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ARTICLE INFO ABSTRACT

Keywords: Knowledge of climatic and management influences on large herbivore production (LHP, kg ha™?) is needed for
Beef production low productivity, semiarid grasslands to address potential consequences of both increasing climate variability
Climate change and the need to increase animal protein for human consumption. Here, we evaluate the influence of climatic

Climate variability

Long-Term Agroecosystem Research (LTAR)
Semiarid rangelands

Shortgrass steppe

variability and herbivore density on LHP in semiarid grassland using a unique long-term (80 years: 1939-2018)
grazing study with three grazing intensities based on forage utilization (light, moderate and heavy). Seasonal
variation in precipitation, but not temperature, was the primary influence on LHP. Winter (October-March) and
spring (April-June), but not summer (July-September), precipitation during the current year positively influ-
enced LHP across the 3 grazing intensities, whereas prior growing season (prior April-September) precipitation
was consistently a negative influence. Although spring precipitation was the most influential seasonal weather
variable for LHP, the effect of winter precipitation closely followed under all three grazing intensities, suggesting
that non-growing season precipitation is essential for soil water storage to initiate production of sufficient high-
quality forage in the subsequent grazing season, resulting in a positive feedback on LHP. A key finding from our
analysis was that the effect of summer precipitation is smaller than the combined effects of winter and spring
precipitation. As such, much of the variation in LHP can be predicted by seasonal weather parameters that are
known early in the growing season. The magnitude of seasonal precipitation effects on LHP was greatest for
heavy grazing; consequently LHP with heavy grazing is more reliant on primary production produced in the
current year to increase LHP as forage quantity is more limiting than forage quality. Moreover, stability of LHP
across years (range: 7.5 to 34.6 kg ha™') was less with heavy grazing, which results in “boom-bust” economics
that threaten sustainability of operations. Management adaptations to mitigate climatic variability, therefore,
will be most necessary and advantageous when land managers employ heavy grazing intensities. Despite the
substantial interannual variability in precipitation that characterizes semiarid grasslands, our results show that
proactive flexibility by land managers in adjusting grazing management decisions to seasonal precipitation
amounts forecasted for the winter and spring seasons would reduce enterprise risk and improve confidence in
decision-making, profitability, production efficiency and environmental sustainability from semiarid grasslands.
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1. Introduction

Understanding climatic and management determinants on large
herbivore production (LHP, kg ha™') in semiarid grasslands is im-
portant for examining potential consequences of increasing climate
variability (e.g., Janzen, 2009; IPCC, 2012; Conant et al., 2018), as well
as meeting the need to increase animal protein for an increasing global
population (FAO, 2011). Yet, long-term (> 20 years) data sets from
which relationships can be derived regarding climatic and management
influences on LHP are sparse (Briske et al., 2011) despite the fact that
semi-arid grasslands constitute 28 % of the world’s grassland ecosys-
tems (White et al., 2000). The paucity of studies addressing both cli-
matic and management determinants on LHP has limited modeling ef-
forts that could enhance strategic planning and reduce risk (e.g.,
Andales et al., 2005, 2006; Derner et al., 2012, but see Boone and
Wang, 2007), and has restricted broader interpretative ability for
grasslands around the world within the context of climate change and
sustainability (Craine et al., 2009; Nardone et al., 2010; Henry et al.,
2012; Moore and Ghahramani, 2013; Derner et al., 2018).

