
Rangeland Ecology & Management 82 (2022) 1–11 

Contents lists available at ScienceDirect 

Rangeland Ecology & Management 

journal homepage: www.elsevier.com/locate/rama 

Original Research 

Evaluation of the APEX cattle weight gain component for grazing 

decision-support in the Western Great Plains 

G. Cheng 

1 , 2 , R.D. Harmel 3 , ∗, L. Ma 

4 , J.D. Derner 5 , D.J. Augustine 

4 , P.N.S. Bartling 

4 , Q.X. Fang 

6 , 
J.R. Williams 7 , C.J. Zilverberg 

8 , R.B. Boone 

9 , Q. Yu 

1 , 2 , 10 , ∗∗

1 State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Northwest A&F University, Yangling 712100, China 
2 College of Natural Resources and Environment, Northwest A&F University, Yangling 712100, China 
3 USDA-ARS, Center for Agricultural Resources Research, Fort Collins, CO 80526, USA 
4 USDA-ARS, Rangeland Resources and Systems Research Unit, Fort Collins, CO 80526, USA 
5 USDA-ARS, Rangeland Resources and Systems Research Unit, Cheyenne, WY 82009, USA 
6 Qingdao Agricultural University, Qingdao 266109, China 
7 Texas A&M University, Temple, TX 76502, USA 
8 Dakota Lakes Research Farm, Pierre, SD 57501, USA 
9 Natural Resource Ecology Laboratory, Colorado State University, Fort Collins, CO 80523, USA 
10 Key Laboratory of Water Cycle and Related Land Surface Processes, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, 

Beijing 100101, China 

a r t i c l e i n f o 

Article history: 

Received 16 August 2021 

Revised 14 January 2022 

Accepted 25 January 2022 

Key Words: 

daily weight gain 

dry matter intake 

rangeland 

rotational grazing 

shortgrass steppe 

a b s t r a c t 

Rotational grazing studies have produced mixed results related to animal performance (weight gain), 

which has contributed to producer uncertainty regarding grazing management decisions. To enhance 

decision-support for producers, we improved algorithms in the Agricultural Policy/Environmental eXten- 

der (APEX) model to better represent cattle weight gain in real-world rangeland conditions under two 

grazing management strategies. Simulated weight gain and related forage effects were evaluated with 

experimental data from 2014 to 2018 under two grazing strategies. The traditional rangeland manage- 

ment strategy used continuous season-long grazing stocked at a moderate level. The collaborative adap- 

tive rangeland management strategy employed grazing with one large herd rotated using a sequence 

developed by a stakeholder group with movement between pastures driven by predetermined decision 

triggers. For each grazing strategy, yearling steers grazed from mid-May to October on ten 130-ha pas- 

tures. With the APEX modifications, daily weight gain was adequately simulated for both continuous 

(traditional rangeland management) grazing and management intensive rotational (collaborative adaptive 

rangeland management) grazing. Dry matter intake, total digestible nutrients, and temporal distribution 

of dry matter intake were the primary influencers of cattle performance (weight gain). Once shown to be 

accurate, we used APEX to evaluate several management alternatives (i.e., stocking rate, rotation interval, 

and rotation decision criteria) to showcase its decision support capabilities. These important enhance- 

ments increase the utility of APEX in semiarid environments, such as the western Great Plains, in pro- 

viding science-based rangeland decision support to ranchers, agency land managers, and policy makers. 

Published by Elsevier Inc. on behalf of The Society for Range Management. 
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Rangelands are the most extensive land cover type on earth and

rovide numerous ecosystem services, such as biodiversity, water,

arbon sequestration, food, fiber, fuel, and cultural values ( Briske,
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017 ). Rangeland degradation exacerbated by improper grazing

anagement has been widely identified in the world’s arid and

emiarid rangelands (Moreno García et al. 2014 ). Simply reduc-

ng stocking rate often does not prevent undesirable plant inva-

ion and mitigate further degradation ( Teague et al. 2013 ). Thus,

razing managers and scientists regularly evaluate various alter-

ative grazing management systems. Alternative grazing manage- 

ent strategies exist (e.g., rotational grazing), but results for cattle

eight gains are inconsistent, often because of confounding effects

f stocking rate and grazing strategy, as well as system complexity
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Figure 1. Simplified diagram of the beef cattle weight gain process in APEX. 
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 Briske et al. 2008 , 2011 ; Hawkins 2017 ; Harmel et al. 2021 ). For

xample, Teague et al. (2013) concluded that several factors influ- 

nce the potential benefits of rotational grazing, including 1) pro- 

iding for adequate plant recovery, 2) modifying livestock distri- 

ution and grazing intensity, and 3) regulating livestock nutrition 

nd feeding behavior. Also, the application of experimental find- 

ngs to commercial ranches often does not occur because they lack

exibility and feedback mechanisms relative to the temporal and 

patial scales of actual operations ( Roche et al . 2015 ; Derner and

ugustine 2016 ). 

