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A B S T R A C T

How to feed the world is a vigorously debated question, but the extent to which possible solutions receive
attention in the scientific literature has not been studied. Using textual analysis, we analyse 12,640 research
articles to quantify how this discourse evolved over the last 50 years, distinguishing between a focus on three
potential levers: total food production, per capita food demand, and population. We find a strong and increasing
focus on feeding the world through increasing food production via technology, while the focus on reducing food
demand through less intensive dietary patterns has remained constant and low. Population has declined from
being the dominant lever discussed in 1969 to the least researched in 2018. Our results suggest that very few
studies address all three levers in an integrated way, which may be constraining the solution space for feeding
the world and meeting other Sustainable Development Goals.

1. Introduction

Food is a basic human need. Meeting this need for everyone on
Earth is a fundamental precursor to achieving the possibility of a good
life for all, as envisioned in the UN Sustainable Development Goals, and
is intimately linked with achieving other essential goals including
eliminating poverty and achieving health, among others (Willett et al.,
2019). The tripling of cereal production since the Green Revolution has
contributed to reduce poverty, with knock-on benefits for health, life
expectancy, and other enablers of human development (Evenson and
Gollin, 2003; Pingali, 2012).

However, meeting human needs for food while maintaining healthy
ecosystems is a fundamental challenge of the 21st century. There is
currently no country on Earth that meets critical needs for human well-
being while staying within environmental planetary boundaries
(O’Neill et al., 2018). Today's food system drives major problems in
both human health and the environment. In terms of health, while
under-nutrition remains a problem for 820 million people (FAO, IFAD,
UNICEF, WFP, WHO, 2019), today unhealthy diets are the largest
global burden of disease (Willett et al., 2019), with more than 2 billion
people affected by overweight and obesity (FAO, IFAD, UNICEF, WFP,
WHO, 2019). For the environment, food production is currently the
main global driver of biodiversity loss, water use, and land use change,

and drives a quarter of climate change (Foley et al., 2011; Poore and
Nemecek, 2018; IPCC, 2019).

While food security has a multifaceted definition that goes beyond
production to include food access, stability, and utilization (FAO, IFAD,
UNICEF, WFP, WHO, 2019), here we refer to the general issue of sus-
tainably producing a quantity of food sufficient to cover consumption
patterns for all humans on Earth. We split the issue into three main
levers: (i) population; (ii) per capita food demand, related to diets; (iii)
total food production, related to agricultural technologies and prac-
tices. Note that a similar decomposition holds for other global issues
and reflects the classical =I PAT equation proposed by Ehrlich and
Holdren, 1971, 1972 to model environmental impact (I in the formula,
while P represents population, A the affluence or individual consump-
tion demanded, and T the technology used to supply the demand).

All three levers — population, per capita demand, and food pro-
duction — affect the potential to meet global food needs, and are active
areas in both public debate and scientific research. However, the em-
phasis on different levers — and the degree to which they are con-
sidered together — potentially implies different visions and paradigms
on how to tackle sustainability issues. Recently, several authors noted a
neglect for the population lever in different contexts. For example,
Boongarts and O'Neill noted that population — although recognized as
a main driver of greenhouse gases (e.g., in IPCC reports) — is never
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considered as a potential mitigation or adaption response (Bongaarts
and O'Neill, 2018). Similar arguments have been advanced within the
scope of other environmental issues, like biodiversity loss (Crist et al.,
2017). However, these observations remain anecdotal. To date, there
has been no quantitative analysis on the degree to which scientific re-
search has focused on the three levers, both together and in isolation,
while knowledge on both the current status and trend over time would
be highly relevant for prioritizing scientific attention and funding ef-
forts. Our work represents a step to fill this gap for the issue of food
security.

We conducted the first formal large-scale, quantitative textual
analysis of the scientific literature on how to feed the world. We as-
sembled a dataset consisting of 12,640 abstracts of scientific articles
published between 1969 and 2018. Using textual analysis, clustering
techniques, and network analysis, we examined the abstracts for their
focus on each of the three potential levers to meet human food needs.
Results show that studies have become increasingly likely to focus only
on production rather than addressing the other two levers. The relative
frequency of publications focused on production has nearly tripled
since 1969, while population has declined more than half, with studies
on per capita demand remaining low. More attention on balancing
studies of food supply and demand by acknowledging the role of all
three levers would be a fruitful way forward towards sustainably
feeding the world and achieve food security.

