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Abstract

Noy-Meir’s simple but insightful model of grazing-system dynamics was used to draw broader
inferences from empirical data generated by a 17-year field trial with beef cattle grazing a
Mediterranean grassland in northern Israel. After calibration of its parameters against the
field results, the model predictions were tested against an independent set of data obtained
from the study site; they were within acceptable deviations from the inherently noisy field
data. The calibrated model was used to analyse the effects of changes to two key grazing-man-
agement factors – stocking density and early-season grazing deferment – on biomass dynam-
ics and forage consumption. The simulated results were used to calculate forage deficits and
supplementary feed requirements for optimum herd performance during the growth (‘green’)
season and throughout the year. The results revealed a critical stocking density of 0.7 Animal
Units (AU)/ha, above which early-season deferment reduced the amount of supplementary
feed required to maintain the optimum production of the herd. Optimum stocking is higher
when the grassland is used mainly in the highly nutritious green season. Responses of the
strongly seasonal Mediterranean grassland to the interaction between stocking density and
early-season grazing deferment were expressed by a calibrated model, in terms that determine
the efficiency of forage supplementation of the herd during the green season and throughout
the year.

Introduction

Since about the mid-20th century, models of grazed grassland ecosystems have been con-
structed that range in complexity from simple general functions (Noy-Meir, 1975; Lebon
et al., 2014) to highly detailed simulations based on the physical and biological components
of the ecosystem (Vickery and Hedges, 1972; Innis, 1978; Breymeyer and Van Dyne, 1980;
Stuth and Lyons, 1993; Teague et al., 2008; Petz et al., 2014). Broadly speaking, the simple
models are more effective at providing insights into general system properties than they are
at analysing management options; in contrast, detailed models can analyse management
options but leave the broader picture obscure. These limitations do not preclude the possibility
posited in the current paper that simple models, which capture the fundamental functional
relations of the system at the hierarchical level relevant to management, can be parameterized
and used to explore the response space meaningfully.

In a seminal and widely cited paper, Noy-Meir (1975) applied predator-prey theory to for-
mulate a simple model of the dynamics and stability of continuously grazed systems. The two
basic processes that determined biomass dynamics were plant growth and animal consump-
tion of herbage. Accordingly, the model comprised one function that described herbage
growth rate and another that described herbage consumption rate. The model was applied
later to seasonal pastures (Noy-Meir, 1978a) and differing functional forms for the two
respective core functions were examined (Noy-Meir, 1978b). Noy-Meir’s model provided
deep insights into the stability properties that emerge from the interplay of the two basic func-
tions; it showed that at the ecosystem level of grazed, seasonal grassland, a few relatively stable,
dominant properties determine the responses of sward growth and forage consumption by the
herd to management manipulation, despite wide year-to-year variations in climatic conditions
and system responses.

Noy-Meir’s model generates qualitative and quantitative predictions. A qualitative predic-
tion would be that ‘the system’, as represented by the herbage biomass at any point of time, has
directionality: it will be drawn towards a stable equilibrium point. (Whether or not it reaches
that point, and how long it remains there, will depend on the length of the growth, or ‘green’,
season.) The model also predicts that when the fundamental management-control variable of

https://doi.org/10.1017/S0021859619000157 Published online by Cambridge University Press

https://www.cambridge.org/ags
https://doi.org/10.1017/S0021859619000157
https://doi.org/10.1017/S0021859619000157
mailto:henkinz@volcani.agri.gov.il
https://doi.org/10.1017/S0021859619000157


animal density is below a certain threshold there is one stable
equilibrium point, which occurs at relatively high biomass. Over
a limited range of animal densities above this threshold, there
are two stable equilibria, which occur at low and high biomass,
respectively, and the one to which the system transitions will
depend on initial conditions, i.e. the biomass at which grazing
commences. A direct outcome of this qualitative prediction of
the model is a second fundamental management control variable:
grazing deferment at the start of the green season. In terms of the
two basic functions of the model, deferment determines the point
from which the consumption function should be applied, but is
not used directly in either of them.

Once values are assigned to the parameters of the growth and
consumption functions of the model, quantitative predictions can
be generated, such as the threshold animal density above which
early-season grazing deferment is essential to ensure transition
towards the high-biomass equilibrium (at which primary produc-
tion is greater, soil exposure is lower and seed production is less
vulnerable than at the low-biomass equilibrium) and how the
equilibrium biomass changes with animal density. The values of
the parameters can be determined from independent experimen-
tal data derived from the system or from calibration against a
long-term data set (Adiku et al., 2011; Henkin et al., 2015). The
latter approach was adopted in the current work, by using a long-
term grazing trial on strongly seasonal Mediterranean grassland
(Henkin et al., 2015). This trial examined various combinations
of the above management control variables, i.e. animal density
and grazing deferment. The average seasonal duration and timing
of grassland growth can function as driving variables of the model
in analysis of a multi-year data set.

If the model performs adequately, it can facilitate meaningful
analyses of a wide range of management scenarios that cannot
be explored empirically because of cost and logistical constraints.
This is especially important when the experimental error intrinsic
to empirical data obtained from complex ecosystems makes it dif-
ficult to derive general conclusions from the field data alone
(Gutman et al., 1999). The objectives of the current study were:
to characterize the phases of the annual production cycle and bio-
mass production observed in the long-term grazing trial on
Mediterranean grasslands; use that data to parameterize
Noy-Meir’s model of system dynamics and use the model to
assess grazing management options.

