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Abstract: Livestock grazing occupies ca. 25% of global ice-free land, removing large quantities of
carbon (C) from global rangelands (here, including grass- and shrublands). The proportion of total
livestock intake that is supplied by grazing (GP) is estimated at >50%, larger than the proportion from
crop- and byproduct-derived fodders. Both rangeland productivity and its consumption through
grazing are difficult to quantify, as is grazing intensity (GI), the proportion of annual aboveground net
primary productivity (ANPP) removed from rangelands by grazing livestock. We develop national
or sub-national level estimates of GI and GP for 2000–2010, using remote sensing products, inventory
data, and model simulations, and accounting for recent changes in livestock intake, fodder losses and
waste, and national cropland use intensities. Over the 11 study years, multi-model average global
rangeland ANPP varied between the values of 13.0 Pg C in 2002 and 13.96 Pg C in 2000. The global
requirement for grazing intake increased monotonically by 18%, from 1.54 in 2000 to 1.82 Pg C in
2010. Although total global rangeland ANPP is roughly an order of magnitude larger than grazing
demand, much of this total ANPP is unavailable for grazing, and national or sub-national deficits
between intake requirements and available rangeland ANPP occurred in each year, totaling 36.6 Tg C
(2.4% of total grazing intake requirement) in 2000, and an unprecedented 77.8 Tg C (4.3% of global
grazing intake requirement) in 2010. After accounting for these deficits, global average GI ranged
from 10.7% in 2000 to 12.6% in 2009 and 2010. The annually increasing grazing deficits suggest that
rangelands are under significant pressure to accommodate rising grazing demand. Greater focus
on observing, understanding, and managing the role of rangelands in feeding livestock, providing
ecosystem services, and as part of the global C cycle, is warranted.

Keywords: rangeland ANPP; livestock grazing; grazing intensity; livestock feed sources; MODIS;
global carbon cycle

1. Introduction

Currently, the global biomass of mammalian livestock is 67% larger than that of hu-
mans, 1329% larger than that of all wild mammals, and 318% larger than total mammalian
biomass that was supported on Earth 100,000 years ago [1]. The increase to current domi-
nance has been possible via consumption of correspondingly large proportions of annual
terrestrial net primary productivity (NPP). Globally, ca. 35% of all primary crop harvests
and ca. 24% of all crop residues are consumed by livestock [2]. In addition to these sources
of fodder, global livestock currently graze on ca. 24% of global ice-free land area, compared
to ca. 2% before the start of the industrial revolution [3]. The livestock sector produces
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small quantities of high-quality, protein- and iron-rich food, from very large quantities of
edible and inedible crop products and inedible aboveground NPP (ANPP) grazed from
global rangelands [4]. Estimates for 2011 indicate that the global livestock sector produced
ca. 56 Tg C of milk and eggs and 82 Tg C in meat, and consumed 2826 Tg C of total feed,
of which 1650 Tg C was supplied by grazing [2]. Most of the consumed carbon (C) is
rapidly returned to the atmosphere as carbon dioxide (CO2) or methane [2]. At the global
level, mean ecosystem C turnover time was 13.5% faster in the 2000s than it was before
the industrial revolution [5]; Wu and coauthors find land use change (LUC) to be the main
cause of this increase. LUC occurs primarily due to increases in the extent of pastures and
croplands [6,7]. Therefore, the livestock sector acts as a short-circuit of the biologic C cycle
at an increasingly massive scale. Because of their magnitude and uncertainty, C fluxes
associated with livestock consumption of forage and fodder consumption must be better
documented so that they can be represented in Earth System Models [8].

Recent decades have seen rapid changes in how and where livestock are raised [9].
Between the years 2000 and 2010, total cattle populations increased by 28.4% in Africa,
15.6% in Central and South America, and 6.8% in South Asia, but decreased by 4.2% in
North America, 15.9% in Europe, and 17.2% in East and Southeast Asia [10]. The size,
growth, and productivity of several livestock species have been increased through genetic
improvements, feed optimization, and use of preventative and growth-promoting feed ad-
ditives [11–13]; therefore some population decreases are due to increasing productivity [14].
However, global sources of animal products have also shifted, for example increasing
exports from South America to China and other nations and regions [15]. These changes
are likely to impact supply of and demand for rangeland ANPP. Large-scale livestock
operations, where housed animals consume only delivered crop-based fodders, have re-
placed pastoral livestock husbandry to varying degrees [16,17]. Along with increasing
livestock body size and productivity, total numbers of meat and dairy cattle, pigs, goats,
and chickens have increased since 1990 [10]. Over this time period, however, the estimated
proportion of total livestock intake supplied by grazing (GP) has remained between 50 and
60% [4,18,19], necessitating increasing quantities of grazed rangeland NPP.

Because the most productive lands tend to be used for crops, grazing often occurs on
less-productive drylands and grasslands with more variable or extreme climates [20]. These
grazing lands may produce feed of lower quality and quantity, leading to higher methane
emissions intensities, slower animal growth rates, and lower feed use efficiency [21]. In less
productive rangelands, the removal of large quantities of plant biomass by grazers often
leads to land degradation [20], making ANPP more unpredictable and sensitive to interan-
nual variability.Livestock density and pasture management also interact with fluctuations
in climate to impact primary and secondary productivity of rangelands [22,23]. These
complex interactions, along with uncertain effects of climate change on rangelands [24],
require more detailed study across multiple years of climate variability.

Global croplands are also under increasing pressure to supply food, feed, bioenergy
crops, and ecosystem services such as soil C storage. Along with climatic, economic,
or political disruption, this pressure can make crop-based livestock feeds more scarce
or expensive. For example, crop residues are increasingly left on fields or processed
into biofuels, decreasing their availability as fodder [25]. At the same time, increasing
production of bioethanol generates large quantities of byproduct feeds (e.g., dried distillers
grains with solubles) that were not widely available before the mid-2000s [26,27]. To
sustainably manage grazing, there is a need for reliable estimates of both how much
ANPP is produced and how much is currently removed by grazing livestock, despite
the difficulties imposed by variations in quality, availability, and demand for fodder and
grazed forage over time.

Herrero et al. [28] developed a global, gridded dataset of grass biomass consumption
by livestock for the year 2000. They estimated the total livestock intake requirement for
that year at 4.7 Pg of dry matter, of which 2.4 Pg (48%) was grass from silage and/or
grazing. Chang et al. [29] used this dataset, along with modeled (ORCHIDEE) and in situ
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measurements of rangeland ANPP, to map rangeland management and grazing intensity
(GI, the proportion of annual aboveground net primary productivity (ANPP) removed
by grazing livestock). While these authors modeled multiple years of ANPP, they used
livestock grazing requirements from the year 2000. They found that 16% of the estimated
2.4 Pg [28] of the grass dry matter intake requirement could not be fulfilled by their
modelled ANPP, resulting in a global grazing deficit of 0.38 Pg of dry matter, with the
largest deficiencies in Southern Asia, East Asia, and North Africa [29].

Fetzel et al. [30] described uncertainties associated with rangeland grazing by com-
paring multiple models and satellite-based estimates of rangeland ANPP with multiple
estimates of grazing demand, using data for the year 2000. In at least one of the 96 sim-
ulations these authors generated, GI greater than 100% of ANPP (which is not possible,
and implies grazing deficits) was required on 27% of global grazing areas, concentrated in
the regions described by Chang et al. [29], as well as in parts of Western Europe. However,
upon re-evaluating potential GI via consideration of seasonal quantities of standing dead
plant biomass, Fetzel et al. [31] concluded that more biomass could be grazed in many areas
of the globe. This conclusion is hard to reconcile with the grazing deficits documented
previously [32].

