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Abstract: We explored the effects of heterogeneity of sward height on the functioning of grazing 
systems through a spatially implicit mechanistic model of grazing and sward growth. The model 
uses a population dynamic approach where a sward is spatially structured by height, which changes 
as a function of defoliation, trampling, and growth. The grazing component incorporates 
mechanisms of bite formation, intake, and digestion rates, but excludes sward quality effects. Sward 
height selection is determined by maximization of the instantaneous intake rate of forage dry mass. 
For any given average sward height, intake rate increased with increasing spatial heterogeneity. 
Spatio-temporal distribution of animal density over paddocks did not markedly affect animal 
performance but it modified the balance of vegetation heterogeneity within and between paddocks. 
Herbage allowance was a weak predictor of animal performance because the same value can result 
from multiples combinations of herbage mass per unit area, number of animals, animal liveweight, 
and paddock area, which are the proximate determinants of intake rate. Our results differ from 
models that assume homogeneity and provide strong evidence of how heterogeneity influences the 
dynamic of grazing systems. Thus, we argue that grazing management and research need to 
incorporate the concept of heterogeneity into the design of future grazing systems. 

Keywords: grazing management; sward height distribution; spatial heterogeneity; ecological 
modeling; grazing behavior; resource heterogeneity; integral projection matrix 

 

1. Introduction 

Traditional grazing management has been based on variables such as stocking rate and herbage 
allowance, aimed at controlling intensity and frequency of defoliation, and consequently, herbage 
production and animal performance. However, these approaches assume equilibrium conditions and 
disregard spatial heterogeneity and scaling effects present in grazing systems [1]. Herbage allowance 
and stocking rate may only describe an instant of a grazing system, but not its dynamics, which result 
from multiple processes influenced by biotic and abiotic factors. The actual management variables 
over which we can exert control are shape and area of paddocks, number and characteristics of 
animals, and timing and duration of grazing and rest periods. Additional management variables such 
as fertilization and irrigation timing and rate can also be used to modify the quality and dynamics of 
vegetation state variables. Likewise, livestock distribution and behavior can be altered through 
rewards like salt or supplements. These management and uncontrollable biotic and abiotic factors 
change over space and time and drive grazing systems into a permanent state of flux. 

Defoliation intensity in one biting event is usually the proportion of the plant mass that is in the 
top half of the sward height at the bite location. Sheep and cattle have a remarkable constant bite 
depth that is about 50% of sward height, across a large variety of conditions [2,3]. Thus, the 
mechanism of unitary defoliation intensity is not yet directly susceptible to management. 
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Management variables can only affect the probability that any given plant will be defoliated at any 
moment. Actual defoliation frequency depends not only on exposure to grazing but also on the 
spatial patterns of bites that animals choose [4,5]. For example, large-scale patterns of what appears 
to be defoliation intensity, such as the exponential increase in height with increasing distance from 
water [6], are most likely patterns created by the balance between plant growth and defoliation 
frequency. Because animals have to walk to water frequently, the actual density of livestock 
occupancy decreases with increasing distance from water. 

Although traditional grazing management considers the temporal heterogeneity of forage 
demand and supply, the concept of spatial heterogeneity has not been fully incorporated, perhaps 
because is harder to perceive and to control. Livestock distribution has fractal properties and is in 
part determined by the heterogeneity of resources such as forage, water, and shade [7,8]. In addition 
to the inherent heterogeneity, grazing disturbance (as well trampling and excreta deposition) is an 
important source of variability in the vegetation [9,10] because herbivores’ selectivity generates a 
mosaic of tall and short patches that in turn affect future grazing. Sward growth rate is nonlinear, 
and therefore pasture production is not fully determined by average sward height at paddock scale 
but also depends on the spatial distribution of sward height [11,12] (Figure A1). From an animal 
perspective, resource heterogeneity allows the selection of a diet that is better than the average 
available in the environment. Therefore, predictions of pasture production and animal intake and 
performance on models that assume homogeneity tend to differ from reality [13]. 

