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Abstract. We present C-LLAMA 1.0 (Country-level Land
Availability Model for Agriculture), a statistical-empirical
model of the global food and agriculture system. C-LLAMA
uses simplistic and highly traceable methods to provide an
open and transparent approach to modelling the sensitivity
of future agricultural land use to drivers such as diet, crop
yields, and food-system efficiency. C-LLAMA uses publicly
available FAOSTAT food supply, food production, and crop
yield data to make linear projections of diet, food-system,
and agricultural efficiencies, as well as land use at a national
level, aiming to capture aspects of food systems in both de-
veloping and developed nations. In this paper we describe
the structure and processes within the model, outline an an-
chor scenario, and perform sensitivity analyses of key com-
ponents. The model land use output behaves as anticipated
during sensitivity tests and under a scenario with a prescribed
reduction in animal product consumption, in which land use
for agriculture is reduced by 1.8 Gha in 2050 when compared
with the anchor scenario.

1 Introduction

Land use plays a critical role in achieving Paris Agree-
ment temperature goals. Favoured climate change mitiga-
tion strategies such as biomass energy with carbon cap-
ture and storage (BECCS) and afforestation rely heavily on
widespread land use change to achieve the necessary scales
to be effective (Gough et al., 2018; Roe et al., 2019; Rogeli
et al., 2022; Vaughan et al., 2018). However, a range of in-
terlinked factors may jeopardise the sustainable deployment
of these mitigation strategies; these include carbon leakage,
ecosystem services and biodiversity, and the need for land

to support human livelihood and food supply (Arneth et al.,
2022). With growing global populations and wealth there are
also increasing demands for food quantity and diversity, plac-
ing additional pressure on the agricultural system and corre-
sponding land use to meet the demand (Allen et al., 2022;
Alexander et al., 2016).

Integrated assessment models (IAMs) make comprehen-
sive projections of future scenarios by coupling economics
and land use with simple carbon cycle and climate mod-
els. These models are driven by macro-economics using a
combination of dynamic and static input factors to project
future scenarios and are the basis of the Paris Agreement
warming targets (UNFCCC, 2015). Most IAMs deal with
land use, although there are some exceptions. IAMs are well
suited to holistic modelling of future scenarios, especially
with the objective of informing policy. They are able to draw
together a wide variety of physical, social, and economic
processes to produce informed estimates of future scenarios;
their mechanisms are well documented and many are open-
source (Havlik et al., 2014; Popp et al., 2014; Calvin et al.,
2013; Fujimori et al., 2012; Van Vuuren et al., 2011). How-
ever, from their complexity arises an element of nebulous-
ness, they are not able to undertake more detailed analysis of
more specific aspects independent of the whole. Despite the
broad applicability of IAMs, there remains a need for models
of reduced complexity: they are able to undertake more spe-
cific analyses of components that more complex models like
IAMs are unable to represent individually. There are signifi-
cant strengths and weakness to both approaches, and they are
best used in conjunction with one another, somewhat analo-
gous to reduced-complexity climate models and their general
circulation counterparts (Nicholls et al., 2020; Sarofim et al.,
2021)
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FALAFEL (Flux Assessment of Linked Agricultural Food
production, Energy potentials and Land-use change) is a
global-level model using linear projections of global food
supply, agricultural efficiencies, and yields to produce trajec-
tories for land use, carbon capture, and energy to 2050 (Pow-
ell, 2015; Powell and Lenton, 2012). C-LLAMA (Country-
Level Land Availability Model for Agriculture) is the succes-
sor to FALAFEL; it is based on the same principles and pro-
cesses as FALAFEL but disaggregated to the country level.
It produces a land use trajectory to 2050 for each food com-
modity and commodity group within a country. Where a
global model cannot represent the differences between the
food systems in a highly developed country and a develop-
ing one, C-LLAMA is able to. This is the primary advantage
of moving to a country-level model: it allows for the explo-
ration of the drivers of land availability across a variety of
food systems. C-LLAMA is built in Python (Van Rossum
and Drake, 1995), unlike FALAFEL, which is built in Mi-
crosoft Excel. The purpose of the model is to be transparent
and easily traceable; as such the model code is open-source
and uses only publicly available data as its inputs.

C-LLAMA is situated at the opposite end of the modelling
spectrum to IAMs by taking a bottom-up approach to mod-
elling future land availability beginning with food supply,
then projecting food demand and production forward. In a
similar approach to that of FALAFEL, Bijl et al. (2017) con-
sider the relationships between income and dietary patterns
to model long-term food demand but halt at the crop demand
stage. C-LLAMA has no economic considerations but mod-
els the full range of the food system from the consumer to the
production of crops and animal products. While FALAFEL
and Bijl et al. model the food system at a global and regional
level, C-LLAMA operates at a national level.

2 Model overview

C-LLAMA is a statistical-empirical model that uses data
from the FAOSTAT database as its primary input (FAOSTAT,
2022). These datasets contain food supply and production
data, with the food balance sheets used containing data from
1961 to 2013 and all other datasets (such as land use and pro-
duction) running from 1961 to 2017 (FAOSTAT, 2021b). All
data are at a country level. C-LLAMA models the same time
span as FALAFEL: from 2017 to 2050. Many of the pro-
cesses in the model are the same as those in the FALAFEL
but operate at a country level as opposed to being globally
aggregated. An overview of the structure of C-LLAMA is
given in Fig. 1. A list of all modules responsible for model
processes in C-LLAMA, grouped into model sections, can be
found in Appendix A.

The model operates across five continents: Africa, the
Americas, Asia, Europe, and Oceania. C-LLAMA then splits
these into further subcontinental regions (for example, the
Americas are split into N America, S America, Central
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America, and the Caribbean), most of which contain several
countries or states. The model is structured into the follow-
ing four spatial aggregations: global, continent, region, and
country, aligning with the United Nations Statistics Division
(UNSD). The structuring of the model into these spatial ag-
gregations allows modifications to be targeted at specific lev-
els. All model processes operate at the country level, with the
exception of total global level food demand and global pro-
duction demand, which are globally aggregated. Food pro-
duction is then allocated at the country level.

Global food production and demand are dominated by a
small handful of countries. For example, Brazil, the USA,
and Argentina together accounted for 52 % of production by
mass of crops used for food in 2017. Of the 162 countries
in the FAOSTAT data (that produced food in 2017), the 100
most food-productive countries account for 99.7 % of the to-
tal production mass. The remaining 62 countries account for
only 0.3 % of the total food production. Countries whose
food production mass in 2017 equates to less than 0.01 %
of the 2017 global total and whose agricultural land area is
less than 34 000 ha are excluded from the model processes.
Figures illustrating this can be found in Appendix A. This
is done in C-LLAMA for two reasons. The first is to re-
duce unnecessary model runtime and development complex-
ity. The second reason is that many of these countries have
reduced data quality and availability due to their size. Often
the data are discontinuous, most commonly due to changes
in reporting or assessment. This can lead to unrealistic be-
haviour when making projections of the data as C-LLAMA
does.

There are a small number of countries not included in the
model processes because no food balance data for them are
available from the FAOSTAT database. The reason for this in
most cases is a recent history of political instability or con-
flict, which suggests that motivating land-based climate mit-
igation action in these regions may be difficult (World Bank,
2020). Notable for their large land areas, Libya, Sudan, So-
malia, and the Democratic Republic of the Congo in Africa
(DRC), as well as Papua New Guinea in Oceania are not in-
cluded in the dataset, with a total land area of 500 Mha. De-
spite their large land areas, Libya, the DRC, and Papua New
Guinea have a small amount of agricultural land for their size
at less than 10 % and as low as 2 % in the case of Papua New
Guinea. Sudan has 40 % agricultural land coverage and So-
malia has 70 %.

3 Model components

Population. C-LLLAMA uses population trajectories from the
Shared Socio-economic Pathways (SSP) database, which are
available at 5-year intervals for each country. SSP2 is a
middle-of-the-road scenario with corresponding population
projection based on medium values for fertility, mortality,
education, and migration (KC and Lutz, 2017). The SSP2
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Figure 1. Overview of C-LLAMA model structure and flow, with relevant section numbers within the paper indicated in parentheses. Boxes
with a dotted border are external datasets, while a solid border represents values calculated in C-LLAMA. Thick arrows represent a flow of
mass or energy, and thin arrows represent the contributing trajectories or factors. Boxes outlined in green are core processes. Boxes shaded
in green are globally summed quantities. National crop land use and livestock land use are shaded and outlined in green to highlight them as
the primary output of the model. Not all model processes and connections are depicted; this diagram gives a general overview of C-LLAMA.

population projection is used as a default, but any population
projection data can be applied. The population data are inter-
polated linearly to produce a yearly population trajectory to
2050.

3.1 Food supply

We define food supply for a given country to be the mean
number of kilocalories available per capita per day in a given
year. This includes any post-production food waste; some
food reaches consumers but is never eaten, either commer-
cially or as domestic waste. The proportion of food wasted
in this way is as high as 30 % in most developed countries
(Alexander et al., 2017).

FAOSTAT food balance sheets contain food supply data
disaggregated into different food commodities (FAOSTAT,
2021b). C-LLAMA uses these data to produce a projected
food demand for each country. First, a regression line is cal-
culated for the total food supply for a given country in the
period 1961 to 2013, which is then used to calculate a pro-
jected food supply value for the year 2050. A linear projec-
tion is made for each country from its current total food sup-
ply to the projected 2050 total food supply using the follow-
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ing equation:

n—no
—(Ftarget — Fp),
Ntarget — 1

F(n)=F+ 9]
where F), is the total food supply in year n, Fiarget is the pro-
jected 2050 total food supply per capita, and Fy is the mean
of the most recent 5 years of historical food supply data. ng
and 7garge; are the start and end years of the projection: 2013
and 2050.

Secondly, a linear regression is used to make a projection
for the calorie supply from each of the food groups animal
products, vegetal products, and aquatic products. Regression
lines with a p value greater than 0.05 are discounted (this
threshold value can be changed), instead fixing the projection
at the mean value of the most recent 5 years of data. These
projections are then converted into fractions. The proportion
of food supply (P) made up by group i in year n is given by

ain+b;
> geclagn+bg)’

where a and b are the gradient and intercept of the regres-
sion line for that group, and G is the set of groups: animal,
vegetal, and aquatic products.

Third, another linear regression is used to project the rel-
ative proportions of individual food commodities within the

P;(n) = 2
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three food groups. Key food commodities are represented in-
dividually: for example, wheat, maize, and rice in the vegetal
product group and bovine meat and poultry meat in the an-
imal product group. Other commodities are represented in
groups; for example, “cereals — other” contains all cereals
that are not singled out as key commodities, while the “luxu-
ries” group contains all tea and coffee. Aquatic products are
not the focus of the model as they have minimal to no land
requirements during their production; thus, they are placed
in a single group. Hence, in C-LLAMA, aquatic products
simply offset some of the calorific demand from the other
food groups. Where possible, C-LLAMA uses vegetal prod-
uct groups defined in FAOSTAT data. A full list of food com-
modities and groupings can be found in Appendix B. The
commodities within a group are then converted into ratios,
so the proportional calorific contribution of commodity j to
its umbrella food group i in year n is

ajn—i-bj
ZCEC (Clcl’l + bC) '

where a and b are the gradient and intercept, respectively,
of the regression line for that commodity, and C is the set
of commodities within the group; for example, if j is wheat
then C would be all vegetal products. The structure of the
projected food supply is then as follows: the total calorie
projection is apportioned to each of the food groups by their
projected ratios, which are in turn apportioned to the pro-
jected commodity ratios. Hence, by combining Egs. (1)—(3),
the number of calories contributed to the mean daily food
supply per capita by commodity j (of group i) is

Pj(n) = 3)

Ej(n) = F(n)- Pi(n)- Pj(n), “

where all symbols have their previously defined meanings.
This approach facilitates the tuning of dietary scenarios by
modifying the growth rate of the animal product group or
dairy commodities to simulate increases in vegetarianism or
veganism.

