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Abstract

IPCC climate models that predict a 5 °C or greater increase in global temperature (above the pre-industrial average)
will render the planet’s principal wheat-growing regions significantly less productive than they are today. The effects
of such a loss will include a profound decrease in food security through both direct and indirect population-dynamics
pathways. To help investigate these effects, I use a well-characterized population-resource dynamics simulator,
World3, to compute the World3 response of 12 World3 population-resource variables to a 0% - 100% loss of wheat
production, in nine World3 Benchmark Scenarios, ranging from the practices of the 20th century to a sequence of
scenarios that implement birth control and pollution controls, increase industrial and agricultural investment, and
improve food production technology, resource conservation practices, and resource extraction efficiency. The results
strongly suggest that none of the Benchmark Scenarios can overcome all of the population-resource effects of wheat-
production loss due to the temperature trajectories of IPCC scenario RCP4.5. Overcoming these effects will require
that, over the next three to four decades, we achieve a 50% reduction in current greenhouse gas production rates
and/or a wholesale replacement of the current dominant strains of wheat with significantly more heat-tolerant
varieties.
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1. Introduction

This paper describes a World3-based analysis (Meadows et al., 1974; Cellier, 2019; Nebel et al., 2023) of the
response of population-resource dynamics to climate-change-driven loss of wheat production. Section 2 of the
present paper provides an overview of World3 and sets the context for the experiments reported in Sections 3
and 4.

2. Overview of World3

The World3 simulator (Meadows et al., 1974; Cellier, 2008; Cellier, 2019; Wolfram, 2019; Nebel et al.,, 2023) is
a system of approximately 330 equations and 330 variables that models, at a high level, the dynamical
interaction of world population, pollution, agriculture, capital, and non-renewable resources. Recent
assessments (Turner, 2008; Turner, 2014; Randers, 2012; Ngrgard et al., 2010; Herrington, 2020; Nebel et al.,
2023; Bardi and Pereira, 2022) of World3 (especially World3’s Benchmark Scenario 1; see Section 2.1 of this
paper) show that World3 has predicted the trajectories of the system variables listed in Table 3 (see Section
3.3, below), including global population and food production well for Years 1900 - 2020. For example, Table 1

compares the population predictions of World3’s “Business as Usual” (BAU) scenario (see Scenario 1, Section
2.1) with UN estimates (United Nations (2019) of the world population, 1980 to 2020.

Table 1. Comparison of some World3’s population predictions (from the “Business as Usual” (BAU)
Benchmark Scenario; see Section 2.1) with the UN estimates (United Nations, 2019). Population is
rounded to two significant figures; percent difference is computed as [(World3_prediction -
UN_estimate) / UN_estimate] and is rounded to one significant figure.

Year World3 prediction of UN estimate of world Percent difference
world population population (billions) between World3
(billions, from BAU prediction, and UN
Scenario) estimate, relative to

UN estimate

1980 4.6 4.5 +2

1990 5.4 5.3 +2

2000 6.2 6.1 +2

2010 7.1 7.0 +1

2020 7.9 7.8 +1

Similarly, Table 2 compares World3’s BAU Scenario predictions of world food production per capita per
year with UN estimates of that quantity.

The World3 BAU Scenario food production per capita per year magnitudes evidently agree well with UN
estimates of the same, 1970-2000. The BAU predictions for food production are somewhat more pessimistic
than UN estimates for 2010 and 2020.
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Table 2. Comparison of World3’s Benchmark Scenario 1 (“BAU”) prediction of world food production
with UN estimates (Roser and Ritchie, 2022) of the same. Food production units are vegetable-
equivalent kilograms per person per year. Percent difference is computed as [(World3_prediction -
UN_estimate) / UN_estimate].