Effects of precipitation on primary production have been well in-
vestigated in semiarid grasslands (Lauenroth and Sala, 1992; Milchunas
et al., 1994; O’Connor et al., 2001; Khumalo and Holecheck, 2005;
Derner and Hart, 2007; Smart et al., 2007; Bai et al., 2008; Derner et al.,
2008a; Ma et al., 2010; Sala et al., 2012), in mesic grasslands (Craine
et al., 2010a, 2012), and across precipitation gradients (Yang et al.,
2008; Hsu et al., 2012, Petrie et al., 2018). Moreover, manipulations of
precipitation amount and timing on primary production (Fay et al.,
2008, 2011, Heisler-White et al., 2008, 2009, Evans et al., 2011;
Thomey et al., 2011; Cherwin and Knapp, 2012; Byrne et al., 2013)
have provided additional valuable insight to effects of rainfall event
size and frequency, and drought impacts on primary production.
Variability in annual primary production of semiarid grasslands is
mostly explained by seasonal precipitation in the current year (e.g.,
Milchunas et al., 1994; Derner and Hart, 2007; Derner et al., 2008a) as
well as prior year precipitation (Lauenroth and Sala, 1992; Oesterheld
et al.,, 2001; Ma et al., 2010; Sala et al., 2012), as fluctuations of pri-
mary production are buffered if wet, more productive years alternate
with dry, less productive years, and they are amplified if wet or dry
sequences of several years occur (Oesterheld et al., 2001). Management
effects on primary production demonstrate that increased grazing in-
tensity reduces production (Milchunas et al., 1994; Derner and Hart,
2007; Briske et al., 2011). Evaluation of both climatic and management
effects on primary production, however, is limited to Irisarri et al.
(2016) and the global review of Milchunas and Lauenroth (1993).
Furthermore, the linkage between primary production and LHP is un-
clear as LHP may or may not follow primary production due to factors
such as forage quality and timing of production in association with
animal demand.

Seasonal (e.g., winter, spring and summer) precipitation positively
affected LHP in semiarid grasslands with moderate productivity >
1400 kg ha~! (Derner et al., 2008b; Reeves et al., 2013a, b, 2014),
which cover 51 % of the Great Plains (Augustine et al., 2019), and in
mesic grasslands with high productivity, > 4000 kg ha™*! (e.g., Craine
et al., 2009, 2013). Spring temperatures also influenced LHP in semi-
arid grasslands with moderate productivity > 1400kg ha™!, with
cooler temperatures beneficial (MacNeil and Vermeire, 2012; Reeves
et al., 2013a, 2013b, 2014). Moreover, forage quality for ruminants
declines with increasing temperatures and decreasing precipitation,
with predictions for ruminants to experience greater nutritional stress
with future climates (Craine et al., 2010b; Augustine et al., 2018). For
low productivity (< 1000 kg ha~1), semiarid grasslands, however, the
linkage of climatic determinants on LHP has been little studied despite
the fact that such low productivity grasslands cover 26 % of the Great
Plains (Augustine et al., 2019). Conversely, a substantial body of lit-
erature has examined management effects on LHP. For example, LHP
increases until limitations in forage availability due to management
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reduce intake and/or increases energy output in foraging activity, re-
sulting in decreased productivity (Bement, 1969; Hart et al., 1988;
Manley et al., 1997; McCollum et al., 1999; Derner et al., 2008b; Briske
et al., 2011). Interactions between climatic and management determi-
nants, though, have received less attention (but see Irisarri et al., 2019).

The influence of environmental conditions on LHP have been qua-
litatively reviewed (Ames, 1980), and modeling efforts have addressed
both direct and indirect effects of climate change on LHP (e.g., Hanson
et al., 1993; Andales et al., 2005; Mader et al., 2009; Ritten et al., 2010;
Torell et al., 2010; Bastian et al., 2018). Yet, these models are limited
by the inadequate data regarding direct, quantitative influences of cli-
mate and management on LHP. Providing increased capacity through
inclusion of data to these models and associated decision support sys-
tems (e.g., Great Plains Framework for Agricultural Resource Manage-
ment, GPFARM, Shaffer et al., 2000), would enhance decision making
for land managers (Derner et al., 2012). For example, applications on
mobile devices for land managers that integrate predictions of climatic
and management determinants on LHP with forecasted seasonal pre-
cipitation and temperature available online (e.g., forecasts from Na-
tional Weather Service Climate Prediction Center of the National At-
mospheric and Oceanic Administration [NOAA], http://www.nws.
noaa.gov/predictions.php) would optimize utility of decision support
tools (Derner et al., 2012; Derner and Augustine, 2016; Peck et al.,
2019).

