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Although the impact of optimal stocking rate on rangeland health and ranch profitability has been extensively
studied, grazing management practice has received far less attention in mathematical modeling analyses.
This paper uses a mathematical model to examine the impacts of continuous grazing and multipaddock (MP)
grazing on vegetation and livestock forage consumption. Simulations are carried out using parameters applicable
to the southern tallgrass prairie of North America. On small areas of land with no difference between defoliation
rates across different grazing methods, the performance of MP grazing is no better than continuous grazing.
At the scale of commercial ranches, MP grazing with improved defoliation management improves grass compo-
sition and productivity, as well as livestock consumption relative to continuous grazing, especially with
heavier stocking rates and unfavorable initial biomass composition. The advantages of MP grazing, however,
are reduced with favorable rainfall conditions, light stocking, low levels of undesirable plants, and inadequate
recovery periods.

© 2016 The Society for Range Management. Published by Elsevier Inc. All rights reserved.

Introduction

As rangeland provides important ecosystem services beyond
forage for livestock, including maintenance of stable and productive
soils, the delivery of clean water, the sustenance of plants, animals,
other organisms, and natural resources, maintaining ecosystem
function in extensive rangeland systems is critical for human well-
being (Teague et al., 2013). However, rangeland degradation is
common in most of the world’s semiarid rangelands due to continuous
grazing (Vetter et al., 2006;MorenoGarcía et al., 2014) and supplemen-
tary feeding (Müller et al., 2015). This is manifested by degradation
of vegetation and soils (Milchunas and Lauenroth, 1993; Teague
et al., 2011), declines in productivity and biodiversity, and a reduction
in ecosystem resilience (Knopf, 1994; Frank et al., 1998; Peterson
et al., 1998).

One of the main threats to rangeland health is the invasion of unde-
sirable plants, often caused by grazing, and sometimes by extrinsic fac-
tors (Watkinson andOrmerod, 2001; Simberloff, 2011; Vilà et al., 2011).
Examples include indigenous undesirable plant species in Southern
Great Plains, such as Aristida spp., Bothriochloa laguroides, Erioneuron

pilosumSporobolus compositus, Ambrosia psilostachya, Gutierrezia texana,
and Aster ericoides. Compared with palatable and productive native
grasses, in most cases these invasive plants are of poor grazing value.
Moreover, they displacemore desirable plant species and reduce forage
quality and quantity. In many cases, the undesirable plants also have
relatively small surface foliage and deep taproot systems, which nega-
tively affect soil quality as they contribute less organic matter near the
soil surface, increase surface water runoff, and reduce water infiltration
rates (Olson, 1999; DiTomaso, 2000).

Stocking rate has a great impact on animal and vegetation produc-
tion and, consequently, has been extensively investigated as a keyman-
agement factor needed to maximize ranchers’ long-term profits while
maintaining rangeland functionality (Huffaker and Wilen, 1991; Torell
et al., 1991; Huffaker and Cooper, 1995; Kobayashi et al., 2007; Teague
et al., 2009; Ritten et al., 2010). Proper stocking rate alone, however,
will not suffice in preventing the invasion of undesirable plants and
avoiding rangeland degradation (Teague et al., 2013). As animals exhib-
it spatial patterns of repetitive use in large paddocks, consuming pre-
ferred plants and patches repeatedly, the most desirable plants are
intensively grazed while the less desired species are seldom used
(Fuls, 1992; O’Connor, 1992; Bailey et al., 1998; Teague et al., 2004).
Due to this uneven grazing impact, even a low stocking rate can cause
a change in composition toward the unfavorable species.

Timing and spatial distribution of livestock grazing are, therefore,
important components in grazing management. While continuous
overgrazing exacerbates degradation of plant communities and results
in invasion of low-grazing-quality plant species (Dyksterhuis, 1946,
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1948; Crawley, 1983; Mack, 1989, and Bullock et al., 1994),
multipaddock (MP) grazing can improve species composition and eco-
system function under appropriate management (DeRamus et al.,
2003; Gerrish, 2004; Teague et al., 2013). In the rangeland profession,
however, the topic of whether MP grazing improves forage composi-
tion, forage production, and animal production has been a hotly debated
topic over the past several decades. Briske et al. (2008) concluded that
rotational grazing was no better than continuous grazing in both plant
production and animal production. To explain the contradictory stories
between commercial ranchmanagers and scientific experiments, Briske
et al. (2011) suggested that adaptive management, omitted by most
experiments, might be the key that led to the success of rotational
grazing on working ranches. Teague et al. (2013) indicate that MP graz-
ing research1 had arrived at the opposite conclusions when it
was 1) conducted at the scale of ranching operations; 2) conducted
over more meaningful time frames; 3) adaptively managed as condi-
tions changed to achieve desired ecosystem and production goals; and
4) included measurement of parameters indicating change in ecosys-
tem function.