Year World3 prediction, UN Estimate, Percent difference,
Benchmark Scenario1l normalized to relative to UN estimate
(“BAU”) World3's 1970

prediction

1970 384 384 0

1980 407 400 +2

1990 425 416 +2

2000 430 432 +0.5

2010 416 448 +7

2020 390 464 +16

2.1. The World3 benchmark scenarios

Meadows et al. (2004), Cellier (2019), and Nebel et al. (2023) describe, at a high level, nine World3 scenarios
that span regimes ranging from continuing the practices and policies of the 20th century (called the “Business
as Usual” scenario (BAU)), to a sequence of scenarios that increasingly diverges from the BAU through
increasing:

e Dbirth control and pollution controls

e industrial and agricultural investment

e food production technology

e resource conservation practices

e resource extraction efficiency

I will call these nine Scenarios “the World3 Benchmark Scenarios” or “the Benchmark Scenarios”.
Collectively, the Benchmark Scenarios provide a de facto baseline for analyzing the response of World3
predictions to variations in World3 parameters and initial conditions. By default, the duration of each
Benchmark Scenario spans simulated calendar years 1900 - 2100. Following is a high-level description of
Benchmark Scenarios 1 (the “BAU” scenario) and 9. Details of these, and of Benchmark Scenarios 2-8, can be
found in Meadows et al. (1974), Meadows et al. (2004), Cellier (2019), and Nebel et al. (2023).

Benchmark Scenario 1 (the “business-as-usual” (BAU) scenario; Meadows et al, 2004, pp. 168-171): In
Benchmark Scenario 1, the practices and policies of most of the 20t century continue without significant
deviation. As aresult, population and production increase until growth is arrested by increasingly inaccessible
resources. Increasing investment is required to maintain resource flows. That investment, which must be re-
directed from other sectors of the economy, leads to declining output of both industrial goods and services.
The decline of industrial goods and services causes a reduction in the food supply and in health services,
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thereby decreasing life expectancy, resulting in a population “collapse” (nominally defined as a 50% reduction
of population size in less than ~50 years), beginning calendar year 2040.

Figure 1 shows population as a function of time in World3 Benchmark Scenario 1. Figure 2 shows life
expectancy as a function of time in that Scenario. Figure 3 shows food produced per capita as a function of
time in that Scenario.

8x10%F
6x10%F
4x10%F

2x10%F

1950 2000 2050 2100

Figure 1. World population (number of persons) by time. World3, Benchmark
Scenario 1 (“Business as Usual” (BAU)). Horizontal axis is calendar year. Note
the population collapse beginning about Year 2030.
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Figure 2. World average Life Expectancy (in years) by time. World3,
Benchmark Scenario 1. Horizontal axis is calendar year. Note the drop in life
expectancy beginning about Year 2025.
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Figure 3. World food production (in vegetable-equivalent kilograms per
person per year) by time. World3, Benchmark Scenario 1. Horizontal axis is
calendar year. Note the drop in food production beginning about Year 2000.

Benchmark Scenario 9 (Meadows et al, 2004, 244-247): In this scenario, population and industrial output
are intentionally limited. In addition, technologies are added to aggressively abate pollution, conserve
resources, increase land yield, and protect agricultural land. As a consequence, the planet’s 8 billion people
enjoy a high standard of living, and the human ecological footprint continuously declines.

Figure 4 shows population as a function of time in World3 Benchmark Scenario 9. Figure 5 shows life
expectancy as a function of time in Benchmark Scenario 9. Figure 6 shows food produced per capita as a
function of time in Benchmark Scenario 9.
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Figure 4. World population (number of persons) vs. time. World3, Benchmark
Scenario 9. Horizontal axis is calendar year. Note the population is
approximately constant starting about Year 2070. Compare with Figure 1
(from Benchmark Scenario 1).
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Figure 5. World average Life Expectancy (years) by time. World3, Benchmark
Scenario 9. Horizontal axis is calendar year. Note that the life expectancy is
constant starting about Year 2060. Compare with Figure 2 (from Benchmark
Scenario 1).
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Figure 6. World food production (in vegetable-equivalent kilograms per
person-year) by time. World3, Benchmark Scenario 9. Horizontal axis is
calendar year. Note that food production is constant starting about Year 2080.
Compare with Figure 3 (from Benchmark Scenario 1).