3.2 Food-system efficiency
3.2.1 Food-system efficiency parameter

There is significant variation in food-system efficiency, both
at different stages and between developed and developing
food systems. To reflect this in C-LLAMA, a parameter was
developed to assign areas an appropriate degree of efficiency
at each stage of the food system and in the model processes.
The requirements of the system are the following.

1. Allow the food-system efficiency of states to improve as
the model progresses.

2. Limit improvement to a realistic maximum.

3. Be representative of most real-world cases. Outliers are
inevitable, but significant contributors of food demand
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or food production to the global food system should be
captured well.

A highly developed nation in which the majority of farm-
ing practices are heavily industrialised with high levels of
efficiency should have a score greater than 1.0, whilst a less
developed country in which the majority of people are fed
through subsistence farming should score lower than 0.5. A
metric such as GDP per capita is not suitable because a state
with extreme income equality could score highly when in ac-
tuality the majority of inhabitants rely on subsistence agri-
culture. Other metrics such as irrigation, fertiliser use, and
agricultural machinery density were all considered. How-
ever, each of these metrics can be skewed by climate, crop
types, and traditional practices. As such these are also not
always reflective of the relative agricultural efficiency of an
area.

A parameter was developed based on the yearly mean of
daily food energy consumption per capita. This is a self-
moderating quantity: unlike GDP there is a maximum realis-
tic value that this can take regardless of economic disparity,
so the mean cannot be skewed by extreme cases. The equa-
tion for the food-system efficiency parameter X for a country
a in year n is

Fun 0.5

Xgp=—20 =
“"7 Farget-0.7 0.7

®)

where F is the country’s total food supply in year n. Fiarget
is an idealised food supply, defined as 2500 kcal per capita
day with an additional 30 % lost to post-production food
waste (see Table 1). This is representative of the food sup-
ply in the majority of highly developed regions (N. America,
Europe, and Australia and New Zealand) (Kearney, 2010;
United Nations Environment Programme, 2021). Using the
ratio of food supply to an idealised food supply generates
values in the approximate range 0.5 to 1.2 for the year 2013.
The values 0.5 and 0.7 scale the metric to produce values for
X, in the range 0.0 and 1.0.

This parameter is then projected forward with a simple
linear projection to 2050 for use in the model processes. In
the very few cases in which the projection prescribes a de-
cline in food-system efficiency, the parameter is halted at the
most recent historic value. In the majority of cases this pa-
rameter reasonably depicts the position of a country along a
scale between complete subsistence agriculture and an indus-
trialised nation with developed infrastructure. However, due
to the complexity of the real-world food system, there are a
small number of expected outliers, notably Japan and the Re-
public of South Korea, both of which score in the range 0.4
to 0.6, which is much lower than expected given their level
of industrialisation. This can be explained by a combination
of two factors: a slightly lower post-production food waste
of around 15 % (Liu et al., 2016) and a typically lower daily
calorific intake than other similarly industrialised nations as
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a result of cultural and dietary trends (Tsugane and Sawada,
2014).

The parameter is used in the model processes to inform
processes relating to agricultural efficiency, including food
energy losses at three stages: processing, distribution, and
post-production. The ratios of livestock feed energy obtained
from forage and non-forage are also derived using this pa-
rameter, along with the portion of food waste that is used as
livestock feed. Minimum and maximum values are chosen
for each, representing either the totally subsistence or total
industrialised case, and the metric is used to scale the value
for a country between the two. The equation for a factor u is

Ha (1) = fsup + X (1) (ind — Msub), (6)

where X is the value of the food-system efficiency param-
eter for the country a in given year n, and pgp and wing
are the subsistence or industrialisation boundaries of the fac-
tor, respectively. The upper and lower boundaries for each
of these parameters can be modified as a means of scenario
adjustment. The behaviour of the boundaries as the model
progresses can also be modified; they can be fixed at the ini-
tial values or an overall efficiency increase can be prescribed,
in which case the limits will also change over time.

3.2.2 Inefficiency in the food system

In C-LLAMA, losses in the food system are grouped in four
ways: losses at the harvest stage, losses in the processing
stage, distribution losses, and post-production losses.

Losses at the harvest stage occur before any processing
or distribution and are either non-recoverable or recoverable.
Causes of non-recoverable losses include insect and animal
pests, weeds, and disease. Developing regions see greater
losses during production than developed regions due to the
availability of disease and pest prevention measures (Oerke
and Dehne, 2004; Savary et al., 2012). Losses due to these
factors are accounted for in crop yield data, so no loss factor
is applied at this stage.

The methodology for handling recoverable harvest losses,
“harvest residues”, is more complicated since these are crop-
dependent. Not all harvested material is edible for humans:
for example, the husks and casings or “chaff” produced when
harvesting grains. The formalisation of this concept is the
harvest index, defined as the ratio of the mass of useful prod-
uct to the mass of aboveground biomass (Singh and Stoskopf,
1971). Despite being an inefficiency in the food system,
many waste products produced at the harvest stage can be
used for other purposes to reduce this inefficiency. Chaff, for
example, while inedible to humans, is suitable feed for most
livestock. Harvest residue indices and harvest residue recov-
ery rates are used to inform a ratio of produced residue to
recovered residue (Krausmann et al., 2008; Wirsenius et al.,
2010). Tables of harvest residue indices and recovery rates
can be found in Appendix B.
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Table 1. Boundary values for factors informed by the food-system
efficiency parameter.

Loss factor Industrialised  Subsistence

(1.0) (0.0)
Processing 6 % 10 %
Distribution 5% 50 %
Post-production 30 % 5%
Post-production waste to feed 5% 40 %
Other waste to feed 40 % 15%

Processing losses occur as the raw crops are processed to
a form suitable for their intended purposes: for example, the
removal of kernels from olives. Some of these losses are po-
tentially recoverable for use as animal feed, bioenergy feed-
stock, or in other industries (Van Dyk et al., 2013). Fodder
crops generally incur less loss than crops destined for human
consumption at the processing stage as they require little to
no processing (Gustavsson and Cederberg, 2011; Kitinoja,
2013).

Distribution losses are incurred through transportation or
storage. This stage is a major contributor to food-system inef-
ficiency in developing countries; due to poor road infrastruc-
ture, pests, and lack of suitable refrigeration or other storage,
losses at this stage can be as high as 50 % and as low as 5 %
in developing and developed areas, respectively (Lipinski et
al., 2013; Parfitt et al., 2010).

Post-production food waste refers to food lost at the
consumer level, including food thrown away after pur-
chase in the home, or in commercial environments such as
restaurants. Unlike most other food-system loss factors, the
heaviest post-production losses are seen in the developed
world (Parfitt et al., 2010; Stancu et al., 2016). Since post-
production waste is inherently included in food supply data,
the post-production factor shown in Table 1 is used only
to estimate the amount of post-production waste potentially
available for use as livestock feed.

3.3 Food production
3.3.1 Production

Following the application of the loss factors determined in
the food-system efficiency section to the food supply projec-
tions described in Sect. 3.1, each country is left with a food
energy requirement for each food commodity, r, calculated
using the following equation:

Ej,a (n)
nleL(l - Ml,a(”)) ’

where r is the energy demand from a country a for com-
modity j, p is a loss factor, and L is the set of process-
ing and distribution losses. E is the calorific contribution to
the country’s food supply from commodity j, described in

)

rj,a(n) =
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Sect. 3.1. The food energy lost due to efficiency loss factors
is retained for potential re-use as livestock feed. Food de-
mand is then summed globally for each key commodity or
commodity group is, so the global production requirement R
for the commodity j is

Ri(m)=Y_ _ rjamn), ®)

where r is the food energy demand for commodity j from a
country a, and A is the set of all countries.

C-LLAMA does not have a formal representation of trade;
instead, trade is implicit in the allocation of food produc-
tion. Global proportions of production for each crop com-
modity are calculated using the most recent 5 years of pro-
duction data, then allocated accordingly. For example, the
USA was responsible for 42 % of global wheat production
between 2012 and 2017; thus, 42 % of all wheat production
in C-LLAMA is allocated to the USA. To account for the
significant industrial use of primary crops in Brazil and the
USA, the historical production value is reduced by a factor to
provide an estimate for only food use of those crops. These
factors are 0.34 and 0.289 for sugarcane in Brazil and corn
in the USA (Bordonal et al., 2018; De Miranda and Fonseca,
2019; Mohanty and Swain, 2019). Following this process,
each nation is left with a production allocation for each key
commodity and commodity group, the equation for which is

() = <29 o) ©)
Ajatit) = YeeaMia "

where ¢ is the allocated production energy of commodity j
in the country a, M is the mean of the most recent 5 years
(2012 to 2017) of historical production mass of commodity
Jj in country a, and A is the set of all countries.

3.3.2 Crop yield

A large proportion of yield variation can be explained by cli-
mate variability, with the remainder being a result of farm-
ing practices and industrialisation (Mueller et al., 2012; Ray
et al., 2015). C-LLAMA takes largely the same approach
as FALAFEL,; historical yields for each crop and group are
projected linearly to 2050, but this is done for each country.
Yield has the potential for large transient variation on a year-
by-year basis, often a result of climate events, pests, or man-
agement (Frieler et al., 2017; Ray et al., 2015). Consequently,
there is the possibility of yields increasing at an unrealisti-
cally high rate through this kind of projection. To address
this, in C-LLAMA yields are capped at the historical maxi-
mum value for a region, preventing any region from exceed-
ing an observed value whilst allowing each country within a
region to catch up to a localised observed maximum. Linear
projections with a p value greater than 0.05 (this threshold
can be changed) or a decreasing yield are discarded. In either
of these cases, the mean yield from the previous 10 years of
data is used instead.

Geosci. Model Dev., 15, 929-949, 2022

For all key crops the raw yield data, in tonnes per hectare
per year, were used to make the projection. In the case of
grouped crops, the group yield was calculated by taking the
mean of all crops contained in the group, weighted by na-
tional production mass. The group “sugar crops” consists al-
most entirely of sugar beet since sugarcane is represented as
an individual crop. For palm oil, vegetable oils, and other
oil crops, an effective oil yield was calculated for each using
their respective oil factors, which can be found in the FAO-
STAT database (FAOSTAT, 2021a).