While body mass and feed intake requirements have recently been revised upwards
for beef and dairy cattle in most but not all world regions [2], reported annual quantities of
market feeds, residues, hay crops and other fodders have not changed. Therefore, more
intake must have come from grazing to meet overall intake requirements. If deficits like
found by Chang et al. [29] and Fetzel et al. [30] occur only in a rare year or two, e.g., during
a short drought period, livestock might be underweight, perish, or be slaughtered early.
Longer periods of drought may also occur, for example, the 1999–2013 cold phase of the
Pacific Decadal Oscillation (PDO), which has been shown to cause lower mean annual
ANPP and higher interannual ANPP variability in Western US rangelands [23,33]. If the
livestock sector cannot adjust to multi-year perturbations like this, deficits in livestock
intake would continue over many years, which would be unsustainable for livestock
operations. Therefore, if such deficits are detected year after year in a given nation or
region, it might be reasonable to suspect one or more errors: estimates of ANPP may
be too low; the area assigned to rangeland may be incomplete; estimates of livestock
populations, body size, and/or feed intake may be too large; and/or sources of fodder
may be underestimated or missing. Alternatively, frequent years with high GI or grazing
deficits may in fact be an accurate finding. Because single-year assessments may reflect
unique weather or other conditions in that year, or the beginning of a pattern to which
livestock operations have not yet responded, we set out to compare grazing requirements
and ANPP over multiple years with detailed data. Unlike previous studies, we account
for (i) changing livestock numbers, size, and intake requirements over the study period,
(ii) annual fluctuations in harvested cropland areas, (iii) national differences in cropland
use intensity (i.e., multiple crops per year from the same harvested area), and (iv) annually
reported fodder availability, intrinsically including effects of crop yields, changing grain
prices, demand from bioenergy and other sectors, and other factors. Our goals were to
further explore reported incidences of GI > 100% of ANPP found in multiple reports, to
look for temporal trends in use of global rangeland (grassland and shrubland) ANPP, and
to better understand the extent, if any, to which grazing could be sustainably expanded.

2. Methods
2.1. General

Our general strategy for livestock grazing demand is to follow the “grazing gap”
method [19,30]. In this method, total livestock intake requirements and available fodder are
quantified or estimated, and the difference or ‘gap’ between the two is assumed to be made
up by grazing intake. We use 11 years of annual livestock intake requirement estimates
resulting from revision of, and transition from, IPCC 2006 Guidelines activity data [34]
to revised regional values for livestock characteristics (e.g., weight, productivity, intake
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requirements) and management (e.g., diet quality, housed vs. free ranging) [2]. We amend
this revised data with detailed annual estimates of fodder availability [4] to estimate annual
grazing requirements based on the difference or ‘gap’ between total intake requirements
and available fodder. We then use national estimates of multi-cropping [35] to adjust
annual harvested cropland area [10], and harmonize the extent of land available for grazing
animals to these annually adjusted crop harvest areas. We estimate grass- and shrubland
ANPP available for grazing from the Inter-Sectoral Impact Model Intercomparison Project
Phase 2a (ISIMIP2a), which provides an ensemble of global terrestrial biosphere model
(TBM) simulations for the study period at 0.5◦ resolution (see details in Section Rangeland
extent, NPP, and ANPP below).

Livestock populations and thus total intake requirements are at the national or sub-
national (for ten large nations: Argentina, Brazil, Canada, Chile, China, India, Kazakhstan,
Mexico, Russian Federation, and United States, for which we had state- or province-level
livestock population distributions [4]). Quantities of annually available fodder, however,
are only reported at the national level (i.e., we have no sub-national information on fodder
distribution). Grid scale rangeland ANPP quantities from ISIMIP2a models were summed to
the national or subnational (to match the same ten large nations) level. For nations with no
subnational information, this leads to a straightforward subtraction of fodder quantities from
total intake requirements in each year of the study, and subsequent comparison to that year’s
total rangeland ANPP within that nation. For nations with subnational livestock population
information, fodder and forage were allocated among states/provinces based on known
states/provinces with higher grazing levels, availability of ANPP, and/or uniformly, as de-
scribed below for each of the nations with sub-national livestock populations. We used an
iterative approach to arrive at and state level distributions that best met grazing requirements.

2.2. Livestock Populations and Total Intake Requirements

Livestock populations and intake requirements are estimated following methodology
used by Wolf et al. [2]. Annual national livestock populations of meat and milk-producing
cattle, meat and milk-producing buffaloes, meat and egg-laying chickens, swine, sheep,
turkeys, ducks, geese and guinea fowl, goats, horses, mules, asses, camels, and other
camelids (i.e., llamas and alpacas) were compiled for years 2000–2010 from FAO [10].
Annual producing populations of egg-laying chickens and milk-producing cattle and
buffalo were subtracted from conspecific total populations to derive the numbers raised for
meat production. Dairy cattle livestock populations include only milk-producing mature
dairy cows; calves, heifers, breeding steers, and any other dairy cattle ‘replacements’ are
categorized with meat/other cattle. For nine large countries (Argentina, Brazil, Canada,
Chile, China, India, Kazakhstan, Mexico, and the Russian Federation), state- or province-
level proportions of national livestock populations were compiled for available years
between 2000–2010 [36], and used to improve the spatial distribution of inventory data.
For the United States, livestock populations were refined to the state level using National
Agricultural Statistical Service Census and Survey data [37]. Livestock in all other nations
of the world are constrained at the national level only. The mismatch between fodder and
livestock population distributions in the ten large nations is a potential source of error
in those countries that is not present in smaller nations without sub-national livestock
distributions. However, we believe that assigning fodder to states in these large countries
based on known information (see below) is better than uniformly distributing fodder
sources to all states, given that some states will have more or less abundant grazing
resources (e.g., states with dense cropland and/or human populations vs. more arid states
with large rangeland areas, as found among different parts of China and the US).

Annual per-animal dry weight feed intake were taken from Wolf et al. [2]. In that
effort, annual intakes for meat cattle, dairy cows, and swine, in all global regions, were
estimated based on literature review in conjunction with simple energy intake models
based on animal weight presented in IPCC 2006 [34], or, where no new information was
available, follow IPCC 2006 [34] default values. Livestock total dry matter intakes were
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assumed to be 44% C by weight, in order to convert total intake requirements to quantities
of C. This value is expected to be close to the C content of grazed biomass and many hay
crops, residue, and soybean cake feed sources [4,38], but may be higher than the C content
fresh vegetal (non-grain) feeds, and lower than the C content of whole grain and oilseed
feeds [4]. This could lead to an underestimation of total livestock intake C requirement
when diets include a large proportion of grain and/or oilseed feeds.

2.3. Annual Fodder Stocks per Nation, Estimation of Fodder Losses and Waste, and Fodder Intake

Available fodder is derived based on the methodology derived by Wolf et al. [4]. For
purposes of estimating amounts of grazing, total livestock feed intake was qualified as
fodder (i.e., all biomass harvested and removed by humans from croplands or pasture)
or forage (i.e., all biomass grazed or scavenged by livestock from rangeland areas not
reclassified as harvested cropland in the year of interest, see Rangeland Extent, NPP, and
ANPP Section below). Fodder is further subdivided into (i) market feed items derived from
primary harvests (e.g., grains, crop byproducts), (ii) hay and fodder crops (e.g., harvested
quantities of alfalfa, clovers, grasses, corn and sorghum silage), and (iii) crop residue feed,
consisting of crop residue collected from the field for livestock feed.

Annual national quantities of all market feed items available, including imports, are
reported by FAO [10]. These quantities were converted into mass of C using published
item-specific fractional dry weight and C contents [4]. Hay and fodder crops (e.g., har-
vested quantities of alfalfa, clovers, grasses, corn and sorghum silage) were reported by
FAO [10] for the years of the study; these included maize, alfalfa, and other grains, grasses,
legumes, roots, and vegetables denoted as produced for forage and/or silage; very high
values for “Pumpkins” were deleted in each year. Crop residue feed quantities were
estimated by applying crop-specific regional percentages of residues collected for feed
given by Krausmann et al. [19] to crop- and country-specific estimates of annual residue
production [4].