Summarizing the results shown in Figures 1 - 6 (and those in Horner (2023)), in Benchmark Scenarios 1 -
8 population/resource dynamics are strongly dominated by population growth overshooting the global supply
of various essential resources, resulting in a population peak followed by a population crash (see, for example,
Figure 2). In its most rudimentary form, this behavior is the classic Malthusian catastrophe (Malthus, 1798;
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Ehrlich and Ehrlich, 2009): any resource required to sustain a population level must increase at least as fast as
the population does, or the population will overshoot the carrying capacity of the resource and the population
will collapse. For example, the world population has tended to increase exponentially but the resources
required to sustain that population increase at best linearly. Over at least the last century, in particular, the
global population has tended to grow at least one percent year over year (i.e., has exhibited an exponential
growth rate of at least one percent per year), while agricultural output has, on average, increased only linearly.
Of the nine Benchmark Scenarios, only Benchmark Scenario 9 avoids a population collapse and a precipitous
drop in the global economy.

3. Method

This section describes the method used in the present study. Section 3.1 describes the platform used in the
study. Section 3.2 identifies, and provides rationale for, the World3 parameters that were varied in the study.
Section 3.3 identifies the World3 system variables whose trajectories are reported in this study.

3.1. Platform

The version of World3 used in this study is Cellier (2008) hosted under the System Modeler/Mathematica
(Wolfram, 2019; Wolfram, 2023) framework. The configuration files for Benchmark Scenarios 1-9 are bundled
with Cellier (2019). Modelica v3.2.2 and v3.2.3 provided the Modelica resources required by Cellier (2019).
Microsoft C++ Visual Studio provided the C++ resources required by Wolfram (2019) and Wolfram (2023). All
software used in this study was executed under Windows 10 on a Dell Inspiron 545 desktop containing an
Intel Q8200 quadprocessor clocked at 2.33 GHz and 8 GB of physical memory.

3.2. Selection of parameters to vary

The approach used in the present study to investigate the effects, on population-resource dynamics of climate-
change-induced variation in wheat production, requires a set of parameters in World3 that can at least bound
the effects of climate change on wheat production. In the present study, LYF, a parameter that in World3 can
be used only to modify land yield (represented by the World3 system variable LY) was selected for this purpose.
Here are some rationales for that choice.

Global temperature increase caused by increases in anthropogenic greenhouse-gases (GHGs, such as CO3)
can cause significant changes in wheat production (Balla et al., 2019; IPCC, 2022). The IPCC Representative
Concentration Pathways (RCPs; van Vuuren et al., 2011) are a set of climate pathways developed for the
climate modeling community as a basis for long-term and near-term modeling experiments. The RCPs are the
product of a collaboration among assessment modelers, climate modelers, terrestrial ecosystem modelers and
emission inventory experts. The resulting product forms a comprehensive data set with high spatial and
sectoral resolutions for the period extending to 2100.

The temperature trajectory of RCP4.5 (NOAA, 2023) was selected for this study. RCP4.5 is a stabilization-
without-overshoot pathway to a radiative forcing of 4.5 W/m2 (~650 ppm CO; equivalent) at stabilization after
2100 (van Vuurren et al,, 2011).
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The optimum temperature over the entire wheat growing season for more than 90% of the wheat produced
today lies between about 17 and 23 °C (Porter and Gawith, 1999, p. 25; Balla et al., 2019) RCP4.5 implies that,
by 2080, the surface temperature in each of the planet’s major wheat-production regions during a large
fraction of the wheat growing season will exceed 29 °C. All else being the same, at 29 °C during the growing
season, therefore, 100% of the production of today’s dominant wheat varieties would be lost (Porter and
Gawith, 1999, Table 1, p. 15, assuming normal distributions of the data in that Table; Balla et al., 2019).

The atmospheric CO; production rate implied by RCP4.5 would need to be halved within the next two
decades to keep the temperature of the planet’s major wheat-production regions within the heat tolerance of
today’s dominant wheat strains (NOAA 2023).

