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16.1 Introduction
With changing climate, increasing human population and changes in land cover/land use,
a comprehensive quantification of livestock feeds is needed at national level in order for
countries to develop policies for maintaining or increasing livestock production. This information can also be used for feed and livestock management in the case of drought or other
disasters. For many developing countries, grassland and rangeland vegetation comprise
a large component of the feed that is potentially available for livestock use. Worldwide,
rangelands occupy almost 50 percent of the terrestrial land cover, and provide almost 75
percent of the forage used by domestic livestock (Brown and Thorpe, 2008). Moreover,
livestock production from grasslands and rangelands can be a significant contribution to
the overall gross domestic product (GDP) in developing countries. However, because of the
generally large land areas occupied by grasslands and rangelands, their remote locations
and the diverse mix of livestock species that graze these lands, quantification of vegetation
biomass for feed inventories can be challenging.
For grasslands and rangelands, the amount or quantity of forage biomass is not the only
important factor influencing livestock production. An assessment of forage quality is also
needed because this influences the forage intake of grazing animals and ultimately animal
performance. Forages that are in large quantity but have low quality can reduce animal
performance or not be utilized because the forage is not palatable to the grazing animals.
Forage quality can vary seasonally with topography and with changing plant communities
across the landscape (Wofford et al., 1985). Measuring forage quality poses challenges
because of selective grazing by livestock (i.e. in a mix of plant species, the animal selects
the plants it prefers to eat) and the ability of animals to graze across large distances, thus
potentially encountering multiple plant species/communities and topographic positions
along the way.
For both forage quantity and quality assessments, an array of methods has been developed for measurement that vary in level of accuracy, time spent in the field and logistical
implementation. For forage quantity measurements, methods include direct measurements
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of vegetation, estimation with proxy variables, simulation modelling, or various combinations of these methods. For forage quality measurement, direct and indirect methods
are available in addition to nutritional balancing and least-cost ration software for use in
devising supplemental feeding strategies.
Logistics, costs, timing of data collection and available personnel each influence the
choice of method. The purpose of this review is to provide an overview of the technologies,
tools and methodologies that are currently available for forage quantity and quality evaluation in grasslands and rangelands that can be used for national feed inventories. Methods
using field-based techniques, remote sensing, simulation models and decision-support
tools for assessments of forage quality and quantity are reviewed, and advantages and
disadvantages as they relate to national feed inventories are discussed. Factors such as
distance to water and terrain that influence forage availability are reviewed and examples
given on how this information can be used in assessing forage usability and in calculating
stocking rates. In order for a national feed inventory programme to be able to deliver timely and geographically relevant data to stakeholders, data management, storage, quality
control and integration need to be considered. A general overview of these requirements
is also be provided.

16.2 Overview
16.2.1 Field techniques for assessing and
monitoring forage quantity and quality
Field techniques are the most accurate methods for assessing forage quality and quantity
on rangelands. However, field techniques generally require a large amount of time and
resources for data collection, especially if data are needed on a yearly basis. Logistics, costs,
timing of data collection, available personnel, type of grazing animal and plant community
each influence the choice of method. An overview of some of the more widely used techniques for forage quantity and forage quality assessments is presented below.

16.2.2 Forage quantity assessment
A major consideration in assessing forage quantity for a national feed inventory on
rangelands and grasslands is to define the vegetation biomass that will be measured to
represent the inventoried “feed”. Because grazing animals consume vegetation based on
their preference for particular species in a mix of plants on the landscape, the biomass to
be measured in the field should reflect the biomass that is generally grazed by the animal
of interest. The aboveground vegetation biomass that is produced by all plant species at
a given site during a single growing year can be defined as total annual production (Herrick et al., 2005). However, total annual production does not reflect the availability or the
palatability of the biomass to the grazing animal. Total annual forage production can be
defined as the aboveground biomass from the plant species that is likely to be consumed
by the grazing animals (Herrick et al., 2005). The quantity of total annual forage production can be quite different for a given site depending on the grazing animal. For example,
on a grass-dominated site, total annual forage production is greater for a cow than for
a goat because cattle generally prefer to consume grasses rather than shrub vegetation
(Photo 16.1). The opposite is true on a shrub-dominated site, because goats tend to prefer
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to browse trees and shrubs compared with herbaceous vegetation (Photo 16.1). In addition, availability of forage to the grazing animal must be considered. Plants that are too
tall or inaccessible to the grazing animal should not be included in the inventory. Therefore, prior to field data collection for a forage quantity assessment, the grazing animals
of concern must be identified in order to develop a sampling protocol that considers the
plant species that are consumed by the livestock and the availability of those plants to the
grazing animal (USDA, 2003).
Time of year for the forage quantity assessment is another major consideration. The
productivity of plants at a given site or across regions can vary throughout the year due to
variations in plant species growth cycles and due to climatic variability (Herrick et al., 2005).
Generally, the inventory should be conducted when the majority of plant species under
consideration are at peak biomass. At the time of sampling, the measured biomass may
require adjustments to reflect biomass that has already been removed by grazing animals
or that has not yet been produced (USDA, 2003).
Methods for biomass measurement include direct measurement techniques where biomass is sampled and weighed, estimation techniques where the weights are estimated by
the observer, or a combination of these methods.

16.2.3 Direct measurement techniques
One of the most common methods for direct measurement of forage production on grasslands and rangelands is the quadrat method. A quadrat is a circular, square or rectangular
frame of a known area that is placed on the ground and the vegetation biomass within
the quadrate frame can be clipped and removed for weighing (Photo 16.2). For herbaceous
plants (grasses, grass-like plants and forbs), aboveground plant parts such as leaves, stems,
inflorescenses and fruit are clipped/removed from within the quadrat (USDA, 2003). For
woody trees and shrubs, only the current year’s growth (leaves, twigs, fruits) is sampled
within the quadrat. However, Catchpole and Wheeler (1992) caution that quadrat sampling
for trees and large shrubs may not be practical where spatial variability is high, and that
other techniques such as estimation may be more useful.

Photo 16.1
When grazing, cattle generally prefer to graze grass or herbaceous vegetation (top) while
goats prefer to graze trees and shrubs (bottom)
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After clipping, samples are usually oven-dried to remove water so that biomass can
be expressed on a dry matter basis. Since the area of the quadrat is known (e.g. 0.5 m2),
the dry weight (e.g. kg) of the biomass can then be extrapolated to a larger areas (e.g. kg
of biomass/ha) to obtain an estimate of vegetation biomass for the site of interest. Prior
to clipping, the vegetation within the quadrat may also be evaluated for other important
vegetation characteristics such as plant species composition, cover, frequency and litter
biomass.
Transect lines can be used to assist in establishing a baseline from which quadrat sampling can occur (Photo 16.3). The transect start and end points can be georeferenced with
a Global Positioning System (GPS) so that the transect can be located again in subsequent
visits to the site for long-term monitoring and for assessing vegetation and productivity
changes.
The length of the transect, size and shape of the quadrat used, and the number of transects and quadrat samples collected for measuring vegetation biomass at a site of interest
depends on several factors. These include the lifeform of the vegetation (e.g. tree, shrub,
forb or grass), the spatial distribution of the vegetation on the landscape (e.g. sparse or
dense) and the logistics of collecting data at the site. For example, smaller quadrats (0.1
to 1.0 m2) can be used to sample herbaceous vegetation like grasses and forbs. Larger
quadrats (2.0 to 500 m2) can be used to sample shrubs and trees. For clumped or patchy
vegetation, a long rectangular quadrat is recommended to reduce bias in sampling clumps
versus bare ground. The number of quadrats required to sample a specific site is related
to the size of the quadrat, but also depends on the vegetation type, spatial variability
and, ultimately, the logistics and costs of sampling the area of interest. The greater the

Photo 16.2
A 0.5m2 quadrat used for measuring vegetation biomass on rangeland vegetation
Note: Vegetation within the quadrat is clipped and placed in a paper sack that is marked with sample plot
information; after clipping, the bag is taken to the laboratory, dried and weighed to obtain dry matter weight.

Technologies, tools and methodologies for forage evaluation in grasslands and rangelands

spatial variability of the vegetation, the greater the number of quadrats samples needed to
increase precision of the biomass measurements (Catchpole and Wheeler, 1992). Statistical
techniques for calculating sample size can be used to assist with determining the optimum
number of samples. Bonham (1989) provides a description of techniques and procedures
that can be employed to determine optimal quadrat size and number of quadrat samples
needed for various vegetation types.