2. Material and methods

2.1. Dataset extraction and preparation

The dataset was extracted from the Scopus database (www.scopus.
com) on August 8, 2019 by performing the following query on titles,
abstracts and keywords:

(global OR world) AND (“food security” OR “food supply” OR “food
demand” OR “zero hunger”) AND (LIMIT-TO (DOCTYPE, ar) OR
LIMIT-TO (DOCTYPE, re) OR LIMIT-TO (DOCTYPE, ch) OR LIMIT-TO
(DOCTYPE, cp) OR LIMIT-TO (DOCTYPE, bk)) AND LIMIT-TO
(LANGUAGE, English)

In order to only consider full years, we excluded all documents
published after December 31, 2018. The resulting dataset included
13,161 observations of which 8426 are journal articles, 1977 review
papers, 1313 book chapters, 1120 conference papers, and 325 books (4
additional documents included in the search had missing bibliographic
information and were deleted). These documents initially covered the
1917–2018 period. However, only after the late 1960s did the number
of observations rise above a few units per year, reflecting mainly the
larger inclusion of more recent works in Scopus (and perhaps also an
increase of interest in the topic over time). We only considered in the
analysis the last 50 years (i.e., year ≥ 1969), resulting in 13,070 docu-
ments, namely more than 99% of the original observations, of which
12,640 included abstracts and formed the final dataset for analysis.

To analyse disciplinary contributions, we grouped the Scopus dis-
ciplines into five broader scientific areas: agricultural sciences,

environmental sciences, social sciences and humanities, medicine and
health sciences, and other sciences; note that the same document could
be listed in more than one area. For the analyses, in order to avoid
double counting, we attributed a “main area” to each document by
selecting the one having the highest number of occurrences (except for
the residual “other sciences” area).

2.2. Textual analysis

2.2.1. Term frequencies
All analyses were performed using the R 3.6.1 platform (R Core

Team, 2018). Plotting was done using the ggplot2 package. The textual
analysis was done using the quanteda package (Benoit et al., 2018). All
“parts-of-speech” (nouns, verbs, etc.) were identified using the udpipe
package (Straka et al., 2016).

Focusing on nouns, we found the 20 most common terms in each
scientific area, excluding the ones used to extract the dataset. Although
terms in isolation can offer an overview, their combination is crucial to
better understand the specific topics discussed and their nuances. We
therefore extracted frequent meaningful term combinations using part-
of-speech information. Term combinations were identified using the
udpipe package, following the procedure described in Handler et al.
(2016).

2.2.2. Document classification
To classify the document in our dataset based on their focus we used

a bag-of-word approach (Berry, 2010). To limit the arbitrariness of the
term choice, instead of directly selecting them, we identified the most
common terms linked to population, per capita demand, and total food
production in the scientific literature published in English in the last 50
years. To do so, we started by extracting three new datasets from
Scopus consisting of the 2000 most quoted works in each topic. The
queries used to extract the three datasets were developed through
iteration to successfully capture the most relevant documents for each
topic, and are shown below.

Population: TITLE-ABS-KEY ((population AND (human* OR demo-
graph*)) AND (fertility OR “birth rate”)) AND (LIMIT-TO (DOCTYPE,
“ar”) OR LIMIT-TO (DOCTYPE, “re”) OR LIMIT-TO (DOCTYPE, “cp”)
OR LIMIT-TO (DOCTYPE, “ch”) OR LIMIT-TO (DOCTYPE, “bk”))
AND (LIMIT-TO (LANGUAGE, “English”))

Per capita demand: TITLE-ABS-KEY ((food* OR diet*) AND con-
sumption AND NOT clinical) AND (LIMIT-TO (DOCTYPE, “ar”) OR
LIMIT-TO (DOCTYPE, “re”) OR LIMIT-TO (DOCTYPE, “cp”) OR
LIMIT-TO (DOCTYPE, “ch”) OR LIMIT-TO (DOCTYPE, “bk”)) AND
(LIMIT-TO (LANGUAGE, “English”))