We could not find any other studies of livestock intake that explicitly exclude estimated
fodder losses and waste, which we find to be sizable. Before summing the sources of
fodder in each nation, we first estimated and subtracted the amounts lost or wasted before
consumption by livestock. First, we subtracted a conservative estimate of 2.5% on-field
losses to all hay, haylage, silage, and other FAO-reported fodder crop harvests (item (ii)
in the paragraph above), to account for losses during cutting, mowing, on-field drying,
gathering, and/or baling [39]. While larger total losses (e.g., ≥12%) are reported over all
stages of hay or silage harvest [40–42] the processes and equipment employed vary greatly,
and some of these losses may occur during stages after harvest quantities are reported.
Second, to account for fodder losses during sale and/or transfer, storage, delivery, and
feeding, we subtracted an additional 17% from quantities of all hay, haylage, silage, and
crop residues collected for fodder and we subtracted an additional 10% from all reported
“market feeds” including primary crop, grain and byproduct feed items [43–47].

After these quantities of losses and waste were subtracted, total remaining fodder
sources in each nation and year were summed and subtracted from that year’s total
livestock intake requirements to derive annual, national estimates of grazing intake re-
quirements. In some nations and years, even after subtracting estimated fodder losses and
waste, more fodder was available than required to meet total livestock intake requirements,
and no grazing intake was required (although this may not mean that no grazing occurred).
For purposes of accounting, in those cases, the extra quantities were eliminated first from
estimated/reported crop residue for feed; and if there was still an overage, reductions
were taken from reported hay crops as well, until amounts of available fodder equaled
total livestock intake requirements. The countries with at least one year of this condition
between 2000 and 2010 were: Czech Republic, Germany, Egypt, Hungary, Israel, Japan, Sri
Lanka, Montenegro, Malaysia, and the Russian Federation.
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2.4. Rangeland Extent, NPP, and ANPP

Available rangeland extent, including grassland and shrublands, was estimated with
a land cover spatial allocation model, Demeter [48,49], by expanding or contracting annual
cropland extent based on the land cover product [50] of the MODerate resolution Imaging
Spectroradiometer (MODIS) to accommodate annual harvested cropland areas, excluding
fallow. Annual harvested cropland area was adjusted for differing degrees of double- or
multi-cropping, by using national numbers given by Ray and Foley [35]. This was done
by summing up the total area of harvested croplands in each nation and year of the study,
for all crops included in Wolf et al. [4]. In nations with cropland harvest frequency >1.0
(Table 1), the total harvested cropland area was divided by the cropland harvest frequency.
Only the harvested areas of nations with cropland harvest frequency greater than 1 were
modified. Land area classified as cropland in MODIS was expanded or contracted to match
annual harvested area, with surplus or deficit area added to or taken from land classified as
grassland. This adjustment reduces total annual harvested area in nations where multiple
crops per year are harvested, and results in more area that may be used for grazing.

Table 1. Nations with cropland harvest frequency greater than one.

Nation Cropland Harvest Frequency a

Argentina 1.02

Bangladesh 1.67

Belgium 1.20

Brunei 2.30

Burkina Faso 1.04

China 1.29

Colombia 1.04

North Korea 1.09

Denmark 1.08

Egypt 1.75

Gambia 1.03

Germany 1.66

Hungary 1.03

India 1.14

Laos 1.01

Malawi 1.03

Myanmar 1.45

Nepal 1.91

Netherlands 1.21

Nigeria 1.16

Papua New Guinea 1.08

Paraguay 1.75

Philippines 1.32
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Table 1. Cont.

Nation Cropland Harvest Frequency a

South Korea 1.03

Rwanda 1.28

Sri Lanka 1.04

Tajikistan 1.09

United Arab Emirates 1.35

Vietnam 1.39
a As reported by Ray and Foley [35].

Available rangeland NPP quantities were based on an ensemble of eight TBMs that
joined the ISIMIP2a experiments, including CARAIB, DLEM, JULES, LPJmL, LPJ-GUESS,
ORICHIDEE, VEGAS, and VISIT [51], as well as the Net Primary Production Product from
MODIS (MOD17). Under the ISIMIP2a protocol, the models were driven by the common
historical forcings, including time-variant CO2 concentrations, climate from Global Soil
Wetness Project 3 (GSWP3), and land use change from the History Database of the Global
Environment (HYDE) [3]. ANPP was estimated as 60% of total NPP [30] from the ensemble
mean of the eight models in rangeland areas. We consider 64% of ANPP as an upper limit
to sustainable annual consumption [52,53], although truly sustainable rates over multiple
years are likely to be much lower.

2.5. Sub-National Allocation of Fodder and Forage Intake

The datasets assembled for this study, described above, allowed us to estimate: (a) na-
tional quantities of annual fodder, (b) national or sub-national rangeland NPP, and (c) na-
tional or sub-national total livestock intake requirements. In our analysis, national fodder
quantities could be allocated to sub-national areas (e.g., states and provinces) freely, while
sub-national estimates of livestock intake requirements and ANPP could not be moved.
This is because (i) ANPP is grazed in the location it grew, and (ii) sub-national livestock
populations already account for movement of livestock among states. Therefore, if a state
has excess unconsumed rangeland ANPP after meeting even 100% of its own livestock in-
take requirement, its rangeland ANPP cannot be used to satisfy intake needs in other states;
mown and transferred ANPP would be counted as harvested fodder which is already part
of our computations. A nation may have large amounts of underutilized rangeland ANPP,
e.g., in remote areas, and also have high localized GIs and unmet intake requirements, e.g.,
in dense urbanized or cropped areas, in a given year. For example, in the U.S., a weaned
calf may start out consuming 100% grazing intake in a western state like New Mexico, and
then may move to Texas to be finished on 100% feed; we consider that our sub-national
livestock populations have already accounted for these moves and do not allow transfer of
grazing intake to other states.

There are two different conditions to meet when allocating grazing among sub-
national states, provinces or other large administrative divisions: neither GP (the percent of
total livestock intake that is provided by grazing) nor GI (the percent of total ANPP that is
consumed by grazing) can exceed 100%. To allocate fodder realistically, different strategies
were tailored for the ten large nations with subnational information as described below:

Argentina, Brazil, Canada, and Chile: Annual grazing levels in each state were
assigned the lesser of (a) 99% GP or (b) a nationally-uniform GI, resulting in GP < 99%.
This results in most states having 99% GP, with GP in a few states where total intake
requirements are large relative to their rangeland ANPP allocated relatively more fodder
to meet requirements.

China: Many western provinces have extensive grasslands and grazing, while many
eastern ones have very little ANPP available for grazing [54]. Therefore, in provinces where
total livestock intake requirements were much lower than available ANPP, grazing was
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assigned at 100% GP. Provinces with grazing intake requirements larger than total ANPP
were assigned grazing up to a nationally-uniform GI that changed annually to meet total
requirements. These GI levels did not exceed 64% of ANPP except in 2007 and 2009 where
this level could not provide sufficient intake.

India: According to Roy and Singh [55], the states Arunachal Pradesh, Gujarat, Hi-
malchal Pradesh, Jammu and Kashmir, Maharashtra, Rajasthan, Sikkim, Uttarakhand, and
West Benghal have more extensive grazing area than the others. In these states, if the total
livestock intake requirement was less than 83% of rangeland ANPP (corresponding to 50%
of total NPP) in a given year, grazing intake was assigned at 99.9% GP. In all other states,
as well as in these high-grazing states if their livestock intake requirement was larger than
83% of their ANPP, grazing was assigned at a nationally-uniform GI. This results in some
states with low GI and others with unsustainable but not impossible (>100%) GI levels.