Similar to most experimental studies, earlier modeling studies on
MP grazing also concluded that the advantages of MP grazing were ei-
ther nonexistent, existed only in rare cases, or were very limited
(Noy-Meir, 1976;Woodward et al., 1993, 1995). In these studies, sever-
al essential features of the grazing systems such as spatial heterogeneity
and grass selectivity were not taken into account. Of the few recent
studies that took spatial heterogeneity grazing behavior into account,
however, the advantage of MP grazing was found to be evident and ro-
bust under changing climate conditions (Jakoby et al., 2014; Martin
et al., 2014; Jakoby et al., 2015).

To our best knowledge, no modeling study on MP grazing
management has considered the effect of palatability differences
caused by different species. When considering only one grass species,
the grass selectivity issue is ignored and therefore the change in
grass composition that may contribute greatly to the benefits of MP
grazing cannot be addressed. In this regard, Huffaker and Cooper
(1995) and Kaine and Tozer (2005) included two grasses of different
palatability in their mathematical modeling under continuous grazing
management. Neither study, however, has compared continuous with
MP grazing in terms of grass composition and animal consumption
consequences.

To address these omissions, we extend the model of Noy-Meir
(1976) by adding the following features. First, our model incorporates
selective grazing implications by including two types of grasses, namely
palatable and less-palatable grasses. This allows us to study the dynam-
ics of grasses under different grazing practices. Second, we consider the
issue of area selective or spot grazing over the landscape by including a
defoliation percentage, which is dependent on grass species and grazing
practices in our simulation. Simulations were conducted using parame-
ters that emulate pasture growth and response to cattle herbivory in
tallgrass prairie of the Southern Great Plains of North America. The ad-
vantage of the simulation analysis is that we can easily adjust the base-
line parameter values and test the robustness of our results through
sensitivity analysis. Our general mathematical model also has direct rel-
evance to other semiarid C4 grasslands throughout the world including
those in South America, Australia, Africa, and Asia.

With thesemore realistic assumptions, we aim tomake amore com-
plete comparison between the two grazing practices in a wide range of
scenarios, which include differences in 1) grass defoliation levels;
2) stocking rates; 3) initial proportions of palatable grass; 4) levels of
initial biomass; 5) length of recovery period; and 6) competition and
growth rates between grass species.

Methods

Model

The growth-competition functions of the two grass species are de-
fined in the form of the Lotka-Volterra equation, as described in Noy-
Meir (1981):

G1 V1
;V2

� �
¼ g1V1 1−

V1 þ ρV2

Vm

 !
ð1Þ

G2 V1
;V2

� �
¼ g2V2 1−

ρV1 þ V2

Vm

 !
ð2Þ

Here G1(⋅) and G2(⋅) represent the growth rate functions of the pal-
atable and unpalatable grass, respectively, while g1 and g2 are themax-
imum relative growth rate of the palatable grass and the unpalatable
one. Note that if g1≠g2, then Equations (1) and (2) imply asymmetric
competition on the species level (Freckleton and Watkinson, 2001).

The biomass densities of the palatable and unpalatable grass are rep-
resented by

V1 ,V2, respectively, while Vm is themaximumplant biomass per unit
of land that determines potential carrying capacity. The competition pa-
rameter between these two grass species is represented by ρ∈[0,1]. A
lower value of ρmeans that the growth rate of one grass is less affected
by the abundance of the other grass. If ρ=0, then the growth function
in this case is reduced to the single grass growth function as described
in Noy-Meir (1976). When ρ≠0, we can see from Equations (1) and
(2) that the growth rate of each grass species is negatively related to
the biomass density of the other grass.

If the biomass density of both species is greater than the residual bio-
mass density2, which is the ungrazeable part of the plant, that is V1NVr

1,
V2NVr

2, then we assume that the consumption function takes the same
function form as assumed by Noy-Meir (1976):
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r
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Equation (3) describes the livestock consumption function for palat-
able grass while Equation (4) describes that for unpalatable grass. Fol-
lowing Huffaker and Cooper (1995), we assume that the consumption
of palatable grass, C1(⋅), is not at all affected by biomass density of the
unpalatable grass, V2, as the livestock will pick the palatable grass first.
However, the consumption of unpalatable grass, C2(⋅), is negatively af-
fected by biomass density of the palatable grass, V1, as the livestock
will eat little or none of the unpalatable grass if they get a sufficient sup-
ply of the palatable grass.

The animal stocking density is represented byH. The overall satiated
consumption rate of a cow is assumed as cm, and the satiated consump-
tion rate of the palatable grass is cm1 =cm, while that of the unpalatable
grass is cm2 =cm−C1(V1) based on Huffaker and Cooper (1995). Vki(i=
1,2) is the constant, referred to as theMichaelis constant, that character-
izes the grass quantity at which the animal consumption is half of the
satiated consumption rate. A lower Michaelis constant can be
interpreted as a pasture with higher-quality grass, as an animal can
achieve desired performance with less quantity of forage. Therefore, it
is reasonable to assume that Vk1≤Vk2.