Total food production: TITLE-ABS-KEY ((agricultur* OR farm*)
AND (productivity OR yield OR “crop production”)) AND (LIMIT-TO
(DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE, “re”) OR LIMIT-TO
(DOCTYPE, “cp”) OR LIMIT-TO (DOCTYPE, “ch”) OR LIMIT-TO
(DOCTYPE, “bk”)) AND (LIMIT-TO (LANGUAGE, “English”))

The most frequent terms (nouns) and term combinations in these

Table 1
Clustering terms. Terms used to classify the documents in the main dataset into thematic clusters. They represent the set of the 10 most common terms and term
combinations referring to population, per capita demand, and total food production respectively. They were derived from three datasets, each including the abstracts
of the 2000 most quoted papers in each topic.

Factor Terms Term combinations

Population: fertility; birth; pregnancy; patient; mortality; sperm;
outcome; infertility: life; family

birth rate; fertility rate; preterm birth; general population; pregnancy rate; live birth; birth
weight; population growth; ovarian cancer; year of age

Per capita demand: consumption; intake; diet; acid; fruit; vegetable;
activity; mouse; protein; fat

fatty acid; food consumption; body weight; food intake; energy intake; physical activity;
cardiovascular disease; dietary intake; hearth disease; alcohol consumption

Total food production: soil; crop; yield; land; productivity; management;
climate; impact; rice; condition

climate change; crop yield; crop production; grain yield; organic matter; land use; use
efficiency; plant growth; management practice; greenhouse gas
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three datasets were then identified, leading to three sets shown in
Table 1, each consisting of 10 terms and 10 combinations referring to
population, per capita demand, and total food production respectively.
Then, we computed how many times the elements of these three sets
recurred in each document included in the main dataset of 12,640
papers. As our goal was to be as comprehensive as possible in the
classification, we classified a given document into the population, per
capita demand, or total food production cluster if its abstract included
at least one of the terms or combinations of the corresponding set. Note
that clusters were not mutually exclusive, i.e., a single document can
belong to more than one cluster, while documents not including those
terms belong to no cluster (i.e., they were left unclassified). This led to
classifying 10,052 (79.5%) of the 12,640 documents in the dataset.

2.2.3. Co-occurrence network
We built a co-occurrence network in order to assess the connotation

of the references to population and how it changed over time. Our
hypothesis was that population shifted from being considered a possible
leverage point for action, to merely a driver of environmental impacts.
To test this hypothesis, we selected a list of 20 terms (verbs and nouns)
indicating action, which we defined as “something that would be done
by an actor to achieve a goal”. We selected these terms from the list of
the most frequent terms in our dataset, also adding specific terms
clearly indicating actions, including: action, application, apply, control,
decision, decrease, improve, improvement, increase, manage, policy, pro-
gram, promote, provide, reduce, reduction, shift, support, switch, technology.

Co-occurrences were computed as all the nouns and verbs that ap-
peared in the same sentence with one (or more) of the selected action
terms. Each of these nouns and verbs were considered to be linked to
the corresponding action term, with the weight of the resulting edge
proportional to the number of co-occurrences. The analysis and plotting
of the network was done using the igraph and ggraph packages.
Alternative lists of action terms based on similar criteria were also
tested, leading to comparable results.

3. Results

Following the steps illustrated in Section 2.1, we used Scopus to
create a dataset of 12,640 documents focused on how to feed the world
published since 1969, which included titles, abstracts, keywords and
complete bibliographic information. The number of publications ad-
dressing how to feed the world slowly increased from a few dozen per
year in the first part of the time period, to around 100 publications in
the year 2000, with a subsequent sharp increase leading to nearly 1500
publications in the year 2018 (Fig. 1).

The scientific areas represented in the dataset were agricultural
sciences (5212 documents, 41.2% of the total), environmental sciences
(3827 documents, 30.3%), social sciences and humanities (3249
documents, 25.7%), medicine and health sciences (2115 documents,
16.7%), and other sciences (6579 documents, 52.0%). The different
areas are not mutually exclusive. Only considering our “main area” (see
Section 2.1) resulted in the following distribution: agricultural sciences
(5212 documents, 41.2%), environmental sciences (2411 documents,
19.1%), social sciences and humanities (1656 documents, 13.1%),
medicine and health sciences (1316 documents, 10.4%), and other
sciences (2045 documents, 16.2%).