3.4 Livestock

Animal product demand is one of the highest contribu-
tors to agricultural land demand and greenhouse gas emis-
sions globally, with estimated emissions between 5.6 and
7.5GtCO, yr~! equivalent between 1995 and 2005; as such
livestock are a crucial component of the C-LLAMA model
(Herrero et al., 2016; Pikaar et al., 2018; Van Zanten et al.,
2018). As with vegetal food commodities, livestock com-
modities are partially grouped, with the major commodities
bovine meat, pig meat, mutton and goat meat, and poul-
try meat remaining separate. The remaining meat products
contribute comparably little to the global demand for ani-
mal products and are grouped into an “other meat” category.
Eggs, dairy, and fish are each in their own groups. For each
country, an animal commodity demand is produced per year
in the diet and food supply section of the model. As is well
established, livestock are inherently less resource-efficient
than vegetal products as a means of providing calories for
human consumption. The feed consumed by livestock does
not go on to directly become fresh animal product; instead,
much of it supports the survival of the animal. This is com-
monly quantified as a feed efficiency (FE) or livestock con-
version efficiency (LCE, the inverse of feed efficiency), ex-
pressed as the quantity of fresh animal product to feed energy
mass or equivalent energy. This number varies drastically be-
tween animal product types: bovine meat has an energy FE of
approximately 3 %, whereas poultry meat is much higher at
21 % (Shepon et al., 2016). Note that these FEs are produced
from data acquired in the USA. Currently the values used
in C-LLAMA are taken from FALAFEL; a cohesive energy-
equivalent FE dataset was not found at a regional or country
level. FEs certainly do vary regionally, largely due to the dif-
ferent role of livestock in different food systems. A cow in
a subsistence agriculture environment is more likely to be
allowed to live to substantial age, providing dairy and driv-
ing machinery. This contrasts with a cow in industrialised
agriculture, where it might be reared solely for meat and
slaughtered in early adulthood (Wirsenius et al., 2010). A
proportion of livestock feed demand is met through forage
(Mforage)> and the remainder is met through feed and residues
(Mnon-forage, €quivalent to 1 — iforage), calculated using the
food-system efficiency parameter to assign a value between
the subsistence case and the industrialised case, using the
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same method as in Eq. (6). The quantity of feed demand en-
ergy from non-forage D for animal product j in country a
and year n is

Dj.(n)=0;an) 'Mnon—foragej,a(n) : La (10)
FE;
where FE; is the livestock-dependent feed efficiency and
Q is the production allocation. The extreme cases for each
animal product are centred around the FALAFEL numbers,
with the developing limit being 20 % lower and the devel-
oped limit being 20 % higher. The proportion also varies de-
pendent on the animal product; for example, chickens and
pigs typically obtain a higher proportion of their food en-
ergy from feed than ruminants (Tufarelli et al., 2018). An
individual animal will likely be fed through a combination
of forage and feed, but for the purpose of the model the as-
sumption is made that the land footprint of non-foraging an-
imals comes only from the land required for fodder crops.
The portion of livestock feed demand met through forage is
therefore (1/FE;)- Q minus D for each animal product j.
This approach is coarse compared with modelling livestock
as entities with individual mixed feed demands; however, the
feed energy requirements are comparable.

3.4.1 Waste and residues as feed

In some situations, livestock can utilise waste from the
agricultural system, processing losses, post-production food
waste, and harvest residues. For each livestock commodity
a potential feed ratio for each of these waste streams is es-
timated: the maximum proportion of each waste type that
could contribute to the livestock diet (z). These ratios can be
found in Appendix C. Waste produced by processing, dis-
tribution, and post-production is calculated at the country
of consumption, while harvest residues are calculated at the
crop production stage. Post-production waste is assumed to
only be available to animals in the area in which it was pro-
duced and is informed by a post-production waste to feed
factor (tpost), scaled by the food-system efficiency parame-
ter using Eq. (6) between 40 % and 5 % for the subsistence
and industrialised cases, respectively. Note that in the case
of post-production waste the subsistence extreme is “more
efficient” than the industrialised case. The remaining total
available waste energy is multiplied by an “other waste to
feed factor” (Wother), again informed by the food-system effi-
ciency parameter using Eq. (6), with the subsistence and in-
dustrialised limits being 15 % and 40 %, respectively. Other
waste is that of harvest residues and processing waste, but not
distribution waste since this is “lost” or spoiled. These num-
bers are taken from the low- and high-efficiency scenarios in
FALAFEL. Waste energy is “fed” to livestock up to the po-
tential feed ratio limit allocated by the potential feed ratios
(z). The energy used is then subtracted from the livestock
feed energy demand, the remainder of which is accounted
for with fodder crops. The remaining feed energy demand to
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be met through fodder crops (D’) is
D.i,a/(n) :Dj,a(n) : [1 - ZweQZj’w]

+ Za)eQ I:S<Dj’“(n) Lo

Zjw
w1 - gy - 11
[w (n) - ZCEC(ZC@)})} an

x x>0

S<x):{0 o (12)

where D is the total feed energy demand, z is the maximum
portion of feed energy that livestock j can obtain from waste
stream w, w is the available waste energy, and w is the waste
to feed factor. C is the set of all livestock commodities and
Q2 is the set of all waste streams: post-production, processing,
and harvest residues. u is (tpost for post-production waste and
Wother for all other waste streams.

3.4.2 Fodder

Following the reduction of livestock feed demand through
waste to feed and foraging, the remaining feed energy de-
mand is met with fodder crops. The historical fodder mix,
the ratio of each crop making up fodder in a country, is cal-
culated using the most recent 5 years of “feed” energy data
in the FAOSTAT food balance sheets. The cereals contribut-
ing the most to the fodder mix globally are maize, wheat,
sorghum, barley, and rice. In addition, soybeans, potatoes,
cassava, pulses, and fruits also contribute in the top 10. Each
of these products are represented individually, while all other
products used as feed are grouped as “other feed”. Around
8 % of the total feed mass each year comes from non-crop
products. The majority of this 8 % is milk, and the remainder
is largely comprised of aquatic products such as fishmeal and
aquatic plants, often added to livestock feed to supplement
nutrition (Holman and Malau-Aduli, 2013; Oliveira Vieira
et al., 2015). These products are removed from the fodder
miXx, as these products require minimal additional land. The
remaining livestock feed demand is split according to the de-
rived fodder mix, so the contribution to the total fodder re-
quirement () in country a from fodder product k is

fra <1 _ Jmilka + faq,a> . b 3
Zsesfs,a Zsesfi,a ZCEC( C»fl)’ ( )

where f is the 5-year mean of feed data for fodder product
k from the FAOSTAT food balance sheets, fnik and faq are
the feed data for milk products and aquatic products, respec-
tively, and S is the set of all fodder products. D’ is the fodder
demand for livestock commodity ¢, and C is the set of all
livestock commodities. The global production requirement
for fodder product k is then

Re(m) =Y rea(n). (14)

Tk,a (n) =
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In the same way as crop production for food, the fodder crop
production demand is allocated based on historical produc-
tion of the fodder products. The production allocation (g) for
fodder product k for country a is

Mk,a

Gk,a(n) = Z—

“Ri(n), (15)
aEAMkva

where M is the 5-year mean production mass for fodder
product k, and A is the set of all countries. In the case in
which the product has been considered a food commodity
and thus a yield and production allocation have already been
calculated, the additional production allocation for fodder is
simply added to the nations existing production quota of the
commodity for food. In some cases, it is necessary to per-
form a yield projection in the same manner as described in
Sect. 3.3. Following this stage, each country has a produc-
tion quota for each year for each commodity used for food,
animal feed, or both, along with a corresponding yield tra-
jectory.

3.5 Land use
3.5.1 Crop land use

A simple division of yearly crop production allocations by
national crop yield projections produces a yearly land de-
mand trajectory for each crop within a given country. Since
the model objective is to explore sensitivities rather than ab-
solute land use values, land use is projected from the most re-
cent value in the FAOSTAT data: a calibration factor is used
to align the 2017 value of the projected values with the 2017
historical value for each crop. In the case that total land de-
mand for crops is less than the previous year, the land dif-
ference between the years is put into a “freed land” class. In
FALAFEL this land is then used for either afforestation or
energy crops, while C-LLAMA does not currently process
this further. In reality land use change is multidimensional;
the abandonment of agricultural land varies greatly between
areas and industrialisation levels, influenced by climate, land
productivity, tradition, and governance (Lambin et al., 2003;
Lambin and Meyfroidt, 2011). C-LLAMA currently does not
consider non-agricultural land use. Further development to
include more complex handling of land use is intended.

3.5.2 Livestock land use

As mentioned in Sect. 3.4, the land requirements for live-
stock (in addition to fodder crop production) in C-LLAMA
come entirely from their pasture area, the implication being
that all fodder-fed animals are under roof, while their forag-
ing counterparts graze pasture. This is generally not the case
for foraging pigs and chickens, so a pasture factor (p) of 0.1
is applied to reduce their land footprint from that of cows and
sheep (Tufarelli et al., 2018).

The land used for livestock pasture is calculated using an
effective pasture yield. First, the historical energy obtained
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from pasture by livestock was estimated using a process sim-
ilar to the method adopted in Haberl (2007); for each country,
available feed is subtracted from a livestock feed demand,
calculated using historical production energy and feed con-
version ratios between 1961 and 2017. This leaves animal
food acquired through forage. Dividing this quantity by land
area used for pasture in a given year results in the historical
effective pasture yield — animal product energy produced per
hectare of pasture. The land area data used are taken from the
FAOSTAT database (FAOSTAT, 2021c¢). The historical effec-
tive pasture yield (Y) for animal products in country a is

1
Y, =

Lpasture,a

' (ZjEJ[Mjﬂ -FE;j - pj] - Zker’““)’ (16)

where Lpaswre 18 the country’s pasture land area, M is the
production mass of an animal product j, FE; is the feed con-
version ratio for the animal product, and J is the set of animal
products. f is the quantity of available feed product k, and
K is the set of all feed products. The historical trajectory is
linearly projected to 2050; the pasture yield and pasture pro-
duction mass demand together give a projected pasture land
requirement for each livestock commodity. Since there are no
historical data to calibrate the yield value to, the yield value is
scaled such that the projected 2017 pasture land use matches
the 2017 historical pasture land use. The value is calibrated
to the anchor scenario described in Sect. 5, rather than be-
ing scenario-specific, to address counter-intuitive model be-
haviour, as discussed in Appendix F. Because this can result
is minor discontinuity when running non-anchor scenarios,
the projected land use is then calibrated to the historical land
use too. This method is coarse but offers a catch-all method
of translating a production demand into land area for every
country in C-LLAMA.

4 Model output

C-LLAMA produces a land use trajectory from 2013 to 2050
for each food commodity and commodity group within a
country, output as a comma-separated variable file. Animal
product land use is aggregated as pasture, as explained in
Sect. 3.4. All crops have individual land use trajectories. An
output with crops aggregated into either crops or specifically
fodder crops is also produced. Data from intermediate stages
of the model such as food supply, production, and crop yield
projections are retained upon completion of the model run.
However, given that calibration of the model occurs at the
final stage rather than at every intermediate stage, these tra-
jectories should be viewed with this in mind. Food supply
and crop yield projections are both direct projections of his-
toric data and so are exempt from this. For the sake of model
runtime, intermediate outputs are stored in a serialised for-
mat using the “pickle” library, which is part of the Python
standard library (Van Rossum and Drake, 1995).
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4.1 Anchor scenario

C-LLAMA is based around an anchor scenario, in which all
parameters take default values based on the literature, and
projections from historical data are made to 2050. This sce-
nario aims to be as close an approximation to the real world
as possible in the framework of the model, with targets for ef-
ficiency and industrialisation being set at middle-of-the-road
values. Table D1 shows key parameters and their values in
the anchor scenario. Regionally aggregated land use types in
the anchor scenario can be found in Appendix E.

Figure 2 shows agricultural land use at the continental
level for historical FAOSTAT data and in the C-LLAMA an-
chor scenario. All continents aside from Oceania see an in-
crease in land use for both crop and animal production, with
the rate of increase slightly decreasing toward 2050, partic-
ularly in Africa. The greatest rate of increase occurs in Asia
and the least in Africa and Europe. In all cases, the rate of in-
crease for pasture is greater than that of cropland, with crop-
land for fodder crops lying in between. The direction of the
projected land use aligns with that of the historical data in the
Americas, Africa, Oceania, and Asia. However, in Europe a
slight reversal of the direction of change occurs as a result
of the significant historical production of beef and dairy pro-
duction in Russia; Russia produced 4 % of the world’s bovine
meat in 2013 and is hence allocated a significant portion of
beef production in the model processes and resultant pasture
area increase.

Figure 3 shows the projection of mean diet at the con-
tinental level in the C-LLAMA anchor scenario. All con-
tinents undergo an increase in total calorific intake toward
2050, with the magnitude of change being similar at around
400kcal for every continent with the exception of Europe,
which sees a lesser increase of approximately 200kcal by
2050. The proportional increase varies but with the greatest
proportional increase occurring in Africa. The consumption
of non-egg and dairy animal products increases across all
continents, although only slightly in Africa. The consump-
tion of cereals decreases slightly in Asia and Europe but
increases slightly elsewhere, with the strongest increase in
Africa. The demand for oil crops sees similarly proportional
increases in every continent, with Europe and Oceania con-
suming more.