Materials and methods

The study site

The field study was conducted at the Karei Deshe Experimental
Farm in the eastern Galilee, Israel (35°35′ E; 32°55′ N; 60–
250 m a.s.l.). Detailed descriptions of the landscape, soil and vege-
tation of the site were provided by Gutman and Seligman (1979),
Gutman et al. (1990), Sternberg et al. (2000) and Henkin et al.
(2015). Briefly, the topography is hilly upland with slopes gener-
ally <20° and average rock cover of about 0.30; the soil is a fertile
brown protogrumosol (Dan et al., 1975) on a basaltic substrate; its
depth is variable but seldom >0.6 m, and usually considerably
less. The vegetation of the region is hemicryptophytic grassland,
comprising approximately 200 species (Zohary, 1973). Sternberg
et al. (2000) reported that 0.74 of species sampled were annuals,
and plant cover was dominated by ten species comprising: four
grasses (Hordeum bulbosum L. [p; perennial], Avena sterilis
L. [a; annual], Hordeum spontaneum Koch [a] and Triticum

dicoccoides (Koern. ex Asch. and Graebn.) Schweinf. [a]); two
thistles (Scolymus maculatus L. [a] and Echinops adenocaulos
Boiss. [p]); two legumes (Trifolium pilulare Boiss. [a] and
Bituminaria bituminosa L. [p]); one crucifer (Rapistrum rugosum
(L.) All. [a]) and one forb (Echium plantagineum L. [a]).

The area has a strongly seasonal Mediterranean climate char-
acterized by short, mild, wet winters and springs, followed by
long, hot, dry summers. Average annual rainfall is approximately
560 mm. The rainy season, throughout which the vegetation is
usually green, begins in October–November and ends in April–
May. By mid-January/mid-February the vegetation is highly
nutritious; it can support satiation forage intake by the herd with-
out constraining animal production. By the end of April most
plants mature, disperse seed, wither and die, or become dormant,
so that in summer the quality of the herbaceous vegetation does
constrain animal production (Henkin et al., 2011). Accordingly,
supplementary feeding to make up for nutritional deficiencies –
mainly low protein levels in summer – until the next rainy season
is a common practice in the region. Often, roughage is given to
balance the high moisture content of the vegetation at the begin-
ning of the green season.

Experimental treatments

The currently ongoing long-term grazing trial commenced in
1994. The data on which the current paper was based covered
the periods 1994–2010 (for calibration purposes) and 2012 (for
validation purposes). The treatments and experimental design
were described in detail by Henkin et al. (2015). Two stocking
densities of beef cows were examined: 0.55 Animal Units (AU)/
ha, which was designated moderate (M), and 1.1 AU/ha, which
was designated high (H). The two stocking densities were com-
bined with two grazing protocols: continuous grazing (C) and
split-paddock grazing (S). Both protocols employed early-season
grazing deferment for an average of about 70 days, to allow the
herbage to reach a threshold above which the livestock could for-
age a substantial part of their daily requirement. The moderate
stocking density represented the common practice of this region,
and variations of both grazing protocols are common.

There were two replicates of the four combinations of stocking
density and grazing protocol, which resulted in eight paddocks
whose areas ranged from 21 to 31 ha. The paddocks allocated
to the split-grazing protocol were each sub-divided into two sub-
paddocks, designated early (E) and late (L). At the end of the
deferment period the animals of the split-grazing protocol were
introduced into their respective early sub-paddocks, where they
remained for the winter and spring. Stocking densities during
this period were, therefore, double those in the corresponding
undivided paddocks: high at the moderate stocking density
(MSE; 1.1 AU/ha) and very high at the high stocking density
(HSE; 2.2 AU/ha). The animals were transferred to their respective
late sub-paddocks for the summer grazing period, again creating
high (MSL) and very high (HSL) stocking densities. However, the
timing of the transfer from early to late sub-paddocks was always
earlier under the high than under the moderate stocking density.
That was because herbage biomass was inadequate to maintain
animal production throughout the green season in the HSE sub-
paddocks, therefore the herds were moved to the HSL sub-
paddocks before the end of the green season. Although not rele-
vant to the current analysis, subsequent herbage regrowth in the
HSE sub-paddocks under the high stocking density was utilized
by the animals much later in the year. At the moderate stocking
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density, biomass in the early sub-paddocks always supported ani-
mal production through the end of the green season and the ani-
mals were transferred to the late sub-paddocks about 1 month
later, in the dry season.

Average stocking densities during 1994–2010 and also during
2012 were close to the planned densities of 0.55, 1.1 and 2.2 AU/
ha, respectively, although there were small fluctuations in these
values over time. Average rainfall during 1994–2010 (505 ±
133.9 mm) was less than the long-term (1964–2017) average of
548 ± 155.0 mm.

Biomass measurements

As described in detail by Henkin et al. (2015), standing bio-
mass was estimated by clipping the vegetation in (25 ×
25)-cm2 quadrats placed at random along permanent transects
that traversed the 12 experimental paddocks. The biomass was
sampled four times annually, but the current analysis was based
on data from the first two samplings, which pertain to the
green season. The first sampling was at the end of the early-
season grazing deferment, and the second was at the end of
the green season. To characterize the undisturbed growth of
the vegetation, measurements were also conducted in paddocks
(designated NoGrz) that had not been grazed for the previous
40 years.

Biomass measurements were collected this way every year
from 1994 until 2010. The paddocks were monitored again in
2012 to provide an independent data set to validate the model
described below and to add a measurement of biomass in the
HSE sub-paddocks at the time the herds were moved to the
HSL sub-paddocks.

The model

All symbols are presented in Table 1, with their definitions and
units. All references to herbage biomass, growth and consumption
are on a dry matter basis.

Noy-Meir’s simple model of grazing system dynamics
(Noy-Meir, 1975) was applied to the long-term trial described
above, and the values of some parameters for which there was
no independent experimental evidence were derived. The model
treats the processes of herbage growth and herbage consumption
as functions of the standing herbage biomass at any point during
the green season (Fig. 1).