Here, we evaluate how both climate and management influence LHP
using a long-term (80 years: 1939-2018) record of yearling weight
gains in a semiarid grassland under three grazing intensities: light,
moderate and heavy (see methods). We used this unique, long-term
data set to test two hypotheses: (1) spring (April-June) and summer
(July-September) precipitation are the primary climatic determinants
for LHP in semiarid, shortgrass steppe, with limited influence of winter
(prior October to current March) and prior growing season (prior April
to prior September) precipitation, or temperature, and (2) LHP from
different grazing management intensities is differentially influenced by
climatic determinants with LHP more sensitive to climatic determinants
under heavy compared to moderate or light grazing.

2. Materials and methods
2.1. Site description

The USDA-Agricultural Research Service Central Plains
Experimental Range (CPER), which is a Long-Term Agroecosystem
Research network site (LTAR, https://Itar.ars.usda.gov/), is located in
north-central Colorado, USA (40°49’ N, 107°46” W). Mean annual pre-
cipitation (1939-2018) is 340 mm (Table 1), with 40 % of this occur-
ring from April through June, and 35 % from July through September.
Mean annual aboveground net primary productivity (ANPP + 1 stan-
dard deviation) is 960 *+ 280kg ha~? (Petrie et al., 2018). Major soils
on the study pastures were Ascalon fine sandy loam (fine-loamy mixed
mesic Aridic Argiustoll), Renohill fine sandy loam (fine montmor-
illonitic mesic Ustollic Haplargid), Nunn loam, and clay loam (fine,
montmorillonitic mesic Aridic Argiustoll). The main ecological site is
Loamy Plains (Site ID: RO67BY002CO, https://esis.sc.egov.usda.gov/).
The perennial C4, shortgrass blue grama (Bouteloua gracilis [Willd. ex
Kunth] Lag ex Griffiths) is the dominant species and increases as
grazing intensity increases, as does the perennial C4 shortgrass buffa-
lograss (B. dactyloides [Nutt.] J.T. Columbus). Conversely, the perennial
C; midheight grasses western wheatgrass (Pascopyrum smithii [Rydb] A.
Love) and needle-and-thread (Hesperostipa comata [Trin. & Rupr.]
Barkworth ssp. comata) decrease with increasing grazing intensity (Hart
and Ashby, 1998). Needleleaf sedge (Carex duriuscula C.A. Mey) is an-
other important perennial C; graminoid. Scarlet globemallow (Sphaer-
alcea coccinea [Nutt.] Rydb.) is the primary forb and plains pricklypear
(Opuntia polyacantha Haw) is frequent.
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Table 1
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Summary of model averaged estimates by grazing intensity (light, moderate and heavy) for large herbivore production, LHP (kg ha™'). Sample sizes (n) reported in
grazing intensity column headings represent the number of models averaged (i.e. number of models with A AICc < 2). Precipitation values (P) are on mm scale;
average temperatures (T) are on °C scale. Standard errors are unconditional standard errors that incorporate uncertainty both in model selection and the parameter
estimate. Non-standardized and standardized values are shown; non-standardized parameters were used for predictions in Fig. 1. Blank cells within table indicate that

those parameters were not part of the models with A AICc < 2.