Comparison with FALAFEL

The globally summed land use output of the C-LLAMA
anchor scenario can be compared with the land use trajec-
tory of an analogous business-as-usual scenario produced in
FALAFEL. In the same way as C-LLAMA, the FALAFEL
model allows prescribed increases in efficiency — for exam-
ple, a forced reduction in animal product consumption. To
produce the business-as-usual scenario in FALAFEL, linear
projections are made where they are available and all pre-
scribed efficiency changes are turned off. For comparison,

https://doi.org/10.5194/gmd-15-929-2022

1e9

1T v
I Food crops
I Fodder crops

2.0 Pasture

154

1.0 4

Agricultural land-use (ha)

0.5

0.0 y
2000 2050

Oceania

2000 2050 2000 2050 2000 2050 2000 2050
Americas Africa Asia Europe

Figure 2. Agricultural land use in FAOSTAT historical data and
the C-LLAMA anchor scenario projection for five continental re-
gions. The transition from historical to modelled data is denoted by
the dotted black line. Discontinuity at the dotted line is due to the
countries not included in C-LLAMA for various reasons described
in Sect. 3. 99. A total of 7% of this discrepancy is the result of
unavailable food balance data for Libya, Somalia, Sudan, the DRC,
and Papua New Guinea. Also note the sudden increase in land use in
Asia and corresponding decrease in Europe in the early 90s, which
is the result of the dissolution of the Soviet Union. As the FAO-
STAT land use does not contain disaggregated crop data for fodder
and food, food crops also include fodder crops in the historical data.

the land use data from both models are grouped into pas-
ture, food crops (for human consumption), and fodder crops.
The resulting land use for both modelled scenarios is shown
in Fig. 4. The trajectories of both the FALAFEL scenario
and the C-LLAMA anchor scenario reach just over 5 Gha
by around 2050, with C-LLAMA reaching approximately
5.2 Gha, which is an increase of approximately 450 Mha. The
difference in starting food crop area is slightly higher in C-
LLAMA, and a small amount of additional growth occurs
by 2050 in C-LLAMA. C-LLAMA starts with a lesser area
of fodder crops but sees less proportional growth by 2050
than in FALAFEL. Both models see an increase of approx-
imately 90 Mha in total cropland by 2050. The largest dif-
ference lies in pasture, with C-LLAMA starting at just over
3 Gha and FALAFEL starting at around 2.6 Gha. Both mod-
els have a very similar pasture area in 2050 around 3.4 Gha.
The method used to estimate pasture area in FALAFEL is
completely different to that of C-LLAMA in using estimates
of land productivity and energy uptake by livestock rather
than calculating an empirical pasture yield.

4.2 Sensitivity

Four key projections are made throughout the course of the
model for each country. Diet and crop yields are projected
directly from the historical data, whereas the food-system
efficiency parameter and effective pasture yield are internal
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Figure 3. Calorific mean diet composition at the continent level in historical FAOSTAT data and the C-LLAMA anchor scenario. Some food
commodities are grouped for clarity, and the order of appearance from the origin for the groups aligns with the legend.
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Figure 4. Aggregated global land use for food production in
the C-LLAMA anchor scenario and a “business-as-usual” (BAU)
FALAFEL scenario. FALAFEL accounts for the production of
some non-food crops; however, they are excluded for this compara-
tive figure.

values calculated from historical data, which are then pro-
jected. To explore the sensitivity of the final land use output
of C-LLAMA to these four projections, each was fixed at the
mean value of their most recent 5 years and the land use by
2050 compared with the anchor scenario. The results of this
are shown in Fig. 5.

The impacts of each of these projections are within an or-
der of magnitude of each other. Halting the projection of crop
yields results in an increased agricultural land use of approx-
imately 300 Mha from the anchor scenario. This is consistent
with the current trend of increasing crop yields in most ar-
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Figure 5. Difference in 2050 global agricultural land use between
the anchor scenario (dotted line) and when disallowing the progres-
sion of projections in the model by using the 5-year mean of histor-
ical values for each.

eas of the world: a result of improving access to irrigation,
agrochemicals, and machinery (lizumi et al., 2017; Ray et
al., 2012). Suspending the projection of the food-system effi-
ciency parameter has the greatest impact on the total land use
with an increase of approximately 500 Mha. Suspending the
food-system efficiency parameter locks many countries in a
state of lower efficiency, rendering them unable to meet the
increasing food demand from the growing population. Halt-
ing changes in pasture yield leads to an increase in land use
of around 450 Mha. While the “effective pasture yield” is not
a real-world quantity, it aims to capture a wide range of fac-
tors that govern the output of grazed land. This quantity is
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Figure 6. Change in 2050 agricultural land use between the anchor
scenario (dotted line), maximum, present, minimum efficiency, and
full-vegetarian diet scenarios. Maximum and minimum efficiency
scenarios are produced by setting the food-system efficiency param-
eter to 1.0 and 0.0, respectively, for all countries. The full-vegetarian
diet scenario tends toward zero meat consumption globally by 2050.
Dairy products are still consumed.

increasing in the majority of countries as a result of livestock
intensification by transfer to more intensive pasture or a cov-
ered system (Davis and D’Odorico, 2015; Thornton, 2010).
Stopping the projection of dietary trends reduces the final
land use by approximately 450 Mha. Current global dietary
trends are toward increased animal product consumption in
developing countries and stagnation of animal product con-
sumption in developed nations (Tilman and Clark, 2014; Van
Zanten et al., 2018). This, combined with an increase in to-
tal calorie intake in the majority of countries, explains the
decrease in land use when suspending the projection of diet.

Loss factors in C-LLAMA are dynamic and governed by
the food-system efficiency parameter. To explore the sensi-
tivity of the model to loss factors every country was fixed
at the lower and upper boundary values, which is equivalent
to scoring every country at 0.0 or 1.0, respectively, on the
food-system efficiency parameter. Figure 6 shows the results
of this analysis, along with a fully vegetarian (by 2050) diet
scenario. Scores of 1.0 lead to a land use increase of approx-
imately 700 Mha by 2050, and a global score of 0.0 leads to
an almost identical increase of just over 700 Mha by 2050.
Scores of 1.0 and 0.0 both precipitate very high loss ratios
from the start of the model of around 30 % in post-production
and production, respectively. The present efficiency scenario
is achieved by setting the food-system efficiency parameter
at its present values, identical to the “FSE param” scenario
in Fig. 8. The fully vegetarian diet scenario sees a drastic
land use decrease of approximately 1.8 Gha by the year 2050,
which is consistent with the previously discussed effective
land use inefficiency of animal products as food when com-
pared to vegetal products.
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Table 2. Global cropland and pasture land cover in the year 2050
in C-LLAMA, SSP2 scenarios, and the AR5 scenario database. The
mean of all ARS scenarios is used for the AR5 database marker
value.

Cropland 2050 (Gha) ‘ Pasture 2050 (Gha)

Marker Min Max ‘ Marker Min Max
C-LLAMA 1.64 3.57
SSP2 scenarios 1.76  1.60 2.18 353 247 3.53
ARS5 database 2.10 127 3.33 3.83 267 472

5 Discussion

Estimates of historical agricultural land cover, cropland har-
vests, and land use change are plentiful (Erb et al., 2017).
There are a wide range of approaches from bookkeeping to
satellite imaging, the majority of which are available at high
spatial resolutions (Fritz et al., 2015; Hurtt et al., 2011; Win-
kler et al., 2021). These datasets are used as starting points
for other modelling approaches such as IAMs or vegetation
models but cannot be used to directly make projections of
land use. From these starting points, a great number of model
and scenario drivers impact the land use trajectories of IAMs,
including economy, energy demand, commodity pricing, and
policy. IAMs are excellent tools for making holistic projec-
tions about a wide range of factors in given scenarios, but
the land use component is difficult to extract. The purpose of
C-LLAMA is to explore the sensitivity of agricultural land
use to various drivers within the food system, not to make
explicit predictions about land use within specific countries.

The C-LLAMA anchor scenario projects cropland and
pasture land uses of approximately 1.64 and 3.57 Gha, re-
spectively, by 2050. The projected cropland value is within
the range of projected values from IAM scenarios in the com-
parable SSP2 and broader AR5 databases, shown in Table 2,
and well within estimates of cropland availability (Eitelberg
et al., 2015). However, the projected pasture value is slightly
outside the range of other SSP2 scenarios, albeit only 70 Mha
greater than the marker scenario. The majority of agricultural
land expansion in SSP2 scenarios occurs in Africa and Latin
America (Popp et al., 2017). In C-LLAMA there are pas-
ture expansions in these regions, along with expansion oc-
curring in North America and Asia, due to the very limited
trade mechanics of C-LLAMA. Note that the scenarios in
these databases are based around key assumptions and path-
ways in the social and economic sectors, whereas the only
prescribed trajectory within C-LLAMA is of population. As
previously discussed, the intention of C-LLAMA is not to
predict land use futures, so this behaviour in these regions
does not diminish the efficacy of the model as a means to
explore sensitivities to drivers.

A fully vegetarian scenario in C-LLAMA sees a signifi-
cant decrease in agricultural land use of 1.8 Gha (a reduction
of approximately 34 %), which is in line with the literature

Geosci. Model Dev., 15, 929-949, 2022



940 T. S. Ball et al.: C-LLAMA 1.0: a traceable model for food, agriculture, and land use

(R60s et al., 2017; Swain et al., 2018; Weindl et al., 2017,
Van Zanten et al., 2018). The nutritional implications of such
a diet were not considered in this scenario, which is likely
to be a significant hurdle in the transition to sustainable diets
(Duro et al., 2020; Willett et al., 2019). With the ability to
prescribe trajectories for diet at a country level, C-LLAMA
is well placed to explore such questions. Nutritional informa-
tion could also be built into C-LLAMA for each commodity.

The strength of C-LLAMA lies in its simplicity: it can be
easily modified, adapted, and improved. However, there are
limitations to the approach, and two key areas for improve-
ment have been identified. One area with scope for improve-
ment is in the allocation of crop and livestock production
described in Sect. 4.3. The current method uses a snapshot
of current production to distribute the projected production
of a crop; this approach works for earlier projected years
since interannual changes to trade are relatively slow, be-
ing on similar timescales to changes in demand. However,
long-term changes to global trade are not captured, specif-
ically those likely to arise from improved access to wealth
and subsequent demand for luxury and animal products in
developing countries. Improvements might include trade ma-
trices for each food commodity or a forward projection of the
commodity production allocation, which would allow semi-
dynamic trade representation without the need for any agent-
based or economically driven modelling. The other area with
great potential for improvement is the representation of live-
stock and, more broadly, land use within the model. The cur-
rent method for estimating land use for crops and livestock
is effective for exploring questions surrounding global-scale
changes and scenario options. However, a land class system
with productivity, land use transitions, and associated carbon
exchange would facilitate a more nuanced exploration of the
drivers of land use and their consequences, particularly in the
case of livestock, forests, and grasslands.

Including the DRC, Libya, Sudan, Somalia, and Papua
New Guinea would be beneficial as together they account for
a significant portion of the global land area (approximately
3 %). Papua New Guinea and the DRC have humid, equa-
torial climates with highly productive land: excellent condi-
tions for agricultural productivity (Kottek et al., 2006). While
not included in the food balance data, they are present in
other FAO data, so it may be possible to construct an ap-
proximate food balance dataset from their available FAO data
and regional averages. Another approach would be to con-
struct food balances using other data sources; however, this
approach would contravene the internal consistency of C-
LLAMA.