Within the range of values [0.7, 1.2], LYF allows the user to define variation in LY caused by any user-
designated regime that is consistent with the intended application semantics (see Turner (2011) for a
discussion of this term) of the rest of World3. More specifically, in World3, LY is calculated by multiplying LYF
with other factors, as shown in Eq. 1. Eq. 1 is the only use of LYF in World3 (Meadows et al. 1974, Eq. 103, p.
307; Cellier 2019):

LY = LYF * LFERT * LYMC * LYMAP Eq.1

where,

LY and LYF are as noted above
LFERT is a land fertility multiplier
LYMC is a land-yield multiplier from capital (investment)

LYMAP is a land-yield multiplier from air pollution

Because this study concerns the reduction of wheat production under the RCPs, the LYF values of interest
lie in the range [0.7, 1.0]. If LYF = 1.0, Eq. 1 shows that LYF has no effect on the value of LY. If LYF=0.7, LY is
reduced by (100(1.0 - 0.7) =) 30%.

All else being the same, in World3, LY is proportional to food production (FP; see especially Eq. 87 in
Meadows et al. (1974), p. 280). In World3, wheat accounts for approximately one-third (~30%) of FP (see for
example Meadows et al., 1974, Figures 4-20 and 4-25; Shewry and Hey, 2015; Riaz et al,, 2021). All else being
the same, therefore, a 100% loss of wheat production is a 30% loss of FP, and that corresponds to a 30%
reduction in LY. That fact allows us to use LYF = 0.7 (= 1.0 - 0.3) as a proxy for bounds on the effects on wheat
production of the temperature trajectory of RCP4.5 in Year 2080. To reiterate, setting LYF = 1.0 corresponds
to “the RCP4.5 Year 2080 temperature reduces wheat production by 0%”, and setting LYF = 0.7 corresponds
to “the RCP4.5 Year 2080 temperature reduces wheat production by 100%".

Because of the way World3 is constructed, LYF, once set for a scenario, has a constant value for the duration
of that scenario (in this study, that duration is Years 1900 - 2100). For example, if LYF were set to 0.7, LY, all
else being the same, World3 would multiply LY by 0.7 for every year from 1900 to 2100. In the “real” world,
however, it is likely that the effect of RCP4.5 on land yield would vary over time. In World3, the best we can do
to approximate the time-varying temperature effect of a dynamical climate model such as RCP4.5 on land yield
is to assume that that temperature effect in the period 2025 - 2100 can be approximated by setting LYF to
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some value in the range [0.7, 1.0]. What the specific single value of LYF should be in order to produce a
sufficiently realistic approximation of the effect of RCP4.5 on the World3 trajectory during years 2025 - 2100,
we can’t know prior to running simulations. But we can vary the value of LYF within [0.7, 1.0], which will allow
us compute the sensitivity of World3 to that variation (see for example Winsberg, 2010). Accordingly, in this
study the value of LYF was set to each 0f{0.7, 0.75, 0.80, 0.85, 0.90, 0.95, 1.0} for each of the scenario definitions
selected for this study.

As an alternative to the parameter-variation-based approach used in the present work, one could explicitly
model the relation between temperature and wheat production by modifying the World3 software. That
approach would require adding equations to World3 that define the dynamical relationship between
temperature and wheat production. Such an approach, however, would not yield World3 as such. The resulting
software would have to be re-calibrated and re-verified. The effort required to perform that re-calibration
and re-verification would be at least as large as the effort expended by the World3 user community to date to
test and calibrate World3 (thousands of person-years). Moreover, it is provably impossible for finite agents
(such as humans) to verify that a given calibration/test regimen of World3 is at least as comprehensive as
another (Horner and Symons, 2019).

3.3. State variables reported in this study

By convention, the standard reporting of the results of Benchmark Scenarios 1-9 documents the trajectories
of the 12 World3 variables shown in Table 3.

Table 3. List of World3 variables reported in this study.
See Meadows et al. (1974) and Cellier (2019) for
definitions of these variables.