To address limitations of prior studies and better understand 

roduction impacts, the collaborative adaptive rangeland manage- 

ent (CARM) experiment was implemented in 2014. The study 

as conducted at a real-world ranch scale (2 600 ha), and annual

tocking rate was kept the same between the CARM and tradi-

ional rangeland management (TRM) treatments. In contrast to pre- 

ious studies, which intentionally excluded the human dimensions 

 Briske et al . 2011 ), this study incorporated participatory decision

aking for adaptive management by an 11-member stakeholder 
roup composed of ranchers, nongovernment conservation orga- 

izations, and state/federal land managers ( Wilmer et al. 2018 ).

razing strategy did not influence vegetation responses, but the 

ARM strategy consistently reduced cattle weight gains (11% −16%) 

uring the first 5 yr of the comparison ( Augustine et al. 2020 ). 

While producers and field studies are working to better un- 

erstand the impacts of sophisticated grazing management alter- 

atives, simulation models lack the capacity to accurately predict 

attle response. Grazing models such as SPUR ( Stout et al . 1990 ),

PFARM-Range ( Andales et al . 2005 ; Andales and Ahuja 2006 ;

ang et al . 2015), and GRAZPLAN ( Moore and Ghahramani 2013 )

ave shown varying degrees of success in predicting cattle weight 

ain under basic management scenarios and various environmental 

onditions. To enhance prediction capabilities on grassland grazing 

ystems, Zilverberg et al. (2017 , 2018 ) made important enhance-

ents to the Agricultural Policy/Environmental eXtender (APEX) 

odel ( Williams and Izaurralde 2006 ). Specifically, Zilverberg et 

l. (2017) modified the APEX plant growth module to better rep-

esent forage yield and environmental impacts. Zilverberg et al. 
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Figure 2. Average daily weight gains (kg hd −1 d −1 ) for steers grazing under collaborative adaptive rangeland management and traditional rangeland management at the US 

Department of Agriculture −Agricultural Research Services Central Plains Experimental Range, Nunn, Colorado. Different lowercase letters in each year indicate a significant 

difference due to the treatment effect (as tested by least significant difference at P < 0.05). 
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2018) modified grazing selectivity in APEX by incorporating forage

uality based on four factors: 1) forage nitrogen concentration, 2)

orage total digestible nutrients, 3) forage antiquality factors, and

) grazers’ tolerance of antiquality factors. Building on these im-

rovements, Cheng et al. (2021) further enhanced APEX through

arameterization of subshrub plants, use of actual forage intake for

eight gain under forage deficits, and ability to use flexible rota-

ions among pastures. 

For APEX to meet its potential in grazing management support,

t must adequately simulate cattle weight gains under sophisti-

ated grazing management strategies, especially those with com-

lex decision making as used under CARM ( Derner et al . 2008 ).

hus, our main objective was to evaluate the capability of APEX

or simulating daily cattle weight gains under alternative grazing

anagement strategies. It was also important to use APEX to eval-

ate factors affecting daily weight gains under CARM and TRM and

o explore the effects of multiple alternative grazing management

cenarios on daily weight gains. 

aterials and methods 

xperimental data 

Model enhancement and evaluation used experimental data 

rom the CARM study conducted on semiarid short-grass steppe

t the US Department of Agriculture −Agricultural Research Ser-

ices Central Plains Experimental Range (40 o 49 ′ N, 107 o 47 ′ W) near
unn, Colorado ( Wilmer et al. 2018 ; Augustine et al. 2020 ). This

SDA-ARS Long-Term Agroecosystem Research (LTAR) network site 

as a mean annual temperature of 8.6 °C and a mean annual pre-

ipitation of 340 mm mostly as rain from May to September

 Lauenroth et al. 2008 ). 

In 2014 at the initiation of the CARM study, twenty 130-ha pas-

ures were divided into 10 pairs with each pasture pair having

imilar soils and plant communities, mean topographical wetness

ndex, and prior management history at a moderate stocking rate

 Augustine et al. 2020 ; Derner et al. 2021 ). In each pasture pair,

ne pasture was randomly assigned the CARM grazing strategy and

he other to the TRM grazing strategy ( Augustine et al. 2020 ). Un-

er the CARM treatment, an 11-member stakeholder group deter-

ined annual stocking rate, pasture grazing sequence, and pas-

ures for planned rest (2/yr) ( Wilmer et al. 2018 ). Stakeholders met

uarterly and received weekly email updates during the grazing

eason. 