16.2.4 Estimation techniques
The time required for clipping a larger number of quadrats and the large number of
samples that require drying and weighing makes direct measurement of forage biomass
cost-prohibitive for a national feed inventory programme. Estimation techniques are
employed to reduce the number of clipped samples and to reduce the amount of time
needed to sample each location. Two popular methods that have been developed for estimation of forage biomass in rangeland vegetation include the weight unit method and the
double sampling method.
For the weight unit method (USDA, 2003), a weight unit is established for each of the
plant species occurring in the area of interest. The weight unit can be a whole plant, a plant
part or a group of plants, and the size and the weight will vary with the size of the plant
(e.g. grasses and forbs can be of smaller size and weight than a weight unit for a shrub
species). Once the weight units are established, field personnel calibrate their estimation by
visually selecting a plant or plant part that has weight equivalent to the weight unit. The
plant biomass is then harvested, weighed and compared with the weight of the weight
unit. This process is repeated until personnel can accurately estimate the weight unit. Once

Photo 16.3
A quadrat clipped at a placement along a line transect
Note: An extended fiberglass tape measure, as depicted here, can be used as the reference for the transect line in
grassland vegetation
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the calibration is completed, quadrat sampling is conducted in which the number of weight
units of each plant species within the quadrats are estimated and recorded. The quadrat
is then clipped by species to compare the harvested species weights against the weight
units. This process is repeated until a reasonable level of accuracy is obtained between the
weight unit estimation and clipped biomass for the quadrat. Once obtained, the biomass
weight in the quadrats is estimated with weight units only. Quadrats can be clipped periodically to ensure that accuracy is being maintained. The harvested plant biomass is kept and
later oven dried and weighed to calculate a dry matter conversion factor. The weight unit
method can allow rapid sampling of a site once the estimations by personnel are calibrated
and it reduces the number of samples that need to be clipped and subsequently weighed,
thus reducing overall time and effort for sampling. A detailed description of this method
can be found in the United States Department of Agriculture National Range and Pasture
Handbook (USDA, 2003).
Double sampling methods generally involve development of a statistical relationship
between biomass and visual estimates or an easily measured variable such as plant cover,
height or age (Catchpole and Wheeler, 1992). To develop the statistical relationship, the
visual estimate or measurement of the easily measured variable is collected at a number
of sample points where biomass is clipped and weighed. A regression equation can then
be developed between the easily measured variable and the biomass weights. Intensive
sampling can then be conducted for the easily measured variable and the regression equation used to convert the measurements to biomass, thus reducing the need for additional
clipping of vegetation. In developing the regression equations, initial sampling should be
done to capture the range of both vegetation biomass and the easily measured variable.
A large number of double sampling techniques have been developed for estimation
of forage biomass on rangelands. Catchpole and Wheeler (1992) provide an excellent
overview of such techniques that use easily measured variables combined with a discussion
of the advantages and disadvantages of each technique with regard to cost, accuracy,
vegetation structure and variability. Herrick et al. (2005) provide an overview of double
sampling using visual estimation for use in arid and semi-arid grassland, shrubland and
savanna ecosystems.

16.2.5 Landscape stratification and scaling up
In developing a programme for quantifying rangeland forage biomass for a national feed
inventory programme that uses direct measurement or biomass estimation techniques, it is
necessary to develop a sampling framework that encompasses the range of plant communities and vegetation types that are grazed by livestock. It is also necessary to optimize the
number of sample locations to reduce costs and ease logistical constraints. From the local
to national level, a stratification scheme needs to be developed to ensure that sampling
is representative of the vegetation types and productivity at each scale. The stratification
needs to be designed where biomass results could easily be scaled up and aggregated to
the regional and national levels in a spatially coherent manner. The use of spatial data layers such as digital elevation models (DEMs), soil and vegetation maps, and satellite images
within GIS software assists in defining monitoring units having relatively uniform soils,
vegetation and management characteristics (Herrick et al., 2005). Logistical constraints
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such as road access, travel time and security are also factored into the GIS to delineate a
manageable number of monitoring units to meet the goals of the national inventory. Field
teams then conduct field sampling for forage quantity assessment in each of the monitoring units. Forage biomass (kg/ha) measured in each monitoring unit are then converted to
total kilograms per monitoring unit through multiplication of the measured biomass and
the area (ha) of the monitoring unit. A simple aggregation to the national level is then
conducted by summing the forage biomass (kg) across all monitoring units in the nation,
thus providing a national estimate of biomass (kg or tons) for the entire country. However,
a more complex aggregation method probably needs to be employed to represent forage
biomass for different kinds of livestock (e.g. cattle, sheep and goats). In addition, forage
biomass amounts need adjustments for factors that reduce accessibility of livestock to
graze forage biomass such as steep terrain, water availability and restricted access (e.g.
national parks or conservation areas).

16.2.6 Forage quality assessments
Forage quality can be defined as the “degree to which a forage meets the nutritional
requirements of a specific kind and class of animal” (Allen and Segarra, 2001). The assessment of forage quality for livestock management is important because forage quality is
a primary driver for maintaining animal condition, reproductive health and livestock productivity which, in turn, influences economic return (Fales and Fritz, 2007). Moreover, the
quality of the forage influences palatability, and therefore intake of forage by the grazing
animal. Although forage quantities may be high, the vegetation may not be grazed due
to the low quality of the available forage, thus reducing animal productivity and increasing
use in areas with higher quality forage.
Because of the large land areas that rangelands/grasslands occupy, the diversity of the
vegetation and grazing animals, movement of animals across the landscape and the variety of livestock management practices used by producers, assessment of forage quality in
rangeland and grassland situations can be challenging. Like assessments for forage quantity, different direct and indirect methods have been developed to assist in assessing forage
quality. A basic overview of these methods and their potential for use in a national feed
inventory programme is provided below.