Kazakhstan: States were assigned grazing as the smaller of: 99% GP or a nationally-
uniform GI 1 to 7%.

United States: Certain western states have larger areas of rangeland per grazing
animal in 2007, as calculated from numbers of total cattle and cattle on feed [37] and
pasture and rangeland extent [56]. These states are Alaska, Arizona, Colorado, Montana,
Nevada, New Mexico, Oregon, Utah, and Wyoming, with ≥7.2 hectares of grazing area
per head. While Texas had the largest rangeland area of all US states, it also had the largest
grazing cattle population, and thus the area of rangeland per animal was similar to the
remaining states where ≤3.8 hectares per head were available. In the states with more
extensive rangeland per grazing animal, if the total livestock intake requirement was less
than 58.3% of ANPP (35% of total NPP), then the state’s grazing was assigned at a rate of
99% GP. In the other states, as well as in these high-grazing states if their livestock intake
requirement was larger than 58.3% of their ANPP, grazing was assigned at the lesser of
99% GP or a nationally-uniform GI was assigned to grazing.

Mexico: According to Bohn et al. [57], the states of Aguascalientes, Chihuahua, Du-
rango, Guanajuato, San Luis Potosi, Sonora, and Zacatecas contain the most extensive
rangelands. In these states, if the total livestock intake requirement was less than 58.3%
of ANPP (35% of total NPP), then the state’s grazing was assigned at a rate of 99% GP. In
the other states, as well as in these high-grazing states if their livestock intake requirement
was larger than 58.3% of their ANPP, grazing was assigned at the lesser of 99% GP or a
nationally-uniform GI was assigned to grazing.

Russian Federation: In this nation, very low or no amounts of grazing were needed in
any year due to very large amounts of available fodder. A uniform small GI was assigned
to all states in grazing in years when GP > 0%.

2.6. Sub-National Allocation of Fodder and Forage Intake

Annual quantities of available C contained in rangeland ANPP and consumed by
grazing livestock were summed to regional levels according to the groupings listed in
Table 2. In cases where impossible (>100% of ANPP) GI would be needed to meet national
livestock requirements, the amount of ANPP consumed was capped at 100% of ANPP and
the amount of intake C missing was recorded as a grazing deficit. This allows for regional
GIs to be calculated accurately.
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Table 2. Regional divisions in different continents used for regional analysis.

Continent/Major Region 1 Sub-Region 1 Nations *

Africa

North Africa Algeria, Egypt, Libya, Morocco, Sudan (former), Tunisia, Western Sahara

East Africa
Burundi, Comoros, Djibouti, Eritrea, Ethiopia, Kenya, Madagascar,

Malawi, Mauritius, Mayotte, Mozambique, Reunion, Rwanda, Seychelles,
Somalia, Uganda, United Republic of Tanzania, Zambia, Zimbabwe

Middle Africa Angola, Cameroon, Central African Republic, Chad, Congo, Democratic
Republic of the Congo, Equatorial Guinea, Gabon, Sao Tome and Principe

Southern Africa Botswana, Lesotho, Namibia, South Africa, Swaziland/Eswatini

West Africa
Benin, Burkina Faso, Cabo Verde, Code D’Ivoire, the Gambia, Ghana,

Guinea, Guinea Bissau, Liberia, Mali, Mauritania, Niger, Nigeria,
Senegal, Sierra Leone, Togo

Asia

West Asia
Armenia, Azerbaijan, Bahrain, Cyprus, Georgia, Iraq, Israel, Jordan,

Kuwait, Lebanon, State of Palestine, Oman, Qatar, Saudi Arabia, Syrian
Arab Republic, Turkey, United Arab Emirates, Yemen

South Asia
India *

Afghanistan, Bangladesh, Bhutan, India, Iran, Maldives, Nepal, Pakistan,
Sri Lanka

South East Asia
Brunei Darussalam, Cambodia, Indonesia, Lao Peoples Democratic

Republic, Malaysia, Myanmar, Philippines, Singapore, Thailand, Timor
Leste, Vietnam

East Asia
China *

Democratic People’s Republic of Korea, Japan, Mongolia, Republic of
Korea

Central Asia
Kazakhstan *

Kyrgyzstan, Tajikistan, Turkmenistan, Uzbekistan

Europe

East Europe
Russian Federation *

Belarus, Bulgaria, Czech Republic, Hungary, Poland, Republic of
Moldova, Romania, Slovakia, Ukraine

North Europe Denmark, Estonia, Faroe Islands, Finland, Iceland, Ireland, Latvia,
Lithuania, Norway, Sweden, United Kingdom

South Europe Albania, Bosnia and Herzegovina, Croatia, Greece, Italy, Malta,
Montenegro, Portugal, Serbia, Slovenia, Spain, Yugoslavia

West Europe Austria, Belgium, France, Germany, Luxembourg, Netherlands,
Switzerland

Oceania Oceania

American Samoa, Australia, Cook Islands, Fiji, French Polynesia, Guam,
Kiribati, Micronesia, Nauru, New Caledonia, New Zealand, Niue, Pacific

Islands Trust, Papua New Guinea, Samoa, Solomon Islands, Tokelau,
Tonga, Tuvalu, Vanuatu

Americas

North America
United States *

Canada *

Central America

Mexico *

Antigua and Barbuda, Bahamas, Barbados, Belize, Bermuda, British
Virgin Islands, Cayman Islands, Costa Rica, Cuba, Dominica, Dominican

Republic, El Salvador, Grenada, Guadeloupe, Guatemala, Haiti,
Honduras, Jamaica, Martinique, Montserrat, Nicaragua, Panama,

Trinidad and Tobago

South America

Argentina *

Brazil *

Chile *

Bolivia, Colombia, Ecuador, French Guiana, Guyana, Paraguay, Peru,
Suriname, Uruguay, Venezuela

1 Based on UN world regions, available at unstats.un.org/unsd/methodology/m49/. * Livestock in nations marked with an asterisk were
distributed at the sub-national level.
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3. Results
3.1. Global GI and GP

Over the 11 study years, the model-based average global grassland ANPP varied from
a minimum of 4.77 to a maximum 5.16 Pg C, global shrubland ANPP varied from 8.23 to
8.69 Pg C, and total rangeland ANPP from 13.0 to 14.0 Pg C (Table 3). Minimum global
ANPP in grassland, shrubland, and total rangeland over the study period all occurred in
2002, while maximum values occurred in different years and did not coincide. Global total
livestock requirement for grazing intake, derived as the grazing gap between estimated
total intake requirements and available fodder after accounting for losses and waste, varied
from 1.54 to 1.82 Pg C and increased every year of the 2000 to 2010 period (Table 3).

Table 3. Annual Global ANPP and Livestock Feed Quantities.