British-bred (angus and angus-cross, Bos taurus ) yearling steers

razed the pastures from mid-May to early October each year with

14, 224, 234, 244, and 280 steers in 2014, 2015, 2016, 2017, and

018, respectively. For TRM, steers grazed season long in each of

he ten 130-ha pastures (1 herd of 21 −28 steers per pasture), re-

ulting in a stock density range of 0.15 −0.22 steers ha −1 during the

tudy. For CARM, one herd of steers (214 −280) was rotated among

he 8 grazed pastures with a 10-fold higher stock density per pas-

ure but the same system-level stocking rate as TRM ( Wilmer et al .

018 ). Steers were individually weighed at the beginning and end
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Figure 3. Simulated (a) annual dry matter intake (kg hd −1 yr −1 ) of steers grazed under collaborative adaptive rangeland management (CARM) and traditional rangeland 

management (TRM); and (b) forage composition (% weight) of annual intake by steers for six different plant functional groups (ATCA, shrub; SSHB, subshrubs; VUOC, cool- 

season annual grass; FRB3, forbs; CSPG, cool season perennial grass; WSPG, warm season perennial grass) and two grazing treatments (CARM and TRM) at the USDA-ARS 

Central Plains Experimental Range, Nunn, Colorado. 
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f each grazing season. Detailed information on the experiment is 

vailable in Augustine et al. (2020) and Derner et al. (2021) . 

escription of the APEX Plant and Animal Modules 

APEX is a process-based model with a simple rotational graz- 

ng option ( Williams and Izaurralde 2006 ) to assess the agronomic

nd environmental impacts of grazing management ( Osei et al .

0 0 0 ; Gassman et al. 2006 ; Park et al. 2017 ). In APEX (v1605),

lant growth modules simulate forage growth variables such as dry 

atter accumulation and forage distribution. The grazing modules 

imulate forage selectivity, animal dry matter intake (DMI), and 
teer daily weight gain (DWG). Zilverberg et al . (2017 ) improved

he APEX plant growth module for simulating multispecies veg- 

tation on rangelands. Subsequently, Zilverberg et al . (2018) im- 

roved the selective grazing module to better represent animal 

eight gains to account for forage digestibility by simulating total 

igestible nutrients (TDN). Recent enhancements by Cheng et al . 

2021) demonstrated that APEX adequately simulated forage pro- 

uction under both traditional and sophisticated grazing manage- 

ent strategies. Figure 1 is a simplified diagram of the enhanced

PEX cattle weight gain module (details are described later). 

In APEX, TDN is calculated daily on the basis of plant growth

tage. Indigestible nutrients (1-TDN/100) are excreted as feces, and 
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Figure 4. Correlation among daily weight gain (DWG), dry matter intake (DMI), total biomass (Bm), total digestible nutrient (TDN) intake and intake by plant functional 

group (WSPG, warm season perennial grass; CSPG, cool season perennial grass; VUOC, cool season annual grass; FRB3, forbs; SSHB, subshrubs; ATCA, shrub) at the US 

Department of Agriculture −Agricultural Research Services Central Plains Experimental Range, Nunn, Colorado (2014 −2018). The numbers below the 1:1 diagonal squares 

are the correlation coefficients. An “X” in the colored ellipses indicates that the correlation between the two variables was statistically nonsignificant ( P > 0.05). Also, the 

narrower the ellipse, the stronger the correlation. 
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1% of water consumed is released as urine based on hard-coded

alues ( Zilverberg et al. 2018 ). Nutrients (i.e., nitrogen [N] and

hosphorus [P]) consumed but not converted to tissue are also

xcreted. Forage species are classified as preferred, desirable, and

ndesirable. Desirable forage species (as noted in Zilverberg et al.

018 ) can also be referred to as “acceptable” to grazing animals

o provide three distinct categories in the common vernacular of

anchers. Forage quality is based on its N concentration, TDN, an-

iquality factor (0 −1), and grazer’s tolerance (0 −1) on a daily basis

 Zilverberg et al . 2018 ). An antiquality factor of 0 indicates no re-

trictions on intake of a given plant species, and grazer tolerance

s used in combination with antiquality factor in the forage in-

ake. Forage antiqualities are plant parameters that vary by species,

nd initial values were set based on previous studies ( Zilverberg et

l. 2017 , 2018 ). For example, the antiquality factor for all grasses

as 0, whereas the antiquality factor for ragweed (Ambrosia psy-

ostachia) was set to 0.7 at emergence and 0.9 at maturity. 