The herbage growth process is based on a growth rate that
increases to a maximum as the green herbaceous biomass in-
creases, then falls to zero as the biomass approaches its potential.
In the case of the logistic functional form used here, the state/rate
relationship between biomass (V) at a given point of time and
herbage growth rate (G) is quadratic; G increases to a peak at
half the maximum attainable biomass of an ungrazed sward
(Vmax) and declines to zero at Vmax. Growth rate is regulated by
the initial peak relative growth rate that is achieved at low herbage
mass (r):

G = r × V × (1–V/Vmax) (1)

The value of r differs among species (Reich et al., 2003) but in a
herbaceous sward with dozens of predominantly annual species it
was assumed that the relative growth rate was lower under grazing
because of the removal of actively growing tissue and trampling
damage to the plants, by the grazing animals (Hilbert et al.,
1981). To account for this, the basic Noy-Meir model was

Table 1. List of symbols used in the text with their definitions, units and assumed values for parameters

Symbol Definition Units Assumed value

Ch Herbage consumption rate of the herd (kg/ha)/day

Ci Herbage consumption rate by an individual animal kg/day

D Length of early-season grazing deferment period days

dV Instantaneous net rate of change in herbage mass (g/m2)/day

F Grazing efficiency m2/g 0.04

G Herbage growth rate (g/m2)/day

Ix Maximum attainable intake rate of green forage by an individual animal kg/day 12

r Initial peak relative growth rate at low herbage mass per day

rg r selected when the vegetation is being grazed per day 0.029

rn r selected when the vegetation is not being grazed per day 0.04

S Stocking density per ha

tg Duration of the green season days

V Biomass at a given point of time g/m2

Ve Biomass at the end of the green season g/m2

Vi Initial herbage mass after germination and emergence g/m2 8.5

Vmax Maximum attainable biomass of an ungrazed sward g/m2 580

Vr Threshold residual biomass g/m2 40

Vs Shape parameter g/m2

Herbage mass is on a dry matter basis throughout.
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modified by setting r to rn when the vegetation was not being
grazed, and to rg when the vegetation was being grazed.

An individual animal’s herbage consumption rate is deter-
mined by a saturation functional response in which the state/
rate relationship between biomass (V) and consumption rate
(Ci) is represented by the inverted exponential function. Below
a threshold residual biomass (Vr), an animal cannot grasp the for-
age and its consumption rate is zero; above Vr its consumption
rate increases asymptotically with increasing herbage biomass in
accordance with the animal’s grazing efficiency (i.e. the extent
to which it can find food to meet its requirements at low food
densities), until it reaches satiation at a maximum attainable
intake rate (Ix). A shape parameter (Vs) controls the steepness
with which the consumption function rises; the consumption
rate is 0.63·Ix when V =Vs:

Ci = Ix × (1− e−[(V−Vr)/(Vs−Vr)]); Ci = 0 when V , Vr (2)

An alternative form of Eqn (2) uses an explicit grazing effi-
ciency (F) which is equal to the reciprocal of the difference
between Vs and Vr:

Ci = Ix × (1− e−[F·(V−Vr)]); Ci = 0 when V , Vr (3)

The consumption function for an individual animal (Ci) is
multiplied by stocking density (S) to yield the consumption rate
of the herd (Ch) in the same units as are used for the herbage
growth rate. This enables the two functions to be superimposed
in the graphical analysis of stability properties (Fig. 2), in which
the consumption rate of the herd is subtracted from the herbage
growth rate to give the instantaneous net rate of change in herb-
age mass (dV):

Ch = S× Ci (4)

dV = G–Ch (5)

The combined effect of the two processes can be integrated
numerically, after setting parameters that are determined by the
properties of the vegetation and of the grazing animal. For the
vegetation, an initial herbage mass at the beginning of the growth
season (Vi, at time zero of the model) and duration of the green
season (tg) would be set in conjunction with the two parameters
of the herbage growth function: r [rg or rn] and Vmax. These para-
meters enable expression of the climatic characteristics of the
year(s) being analysed. For the animals, values are required for
the residual biomass (Vr), satiation intake rate (Ix) and grazing
efficiency (Vs or F); for the studied grazing system there is solid
empirical evidence for the parameters Ix (Holzer et al., 1990;
NRC, 2000; Aharoni et al., 2004) and Vr (Cohen, 1990); the others

Fig. 1. The basic state–rate relationships defined in Noy-Meir’s model. The relation-
ships define (a) daily herbage growth rate and (b) daily herbage intake rate by 1 AU,
both as functions of the green herbage biomass (dry matter basis) at any point dur-
ing the green season. The parameters that define the functions are those used in the
model (Table 1). All symbols are defined in Table 1. The herbage growth rates pre-
sented are in the absence of grazing (based on parameter rn) and in the presence
of grazing animals (based on parameter rg). To harmonize the units of the two
rates, the individual herbage intake rate needs to be multiplied by the stocking dens-
ity, as in Fig. 2.

Fig. 2. Diagrammatic representation of the emergence of equilibrium between the
growth rate of the herbage (solid line) and herbage intake rate at three stocking
densities (dashed lines). Equilibrium points are shown for conditions in the
low-to-intermediate biomass range as solid (stable) or dashed (unstable) circles.
The inset shows the shape of the functions over the entire biomass range, and the
zone shown in the enlargement. Herbage mass is on dry matter basis.
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were based on best-available empirical evidence and calibration
against actual grazing data (Adiku et al., 2011). The management-
control variables of the system are stocking density (S) and the
length of the early-season grazing deferment period (D) imposed
by the herd manager.

Calibration of the model parameters

The model was calibrated against the data collected from 1994 to
2010 (Henkin et al., 2015). The data set included stocking density,
duration of livestock grazing and the biomass estimates obtained
at the beginning and conclusion of the green season. Model para-
meters that were subject to uncertainty were estimated initially
according to the best available information and subsequently
adjusted to minimize a target function based on the deviation
from the 17-year average biomass of each treatment replication.
The median parameter values across all treatments were then
adopted for subsequent runs of the model (Table 1), at which
point the model output depended only on the stocking density,
and the duration and timing of grazing in each treatment.

Once calibrated, the model simulated the two data sets (1994–
2010 and 2012) for all grazing treatments, as functions of stocking
density and grazing duration during the herbage growth period.