Global Quantities 1: 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Grassland ANPP 2 (Pg C) 5.14 5.01 4.77 4.83 5.07 4.92 5.07 5.05 5.05 5.06 5.16
Shrubland ANPP 2 (Pg C) 8.81 8.64 8.23 8.30 8.42 8.35 8.68 8.63 8.69 8.61 8.65
Total rangeland ANPP 2 (Pg C) 13.96 13.65 13.00 13.12 13.49 13.27 13.75 13.68 13.73 13.67 13.81
Fodder consumed 3 0.86 0.88 0.87 0.90 0.93 0.94 0.94 0.98 1.00 0.98 0.99
Grazing 4 intake required (Pg C) 1.54 1.54 1.59 1.61 1.64 1.68 1.72 1.74 1.75 1.80 1.82
Grazing intake supplied (Pg C) 1.50 1.50 1.54 1.57 1.59 1.63 1.67 1.69 1.69 1.73 1.74
Unmet grazing requirement 5 (Pg C) 0.04 0.04 0.05 0.04 0.05 0.05 0.06 0.05 0.06 0.07 0.08
GI 6 (%) 10.74 10.99 11.87 11.96 11.79 12.27 12.11 12.34 12.31 12.64 12.61
GP 7 (%) 63.59 63.03 63.82 63.64 63.18 63.45 63.88 63.26 62.87 63.71 63.68

1 Gray shaded cells show the minimum value over the 2000–2010 period, and cells printed in bold show the maximum value over the
period. 2 ANPP: aboveground net primary productivity, calculated as 0.6 * average modeled NPP, per Fetzel et al. (2013). 3 Fodder refers to
any feedstuff that is harvested and delivered to animals, whether they are housed or not. Total quantities of fodder, including market feeds,
hay and silage crops, and collected crop residues, minus estimates of losses and waste before consumption (see text). 4 Grazing intake
refers to any plant material consumed where it grew by foraging livestock, whether housed or not. Grazing requirement is derived by
subtracting consumed fodder quantities from total livestock intake requirements. 5 In some areas, more grazing intake is required than is
available, resulting in deficits. Grazing intake supplied is capped at 100% of ANPP in those areas. 6 Grazing Intensity (GI) = the amount
of annual ANPP consumed by grazing, expressed as a percentage. It cannot exceed 100%; any national deficits are recorded. 7 Grazing
Proportion of Intake (GP) = the amount of total annual livestock intake requirement that is supplied by grazing, expressed as a percentage.
It cannot exceed 100%.

In the absence of local limitations in available ANPP, these grazing requirements
would result in global grazing intensities (GI) varying between 11.0% and 13.2% of total
rangeland ANPP. However, because there were state- or national-level deficits between
available ANPP and grazing requirements in each year of the study, actual global average
GI varied from 10.7% to 12.6% of ANPP. Annual global grazing intake deficits due to
insufficient national or state ANPP ranged from 33.6 Tg C in 2000 (2.4% of that year’s total
grazing intake requirement) to 77.8 Tg C in 2010 (4.3% of that year’s total grazing intake
requirement). This pattern suggests the beginning of a divergence between ever-increasing
global grazing intake requirements and variable but non-increasing rangeland ANPP
(Table 3), and warrants further examination over a longer period and a major focus on
future projections. The causes of variable ANPP also warrant careful examination to assess
the impact of major extreme temperature and hydrological extremes such as heatwaves,
droughts, floods and fires on rangelands and their productivity both in the past and future.

3.2. Regional Patterns

In most regions (Table 2), grazing deficits are small or nonexistent (Table 4) and GI
is moderate or low (Figure 1). In regions where grazing deficits occurred, they tended to
occur in many or most years (Table 4). Many of these deficits constitute small proportions
of the total amount of grazing intake required (Table 4), possibly indicating errors in
inventory data or land-cover/use classification. However, some regions and/or large
nations consistently had unsustainable or impossible GI.
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Table 4. Sub-regional grazing intake requirements and deficits during the study period.

Region Subregion or Nation:
Annual Grazing Intake Requirement (Tg C/Year) 1 Annual Grazing Deficits (Tg C/Year) 2

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Africa

East Africa 93.8 95.6 100.9 103.2 105.8 109.5 112.0 127.8 134.7 137.8 141.0 0.27 0.27 0.31 0.28 0.32 0.15 0.19 0.19 0.16 0.33 0.19

Middle Africa 17.8 17.9 17.8 18.2 18.3 18.7 19.1 20.0 19.7 19.8 19.6

North Africa 66.7 67.7 68.7 70.2 72.2 74.6 75.2 77.5 78.9 77.8 80.4 5.13 9.42 5.96 6.88 13.66 9.17 3.34 6.98 13.68 19.85

Southern Africa 20.7 21.1 20.1 20.3 19.8 19.8 19.5 20.1 20.2 20.5 20.6

West Africa 54.2 56.8 57.4 59.8 62.0 62.7 63.8 68.4 68.7 74.7 75.3 0.16 1.72 1.34 1.77 1.82 2.49 3.43 3.61 5.27 6.30

Americas

Argentina 31.3 31.9 35.1 38.0 39.0 37.3 38.2 35.9 36.1 36.9 24.5

Brazil 185.6 190.5 200.3 206.5 215.2 219.7 216.7 208.7 205.8 213.6 215.2

Canada 14.5 15.9 16.5 14.8 17.2 17.6 18.0 15.9 15.7 16.1 16.9

Central America excl. Mexico 25.0 25.6 27.5 27.8 28.3 29.2 29.5 30.0 30.3 30.7 31.4 0.57 0.52 0.51 0.48 0.42 0.42 0.45 0.43 0.44 0.46 0.46

Mexico 36.3 35.0 36.1 34.8 35.1 36.4 35.1 35.3 34.5 37.3 35.9

South America excl. Arg. & Brazil 112.0 112.5 112.0 112.7 113.2 115.7 115.9 115.3 116.9 119.4 118.1 0.15

United States 76.4 76.7 81.3 75.5 69.2 74.1 83.9 83.1 90.6 89.7 114.9

E., S.E., and S. Asia

China 244.9 254.5 264.1 273.9 289.4 303.8 313.4 319.5 325.3 331.4 337.5

East Asia excl. China 15.8 13.9 11.7 12.1 11.9 13.3 15.1 16.6 16.5 18.0 15.4

India 148.2 149.3 166.4 156.1 166.0 167.7 174.0 171.3 173.2 180.9 172.3

South Asia excl. India 86.4 89.1 87.8 88.7 93.9 94.3 101.0 100.5 107.2 108.9 111.8 29.64 31.35 33.87 3.55 31.75 3.33 38.17 35.34 4.36 44.43 44.17

Southeast Asia 51.0 52.7 56.9 57.0 56.2 55.4 56.4 59.6 58.7 62.1 61.7 0.16 0.12 0.53 0.56 0.55 0.59 0.64 0.70 0.76 0.74 0.83

W. and Ctrl. Asia

Central Asia excl. Kazakhstan 13.1 13.6 13.3 14.6 15.7 16.1 17.3 17.5 19.8 20.2 22.0 0.24 0.17 0.35 0.17 3.63 0.84 1.99

Kazakhstan 3.5 1.9 2.2 3.1 4.8 5.1 4.6 3.8 6.3 4.1 8.3

Russian Federation 4.1 0.0 0.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 2.1

West Asia/Arabian Peninsula 33.7 33.6 31.5 32.0 32.9 33.8 35.8 38.8 37.7 36.6 35.2 4.84 3.73 3.40 3.94 6.12 5.83 6.13 7.00 8.31 5.68 4.76

Europe

East Europe excl. Russian
Federation 31.0 25.2 23.8 28.6 19.7 21.6 23.0 22.2 15.6 17.8 15.8

North Europe 38.2 36.2 35.6 35.3 35.4 34.7 34.6 32.9 31.6 30.8 31.4

South Europe 24.3 19.0 19.7 21.7 17.5 18.9 19.8 19.4 18.7 21.7 21.6 0.12 0.25 0.23 0.22 0.23 0.23 0.29 0.18 0.36 0.28 0.33

West Europe 31.6 30.6 29.3 33.7 24.1 26.1 26.8 25.6 22.6 23.7 25.4 1.35 0.42 0.14 0.16 0.29

Oceania

Australia 53.2 52.3 52.4 48.8 50.3 50.3 49.5 47.9 45.2 45.1 42.1

New Zealand 21.0 21.0 21.6 22.0 22.1 22.2 22.5 22.2 21.4 21.8 21.6

Oceania excl. Australia and N.Z. 1.5 1.6 1.6 1.6 1.6 1.6 1.6 1.7 1.7 1.7 1.8 0.17 0.17 0.18 0.29 0.28 0.22 0.23 0.24 0.25 0.26 0.26

1 Calculated as the difference between total estimated intake requirement (Tg C/year) and available fodder (Tg C/year, accounting for losses and waste between harvest and consumption) at the national level. 2