Grazing systems are complex and vary in time and space, requiring a broader approach than 
has been applied to grazing management due to their multidimensional nature. However, traditional 
grazing management variables such as average sward height, stocking rate, and herbage allowance 
disregard the effects of heterogeneity and scaling on the functioning of grazing systems. We aimed 
to develop a spatially implicit model of grazing and sward growth to explore the effects of spatial 
heterogeneity on responses to traditional grazing management variables. We simulated three grazing 
conditions using traditional management variables to determine the interaction between inherent 
spatio-temporal scales of grazing with those imposed by management in heterogeneous swards. We 
tested the hypotheses that (1) the functional response (instantaneous intake rate) is related not only 
to resource abundance but also to resource heterogeneity; (2) system performance (yield per animal 
and per unit area) responds to spatio-temporal distribution of animal density; and that (3) herbage 
allowance is not sufficient as a measure to manage animal performance because any value of herbage 
allowance can be obtained for any given level of forage abundance simply by changing the number 
of animals or the area of the paddock. This work contributes to the understanding of how 
heterogeneity and scaling influence the functioning of grazing systems and provides a promising 
platform for future research. 

2. Materials and Methods 

2.1. Model Description 

We developed a dynamic mechanistic model of grazing where the sward is structured by height. 
The grazing component of the model incorporates detailed mechanisms of bite dimensions and 
intake rate as controlled by ingestion and digestion. Model inputs are management variables such as 
species and number of animals, paddock area, timing and duration of grazing and rest periods, and 
initial state variables: sward height distribution (amount of area in 2000 bins of sward height), rumen 
fill, and body mass. 

The approach was to include all major grazing mechanisms known and to determine their logical 
consequences by integration into the model. The model is spatially implicit because it simulates the 
heights of a population of plants, but their positions are not specified. Diet quality is assumed to be 
constant and unrelated to the heights selected for grazing. This assumption is meant to eliminate 
quality as a factor driving selectivity in this version of the model, and it has no impact on the growth 
of the model swards, as we use an empirical equation based on real swards to model growth in height. 
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The model tracks defoliation, trampling, and growth of plants in 2000 height classes, as well as 
selectivity and individual bite dimensions, time, and mass in a 10 min time step. 

A key feature of grazing systems is the large difference in temporal scale of growth and 
defoliation at the individual plant level, a feature that is not contemplated in typical difference or 
differential equation models (e.g., [14,15]). In the present model we implement the difference in the 
temporal scales of grazing and growth by representing grazing as a death–birth process by which 
every bite “kills” an area of pre-grazing height and “gives birth” to an equal area with the 
corresponding post-grazing height. The integration of both spatial heterogeneity in height and 
pasture growth with animal behavior and productivity at a high temporal resolution, as well as the 
use of the integral projection matrix technique, are the main novel features that distinguish this model 
from similar grazing models that include resource heterogeneity (e.g., [4,16–21]). 

Sward structure is represented in the model by the horizontal and vertical distribution of plant 
mass. The horizontal structure is represented by the frequency distribution of heights, and the vertical 
structure is described by an exponential decline in bulk density from the bottom to the top of the 
canopy [22,23]. Sward height distribution is updated every 10 min using an integral projection matrix 
model (a modeling approach that uses transition matrices to calculate the change in state of a 
population structured by a continuous variable) adapted from Ellner et al. [24]. Sward areas increase 
in height according to a temperature-dependent logistic growth process [25] and decrease in height 
by grazing and trampling with rates that depend on sward height and animal density. Using the 
original population dynamics view of the integral projection method, the process can be viewed as 
discrete areas growing into adjacent bins of taller height, or “dying” due to being grazed and 
trampled and being instantly “reborn” in a bin with a shorter height equal to the remaining stubble. 
Grazed areas are reborn at half (or another selected proportion) of the original height, whereas 
trampling effects are simulated by reducing 7.5% of the searched area to a height of 25 mm. Area 
trampled is commensurate with hoof area and number of steps per unit area searched [26], whereas 
trampled height is based on measurements of ryegrass plants lodged after grazing (Carvalho, 
unpublished data). The effect of excreta deposition on area available for grazing is partly accounted 
for by the trampled area, but the model does not currently focus on the effects of excreta on animal 
selectivity, and it does not include excreta effects on plant growth. Relative growth rate, height of 
trampled sward, and nutritive value were parameterized for annual ryegrass (Lolium multiflorum L.), 
whereas vertical distribution was parameterized with both annual and perennial ryegrass (Lolium 
perenne L.) data. The actual hourly temperature used for simulations was obtained from the 
experimental station in Federal University of Rio Grande do Sul, Brazil, for the growing period. 