System responses to management-control variables

The model was run with the adopted parameter values (Table 1)
for nine different grazing scenarios: early-season grazing defer-
ments of 0, 40 and 70 days, and three stocking densities desig-
nated as moderate, intermediate and heavy stocking, i.e. 0.43,
0.67 and 1.11 AU/ha, respectively. The green season, from ger-
mination through the end of growth, lasted for 140 days and
exhibited the same characteristics that prevailed during 2012;
the dry season, i.e. the remainder of the year, comprised 225 days.

For each day of the green season, the model computes the two
rate variables and updates the state variable (biomass) accord-
ingly. During the deferment period, herbage consumption is set
to zero. To express the contribution of herbage consumption to
the seasonal or annual feed requirements of the animal(s), a sea-
sonal feed deficit is calculated (for a cow of 500 kg liveweight
weaning 0.7 calves per year), which is assumed to be made up
with supplementary feed. For the green season, the seasonal
feed requirements per unit area of herbage are the product of
daily satiation intake per head (assumed to be 12 kg), season dur-
ation of 140 days, and stocking density. The cumulative herbage
consumption per unit area is deducted from this. During the
dry season there is no growth, only intake by the grazing herd,
consumption by ants and other granivores (Azcarate and Peco,
2006), and weathering and trampling of the dry biomass. The sea-
sonal requirement is based on a lower daily satiation intake rate of
8 kg, a longer duration of 225 days and the relevant stocking
density. From this requirement is deducted the simulated biomass
at the end of the green season, reduced by 30% to account for
losses (de Ridder et al., 1981) and an ungrazable residue of
40 g/m2. This simple approach assumes that forage-quality defi-
cits are supplemented independently, in keeping with the seasonal
variability of herbage quality, which is very high during the green
season and very low towards the end of the dry season (Henkin
et al., 2011). Primary productivity is defined as the herbage bio-
mass at the end of the green season plus the cumulative herbage
consumption per unit area.

Statistical analysis

The harvested-biomass data were analysed with the general linear
model (SAS Institute, 2002) to determine the respective weights of
the effects of year, treatment, replication and (year × treatment)
interaction, in the explainable variation. Significant differences
between the grazing scenarios were subjected to the Tukey–
Kramer multiple range test.

To compare the precision of the model output with that of the
experimental data, two indicators of divergence were adopted:
dM, which measures the relative divergence of the model from
the average of the replications of each treatment; and dD, which
measures the relative divergence of the difference between repli-
cates and their average. The percentage divergences between
model and field data were determined for the averages of treat-
ment replicates in the 1994–2010 data set, and for the actual repli-
cates in the 2012 data set. This procedure was applied to all
grazing treatments, as defined by stocking density and length of
deferment.

Results

Phases of the annual production cycle

At the beginning of the green season most annual herbaceous spe-
cies had germinated by 17 November, on average, and the herb-
aceous vegetation was usually well established 14 days after the
first effective rainfall (defined as >19 mm) (Svoray et al., 2008).
The average date of the first effective rainfall on the experimental
farm during 1994–2010 was 4 November, and the average dur-
ation of the green season was 145 days from establishment to
maturity, the latter being indicated by initiation of seed dispersal
of the predominantly annual species and onset of herbage
desiccation.

The initial grazing deferment lasted 69 ± 22.8 days after estab-
lishment of the vegetation. At the end of deferment, usually dur-
ing the latter half of January, when the standing green biomass
was on average 74 ± 4.1 g/m2 (Table 2), the animals were intro-
duced into the experimental paddocks. As the standing biomass
rose above 100 g/m2, intake from forage satisfied all the nutri-
tional needs of the animals and they ceased to receive

Table 2. Average green biomass (g/m2) at the start of grazing and end of the
green season for all grazing regimes, for 1994–2010 and for 2012

Start of grazing End of green season

Grazing regime 1994–2010 2012 1994–2010 2012

MC 79 94 284 305

HC 73 70 163 150

MSE 71 87 161 211

MSL 71 87 361 466

HSE 70 78 132 207

HSL 79 83 327 221

NoGrz 137 107 465 498

LSD0.05 9.9 45.5

Pgrazing regime <0.001 <0.001

Grazing regimes determined: stocking density (M =moderate; H = high); protocol (C =
continuous; S = split-paddock) and timing for the split paddocks (E = early; L = late). NoGrz
refers to an ungrazed control area.
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supplementary feed. After early-season deferment of grazing, the
average duration of the green grazing season was 76 ± 16.7 days.
The herds in the early sub-paddocks were moved to the late sub-
paddocks when the vegetation was grazed down to a level that
stressed the animals. This occurred, on average, 16 days after
the end of the green season in MSE, and 26 days before the end
of the green season in HSE, i.e. 42 days earlier than in MSE.
Consequently, the herbage in the MSL sub-paddocks was not
grazed during the green season.

Biomass in the period 1994–2010

The average amount of standing biomass differed among treat-
ments throughout the green season (Henkin et al., 2015).
However, despite wide year-to-year variations and large
end-of-season differences among treatments, the differences
among standing biomass levels at the beginning of grazing in
the subsequent winter were very small (Table 2) (Sternberg
et al., 2017). When the herds entered the paddocks, the variation
between treatments in their standing biomass was narrow, at 70–
79 kg/ha; the year effect accounted for most of this variation.
During the 76-days mean duration of green-season grazing,
large differences developed between treatments so that the contri-
bution of treatment to the explained variance of biomass values
increased from 4% (N.S.) at the start of the green season to
54% (P < 0.001) at the peak of herbage growth. In contrast, the
contribution of year to the explained variance decreased from
84% (P < 0.001) to 36% (P < 0.001) over the same period.