In APEX, the potential DMI of yearling beef cattle ( DMI potential )

s calculated as a fraction of shrunk body weight: 

M I potential = P B × SBW (1) 

here SBW is the shrunk body weight of each steer in the herd at

he beginning of the day (kg hd 

−1 ) and PB is the fraction of body
eight defined by the user to calculate intake demand based on

ody weight (set to 0.026 in the present study). 

On the basis of the National Nutrient Requirements of Cattle

eef ( National Academies of Sciences, Engineering, and Medicine

016 ), APEX calculates cattle potential DWG using energy and

rude protein. The weight gain based on energy (EWG) is calcu-

ated as: 

E = max 
(
0 . 0 01 , 

(
10 0 0 × DM I potential × SR − E MNR/E MN 

)
× EGN 

)
(2) 

W G = 13 . 91 × R E 0 . 9116 × EQSB W 

−0 . 6837 (3)

here RE is retained energy (Mcal/kg), EMNR is net energy require-

ent for maintenance from feed; EMN is net energy for mainte-

ance content (Mcal/kg); EGN is net energy for weight gain content

Mcal/kg); and EQSBW is equivalent shrunk body weight (kg). 

Weight gain based on crude protein (CPWG) is calculated us-

ng: 

3 . 8 × SB W 

0 . 75 + 544 . 7 × CPW G − 3 . 8 × E QE B W 

0 . 75 × ( 0 . 956 × CPW G ) 
1 . 097 

= 6250 × ADN × 10 0 0 × DM I potential × SR (4) 
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Figure 5. Simulated average dry matter intake (yellow lines), total digestible nutrient intake (gray lines), and daily weight gain (blue lines) for steers grazed under collaborative 

adaptive rangeland management (CARM, solid lines ) and traditional rangeland management (TRM, broken lines ) at the US Department of Agriculture −Agricultural Research 

Services Central Plains Experimental Range, Nunn, Colorado (2014 −2018). Herd movement to a new pasture indicated by black arrows. 
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here ADN is the nitrogen fraction of DMI . The CPWG was ini-

ially set as 1 to solve the nonlinear equation [4] using the Newton

ethod. 

And APEX calculates potential DWG using the minimum of EWG 

nd CPWG as: 

otential DW G = min ( EW G, CP W G ) / 0 . 96 (5) 

here 0.96 is the coefficient to convert shrunk body weight gain

o DWG . Cattle weight loss cannot occur in APEX because EWG and

CWG are positive values. 

The potential DMI demand of yearling beef cattle (Demand) is 

alculated from a maximum of 1) as a fraction of potential body

eight and 2) dividing the NEm (net energy required for mainte-

ance, calculated from body weight) by NEm concentration. 

Actual DMI ( DMI actual ) is calculated on the basis of cattle de-

and and forage supply for each forage species: 

f orag e = Biomas s × Grazing e f f iciency (6) 
i i 
M I actual = 

n ∑ 

i =1 

(
min 

(
f orag e i , P r e fer enc e j × Demand × f orag e i j 

f orag e iT 

))

(7) 

here forage i is the forage supply for species i; Biomass i is biomass

or forage species i; Grazing efficiency is the fraction of DMI actual 

ivided by the total amount that disappears; Preference j refers to 

he fraction of diet that is preference class j; forage ij refers to forage

upply for species i in preference class j; and forage iT refers to the

otal forage supply in preference class j ; n is the number of forage

pecies. 

Since APEX v1605 does not update the actual DWG after calcu-

ating the actual DMI, we use DMI actual instead of DMI potential to re-

alculate equations [2] −[5] to obtain the actual DWG in this study

see area shaded in orange, Fig. 1 ). To simulate automatic rota-
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Figure 6. Simulated forage biomass for different stocking rates under collaborative adaptive rangeland management at the US Department of Agriculture −Agricultural Re- 

search Services Central Plains Experimental Range, Nunn, Colorado (2014 −2018). 
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ional grazing, APEX v1605 was modified in the present study to

otate among pastures based on user-defined forage grazing lim-

ts or maximum grazing days. In previous APEX versions, pasture

otation sequence was typically based on the remaining pasture

ith the highest biomass. However, this may not be appropriate in

angeland conditions where the pasture with greatest biomass is

ot adjacent to the currently grazed pasture or where other opera-

ional logistics constrain management options. For instance, forage

uality of the pasture with the highest biomass may not result in

he best cattle performance because of the presence of low-quality

orage such as subshrubs and shrubs. Using the forage biomass and

ntiquality factor for each grass species, we created a new total

iomass (Bm) variable that considers forage antiquality instead of

sing only total biomass to determine the best pasture for cattle to

otate onto. Bm is calculated as: 