3.1. Term frequencies

We conducted textual analysis on both single terms (focusing on
nouns) and term combinations present in the abstracts of our dataset
(see Section 2.2.1). Fig. 2A shows the 20 most common terms in each
scientific area, excluding the ones used to extract the dataset. Most of
the most frequent terms referred to food production and factors limiting
productivity (e.g., production, crop, water, land, climate). “Population”
ranked 7th, while no terms referring to changes in per-capita food de-
mand (e.g., consumption or dietary patterns) appeared in the top 20.

Term combinations largely focused on increasing food production,
with two mentions of population, as well as current challenges (e.g.,
climate change). As before, no term combination referring to changes in
dietary patterns (per capita food demand) were listed among the most
common ones, demonstrating a strong focus on investigating factors
affecting production rather than consumption (Fig. 2B).

3.2. Document classification

We next used the clustering terms identified in Table 1 to classify all
documents in the main dataset into three clusters based on their content
relating to population, per capita food demand, and/or total food
production (see Section 2.2.2). Overall, the majority of all works (66%)
fell into the food production cluster, 25% into the per capita demand
cluster, and 17% into the population cluster (note that the clusters were
not mutually exclusive).

However, this subdivision masked substantial differences over time:
we found a large and increasing focus on total food production, with
sharply declining attention to population and consistently low attention
to per capita food demand. While in 1969 and the early 1970s, popu-
lation was the dominant focus of studies on how to feed the world, it
sharply declined by nearly half across the 1970s. This was followed by
stagnation in the 1980s and further decline after the mid-1990s to a low

Fig. 1. Number of scientific documents per year in the dataset. N = 12,640, see Section 2 for extraction criteria and details of the analysis.
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level by 2018. Studies on total food production steadily gained in im-
portance over time, with interest in per capita demand remaining
steady and relatively low across the whole period (Fig. 3), again de-
monstrating a strong and greatly increased focus on total food pro-
duction at the expense of the other two levers.

For visualisation purposes, to better capture the changes over time,
we split our clustered dataset in two groups: documents up to and in-
cluding 1994, and from 1995 onward. Note that 1994, besides being the
year in the middle of our study period, is also the year of the
International Conference on Population and Development, held in Cairo,
which strongly affected the political discourse on population
(Campbell, 2007; Coole, 2013; Johnson, 2013; Bongaarts and O'Neill,
2018). Comparing the documents from the first period (1969–1994)
with those from the second one (1995–2018) revealed that besides the
strong increase in relative focus on food production and decline in focus

on population over time (Fig. 4), the proportion of studies addressing
more than one lever changed between the two time periods. Although
the proportion of papers studying both per capita demand and food
production has almost tripled (from 4.7% to 12.2%), the overlap among
all three clusters was larger in the older period, showing a growing
polarization towards a single-lever approach to feeding the world. The
increasing emphasis on increasing food production is seen in a near-
doubling of the proportion of papers with this focus, compared with a
18.1% decrease in attention to per capita-demand and a 68.2% decrease
in attention to population in the recent vs. early period (Fig. 4).

3.3. Co-occurrence network

Our term-based classification showed that population issues have
lost importance in the scientific literature on global food security over

Fig. 2. Term frequencies in the dataset. Frequency of top 20 single terms (A) and term pairs (B) found in our main dataset (12,640 papers from 1969 to 2018) by
scientific area.