The beginning and end of grazing bouts are determined by rumen fill and an empirical circadian 
rhythm of grazing motivation. The circadian rhythm is an empirical function that defines the 
proportion of time that the animals are actually grazing within feeding bouts [27]. Rumen fill is a 
state variable whose rate of change is the difference between intake rate and digestion and passage 
rates. Digestion rate is constant, whereas passage rate is a linear function of instantaneous intake rate 
[28,29]. Grazing ceases when the rumen becomes full and it resumes when rumen fill falls below 90% 
of rumen capacity and circadian motivation is on. Rumen capacity is an isometric function of body 
mass [30] and it increases by 30% between 16 and 24 h as a mechanism to avoid nocturnal grazing 
[31]. Only one canonical animal is simulated, and the results are simply multiplied by the number of 
animals. 

Instantaneous intake rate is the product of the amount of herbage mass consumed divided by 
the sum of searching and handling time, assuming that searching and handling are mutually 
exclusive behaviors. Herbage mass consumed is calculated from elementary processes that define 
bite dimensions as functions of sward height and vertical mass distribution. Bite volume is the 
product of bite depth and bite area, where bite depth is a constant proportion of 50% of sward height 
[2,3] and bite area is a function of sward height, herbage bulk density, and incisor arcade width [20]. 
The incisor arcade is determined by an allometric relationship with body mass [32]. Handling time, 
the sum of bite prehension time and chewing time, is a linear function of bite mass where the intercept 
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is the time associated with prehension and chewing time is proportional to bite mass [3,33]. Searching 
time is determined by search path width and linear speed while walking during grazing [34]. 

The pattern of attack (i.e., the proportion of area of each height encountered that is selected for 
biting) is determined by maximization of the instantaneous intake rate [35]. At each time step, 
potential bites available are ranked according to profitability and incorporated into the selected diet 
in decreasing rank until the maximum intake rate is achieved. A sigmoidal curve centered at the 
shortest height selected serves to introduce “errors” or variability in the discrimination of bites, 
whereby some proportion of suboptimal bites is selected and some proportion of optimal bites is 
rejected. 

Animal body mass is a state variable whose rate of change is determined by energy balance. 
Energy consumed is partitioned into maintenance and growth. The maintenance requirement is 
allometrically related to body mass, and energy expenditure increases by 30% during grazing [36,37]. 
Depending on its sign, remaining net energy is either met by weight loss or used for weight gain 
[38,39]. 

2.2. Simulations 

In order to test whether the model gives reasonable results, we compared predicted 
instantaneous intake rate values with observed values according to the procedure proposed by 
Piñeiro et al. [40]. We set up the simulation with the management variables used by Orr et al. [41]: 12 
yearling cattle weighing 248 kg, and average sward height ranging between 77 and 376 mm. Sward 
height was assumed to have a coefficient of variation of 10%. Simulations lasted 1 h such as in the 
experiment. The paddock area was set at 0.5 ha. 

Three additional sets of simulations were performed. First, we examined the role of the 
heterogeneity of sward height on the functional response in 450 kg cattle by simulating 1 h of grazing 
in 300 m2 paddocks, with average sward height ranging between 25 and 300 mm and different 
coefficients of variation representing levels of heterogeneity. The simulations took place between 
16:00 and 17:00, when circadian motivation is high, and the initial state of rumen fill was 70% of the 
maximum capacity to ensure grazing activity. Paddock size was dimensioned to avoid sward 
depletion greater than 5% of the average initial height. The response variable was the average intake 
rate over the grazing session. 

Second, we tested the hypothesis that different spatio-temporal distributions of animal density 
result in different productivity by simulating a gradient of an increasing number of pasture strips (1, 
2, 3, 6, and 30 strips) and an increasing number of sheep (180, 270, and 360) in a 6 ha pasture. Each 
strip had a fixed period of occupation equal to the total grazing period of 30 days divided by the 
number of strips. The length of the resting period for each treatment was 30 days minus the period 
of occupation. All simulations started with a sward height distribution of 100 ± 15 mm and sheep 
weighing 50 kg. The response variables calculated were average daily gain and gain per unit area. 