As some indication as to the internal consistency of the results,
it was noted that standing biomass at the end of the green season
(Ve; as long-term average) was clearly related to the stocking dens-
ity during the green season in a logical way. The paddock/sub-
paddock ranking for Ve was MSL > HSL >MC > [HC, MSE] >
HSE (Table 2). This ranking matches expectations in a number
of respects: (1) Ve was highest in the sub-paddocks that were not
grazed during the green season (MSL) and lowest in the most heav-
ily grazed ones (HSE). It should be noted that Ve in the HSE sub-
paddocks included some growth that occurred between removal of
the animals and the end of the green season; (2) Ve in the HC pad-
docks was similar to that in the MSE sub-paddocks; which was
expected because stocking density was the same in both treatments
during the green season; (3) Ve was greater for MC than for HC
and (4) Ve in the HSL sub-paddocks was less than that in the
MSL sub-paddocks, which was expected because the former were
grazed towards the end of the green season by the herds that
were moved there from the very heavily grazed HSE sub-paddocks,
whereas the MSL sub-paddocks were not grazed prior to the sam-
pling of Ve. Taken together, these results provide some confidence
in the findings of the grazing trial.

Comparison between model predictions and field data

The model predictions of herbage biomass and total biomass pro-
duction are presented in Figs 3 and 4, together with the measured
biomass data of the replicated paddocks. At the end of the green
season, the overall divergence (dD) among the replicates of the

Fig. 3. Simulated and observed total standing biomass in the treatment paddocks – 2012 season. Curves represent simulated biomass (Vsim) and points represent
observed biomass (Vobs). All parameters in the model, except for stocking density and deferment, are uniform across all treatments (Table 1). Estimated primary
productivity (PP) is plotted for the grazed paddocks. Treatment abbreviations: M =moderate and H = high stocking density; C = continuous and S = split-paddock
grazing; subscripts E and L = early and late sub-paddock; NoGrz = ungrazed paddocks. Measurements were repeated a few days apart in MC and MSL. Herbage mass
is on dry matter basis.
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treatments was clearly greater than that between the model values
and the mean of the replicates considered across all treatments of
the grazing trial (dM; Table 3). At the beginning of the grazing
season, dD was somewhat less than dM in the long-term data
set, because of the large divergence between the model output
and the data in the NoGraz treatment (Fig. 3(d)). The same pat-
tern emerged with regard to the standard deviations (Table 3). It
can be concluded that the model predictions of biomass dynamics
based on a single parameter set across all treatments were mostly
less divergent from the replicate mean than were the individual
replicates.

Biomass in 2012

The achievement of equilibrium (sensu Noy-Meir, 1975) requires
that the rates of forage consumption and herbage growth be equal
(Fig. 2). Thus, in a situation such as that described here, at a mod-
erate stocking density of 1.5 AU/ha (‘moderate’ in Fig. 2) there
would be no equilibrium in the low biomass range; at a heavier
stocking density of 3 AU/ha (‘heavy’ in Fig. 2) there would be
two equilibria in the low biomass range – a stable one at low bio-
mass, and an unstable one at slightly higher biomass; and at the
very heavy stocking density of 4 AU/ha (‘very heavy’ in Fig. 2)
there would be only one stable equilibrium – at very low biomass.

The more intensive measurement schedule of 2012 revealed
that equilibrium emerged in the field in the split heavy stocking
density (Fig. 3 – Vobs HSE). The biomass in the two replicate
HSE sub-paddocks when grazing commenced was 63 and

93 g/m2; when grazing ended, and the herds were transferred to
the HSL sub-paddocks, the biomasses were 73 and 79 g/m2,
respectively. In the absence of major fluctuations in field condi-
tions which might alter the way in which the growth and con-
sumption functions intersect, this indicates that while the herd
grazed, the standing biomasses converged from the initial values
of 63 and 93 g/m2 towards the equilibrium values of 73 and
79 g/m2, respectively, and remained at those levels until the
herds were transferred from the HSE to the HSL sub-paddocks.
This equilibrium was maintained while the herd continued

Fig. 4. Simulated and observed average total standing biomass in the treatment paddocks – for 1994–2010. Curves represent simulated biomass (Vsim) and points
observed biomass (Vobs). All parameters in the model, except for stocking density and time of grazing, are uniform across all treatments (Table 1). Estimated pri-
mary productivity (PP) is plotted for the grazed paddocks. Treatment abbreviations: M =moderate and H = high stocking density; C = continuous and S = split-
paddock grazing; subscripts E and L = early and late sub-paddock; NoGrz = ungrazed paddocks. Herbage mass is on dry matter basis.

Table 3. Divergence (dD) between individual replicates and their average
compared with divergence (dM) between the model output and the replicate
average

1994–2010 2012

dD dM dD dM

Begin

Average 13 14 15 6

S.D. 8 14 13 4

End

Average 18 8 18 12

S.D. 17 7 14 9

Computed for all grazing treatments and excludes data from ungrazed control areas. All
quantities are represented in percentages.
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grazing because the growth rate of the herbage biomass matched
the rate of herbage consumption (Fig. 3 – Vsim HSE). However,
this rate of herbage consumption was far below the herds’ sati-
ation level (Fig. 2), which was why the herds had to be moved
to the HSL sub-paddocks before the end of the green season.
After removal of the animals from the HSE sub-paddocks, the
herbage continued to grow so that by the end of the green season
the biomass in the two replicate sub-paddocks reached 199 and
214 g/m2 (Fig. 3 – Vobs HSE).

System responses to stocking density and grazing deferment

As deferment of the onset of early-season grazing increased, the
duration of grazing on green herbage during the green season
obviously decreased, therefore the amount of biomass available
for grazing at the beginning of grazing and the standing biomass
at the end of the green season both increased sharply in response
to increased deferment (Figs 5(a) and (b)). The average daily
intake of green herbage per AU during the green season (Fig. 6
(a)) increased with length of deferment, but satiation intake
throughout the grazing phase was achieved only following the
longest deferment, which severely reduced the duration of the
grazing phase. Consequently, biomass intake during the green
season, when expressed on a per unit area basis, was similar
under the various deferment treatments (Fig. 5(c)) because the
higher degree of satiation that followed longer deferment was
largely offset by the shorter grazing phase. Nevertheless, at all
stocking densities primary productivity (biomass at end of
green season + green season intake) was highest following the
longest deferment (Fig. 6(b)).