C-LLAMA takes a simple approach to modelling the
drivers of land availability, offering transparency and adapt-
ability where more complex modelling approaches do not.
Of the many drivers of future land availability, the simplicity
and traceability of the model make it well placed to explore
the impacts of broad-scale drivers such as changes in live-
stock production systems, crop yields, dietary trends, and
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food-system efficiency on the future of land available for
food agriculture, bioenergy, and afforestation from a bottom-
up perspective. For example, scenarios with prescribed in-
creases to crop yields, consumption of specific commodi-
ties, calorie intake, or wasted food could be constructed.
The structure of C-LLAMA also facilitates the ability of
these changes to be applied at regional or country levels. The
model aims to be easily accessible to use and modify using
only open-source data and software.
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Table Al. Five main sections within C-LLAMA, each comprised of a handful of model process modules. There are 16 model process
modules in total. There is some overlap between model processes; the sections and model process modules listed here are not necessarily in
the order that they appear in C-LLAMA; some sections are re-visited at later stages of the model. The first section of the model produces a
food supply at a national level, disaggregated into calories and commodities.

Model section

Description of processes within the section

Relevant modules

Diet and food supply

Projections of the contribution of each food commodity toward
the national diet. Projection of national calorie supply per capita.
Calculation of a global demand for each food commodity.

food_demand_and_waste_production
diet_makeup

Food-system efficiency

Projection of losses and efficiencies that are used at
various stages of the model. A food-system efficiency
parameter is developed to inform these values.

industrialisation_metric
industrialisation_metric_calculations
food_waste_gen harvest_residues

Crop production

Losses are used to calculate total production requirement
for each food commodity, a portion of which is then
allocated to each country. Crop yields are projected

for each food and fodder crop in the model.

crop_yield_and_production_hist
crop_yield_and_production_params
crop_yield_projects
crop_and_livestock_production
crop_production_ratios

Livestock The global production requirement for livestock is livestock_feed_demand
calculated and allocated to each country. Livestock fodder_crops
consume a mix of feed and foraged food; the proportion
coming from each varies by livestock type and country.

Land use Production requirement energy is converted to mass and combined  crop_land_calculations
with yield to produce a land area requirement for both food pasture_land_calculations
and fodder crops. An “effective livestock yield” is developed land_use_calculation
and used to calculate pasture land requirements.

Appendix B

Bl Food commodity groupings

Table B1. Vegetal products and grouped vegetal products. Grouped
products do not contain any products represented as staple products.
The luxury group consists of tea, coffee, and cocoa.

Individual products Grouped products
Wheat Cereals

Rice Fruits

Maize Vegetables

Palm oil Pulses

Rape and mustard seed ~ Starchy roots
Soybeans Oil crops
Sunflower seed Spices

Potatoes Sugar crops
Cassava Luxuries

Nuts and products

Other vegetal products

https://doi.org/10.5194/gmd-15-929-2022

Table B2. Animal products and groups. In the case of these an-
imal products, the “individual” animal products represent a small
group of products but are dominated by a single product. For ex-
ample, while bovine meat includes derivative products and buffalo,
the majority of the bovine meat supply and consumption is formed
of cattle meat. There are only two sets of grouped animal products:
dairy and “other meat”. Dairy is a significant contributor to global
food supply and demand, but meat products not listed individually
are not. Dairy includes milk, butter, ghee, and cream. Products such
as cheese and yoghurt are also included in the data for milk.

Individual products Grouped products
Bovine meat Other meat
Poultry meat Dairy products
Pig meat

Mutton and goat meat

Eggs

Geosci. Model Dev., 15, 929-949, 2022
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B2 Harvest factors and recovery rates

Table B3. (a) Vegetal product harvest factors — the ratio of the mass of useful product to aboveground biomass. Values in this table are
adapted from Krausmann et al. (2008). Where a direct mapping was impossible, the average value of other products was used (for example —
vegetables). Fruits are assumed to be permanent crops. (b) Vegetable product residue recovery factors — the recovered proportion of potential
harvest residues. As with Table B3a, this table is also adapted from Krausmann et al. (2008).

(a) Sub-  North Africa Europe Central and East and Oceania North Latin

Saharan and Southern Southeast America  America

Africa West Asia Asia Asia

Wheat 2.3 1.5 1.3 1.7 1.5 1.2 1.2 1.5
Maize 35 3 1.6 35 3 1.2 1.2 3
Rice 1.5 1.2 1.2 1.5 1 1.2 1.2 1.2
Soybeans 1.5 1.5 14 1.5 1.2 1.2 1.2 1.5
Potatoes 1 1 1 1 1 1 1 1
Nuts 1.5 1.5 1.2 1.5 1.2 1.2 1.2 1.5
Cassava 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Rape and mustard seed 23 2.3 1.9 2.3 2.3 1.9 1.9 2.3
Palm oil 1.9 1.9 1.9 1.9 1.5 1.9 1.9 1.9
Sunflower seed 23 2.3 1.9 2.3 2.3 1.9 1.9 2.3
Cereals 2.3 1.5 1.25 1.7 1.5 1.2 1.2 1.5
Oil crops 2.3 23 1.9 23 23 1.9 1.9 23
Pulses 0.4 0.4 1 0.4 0.4 1 1 04
Starchy roots 1 1 1 1 1 1 1 1
Sugar crops 0.7 0.7 0.5 0.7 0.7 0.7 0.5 0.7
Fruits 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Vegetables 1.9 1.5 1.2 1.6 1.5 1.3 1.3 1.6
Spices 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
Luxuries 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Other vegetal products 1.9 1.5 1.3 1.6 1.5 1.3 1.3 1.5
(b) Sub-  North Africa East West  Central and  East Asia North Latin

Saharan and  Europe Europe Southeast Americaand America

Africa West Asia Asia Oceania

Cassava and products 0.8 0.8 0.3 0.0 0.8 0.8 0.0 0.8
Cereals — excluding beer 0.9 0.8 0.8 0.7 0.9 0.8 0.7 0.8
Fruits — excluding wine 0.8 0.7 0.6 0.4 0.8 0.7 0.4 0.7
Luxuries (excluding alcohol) 0.8 0.7 0.6 0.4 0.8 0.7 0.4 0.7
Maize and products 0.9 0.8 0.8 0.7 0.9 0.8 0.7 0.8
Oil crops 0.9 0.8 0.8 0.7 0.9 0.8 0.7 0.8
Other 0.8 0.7 0.6 0.4 0.8 0.7 0.4 0.7
Palm oil 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Potatoes and products 0.8 0.8 0.3 0.0 0.8 0.8 0.0 0.8
Nuts and products 0.9 0.8 0.8 0.7 0.9 0.8 0.7 0.8
Pulses 0.5 0.5 0.5 0.0 0.5 0.5 0.0 0.5
Rape and mustard seed 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Rice (milled equivalent) 0.9 0.8 0.8 0.7 0.9 0.8 0.7 0.8
Soybeans 0.5 0.5 0.5 0.0 0.5 0.5 0.0 0.5
Spices 0.8 0.7 0.6 0.4 0.8 0.7 0.4 0.7
Starchy roots 0.8 0.8 0.3 0.0 0.8 0.8 0.0 0.8
Sugar crops 0.8 0.8 0.3 0.0 0.8 0.8 0.0 0.8
Sugarcane 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Sunflower seed 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Vegetable oils 0.8 0.7 0.6 0.4 0.8 0.7 0.4 0.7
Vegetables 0.8 0.7 0.6 0.4 0.8 0.7 0.4 0.7
Wheat and products 0.9 0.8 0.8 0.7 0.9 0.8 0.7 0.8
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Appendix C

Table C1. Maximum portion (z) of livestock feed that can be derived from each residue source. These values are taken from FALAFEL
(Powell, 2015).

Livestock product Harvest residues  Processing waste ~ Post-production waste
Dairy 25 % 5% 0%
Bovine meat 25 % 5% 0%
Eggs 0% 11% 0%
Poultry meat 0% 11% 0%
Pig meat 5% 15% 45 %
Mutton and goat meat 20 % 11 % 0%
Other meat 20 % 5% 0%

Appendix D

Table D1. Inputs, values, and data used to produce the anchor scenario in C-LLAMA.

Input Value or data Source
Population SSP2 population trajectory Fricko et al. (2017)
Idealised food supply target calories 3200 (kcal per capita per day)  Kearney (2010), Alexander et al. (2017), Parfitt et al. (2010)
Idealised food supply target year 2100 Aligns with Paris Agreement temperature goals.
Overall efficiency improvement 0.0 There is no enforced change to overall agricultural efficiency
in the anchor scenario.
Change to vegetal diet 0.0 No enforced change to portion of food energy from vegetal
products in the anchor scenario.
Change to dairy diet 0.0 No enforced change to portion of food energy from dairy
products in the anchor scenario.
Waste factor limits Subsistence ‘ Industrial ~ Refer to Sect. 4.2 and Table 2.
Post-production 0.07 ‘ 0.3
Processing 0.10 ‘ 0.06
Distribution 0.5 | 0.05
Post-production waste to feed 0.40 ‘ 0.05 Powell (2015)
Other waste to feed 0.15 | 0.40

https://doi.org/10.5194/gmd-15-929-2022 Geosci. Model Dev., 15, 929-949, 2022
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Appendix E

Table E1. Table of aggregated land use areas at a regional level in the C-LLAMA anchor scenario. Values are in hectares.

Region Item 2020 2030 2040 2050
Northern America Food crops  1.44x 108  1.48x10% 1.52x10% 1.55x 108
Pasture 278x 108 2.83x 108 2.88x 108  2.9x 108
Fodder crops 59102644 67120616 74375777 80618936
South America Food crops 92609372 93982867 95152719 96217646
Pasture 453x108 477x108 498x 108 5.19x 108
Fodder crops 41950885 47980106 53268586 57606791
Central America Food crops 24486324 24883564 25113116 25144180
Pasture 90549873 89083781 87279927 84992096
Fodder crops 10298992 10854346 11290526 11608143
Caribbean Food crops 5701552 5814101 5898041 5947747
Pasture 4735629 4983965 5261775 5484907
Fodder crops ~ 768887.3 8677067 9627949 1046271
Eastern Africa Food crops 44627557 44787338 44348960 43227455
Pasture 196 x 108 2.12x 108 226x 108 237 x 108
Fodder crops 27711651 30686740 33367389 35708687
Western Africa Food crops 70371563 70589754 69519405 66931695
Pasture 1.87x 108 1.95x 108 2% 108 2.01x 108
Fodder crops 33461679 34978667 36429016 37396721
Northern Africa Food crops 33026116 33370613 33414347 33119937
Pasture 60159833 64754843 68517651 72314640
Foddercrops 13791410 14023182 14217248 14445584
Southern Africa Food crops 9524790 9679176 9798009 9876671
Pasture 152x 108 1.6x108 1.66x108  1.7x 108
Foddercrops 4506502 4753946 4954572 5111965
Middle Africa Food crops 13486305 13360842 12961523 12276739
Pasture 122x108  129x 108 1.34x 108 1.37x108
Fodder crops 7890880 8567387 9229300 9799051
Central Asia Food crops 20611646 20265557 19786873 19078910
Pasture 262x 108 291x 108 3.16x10% 3.37x108
Fodder crops 18174812 20534064 22860266 25172668
Eastern Asia Food crops 1.09 x 108 1.1x 108 1.1x108  1.09x 108
Pasture 5.15x 108 5.44x 108 5.64x108 598 x 108
Fodder crops 37005906 39669148 41686753 43263691
Southeastern Asia Foodcrops ~ 1.09x 108  1.11x 103 1.12x10% 1.12x 108
Pasture 17297852 18576964 19557564 20315505
Fodder crops 14473651 15505407 16259165 16769792
Southern Asia Foodcrops ~ 1.97x 108 1.96x 108 1.93x 108 1.87 x 108
Pasture 79168805 84059651 88382231 91860597
Fodder crops 43910757 47504797 50725443 53662898
Western Asia Food crops 27309881 27202184 26859498 26261145
Pasture 22x108  221x 108 221x10% 2.18x 108
Fodder crops 11275983 11807883 12254763 12668759
Eastern Europe Foodcrops  1.47x 108 145x10% 1.43x10% 1.39 x 108
Pasture 122x108  135x 108 1.48x10% 1.59x 108
Fodder crops 51319529 56769933 62024203 67294659
Western Europe Food crops 26417618 26343260 26198250 25928975
Pasture 25054210 27539612 29787514 31851160
Fodder crops 8910851 9151293 9307426 9462245
Northern Europe Food crops 7865396 7719001 7647723 7594364
Pasture 24317404 28344686 32765160 35600568
Fodder crops 10971461 11199462 11375065 11577335
Southern Europe Food crops 30710974 30774176 30477722 29798789
Pasture 25655657 28352163 30802283 32903614

Fodder crops 6694103 7164839 7548375 7914750

Australia and New Zealand ~ Food crops 18777577 18029310 16918547 15466293
Pasture 35%x 108 3.44x 108 3.37x10% 3.27x108
Fodder crops 13146533 14248087 15188036 16059053

Polynesia Food crops 22455.07 23645.13 24 856.15 26018.59
Pasture 25840.88  28426.17 3070433  32588.92
Fodder crops ~ 33490.12  34066.78  34799.68  36579.62
Melanesia Food crops 538313.8 5497175  560089.8  568835.8
Pasture 405376.9 4204324  431176.1  437022.8

Fodder crops 20676.97 21164.86  21608.33 22026.5
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Figure F1. Change in global agricultural land use when varying the
proportion of livestock feed from non-forage (FWF).