Third, we studied the impact of the “put-and-take” technique [42] to control herbage allowance 
when herbage mass per unit area changes when a single paddock is grazed continuously. Herbage 
allowance is defined as herbage mass per unit animal mass at an instant [43]. The “put-and-take” 
technique consists of varying the number of animals in the paddock to meet pre-established herbage 
allowance targets [42]. This simulation focuses on the consequences of adjusting herbage allowance 
by changing stocking density through changes in paddock size. We simulated a factorial arrangement 
of three herbage allowances (0.7, 1, and 1.5 kg DM (kg BW)−1) with three paddock sizes (1, 2.5, and 5 
ha) grazed for 120 days. Herbage allowance treatments were chosen based on the range usually 
recommended for cool-season grasses [44]. All treatments started with 12 cattle weighing 250 kg. 
Herbage allowance targets were maintained by adjusting the number of animals every 30 days. The 
response variables were body mass over time and cumulative relative gain per unit area, calculated 
by multiplying body mass by number of animals and dividing by paddock area. 
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3. Results 

The model simulated instantaneous intake rate reasonably well, agreeing with experimental 
results by Orr et al. [42]. Observed and predicted intake rate values (Figure 1) were similar for 
intermediate values. Predictions underestimated high intake rates. 

 
Figure 1. Relationship between observed intake rate and predicted values. Observed values are from 
Orr et al. [41]. 

This test is not a validation, but simply demonstrates the ability of the model to generate realistic 
results. We chose intake rate as the response variable because it plays a central role in the rate of 
herbage consumption and disappearance, and in animal performance. These results and multiple 
comparisons between observed and predicted values for several other experiments indicate that the 
model is suitable for our goals. 

3.1. Functional Response and Sward Heterogeneity 

In the first simulation set, the intake rate increased faster with increasing average sward height 
in swards with a greater coefficient of variation of height (Figure 2). The effect of heterogeneity was 
greatest for intermediate sward heights. For example, when the average height was 100 mm, the 
intake rate in a homogeneous sward was about 21 g DM min−1, whereas a sward with a coefficient of 
variation of 100% resulted in an intake rate of 35 g DM min−1. The size of the effect of sward 
heterogeneity first increased and then declined with increasing sward height because at low average 
height, all heights available severely constrain bite mass, whereas in the tallest swards, intake rate is 
constrained by the rate of chewing and it becomes saturated. 

The differences are explained by the pattern of attack or selectivity over height (Figure 3). As a 
result of the maximization of the intake rate, grazing swards with low heterogeneity, animals 
exhibited little selectivity and took bites from most of the heights available. In swards with greater 
heterogeneity, they selected the taller end of the distribution. For example, when average sward 
height was 125 mm with a coefficient of variation of 10%, the shortest selected height was 108 mm 
and the intake rate was 26 g DM min−1, whereas with a coefficient of variation of 50% the shortest 
selected height was 120 mm and the intake rate was 29 g DM min−1. 
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Figure 2. Functional response in cattle grazing swards with an increasing coefficient of variation of 
sward height distribution. The slopes were calculated between 25 and 75 mm for simulations with 
coefficients of variation of 0 and 100. 

 

Figure 3. Sward height distribution and pattern of attack with average sward height of 125 mm and 
coefficients of variation of 10 and 50%. Both distributions (top and bottom) have the same average 
height but different coefficients of variation. The pattern of attack (sigmoidal orange curve) indicates 
the probability that an encountered area of a given height will be selected and bitten. On the top 
plateau of the line 100% of heights are selected, whereas at the bottom plateau 100% are rejected. The 
center of the almost vertical part of the curve indicates the shortest height that should be selected 
based on the maximization of the intake rate. 

  



Sustainability 2020, 12, 8676 7 of 17 

3.2. Spatio-Temporal Distribution of Grazing 

In the second simulation set, intake and body mass responses over time were influenced by the 
interaction of the number of strips and stocking density. The two highest numbers of animals clearly 
exceeded the pasture capacity and animals started losing weight shortly after the initial standing crop 
was depleted, regardless of the resting period allowed for each strip (Figure 4). 

 

Figure 4. Effect of spatial distribution of animal density (number of strips) on body mass throughout 
the 90-day grazing season with 180, 270, and 360 sheep in 6 ha pastures. Different lines represent the 
different number of strips into which each grazing area was subdivided. Curves represent three 
grazing cycles wherein each strip was grazed a total of three times. 