1 Under MP grazing, or management intensive grazing (MIG), livestock are generally
being rotated every 1−3 days onmanypaddocks, usuallymore than 16; under traditional
rotational grazing, however, livestock are rotated every few weeks or months, usually
using fewer than 8 paddocks.

2 We assume that when the consumption of the palatable grass reaches the point such
that the existing palatable grass biomass is less than the residual biomass, then the animal
will consume the unpalatable grass only.
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Following Noy-Meir (1976), we describe our MP grazing scheme as
determined by two parameters, the number of paddocks, n, and the
length of the MP cycle, tr. For simplicity, we consider only the strict cy-
clic MP grazing scheme as defined by Woodward et al. (1995), where
the animals are introduced to successive paddocks in strictMP sequence
and spend the same number of days grazing on each paddock. A contin-
uous grazing scheme can be treated as a special casewhere n=1,which
means the entire pasture is treated as one paddock.

We assume initially there are sp percent of palatable grass and super-
cent of unpalatable grass, with sp+su=1. While the paddock is under
grazing, suppose dp percent of palatable grass is defoliatedwhile du per-
cent of the unpalatable grass is defoliated. The defoliation rate in our
paper refers to the percentage of tillers that are defoliated on a regular
basis during the grazing season, or the percentage of grass that grows
within the habitual orbit of the livestock. According to Norton et al.
(2013), tillers that are never defoliated are outside the habitual orbit
of the livestock. We assume that dp≥du, which means livestock tend to
defoliate a higher percentage of the palatable grass in bothmanagement
practices. On the basis of Henning et al. (2000), we also assume under a
large commercial scale, the defoliation rates while paddocks are being
grazed for both grass species under MP grazing are higher than those
under continuous grazing, due to the higher animal density in each pad-
dock when being grazed. The overall defoliation rate can be calculated
as d=spdp+sudu.

Suppose the average stockingdensity on the entire pasture is H, then
the stocking density on the defoliated grass, or the grass in the habitual
orbit of the livestock, isnH=d. While on nondefoliated grass, or grass lies
outside of the habitual orbit, the stocking density is 0. For the recovery
tr(n−1)/n days, the first paddock is in recovery, the stocking density
is 0, and consumption is 0.

Denote the biomass density of the defoliated and nondefoliated
palatable grass as Vd

1 and Vnd
1 with Vd

1dp+Vnd
1 (1−dp)=V1 and the

biomass density of the defoliated and nondefoliated unpalatable grass
as Vd2 and Vnd

2 with Vd
2du+Vnd

2 (1−du)=V2. Assume the initial biomass
densities for the defoliated and nondefoliated portions are the same, so
Vd
1=Vnd

1 and Vd
2=Vnd

2 . In addition, assume the existing biomass will die
at a rate of ϕ, which has the same value regardless of the grass species.
Note that ϕ can be understood as the nongrazing biomass removal
from the grazeable grass biomass. Consequently, the defoliated portion
of palatable and unpalatable grasses will change over time as:

δV1
d
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d;V
2
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Note that the growth rate of the defoliated palatable grass is a func-
tion of the biomass of the defoliated palatable grass and the average bio-
mass of theunpalatable grass. The latter is chosen because it is uncertain
whether the defoliated palatable grass is competing with the defoliated
unpalatable grass or the nondefoliated unpalatable grass. However, the
consumption of the defoliated unpalatable grass is a function of the bio-
mass of the defoliated palatable grass, due to the assumption that live-
stock more often graze on the previously defoliated spots.

Given that no consumption occurs on the nondefoliated grass, over-
all the biomass densities of palatable and unpalatable grasses will
change over time on the basis of the following:
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As livestock grazing large paddocks exhibit spatial patterns of repet-
itive use in preferred areas, especially under conservative stocking rates
(O’Connor, 1992; Bailey et al., 1998), Equations (7) and (8) assume that
the defoliated area is frequented by livestock all the time while the
nondefoliated area is always avoided.

Baseline Model Parameters for Simulation Experiments

Simulation experiments were conducted as no simple analytic solu-
tion is readily obtainable for theMP grazing, even for the simplified one-
grass case (Noy-Meir, 1976). Model parameters were selected to cap-
ture the characteristics of a cow-calf ranch operation in Texas tallgrass
prairie using data gathered in a field experiment on commercial cattle
ranches in three proximate counties in North Texas (Teague et al.,
2011). Table 1 provides a summary of parameter values used in our
baseline model.

A Vm value of 400 g/m2, or 4000 kg DM/ha, is chosen on the basis of
average peak biomass from heavy continuous (HC), light continuous
(LC), MP, and ungrazed areas (EX) measured by Teague et al. (2011),
which was 4121 kg DM/ha, which is close to the estimates of 4000 kg
DM/ha byWright and Baars (1976). Similar to Noy-Meir (1976), initial
total plant biomass V0 is assumed as 2000 kg DM/ha, or 200 g/m2, which
is composed of sp=50% palatable grass and su=50% unpalatable grass.
The Michaelis constant, or Vk, is assumed to be about 20% of the peak
biomass Vm (Noy-Meir, 1976; Huffaker and Wilen, 1991). As a lower
Michaelis constant generally stands for higher grass quality, in our sim-
ulation it is assumedVk

1 ¼ 15% � Vm andVk
2 ¼ 25% � Vm. Similar to Noy-

Meir (1976), the ungrazeable residual plant biomass Vr is assumed as
200 kg DM/ha, or 20 g/m2.