World3 variable

Population

Food (Production)

Life Expectancy

Land Yield

Human Welfare Index

Human Ecological Footprint

Food Production Per Capita
Industrial Output

Labor Utilization

Consolidated Industrial Output Per Capita
Persistent Pollution
Non-renewable Natural Resources

Summarizing, for each of Benchmark Scenarios 1-9, the value of LYF was set, in turn, to each of {0.7, 0.75,
0.80, 0.85, 0.90, 0.95, 1.0}, and the effect of this variation, in Benchmark Scenarios 1-9, on the 12 World3
variables shown in Table 3 was computed on the platform described in Section 3.1.

158 ISDS www.isdsnet.com



International Journal of Development and Sustainability Vol 14 No. 2 (2025): 150-165

4. Results

The source code and results described in Section 3 were saved to a PDF file, available at Horner (2023).

Figures 1 - 6 illustrate how World3 system variables population, life expectancy, and food production vary
in Benchmark Scenarios 1 and 9 when p_land_yield_fact_1 is set to 1. Figures 7 - 12 (below) show how those
same variables vary in Benchmark Scenarios 1 and 9 when p_land_yield_fact_1 is set to 0.7. Horner (2023)
shows how all variables listed in Table 3 vary when p_land_yield_fact_1 is set to each of the values in {0.7,
0.75, 0.80, 0.85, 0.90, 0.95, 1.0}.

The results shown in Figures 7 - 12, together with Horner (2023), show the response, within World3, of
population-resource variables in Table 3 to variation in LY caused by setting the values of LYF, in turn, to each
0f {0.7,0.75, 0.80, 0.85, 0.90, 0.95, 1.0}. The results strongly suggest that none of the policies of the Benchmark
Scenarios can mitigate all of the population-resource effects of wheat-production loss due to RCP4.5. Of the
lot, Benchmark Scenario 9 tempers those effects better, but only relatively so, than any of the other Benchmark
Scenarios.

The total wall-clock time to execute all 63 scenarios (9 Benchmark Scenarios x 7 LYF values per Benchmark
Scenario) documented in Horner (2023) was approximately 3 hours, corresponding to about 1014 machine-
operations, on the platform described in Section 3.1.

7x109?
6x109§
5x109§
4x109;
3x109;
2x109;

1x102 F

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 t
1950 2000 2050 2100

Figure 7. Population, people. Benchmark Scenario 1. p_land_yield_fact 1 =
0.7. Horizontal axis is calendar year. Note the population collapse starting at
about Year 2050. The peak population in this Figure is about 7 billion.
Compare with Figure 1, in which p_land_yield_fact.1 = 1.0, the peak
population is about 8.4 billion.
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Figure 8. Life expectancy, years. Benchmark Scenario 1. p_land_yield_fact_1
= (.7. Horizontal axis is calendar year. Peak life expectancy (65 years) occurs
at about Year 2045. Compare with Figure 2, in which peak life expectancy
occurs at about 75 years in Year 2025. Note the life expectancy drop starting
at about Year 2050.
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Figure 9. Food production, vegetable-equivalent kilograms per year per
person. Benchmark Scenario 1. p_land_yield_fact_1 = 0.7. Peak production
(about 380 vegetable-equivalent kilograms per year per person) occurs at
about Year 2020. Horizontal axis is calendar year. Note the food production
drop starting at about Year 2020.

160 ISDS www.isdsnet.com



International Journal of Development and Sustainability Vol 14 No. 2 (2025): 150-165

6x109;'
5x109;'
4x109;'
3x1095'
2x1095'