 i = 1 − ANT Q i (8) 

m = 

n ∑ 

i =1 

(
B m i ×

Q i 

Q max 

)
(9) 
here Q i is the quality index for forage species i (1 refers to pre-

erred forage and 0 refers to undesirable forage); ANTQ i is antiqual-

ty for forage species i in the original model; Q max is the maximum

uality index among all kinds of forage; and Bm i is the biomass for

orage species i . 

tatistical analysis 

After calibrating the newly enhanced APEX forage component

 Cheng et al. 2021 ), the animal component was calibrated manually

y trial and error against measured cattle weight gains for each

razing season by optimizing DWG parameters under both grazing

trategies. As recommended by Harmel et al. (2018) , multiple per-

ormance measures, including the index of agreement (D), percent-

ge bias (PBIAS), root mean squared deviation (RMSD), and relative

MSD (RRMSD), were used to make a comprehensive evaluation of

imulated APEX weight gains versus measured values. Model per-

ormance was defined as “acceptable” when D > 0.8, −15% < PBIAS

 15%, and the RRMSD was < 0.3 ( Chen and Qi 2016 ). Considering
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Figure 7. Simulated forage biomass for different rotation intervals (grazing durations) under collaborative adaptive rangeland management at the US Department of 

Agriculture −Agricultural Research Services Central Plains Experimental Range, Nunn, Colorado (2014 −2018). 
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easurement uncertainties, the modified F-test was used to eval- 

ate model performance as well ( Sima et al. 2018 ). 

We used Spearman’s rank correlation to compare simulated 

WG with the total biomass and with initial steer weight at the

eginning of the grazing season, DMI, and intake of warm season

erennial grass (WSPG), cool season perennial grass (CSPG), cool 

eason annual grass (VUOC), forbs (FRB3), subshrubs (SSHB), and 

hrubs (ACTA). Mean separation for significant factors was con- 

ucted using the least significant difference test ( P < 0.05). These

omparisons were made using the “lsd.test” function provided in 

he “agricolae package” (v1.3-2) in R (v4.0.0). 

PEX decision support capabilities for rangeland grazing management 

Using APEX with enhanced forage production and animal re- 

ponse routines calibrated for soil/plant/weather conditions at the 

tudy site, we evaluated the effects of several management alterna- 

ives to showcase APEX’s decision support capabilities for working 

anches. Specifically, we evaluated the influence of stocking rate 

 ±25% and ±50%), rotation interval (7- and 14-d), and rotation de-

ision criteria on daily weight gain (DWG) and dry matter intake
DMI). While the importance of on-the-ground decisions based on 

ite knowledge cannot be overstated, science-based decision sup- 

ort tools can help ranchers and land management agencies ex- 

lore the complex interactions and impacts of forecasted weather, 

arket trends, and input costs to make better short- and long-term

anagement decisions. 

esults and discussion 

attle weight gains 

The enhanced APEX routines adequately simulated DWG on 

he basis of multiple model performance measures (for CARM: 

 = 0.72, PBIAS = 1.90%, RMSD = 0.08, RRMSD = 0.09; for TRM:

 = 0.53, PBIAS = 1.04%, RMSD = 0.09, and RRMSD = 0.09). The F-test

howed no significant differences between measured and simu- 

ated DWG when the experimental uncertainties were accounted 

or (CARM: F = 0.30, P = 1; TRM: F = 0.28, P = 1). In comparison,

ugustine et al. (2020) reported that annual average measured 

WG was 11.7% −16.2% lower for CARM than for TRM (differences

ere significant each year at P < 0.05, as tested by LSD), and simu-
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Table 1 

Simulated effects of stocking rate on daily weight gain (DWG, kg hd −1 d −1 ) and 

dry matter intake (DMI, kg hd −1 yr −1 ) under collaborative adaptive rangeland man- 

agement (CARM) and traditional rangeland management for steers grazed at the 

US Department of Agriculture −Agricultural Research Services Central Plains Experi- 

mental Range, Nunn, Colorado (2014 −2018). 