The maximum or satiated forage consumption rate is assumed as
2.5% of body weight over the growing season. As the average weight
of a mature cow on the Southern Plain is 500 kg (Wang et al., 2015),
cm=12.5 kg/cow/day. Noy-Meir (1976) used a relative maximum
grass growth rate of 0.1 per day,which represents grassland of high pro-
ductivity. In Texas tallgrass prairie, which is more xeric, the grass grows

Table 1
Parameters of the baseline simulation model

Symbol Meaning Units Values

Vm Maximum plant biomass g/m2 400
V0 Initial plant biomass g/m2 200
Vr Ungrazeable residual plant biomass g/m2 20
sp Percentage of palatable grass % 50
su Percentage of unpalatable grass % 50
Vk
1 Michaelis constant for palatable grass g/m2 60

Vk
2 Michaelis constant for unpalatable grass g/m2 100

ρ Interaction between two grasses — 0.8
cm Maximum consumption rate kg/cow/day 12.5
H Average animal density Cows/1000m2 0.027
dp
c Palatable grass defoliation

rate—continuous grazing
% 80

du
c Unpalatable grass defoliation rate—continuous

grazing
% 10

dp
r Palatable grass defoliation rate—MP grazing % 90

du
r Unpalatable grass defoliation rate—MP grazing % 50

g1 Maximum relative growth rate of palatable grass Day−1 0.03
g2 Maximum relative growth rate of

unpalatable grass
Day−1 0.024

ϕ Average daily death rate Day−1 0.01
n Number of paddocks 30
tr Length of MP cycle Days 90

MP indicates multipaddock.
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much more slowly. Therefore, in the baseline scenario the maximum
grass growth rate for palatable grass is assumed as 30% of Noy-Meir
(1976), to average 0.03 per day.

As palatable grass of the same stature has higher growth potential
than unpalatable grass, we assume g1Ng2. This occurs because the de-
fenses possessed by the less palatable plants use resources that diminish
plant growth compared with that of more palatable plants that have
evolved to grow quickly rather than invest resources in defense
(Crawley, 1983; Oksanen, 1990; Teague and Dowhower, 2001). As more
rainfall will stimulate faster growth of both species, the growth rates of
the two grass species are assumed to be correlated as g2=0.8g1. Follow-
ing Noy-Meir (1981), we assume the competition parameter between
these two grass species is ρ=0.8.We assume that the ungrazeable forage
biomass is 1% of the standing biomass (i.e., ϕ= 0.01).

Following the MP and HC grazing stocking rates in Teague et al.
(2011) and Wang et al. (2015), we assume the average animal density
H as 27 cows per 100 ha, or 0.027 cows per 1000 m2. Teague et al.
(2013) estimated that the recovery period after moderate defoliation
in semiarid ecosystems needs to be 90 days in average precipitation
years and up to 120 days in drier years. In a subhumid environment,
Jacobo et al. (2006) assumed a grazing period of 3 to 15 days and a re-
covery period between 25 and 90 days. To model a drier semiarid envi-
ronment, we use 30 paddocks for MP grazing as this was determined in
simulations to give close to optimal ecological and economic results
(Teague et al., 2015). This gives a grazing cycle length of 90 days
resulting in graze periods of 3 days and recovery periods of 87 days.

Under LC grazing we assume a defoliation rate of 80% for palatable
grass (dpc) and 20% for unpalatable grass (duc). Initially where each pad-
dock is composed of 50% palatable grass (sp) and 50% unpalatable
grass (su), then we calculate an overall defoliation rate of dc = 50% for
continuous grazing, which is the same as that suggested by Senft et al.
(1985) and Norton et al. (2013).3

Due to increased stock density in the smaller paddocks under MP
grazing, utilization of the unpalatable grass is much higher (Teague
et al., 2013), while the difference between defoliation rates on palatable
grass and unpalatable grass ismuch lower (Earl and Jones, 1996). There-
fore, defoliation rates of 50% for unpalatable grass (dur) and 90% for pal-
atable grass were assumed under MP grazing (dpr). The overall
defoliation rate is thus dc = 70% for MP grazing, which is considerably
higher than with continuous grazing.

Sensitivity Analysis of Key Elements

1) To test the robustness of the results, sensitivity analyses were
conducted to examine the influence of varying the following pa-
rameters under continuous and MP grazing: defoliation rates for
continuous grazing were the same as those for MP grazing
(i.e., 90% for palatable grass and 50% for unpalatable grass
representing even distribution of grazing in continuously grazed
paddocks).

