0.74
8/12/2016 5.20 2.91 2.29 2.44 2.76 4.49 0.71

10/01/2017 4.87 3.21 1.66 2.96 1.91 5.17 -0.30
19/01/2017 4.80 4.25 0.55 4.18 0.62 4.83 -0.03
14/02/2017 4.67 3.51 1.16 3.42 1.25 4.89 -0.22
18/03/2017 4.72 3.14 1.58 3.07 1.65 4.87 -0.15
30/03/2017 5.08 3.82 1.26 3.77 1.31 4.54 0.54
12/05/2017 4.93 2.01 2.92 1.84 3.09 4.85 0.08
5/06/2017 5.20 3.45 1.75 3.45 1.75 5.08 0.12

Observed 
BCS

FNIRS:NUTBAL-projected BCS
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