Decrease 50% Decrease 25% CARM 

actual 

Increase 25% Increase 50% 

———————————DWG (kg hd −1 d −1 )———————————

2014 1.05 1.03 1.00 0.97 0.84 

2015 0.96 0.94 0.91 0.77 0.58 

2016 0.97 0.96 0.90 0.68 0.48 

2017 1.01 0.98 0.91 0.78 0.58 

2018 0.99 0.91 0.76 0.60 0.41 

Average 

DWG 

1.00 0.96 0.90 0.76 0.58 

—————————DWG per hectare (kg ha −1 d −1 )————————–

2014 0.84 1.24 1.61 1.95 2.03 

2015 0.81 1.19 1.53 1.62 1.47 

2016 0.85 1.27 1.58 1.50 1.27 

2017 0.93 1.35 1.67 1.79 1.60 

2018 1.04 1.44 1.60 1.58 1.29 

Average 

DWG per 

ha 

0.90 1.30 1.60 1.69 1.53 

———————————DMI (kg hd −1 yr −1 )———————————

2014 1 472 1 447 1 392 1 286 1 127 

2015 1 331 1 275 1 213 1 003 774 

2016 1 392 1 371 1 301 1 097 843 

2017 1 400 1 376 1 297 1 128 876 

2018 1 387 1 289 1 108 924 710 

Average 

DMI 

1 396 1 352 1 262 1 088 866 
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D  
ated DWG was 8.7% −22.3% lower for CARM than TRM for the 5-yr

tudy. In addition, simulated mean annual DWG ranged from 0.98

o 1.12 kg hd 

−1 d 

−1 for TRM and from 0.76 to 1.00 kg hd 

−1 d 

−1 for

ARM ( Fig. 2 ). These simulated values were similar to experimen-

al data for TRM (0.86 −1.14 kg hd 

−1 d 

−1 ) and for CARM (0.74 −1.00

g hd 

−1 d 

−1 ). 

ry matter intake 

Simulated DMI was highest ( Fig. 3 a ) with 1 392 kg hd 

−1 yr −1 

or CARM and 1 487 kg hd 

−1 yr −1 for TRM in 2014 and was lowest

n 2018 with 1 108 kg hd 

−1 yr −1 for CARM and 1 341 kg hd 

−1 yr −1 

or TRM. Averaged across years, simulated DMI was 11.0% lower

or CARM than for TRM and annual differences ranged from 6.4%

o 17.4%. In 2015, DMI was 16.3% lower for CARM, and the largest

ifference (17.4%) occurred in the drought yr of 2018. The region’s

ool, semiarid climate and many cool season grasses rarely allows

lant recovery/regrowth in the same grazing season and subse-

uent multiple grazing events. This contrasts with regions with

et summers and numerous warm season grasses where cattle ro-

ation can more easily be synchronized with pasture rest/recovery

plant regrowth) cycles ( Woodward et al. 1995 ). 

The two most dominant plant functional groups comprised

8.3% and 41.2% of simulated DMI for warm and cool season peren-

ial grasses, respectively. DMI differed each year under TRM (see

ig. 3 a), but the composition of annual forage intake was relatively

imilar among years (see Fig. 3 b), except in 2016 when the TRM

orage composition might have been affected by a higher fraction

f cool season annual grass in aboveground biomass ( Cheng et al .

021 ). Our findings are consistent with the previous APEX study

f Zilverberg et al . (2018) who found that simulated species selec-

ivity by cattle was unaffected by stocking rate under continuous

razing, likely due to moderate stocking rates. In contrast, Raynor

t al. (2021) found grazing selectivity for both moderate and heavy

razing intensity. The annual DMI composition varied greatly un-

er CARM, which we attribute to the annual variability in the num-

er of pastures grazed (four in 2015, seven in 2014 and 2016, 9 in

017 and 2018). Years with higher rainfall and more frequent rota-

ions (i.e., more pastures grazed) exposed cattle to a greater range

f plant communities; thus DMI was more consistent. 

orrelations among cattle weight gains, dry matter intake, and forage

iomass 

The effects of DMI and forage intake on steer weight gains were

ssessed using Spearman’s rank correlations. Strong positive corre-

ation existed between steer DWG and forage biomass ( R = 0.88),

MI ( R = 0.94), TDN ( R = 0.98), warm season perennial grass intake

 R = 0.68), and subshrub intake ( R = 0.88) ( Fig. 4 ). Positive corre-

ations existed between DMI and intake of warm season peren-

ial grasses ( R = 0.67), cool season perennial grasses ( R = 0.65), and

ubshrubs ( R = 0.85). These results demonstrated that DWG was

trongly influenced by DMI because APEX simulates both energy

nd crude protein weight gain based on DMI (equations 2 −5).

hese results are consistent with those of Davis et al . (2018) , who

eported a positive correlation between DMI and average daily

eight gain. 