2) Stocking rates. An alternative light stocking rate of 0.014 cows
per 1000 m2, as defined in Teague et al. (2011), is evaluated to
determine the consequences of lighter stocking on grass dynam-
ics and animal intake. Defoliation rates for palatable and unpalat-
able grass are assumed as 70% and 10% for continuous grazing,
and 80% and 40% for MP grazing, due to decreased grass defolia-
tion rates under lower stocking rate (Derner et al., 1994).

3) Proportions of palatable grass. Using an initial grass biomass level
of V0= 200we investigate the performance of twomanagement
practices with different proportions of palatable grass (sp =40%,
80%).

4) Levels of initial biomass. We vary initial biomass levels (V0 =
100, 300) to determine how this influences grass interactions
and points of equilibrium with different grazing management.

5) Length of recovery period. Impacts of MP grazing with different
grazing cycles of 60 and 120 days were compared with the base-
line of 90 days. The number of paddocks is 30 for all scenarios. At
the same stocking rate, longer grazing period increases grass de-
foliation rates for both grass species (Derner et al., 1994). There-
fore, we assume the grass defoliation rate for each grass species
increases slightly for the 120-day grazing cycle, which are 95%
and 55%, respectively, for palatable and unpalatable grasses,
while it decreases somewhat under the 60-day grazing cycle,
which are set at 85% and 35%, respectively, for palatable and un-
palatable grasses.

6) Levels of competition and relative growth rate of unpalatable
grass. An alternative competition parameter is assumed as ρ =
0.5. The relative growth rate of the unpalatable grass is assumed
to be either higher (g2 = 0.85 g1) or lower (g2 = 0.75 g1) than
the baseline scenario, where g2 = 0.8 g1.

Results

Sensitivity to Varying Defoliation Rates

Figure 1a provides the biomass density change for palatable and un-
palatable grass under continuous and MP grazing. Compared with con-
tinuous grazing, MP grazing boosts the biomass density proportion of
palatable grass while reducing that of unpalatable grass. Although ini-
tially the biomass densities for palatable and unpalatable grass are the
same, the palatable grass biomass density gradually surpasses that of
unpalatable grass under MP grazing practice. The opposite occurs
under continuous grazing, where the unpalatable grass soon becomes
dominant. Therefore, compared with continuous grazing, MP grazing
promotes palatable grass. Suppose there is no difference in defoliation
rates between two grazing practices, as often occurred on small pad-
docks. Results show that the advantage of MP grazing does not exist
anymore (Fig. 1b). Instead, continuous grazing generates slightly better
grass composition in the longer term.

Under the baseline defoliation rates that are appropriate for a large
commercial ranch, it is clear that heavy MP grazing is associated with
a higher consumption rate of the palatable grass and higher overall
grass consumption. However, this does not hold for small paddocks,
where the defoliation rates over the landscape are very similar between
the two grazing practices (Table 2). This finding holds for both heavy
and light stocking rates.

Livestock Stocking Rate

Figure 2 demonstrates that under low stocking density (H=0.014),
the biomass density of palatable grass increases under both grazing
methods. Compared with the heavy grazing scenario, the advantage of
MP grazing is much less apparent under light grazing. In contrast,
under heavier grazing (H = 0.027, baseline scenario), biomass density
of palatable grass declines in the long term under continuous grazing,
while it steadily increases under MP grazing. This indicates that MP
grazing can sustain this high stocking rate while improving rangeland
condition. Moreover, it is clear from Figure 2 that themerits of MP graz-
ing become more marked with time.

The impact on unpalatable grass biomass density is even more
marked under heavy continuous grazing, with unpalatable grasses be-
coming completely dominant (Fig. S1). In contrast, under LC grazing
the proportion of unpalatable grass increases initially and then declines
over time. Unpalatable grass decreases under MP grazing with both
levels of stocking after initially increasing. MP grazing is clearly advan-
tageous in limiting less desirable herbaceous species.

3 Senft et al. (1985) mapped the paddock utilization when 10−12 steers grazed on a
320-acre paddock, and Norton et al. (2013) estimated a 50% neglected area when consid-
ering both growing and dormant seasons.
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Table 2 shows that compared with the heavy stocking rate, the
quantity and quality of consumption under light stocking increased
for each grazing management practice. In line with our finding in
Figure 2, the difference between continuous grazing (baseline defolia-
tion rates) and MP grazing is less apparent with light stocking rate.
Thismeans that as the stocking density gets lower, even on a large com-
mercial ranch, differences between the two grazing methods decrease
regarding both grass composition and livestock consumption.

Proportion of Palatable Grass

Figure 3 compares the two grazingmethodswhen the initial propor-
tions of palatable grass are different (sp = 40%; 80%). When the

palatable grass is initially dominant (sp = 80%), then the dynamics of
palatable grass is similar under the two grazing management practices,
with MP grazing gradually showing a very slight advantage over time.
However, when the palatable grass is initially less abundant (sp =
40%), then continuous grazing further decreases the biomass density
of palatable grass, while MP grazing does the opposite. This shows
that the advantage of MP grazing is more evident when the palatable
grass is initially at low abundance, as MP grazing provides an effective
way to improve grass composition.