Fig. 3. Cluster distribution over time. Points report the proportion of the documents from the main dataset included in each cluster per year. Curves represents
LOESS smoothing with 95% confidence intervals. Documents could be classified into more than one of the three clusters.
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time, although the term “population” continues to rank in the top 10
(Fig. 2A). However, as explained in Section 2.2.3, we hypothesized that
the connotation in which this and related terms are used has changed
over time, from a possible leverage point for action to merely a driver of
environmental impacts. Testing this hypothesis led to the construction
of two co-occurrences networks referring to the pre- and post-1994
periods respectively (construction procedure in Section 2.2.3). For vi-
sualisation purposes, Fig. 5 only shows the 200 most frequent co-oc-
currences, i.e, the edges having the 200 highest weights in each net-
work. However, the centrality measures were computed taking into
account the complete network, using weighted eigenvector centrality
scores (Bonacich, 1987). For each cluster, we first separately computed
the centrality of the 10 terms defining it. Then the outcomes were
averaged to obtain a single measure for each cluster, which is reported
in Fig. 5.

Results showed that the average centrality of terms used to define
the population cluster (measured as weighted eigenvector centrality,
see Section 2.2.3) markedly declined after 1994, while the corre-
sponding centrality of the terms related to the total food production
cluster strongly increased and those related to the per capita demand
cluster remained approximately constant at a low level (Fig. 5). The
term “population” itself had a centrality of 0.50 prior to 1994 but only
of 0.19 after this date. In addition, terms in the population cluster (such
as “family” or “birth”) that were, together with population, linked to
actions such as “control” and “policy” in the former network, com-
pletely disappeared in the latter, where population is only linked with
the passive action “increase”.

More generally, the co-occurrences network further confirmed the
idea that actions have become polarized around total food production
over time, with a persistent focus on “increase” for topics like yield and
productivity. The smaller number of links between the population and
action terms shows a changing view from an initial target for possible
intervention, to subsequently lose this connotation and acquire a role of
purely exogenous force that is (like climate) simply expected to “in-
crease”. Actions on sustainable consumption have largely failed to
capture the attention of scientists, with the only persistent term in both
networks being the “increase” of “consumption”.

4. Discussion

We performed the first quantitative assessment of the scientific lit-
erature on how to feed the world by assembling and systematically

analysing a database of 12,640 abstracts. Our results show that the vast
majority of scientific studies consider only aspects related to food
supply (total production) and not factors affecting food demand (per
capita demand and population). The prevailing approach has become
more production-focused over time, with the proportion of studies fo-
cusing on food production in 2018 nearly three times higher than 50
years ago, while studies focusing on population declined by nearly 75%,
and studies on per capita demand remained approximately constant at a
relatively low level.

While our method benefits from the rigour of quantitative data, we
acknowledge that a trade-off with this big data techniques is that our
results are only as good as the search terms used to build the main
dataset and analysis plan. We did however explore alternative search
terms and made more extensive analyses, with outcomes that were si-
milar to the ones presented here (see Section 2.1).

We can only speculate at the reasons driving the observed trends.
Population has been a politically sensitive topic, after early studies
emphasizing limiting overpopulation as the main lever to solve en-
vironmental problems (Hardin, 1968; Ehrlich and Holdren, 1971) were
subsequently criticized for oversimplifying the problem and dis-
proportionately placing blame on developing countries (Campbell,
2007). Other factors may have contributed to the decreased emphasis
on population, for example the human rights violations associated with
the one-child policy in China, which led to the misconception conflating
demographic policies with coercion, despite the many counterexamples
of effective voluntary policies (Robinson and Ross, 2007). A further
factor is the observed correlation between increasing per capita GDP
and declining fertility rates, which led some to believe that fertility
rates will automatically decline thanks to economic development.
Careful recent data analysis suggests that the causal relationship in fact
may run in the opposite direction (O'Sullivan, 2018). Our work suggests
that there has been a spillover of the politically dominant ideas into the
scientific research, resulting in a shift from the “population bomb”
worries of the early 1970s (Ehrlich, 1978) to the current focus on in-
creasing food production (Figs. 3 and 4).