Light (n = 3) Moderate (n = 5) Heavy (n = 4)

Non-standardized Standardized Non-standardized Standardized Non-standardized Standardized
Parameter Estimate SE Estimate SE Estimate SE Estimate SE Estimate SE Estimate SE
Intercept 3.2984 2.3531 6.3230 6.5831 14.2849 8.4884
Entry wt 0.0367 0.0082 0.2623 0.0584 0.0373 0.0105 0.2665 0.0751 0.0309 0.0155 0.2204 0.1104
Summer P 0.0042 0.0064 0.0380 0.0577
Spring P 0.0138 0.0055 0.1403 0.0563 0.0149 0.0271 0.2172 0.0760 0.0400 0.0114 0.4068 0.1156
Spring T —0.6004 0.5647 —0.0952 0.0784 —0.9103 0.5130 —0.2020 0.1138
Winter P 0.0116 0.0122 0.0573 0.0603 0.0332 0.0151 0.1642 0.0747 0.0623 0.0219 0.3085 0.1086
Prior growing season P —0.0076 0.0039 -0.1118 0.0565 —0.0079 0.0048 —-0.1160 0.0701 —0.0155 0.0071 —0.2276 0.1041

2.2. Experiment description

The study began in 1939 on three 129.5ha pastures. Of these 3
pastures, one each was stocked annually at a low, moderate, and heavy
stocking rate as follows. From 1939 through 1964, annual stocking
rates were set to achieve an average annual apparent utilization (peak
standing forage biomass minus end-of-grazing-season residual forage
biomass) of 20 % (light), 40 % (moderate) and 60 % (heavy). From
1965-2018, grazing treatments were imposed to leave 500kg ha™*
(light), 335kg ha~! (moderate), and 225 kg ha™! (heavy) of ungrazed
herbage at the end of the grazing season (Hart and Ashby, 1998). These
values correspond with the threshold level of residual herbage requiring
the provision of emergency feed (225kg ha™?, heavy), the amount of
residual herbage deemed optimal for sustained animal production
(335kg ha~!, moderate), and the amount of residual herbage where
underutilization of available forage results in similar economic returns
as the heavy grazing treatment (500kg ha~?, light; Bement, 1969).
Using average forage production values reported by Milchunas et al.
(1994) on this study from 1939 to 1990, apparent utilization in the
three treatments increased for the 1965-2018 period; the heavy treat-
ment increased to 65 % (average production of 570 kg ha ™!, residue of
225 kg ha™ 1), moderate to 51 % (average production of 680kg ha™?,
residue of 335 kg ha™!) and light intensity to 29 % (average production
of 710 kg ha™?, residue of 500kg ha™!).

British breed yearlings were used throughout the study. The grazing
season typically began in May and ended in October but was shorter in
some years when adaptive management was employed for removal of
cattle prior to the end of the grazing season when threshold triggers of
desired use (1939-1964) or residual forage values (1965-2018) were
met (Appendix A). Yearlings were weighed prior to and following the
grazing season, after being held overnight without feed or water. Large
herbivore production (kg ha™!) was calculated by multiplying animal
weight gain (kg/head) by the number of yearlings in the respective
intensity treatment and dividing the product by the pasture area.
Livestock data from years 1954, 1955, 1957, 1962-64, 1969, and 1982
were not used as the cattle were rotated among treatments across
months in those years rather than remaining on the same treatment for
the entire grazing season (1957, 1962-1964, 1969) or were not stocked
in each grazing intensity treatment (1954,1955, 1982) (Appendix A).

2.3. Statistical analyses

The influence of seasonal variation in precipitation and temperature
on LHP at each grazing intensity was evaluated using model averaging
methodology (Burnham and Anderson, 2002). The fitting and averaging
of multiple competing models accounts for model uncertainty and se-
lection procedure bias, thereby preventing selection of a poor model