In addition, Figure 3 shows that the initial low proportion of palat-
able grass has an enduring negative effect. This implies that when the
rangeland is already dominated by unpalatable grass, then under MP
grazing it will take several years for the palatable grass to become dom-
inant again, while the palatable grass will further diminish if continuous
grazing is adopted. In this case a lower stocking rate will allow the pal-
atable grass to recover faster and more fully (Fig. S2).

Initial Grass Biomass

Figure 4 shows that under MP grazing, biomass density of the palat-
able grass converges to the almost identical oscillation pattern between
120 and 150 g/m2 regardless of the initial biomass density. Under con-
tinuous grazing, the biomass densities of the palatable grass also con-
verge regardless of the starting point but drop below 100 g/m2 in the
long term. Compared with continuous grazing, the biomass densities
for palatable grass aremuch higher underMP grazing, whatever the ini-
tial biomass density. The biomass densities of the unpalatable grass
have exactly the opposite pattern compared with that of the palatable
grass. Figure 4 also identifies the trend that for the same grazing meth-
od, the difference in initial overall biomass density has almost no impact

Figure 1. (a) Time courses of palatable and unpalatable plant biomass under continuous
andmultipaddock (MP) grazing (baseline growth rate g1 = 0.03; under high interference
between palatable and unpalatable plants at ρ=0.8; high animal density H=0.027; ini-
tial grass composition is 50% palatable grass and 50% unpalatable grass. Under continuous
grazing the defoliation rate is 80% for palatable grass and 20% for unpalatable grass. Under
MP grazing there are 30 paddocks and the grazing period on each paddock is 3 days per
MP cycle. The defoliation rate is 90% for palatable grass and 50% for unpalatable grass.
(b) Time courses of palatable and unpalatable plant biomass when the defoliation rate is
90% for palatable grass and 50% for unpalatable grass under both grazing management
systems. Otherwise, the same as for (a).

Table 2
Effects of animal density and grazing practice on average consumption under baseline
condition (g1 = 0.03; Unit: kg/animal/day), different stocking rates and different defolia-
tion rates; corresponding to Figures 1a, b, and 2

Scenarios Defoliation rate Grass consumption

Palatable Unpalatable Total

Heavy continuous dp=80% ;du=20%
(Baseline Scenario)

8.16 2.48 10.64

dp=90% ;du=50% 9.26 1.73 10.99
Heavy MP dp=90% ;du=50% 9.12 1.83 10.95

Light continuous dp=70% ;du=10%
(Baseline Scenario)

9.43 1.57 11.00

dp=80% ;du=40% 9.73 1.36 11.09
Light MP dp=80% ;du=40% 9.65 1.41 11.06

MP indicates multipaddock.

Figure 2. Time courses of palatable plant biomass under different grazing practices and
stocking rates (H = 0.014, 0.027). For H = 0.027, the defoliation rate is the same as the
specification in Figure 1a. For H = 0.014, under continuous grazing the defoliation rate
is 70% for palatable grass and 10% for unpalatable grass. Under MP grazing, the defoliation
rate is 80% for palatable grass and 40% for unpalatable grass. Otherwise, the same as for
Figure 1a.

Figure 3. Time courses of palatable plant biomass with different proportions of palatable
grass (sp = 40%, 80%) at stocking rate H = 0.027. Otherwise, the same as for Figure 1a.
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on the grass dynamics in the long term. As we can see from Figure 4, re-
gardless of the initial biomass, it takes only less than a year (300 days)
for grass biomass to converge with both grazing methods.

Length of Recovery

As expected, there is an interaction effect between length of recov-
ery and plant growth rate that is principally dictated by the amount of
precipitation received (Fig. 5a and b). If grass growth rate is relatively
fast (g1 = 0.04; Fig. 5a), we can see that with both continuous and MP
grazing, cycles of 120 and 60 days result in a significant increase in the
biomass of palatable grass over time.

The interaction between MP cycle and growth rate also has an im-
pact on the consumption of grass (Table 3). Under mesic conditions
(g1 = 0.04), a shorter recovery period (Tr = 60, n = 30) results in the

highest consumption of palatable grass with the lowest consumption
of unpalatable grass. This is to be expected as the shorter grazing
period associated with this management choice gave animals a better
dietary choice.

Under average rainfall conditions (g1 = 0.03), as depicted in
Figure 5b, palatable grass biomass declines gradually with continuous
grazing. With MP grazing the 60-day cycle, palatable grasses gained
more relative to continuous grazing than under wetter conditions, and
this advantage becomes more apparent after about 2 years (700 days).
Of the three grazing methods, the longer MP cycle of 120 days resulted
in the highest biomass of palatable grass because a sufficient recovery
period allowed it to grow back to the point where maximum growth
could occur. Under the drier condition the 120-day MP cycle gave the
highest consumption of palatable grass and total grass and the lowest
consumption of unpalatable grass (see Table 3).