Appendix F

Counter-intuitive behaviour arises when setting the propor-
tion of animals fed through fodder and residues (fed without
forage — FWF) to extreme values. Decreasing the FWF factor
(more animals are fed through pasture) leads to an increase
in land use by 2050. This is expected, as pasture is typically
far less land-efficient than housed animals fed through fod-
der and residues (Pikaar et al., 2018). However, this trend
does not continue when the FWF is increased; instead, an
increased land use is observed. The behaviour of the FWF
prompted further investigation; the factor was scaled by a
range of values between 0.5 and 1.5 to observe the behaviour
around the default values (a scaling of 1.0), the global agri-
cultural land use values for which are shown in Fig. F1.

Inspection of the land use for pasture, fodder, and food
crops revealed that food crop land use was constant as ex-
pected since only animal product production methods are be-
ing varied. Fodder crop land use also behaved as expected —
increasing with FWF, as more fodder crops must be produced
to meet the feed demand of animals not produced on pasture.
However, pasture did not behave as expected, instead follow-
ing the same trend as the global land use, with an increased
land use when varying the FWF factor in either direction.
The cause of this behaviour has been identified as the scal-
ing method applied to pasture land area. When the scaling
is turned off, variations in the FWF factor lead to expected
behaviour: global land use decreases as FWF increases. The
effective pasture yield is calculated using the projected 2017
land use value before any scaling is applied. When FWF is in-
creased the quantity of animal products produced on pasture
decreases, including the 2017 value; however, the historical
pasture area remains unchanged. The result is an artificial de-
crease in effective pasture yield as FWF increases when the
scaling is applied, as shown in Fig. F2.
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Figure F2. Magnitude of change in pre- and post-global mean
scaled effective pasture yield for forced scaling of livestock feed
through non-forage (FWF).

To resolve this and any similar anomalies arising from
scaling methods, the effective pasture yield is now scaled
based on the projected pasture area in the anchor scenario,
regardless of the scenario parameters. This can introduce mi-
nor discrepancies in the early years of the projection when
setting factors to a fixed value, but this is not the normal
mode of operation for the model. This sensitivity test var-
ied the FWF factor for the entire projection, including the
starting values; in normal model operation any changes to
this factor would be applied as a gradual deviation from the
normal value. For example, the scaling might vary from 1.0
in 2017 to 1.5 in 2050, as opposed to being 1.5 from the start
as in this sensitivity analysis.

Code availability. The C-LLAMA model source code can be found
at https://doi.org/10.5281/zenodo.5083000 (Ball, 2021).

Data availability. Time-series data about agriculture,
nutrition, fisheries, forestry and food aid by coun-
try and region from 1961 to present can be found at
https://doi.org/10.25504/FAIRsharing.z0rqUk (FAOSTAT, 2012).

Author contributions. TSB developed C-LLAMA v1.0 and per-
formed model runs. TSB prepared the original paper, and all co-
authors contributed to paper review.

Competing interests. The contact author has declared that neither
they nor their co-authors have any competing interests.

Geosci. Model Dev., 15, 929-949, 2022


https://doi.org/10.5281/zenodo.5083000
https://doi.org/10.25504/FAIRsharing.z0rqUk

946 T. S. Ball et al.: C-LLAMA 1.0: a traceable model for food, agriculture, and land use

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Financial support. This research has been supported by the Natural
Environment Research Council (grant no. NE/P019951/1).

Review statement. This paper was edited by Katherine Calvin and
reviewed by two anonymous referees.

References

Alexander, P, Brown, C., Arneth, A., Finnigan, J., and Roun-
sevell, M. D. A.: Human appropriation of land for food:
The role of diet, Global Environ. Chang., 41, 88-98,
https://doi.org/10.1016/j.gloenvcha.2016.09.005, 2016.

Alexander, P, Brown, C., Arneth, A., Finnigan, J., Moran,
D., and Rounsevell, M. D. A.: Losses, inefficiencies and
waste in the global food system, Agr. Syst., 153, 190-200,
https://doi.org/10.1016/j.agsy.2017.01.014, 2017.

Allen, M. R., Dube, O. P,, Solecki, W., Aragén-Durand, F., Cramer,
W., Humphreys, S., Kainuma, M., Kala, J., Mahowald, N., Mu-
lugetta, Y., Perez, R., Wairiu, M., and Zickfeld, K.: Framing and
Context. Global Warming of 1.5 °C, in: IPCC Special Report on
the impacts of global warming of 1.5 °C above pre-industrial lev-
els and related global greenhouse gas emission pathways, in the
context of strengthening the global response to the threat of cli-
mate change, sustainable development, and efforts to eradicate
poverty, IPCC, 2022.

Arneth, A., Denton, F., Agus, F., Elbehri, A., Erb, K., Osman
Elasha, B., Rahimi, M., Rounsevell, M., Spence, M., and Valen-
tini, R.: Framing and Context. Climate Change and Land, in:
IPCC special report on climate change, desertification, land
degradation, sustainable land management, food security, and
greenhouse gas fluxes in terrestrial ecosystems, IPCC, 2022.

Ball, T. S.: C-LLAMA v1.0: a traceable model for
food, agriculture and land-use, Zenodo [code],
https://doi.org/10.5281/zenodo.5083000, 2021.

Bijl, D. L., Bogaart, P. W., Dekker, S. C., Stehfest, E., de Vries,
B. J. M., and van Vuuren, D. P.: A physically-based model of
long-term food demand, Global Environ. Chang., 45, 47-62,
https://doi.org/10.1016/j.gloenvcha.2017.04.003, 2017.

Bordonal, R. de O., Carvalho, J. L. N., Lal, R., de Figueiredo, E.
B., de Oliveira, B. G., and La Scala, N.: Sustainability of sug-
arcane production in Brazil. A review, Agron. Sustain. Dev., 38,
13, https://doi.org/10.1007/s13593-018-0490-x, 2018.

Calvin, K., Wise, M., Clarke, L., Edmonds, J., Kyle, P., Luckow, P.,
and Thomson, A.: Implications of simultaneously mitigating and
adapting to climate change: Initial experiments using GCAM,
Climatic Change, 117, 545-560, https://doi.org/10.1007/s10584-
012-0650-y, 2013.

Davis, K. F. and D’Odorico, P.: Livestock intensification and the
influence of dietary change: A calorie-based assessment of com-
petition for crop production, Sci. Total Environ., 538, 817-823,
https://doi.org/10.1016/j.scitotenv.2015.08.126, 2015.

Geosci. Model Dev., 15, 929-949, 2022

De Miranda, E. E. and Fonseca, M. F.: Chapter 4 — Sugarcane: Food
production, energy, and environment, in: Sugarcane Biorefinery,
Technology and Perspectives, Elsevier Inc., 67-88, ISBN: 978-
0-12-814236-3, 2019.

Duro, J. A., Lauk, C., Kastner, T., Erb, K. H., and Haberl, H.: Global
inequalities in food consumption, cropland demand and land-use
efficiency: A decomposition analysis, Global Environ. Chang.,
64, 102124, https://doi.org/10.1016/j.gloenvcha.2020.102124,
2020.

Eitelberg, D. A., van Vliet, J., and Verburg, P. H.: A review of global
potentially available cropland estimates and their consequences
for model-based assessments, Global Change Biol., 21, 1236—
1248, https://doi.org/10.1111/gcb.12733, 2015.

Erb, K. H., Luyssaert, S., Meyfroidt, P, Pongratz, J., Don, A.,
Kloster, S., Kuemmerle, T., Fetzel, T., Fuchs, R., Herold, M.,
Haberl, H., Jones, C. D., Marin-Spiotta, E., McCallum, I.,
Robertson, E., Seufert, V., Fritz, S., Valade, A., Wiltshire, A., and
Dolman, A. J.: Land management: data availability and process
understanding for global change studies, Global Change Biol.,
23, 512-533, https://doi.org/10.1111/gcb.13443, 2017.

FAOSTAT (Food and Agriculture Organization Corporate Statis-
tical Database): https://doi.org/10.25504/FAIRsharing.z0rqUK,
2012.

FAOSTAT: Food and Agriculture Organization Corporate Statistical
Database, https://doi.org/10.25504/FAIRsharing.zOrqUk, 2012.

FAOSTAT: Crops and livestock products, FAOSTAT [data set],
https://www.fao.org/faostat/en/#data/QCL (last access: 13 Ja-
nuary 2022), 2021a.

FAOSTAT: Food Balances (-2013, old methodology and popula-
tion), FAOSTAT [data set], available at: https://www.fao.org/
faostat/en/#data/FBSH (last access: 13 January 2022), 2021b.

FAOSTAT: Inputs — Land Use, FAOSTAT [data set], available at:
https://www.fao.org/faostat/en/#data/RL (last access: 13 January
2022), 2021c.

FAOSTAT: Agriculture — Total, FAOSTAT [data set], available
at: https://www.fao.org/faostat/en/#data, last access: 13 January
2022.

Fricko, O., Havlik, P., Rogelj, J., Klimont, Z., Gusti, M., Johnson,
N., Kolp, P., Strubegger, M., Valin, H., Amann, M., Ermolieva,
T., Forsell, N., Herrero, M., Heyes, C., Kindermann, G., Krey, V.,
McCollum, D. L., Obersteiner, M., Pachauri, S., Rao, S., Schmid,
E., Schoepp, W., and Riahi, K.: The marker quantification of
the Shared Socioeconomic Pathway 2: A middle-of-the-road sce-
nario for the 21st century, Global Environ. Chang., 42, 251-267,
https://doi.org/10.1016/j.gloenvcha.2016.06.004, 2017.

Frieler, K., Schauberger, B., Arneth, A., Balkovi¢, J., Chryssantha-
copoulos, J., Deryng, D., Elliott, J., Folberth, C., Khabarov, N.,
Miiller, C., Olin, S., Pugh, T. A. M., Schaphoff, S., Schewe, J.,
Schmid, E., Warszawski, L., and Levermann, A.: Understanding
the weather signal in national crop-yield variability, Earths Fu-
ture, 5, 605-616, https://doi.org/10.1002/2016EF000525, 2017.