(Wang et al., 2009). Model averaging tends to produce models with
excellent predictive abilities, which can often be more accurate than
“best-model” strategies (Burnham and Anderson, 2004). For reviews of
model averaging, see Burnham and Anderson (2004) and Wang et al.
(2009). To minimize spurious effects and over-fitting of the data, our
selected model structure was based on parsimony and a priori hy-
potheses (Anderson et al., 2001). The selected model structure was also
chosen to maximize utility for decision support tools (Derner et al.,
2012), as it aggregated climatic data into three-month periods to par-
allel the three-month weather forecasts available from the National
Atmospheric and Oceanic Administration (NOAA) (http://www.nws.
noaa.gov/predictions.php). We aggregated current-season weather data
into three-month periods because this length of precipitation period
was shown by Derner et al. (2008b) to be a better predictor of LHP than
individual months in a nearby northern mixed-grass prairie. We con-
sidered models with up to eight possible weather variables (Reeves
et al., 2013a,b, 2014). Predictors were total precipitation (mm) and
average temperature (°C; average of mid-point between maximum and
minimum daily temperatures) for spring (April — June) and summer
(July — September) of the current grazing season, precipitation x tem-
perature interaction terms for spring and summer of the current grazing
season, precipitation during the prior winter (October — March), and
precipitation during the prior growing season (prior April — prior Sept).
Given that initial weight of cattle at the start of the grazing season
increased over the seven-decade time period (Appendix B), we ac-
counted for these changes by including average weights at the start of
each grazing season (entry weight) in the LHP models following Reeves
et al. (2013a,b, 2014).

Models were selected to best correspond to the goals of the study
(i.e., to maximize utility of results for inclusion in decision support
tools) rather than to provide the best fit or most intricate ecological
model possible. For each model, we calculated AICc, A AICc (relative to
the model with the lowest AICc), and the model’s Akaike weight re-
lative to the overall model set. Given that models with AAICc of 0-2
represent those with substantial empirical support (Burnham and
Anderson, 2002), we applied model averaging to the subset of models
with AAICc < 2 to calculate final model parameter (coefficient) esti-
mates and standard errors for model parameter for each grazing in-
tensity. For each parameter estimate we calculated the unconditional
standard error, which incorporates uncertainty both in model selection
and in the parameter estimate conditioned on each model, following
Burnham and Anderson (2002, pg. 162). We present both standardized
and non-standardized model parameter estimates. Standardized esti-
mates permit direct comparisons of time period and temperature and
precipitation (as temperature (°C) and precipitation (mm) values are on
different scales), whereas the non-standardized coefficients have utility
for use in models for predictive purposes (i.e., inclusion in decision
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support tools), as well as to compare results to other similar long-term
datasets (Reeves et al., 2013a, b, 2014). All statistical tests were con-
ducted using R statistical software (R Development Core Team, 2019).

3. Results
3.1. Entry weights of yearlings

Entry weights increased from approximately 175kg hd ™! in the
early 1940s to near 250 kg hd ! by the mid-1980s, with sharp increases
during the latter years of that decade (Appendix B). Entry weights have
averaged 285 kg hd ™! over the last decade. As noted above, due to the
increase in entry weights over the course of this study, we included
entry weight as a covariate in all models.

3.2. Seasonal precipitation and temperatures

Considerable variability occurred across the seven decades for the
seasonal precipitation and temperature variables (Appendix A). Current
summer (July-September) precipitation ranged ten-fold from 27.7 mm
(1943) to 292.1 mm (1997), and average summer temperature ranged
from 15.9°C (1986) to 21.2°C (1980). The lowest amount for current
spring (April-June) precipitation was 53.6mm (2006), whereas
348.2mm (1967) was the maximum value, a 6.5-fold range. For
average temperature during the spring, values ranged from 8.6°C
(1983) to 15.4°C (1990). Winter (prior October to current March)
precipitation was lowest in 1966 with 8.6 mm and highest in 1980 with
146.8 mm. In 1940, prior grazing season (prior April to prior
September) precipitation was the lowest (87.6 mm), and in 2000 it was
the highest (512.6 mm).

3.3. Large herbivore production

3.3.1. Light grazing

Under light grazing, LHP increased with increasing precipitation in
winter and spring of the current-year and decreased with increasing
precipitation in the prior year (Table 1, Fig. 2). LHP was not sensitive to
summer or spring temperature and summer precipitation. The largest
effect sizes on LHP were from spring and prior growing season pre-
cipitation, followed by winter precipitation.