Although animals in continuous stocking (one strip) exhibited slightly higher body mass during 
certain periods, average daily gain and total gain per ha were fairly similar for all treatments within 
each stocking rate (Figure 5). For instance, at the lowest number of animals the relative average daily 
gain was only 7% less with six strips than with one. Average sward height (calculated for each 12 h 
period) for each strip was similar for each number of animals, but a greater number of strips 
promoted more heterogeneity among strips and homogeneity within strips (Figure 6). 

3.3. Herbage Allowance and Paddock Size 

In the third simulation set, average daily gain and relative gain per unit area increased with 
decreasing paddock size as herbage allowance was compensated by increasing herbage mass per unit 
area for all herbage allowances (Figure 7a,b). Even systems with lower herbage allowance had greater 
performance when compared to systems with greater herbage allowance but larger paddocks. For 
example, when herbage allowance was 0.7 kg DM kg BM−1 and paddock area was 1 ha, relative gain 
per unit area was 0.77 (unitless, because it is the ratio of the observed value and the highest absolute 
gain per unit area of all treatments), whereas an herbage allowance of 1.5 kg DM kg BM−1 and 
paddock size of 5 ha yielded a relative gain per unit area of 0.65. Increasing paddock area had a 
negative effect on relative gain per unit area and average daily gain within each herbage allowance. 
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Figure 5. Effect of spatio-temporal distribution of animal density on relative gain per unit area under 
different numbers of sheep. Relative gain per unit area was calculated as average daily gain 
multiplied by number of animals per unit area, divided by the highest absolute gain per unit area of 
all treatments. 

 

Figure 6. State of average sward height at the grazed strip every 12 h over the entire simulation period 
for three levels of numbers of strips for the lowest number of sheep (180). Each point on the line is the 
spatial average of heights within the strip. 
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Figure 7. Effect of paddock size and herbage allowance (HA) on (a) body mass over time and (b) 
cumulative relative gain per unit area over time for cattle. Cumulative relative gain per unit area was 
calculated as the cumulative sum of average daily gain multiplied by the number of animals per unit 
area and divided by that of the treatment that had the highest value. All paddocks started with the 
same number of animals. Paddock areas were fixed over time and initial herbage allowance was 
achieved for each area by changing the average sward height and the corresponding distribution. As 
herbage mass per unit area was modified by growth and grazing, the number of animals was adjusted 
every 30 days (dashed line) to attain the nominal herbage allowance. 

4. Discussion 

4.1. Functional Response and Sward Heterogeneity 

The functional response exhibited a typical type II shape (i.e., instantaneous intake rate as 
function of sward height exhibits asymptotic shape) [45]. However, the model could produce a type 
IV functional response (i.e., instantaneous intake rate as function of sward height exhibits a dome 
shape) with plausible values of the parameters that describe the distribution of sward mass over 
height. This underlines the importance of the vertical distribution of sward mass, a characteristic that 
is rarely measured with enough detail. 

Most studies of the functional response of herbivores use plant mass per unit area as an 
explanatory variable or the axis of resource abundance ([46–48], but some studies have used sward 
height as the x axis [49,50]). However, given that bite depth is a fairly constant function of sward 
height, that bite area increases with sward height in a wide range of typical sward heights [51–53], 
and that herbage bulk density declines with increasing height in a species-specific pattern, the 
relationship between bite mass, intake rate, and herbage mass depends on sward structure. 
Furthermore, detailed models of functional responses of herbivores have been related only to average 
resource abundance [46,47]. Such models assume that grazers forage in a spatially homogenous 
resource. The present results show that greater heterogeneity, given by the horizontal distribution of 
height and the vertical distribution of mass, resulted in higher functional response because animals 
are able to select taller parts of the sward. Thus, these variables should be used as the determinant of 
functional response and incorporated into models with a grazing component. 

Heterogeneity affords animals the opportunity to select, and thus modulates the relationship 
between average abundance and intake rate. Maximization of the instantaneous intake rate was done 
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by ranking heights in decreasing order of instantaneous intake rate and adding them to the diet until 
the intake rate was maximized. The shortest height in the optimal diet and deviations from optimality 
(for example, due to imperfect discrimination of heights) was represented as a sigmoidal probability 
centered at the shortest height that would be selected according to the optimization of the intake rate 
with perfect discrimination of heights (Figure 3). Using a similar approach, Ungar and Noy-Meir [16] 
also reported that increases in horizontal variance at a given forage mass resulted in a higher 
instantaneous intake rate. Thus, functional response is not only related to average resource 
abundance, but also to its spatial distribution in high resolution. 