Different Levels of Competition and Growth Rates Between Grasses

The scenario with reduced competition between two grasses (ρ =
0.5) indicates a reduction in the difference between continuous and
MP grazing from the baseline simulation (ρ = 0.8). Grass composition
under reduced interaction in continuous grazing deteriorated and that
in MP grazing improved, but to a negligible extent (Fig. S3).

Figures S4a and S4b demonstrate the differences in grass composi-
tion when the relative growth rate of the unpalatable grass is either
higher (g2=0.85 g1) or lower (g2=0.75 g1) than the baseline scenario,
where g2= 0.8 g1. Not surprisingly, we can see the percentage of palat-
able grass will become lower for both grazing scenarios if unpalatable
grass grows at a relatively faster rate and vice versa. However, MP graz-
ing still has a comparative advantage over continuous grazing regarding
proportion of palatable grass.

Discussion

Assuming a defoliation rate of 100% under both grazing systems,
Noy-Meir (1976) concluded that intensive MP grazing surpasses con-
tinuous grazing only under extreme conditions. However, such an as-
sumption is unrealistic as the data from field research suggest a
defoliation rate far below 100% (Senft et al., 1985). Uneven grazing dis-
tribution becomes more serious when the stocking rate decreases and
farm size increases (Norton et al., 2013; Teague et al., 2013). Therefore,
the conclusions drawn by Noy-Meir (1976) could deviate by a large
amount from commercial ranch field measurements and observations.

Note that, of the studies that compare continuous grazing and MP
grazing method, most field experiments have been carried out on
paddocks less than 1−10% of the size of commercial ranches, with
patch grazing that plagues the large ranches minimized on these small
paddocks under continuous grazing (Teague et al., 2013). To simulate
this situation, in this study the same high defoliation rates for MP
grazing are also used for continuous grazing. Under the same defoliation
rate assumption, our findings largely conform with the review of
Briske et al. (2008) that in a small paddock when grazing is uniformly
distributed, continuous grazing slightly outperforms MP grazing
in terms of both grass composition and livestock consumption
(see Fig. 1b, Table 2). This finding remains robust for different stocking
rates (see Table 2).

The contrast between Figure 1a and b indicates paddock size is a key
elementwhen evaluating differences between continuous andMP graz-
ing impacts. Therefore, MP grazingmay have been successfully adopted
by ranchers in a large commercial ranch, but for a small ranch or exper-
imental plotwhere grazing distribution is relatively uniform, the advan-
tage of MP may be either small or nonexistent.

This paper assumes both higher defoliation rates for MP grazing and
less selective behavior on palatable grass consumption, as suggested by
Teague et al. (2013). The merits of MP grazing are readily observed
under higher stocking rates in that it 1) improves grass composition

Figure 4. Time courses of palatable plant biomass with different initial biomass V0=
100,300. Otherwise, the same as for Figure 1a.

Figure 5. (a) Time courses of palatable plant biomass with different recovery periods under
relatively mesic conditions (g1= 0.04). For 120-dayMP cycle (Tr = 120), defoliation level is
dp=95%, du=55% as period of grazing is 4 days. For 60-dayMP cycle (Tr = 60) defoliation
level is dp=85%, du=35% as period of grazing is 2 days. For continuous grazing, defoliation
level is dp=80%, du=20%. (b) Time courses of palatable plant biomasswith different recov-
ery periods under baseline conditions (g1=0.03). All other assumptions are the same as (a).
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and 2) enhances overall grass production (see Fig. 1). This concurs with
the results from field experiments reported by Earl and Jones (1996)
and Teague et al. (2011). Similarly, Guretzky et al. (2005) observed
thatMPgrazingproduces fewerweeds comparedwith continuous graz-
ing. Heitschmidt et al. (1982) also recorded increased forage production
and forage quality with MP relative to continuous grazing in an experi-
mental study in Texas. The merits of MP grazing relative to continuous
grazinghave also been foundevident in recentmodeling studies that as-
sumed higher defoliation rates for MP (Jakoby et al., 2014; Martin et al.,
2014; Jakoby et al., 2015).

Our results also demonstrate that this advantage is robust at differ-
ent levels of the competition parameter between the two grass species
and when the relative growth rate of unpalatable grass differs relative
to that of the palatable grass. In all these scenarios MP grazing still has
a comparative advantage over continuous grazing regarding improving
the proportion of palatable grass.

The degree of advantage might differ, though, as in some cases the
advantage might be more obscure and in other cases more obvious.
One scenario that diminishes the gap between continuous grazing and
MP grazing is under light stocking rate levels. As displayed in Figure 2,
the difference between plant dynamics caused by grazing methods
shrinks when light stocking rate is adopted. In addition, the differences
between two grazing management practices are relatively small under
favorable rainfall conditions (Fig. S5), underlying the key role played
by rainfall. This is in line with Milchunas et al. (1989), who found that
the effect of grazing can be obscured by favorable growing seasons. An-
other scenario that can equally obscure the advantage of MP grazing is
when palatable grass is more abundant, or when the weed encroach-
ment issue is barely noticeable. For example,when the initial proportion
of palatable grass is 80%, then the grass dynamics under two grazing
methods are similar for both grass species (see Fig. 3).