3.3.2. Moderate grazing

As with light grazing, spring and winter precipitation positively
influenced LHP, and prior growing season precipitation had a negative
relationship (Table 1, Fig. 2). Moreover, neither summer precipitation
nor summer temperature influenced LHP, while increasing spring
temperature had a negative relationship. The weather variable with the
largest effect on LHP was spring precipitation, followed by winter
precipitation, prior growing season precipitation and spring tempera-
ture. The magnitude of seasonal precipitation effect sizes on LHP was
higher for moderate than light grazing in terms of effects of precipita-
tion in winter (187 % greater) and spring (55 % greater), whereas the
effect of prior growing season precipitation on LHP was similar between
moderate and light grazing.

3.3.3. Heavy grazing

Similar to the light and moderate grazing intensities, seasonal var-
iation in precipitation during the winter and spring of the current year
positively influenced LHP, and prior growing season precipitation ne-
gatively influenced LHP (Table 1, Fig. 2). Consistent with moderate
grazing, spring precipitation had the largest effect size for LHP, fol-
lowed by winter, prior growing precipitation and spring temperature
(Table 1).

Comparing heavy to moderate grazing, the magnitude of seasonal
precipitation effect sizes on LHP was higher with heavy grazing for
spring (47 % greater), winter (88 % greater) and prior growing season
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(96 % greater) precipitation, whereas the lack of effect of summer
precipitation on LHP was similar between heavy and moderate grazing.
A 122 % increase in the effect size of spring temperature indicated LHP
under heavy grazing was sensitive to increasing spring temperature. For
comparisons of heavy to light grazing, the magnitude of seasonal pre-
cipitation effect sizes on LHP were much higher than observed for the
heavy vs. moderate comparisons. Effect sizes for winter (438 %
greater), spring (190 % greater), and prior growing season (104 %
greater) precipitation were all higher with heavy compared to light
grazing indicating that sensitivity of LHP to seasonal precipitation is
greatest with heavy grazing. The range of LHP increased from 16.1 kg
ha™! (range: 3.6-19.7) and 23.8 kg ha™! (range: 4.2-28.0) under light
grazing and moderate grazing intensity, respectively, to 27.1 kg ha™*
(range: 7.5-34.6) under heavy grazing intensity; indicating greater in-
stability of LHP with heavy grazing.

4. Discussion

Interannual variation in seasonal precipitation, but not temperature,
was the primary determinant of large herbivore production (LHP) in
semiarid grassland. Current year (winter and spring) seasonal pre-
cipitation levels were positive influences on LHP for all three grazing
management treatments. This partially supports our hypothesis that
spring (April-June) and summer (July-September) precipitation would
be the primary climatic determinants for LHP. Although we had hy-
pothesized that winter (prior October to current March) would have
limited influence on LHP, winter precipitation consistently influenced
LHP with increasing magnitude across our grazing intensity gradient.
We infer from this finding that non-growing season precipitation is
essential for soil water storage to initiate production of sufficient high
quality forage for animals coming out a season where forage quality
and quantity are lowest, and in a grassland where cool-season forage is
low compared to dominant warm-season species (Milchunas et al.,
1994), including a diversity of cool-season forbs (Eck et al., 1975) in the
subsequent grazing season, resulting in a positive feedback on LHP. A
key finding from our analysis was that even though summer pre-
cipitation accounts for 35 % of the total annual precipitation and can be
very difficult to predict due to monsoonal influences, the influence of
summer precipitation on LHP is minimal relative to spring and winter
precipitation. As such, much of the variation in LHP can be predicted by
seasonal weather parameters that are known early in the growing
season.