In nations and years where grazing intake requirement exceeds 100% of rangeland ANPP, a grazing deficit of livestock intake requirement carbon minus total fodder carbon minus rangeland ANPP is recorded;
grazing deficits are summed to the regional level.
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Figure 1. Annual grazing intensity (GI, percent of ANPP removed by grazing) by nation or state (for Argentina, Brazil, Canada, Chile, China, India, Kazakhstan, Mexico, Russian
Federation, and United States). Colors|categories represent the following ranges of GI: dark green|very low: 0 > GI ≤ 20%; light green|low: 20 > GI ≤ 40%; tan|moderate: 40 > GI ≤ 60%;
yellow|high: 60 > GI ≤ 80%; orange |very high: 80 > GI ≤ 100%; dark red | impossible: GI ≥ 100% of ANPP.
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3.2.1. Africa

In all but the southern region of Africa, grazing intake requirements increased during
the study period (Table 4). GP was ≥72.9% in all years and sub-regions of the continent
(Figure 2). In East Africa, grazing intensity increased from 7.3% in 2000 and 2001 to 11.4%
in 2009 and 2010 (Figures 1 and 2). Grazing deficits in East Africa were small both in
absolute quantity and as a fraction of total grazing requirement (Table 4), and occurred only
in Djibouti (Figure 1). East Africa also had the highest GPs of the continent, ranging from
91.8% to 92.8%. Southern and Middle Africa exhibited uniformly low GI with no deficits.

Figure 2. (a) Annual grazing intensities (GI, percent of ANPP removed by grazing) and (b) annual
grazing proportion of intake (GP, percent of total livestock feed supplied by grazing, with the
remainder supplied by fodder) in the sub-regions of Africa.

In North Africa, GI exceeded 64% in every year, reflecting unsustainable GI in most or
all years in Libya, Morocco, the former Sudan, and Tunisia; only Algeria and Egypt exhibit
sustainable GI. Large grazing deficits occurred from 2001–2010 in this region, varying from
4% to 25% of the regional grazing intake requirement and due entirely to large deficits in
the former Sudan and small deficits in Libya. Both nations experienced substantial civil
unrest during this period, which may have been a contributing factor. In West Africa, GI
increased from 8.9% in 2000 to 12.9% in 2010 (Figure 2). Regional grazing deficits were ≤3%
of the total grazing requirement in 2000–2005 but increased to 8.4% in 2010, due entirely to
Niger, Mauritania, and Cabo Verde.

3.2.2. The Americas

Grazing intake requirements in Brazil and Central America and the Caribbean (ex-
cluding Mexico) increased over the study period (Table 4), but among the Americas, only
Central America and the Caribbean experienced grazing deficits in most or every year of
the study (Table 4). These were due exclusively to the islands of Antigua and Barbuda, Bar-
bados, Bermuda, Grenada, Dominica, and Trinidad and Tobago. GI was high (38.6–51.2%)
in Haiti in every year of the study. A small grazing deficit (0.01% of total grazing intake
requirement) occurred in South America in 2009, due to three regions of Chile.

The U.S. had the lowest GP values of the Americas through 2009; its GP rose steeply
in 2010 (Figure 3). For the entire study period, the western US, where much of the nation’s
grazing occurs, were experiencing a cold phase PDO and accompanying lower mean
and more interannually variable ANPP [23,33]. Chen and coauthors [33] documented a
jump in ANPP at a site in Colorado in 2009; ANPP at that site in 2010 was lower than in
2009 but still above average for the period. Along with increased demand for bioethanol
and a 46% jump in corn grain prices [58], this may have contributed to the GP rise in
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the US in 2010. In contrast, Argentina had the second lowest GP values in the region,
and its GP fell steeply in 2010. Generalized drought throughout the study period was
associated with decreasing ANPP over 2001 through 2009 [59] and severe drought occurred
in 2008–2010 [60]. However, decreases in cattle herd size, slaughters, production, and total
stocks, along with increased conversion of pasture to soy cropland for feed [61] may have
contributed to the drop in GP documented here.

Figure 3. (a) Annual grazing intensities (GI, percent of ANPP removed by grazing) and (b) annual
grazing proportion of intake (GP, percent of total livestock feed supplied by grazing, with the
remainder supplied by fodder) in the sub-regions of the Americas.

3.2.3. East, South East, and South Asia

Grazing intake requirements increased over the study period for many parts of East,
South East, and South Asia (Table 4). No grazing deficits occurred in China, although its
grazing intake requirement (Table 4) and GI (Figure 4) increased steadily over the study
period, and in 12 states, GI slightly exceeded 64% in 2007 and 2009. China has the highest
GP values in the region (70.8% to 74.2%) with little change over the study period, reflecting
increases in consumption of both grass forage and corn, soy, and alfalfa fodders [62]. Other
nations in East and South East Asia generally had lower GI and GP values than China.
Minor but increasing grazing deficits (0.02–0.13% of total grazing intake requirements)
occurred each year in South East Asia due entirely to Singapore. As a small, wealthy,
urbanized island nation, its deficits are likely due to inventory errors and not to actual
shortages in livestock intake, because grazing cannot be widespread in that environment.

There were no grazing deficits in any years for the states in India, but India’s overall GI
was larger than 64% in four of the 11 study years (Figures 1 and 4). In a majority of India’s
states, GI was larger than 64% in every year (varying between 66.7–89.6%). India was in
drought in 2002–2003 and 2009 [60], and peaks in both GI and GP occur in those years.
The overall GI for the other nations in South Asia were the next largest, accompanied by
increasing grazing intake requirements and increasingly large grazing deficits in each year
of the study. Pakistan and Afghanistan experienced severe drought in 1999–2003; while
populations of sheep, goats, and cattle dipped during this period in Afghanistan, they were
stable or increasing in Pakistan [10], obscuring total patterns in GI and GP for the region.
The deficits in the region ranged from 32.2–40.8% of the total grazing intake requirement
and were due exclusively to Pakistan. Several of the nations in this sub-region (Afghanistan,
Bangladesh, Bhutan, Iran, Sri Lanka, Nepal, and Pakistan) often face geographical (arid,
rugged, high elevation) and sociopolitical (war, political instability, poverty) hardships
which together may explain these findings.



www.manaraa.com

Remote Sens. 2021, 13, 3430 15 of 23

Figure 4. (a) Annual grazing intensities (GI, percent of ANPP removed by grazing) and (b) annual
grazing proportion of intake (GP, percent of total livestock feed supplied by grazing, with the
remainder supplied by fodder) in the sub-regions of East, South East, and South Asia.

3.2.4. Central to West Asia and Europe

Grazing intake requirements increased over the study period for Kazakhstan and the
other nations of Central Asia (Table 4, Figure 5). In seven of the 11 study years, grazing
deficits occurred in Turkmenistan and Uzbekistan, the more arid nations of this sub-region.
Central Asia was in drought in 2008–2010 [60]; along with increasing requirements for
grazing, drought was a likely contributor to the high GI in Central Asia in those years. In
the sub-region of West Asia and the Arabian Peninsula, many of the more arid nations
also experienced high or impossible GI levels with deficits in each year; only Armenia,
Cyprus, Georgia, and Turkey had low GIs (below 30%) in all years. In contrast, the Russian
Federation had little or no grazing requirement during the study years (Table 4) because of
abundant fodder supplies and major decreases in sheep and cattle numbers and grazing
over the last century [63]. The Czech Republic and Hungary also had little or no grazing
intake requirements, and most other Eastern European nations had GIs < 30% in all years.