The pattern of attack was set for maximization of the instantaneous intake rate based on the 
“zero-one rule” approach, where potential bites are fully rejected or accepted depending on their 
profitability [35]. However, herbivores can exhibit more pronounced partial preference [35] than 
what we used for the present simulations. Moreover, we ranked bite profitability using dry matter as 
currency. Variation in herbage quality can play a significant role in the profitability of bites and it 
will be included in forthcoming versions of the model. 

Because the equilibrium and stability of grazing systems depend on the functional response 
[12,18] and sward heterogeneity can change the relationship between pasture growth and 
disappearance, the dynamics of heterogeneous plant–animal systems are different than 
homogeneous ones. The results shown for each functional response in Figure 2 apply only when 
sward structure and heterogeneity are constant, which would be rare in nature. In fact, longer runs 
of the model for any of the initial sward conditions simulated implicitly move smoothly across 
functional response curves, as heterogeneity changes over time. Spatial heterogeneity potentially 
invalidates the analysis of the stability and dynamics of grazing systems using functional responses 
and plant growth curves that are simple functions of average plant mass or height [12,13]. The 
existence of equilibrium states depends on the existence of stable height distributions where the 
functional response remains constant. 

Our results demonstrate that spatial heterogeneity of sward height positively affects the 
instantaneous intake rate of herbivores because they are able to select the most profitable bites. 
Resource heterogeneity is an inherent characteristic of grazing systems; however, some grazing 
management guidelines still recommend sward homogenization through cutting and promote “non-
selective” grazing. Conversely, we suggest that grazing research and management should 
incorporate resource heterogeneity into the design of grazing systems. Moreover, grazing 
experiments should include a description of the spatial heterogeneity, or at least a histogram of sward 
height for each treatment. 

4.2. Spatio-Temporal Distribution of Grazing 

Model results indicate that weight gain per animal and per unit area were not affected by the 
spatio-temporal distribution of animal density in a biologically significant manner within the range 
of conditions simulated, although there were small numerical differences. Although the sheep model 
in different treatments created and experienced different sward height distributions over time, sward 
differences did not translate to differences in animal performance across systems. Although 
herbivores responded positively to resource heterogeneity in the short term (Figure 2), heterogeneity 
effects were compensated for or diluted when the temporal scale of comparison was taken into 
account and increased to encompass several days. At the longer time scale of several days, 
mechanisms such as increased grazing time and digestive limitation interact, decreasing the effect of 
changes in instantaneous intake rate. Because foraging is a scale-dependent process in time and space 
[54], herbivores respond non-linearly to resource heterogeneity according to the temporal scale of 
observation. This finding is in agreement with Carvalho et al. [55], who found a weak relationship 
between short-term ingestive behavior variables and monthly animal performance. 

Several studies argue that rotational stocking is superior to continuous stocking because it 
promotes resource homogeneity within paddocks after grazing, which increases animal performance 
by preventing the formation of areas that are over- or under grazed. Indeed, as previously reported 
by Barnes et al. [56], homogeneity within and heterogeneity between paddocks increased with an 



Sustainability 2020, 12, 8676 11 of 17 

increasing number of strips in our simulations. Studies of the interaction between patch burn and 
grazing align with our results, also demonstrating the importance of animal density to create 
heterogeneity in space and time [57], as well as the buffer effect of heterogeneity to stabilize livestock 
production under extreme climatic conditions [58]. However, in our simulations, the number of strips 
had very little impact on animal and system performance. On the other hand, from a resource 
management perspective, sward heterogeneity between strips created by differences in animal 
density can be a tool to promote the reseeding of desirable grasses, control weeds [59], or provide 
habitat for wildlife. More simply, it should be obvious that the desirable level of homogeneity or 
heterogeneity depends on what one is trying to achieve with the stocking method. 

As sward growth rate is a function of the sward state, one of the rationales to favor rotational 
stocking is that it allows control of sward state, growth rate, and animal production [60]. However, 
this explanation disregards the fact that the intensity of defoliation at the plant level is not susceptible 
to management by rotation of stocking. Bites are discrete events whose intensity is closely controlled 
by local sward height and density, and thus any system of grazing management, even continuous 
stocking, is “rotational” at plant level [9]. The frequency with which a plant is defoliated depends 
mainly on animal density [61] and can only be partially controlled by determining the number of 
animals, paddock area, and timing and duration of grazing periods. Moreover, it is likely that the 
impact of defoliation on average plant growth per unit area depends on the specific spatial pattern 
of defoliation. Growth and use of resources by taller plants located near defoliated plants is boosted 
by competitive release, thus ameliorating the total effect of uneven defoliation on community-level 
productivity [62,63]. 