Prior research demonstrated that spring precipitation is important
in controlling primary production (Milchunas et al., 1994; Derner et al.,
2008a) and that prior year conditions can have legacy effects on cur-
rent-year primary production (Lauenroth and Sala, 1992; Oesterheld
et al., 2001; Petrie et al., 2018). However, these studies did not identify
the role of fall-winter precipitation or evaluate the relative effects of
each season on LHP. Our results show that livestock producers can
predict a substantial amount of variation in annual LHP from seasonal
weather conditions that are known to them early in the growing season
as well incorporating forecasted seasonal precipitation available online
(e.g., forecasts from National Weather Service Climate Prediction
Center of the National Atmospheric and Oceanic Administration
[NOAA], http://www.nws.noaa.gov/predictions.php) in a decision
support framework (e.g., Derner et al., 2012; Peck et al., 2019).
Moreover, our finding that summer precipitation (Jul — Sep) had a weak
influence on LHP across our three grazing management treatments
agrees with work in the Northern Great Plains (Reeves et al., 2014).
Collectively, results of these LHP studies suggests end of summer sea-
sonal precipitation forecasts have minimal utility for yearling beef steer
production management. We surmise the low quality- forage available
in late summer is adequate to meet basic nutritional maintenance re-
quirements, but not sufficient to promote growth (see Bohman, 1955).

Sensitivity of LHP to seasonal climatic variability increased with
increasing grazing intensity as evidenced by greater effect sizes for the
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Fig. 1. Map of the United States Great Plains showing the geographic areas of the high, moderate, and low forage productivity including the location of the Central
Plains Experimental Range, Nunn, Colorado, USA. Map modified from Augustine et al., (in press).

seasonal precipitation values with heavy compared to moderate and
light grazing. This supports our hypothesis that LHP from different
grazing management treatments would be differentially influenced by
climatic determinants. Management adaptations to mitigate climatic
variability, therefore, will be most necessary and advantageous for
producers employing heavy grazing intensities. Alternatively, the lower
sensitivity of LHP to seasonal precipitation with light grazing intensities
infers higher risk avoidance approaches to management, and therefore
a greater resiliency, with an increasingly variable climate. Heavy
grazing reduces carryover residual forage to minimum levels (225 kg
ha™') to begin the following grazing season which exacerbates the
reliance of LHP on current growing season primary production.
Therefore, dependence on winter and spring precipitation increases for
conditions conducive for vegetation growth. Grazers in the heavy
grazing management intensity are consequently more reliant on

primary production produced in the current year to increase LHP as
forage quantity is more limiting than forage quality (Milchunas et al.,
1995). Moreover, this reduces the stability of LHP across years, leading
to widely variable production (7.5 to 34.6 kg ha™!; Appendix A) over
the seven decades. As such, this variability is problematic for managing
enterprise risk by land managers and results in “boom-bust” LHP and
associated economics that threaten sustainability of operations (Irisarri
et al., 2019; Peck et al., 2019). Conversely, the lower utilization and
higher residual forage carryover from prior year in the light grazing
intensity provides a buffer to this inherent variability in primary pro-
duction (Lauenroth and Sala, 1992; Milchunas et al., 1994).

Our results agree with previously established positive influences of
winter and spring seasonal precipitation on LHP in northern mixed-
grass prairie (Derner et al., 2008b; Reeves et al., 2013a,b, 2014). In
addition, our results of negative influences of prior growing season
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Fig. 2. Predicted Large Herbivore Production (LHP, kg
ha™') under light, moderate and heavy grazing in-
tensities as a function of six weather parameters. In
each panel, the range of values over which predictions
are shown on the y-axis represents the minimum and
maximum values recorded over the seven decade study
period. See Table 1 for model parameters and standard
errors for each grazing intensity.
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precipitation on LHP agree with prior findings by Reeves et al. (2013a)
with yearlings in northern mixed-grass prairie. These findings provide
clear empirical support for the idea that low-quality forage consisting of
remaining plant material from the prior growing season has an im-
portant negative legacy effect on grazers in semiarid grasslands (Vavra
et al., 1973).