Figure 5. (a) Annual grazing intensities (GI, percent of ANPP removed by grazing) and (b) annual
grazing proportion of intake (GP, percent of total livestock feed supplied by grazing, with the
remainder supplied by fodder) in West and Central Asia and Europe.
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Unlike most other parts of the world, Eastern, Northern, and Western Europe demon-
strated consistent decreasing trends in annual grazing intake requirements over the study
period (Table 4), along with moderate decreases in GP in these regions (Figure 5). The
overall populations of dairy and other cattle have decreased slightly in these sub-regions
over the study period [10], and decreased grazing in the E.U. has been documented for
dairy cows [64]. The drought and heatwave that occurred over Europe in the summer of
2003 is likely to be the cause of the higher GI seen in South, East, and West Europe in that
year. In Northern Europe, no grazing deficits were detected; however, GIs were higher
in Denmark, Ireland, and the [60] United Kingdom (15.5–55.6%) than in the other nations
in Northern Europe (<13.5% in all years). Nations in Southern Europe generally had low
GIs in most years, but deficits occurred each year due exclusively to the island nation of
Malta (Table 4). In Western Europe, deficits occurred in five of the eleven study years,
due exclusively to the Netherlands. The Netherlands also had unsustainable GIs > 64% in
several of the study years, as did Belgium (Figure 1).

3.2.5. Oceania

New Zealand’s GI, varying from 39.8% to 44.6%, was much higher than GIs in Aus-
tralia and the smaller island nations of Oceania (Figures 1 and 6). GPs were high throughout
the region. Grazing deficits ranging from 11.0 to 15.3% of total grazing requirements oc-
curred in the island nations of Kiribati, Micronesia, Samoa, Tokelau, Tonga, Tuvalu, and
Vanuatu in each year of the study. These are likely to be errors instead of true shortages,
due to the small areas, partly forested cover, and small overall quantities of livestock intake
needed. Australia was in severe drought starting in 2001 or earlier [65] and extending
through 2010 [60]; this is a likely contributor to the high GI in Australia.

Figure 6. (a) Annual grazing intensities (GI, percent of ANPP removed by grazing) and (b) annual
grazing proportion of intake (GP, percent of total livestock feed supplied by grazing, with the
remainder supplied by fodder) in Oceania.

4. Discussion
4.1. Global GI

Our estimate of global GI, which was 10.7% in 2000, is intermediate between pre-
viously reported values of 4% [53] and 15% [30], for the year 2000. The 4% GI esti-
mated by Petz et al. [53] includes only unmanaged grasslands, while the 15% value from
Fetzel et al. [30] results from multiple approaches that do not consider multi-cropping in-
tensity or annual changes in harvested cropland area. Whether resulting from agricultural
contraction, agricultural intensification, temporary fallow, or multi-year cropland rotation,
temporary managed pastures are likely to be the most productive of grazing lands, by
nature of being on land that can support crops and receives fertilizer, other inputs, and
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tillage. By considering multi-cropping intensity, reconciling reported crop areas each year,
and reclassifying excess MODIS cropland area as grassland, we attempt to capture this
available source of forage in our analysis. Given the different details, strengths, and limita-
tions associated with each approach, together these studies paint a more complete picture
of global GI, but more research in this area is warranted given the increasing population of
livestock to meet the growing demand for food.

When assessed for a limited grazing area of known extent, GI is often much higher
than when assessed at the global, national, or state level, because in the former only the
ANPP that has grazing livestock is considered, as opposed to the latter where all grass-
and shrubland within the boundary of interest is included. In between these two extremes
are analyses that rely on established livestock distribution maps to constrain rangeland.
Fetzel et al. [31] found that for the year 2000, GI was less than 15% on 79% of global
grassland area (considered at a 0.5◦ grid cell scale, and following the Gridded Livestock of
the World distribution [66]), and they suggest that there is potential for additional grazing
of dead or stored biomass on 39% of global grasslands. Irisarri et al. [32], however, found
that the GI values obtained in [31] are too low, in comparison with global GI values as
well as GIs quantified for specific, well-known grazing areas calculated with different
methods. Irisarri et al. [32] suggest several reasons for this underestimation, including
(i) modeling NPP using only ORCHIDEE and JULES, because the former overestimates
NPP in low-productivity conditions, and the latter overestimates NPP in the tropics;
(ii) overestimation of ANPP as 60% of total NPP, because they consider 43% to be more
accurate for grasslands and shrublands based on a global dataset of observations [67]; and
(iii) errors in livestock numbers and/or rangeland area. In this study, we find a global GI
even lower than 15%. Nevertheless, we feel that our estimates are valid, considering that
they represent consumption of ANPP from all global grasslands and shrublands, including
temporary pastures on non-harvested cropland areas. Our use of the mean values from
the eight ISIMIP2a models and the MOD17 product helps avoid overestimation of NPP
by any single model. Because we do not impose any limits on livestock distribution and
consider all grassland and shrubland within national or state boundaries, after reconciling
annual harvested cropland area, errors in both rangeland area and livestock numbers
and distributions should be minimum. We also considered 60% of estimated NPP to be
aboveground, because we wanted to conservatively estimate where grazing deficits were
truly occurring. If we instead consider ANPP to be 43% of NPP, then our calculations of
national and state level GIs needed to meet grazing requirements would increase by a
factor of 1.395 (i.e., 60% ÷ 43%). However, because GI was capped at 100% and deficits
recorded, regional and global summary GI must be calculated by summing production and
actual grazed ANPP of the nations and states within them and then calculating percentage.
Minimum and maximum values of GI over the 11-year period, calculated using both 43%
and 60% of total NPP, can be compared using data presented in Table 5.



www.manaraa.com

Remote Sens. 2021, 13, 3430 18 of 23

Table 5. Range in annual grazing intensity (GI) 1 for global, regional, or large-nation areas over the 2000–2010 period.

Area: GI 1 Based on ANPP = 43% of NPP 2 GI Based on ANPP = 60% of NPP 3

Globe 15.4–18.4% 11–13.2%
Middle Africa 2.3–2.5% 1.7–1.8%
North Africa 106.5–129.6% 76.4–92.9%
Southern Africa 6.6–12.2% 4.8–8.7%
East Africa 10.2–16% 7.3–11.5%
West Africa 12.4–18.1% 8.9–12.9%
West Asia and Arabian Peninsula 36–50.6% 25.8–36.3%
China 35.3–46.7% 25.3–33.4%
East Asia excl. China 16.4–25.5% 11.8–18.3%
South East Asia 12.9–17.7% 9.2–12.7%
India 78.2–101.3% 56.1–72.6%
South Asia excl. India 99.1–121.9% 71.1–87.4%
East Europe excl. Russian Fed. 15.7–32% 11.2–23%
North Europe 18.6–24.3% 13.3–17.4%
West Europe 21.4–34.2% 15.3–24.5%
South Europe 12.1–19.4% 8.7–13.9%
Russian Federation 0–0.4% 0–0.3%
Kazakhstan 1.8–9.1% 1.3–6.5%
Central Asia excl. Kazakhstan 48.9–99.9% 35–71.6%
U.S. 8.7–14.8% 6.3–10.6%
Canada 2.9–3.7% 2–2.6%
Mexico 15.8–19.9% 11.3–14.3%
Central America excl. Mexico 20.2–24.4% 14.5–17.5%
Argentina 9.3–16.3% 6.7–11.6%
Brazil 15.8–21.2% 11.3–15.2%
South America excl. Argent., Brazil 17.7–19.5% 12.7–14%
Australia 6.3–12.2% 4.5–8.7%
New Zealand 55.5–62.2% 39.8–44.6%
Oceania excl. Australia, N.Z. 6.1–7.2% 4.4–5.2%

1 Grazing intensity (GI) = the amount of annual ANPP consumed by grazing, expressed as a percentage. It cannot exceed 100%; any
national deficits are recorded. 2 GI calculated based on ANPP estimated as 43% of total estimated NPP. 3 GI calculated based on ANPP
estimated as 60% of total estimated NPP.