16.2.7 Direct methods
Because grazing animals are selective in their choice of which plants to eat, one cannot
simply analyse the plant biomass that is on offer and expect to obtain meaningful results
of forage quality. Direct methods to assess forage quality generally involve observing animals while they are grazing and attempting to recreate the diet they have eaten, or to
use esophageal or rumen fistulated animals where the forage eaten can be recovered and
examined for quality. Observation methods include hand plucking (Devries, 1995; Kiesling
et al., 1969; Langlands, 1974) and bite counts (Glasser et al., 2008; Ortega et al., 1997;
Timmons et al., 2010).
Hand plucking involves following and observing the animals as they graze and then
hand plucking similar plant parts from where the animals had grazed. The hand plucked
samples can then be analysed for forage quality indicators such as crude protein, digestible
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organic matter, fiber, macronutrients and ash. Bite count methods involve following the
animals and recording the number of bites the animal takes from specific plant species and
plant parts (e.g. leaf, stem or flower) and recording the size of the bite. The recording is
usually done into a voice recorder and transcribed immediately after the observation session (Glasser et al., 2008; Timmons et al., 2010). After each observation session, samples
are collected from plants similar to those eaten by the grazing animal. The samples are
either clipped or hand plucked and the amounted sampled is in proportion to the bite sizes
recorded and the observed plant parts eaten by the grazer. The samples are then analysed
for forage quality indicators.
Both the hand plucking and bite count methods have limitations for application in a
national feed inventory. For example, both methods are very time-consuming and require
the use of relatively tame animals in order to be able to observe the grazing behaviour
(Gordon, 1995). In addition, observers must be well trained in the methods to ensure that
plants and plant parts are identified properly and that bite size designations are consistent
among observers.
The use of esophageal or rumen fistulated animals is generally accepted as one of the
more accurate methods for obtaining a representative sample of what the animal has eaten
(Pfister et al., 1990; Holecheck et al., 1982). These animals are surgically altered to insert
an opening (fistula) in either the esophagus or rumen. The opening is allowed to heal and
kept closed with rubber or plastic plugs until needed for sampling.
For forage quality sampling with an esophageal fistulated animal, the animal is prepared
for sampling by removing the plug and placing a bag over the esophageal opening. The
animal is then allowed to graze, and the plant material which is eaten (extrusa) falls out
of the esophageal opening and into the bag. At the end of the grazing session, the bag is
removed and the fistula is plugged. The extrusa is removed from the bag, oven or freeze
dried, and then analysed for forage quality indicators such as crude protein, fiber, digestibility and other nutrients.
For a rumen fistulated animal, the animal is prepared for sampling by removing the
rumen plug/cover and conducting a total evacuation of the rumen contents (Ganskopp and
Bohnert, 2006; Hirschfeld et al., 1996). The interior of the rumen is cleaned with water to
remove all remaining material. The plug is replaced and the animal is allowed to graze for
a session of 60 to 90 minutes. After the grazing session, the entire contents of the rumen
are removed and later analysed for forage quality indicators.
The advantages of rumen fistulation over esophageal fistulation are that rumen fistulated animals tend to heal quicker after surgery and require less supervision and care during
the grazing session (Holecheck et al., 1982). Several disadvantages of using fistulated
animals for forage quality assessment include the need to maintain a special herd of animals that require constant maintenance because of fistulation and the need to have highly
trained personnel available to work with these animals (Van Soest, 1994). Because of these
issues and the need to sample a large geographic space, the use of fistulated animals to
assess diet quality for a national feed inventory is most likely not practical.
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16.2.8 Indirect methods
Indirect methods of determining forage quality generally involve examinations of the livestock faeces for indicators that can be correlated with the quality of the forage eaten by the
grazing animal. Early work on indirect methods involved examination of the constituents of
faeces such as faecal nitrogen (Holechek et al., 1982; Squires and Siebert, 1983) and fiber
components. For example, Wofford et al. (1985) used faecal nitrogen, non-fiber bound
nitrogen, neutral detergent fiber, acid detergent fiber, acid detergent lignin and acid/pepsin disappearance as independent variables in regressions to predict forage intake, diet in
vivo digestibility and diet nitrogen. Results indicated that faecal nitrogen did relatively well
in predicting diet nitrogen which is useful in detecting crude protein deficiencies in cattle.
However, predictive capability of intake and digestibility using faecal constituents was low.
Over the past 20 years, Near Infrared Reflectance Spectroscopy (NIRS) scanning of livestock faeces has emerged as a reliable tool for assessing the quality of forage grazed by
ruminants (Dixon and Coates, 2010; Leite and Stuth, 1995; Li et al., 2007; Lyons and Stuth,
1992; Showers et al., 2006; White et al., 2010; Dixon and Coates, 2009). The methodology
for developing faecal NIRS (FNIRS) scanning capabilities involves development of reference
equations that statistically compare near infrared spectral characteristics of the livestock
faeces with quality constituents (e.g. crude protein, digestibility, fiber) of the forage eaten
by livestock. Pairs of livestock diets and faeces that are needed for equation development
can be gathered from feeding trials using penned animals (e.g. Li et al., 2007; Showers et
al., 2006) or from trials using fistulated animals and free-ranging livestock (e.g. Leite and
Stuth, 1995; Lyons and Stuth, 1992).
For pen feeding trials, forages are gathered by hand and mixed to create a known diet.
A range of qualities and mixes of plant species are used to capture the variety in the local
area or region. The diets are then fed to livestock and faeces are collected from the animals
for a period of days after feeding. For trials using fistulated animals, the animals are grazed
in pastures having free-ranging livestock and the extrusa collected is used to represent the
diet of the livestock. Faecal samples are collected from the free-ranging animals for a period
of days after extrusa collection.
For both of the above methods, the diets are analysed for quality constituents and the
faecal samples are scanned with the NIRS instrument. NIRS software is then used to develop
a multivariate equation that predicts the quality of the diet from the spectral characteristics
of the faeces. Statistics such as standard errors and regression r2 values can be calculated to
assess the robustness of the equations. NIRS scanning of faeces for forage quality constituents generally has an accuracy that is similar to that of standard laboratory methods (Dixon
and Coates, 2010; Lyons and Stuth, 1992; Showers et al., 2006; Decruyenaere et al., 2009).
The advantages of FNIRS are that it provides a rapid and reliable means of assessing the
quality of forage the livestock animal is eating (Dixon and Coates, 2009), samples can be
easily acquired without destructive harvesting, and the forage quality information provided
can assist livestock producers in managing the nutritional needs of their herds to meet production goals (Dixon and Coates, 2009; Dixon and Coates, 2010). Disadvantages of FNIRS
include the high up-front cost of the NIRS equipment, the need to develop feeding trials
and equations that encompass the range of forage types and qualities that are encountered
by the grazing animals in the region, and the need for independent validation of the FNIRS
equations (Decruyenaere et al., 2009).
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For a national feed inventory, FNIRS may be the most practical choice to assess diet
quality across a nation. A research centre or project can be assigned to develop equations
using livestock research herds and feeding trials to develop the equations needed for forage
quality evaluation. However, the costs of equipment, training of personnel and logistics of
gathering a large number of faecal samples to represent a region may be prohibitive.

16.3 Remote-sensing approaches for
forage quantity and quality assessment
The use of remote-sensing imagery is attractive for assessing vegetation conditions on
rangelands because of the large areal coverage it provides, the ability to examine remote
areas that may be inaccessible and the ability to receive information at greater temporal
frequencies than from field sampling. Since the 1970s, remote-sensing imagery has been
used to assess vegetation conditions on rangelands. For example, Rouse et al.(1973) used
multispectral scanner (MSS) imagery to examine green-up and developed a vegetation
index that was correlated to vegetation biomass. Since that time, many different approaches have been used to examine conditions on rangelands and for quantifying biomass.
Vegetation indices derived from remote-sensing images are one of the more popular
and extensively studied products for assessing vegetation biomass. Vegetation indices are
transformations of spectral bands of the electromagnetic spectrum, measured as reflectance from the earth’s surface by earth-observing satellites. These indices permit examination of the spatial and temporal variation and relative contribution of vegetation properties
such photosynthetic activity and canopy structure (Huete et al., 2002). Vegetation indices
can provide an unbiased representation of vegetation without regard to the soil type, land
cover classification or climatic condition (Huete et al., 2002). Since the early 1970s, a variety of vegetation indices have been proposed (see Tucker, 1979; Huete et al., 2002 for a
review of indices). These generally involve some combination of the red and near infrared
(NIR) portions of the electromagnetic spectrum, specifically wavelengths in the 0.6–0.7μm
(red) and 0.75–1.1 μm (NIR) ranges (Tucker et al., 1983). In the red range, much of the
incident radiation is absorbed by leaf chlorophyll, whereas in the NIR range, the incident
radiation is reflected by the leaf mesophyll cells. This provides a sharp contrast in the light
reflectance back to the satellite that can be used for deriving ratios or indexing (Gitelson,
2004; Hurcom and Harrison, 1998; Brown et al., 2006).
Of the various vegetation indices, the Normalized Difference Vegetation Index (NDVI)
is the most used and accepted historically (Cracknell, 2001). It was first proposed as the
“Band Ratio Parameter” by Rouse et al. (1973). It came into wider use with the launch
of the NOAA’s Advanced Very High Resolution Radiometer (AVHRR) instrument that had
non-overlapping red and NIR spectral bands, thus allowing calculation of vegetation indices
(Tucker et al., 2005). NDVI is computed from the red and NIR bands as follows:
NDVI = (ρnir - ρr) / (ρnir + ρr )
where ρnir and ρr are the spectral reflectances of the near-infrared and red wavelengths,
respectively.
The index has a range of -1 to +1. Increasing amounts of vegetation move the index
toward 1. Bare soil and rocks have similar red and NIR reflectances so the index is near zero
for these surfaces. Snow, water, and clouds have higher red reflectance than NIR reflec-
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tance, so NDVI values for these surfaces are negative (Hurcom and Harrison, 1998). NDVI
has been used as a surrogate to estimate leaf area index, vegetation biomass and fraction
of absorbed photosynthetically active radiation (FAPAR) (Asrar et al., 1984; Sellers, 1985;
Tucker, 1979).
Currently, multiple satellite platforms exist that are producing remote-sensing imagery
and many of the products are freely available. The increased availability and generally low
cost have made remote-sensing imagery an attractive tool for monitoring landscape conditions. The low cost and dense dataset that it provides make it an appealing product for
use in a national feed inventory. Below is an overview of remote-sensing applications for
forage quantity and quality assessments with a discussion of empirical and remote-sensing
input model approaches.

16.3.1 Forage quantity
Two approaches have generally been used for assessment of biomass using remote-sensing
imagery. These are: 1) empirical models that predict the forage biomass based on a statistical relationship between the spectral bands (or some combination of bands) in the image
and vegetation biomass, and 2) process models that use remote-sensing data as inputs for
predicting vegetation biomass.

16.3.2 Empirical approaches
Empirical approaches for assessing biomass using remote-sensing products generally
involve using a regression relationship between the remote-sensing product variable and
field-collected data on biomass (Dungan, 1998). For example, Tucker et al. (1983) used
both a linear and logarithmic regression between the NDVI and ground collected biomass
data to predict biomass on a regional scale in the Sahel region of Senegal. In the Xilingol
Steppe of Inner Mongolia, Kawamura et al. (2005) found that the Enhanced Vegetation
Index (EVI) derived from the Moderate Resolution Imaging Spectroradiometer (MODIS)
satellite was useful in predicting live biomass and total biomass. In New Zealand, forage in
dairy pastures was predicted within a 10 percent error using a regression model that related
NDVI and time of year to forage biomass (Mata et al., 2007). For rangelands in Jordan,
Al-Bakri and Taylor (2003) used a linear regression model to predict shrub biomass production. They stated that this approach has the potential for estimating carrying capacity for
rangelands in Jordan. In Mongolia, rangeland biomass was estimated using a relationship
between a vegetation health index and field-collected biomass data (Kogan et al., 2004).
The vegetation health index was calculated using NDVI and brightness temperatures from
the AVHRR satellite. The index provides an indication of anomalous vegetation conditions.
In the northern Great Plains of the United States, Frank and Karn (2003) found a non linear
response between biomass and NDVI, but this relationship was highly correlated (r2=0.83).
In an examination of real-time mapping of biomass for fire risk assessment at Etosha
National Park in Namibia, Sannier et al. (2002) used rapid field measurement techniques
for grass and shrub vegetation and developed regression relationships between these
and NDVI. They found good correlations between green biomass and NDVI, although the
strength of these relationships was related to vegetation type. They concluded that the
ability to predict biomass via these methods allows near real-time mapping of fire risk to
be feasible for Etosha National Park.