The combination of deferment and low herbage availability at
the beginning of the green season creates a nutritional deficit that

normally is covered by exogenous supplementary feed. In the cur-
rent study, moderate deferment decreased the green season nutri-
tional deficit slightly (Fig. 5(d)). However, at the maximum
deferment of 70 days, the deficit increased and was the same at
all stocking densities. This is because there was enough herbage
to provide satiation intake at all three stocking densities during
the short period of grazing. The dry matter deficit associated
with long deferment stemmed from the long period spent off
the herbage – 70 days of the 140-days green season – during
which 50% of the dry matter required during the green season
accumulated (Fig. 5(a)). After long deferment, standing biomass
was plentiful under all deferment treatments (Fig. 5(b)), and
herds at all the monitored stocking densities could feed to sati-
ation (Fig. 6(a)).

The amount of dry biomass available for grazing during the
summer was determined largely by the amount of biomass at
the end of the green season (Fig. 5(b)). This was enough to pro-
vide grazing throughout the dry season at the lower stocking
densities, so that there was no summer deficit of dry biomass
at these densities (Fig. 5(e)). However, at the heavy stocking
density the deficit was severe under the shortest deferment,
and consequential even under the longest deferment (Fig. 5
(e)). The annual dry biomass deficit was <30% at the lower
stocking density, and between 30 and 65% at the heavy stocking
density, depending on the duration of the early-green-season
deferment (Fig. 5(f)).

Total biomass production, calculated as standing biomass at
the end of the green season (Fig. 5(b)) plus biomass consumed
by the herds (Fig. 5(c)), increased with increasing deferment;
following the longest deferment, total production converged
to around 350–360 g/m2 at all three stocking densities
(Fig. 6(b)).

Fig. 5. The effects of grazing deferment at the beginning of the green season, and of stocking pressure on: herbage biomass (at the start of grazing and at the end
of the green season); cumulative green season intake; and feed deficits as proportions of satiation requirements (for the green season, dry season and year). Note
that in (a) the three curves are superimposed and in (e) the values for light and medium stocking pressures are zero at all deferments. Herbage mass is on dry
matter basis.
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Discussion

The two major ecological elements of Noy-Meir’s simple model –
herbage growth and forage consumption by the grazing animals –
can be described as emergent properties that arise from all the
underlying processes in the ecosystem and can be described in
terms of suitably parameterized functions (Ungar and Noy-Meir,
1988). Most processes are contingent on the variable context of
the ecosystem at any point of time. However, at a higher observed
hierarchical level, some anthropogenic ecosystems (Tansley, 1935),
such as grazed grassland, can be characterized by relatively simple
functions that enable analysis that is meaningful for management
of the ecosystem. This can be useful, especially in extensive, hetero-
geneous grasslands grazed by large herbivores; these are difficult to
study in detail because of cost and logistical constraints. This diffi-
culty is compounded by the annual climatic fluctuations and the
habitat diversity of most grasslands, which has led to models that
attempt to overcome the limitations of diffuse, imprecise empirical
data (Wu et al., 1996).

Validity of the model

There can be considerable deviation of model results from field
data, especially when the latter are derived from grazing trials
with low replication. In light of the finding that divergence of
the model output from the mean measured field values was
lower than that between the measured replicate values and their
mean value, the model output can be regarded as at least as
valid as the data from the long-term field trial. This reinforces
confidence in the structure of the model at the system scale of
observation (Levin, 1992) – a structure based on the three prin-
ciple factors that determine the dominant responses of a managed
grassland ecosystem: the grazing animal, the grazed vegetation
and the system management. In the current study, the role of
management was limited to determination of stocking density
and timing of grazing; the influence of climate was manifested
in the timing of the beginning and end of the green season.

A stable equilibrium at low biomass, as predicted for high
stocking densities (Noy-Meir, 1975), was detected in the field
trial of 2012 at a very heavy stocking density of 2.2 AU/ha,
which was imposed in the early sub-paddock of the high stocking
density treatment (Vobs HSE). For lower stocking densities, the
model predicts absence of a stable equilibrium at low biomass,
with the system moving towards a stable equilibrium at high bio-
mass (Noy-Meir, 1975). These predicted responses to stocking
density at different stages of biomass accumulation were verified
by the results of the 2012 field trial and add confidence to extra-
polations from the model predictions.

Comparison of the graphical stability analysis and the within-
season evolution of biomass must recognize that the former

ignores the time dimension. The growing season may be too
short for the system to complete the transition from initial condi-
tions to the stable equilibrium point to which it is drawn, and to
remain there sufficiently long to be identified as such. The current
data and predictions are at least consistent with this logic. Because
the transition from initial to equilibrium biomass was relatively
short in the case of treatment HSE, the model correctly simulated
equilibrium, whereas it correctly showed non-equilibrium condi-
tions for all other treatments.

System responses to grazing deferment and stocking density

When applied to a range of management scenarios, the model
yielded non-trivial insights into the responses of the grazing sys-
tem to the interactions between stocking density and early-season
grazing deferment. On the assumption that feed deficits are com-
pensated with exogenous supplementary feed, the output of the
system is proportional to the size of the herd and management
will aim for an economically optimum stocking level that would
depend on the ratio between meat and feed prices. When this
ratio is favourable, increasing the stocking intensity during the
nutritious green season could be an attractive option, even though
it would involve a higher cost of supplements to the summer
herbage. When the ratio is unfavourable, the preferred option
would be to reduce the stocking density throughout the year, to
minimize supplementary feed utilization during the summer.

A central result of the model runs was that, up to a fairly high
stocking density of 0.7 AU/ha, the relative feed deficit in the green
season was constant, but that in the dry season was related
strongly to stocking density. At lower stocking densities, forage
consumption early in the green season was too low to have a
marked effect on the accumulation of herbage biomass, but sup-
plementation was slightly decreased following moderate early-
season deferment. During the dry season, stocking densities
above 0.4 AU/ha necessitated increased supplementary feed; at
the highest stocking density deferment decreased the need for
supplements in summer.