Figure 5 shows the changes in simulated average DMI, TDN in-

ake, and DWG during the grazing season. When forage biomass is

ufficient, DMI increased from 7.6 kg hd 

−1 d 

−1 to 11.5 kg hd 

−1 d 

−1 

nder TRM and to 11.0 kg hd 

−1 d 

−1 under CARM. Consistent with

ilverberg et al. (2018) , our simulation results showed that DMI

nder CARM decreased at the end of each grazing season, espe-

ially in 2018 when simulated actual DMI decreased multiple times

uring the season (see Fig. 5 ). APEX calculates TDN intake varied

y diet composition due to selective grazing and growth stage. The
DN expenditure for maintenance increases over time due to the

ncrease in body weight, reducing TDN available for weight gain.

verage DWG under TRM increased slightly from the beginning

f the grazing season to mid-June and then decreased until the

nd of the grazing season when it approached zero. The change

f DWG dynamics was consistent with TDN intake, which shows

DN intake has a direct influence on DWG for both grazing strate-

ies. Under CARM, DMI decreased due to the insufficient forage

upply during the grazing season, which inhibited the TDN intake

nd decreased the DWG. At the beginning of the grazing season

May −June), cattle demand, DMI, TDN, and DWG were similar for

oth CARM and TRM, but DMI decreased when forage became lim-

ted until steers were rotated into new pastures. 

PEX decision-support capabilities for rangeland grazing management 

Figure 6 and Table 1 show the simulated effects of ±25% and

50 changes in the actual/experimental CARM stocking rate in

aily weight gain and dry matter intake. On average, decreasing

he stocking rate by 50% and 25% increased DMI by 11% and 7%.

imilarly, decreasing the stocking rate increased per head DWG

y 11% and 8%, although the impact was especially evident in the

ry yr of 2016 and 2018. Increasing the stocking rate by 25% and

0% decreased DMI by 14% and 31% and decreased DWG by 15%

nd 35%. These simulations revealed an important management

onsideration—variability in DWG increased as stocking rate in-

reased. This finding is consistent with previous studies ( Willms

t al. 1986 ; Andales and Ahuja 2006 ; Reeves et al. 2013 ) and in-

icates that overstocking creates unpredictability in cattle perfor-

ance, whereas lower stocking rates create more stable and pre-

ictable response. The simulations also allowed DWG to be exam-

ned on a per-area (ha) basis, in addition to a per-head basis. On

 per-area (ha) basis, the optimal stocking rate varied from year to

ear (see Table 1 ) due to soil, rainfall, species, and animal energy

equirement influences ( Fales et al. 1995 ). The highest simulated

WG per ha was seen with a 50% stocking rate increase in 2014
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Table 2 

Simulated effects of rotation interval (grazing duration) and rotation decision crite- 

ria on daily weight gain (DWG, kg hd −1 d −1 ) and dry matter intake (DMI, kg hd −1 

yr −1 ) for steers grazed at the US Department of Agriculture −Agricultural Research 

Service Central Plains Experimental Range, Nunn, Colorado (2014 −2018). 

CARM 

actual 

7-d rotation 

interval 

14-d rotation 

interval 

Autorotation to 

pasture with 

highest biomass 

————————–DWG (kg hd −1 d −1 )—————————- 

2014 1.00 1.06 1.09 1.08 

2015 0.91 0.98 0.98 0.97 

2016 0.90 0.96 0.96 0.98 

2017 0.91 1.03 1.00 1.05 

2018 0.76 0.93 0.85 0.69 

—————————DMI (kg hd −1 yr −1 )—————————- 

2014 1 392 1 4 4 4 1 471 1 452 

2015 1 213 1 400 1 371 1 307 

2016 1 301 1 356 1 306 1 194 

2017 1 297 1 372 1 367 1 301 

2018 1 108 1 323 1 270 1 026 

CARM indicates collaborative adaptive rangeland management. 
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nd with a 25% increase in 2015 and 2017, which indicates that

he stocking rate might be able to be increased in “normal” pre-

ipitation years but not in dry yr (e.g., 2016 and 2018). 