175

Conducting national feed assessments

176

16.3.3 Remote-sensing input models
One problem that has been noted for empirical models that use remote sensing data to predict biomass amounts is that they violate the regression assumption of no autocorrelation
in the predictor variable(s) (Dungan, 1998; Foody, 2003). Given that most remote-sensing
data is inherently autocorrelated (similarity in pixels as a function of distance), this assumption should not be ignored. One way of overcoming this is to use plant growth models
that are driven by remotely-sensed input variables on a pixel-by-pixel basis. Reeves et al.
(2001) describe such an approach for predicting rangeland biomass using remote-sensing
products from the MODIS system and a light use efficiency model for plant growth. Their
approach uses the MODIS imagery to estimate FAPAR, which is then fed into a light use efficiency model (Montieth, 1972, 1977) that estimates aboveground net primary productivity
(ANPP). Regional maps of biomass are then produced at 1 km2 resolution. Hunt and Miyake
(2006) used a similar light use efficiency model to predict stocking rates within 1 km2 cells
for the entire state of Wyoming in the United States. Their model differed from Reeves et
al. (2001) in that they used the NOAA Advanced Very High Resolution Radiometer (AVHRR)
to estimate FAPAR and they converted aboveground net primary production to available
forage to remove biomass not usable by livestock.
Although much evidence exists that the application of biomass prediction on rangelands
using remote-sensing variables is feasible, the extrapolation of these relationships to new
areas is not always feasible or recommended. Generally, field data need to be collected for
new areas or regions to develop the prediction equations. Another issue is that many of
these models predict vegetation biomass, but do not address forage availability to specific
grazers. If forage deficits or surpluses for specific kinds of livestock are to be addressed
in a national feed inventory, grazer specific equations or models need to be developed to
address available forage. In a study examining the use of remote-sensing data for estimating forage biomass for carrying capacity assessments in Namibia, Espach et al. (2009)
addressed issues of quantifying available forage by developing corrections for shrub biomass that was unpalatable or not available to grazers.

16.3.4 Forage quality
Research on using remote-sensing to estimate forage quality is not as extensive as that for
the estimation of biomass. This is probably related to the difficulties involved in acquiring
forage quality information to use in empirical and modelling approaches. Another issue is
that as remote-sensing data becomes coarser in resolution, the pixel becomes an integrated representation of the vegetation, therefore making it more difficult to separate out the
vegetation components that are eaten by the grazing animal. It also makes it difficult to
determine an appropriate sampling scheme to measure forage quality, especially when vegetation becomes more heterogeneous and when multiple grazing animals are using the area.

16.3.5 Empirical approaches
Empirical approaches for estimating forage quality generally involve examining statistical
relationships between forage quality variables and spectral information from remote-sensing imagery. Thoma et al. (2002) used simple linear regression with NDVI as the independent variable to predict forage quality and quantity on rangelands in Montana, United
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States. They reported reasonable relationships between NDVI and live biomass (r2 = 0.68),
total biomass (r2 = 0.68), and nitrogen in standing biomass (r2 = 0.66), but found poor
relationships with biomass (r2 = 0.18) and nitrogen concentration (r2 = 0.01) in standing
dead biomass. In China, regression equations using the Enhanced Vegetation Index (EVI)
derived from the MODIS sensor were used to predict live and dead biomass and crude protein in standing biomass (Kawamura et al., 2005). They found good predictability between
standing live biomass and total biomass (green + dead) (r2 = 0.77 to 0.80), but found poor
correlations with crude protein (r2 = 0.11).
Using faecal NIRS techniques to determine diet quality for white tail deer in Texas, United States, Showers et al. (2006) examined the ability of NDVI to predict deer diet quality.
They found strong statistical relationships between NDVI and diet quality variables (crude
protein, digestible organic matter and phosphorus) for all seasons (r2 >0.70), with the
exception of phosphorus in the winter.

16.3.6 Geostatistical interpolation
For a national feed inventory programme, the ability to map forage quality for a region or
entire country is very useful. Because of the logistics and costs, it is likely be impractical
to collect enough data to map forage quality based only on data collected from the field
using direct or indirect methods. However, interpolation techniques such as co-kriging can
be useful in mapping expensive, hard-to-collect variables given the availability of a second
correlated variable that is easier and less costly to collect. Co-kriging is a geostatistical
interpolation technique that calculates estimates for unknown points by using the weighted linear average of the available samples of the primary and secondary variables. The
secondary variable (covariate) is cross-correlated with the primary variable of interest and
is usually sampled more frequently and regularly (Isaaks and Srivastava, 1989), thus allowing estimation of unknown points using both variables. Remote-sensing imagery provides
a dense and exhaustive data set that can serve as a secondary variable for geostatistical
interpolation, given that a correlation (both direct and spatially) exists between the primary
and secondary variable (Dungan, 1998). Co-kriging of forage quality was tested for cattle
in Ghana using FNIRS-estimated diet quality attributes as the primary variable and NDVI
as the secondary variable (Awuma et al., 2007). Diet quality attributes (crude protein and
digestible organic matter) were collected from cattle at selected households throughout
Ghana during 2000. The diet quality variables were paired with NDVI extracted for the
pixels at the location and date of the faecal collection. The diet quality and NDVI data
were subject to co-kriging analysis and maps were produced for the diet quality variables.
Validation results indicated that co-kriging did a reasonable job of predicting crude protein
during the dry season (r2 = 0.687) but not quite as well in the wet season (r2 = 0.513). For
digestible organic matter, the co-kriging prediction was poor for the dry season (r2 = 0.13),
but did reasonably better for the wet season (r2 = 0.548). It was speculated that this was
related to the amount of shrub cover in some of the sampling areas that did not contribute to the available forage for cattle, but increased the greenness signal in the NDVI. The
results of this study do indicate that the technique of mapping forage quality is feasible
but additional study and validation will be needed to improve the results for use in national
programmes.
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16.4 Use of simulation models for estimating forage quantity
Simulation modelling offers unique capabilities for estimating forage quantity for a national
feed inventory programme. Although the initial efforts required to parameterize, calibrate and
validate a simulation model can be time-consuming and expensive, especially for a national
effort, the capabilities that simulation modelling provides, such as near real-time monitoring,
forecasting and exploration of alternatives, make it an attractive choice for a national feed
inventory programme. The use of simulation models for rangeland and grassland analysis has
increased in the past 30 years due to increased computing capacity, accessibility of programming languages and availability of data to parameterize the models. Rangeland/grassland
simulation models have differing levels of complexity and many are designed to not only simulate biomass production but also examine other aspects such as hydrology, erosion, livestock
production, ecosystem services and/or economics in an integrated, interacting framework.
This framework allows users to examine ecosystem processes and management alternatives,
and to predict response to differing alternatives (Wight and Skiles, 1987; Bouraoui and
Wolfe, 1990; Carlson and Thurow, 1992). An overview of models that have been used for
predicting biomass on rangelands is provided below along with examples of using simulation
modelling in an integrated framework for risk management and decision-making.