1x10%F

I I I I I 1 I I I I 1 I I I I 1 t
1950 2000 2050 2100

Figure 10. Population, people. Benchmark Scenario 9. p_land_yield_fact_1 =
0.7. Horizontal axis is calendar year. Note that population remains
approximately constant after Year 2050. Compare with Figures 4 and 7. Note
in particular that the maximum population in Figure 10 is about 6 billion,
whereas in Figure 4 it is about 8 billion, a 25% loss of peak population from
the case in which p_land_yield_fact_1 = 1.0.
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Figure 11. Life expectancy, years. Benchmark Scenario 9. p_land_yield_fact_1
= 0.7. Horizontal axis is calendar year. Note that life expectancy is
approximately constant after Year 2020. Compare with Figure 8.
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Figure 12. Food production, vegetable-equivalent kilograms per year per
capita. Benchmark Scenario 9. p_land_yield_fact_1 = 0.7. Horizontal axis is
calendar year. Note that food production is approximately constant after Year
2025. Compare with Figures 6 and 9. Note that the maximum food production
per capita per year in Figure 12 is about 10% higher than the food production
per capita per year in Figure 6 (in which p_land_yield_fact.1 = 1.0, a
somewhat counterintuitive result.)

5. Discussion

Using World3 to help probe the interaction of human population-resource dynamics and wheat production is
not a panacea: the effects of loss of wheat production on population-resource dynamics might lie outside what
World3 per se can plausibly represent. It has been suggested, for example, that there are some wheat varieties
that have a much better temperature tolerance than the varieties that currently dominate world production
(see for example Potter and Gawith, 1999, p. 27; Balla et al., 2019). All we have to do, that suggestion says, is
to switch the bulk of wheat production to these temperature-tolerant varieties, and the problem of wheat-
production loss is solved. In such cases, using World3 to help bound estimates of the interaction of loss of wheat
production, and the remaining World3 variables, could cause us to seriously mis-estimate that interaction.

Though well taken, it should be noted that this kind of concern is not unique to World3: broadly considered,
it applies to all simulation regimes, and for that matter, all empirical predictive reasoning regimes that have
not been, or for various pragmatic reasons (e.g., ethical, financial, technological) cannot be, tested.

In addition, although the proposal to switch to temperature-tolerant wheat varieties is appealing, it glosses
over at least three further difficulties.

First, such switches require an inventory of seed wheat adequate to meet the need, and such an inventory
would first have to be grown because it does not exist now. Generally speaking, about one percent of each
year’s wheat crop must be saved for seed. Switching wheat varieties on the scale required to replace 2024
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wheat production could easily take several years, even if 1% of each year’s wheat crop were dedicated to
growing seed for wheat varieties that could withstand the temperatures of RCP4.5 were grown for seed.

Second, any alternative to the currently dominant varieties of wheat would have to be tolerant of the entire
temperature trajectory implied by RCP4.5 for the entire wheat growing season (Porter and Gawith, 1999, pp.
27-29; Balla et al., 2019).

Third, UN and World3 estimates predict that, all else being the same, the food production required to sustain
the world population in 2080 would require all of the arable land on the planet that is capable of growing
wheat, assuming that wheat is produced at the rate equal to or greater than the rate of wheat varieties that
dominate wheat production today. There are no varieties of wheat that can both (a) tolerate the temperature
profile of RCP4.5 and (b) have a production rate as high as the varieties that dominate wheat production today.

Similarly, it has been suggested we could solve the loss of wheat production due to climate change by
supplanting wheat with a cereal-grain other than wheat. In order to be testable (see for example Popper, 1986;
Quine, 1961, especially Section 6), however, this hypothesis needs to specify what that alternative cereal grain
could be. The probability of finding an alternative in the next few decades, is for all practical purposes zero,
because there is no known cereal-grain alternative to wheat that can survive the temperatures predicted by
RCP4.5 for Year 2080 and has at least the land yield of wheat (Wang et al,, 2019).

In summary, the World3 analysis reported in this paper strongly suggests that the population-resource
effects of wheat-production loss from the temperature trajectory of RCP4.5 in Year 2080 would include a
profound decrease in food and economic security through both direct and indirect population-dynamics
pathways. In order to mitigate these effects, World3, together with IPCC (2022), imply that we must, over the
next three to four decades

e i. halve the increase in atmospheric CO; posited by RCP4.5, presumably through the policies outlined
in World3 Benchmark Scenario 9, and/or

e ii. replace essentially all of the world’s production of wheat with strains that
a. tolerate the temperature trajectory of RCP4.5
b. have yields at least as large as the dominant strains produced today.
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