Fritz, S., See, L., Mccallum, I., You, L., Bun, A., Moltchanova,
E., Duerauer, M., Albrecht, F., Schill, C., Perger, C., Hav-
lik, P., Mosnier, A., Thornton, P., Wood-Sichra, U., Herrero,
M., Becker-Reshef, 1., Justice, C., Hansen, M., Gong, P., Ab-
del Aziz, S., Cipriani, A., Cumani, R., Cecchi, G., Conchedda,
G., Ferreira, S., Gomez, A., Haffani, M., Kayitakire, F., Ma-
landing, J., Mueller, R., Newby, T., Nonguierma, A., Oluse-
gun, A., Ortner, S., Rajak, D. R., Rocha, J., Schepaschenko,

https://doi.org/10.5194/gmd-15-929-2022


https://doi.org/10.1016/j.gloenvcha.2016.09.005
https://doi.org/10.1016/j.agsy.2017.01.014
https://doi.org/10.5281/zenodo.5083000
https://doi.org/10.1016/j.gloenvcha.2017.04.003
https://doi.org/10.1007/s13593-018-0490-x
https://doi.org/10.1007/s10584-012-0650-y
https://doi.org/10.1007/s10584-012-0650-y
https://doi.org/10.1016/j.scitotenv.2015.08.126
https://doi.org/10.1016/j.gloenvcha.2020.102124
https://doi.org/10.1111/gcb.12733
https://doi.org/10.1111/gcb.13443
https://doi.org/10.25504/FAIRsharing.z0rqUk
https://doi.org/10.25504/FAIRsharing.z0rqUk
https://www.fao.org/faostat/en/#data/QCL
https://www.fao.org/faostat/en/#data/FBSH
https://www.fao.org/faostat/en/#data/FBSH
https://www.fao.org/faostat/en/#data/RL
https://www.fao.org/faostat/en/#data
https://doi.org/10.1016/j.gloenvcha.2016.06.004
https://doi.org/10.1002/2016EF000525

T. S. Ball et al.: C-LLAMA 1.0: a traceable model for food, agriculture, and land use 947

D., Schepaschenko, M., Terekhov, A., Tiangwa, A., Vancut-
sem, C., Vintrou, E., Wenbin, W., van der Velde, M., Dun-
woody, A., Kraxner, F., and Obersteiner, M.: Mapping global
cropland and field size, Global Change Biol., 21, 1980-1992,
https://doi.org/10.1111/gcb.12838, 2015.

Fujimori, S., Masui, T., and Matsuoka, Y.: AIM/CGE [basic] man-
ual, Center for Social and Environmental Systems Research,
NIES: Tsukuba, Japan, 2012.

Gough, C., Garcia-Freites, S., Jones, C., Mander, S., Moore,
B., Pereira, C., Roder, M., Vaughan, N., and Welfle, A.:
Challenges to the use of BECCS as a keystone tech-
nology in pursuit of 1.5°C, Global Sustainability, 1, ES5,
https://doi.org/10.1017/sus.2018.3, 2018.

Gustavsson, J. and Cederberg, C.: Global Food losses and Food
waste, in: Save Food Congress, Diisseldorf, Germany, 16 May
2011.

Haberl, H., Erb, K. H., Krausmann, F., Gaube, V., Bon-
deau, A., Plutzar, C., Gingrich, S., Lucht, W., and Fischer-
Kowalski, M.: Quantifying and mapping the human ap-
propriation of net primary production in earth’s terrestrial
ecosystems, P. Natl. Acad. Sci. USA, 104, 12942-12947,
https://doi.org/10.1073/pnas.0704243104, 2007.

Havlik, P, Valin, H., Herrero, M., Obersteiner, M., Schmid, E.,
Rufino, M. C., Mosnier, A., Thornton, P. K., Bottcher, H., Co-
nant, R. T., Frank, S., Fritz, S., Fuss, S., Kraxner, F., and
Notenbaert, A.: Climate change mitigation through livestock
system transitions, P. Natl. Acad. Sci. USA, 111, 3709-3714,
https://doi.org/10.1073/pnas.1308044111, 2014.

Herrero, M., Henderson, B., Havlik, P., Thornton, P. K., Conant,
R. T., Smith, P., Wirsenius, S., Hristov, A. N., Gerber, P., Gill,
M., Butterbach-Bahl, K., Valin, H., Garnett, T., and Stehfest, E.:
Greenhouse gas mitigation potentials in the livestock sector, Nat.
Clim. Chang., 6, 452-461, https://doi.org/10.1038/nclimate2925,
2016.

Holman, B. W. B. and Malau-Aduli, A. E. O.: Spirulina as a live-
stock supplement and animal feed, J. Anim. Physiol. An. N.,
97, 615-623, https://doi.org/10.1111/j.1439-0396.2012.01328.x,
2013.

Hurtt, G. C., Chini, L. P, Frolking, S., Betts, R. A., Feddema, J.,
and Fischer, G.: Harmonization of land-use scenarios for the
period 1500-2100: 600 years of global gridded annual land-
use transitions, wood harvest, and resulting secondary lands,
Climatic Change, 109, 117-161, https://doi.org/10.1007/s10584-
011-0153-2, 2011.

lizumi, T., Furuya, J., Shen, Z., Kim, W., Okada, M., Fuji-
mori, S., Hasegawa, T., and Nishimori, M.: Responses of crop
yield growth to global temperature and socioeconomic changes,
Sci. Rep., 7, 1-10, https://doi.org/10.1038/s41598-017-08214-4,
2017.

KC, S. and Lutz, W.: The human core of the shared socioeconomic
pathways: Population scenarios by age, sex and level of educa-
tion for all countries to 2100, Global Environ. Chang., 42, 181-
192, https://doi.org/10.1016/j.gloenvcha.2014.06.004, 2017.

Kearney, J.: Food consumption trends and drivers, Philos. T. Roy.
Soc. B, 365, 2793-2807, https://doi.org/10.1098/rstb.2010.0149,
2010.

Kitinoja, L.: Use of cold chains for reducing food losses in devel-
oping countries, PEF White Pap., 6, 1-16, 2013.

https://doi.org/10.5194/gmd-15-929-2022

Kottek, M., Grieser, J., Beck, C., Rudolf, B., and Rubel, F.:
World Map of the Koppen-Geiger climate classification up-
dated, Meteorol. Z., 15, 259-263, https://doi.org/10.1127/0941-
2948/2006/0130, 2006.

Krausmann, FE., Erb, K. H., Gingrich, S., Lauk, C., and
Haberl, H.: Global patterns of socioeconomic biomass flows
in the year 2000: A comprehensive assessment of sup-
ply, consumption and constraints, Ecol. Econ., 65, 471-487,
https://doi.org/10.1016/j.ecolecon.2007.07.012, 2008.

Lambin, E. F and Meyfroidt, P: Global land use
change, economic globalization, and the looming land
scarcity, P. Natl. Acad. Sci. USA, 108, 3465-3472,
https://doi.org/10.1073/pnas.1100480108, 2011.

Lambin, E. F, Geist, H. J., and Lepers, E.. Dynam-
ics of land-use and land-cover change in tropi-
cal regions, Annu. Rev. Env. Resour., 28, 205-241,
https://doi.org/10.1146/annurev.energy.28.050302.105459,
2003.

Lipinski, B., Hanson, C., Lomax, J., Kitinoja, L., Waite, R., and
Searchinger, T.: Reducing Food Loss and Waste, working pa-
per, World Resources Institute, available at: https://www.wri.org/
research/reducing-food-loss-and-waste (last access: 7 December
2021), 2013.

Liu, C., Hotta, Y., Santo, A., Hengesbaugh, M., Watabe, A., Totoki,
Y., Allen, D., and Bengtsson, M.: Food waste in Japan: Trends,
current practices and key challenges, J. Clean. Prod., 133, 557-
564, https://doi.org/10.1016/j.jclepro.2016.06.026, 2016.

Mohanty, S. K. and Swain, M. R.: Chapter 3 — Bioethanol Pro-
duction From Corn and Wheat: Food, Fuel, and Future, in:
Bioethanol Production from Food Crops, Elsevier Inc., 45-59,
ISBN: 978-0-12-813766-6, 2019.

Mueller, N. D., Gerber, J. S., Johnston, M., Ray, D. K., Ra-
mankutty, N., and Foley, J. A.: Closing yield gaps through
nutrient and water management, Nature, 490, 254-257,
https://doi.org/10.1038/nature11420, 2012.

Nicholls, Z. R. J., Meinshausen, M., Lewis, J., Gieseke, R., Dom-
menget, D., Dorheim, K., Fan, C.-S., Fuglestvedt, J. S., Gasser,
T., Goliike, U., Goodwin, P., Hartin, C., Hope, A. P., Kriegler,
E., Leach, N. J., Marchegiani, D., McBride, L. A., Quilcaille, Y.,
Rogelj, J., Salawitch, R. J., Samset, B. H., Sandstad, M., Shiklo-
manov, A. N., Skeie, R. B., Smith, C. J., Smith, S., Tanaka, K.,
Tsutsui, J., and Xie, Z.: Reduced Complexity Model Intercom-
parison Project Phase 1: introduction and evaluation of global-
mean temperature response, Geosci. Model Dev., 13, 5175-5190,
https://doi.org/10.5194/gmd-13-5175-2020, 2020.

Oerke, E. C. and Dehne, H. W.: Safeguarding production — Losses
in major crops and the role of crop protection, Crop Prot., 23,
275-285, https://doi.org/10.1016/j.cropro.2003.10.001, 2004.

Oliveira Vieira, E., Venturoso, O. J., Reinicke, F., Cézar, C., Silva,
D., Oliveira Porto, M., Cavali, J., Vieira, N. T., and Ferreira, E.:
Production, Conservation and Health Assessment of Acid Silage
Vicera of Freshwater Fish as a Component of Animal Feed,
International Journal of Agriculture and Forestry, 5, 177-181,
https://doi.org/10.5923/j.ijaf.20150503.01, 2015.

Parfitt, J., Barthel, M., and MacNaughton, S.: Food waste
within food supply chains: Quantification and potential for
change to 2050, Philos. T. R. Soc. B, 365, 3065-3081,
https://doi.org/10.1098/rstb.2010.0126, 2010.

Geosci. Model Dev., 15, 929-949, 2022


https://doi.org/10.1111/gcb.12838
https://doi.org/10.1017/sus.2018.3
https://doi.org/10.1073/pnas.0704243104
https://doi.org/10.1073/pnas.1308044111
https://doi.org/10.1038/nclimate2925
https://doi.org/10.1111/j.1439-0396.2012.01328.x
https://doi.org/10.1007/s10584-011-0153-2
https://doi.org/10.1007/s10584-011-0153-2
https://doi.org/10.1038/s41598-017-08214-4
https://doi.org/10.1016/j.gloenvcha.2014.06.004
https://doi.org/10.1098/rstb.2010.0149
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1016/j.ecolecon.2007.07.012
https://doi.org/10.1073/pnas.1100480108
https://doi.org/10.1146/annurev.energy.28.050302.105459
https://www.wri.org/research/reducing-food-loss-and-waste
https://www.wri.org/research/reducing-food-loss-and-waste
https://doi.org/10.1016/j.jclepro.2016.06.026
https://doi.org/10.1038/nature11420
https://doi.org/10.5194/gmd-13-5175-2020
https://doi.org/10.1016/j.cropro.2003.10.001
https://doi.org/10.5923/j.ijaf.20150503.01
https://doi.org/10.1098/rstb.2010.0126

948 T. S. Ball et al.: C-LLAMA 1.0: a traceable model for food, agriculture, and land use

Pikaar, 1., Matassa, S., Bodirsky, B. L., Weindl, 1., Der, FE
H., Rabaey, K., Boon, N., Bruschi, M., Yuan, Z., Van Zan-
ten, H., Herrero, M., Verstraete, W., and Popp, A.: Decou-
pling Livestock from Land Use through Industrial Feed Pro-
duction Pathways, Environ. Sci. Technol., 52, 7351-7359,
https://doi.org/10.1021/acs.est.8b00216, 2018.