16.4.1 Rangeland models
One of the first comprehensive rangeland simulation models was Simulation of Production
and Utilization of Rangelands (SPUR) (Wight and Skiles, 1987). SPUR simulates rangeland
ecosystem function and allows evaluation of changing management practices. The model
is physically-based and has integrated climate, hydrology, plant, animal and economic modules (Carlson and Thurow, 1992; Hanson et al., 1992; Foy et al., 1999; Pierson et al., 2001).
The SPUR model has been exercised in several different geographic locations to ascertain its
ability to predict biomass production. For example, in a field study in north-central Texas,
United States, Teague and Foy (2002) found a good agreement between the model output
and measured aboveground biomass for warm season grasses and poor agreement with
total aboveground biomass for cool season grasses. In southwestern Idaho, United States,
SPUR model output was compared with peak standing biomass for shrubs (sagebrush),
grasses and miscellaneous forbs (Pierson et al., 2001). Bottlebrush squirreltail grass (Elymus
elymoides) biomass had the best correspondence with model output during the eight year
time period examined, whereas sagebrush (Artemisia tridentata ssp. wyomingensis) and
Sandberg bluegrass (Poa sandbergii) biomass corresponded to the model in four out of
eight years and three out of eight years, respectively.
Other simulation models capable of predicting rangeland biomass include the Water
Erosion Prediction Project (WEPP) (Flanagan and Nearing 1995), the Agricultural Land
Management Alternatives with Numerical Assessment Criteria (ALMANAC) (Kiniry et al.,
2002), and the Ecological Dynamics Simulation Model (EDYS) (Childress et al., 2002). The
WEPP model was primarily developed as a replacement to the Universal Soil Loss Equation
(USLE) with its primary focus on water erosion and sediment loss, but forage growth and
grazing can be simulated to complement the erosion information (Flanagan and Nearing,
1995). The ALMANAC model is a multi-species model that predicts biomass and also
simulates water and nutrient balance (Kiniry et al., 2002). It was developed to perform
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across a wide variety of soils and climatic conditions and is currently being used as the simulation model for rangeland biomass assessment for the Rangeland Conservation Effects
Assessment Program for the United States Department of Agriculture. The EDYS model is
a general rangeland process model capable of modelling changes in biomass as well as
relevant ecological processes such as physical disturbance, plant uptake and growth, fire,
herbivory, and management activities (Childress et al., 2002). It can model these dynamics
at the plot scale, but can also be run in a gridded environment to capture spatial variability
and to allow scaling. The model has been used to examine impacts of military training on
vegetation and soil erosion, the impacts of expanding wild elk herds on winter pasture and
endangered species habitat, and impacts of woody plant invasions.
Another comprehensive rangeland biophysical model is the Phytomass Growth Simulator Model (PHYGROW) (Stuth et al., 2003b). PHYGROW is a multi-species plant growth
model capable of simulating biomass production, soil water dynamics, runoff, selective
grazing by livestock and stocking rates of multiple livestock species. The plant growth
sub-model in PHYGROW is a light use efficiency model (Montieth, 1972 1977) that simulates plant growth optimal conditions (water non-limiting). The model then discounts plant
growth based on the amount of water stress, temperature stress and livestock grazing
demand based on the input climate variables and grazer herd composition and plant preferences. The grazing and stocking rate sub-model allows biomass to be selectively grazed by
multiple kinds/classes of livestock having differing forage demands and forage preferences
(Stuth et al., 2003b; Quirk and Stuth, 1995), thus allowing accounting of available forage
by grazer. The model is the foundation of the regional livestock early warning system
(LEWS) in East Africa (Ryan, 2005; Stuth et al., 2003a; Stuth et al., 2005) and Mongolia
(Angerer, 2008; Bolor-Erdene et al., 2008). LEWS was developed for assessing near-real
time forage conditions for managing drought and livestock movement.
The Agriculture Policy/Environmental Extender Model (APEX) (Williams et al., 2008)
has been used in a variety of pasture systems in the United States and elsewhere for conservation effect assessments and examination of best management practices. One of the
unique aspects of APEX is that the model provides the ability to simulate management
on whole farms, pasture systems or small watersheds in order to examine practices in
relation to ecosystem services (e.g. water quality, soil quality, carbon sequestration, etc.).
The model also allows evaluation of various management practices such as terracing, grass
waterways, buffer strips, crop/pasture rotations, irrigation, drainage systems and manure
management. The model is currently being updated to improve the grazing algorithm for
simulating selective grazing in order to extend the capabilities of the model for rangelands
(J. Williams, personal communication).

16.4.2 Integrated approaches
Field-collected data, simulation model output and remote-sensing data can be integrated
into a GIS to produce comprehensive outputs that can enhance the products produced for
a national feed inventory programme. In addition, an integrated GIS framework can allow
the use of geostatistical tools that can provide capabilities for interpolating forage quantity
and quality point data or improve interpolation by taking advantage of cross-correlations
between the forage data and remote-sensing variables.
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An example of an integrated approach to forage quantity assessment on a regional level
is the Livestock Early Warning System (LEWS) in East Africa (Stuth et al., 2003a; Stuth et al.,
2005) and Mongolia (Angerer, 2008; Bolor-Erdene et al., 2008). LEWS was developed to
provide near real-time estimates of forage biomass and deviation from average conditions
(anomalies) to provide pastoralists, policy-makers and other stakeholders with information
on emerging forage conditions to improve risk management decision-making. The system
combines field data collection from a series of monitoring sites, simulation model outputs,
statistical forecasting and GIS to produce regional maps of current and forecast forage
conditions (Figure 16.1). The system uses the PHYGROW simulation model as the primary
tool for estimating forage conditions. Data on plants, soils, and grazers are collected from
monitoring sites in the field and the data are stored in the PHYGROW model database.
Climate data are acquired from national data sources and also stored in the database.
The data are used to parameterize and calibrate the model. The simulation model runs
for each monitoring site are every 15 days and the outputs are made available via the GIS
web portal. To produce maps of forage conditions, the total forage available to livestock
is output for each monitoring site and is merged with NDVI data for the region. Co-kriging interpolation is then conducted to create regional maps of available forage. Anomaly
maps (deviation from long-term average) of forage conditions are also produced to provide
regional and local stakeholders with the ability to compare current conditions with those in
the past and to identify areas of drought or poor forage conditions.
The LEWS system also incorporates a statistical forecasting system that provides a
projection of available forage conditions for 60 days into the future. Using GIS, the total
Figure 16.1

Integrated framework for the Livestock Early Warning System modelling system
for East Africa and Mongolia
Monitoring Site
Characterization

Soils

Plants

Long -term
Climate
Data

Climate
Imagery

Grazing
PHYGROW
Model
Database

Base Maps

Regional GIS
Portal

Automated
PHYGROW
Model Runs

Monitoring
Site
Web Portal

Near Real-Time
Site Conditions

NDVI Imagery

Projections
and Forecasts
Near-Real Time
Forage Maps

Regional Forage
Amount, Anomaly
and Forecast Maps

Technologies, tools and methodologies for forage evaluation in grasslands and rangelands

available forage (Figure 16.2) and forage anomaly maps (Figure 16.3) for East Africa are
combined with base maps and are delivered to stakeholders.
To install a system like LEWS for a national feed inventory requires investment in field
data collection at selected monitoring sites across the region. During the initial visits to the
site, the field data collected are used to parameterize and calibrate the simulation model.
Subsequent field visits to the monitoring sites are needed for further calibration and model
validation to ensure that model outputs are accurate. In addition, investments in computer
and database infrastructure are needed to accommodate the simulation modelling, data
storage and GIS integration.

16.4.3 Ecosystem models
Ecosystem models provide an opportunity to examine, in an integrated fashion, the complex ecological and management processes that can influence forage biomass and quality
changes over time. Instead of relying on empirical relationships for prediction, ecosystem
models are process-based and are designed to simulate outcomes based on the complex
Figure 16.2

A map of total forage available to grazers in East Africa during February 2010 that
resulted from co-kriging interpolation of PHYGROW model output and NDVI data

Eritrea

Djibouti

Somalia
Ethiopia

Uganda

Kenya

Feb 2010 Total Forage Available (kg/ha)
< 100
101 - 500

1 501 - 2 000
2 001 - 2 500

3 501 - 4 000
4 001 - 4 500

501 - 1 000

2 501 - 3 000

4 501 - 5 000

1 001 - 1 500

3 001 - 3 500

> 5 001

Tanzania
0 130 260

520

780
Kilometers

Note: These maps are made available to stakeholders for use in
livestock management decision-making as part of LEWS in East Africa.