A similar spill-over could have also contributed to changing diets
being under-studied, despite the well established importance of this
lever in tackling environmental problems (IPCC, 2014, 2019). The fear
of political backlash, or being accused of paternalism, has been iden-
tified as a major barrier in targeting personal behaviour change for both
policy-makers (Ockwell et al., 2009) and environmental non-govern-
mental organizations (Laestadius et al., 2014). The same fear might

Fig. 4. Cluster distribution. Distribution of the 12,640 documents into clusters focused on population, per capita demand, and total food production. The left panel
includes documents from 1969 to 1994 (684 documents), the right panel from 1995 to 2018 (11,956 documents).
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Fig. 5. Co-occurrence networks. Panels show the 200 most frequent co-occurrences between action terms (in blue) and terms included in the documents of the main
dataset. The (A) panel refers to the 1969–1994 period, panel (B) to the 1995–2018 one. Terms in the population cluster are highlighted in purple, in the per capita
demand cluster in green, and in the total food production cluster in yellow. Centrality measures average all terms in each cluster and were computed taking into
account the complete network. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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deter scientists from exploring alternatives to the current meat-heavy
Western diet, or the rising meat consumption in middle-income coun-
tries (Godfray et al., 2018) and some low-income countries (Behrens
et al., 2017). These barriers likely contributed to the dominance of the
idea that any solution to feed the world can primarily come from
technological improvements of agricultural productivity.

Relying only on productivity improvements to feed the world may
however be insufficient to guarantee food security: recent analyses
showed that historical trends of agricultural productivity increase will
not satisfy the projected global food demand, if current trends for an-
imal-intensive diets and population growth are extrapolated forward
(Ray et al., 2013). Furthermore, it might not be possible to sustain
current rates of agricultural productivity increases under degraded
environmental conditions due to climate change, soil depletion, and
water scarcity. A synergistic approach to improve productivity and
reduce the global food demand at the same time might be more prudent
and effective.

A more holistic approach might have positive implications for other
Sustainable Development Goals (Abel et al., 2016). For example, vo-
luntary policies to support the “universal access to sexual and re-
productive health and reproductive rights” (SDG Target 5.6) could help
to improve women's conditions, especially in developing countries
where unmet contraception demand is highest (Sedgh et al., 2016).
More generally, there is a strong synergy between actions to reduce
fertility rates and actions that support gender equality (SDG 5), and
access to education for girls and women (SDG 4) (UNFPA, 2019). On
the one hand, recent studies concluded that higher future female edu-
cational attainment could lead to lower fertility rates and contribute to
climate change mitigation as well (Lutz and Samir, 2011; IPCC, 2014).
On the other, family planning enhances education access for girls, by
limiting both teen pregnancies and the need for taking care of siblings
(O'Sullivan, 2018).

Similarly, a shift to healthy and sustainable diets has the potential to
meet both human health and environmental goals (Tilman and Clark,
2014; Shepon et al., 2016; Aleksandrowicz et al., 2016; Godfray et al.,
2018; Willett et al., 2019). Reduced consumption of animal products is
especially critical, since they represent only 18% of food calories and
37% of protein but cause a disproportionately large share of the en-
vironmental damage from food production (accounting for 83% of
agricultural land use and 56–58% of food-related emissions) (Poore and
Nemecek, 2018). The recent EAT-Lancet report (Willett et al., 2019)
found animal product consumption in North America was six times
higher than the healthy and sustainable level. Reduced meat con-
sumption has been shown to be necessary to meet the international
target of limiting global warming well below 2°C (Hedenus et al., 2014;
IPCC, 2019). It would also reduce the pressure of agricultural expansion
on natural ecosystems, which is estimated to be the proximate driver for
around 80% of deforestation worldwide: commercial agriculture in
Latin America, subsistence agriculture in Africa and tropical and sub-
tropical Asia (FAO, 2017). Halting this trend would help protect ter-
restrial ecosystems and reduce desertification, land degradation, and
biodiversity loss (SDG 15).

5. Conclusions

Population, per capita demand, and total food production are three
factors affecting the potential to meet global food needs, as well as
areas of discussion in both the policy debate and scientific research.
Although from our data we are not able to identify the optimal balance
between the three levers, our study highlights a strong imbalance in the
scientific research in favour of the production lever, and a lack of more
holistic approaches. The dominance of production-oriented studies may
undermine achieving food security and other sustainability goals,
missing the advantage of potential synergies between SDGs. Our results
suggest that increasing research focus on diets and population size is
likely necessary to provide an adequate evidence-base for policy. To

reverse a long-term trend whereby population, diet, and food produc-
tion have been tackled in isolation, we suggest strengthening inter-
disciplinary research that jointly addresses these three leverage points.
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