Popp, A., Rose, S. K., Calvin, K., Van Vuuren, D. P., Dietrich,
J. P, Wise, M., Stehfest, E., Humpenoder, F., Kyle, P., Van
Vliet, J., Bauer, N., Lotze-Campen, H., Klein, D., and Kriegler,
E.: Land-use transition for bioenergy and climate stabilization:
model comparison of drivers, impacts and interactions with other
land use based mitigation options, Clim. Change, 123, 495-509,
https://doi.org/10.1007/s10584-013-0926-x, 2014.

Popp, A., Calvin, K., Fujimori, S., Havlik, P., Humpendder, F.,
Stehfest, E., Bodirsky, B. L., Dietrich, J. P., Doelmann, J. C.,
Gusti, M., Hasegawa, T., Kyle, P., Obersteiner, M., Tabeau,
A., Takahashi, K., Valin, H., Waldhoff, S., Weindl, 1., Wise,
M., Kriegler, E., Lotze-Campen, H., Fricko, O., Riahi, K.,
and Van Vuuren, D. P.: Land-use futures in the shared socio-
economic pathways, Global Environ. Chang., 42, 331-345,
https://doi.org/10.1016/j.gloenvcha.2016.10.002, 2017.

Powell, T.: Closing loops to rebalance the global carbon cycle:
Biomass flows modelling of global agricultural carbon fluxes,
PhD Thesis, Univ. Exet., 2015.

Powell, T. W. R. and Lenton, T. M.: Future carbon dioxide
removal via biomass energy constrained by agricultural effi-
ciency and dietary trends, Energy Environ. Sci., 5, 8116-8133,
https://doi.org/10.1039/c2ee21592f, 2012.

Ray, D. K., Ramankutty, N., Mueller, N. D., West, P. C., and Foley,
J. A.: Recent patterns of crop yield growth and stagnation, Nat.
Commun., 3, 1293-1297, https://doi.org/10.1038/ncomms2296,
2012.

Ray, D. K., Gerber, J. S., Macdonald, G. K., and West, P. C.: Climate
variation explains a third of global crop yield variability, Nat.
Commun., 6, 1-9, https://doi.org/10.1038/ncomms6989, 2015.

Roe, S., Streck, C., Obersteiner, M., Frank, S., Griscom, B., Drouet,
L., Fricko, O., Gusti, M., Harris, N., Hasegawa, T., Hausfa-
ther, Z., Havlik, P, House, J., Nabuurs, G., Popp, A., José,
M., Sanchez, S., Sanderman, J., Smith, P., Stehfest, E., and
Lawrence, D.: Contribution of the land sector to a 1.5 °C world,
Nat. Clim. Chang., 9, 817-828, https://doi.org/10.1038/s41558-
019-0591-9, 2019.

Rogelj, J., Shindell, D., Jiang, K., Fifita, S., Forster, P., Ginzburg, V.,
Handa, C., Kheshgi, H., Kobayashi, S., Kriegler, E., Mundaca,
L., Séférian, R. and Vilarifio, M. V.: Mitigation Pathways Com-
patible with 1.5°C in the Context of Sustainable Development,
in: Global Warming of 1.5°C, in: IPCC Special Report on the
impacts of global warming of 1.5°C above pre-industrial lev-
els and related global greenhouse gas emission pathways, in the
context of strengthening the global response to the threat of cli-
mate change, sustainable development, and efforts to eradicate
poverty, IPCC, 2022.

Ro66s, E., Bajzelj, B., Smith, P., Patel, M., Little, D., and Garnett, T.:
Greedy or needy? Land use and climate impacts of food in 2050
under different livestock futures, Global Environ. Chang., 47, 1-
12, https://doi.org/10.1016/j.gloenvcha.2017.09.001, 2017.

Sarofim, M. C., Smith, J. B., St. Juliana, A., and Hartin, C.: Im-
proving reduced complexity model assessment and usability,

Geosci. Model Dev., 15, 929-949, 2022

Nat. Clim. Chang., 11, 9-11, https://doi.org/10.1038/s41558-
020-00973-9, 2021.

Savary, S., Ficke, A., Aubertot, J. N., and Hollier, C.: Crop losses
due to diseases and their implications for global food pro-
duction losses and food security, Food Secur., 4, 519-537,
https://doi.org/10.1007/s12571-012-0200-5, 2012.

Shepon, A., Eshel, G., Noor, E., and Milo, R.: Energy and pro-
tein feed-to-food conversion efficiencies in the US and potential
food security gains from dietary changes, Environ. Res. Lett., 11,
105002, https://doi.org/10.1088/1748-9326/11/10/105002, 2016.

Singh, 1. D. and Stoskopf, N. C..: Harvest In-
dex in Cerealsl, Agron. J., 63, 224-226,
https://doi.org/10.2134/agronj1971.00021962006300020008x,
1971.

Stancu, V., Haugaard, P., and Lihteenmiki, L.: Determinants of
consumer food waste behaviour: Two routes to food waste,
Appetite, 96, 7-17, https://doi.org/10.1016/j.appet.2015.08.025,
2016.

Swain, M., Blomqvist, L., McNamara, J., and Rip-
ple, W. J.: Reducing the environmental impact of
global diets, Sci. Total Environ., 610-611, 1207-1209,

https://doi.org/10.1016/j.scitotenv.2017.08.125, 2018.

Willett, W., Rockstrom, J., Loken, B., et al.: Food in the An-
thropocene: the EAT-Lancet Commission on healthy diets from
sustainable food systems, The Lancet, 393, 10170, 447492,
https://doi.org/10.1016/S0140-6736(18)31788-4, 2019.

Thornton, P. K.: Livestock production: Recent trends, fu-
ture prospects, Philos. T. R. Soc. B, 365, 2853-2867,
https://doi.org/10.1098/rstb.2010.0134, 2010.

Tilman, D. and Clark, M.: Global diets link environmen-
tal sustainability and human health, Nature, 515, 518-522,
https://doi.org/10.1038/nature13959, 2014.

Tsugane, S. and Sawada, N.: The JPHC study: Design and some
findings on the typical Japanese diet, Jpn. J. Clin. Oncol., 44,
777-782, https://doi.org/10.1093/jjco/hyu096, 2014.

Tufarelli, V., Ragni, M., and Laudadio, V.. Feeding for-
age in poultry: A promising alternative for the fu-
ture of production systems, Agriculture, 8, 1-10,
https://doi.org/10.3390/agriculture8060081, 2018.

UNFCCC: Conference of the Parties, Adoption of the Paris
Agreement, U.N. Doc. FCCC/CP/2015/L.9/Rev/1, available at:
https://unfccc.int/resource/docs/2015/cop21/eng/109r01.pdf (last
access: 7 December 2021), 2015.

United Nations Environment Programme: Food Waste Index — Re-
port 2021, Report, ISBN: 978-92-807-3851-3, 2021.

Van Dyk, J. S., Gama, R., Morrison, D., Swart, S., and Pletschke,
B. I.: Food processing waste: Problems, current management and
prospects for utilisation of the lignocellulose component through
enzyme synergistic degradation, Renew. Sust. Energ. Rev., 26,
521-531, https://doi.org/10.1016/j.rser.2013.06.016, 2013.

Van Rossum, G. and Drake Jr., F. L.: Python reference manual, Cen-
trum voor Wiskunde en Informatica, Amsterdam, 1995.

Van Vuuren, D. P, Edmonds, J., Kainuma, M., Riahi, K., Naki-
cenovic, N., Smith, S. J., and Rose, S. K.: The representative
concentration pathways: an overview, Clim. Change, 109, 5-31,
https://doi.org/10.1007/s10584-011-0148-z, 2011.

Van Zanten, H. H. E., Herrero, M., Van Hal, O., Roos, E.,
Muller, A., Garnett, T., Gerber, P. J., Schader, C., and De
Boer, I. J. M.: Defining a land boundary for sustainable

https://doi.org/10.5194/gmd-15-929-2022


https://doi.org/10.1021/acs.est.8b00216
https://doi.org/10.1007/s10584-013-0926-x
https://doi.org/10.1016/j.gloenvcha.2016.10.002
https://doi.org/10.1039/c2ee21592f
https://doi.org/10.1038/ncomms2296
https://doi.org/10.1038/ncomms6989
https://doi.org/10.1038/s41558-019-0591-9
https://doi.org/10.1038/s41558-019-0591-9
https://doi.org/10.1016/j.gloenvcha.2017.09.001
https://doi.org/10.1038/s41558-020-00973-9
https://doi.org/10.1038/s41558-020-00973-9
https://doi.org/10.1007/s12571-012-0200-5
https://doi.org/10.1088/1748-9326/11/10/105002
https://doi.org/10.2134/agronj1971.00021962006300020008x
https://doi.org/10.1016/j.appet.2015.08.025
https://doi.org/10.1016/j.scitotenv.2017.08.125
https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1098/rstb.2010.0134
https://doi.org/10.1038/nature13959
https://doi.org/10.1093/jjco/hyu096
https://doi.org/10.3390/agriculture8060081
https://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf
https://doi.org/10.1016/j.rser.2013.06.016
https://doi.org/10.1007/s10584-011-0148-z

T. S. Ball et al.: C-LLAMA 1.0: a traceable model for food, agriculture, and land use 949

livestock consumption, Global Change Biol., 24, 41854194,
https://doi.org/10.1111/gcb.14321, 2018.

Vaughan, N. E., Gough, C., Mander, S., Littleton, E. W., Welfle,
A., Gernaat, D. E. H. J., and Van Vuuren, D. P.: Evaluat-
ing the use of biomass energy with carbon capture and stor-
age in low emission scenarios, Environ. Res. Lett., 13, 044014,
https://doi.org/10.1088/1748-9326/aaaal02, 2018.

Weindl, 1., Popp, A., Bodirsky, B. L., Rolinski, S., Lotze-
Campen, H., Biewald, A., Humpenoder, F., Dietrich, J. P,
and Stevanovi¢, M.: Livestock and human use of land: Pro-
ductivity trends and dietary choices as drivers of future land
and carbon dynamics, Global Planet. Change, 159, 1-10,
https://doi.org/10.1016/j.gloplacha.2017.10.002, 2017.

https://doi.org/10.5194/gmd-15-929-2022

Winkler, K., Fuchs, R., Rounsevell, M., and Herold, M.: Global
land use changes are four times greater than previously esti-
mated, Nat. Commun., 12, 1-10, https://doi.org/10.1038/s41467-
021-22702-2, 2021.

Wirsenius, S., Azar, C., and Berndes, G.: How much land is needed
for global food production under scenarios of dietary changes
and livestock productivity increases in 2030?, Agr. Syst., 103,
621-638, https://doi.org/10.1016/j.agsy.2010.07.005, 2010.

World Bank: Worldwide Governance IndicatorsWorldwide Gover-
nance Indicators, available at: https://databank.worldbank.org/
source/worldwide-governance-indicators/ (last access: 13 Ja-
nuary 2022), 2020.

Geosci. Model Dev., 15, 929-949, 2022


https://doi.org/10.1111/gcb.14321
https://doi.org/10.1088/1748-9326/aaaa02
https://doi.org/10.1016/j.gloplacha.2017.10.002
https://doi.org/10.1038/s41467-021-22702-2
https://doi.org/10.1038/s41467-021-22702-2
https://doi.org/10.1016/j.agsy.2010.07.005
https://databank.worldbank.org/source/worldwide-governance-indicators/
https://databank.worldbank.org/source/worldwide-governance-indicators/

	Abstract
	Introduction
	Model overview
	Model components
	Food supply
	Food-system efficiency
	Food-system efficiency parameter
	Inefficiency in the food system

	Food production
	Production
	Crop yield

	Livestock
	Waste and residues as feed
	Fodder

	Land use
	Crop land use
	Livestock land use


	Model output
	Anchor scenario
	Sensitivity

	Discussion
	Appendix A
	Appendix B
	Appendix B1: Food commodity groupings
	Appendix B2: Harvest factors and recovery rates

	Appendix C
	Appendix D
	Appendix E
	Appendix F
	Code availability
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Financial support
	Review statement
	References