Country Boundaries
Monitoring Sites

181

Conducting national feed assessments

182

Figure 16.3

A map of forage deviation from long-term average
(i.e. forage anomaly) in East Africa for February 2010
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Note: Categories represent early warning indicators for management response. These maps are made available
to stakeholders for use in livestock management decision making as part of LEWS in East Africa.

interactions among biotic, abiotic and human management processes. For a national feed
inventory system, the use of ecosystem models provides the ability to holistically examine
the processes of forage production and use by livestock and other herbivores. Specific causes for feed deficits or surpluses are also explored to assist in determining where mitigating
measures are needed or where improvements can be made to the system.
The SAVANNA model (Coughenour, 1993; Chapter 15 of this Manual) is an ecosystem
model that has been used extensively on rangelands in East Africa, Asia and the United
States (Thornton et al., 2006, Wiesberg et al., 2006). It is a process-based, spatially explicit
model that can simulate changes in forage quantity and quality in relation to climate,
landscape position, plant community, selective herbivory and land management. The model
is integrated with GIS to allow remote-sensing and spatial data layers to be easily incorporated into the model framework. The model contains modules for site hydrology, plant
population dynamics, plant biomass production, herbivory, herbivore energy balance and
grazing herbivore population dynamics. It is unique in its ability to simulate grazing animal
movement in response to changing forage quantity and quality conditions, water distribu-
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tions and topography, in addition to changes in population structure and herd productivity
due to changes in vegetation quantity and quality (Ellis and Coughenour, 1998).
The SAVANNA model was originally developed to examine the ecosystem dynamics and
coping strategies of pastoralists in the Turkana region of Kenya and has since been adapted
to many other regions and grazing systems (Boone and Wang, 2007; Ellis and Coughenour, 1998). It has been used to assess forage-limited large herbivore dynamics in a wide
variety of ecosystems worldwide (Coughenour 1999, 2002, 2005; www.nrel.colostate.edu/
projects/savanna). Equal attention is given to animal and vegetation responses in terms of
forage intake, energy balance, spatial distribution and population dynamics. A comparison
of this modelling approach with others is provided by Weisberg et al. (2006). Christensen et
al. (2003) used the model to examine productivity differences and livestock grazing dynamics under a range of stocking rates to provide insights into the sustainability of grasslands
in Inner Mongolia in face of increasing grazing pressure. They identified thresholds where
increased grazing pressure leads to changes in vegetation composition from herbaceous
to shrub-dominated communities. Boone and Wang (2007) used the SAVANNA model to
assess population dynamics of cattle under varying climatic regimes in Africa and found
that precipitation amounts and variability were not always linked to changes in cattle populations over time. Plumb et al. (2009) used the model to examine carrying capacities for
bison in Yellowstone National Park, United States, and were able to recommend a general
number of bison that could be supported by the park over time.
In using an ecosystem model such as SAVANNA for a national feed inventory programme on rangelands, a significant amount of time and effort needs to be spent on
acquiring the GIS data layers and collecting plant and animal data to parameterize the
model. However, once the model is parameterized and calibrated, not only can estimates of
forage biomass and quality be examined and mapped, but a whole range of other outputs
can also be provided to assist decision-makers in understanding the underlying causes of
feed deficits/surpluses.

16.5 Influences of terrain, water distribution and other
factors on forage availability
In previous sections, the concept of available forage was presented and the need to define
available forage as being specific to the grazer(s) of interest was discussed. Other factors
that can influence the availability of forage include terrain, distance to water and penetrability of shrubs and trees. The kind of grazing animal is also an important consideration
because different kinds and classes of grazing animals differ in their ability to navigate
these factors.

16.5.1 Terrain
Features of the landscape terrain can influence how livestock utilize vegetation. Slope of
the terrain can be a primary factor that influences the accessibility of forage to grazers. For
cattle, steep slopes are hard to navigate; therefore, utilization of forage by cattle on slopes
greater than 60 percent is generally very low. Holechek et al. (2001) provide guidelines
to account for the reduced grazing capacity for cattle based on percentage of slope. For
slopes of 0 to 10 percent, no reduction in grazing capacity is needed. For slopes of 11 to
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30 percent and 31 to 60 percent, a 30 percent and 60 percent reduction in grazing capacity
is recommended, respectively. For slopes exceeding 60 percent, these areas are considered
inaccessible to cattle; therefore grazing capacity should be reduced by 100 percent. Sheep
and goats, because of their smaller body and hoof size, can navigate and utilize vegetation
on steeper slopes. In their guidelines for grazing capacity reductions for sheep, Holechek et
al. (2001) recommend that slopes greater than 45 percent be considered unusable.
Determination of slope for grazing capacity reductions can be done using GIS software
and Digital Elevation Model (DEM) data that are available to the public from various government sources. The resolution of the DEM datasets vary, so considerations need to be made
as to the appropriate resolution of the data for the analysis. Higher resolution DEM data
can capture more detail in slope variation across the landscape, but may increase analysis
time and data storage requirements. Once the slope percentages are determined from the
DEM, GIS software can be used to assign the appropriate reductions in grazing capacity
(or forage availability) based on the steepness of the slope and the kind of grazing animal.
Figure 16.4 depicts a GIS classification of slopes for grazing capacity reduction using the
above protocol for cattle.
Another terrain factor that can influence utilization of forage on the landscape is the
ruggedness or rock cover of the landscape. Cattle generally avoid very rocky surfaces,
whereas sheep and goats can more easily navigate these. For example, Hohlt et al. (2009)
found that cattle had preferences for grazing on specific soil types and areas where rock
Figure 16.4

Slope correction classifications for forage grazing capacity reductions
based on steepness of slope
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Note: The correction classifications indicate the percentage reduction in grazing capacity recommended
for the slope class. For example, areas represented for the 30 percent slope correction have available
forage amounts reduced by 30 percent for inventories or stocking rate calculations.
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cover was below 30 percent. Assessing the degree of ruggedness and rock cover for terrain
is difficult without field measurements or visual appraisals. High resolution aerial photography can provide information on these factors, but may not be practical for a national and
regional programme due to cost and availability.
Spatial arrangement and density of vegetation, especially trees and shrubs, can influence use of forage on the landscape by grazing livestock. Thick, dense patches of shrubs
and trees may be impenetrable for some kinds of livestock and therefore may impede
foraging and reduce accessibility to forage beyond the boundary of the patch. On mixedshrub/grass rangeland in the Edwards Plateau region of Texas, United States, Owens et
al. (1991), found that as shrub abundance increased, utilization of the grasses by cattle
decreased. They attributed this decrease to the physical barrier created by dense shrubs.
In studies using GPS receivers on cattle, Hohlt et al. (2009) found that cattle in both the
Edwards Plateau and southern regions of Texas, United States, avoided areas of thick,
dense shrub cover. To assess density and impenetrability of shrubs so that forage availability
reductions can be made, field data collection and classification of shrub/tree cover using
remote-sensing imagery, or aerial photography can be used to map areas of shrub and
tree cover. However, for a regional and national feed inventory programme, the costs and
logistics for collecting this data may be prohibitive.

16.5.2 Distance to water
Another major factor influencing availability of livestock forage is distance to water. Like
terrain, the degree to which this factor affects accessibility of forage is dependent on the
kind of grazing animals. Cattle need water every day for efficient growth, therefore they
generally will not utilize forage that is greater than 3.2 km from a water source (Holechek
et al., 2001). Sheep and goats can traverse greater distances for forage because they do
not require water each day (McDaniel and Tiedeman, 1981). Desert cattle breeds also
require less water. Camels, with their unique adaptations to go without water for long
periods, are able to range extremely far from water.
Holechek et al. (2001) provide guidelines for reductions in cattle grazing capacity with
increasing distance from water. For distances of 0 to 1.6 km, no reduction in grazing capacity is needed. For distances of 1.6 to 3.2 km, a 50 percent reduction is recommended. For
distances greater than 3.2 km, a 100 percent reduction is recommended (ungrazeable).
Developing a map of grazing capacity reductions can easily be constructed using GIS
software given that the locations of the water sources are known. Buffers of the distance
classes can be built around each water point and merged to form a coverage of grazing
capacity reductions. Figure 16.5 depicts a grazing capacity reduction map for water points
within a pasture grazing system.
To incorporate grazing capacity reductions due to distance to water in a regional or
national feed inventory programme, a comprehensive geodatabase of water locations
needs to be developed. This database must be updated periodically to add new locations
and provide status updates for those water points already included in the system.
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Figure 16.5

Correction classifications for forage grazing capacity reductions
based on distance to water
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Note: The correction classifications indicate the percentage reduction in grazing capacity recommended for
distance away from the watering point. For example, areas represented for the 50 percent distance to water
correction have available forage amounts reduced by 50 percent for inventories or stocking rate calculations.

16.6 Assessing animal production responses to
forage quantity and quality
Because livestock production from grasslands and rangelands is a significant contribution
to the overall GDP in many countries and is a component of the wealth and well-being of
many people, especially pastoralists, the assessment of animal production as it is related
to forage quantity and quality is important for monitoring at the national or regional level.
Many countries conduct inventories of livestock, but rarely have the numbers of livestock
been compared with the forage base to assess production capacity and/or sustainability of
the forage resources. In the following sections, considerations for carrying capacity, stocking rate and nutritional balancing are discussed, as well as ways in which a national feed
inventory programme can be used to gather information for sustainable livestock production and improved feed management.