Because the parameters of the model are derived from a repre-
sentative habitat in the region, which supports numerous beef
herds, the model output can indicate the consequences for man-
agement of changes in grazing deferment at various stocking
densities. These consequences include changes in the planned
exploitation of the herbage and in the timing and amount of sup-
plementary feeding. At the light stocking density, there would be
no biomass (crude-fibre) deficit during the summer. However,
between the moderate and heavy stocking densities there is a crit-
ical stocking density above which the crude-fibre feed deficit rises
very steeply. If the nutrition of the herd is based on the year-long
supply of crude fibre from the herbage, and supplementary feed is

Fig. 6. Effects of grazing deferment at the beginning of the green season,
and of stocking pressure on: average daily herbage intake per AU during
the green season and primary productivity. Herbage mass produced and
consumed is on dry matter basis.
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restricted to providing protein and minerals when the content of
these elements in the herbage is too low for optimum perform-
ance, then stocking density should not exceed that critical level
of 0.7 AU/ha. This value is similar to that derived by Dieguez
Cameroni and Fort (2017) using a model based on predator-prey
theory and to that of Mott (1960) in considering the trade-offs
between production per animal and production per unit area.
In the current study the annual feed deficit was lowest at the
lower stocking densities of 0.4 and 0.7 AU/ha.

The way in which Noy-Meir’s model was implemented in the
current work did not consider stochastic processes. These would
have to be expressed via the parameters of the growth and con-
sumption functions, primarily those of growth. The parameters
could be viewed as changing at the time scale of the annual
cycle, or within the annual cycle, perhaps from day-to-day. In
terms of the stability analysis, such variation will express itself
as a wobble in the position of each equilibrium point. But sub-
stantial deviations from the average are required to induce a quali-
tative change in the behaviour of the model, and such
‘boom-and-bust’ variation in primary production is not observed
in Mediterranean grasslands. Under such conditions stocking
densities would have to be adaptive, which is beyond the scope
of the Noy-Meir model.

Conclusions

Despite the highly variable nature of field data, annual grassland
systems have emergent properties at the observed hierarchical
level that can be quantified on the basis of a limited set of empir-
ical data. With these quantified values and a relatively simple
model, the biomass dynamics of the herbage and the potential
intake of forage by livestock can be predicted well within the
accuracy of the empirical data. This approach facilitates extrapo-
lation of limited and diffuse empirical data derived from grazing
management to a wider range of management possibilities. These
quantified properties also provide a basis for determining the
effects of habitat differences on the responses of grazing to man-
agement practices. Above all, a model using these parameters can
provide an interesting perspective on system behaviour that can-
not be derived directly from the data on which it is based.

Acknowledgements. The authors are grateful to Tzadok Cohen, Yehuda
Yehuda, Haim Gorelik and Rafi Yonatan for their efficient long-term execu-
tion of the laborious field work. The authors are grateful for three reviews
that spurred significant improvements to the manuscript.

Financial support. The research was funded by the Chief Scientist of the
Israeli Ministry of Agriculture and Rural Development and by the
Rangeland Committee of the Soil Conservation Division of the Israeli
Ministry of Agriculture and Rural Development.

Conflict of interest. None.

Ethical standards. Not applicable.

References

Adiku SGK, Ahuja LR, Dunn GH, Derner JD, Andales AA, Garcia L and
Bartling PNS (2011) Parameterization of the GPFARM-range model for
simulating rangeland productivity. In Ahuja LR and Ma L (eds). Methods
of Introducing System Models Into Agricultural Research. Advances in
Agricultural Systems Modeling Series 2. Madison, WI, USA: ASA, CSSA,
SSSA, pp. 209–228.

Aharoni Y, Brosh A, Orlov A, Shargal E and Gutman M (2004)
Measurements of energy balance of grazing beef cows on Mediterranean
pasture, the effects of stocking rate and season: 1. Digesta kinetics, faecal
output and digestible dry matter intake. Livestock Production Science 90,
89–100.

Azcarate FM and Peco B (2006) Effects of seed predation by ants on
Mediterranean grassland related to seed size. Journal of Vegetation
Science 17, 353–360.

Breymeyer AI and van Dyne GM (1980) Grasslands, Systems Analysis, and
Man. Cambridge, UK: Cambridge University Press.

Cohen D (1990) The influence of early season grazing deferment on the pro-
duction of herbaceous pasture. PhD thesis, the Hebrew University of
Jerusalem, Jerusalem, Israel.

Dan J, Yaalon DH, Koyumdjisky H and Raz Z (1975) The Soil Association
Map of Israel (1:500,000). Pamphlet no. 147. Bet Dagan, Israel: The
Volcani Institute of Agricultural Research, Department of Soil and Water.

de Ridder N, Seligman NG and van Keulen H (1981) Analysis of environ-
mental and species effects on the magnitude of biomass investment in
the reproductive effort of annual pasture plants. Oecologia 49, 263–271.

Dieguez Cameroni F and Fort H (2017) Towards scientifically based manage-
ment of extensive livestock farming in terms of ecological predator-prey
modeling. Agricultural Systems 153, 127–137.

Gutman M and Seligman NG (1979) Grazing management of Mediterranean
foothill range in the upper Jordan River valley. Journal of Range
Management 32, 86–92.

Gutman M, Holzer Z, Seligman NG and Noy-Meir I (1990) Stocking density
and production of a supplemented beef herd grazing yearlong on
Mediterranean grassland. Journal of Range Management 43, 535–539.

Gutman M, Holzer Z, Baram H, Noy-Meir I and Seligman NG (1999)
Heavy stocking and early-season deferment of grazing on
Mediterranean-type grassland. Journal of Range Management 52, 590–599.