There is a large base of literature for climatic determinants on pri-
mary production in semiarid grasslands (e.g., Lauenroth and Sala, 1992;
Milchunas et al., 1994; O’Connor et al., 2001; Khumalo and Holecheck,
2005; Derner and Hart, 2007; Smart et al., 2007; Bai et al., 2008;
Derner et al., 2008a; Ma et al., 2010). Current cool-season (Milchunas
et al, 1994; Derner et al.,, 2008a) and prior year precipitation
(Lauenroth and Sala, 1992; Oesterheld et al., 2001; Sala et al., 2012;
Petrie et al., 2018) are determinants of primary production for semiarid
grasslands. The strong influence of precipitation variability in multiple
seasons on primary (Lauenroth and Sala, 1992; Oesterheld et al., 2001;
Sala et al., 2012) and secondary production (Vavra et al., 1973; Reeves
et al., 2013a, this study) in semiarid grasslands suggests that cumula-
tive patterns of soil water infiltration and storage from precipitation
events of varying sizes during each season (Sala and Lauenroth, 1982)
merit additional attention for efforts to forecast livestock production
based on current conditions and near-term weather forecasts. Such ef-
forts would also benefit from improved fundamental understanding of
linkages among characteristics of seasonal precipitation events, soil
moisture storage, primary productivity, and secondary production. To
our knowledge, this study and Reeves et al. (2013a,b, 2014) are the first
to evaluate the role of winter precipitation on secondary production in
rangeland systems. Each study showed significant effects of winter
precipitation on LHP; thus, our finding was not unique to our study site
but does suggest this phenomenon may more common than originally
expected.

Our result that yearling entry weight increased over the seven
decades agrees with previously established trends in livestock produc-
tion elsewhere in the Great Plains, which have been attributed to ge-
netic selection for larger cow size (Galyean et al., 2011; Reeves et al.,
2013a). Although larger size implies individuals will yield more beef at
the end of the grazing season (Galyean et al.,, 2011), this desired

300
Prior year precipitation (mm, prior Apr - Sep)

200 500

outcome is not always realized in variable production environments
such as rangelands where high year-to-year variability in forage pro-
duction is common. For example, Scasta et al. (2015) demonstrated
weight gain efficiency of small yearlings outperformed moderate and
large yearlings in semi-arid rangelands in southeastern Wyoming
during the 2012 drought. Thus, this trend of increasing yearling entry
weight likely has negative implications for future LHP and rangeland
management because grazing lands are forecasted to experience higher
variability in forage production due to a higher frequency of drought
(Derner et al., 2018).

Similar relationships, but differential levels of importance and effect
sizes, regarding the influence of climatic determinants on LHP for the
three grazing management intensities has clear implications for land
managers in semiarid grasslands. For example, land managers could
make grazing management decisions by April 1 for the current grazing
season with knowledge of the winter (prior October to March 31) and
predicted spring (April-June) precipitation amounts from available web
resources such as the Climate Prediction Center (http://www.cpc.ncep.
noaa.gov/). Because winter precipitation was the second-most robust
predictor variable for both moderate and heavy grazing, which con-
stitute the majority of management on grasslands in the North
American Great Plains (Dunn et al., 2010), land managers could reduce
risk associated with LHP, provide increased confidence in decision-
making for ranchers, and increase profitability compared to waiting for
the beginning of the grazing season to make stocking rate adjustments.
Second, incorporation of these relationships between seasonal pre-
cipitation and LHP into decision support systems would enhance stra-
tegic planning (between years) and reduce risk in highly variable en-
vironments to improve sustainability (Derner et al., 2012; Peck et al.,
2019). Coupling the observed relationships for LHP and seasonal pre-
cipitation with downscaled climatic predictions in decision support
systems would facilitate contingency planning associated with pre-
cipitation variability. This would lead to improvements in production
capacity, production efficiencies and environmental sustainability from
semiarid grasslands.
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