Despite appearing low, the global GIs documented here and in the cited studies all
include significant grazing deficits. The temporal increases in these deficits that we have
documented suggest that global grazing is potentially approaching its limits.

Support for this idea can be found in results from a recently developed model of
rangeland grazing under different scenarios of future climate conditions [68]; this model’s
baseline scenario estimates that only ca. 39% of total global rangeland NPP is herbaceous
and thus readily available for grazing (as opposed to shrub or tree NPP). If we multiply
our total rangeland ANPP quantities by this fraction, the global GI we found for 2010,
which was 12% of total rangeland ANPP, becomes a GI of 32% of total global herbaceous
ANPP. Some of this herbaceous ANPP will be on inaccessible terrain, some less palatable,
and some must be left ungrazed so that plants can regenerate. For mesic rangelands, GIs
between 40 and 50% of total herbaceous ANPP are suggested for sustainability, while in
more prevalent semiarid rangelands [69], maximum GIs between 25 and 35% are recom-
mended [70]. By nature, mesic rangelands are more likely to be converted to croplands,
leaving the remaining semi-arid to arid rangelands that are already approaching the upper
GI limit recommended for sustainability.

Indeed, evidence of this limitation is already well documented. For example, we found
Australia’s national GI to vary between 4.5% and 8.7% over the study period. However,
in Queensland, Australia, 17% of annual potential NPP of semi-arid rangeland is missing
due to anthropogenic land degradation, with livestock grazing the most likely cause [71].
Similarly, in this study, the U.S. has an overall relatively low GI of 6.3% to 10.6%, but
increasing frequency of deficit years due to climate variability may make it too risky
to expand beef cattle production on rangeland [72]. Recent detailed examination of the
combined effects of the PDO and ENSO on ANPP and herbivores in Colorado, USA [23],
suggest, however, that the greater production and reduced variability in ANPP occur
typically during warm PDO phases could be exploited with “herbivore densities above
recommended levels”.
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4.2. High or Impossible Regional GIs and Grazing Deficits

We found impossible (>100% of ANPP) GIs in multiple years in island and arid nations,
including: Malta, Djibouti and several Sahel nations in Eastern, Northern, and Western
Africa, Singapore, several island nations in the Caribbean and in Oceania, and several
of the arid nations in West Asia and the Arabian Peninsula. These were mostly small
deficits relative to the overall intake requirements of those nations, and can be explained
by errors associated with small areas with convoluted borders such as islands, and our
exclusion of grazing of ANPP on lands classified as barren or forested. However, we did
find large deficits in the Netherlands and Pakistan. Among the similar studies cited above,
Petz et al. [53] did not assess deficits in their analysis (GI was capped at 100%) and included
only unmanaged rangeland, but found very high GI in the Sahel, Pakistan, W. India,
Middle East, North Africa, and parts of Brazil. Fetzel et al. [30] found high GI in parts of
South Asia, SE Asia, and W Europe, parts of Midwest US, the Sahel, West Asia, the Middle
East, and North Africa, and deficits in India, Pakistan, and Western Europe. Chang et al.
(2016), using an updated version of the ORCHIDEE model and constraining many more
parameters than we do here (e.g., wild herbivores, pasture area and management, and
grassland area), found at least small deficits in every global region, including 2% in the
Russian Federation, 2% in West Europe, 8% in North America, 39% in North Africa and the
Arabian Peninsula, 48% in South Asia, 14% in Sub-Saharan Africa, 9% in East and South
East Asia, and a 16% deficit at the global level.

In contrast to those studies, we found more modest but increasing global deficits of
2.4–4.3% of total grazing intake requirements, and no deficits (but high GI) in India, no
deficits in Brazil, China, or the rest of East Asia. Over the 11 study years we found smaller
deficits of 10.8–22.0% of total grazing intake requirement in the Arabian Peninsula and
West Asia, 0–24.7% in North Africa, and the largest proportional deficits in South Asia
excluding India, of 32.2–40.8%. There are many likely reasons for these differences. The
other studies all base their livestock distributions on Gridded Livestock of the World [66],
in which livestock are distributed to all lands that are suitable for them. In contrast, our
method starts with MODIS land cover, adjusts cropland extent annually to match our
estimations of harvested area after accounting for multi-cropping, and then considers the
remaining grass- and shrubland as potential grazing area for livestock. This is both a
strength and a weakness of the study, yielding GI as a percent of total rangeland ANPP but
consider little fine-scale spatial information beyond the total harmonized rangeland areas
in each area and year.

Some areas have large amounts of on-farm harvesting or grazing of hay, silage,
residues, and/or grasses, that are not captured by national agricultural surveys and then
reported to or estimated by FAO. In such areas, estimates of fodder will be too low, and
grazing requirements (whether on managed pasture or on unmanaged grazing lands) will
be too high. Because forage and fodder are summed to obtain total intake, errors like
this have a doubled effect on our findings. The Netherlands, with the highest density of
livestock in the E.U. [73] is unlikely to have surplus grazable ANPP present to buffer errors
or missed sources of fodder, making deficits more likely to show up year after year.

Another possible source of error comes from crop residues collected for feed. Her-
rero [28] states that residues are particularly important in South Asia, making up as much
as 50% of livestock intake. This region is notable for overall large livestock populations,
large grazing deficits in Pakistan, and high GIs throughout the region. Our estimates
of residue production are based on a single global value of harvest index (the ratio of
harvested biomass to total crop plant aboveground biomass) for each crop [4]. Along with
harvest index, regional estimates of how much residue can be collected form our estimates
of residue feed quantities in each nation. Improved crops such as recent hybrids tend to
have much higher harvest index than unimproved, older varieties/landraces. What this
implies is that in areas where older varieties are extensively grown, we underestimate
residue production per reported unit of grain harvest. For example, if farmers in South
Asia grow older, taller grain varieties in a large proportion of fields, they will have more
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residues available for feed than we would estimate, and this may help explain the high GI
and grazing deficits over multiple years in such areas. Animals with inadequate intake may
be underweight and survive, but we posit that this situation cannot be maintained year
after year. A more rigorous assessment of these potential sources of errors is warranted.

In general, studies of livestock intake will have some errors resulting from different
definitions or delineations between feed sources, but by comparing among their findings
and methods, some of these errors can be better understood. For example, some studies
distinguish livestock intake between grass from any source (grazing, hay crops, grain
residues, managed pasture) vs. grain crops, possibly even attempting to distinguish C3
from C4 sources of intake; other distinguish multiple sources: grass, grain, ‘occasional
feeds’, and residues (e.g., Herrero et al. [28]). In this study, we make the distinction
only between intake the animal collects itself (grazing, forage) vs. intake that humans
collect and deliver to animals whether housed, fenced, or free-ranging (fodder). This
distinction is powerful, because the FAO provides estimates of market feeds (requiring
some correcting) and proportions of residue collected for feed have been estimated at the
regional level [19]. While some error is introduced by necessity when allocating these
quantities at the subnational level, we believe that this information is uniquely helpful for
understanding the livestock sector at the global level. Quantities and sources of fodder have
changed greatly in recent years, e.g., byproducts from bioenergy crops such as distiller’s
grains in the US [27] and soybean cropping in Argentina [74] have both increased drastically,
and both constitute large new sources of crop-based livestock fodder. Basing recent studies
on static year-2000 estimates misses these large new sources of fodder.

5. Conclusions

The patterns of global, regional and national livestock feed intake reported in this
study suggest that global rangeland has limited potential to support further expansion of
the global livestock sector, which today comprises more than three times the biomass of
mammals that Earth supported 100,000 years ago. To sustain the productivity and health of
managed and unmanaged grazing lands, grazing resources must be managed deliberately
and cautiously. Beyond livestock feed, the global grassland/rangeland are also a major
component of carbon cycle and any imbalance in this component will have significant
impact on this cycle.
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