16.6.1 Carrying capacity and stocking rate considerations
Once a national or regional inventory of forage biomass is conducted through direct measurements, remote-sensing methods, simulation modelling or combinations of these, then
the forage biomass will need to be translated into numbers of animals that the forage base
can support. Stocking rate can be defined as the number of animals allocated to a given
land area for a specified time period. Grazing or carrying capacity can be defined as the
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maximum stocking rate for a given land area that can be used year after year without damaging the vegetation or other associated resources (e.g. soil, water quality, etc.) (Holechek
et al., 2001). Using the information on forage biomass, the characteristics of the grazing
animal(s) and other data layers such as slope and distance to water, a stocking rate for the
animals of interest can be calculated.
Calculation of stocking rate is conducted in four steps: 1) determination of available
forage; 2) adjustments for slope and distance to water; 3) calculation of forage demand;
and 4) calculation of stocking rate. For the first step, the amount of available forage for the
animal(s) of interest can be assessed using the tools and methodologies described in the
previous sections. As discussed above, the amount of forage that is available to a particular
grazer on a landscape is dependent on the plant species present and the dietary preferences of the grazing animal. Therefore, the forage biomass estimates determined through the
national feed inventory needs to be partitioned into available forage for each grazer so that
stocking rates can be calculated. Because of dietary overlap among grazing animals, care
needs to be taken in partitioning the forage biomass to each grazer so that the portion of
biomass where the diets overlap is separated properly; otherwise, too many animals will be
allocated to the given land area.
Once the available forage is determined, then the adjustments to available forage for
slope and distance to water can be calculated. This can be done in a GIS where the available forage biomass data layer (Figure 16.6) is multiplied by the slope adjustment (Figure
16.4) and distance to water adjustment (Figure 16.5), resulting in a map of usable forage
(Figure 16.7). The usable forage can then be aggregated up to a boundary (e.g. pasture,
administrative boundary, etc.) resulting in the total kilograms of usable forage for the area
of interest.
Once the usable forage is determined, then the forage demand for the grazer of
interest needs to be determined. The dry matter intake of most ruminants is 2 percent of
their body weight (Holechek et al., 2001). Therefore, the average weight of the grazer can
be multiplied by 2 percent to determine daily intake of forage. This is then multiplied by
the number of days of grazing resulting in the forage demand per grazing animal for the
grazing period (kg/head/period).
For the stocking rate calculation, the total usable forage (from step 2) needs to be
partitioned into forage that should be sustainably utilized for grazing by the animal (i.e.
percent allowable use) and forage residue that will be left on the site to protect the soil and
regenerate the plants. The percent of allowable use varies by vegetation type and climate,
generally by from 25 to 50 percent. Holechek et al. (2001) provide guidelines on allowable
use values for different vegetation types and rainfall regimes. After the total usable forage
is multiplied by the percent of allowable use, the product provides the total kilograms of
forage that is available for grazing. This amount is then divided by the forage demand
(step 3) resulting in the total number of animals that can graze the area of interest.
The steps for calculating stocking rate (adapted from Holechek et al., 2001) are summarized below:
1. Determination of available forage (kg/ha of dry matter) for a given land area.
Assessed through direct field measurement, remote-sensing methods, simulation
modelling or combinations of these.
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Figure 16.6

Total forage available (kg/ha) for cattle in a pasture grazing system
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Note: Total forage was assessed using field collected data and simulation modelling (PHYGROW).

Figure 16.7

Total usuable forage for cattle after total forage available (Figure 16.6) was corrected for
slope (Figure 16.4) and distance to water (Figure 16.5) grazing capacity reductions
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2. Calculation of usable forage (total kg dry matter) for area of interest.
Available forage (kg/ha)
x slope correction
				
x distance to water correction
				x area (ha)
				
= total usable forage available for grazing (kg)
3. Calculation of forage demand.
Weight of grazer (kg)		
x daily dry matter intake (2 percent of body weight)
				
x length of time area will be grazed (days)
				
= forage demand per grazer for grazing period (kg)
4. Calculation of stocking rate.
Total usable forage (kg)
x allowable use (percent)
				
÷ forage demand per grazer (kg)
				
= number of grazing animals (hd)
An important consideration in developing the stocking rates is to account for wildlife
use of forage, and events that may reduce the amount of forage such as fire. In areas such
as Africa where livestock and wildlife share grazing areas, accounting for forage use by
wildlife is extremely important otherwise stocking rate calculations result in allocating more
animals than an area can sustainably support. Also, for national inventories, it is important
to have good base maps of national parks boundaries, reserves and other non-grazeable
areas so that these land areas are not included in the forage inventory or stocking rate
analysis.

16.6.2 Nutritional balancing
For forage quality assessments, nutritional balancing decision tools can be useful in assessing supplemental feed requirements for enhancing/maintaining production and optimal
strategies for supplemental feeding during rangeland forage shortages. Nutritional balance
software is available that allows users to input information on the quality of the forage
the animals are grazing and receive information on what supplemental feed is needed for
maintaining performance goals. One such software package is NUTBAL (http://cnrit.tamu.
edu/), which models the crude protein and net energy status of cattle, sheep and goats.
This computerized decision aide allows the user to enter the kind, class and breed of animal
to be monitored, current body condition, current climate conditions, weight performance
targets and forage quality information (crude protein and digestible organic matter). A
nutritional balance is calculated and a report is provided describing the protein and net
energy conditions for the animal. If a protein or energy deficiency exists, a least cost ration
is calculated from a list of feeds or fodders available to the user.
Additional decision support tools for nutritional balancing include the Small Ruminant
Nutrition System (http://nutritionmodels.tamu.edu/srns.htm) and the Langston University
Nutrition Requirements for Goats calculator (http://www.luresext.edu/goats/research/
nutreqgoats.html). Both have been designed to address nutritional balances for sheep and
goat nutrition.
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16.7 Data management for a national
feed inventory programme
For a national feed inventory programme to be successfully implemented, data management and quality control infrastructure will be needed. The large amount of data that are
generated as part of the inventory need to be stored in relational databases to ease data
summary and availability. If remote sensing and/or simulation modelling are used, computing systems capable of handling and storing this type of data, as well as possessing the
capability to run the software efficiently, will be required. Since much of the data will be
spatial in nature, a GIS that is integrated with the inventory database will ease analysis,
reporting and map production. Finally, qualified personnel will be needed to maintain,
enhance and troubleshoot the system in order for the system to be sustainable. The data
management, GIS and personnel requirements that need to be considered for implementing a national feed inventory are described below.

16.7.1 Data management and infrastructure
Regardless of methodology used to gather data on forage quantity and quality, a tremendous amount of data will need to be acquired and managed for a national feed inventory
programme. Prior to implementation of the feed inventory, a data management plan will
need to be developed that outlines how data will be collected, how and where it will be
stored, and methods for data access. Once the data management plan is agreed on, the
necessary infrastructure to support the data storage and analysis will need to be purchased
and installed. Figure 16.8 provides a generalized structure of a data management system
for a national feed inventory. The core of the system is a centralized database that stores
data and allows easy retrieval. Field data are collected and entered into a data entry portal which ensures that all the required information is input into the central database in a
standardized format. Remote-sensing, climate, soils and grazer information can be gathered from other sources and stored in the database. In the case of remote-sensing and
climate data, these may be links to remote systems for near real-time data acquisition. If
simulation modelling is used for the inventory, the centralized database can integrate the
field data and data from other sources to provide inputs to the simulation model, and act
as storage for the simulation model output. A data transfer and mining engine extracts
data and transfers it to a web portal or a GIS. The web portal acts as the user interface for
extracting reports or data from the feed inventory system. Linkages to the GIS allow mapping and spatial analysis of data that can be displayed via a mapping portal or integrated
into the web portal.
Equipment needed for this data management system includes disk arrays for the centralized data storage and backup, web servers for the data entry and web portals, workstations or server(s) for the GIS, server(s) for simulation modelling, and backup power supplies.
Infrastructure includes a secure space to house the equipment that has adequate power
and cooling. A high-speed internet connection is needed for efficient data download and
web presence.
To reduce software costs, open source software such as PostgreSQL (http://www.postgresql.org/) could be acquired for database management. For data entry, data transfer and
mining engine, and web portal, software and web pages need to be designed and coded
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Figure 16.8

Data management system for a national feed inventory
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to accommodate the specific needs of the national feed inventory. For the GIS, open source
systems are available; however, the commercial GIS and image analysis packages that are
currently available are more robust and can accommodate the mapping and analysis that is
required for a national feed inventory. The majority of commercial GIS and image analysis
software packages require site licensing, so this cost needs to be factored into the yearly
maintenance costs of the system.

16.7.2 Personnel
Having qualified personnel available for working with the database management system
will be paramount for successful implementation of a national feed inventory. At a minimum, three people need to be assigned to maintain the system. First, a system administrator with demonstrated experience in managing hardware and software for enterprise
databases and web servers is needed. Second, a systems analyst is required for software
and web page development and to develop scripting tools for data extraction and retrieval.
Third, a GIS specialist is needed for the feed inventory spatial analysis and for developing
map products. The data management personnel could be part of a larger information technology (IT) staff, but the majority of their time would need to be dedicated to maintaining
the system.