Henkin Z, Ungar ED, Dvash L, Perevolotsky A, Yehuda Y, Sternberg M,
Voet H and Landau SY (2011) Effects of cattle grazing on herbage quality
in an herbaceous Mediterranean rangeland. Grass and Forage Science 66,
516–525.

Henkin Z, Ungar ED, Perevolotsky A, Gutman M, Yehuda Y, Dolev A,
Landau SY, Sternberg M and Seligman NG (2015) Long-term trade-offs
between herbage growth, animal production and supplementary feeding
in heavily grazed Mediterranean grassland. Rangeland Ecology and
Management 68, 332–341.

Hilbert DW, Swift DM, Detling JK and Dyer MI (1981) Relative growth rates
and the grazing optimization hypothesis. Oecologia 51, 14–18.

Holzer Z, Benjamin R, Gutman M, Levy D and Seligman N (1990) The pre-
cision and logistics of the tritium dilution technique for measuring forage
intake in free-ranging animals. World Review of Animal Production 25,
57–60.

Innis GS (1978) Objectives and structure for a grassland simulation model. In
Innis GS (ed.) Grassland Simulation Model. Ecological Studies (Analysis
and Synthesis), vol. 26. New York, NY: Springer-Verlag, pp. 1–30.

Lebon A, Mailleret L, Dumont Y and Grognard F (2014) Direct and appar-
ent compensation in plant-herbivore interactions. Ecological Modelling 290,
192–203.

Levin SA (1992) The problem of pattern and scale in ecology. Ecology 73,
1943–1967.

Mott GO (1960) Grazing pressure and the measurement of pasture produc-
tion. In Skidmore CL, Boyle PJ and Raymond LW (eds). Proceedings of
the 8th International Grassland Congress. Reading, UK: Alden Press, pp.
606–611.

Noy-Meir I (1975) Stability of grazing systems: an application of predator-prey
graphs. Journal of Ecology 63, 459–481.

Noy-Meir I (1978a) Grazing and production in seasonal pastures: analysis of a
simple model. Journal of Applied Ecology 15, 809–835.

Noy-Meir I (1978b) Stability in simple grazing models: effects of explicit func-
tions. Journal of Theoretical Biology 71, 347–380.

NRC (2000) Nutrient Requirements of Beef Cattle. 7th revised edition.
Washington, D.C., USA: US National Research Council.

Petz K, Alkemade R, Bakkenes M, Catharina JE, Schulp CJE, van der
Velde M and Leemans R (2014) Mapping and modelling trade-offs and

1214 N. G. Seligman et al.

https://doi.org/10.1017/S0021859619000157 Published online by Cambridge University Press

https://doi.org/10.1017/S0021859619000157


synergies between grazing intensity and ecosystem services in rangelands
using global-scale datasets and models. Global Environmental Change 29,
223–234.

Reich PD, Buschena C, Tjoelker MC, Wrage K, Knops J, Tilman D and
Machado JC (2003) Variation in growth rate and ecophysiology among
34 grassland and savanna species under contrasting N supply: a test of func-
tional group differences. New Phytologist 157, 617–631.

SAS Institute (2002) JMP Statistics and Graphics Guide, Version 5. Cary, NC,
USA: SAS Institute.

Sternberg M, Gutman M, Perevolotsky A, Ungar ED and Kigel J (2000)
Vegetation response to grazing management in a Mediterranean herbaceous
community: a functional group approach. Journal of Applied Ecology 37,
224–237.

Sternberg M, Golodets C, Gutman M, Perevolotsky A, Kigel J and
Henkin Z (2017) No precipitation legacy effects on above-ground net
primary production and species diversity in grazed Mediterranean
grassland: a 21-year experiment. Journal of Vegetation Science 28,
260–269.

Stuth JW and Lyons BG (1993) Decision Support Systems for the Management
of Grazing Lands: Emerging Issues. Man and the Biosphere Series, vol. 11,
New York, NY, USA: Parthenon Publishing Group.

Svoray T, Shafran-Nathan R, Henkin Z and Perevolotsky A (2008) Spatially
and temporally explicit modeling of conditions for primary production of
annuals in dry environments. Ecological Modelling 218, 339–353.

Tansley AG (1935) The use and abuse of vegetational concepts and terms.
Ecology 16, 284–307.

Teague WR, Grant WE, Kreuter UP, Diaz-Solis H, Dube S, Kothmann MM,
Pinchak WE and Ansley RJ (2008) An ecological economic simulation
model for assessing fire and grazing management effects on mesquite ran-
gelands in Texas. Ecological Economics 64, 611–624.

Ungar ED and Noy-Meir I (1988) Herbage intake in relation to availability
and sward structure: grazing processes and optimal foraging. Journal of
Applied Ecology 25, 1045–1062.

Vickery PJ and Hedges DA (1972) A productivity model of improved pasture
grazed by sheep. Proceedings of the Australian Society of Animal Production
9, 16–22.

WuH, Li BL, Stoker R and Li Y (1996) Semi-arid grazing ecosystem simulation
model with probabilistic and fuzzy parameters. Ecological Modelling 90,
147–160.

Zohary M (1973) Geobotanical Foundations of the Middle East. Amsterdam,
The Netherlands and Stuttgart, Germany: Swets and Zeitlinger, and Gustav
Fischer Verlag.

The Journal of Agricultural Science 1215

https://doi.org/10.1017/S0021859619000157 Published online by Cambridge University Press

https://doi.org/10.1017/S0021859619000157

	An assessment of grazing management options for Mediterranean grasslands using Noy-Meir's model of system dynamics parameterized from a long-term field trial
	Introduction
	Materials and methods
	The study site
	Experimental treatments
	Biomass measurements
	The model
	Calibration of the model parameters
	System responses to management-control variables
	Statistical analysis

	Results
	Phases of the annual production cycle
	Biomass in the period 1994--2010
	Comparison between model predictions and field data
	Biomass in 2012
	System responses to stocking density and grazing deferment

	Discussion
	Validity of the model
	System responses to grazing deferment and stocking density

	Conclusions
	Acknowledgements
	References