Table 2 and Figure 7 illustrate the potential impacts of imple-

enting rigid 7-d or 14-d rotation intervals instead of the flexible,

anagement-intensive CARM rotation intervals. Using the flexible 

ARM rotation intervals, which ranged from approximately 16 to 

5 d, simulated DWG ranged from 0.76 to 1.00 kg hd 

−1 d 

−1 . In con-

rast, the highest simulated DWG and DMI occurred for the 7-d ro-

ation interval, followed by the 14-d rotation interval in most years

ue to increased total biomass in the beginning and middle of the

razing season (see Fig. 7 ). These results do support the general

ndings by Wang et al. (2016) that decreasing grazing durations 

ncreased total grass consumption in arid and semiarid conditions 

nd by Teague et al. (2015) which found shorter grazing durations

ould improve both rangeland ecological condition and profitabil- 

ty. The data do not indicate that rigid rotation intervals are recom-

end for ranches in the northern Great Plains. Rather, these simu-

ations indicate that the 16- to 35-d rotation intervals might need

o be reexamined. Ideally, active producer involvement in adap- 

ive management guided by model decision-support and alterna- 

ive scenario analysis, which can simultaneously consider multiple 

rivers such as weather, soil, and vegetation variability, would pro- 

uce optimal cattle performance. 

The actual/experimental CARM rotation criteria were also com- 

ared with a model-driven, auto-rotation scenario. Under the pre- 

etermined CARM rotation criteria with cattle movement to the 

ext pasture in a predetermined sequence, simulated DWG ranged 

rom 0.76 to 1.00 kg hd 

−1 d 

−1 (see Table 2 ). In comparison, simu-

ated DWG ranged from 0.69 to 1.08 kg hd 

−1 d 

−1 under the APEX

utorotation scenario with a minimum simulated forage biomass 

hreshold and movement to the pasture with the highest sim- 

lated biomass. Thus, this autorotation scenario increased simu- 

ated DWG by 0.06 −0.14 kg hd 

−1 d 

−1 in 4 yr, likely by providing

 more stable forage supply; however, autorotation reduced DWG 

y 0.07 kg hd 

−1 d 

−1 in 2018, a drought yr. Although the autoro-

ation scenario often increased annual average DWG, it did not 

onsistently increase DMI. In 2016, the DMI was substantially less 

ecause of greater forage supply before September. In 2018, both 

WG and DMI were lower under autorotation than those under the

ctual/experimental CARM (13 −21 d/pasture) because autorotation 

ith longer grazing durations (16 −35 d per pasture) led to forage

uality decline without being grazed early in the season, especially 

ince late-season rainfall was low ( Cheng et al. 2021 ). These re-
ults suggest the collaborative decision making under CARM might 

e improved by integrating the rotation criterion (forage biomass 

hreshold) and movement to the next pasture remaining in the se-

uence with the highest biomass. 

onclusion 

In this study, we demonstrated that enhanced cattle perfor- 

ance routines in the APEX model were able to simulate rela-

ive differences in daily weight gains and dry matter intake un-

er traditional grazing management and a novel adaptive manage- 

ent grazing system. Specifically, the enhanced routines improved 

PEX’s ability to simulate cattle performance through more accu- 

ate simulation of daily weight gain and dry matter intake under

oth TRM and CARM grazing. Consistent with measured experi- 

ental data, simulated cattle weight gain was lower under CARM 

han under TRM, with RMSD values of 0.08 −0.09 kg/d and PBIAS

alues of 1.04% −0.90%. The simulated lower daily weight gain for

ARM was mainly due to the simulated lower DMI, while CARM

howed higher variability in diet composition in DMI than TRM. 

The capabilities of APEX to support ranch-level decision mak- 

ng were demonstrated by the analysis of several important man- 

gement alternatives (i.e., stocking rate, rotation interval, and ro- 

ation decision criteria). Several important results emerged from 

hese analyses: 

1) Variability in daily weight gain increased as stocking rate in- 

creased. This suggests that overstocking creates unpredictabil- 

ity in cattle performance, whereas lower stocking rates create 

more stable and predictable response. 

2) The power of active rancher involvement in adaptive manage- 

ment guided by model decision-support and alternative sce- 

nario analysis is more likely to obtain cattle performance goals, 

as it integrates local producer knowledge with scientific inte- 

gration of factors, such as weather, soil, and vegetation that 

vary temporally and spatially. 

3) Adaptive management under CARM might be improved by in- 

tegrating simulation results, such as APEX autorotation criteria 

based on a minimum forage biomass threshold and movement 

to the pasture with the highest remaining biomass. 

This improved capability along with additional enhancements 

ecently presented in Cheng et al. (2021) are critical advances be-

ause APEX is increasingly used for grazing decision-support and 

daptive rangeland management ( Wang et al . 2011 ). Considering

he high spatial and temporal variabilities of soil type, topography, 

lant populations, and weather conditions in US rangelands, fur- 

her enhancements in APEX-specific soil and plant databases are 

eeded to extend its applicability across the nation. 
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