16.8 Summary
A comprehensive quantification of livestock feeds is needed at national level in order for
countries to develop policies for maintaining or increasing livestock production and for
developing contingencies in the face of drought or other disasters. For rangeland and
grassland systems, quantification of forage quantity and quality for feed inventories can be
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a challenge because of the large land areas that grasslands/rangelands occupy, their remote
locations and the diverse mix of livestock species that graze these lands.
For both forage quantity and quality assessment, a number of methods have been
developed for measurement of these variables that vary in levels of accuracy, time spent
in the field and logistical implementation. For forage quantity measurements, methods
include direct measurements of vegetation, estimation with proxy variables, simulation
modelling or combinations of these. For forage quality measurement, direct, indirect and
estimation with proxy variable methods are available. Logistics, costs, timing of data collection and availability of qualified personnel all influence the choice of method for both
forage quantity and quality assessment.
Direct field measurement techniques are the most accurate methods for assessing forage
quality on rangelands. However, field techniques generally require a large amount of time
and resources for data collection, especially if data collection is required for an entire country
on a yearly basis. Field measurement methods for forage biomass include direct measurement techniques where biomass is sampled and weighed, estimation techniques where the
biomass weight is estimated by the observer, or combinations of these methods. The most
common direct measurement method for measuring forage biomass is the quadrat method
where a series of quadrats of known area are clipped, later weighed, and the weights averaged to produce an estimate of forage biomass. Because of the time required for clipping
a large number of quadrats, estimation techniques can be used to reduce the number of
clipped samples and to reduce sampling time. Two popular methods are the weight unit
method and the double sampling method. The weight unit method allows field personnel
to visually estimate the majority of the quadrats based on predetermined weight units. The
double sampling method combines quadrat clipping with an easily measured variable such
as plant cover to develop a statistical equation to predict biomass in unclipped quadrats.
For a national feed inventory that relies on direct measurements or measurements
using estimation techniques, a sampling plan needs to be developed that would allow the
productivity of the region to be properly represented and provide a means for scaling the
results to regional or national levels. GIS software and data layers such as soils, vegetation
and roads can assist in stratifying regional and national land areas into representative sampling units. These areas can be delineated in the GIS and provide the means for aggregating
to national levels.
Remote-sensing techniques for assessing forage biomass include empirical prediction
models and process models that use remote-sensing inputs to predict biomass. Empirical
models predict biomass amounts based on a statistical relationship between the biomass
and the spectral bands (or combinations of these) from the remote-sensing imagery. Process models based on remote-sensing data generally involve using variables derived from
remote-sensing imagery to drive a light use efficiency or similar process model to predict
biomass. Regardless of whether empirical or process models are used with remote-sensing
information to derive biomass, direct measurement data are generally needed to develop the
statistical relationship or to validate the model outputs. Disadvantages of using remote-sensing techniques to predict forage quantity include problems with extrapolating the data to
new areas and the inability of the models to predict biomass for specific grazing animals.
Simulation modelling offers unique capabilities for an assessment of forage quantity
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needed for a national feed inventory programme. Initially, simulation modelling can be
time-consuming and expensive for efforts in parameterizing, calibrating and validating the
simulation model. However, the capabilities that simulation modelling provides, such as
near real-time monitoring, forecasting and exploration of alternatives, makes it an attractive choice for a national feed inventory programme. Several different simulation models
are available for estimation of forage biomass on rangelands and grasslands. The choice of
model should be driven by the needs of the national feed inventory programme. The models can be integrated with GIS software and other data for improving the spatial relevance
of the data and/or extending the simulation model outputs. For a comprehensive analysis
of forage biomass production in relation to other ecosystem processes and variables,
ecosystem models can be used. The use of ecosystem models in a national feed inventory
system provides the ability to holistically examine the processes of forage production and
use by livestock and explore specific causes for feed deficits or surpluses. This information
can then be used to assist in determining interventions or deciding where improvements
can be made in forage production.
For assessments of forage quality, direct measurements generally involve animal observation or the use of research animals that have esophageal or rumen fistulas. Animal observation methods include hand plucking vegetation or bite counting. Both methods can be
time-consuming and require the use of relatively tame animals for the field observations.
The use of esophageal or rumen fistulated animals is generally accepted as one of the more
accurate methods for obtaining forage quality estimates. For this method, research animals
are surgically altered by cutting a hole in the esophagus or rumen. A plug is placed in the
hole and removed when used for forage quality sampling. Vegetation that falls out of the
esophagus or accumulates in the rumen is collected and sampled for quality. Disadvantages
of using fistulated animals for forage quality assessment include the need to maintain a
special herd of animals that require constant maintenance because of fistulation and the
need for highly trained personnel to work with these animals. Because of these issues and
the need to sample a large geographic space, the use of fistulated animals to conduct
assessments of diet quality for a national feed inventory is generally not practical.
Indirect methods of determining forage quality generally involve examinations of livestock faeces for indicators that can be correlated with the quality of the forage eaten by the
grazing animal. Early work on indirect methods involved examination of the constituents of
faeces such as faecal nitrogen and fiber components. More recently, the use of Near Infrared Reflectance Spectroscopy (NIRS) scanning of livestock faeces has emerged as a reliable
tool for assessing the quality of forage grazed by ruminants. The methodology for developing faecal NIRS (FNIRS) scanning capabilities involves development of reference equations
that statistically compare near infrared spectral characteristics of the livestock faeces with
quality constituents (e.g. crude protein, digestibility, fiber) of the forage eaten by the livestock. The diet quality information needed for equation development can be gathered from
feeding trials using penned animals or from trials using fistulated animals and free-ranging
livestock. Advantages of FNIRS are that it provides a rapid and reliable means of assessing
the quality of forage the livestock animal is eating, and samples can be easily acquired
without destructive harvesting. Disadvantages of FNIRS include the high up-front cost of
the NIRS equipment, the need to develop feeding trials and equations that encompass the
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range of forage types and qualities, and the need for independent validation of the FNIRS
equations. For a national feed inventory, FNIRS may be the most practical choice to assess
diet quality across a nation. However, the costs of equipment, training of personnel and
logistics of gathering faecal samples to represent the region may be prohibitive.
Approaches for using remote-sensing data to estimate forage quality generally involve
the development of statistical relationships between remote-sensing spectral band data
and forage quality variables such as crude protein and forage digestibility. Several studies
have examined these in relation to NDVI derived from remote-sensing imagery to represent
vegetation greenness. Other methods include the use of interpolation techniques such as
co-kriging that allow mapping of forage quality based on spatial correlations between forage quality variables and remote-sensing data such as NDVI. The forage quality data are collected at representative locations throughout a region and co-kriging with NDVI data allows
interpolation of the quality data so that landscape maps of forage quality can be produced.
Terrain factors such as slope and shrub/tree density along with distance to water can
influence the availability of biomass for livestock grazing, but the degree to which these
factors influence availability is dependent on the kind of livestock. Slopes greater than 45
percent are hard to access by most livestock so considerations should be made about the
usability of vegetation in areas of steep slopes. Very rocky areas or areas of dense shrubs
and trees can also limit the ability of cattle to graze the vegetation in these areas. However,
sheep and goats can generally navigate these areas because of smaller body and hoof sizes.
Distance to water also influences the availability or usability of forage in a region. Cattle
need water every day for efficient growth so they generally do not travel more than 3.2 km
from water unless they are herded. Sheep and goats can graze at much longer distances
from water sources because they do not need to water each day. For a feed inventory in
areas with large distance between water sources, corrections may be needed to reduce
forage allocations for some grazing livestock.
Since livestock production on grasslands and rangelands is a significant contribution to
the overall GDP in many countries and is a component of the wealth and well-being of
many people, especially pastoralists, the assessment of animal production as it is related
to forage quantity and quality is important for monitoring at the national or regional level.
The development of a national feed inventory for assessing forage biomass provides the
opportunity to assess production capacity through an assessment of stocking rates. The
inventory of forage quality information can be used improve livestock production and feed
management through nutritional balancing. It can also be used to assess supplemental feed
requirements for enhancing/maintaining production and optimal strategies for supplemental feeding during rangeland forage shortages.
For a national feed inventory programme to be successfully implemented, data management and quality control system infrastructure will be needed. A tremendous amount
of data will need to be acquired, and therefore a data management plan will need to be
developed at the inception of the programme that outlines how data will be collected, how
and where it will be stored, and methods for data access. A centralized database system
with a portal for entering field data and a web portal for data extraction and visualization
provides usability and flexibility in the system. Linking the database to a GIS allows mapping
and spatial analysis of data that can be displayed via a mapping portal or integrated into
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the web portal. Qualified IT personnel are needed to support the database management
system and ensure that quality control is maintained.
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