In a detailed review, Briske et al. [64] compared stocking methods and did not find consistent 
difference in herbage production, yield per animal, and unit of area between methods. However, 
most of the research reviewed was conducted at scales smaller (< 1 ha) than commercial paddocks 
(20–500 ha). In a large experiment aiming to compare responses of vegetation and cattle to stocking 
methods in ranch-scale paddocks (130 ha), Augustine et al. [65] reported that neither animal 
performance nor desirable grass production resulted in rotational stocking surpassing continuous 
stocking. These works compared stocking methods by changing animal density and paddock size 
simultaneously, although these factors are in fact independent. To our knowledge, the hypothesis 
that stocking methods cause differences in performance when paddock size is kept constant has not 
yet been tested experimentally. 

While our results indicate that spatial distribution of animal density over paddocks does not 
affect animal performance, some models that assume defoliation and growth as spatially 
homogenous processes found differences between stocking methods. Using a differential equation 
model with two functions (growth and consumption rates), Noy-Meir [66] compared continuous 
stocking to rotational stocking with different combinations of timing and duration of grazing and 
resting periods, as well as under different animal densities. Daily intake was largely determined by 
the timing and duration of grazing periods, and rotational was better than continuous stocking with 
high animal density. In an extended version of Noy-Meir’s model, Wang et al. [67] found that a 
multiple-paddock system yielded higher forage intake per animal than continuous stocking in a 
single paddock. The question that emerges is: Why do our results differ from predictions of non-
spatial models? The fundamental difference is caused by a scaling error, because growth and 
consumption rates are not strictly related to the average state of the vegetation at paddock scale as is 
assumed in spatially homogenous models [19]. 

In our model each biting event removes 20–30% of the herbage mass at the bite location almost 
instantly, rapidly and drastically modifying height and growth rate in the grazed area. Although bite 
depth is 50% of sward height, herbage bulk density decreases exponentially as a function of height, 
and therefore the mass of herbage removed per unit bite area is less than 50% of the total mass per 
unit area available. Conversely, non-spatial models imply that the amount of mass removed by each 
bite is instantly spread across the entire paddock, with little impact on growth rate. The second source 
of differences is that the functional response varies with heterogeneity and for any given average 
sward height, animals can select areas more profitable than the average (Figure 2). 
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The model used in this paper assumes that herbage nutritive value is constant and spatially 
homogeneous, whereas in reality, sward chemical composition is heterogeneous in time and space. 
There is strong evidence that chemical composition varies with the time of day [68,69], phenological 
stages [70], and the vertical position in the canopy [22]. Therefore, the results of the present model 
are applicable to nutritionally homogeneous swards with limited phenological change. The effects of 
incorporating mechanisms for change in herbage quality are the subject of forthcoming work. 

One of the most discussed dilemmas in grazing science are the pros and cons of managing 
animal density over time and space. In agreement with empirical results [64] and contrary to non-
spatial model results [66,67], our simulations using a spatial model do not provide evidence of 
superiority in yield in favor of any method. Thus, from the point of view of the practical application 
of increasing production, our results do not suggest that any specific design of spatio-temporal 
distribution of animal density should be promoted. On the other hand, modifications to the spatio-
temporal distribution of animals can be used to control vegetation heterogeneity at paddock-to-
landscape scales. 

4.3. Herbage Allowance and Paddock Size 

As expected, when herbage mass per unit area (which in the model translates into height) is 
traded off with paddock size to maintain herbage allowance, animal performance is changed, 
particularly in swards with short average height. Herbage allowance is a result of herbage mass per 
unit area, number of animals, animal liveweight, and paddock area. Part of its usefulness is that it is 
a metric that integrates all of its components. Unfortunately, its limitations as a predictor and cause 
of animal performance are also caused by the integration, which hides the specific combination of its 
factors. Animal performance relative to individual potential is determined mostly by daily intake rate 
and diet quality. Intake rate is largely controlled by herbage mass per unit area over a wide range of 
values of this component of herbage allowance. Gregorini et al. [71] reported a similar pattern, with 
herbage allowance having minor effect on daily dry matter intake when compared to sward height. 
Thus, when herbage mass per unit area is in the range where it dominates the control of daily intake, 
changes in herbage allowance achieved by changing the other factors do not have much effect on 
animal performance unless paddock area is small relative to the expected total intake by the group 
of animals during the period of occupation. This is what our simulations represented clearly. 