The last point shown by our model that may conceal the advantage
of MP grazing over continuous grazing is the impact of the length of re-
covery period followingMP grazing. As shown in Table 3, an excessively
long recovery period under mesic conditions reduces both the quality
and quantity of livestock consumption, which coincides with the con-
clusion of Teague et al. (2015). Similarly, an inadequate recovery period
in arid or semiarid conditions can be equally counterproductive, as
reflected by Table 3 and Figure 5b. In this situation, increasing the recov-
ery period will increase the ecological condition and livestock perfor-
mance as reported by Teague et al. (2015).

Our results indicateMP grazing produces significantly superior results
under the following scenarios. First, MP grazing excels in that it can sus-
tain much higher stocking density without a negative influence on the
biomass and composition of grass (see Fig. 2). This shows that stocking
rate is not the only factor that determines the rangeland condition and
productivity. Consequently, MP grazing practice offers an alternative to
maintaining or improving rangeland condition, at higher stocking rates
than would be sustainable under continuous grazing. From Table 2, we
can also see that with the same stocking rate, the quality and quantity
of consumption for the MP grazing method are always higher than with
continuous grazing in the baseline scenario. As indicated by Blaser et al.
(1969) and Rayburn et al. (2004), grass of higher palatabilitywill increase
animal intake and daily weight gain. Therefore, it can be inferred that,
with appropriate management, animal performance can be improved
when switching from continuous to MP grazing.

Second, the merits of MP grazing are also more marked when the
initial unpalatable grass proportion is high. As we can see from Figure 3,
continuous grazing causes degradation by decreasing the proportion of
palatable grass even more while MP grazing increases the palatable
grass composition. Therefore, compared with continuous grazing, MP
grazing can improve grass composition gradually due to sufficient re-
covery period for defoliated palatable grass and less selective grazing.

To better focus on the essential differences between MP and contin-
uous grazing, such as defoliation rates and selective behavior, as well as
their consequences, some additional factors were not included in this
study. One such factor is the temperature and precipitation variability,
and its consequences on stocking rate and grassland condition. As
noted by Williams and Albertson (2006), lower, more variable rainfall
pattern will likely result in a general decrease in the grazing resource.
Ritten et al. (2010) found that optimal stocking rates decrease when
precipitation variability increases. Jakoby et al. (2014) noted that
high-intensity, short-duration grazing management is the most robust
means ofmitigating the impacts of changing and variable climate condi-
tions. Similarly, Jakoby et al. (2015) and Teague et al. (2015) pointed out
that MP grazing combined with adaptive stocking rate was the best
strategy to cope with the highly variable climate and seasonality
found in rangeland ecosystems. On the basis of these literature findings
and this study, it can be inferred that a more variable climate will not
dampen the advantage of MP grazing, as long as stocking rate is adjust-
ed appropriately as conditions change.

Implications

Previousmodels that omit the issue of grass selectivity, spot grazing,
issues related to scale of impact, and appropriate recovery after grazing
likely lead to unrealistic results when it comes to the comparison be-
tween continuous and MP grazing methods. Our model contributes to
the literature by incorporating the differential grass defoliation rates
for palatable and unpalatable grasses in our simulation model. Our
model can thus be used to mimic a wide range of realistic issues.

On one hand, our results lend support to the experimental results
achieved on small land areas and conclude that MP grazing indeed per-
forms nobetter than continuous grazingwhen there is no difference be-
tween defoliation rates across different grazing methods when
experiments are conducted at a small scale. On the other hand, at the
scale of commercial ranching, when adequate recovery is provided
after grazing, we do findMP grazing excels in a wide range of scenarios
regarding grass productivity, grass composition, and animal consump-
tion at the scale of commercial operations due to area selective grazing
impacts. These merits are quite robust and appear even more obvious
when the rangeland is stocked at a high stocking rate and with degrad-
ed plant species composition. The advantage of MP grazing, however,
could be obscured with favorable rainfall conditions, light stocking
rate, minor weed problems, and improper recovery period. Rainfall is
found to play a more vital role when it comes to ecological condition
and animal performance. Therefore, along with using MP grazing man-
agement, aflexible stocking rate based on changing rainfall conditions is
fundamentally important to achieving sustainable outcomes at the scale
that rangelands are managed.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.rama.2016.07.003.

Table 3
Effect of grazing practice on average consumption under different rainfall conditions (Unit: kg/animal/day); corresponding to Figure 4a and b

Scenarios Grass consumption (g1 = 0.03) Grass consumption (g1 = 0.04)

Palatable Unpalatable Total Palatable Unpalatable Total

Heavy continuous 8.16 2.48 10.64 9.38 1.90 11.28
Heavy MP (Tr = 120) 9.10 1.83 10.93 9.59 1.69 11.28
Heavy MP (Tr = 60) 8.86 2.03 10.89 9.60 1.73 11.33

MP indicates multipaddock.
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