Most of the difference between systems with the same herbage allowance occurred before the 
first adjustment of animal density to maintain the nominal herbage allowance (Figure 7a,b), when 
sward height was markedly contrasting and while the systems were not in equilibrium and differed 
markedly in sward heights. At the beginning, the sward height distribution was unstable and moved 
smoothly towards equilibrium state, and after adjustment with “put-and-take” animals, the systems 
reached equilibria with different stable height distributions (Figure 8). The frequency distribution 
was fairly similar to a Gamma distribution, with increasing frequency of short swards as the animal 
density increases, in agreement with observations by Shiyomi et al. [72]. Each animal density had a 
stable state with a particular sward height distribution, whereby heterogeneity increased as animal 
density decreased. Previous studies with a non-spatial model suggested a “dual stability” [12]. In 
another spatial model, Schwinning & Parsons [18] found that dual stability occurs only for 
intermediate stocking density, whereas low and high stocking present one stable state. 

Thus, herbage allowance is not sufficient as a predictor of animal performance because any value 
of herbage allowance can be achieved for any given vegetation state simply by changing the paddock 
area and number of animals. Over time, sward height will tend towards a stable height distribution 
determined by herbage allowance. Therefore, herbage allowance and sward height (or mass) cannot 
be controlled independently. This finding suggests that grazing experiments should start in 
conditions close to equilibrium (i.e., sward state and animal density) to avoid most differences due 
to factors other than herbage allowance. Moreover, these results also underline the importance of a 
detailed evaluation and description of sward height distribution in grazing experiments. Whereas 
some meta-analyses that focused on grazing behavior [73] or production [74] used herbage allowance 
as a predictor, we argue that herbage allowance is an insufficient metric to determine the grazing 
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mechanisms that link pasture growth and animal performance. Finally, more than using a single 
variable to describe and manage systems, new approaches for grazing management should explore 
all management variables that can be controlled, such as number, mass and species of animals, timing 
and duration of grazing and rest periods, and paddock area and shape. 

 

Figure 8. Sward height distribution over the entire grazing season of systems managed with herbage 
allowances of 0.7, 1, and 1.5 kg DM kg BW and paddock sizes of 1, 2.5, and 5 ha stocked with cattle. 
Each panel refers to one combination of herbage allowance and paddock size. The number of animals 
and kg of body mass per unit area at the end of simulations are written. Each line represents the 
frequency distribution of heights for one day, where day 1 is blue and day 120 is yellow. Most of the 
lines that appear are blue because after the systems reach equilibria, the yellow lines overlap. 

5. Conclusions 

We created a model that integrates known mechanisms of bite formation and intake with very 
high temporal and spatial resolution and used it to determine how those mechanisms mediate 
responses to some typical factors of grazing management in realistic swards with spatial 
heterogeneity in height. Sward height heterogeneity resulted in higher short-term intake rate and 
determined the height of the resulting type II functional response. Studies of effects of sward height 
in grazing systems should, at the very least, include a description of the statistical distribution of 
sward height. Spatial distribution of animal density as controlled by fencing did not affect animal 
performance, but it can be used to manage resource heterogeneity. Under equilibrium conditions, 
sward height or mass and herbage allowance cannot be controlled independently. 

The model yielded realistic results for swards that are homogeneous in quality, and future 
improvements will represent a broader set of swards and conditions. A more detailed vegetation 
growth and quality model will be developed to account for differences in unit leaf rate due to age 
and nitrogen content. Plant mass will be structured by both height and quality, which will influence 
diet selection and animal performance. Finally, resource patchiness and search mechanisms will open 
the potential to see the effects of heterogeneity across multiple scales. 
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Appendix A 

 

Figure A1. Effect of sward heterogeneity on growth rate. Both sward height distributions have the 
same average (189 mm), but different shapes. In this case, the growth rate of the more heterogeneous 
swards (yellow line) is lower because most paddock areas have heights that are very limiting to 
growth rate. 
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