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Carrying capacity: origins

1. International shipping (1840s)

2. Nonhuman populations in natural systems
(1870s), range & wildlife management
(early 20th century)

3. Kin logistic growth model (20th century)

4. Number of humans Earth can support (neo-
Malthusians, since mid-20th century)

Sayre 2008 "Genesis, history, and limits of carrying capacity”

2019-07-03 Joel E. Cohen 3




Carrying capacity in wildlife
management: example

“A piece of land can support only so many
animals on a continuous basis. ...

* Manage population levels to stay within

carrying capacity; and
 Manage habitat to maintain or increase
carrying capacity.”

Knight, Manage Your Land for Wildlife, 2008
Existence of "carrying capacity” is weakly or
not supported by data. Sayre 2008

2019-07-03 Joel E. Cohen 4




How many people can
Earth support?
(1995)
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94 estimates ranged from 0.5

billion to 1047 billion.
VanDenBergh & Rietveld BioScience 200;4_
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What dO these b sy U:N. projections
estimates reveal? ¢

10

1

historical population estimates

0.1
1600 1700 1800 1900 2000 2100

1. Range in last 50 years: <1 billion to >1000
billion. They cannot all be right.

2. Variation of estimates increase with time.
Numbers are more political than scientific.
3. Half of estimates lie in range 4-16 billion.
Humans have entered a zone of concern.




Methods of estimating human
carrying capacity
1. Assertion:

It is true because | say so!

Advantage: method requires few data.
Disadvantage: estimates are highly uncertain.

Even the uncertainty is uncertain.
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Methods of estimating human //

carrying capacity
1. Assertion

2. Maximum density
Antoni van Leeuwenhoek 1679 Etts
Holland has ~1 million people.

World could never be as dense as
Holland.

Inhabited Earth is 13,385 times area of
Holland.

Hence maximum population is 13,385
times 1 million = 13.385 billion.
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Van Leeuwenhoek’s method:
applicable today?

Population of Holland (not Netherlands) in
2017 was ~6.47 million.

Therefore, is the human carrying capacity

6.47 million x 13,385 ~ 86.6 billion?

2019-07-03




Methods of estimating human
carrying capacity

1. Assertion

2. Maximum density by latitude
Gregory King 1695:
Maximum population depends on latitudinal
bands on both sides of equator:

0-30°, 30-55°, 55-70°, 70-90°
Depending on assumed maximum density,
maximum population is 6.3-12.5 billion.

2019-07-03 Joel E. Cohen 12




Methods of estimating human
carrying capacity
1. Assertion

2. Maximum density (by latitude)
3. Logistic curve (verhulst 1838, Pearl 1920):

P(t) = population at time ¢,
K = "carrying capacity" (not Verhulst's term)

dP(t)
dt

rP(t)(K — P(t)).

2019-07-03




Logistic model solves dP/dt = [r(K-P)]P.

Pierre-Francois Verhulst
(1804-1849), 1838, 1845

of

\population size P

| T

“carrying capacity” K = b/c

—point of inflection, P=K/2

. x
S é- ‘iﬂ..? o tlme

Pearl & Reed PNAS 1920



Logistic predicted maximum U.S.

nopulation would be 197,274 ,000.
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World population growth
according to Pearl

Pearl, Studies in Human Biology, 1924
predicted world population would never
exceed 2.026 billion.

World population passed 2 billion around
1927-1930.

If countries grow logistically, then global
population (their sum) does not.
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"World Population Growth," Pearl & Gould 1936

[ Fitted to estimates up to 1931.5:
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"World population growth”

Pearl & Gould Human Biology 1936

"A logistic curve fitted to the data on world population
growth leads to an upper asymptotic value for the
present cycle of 2,645.5 million, rather closely
approached by about 2100 A. D."

"We wish to emphasize again that we have no
iInside information as to whether the

asymptote ... will reasonably accord with
reality in the year 2100, and are not to be
understood as advocating its absolute validity
or significance."

2019-07-03 Joel E. Cohen 18




Methods of estimating human
carrying capacity
1. Assertion
2. Maximum density (by latitude)
3. Logistic curve

4. Single limiting factor:

estimate total supply,

estimate minimum requirement per
person.
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Single limiting factor: food

G. H. Knibbs 1912, Albrecht Penck 1925:
maximum population =
maximal food supply divided by minimal

individual food requirement.
Food supply

Requirement wm

" s G.H.Knibbs
- statistician
1858-1929

Albrecht Penck
geomorphologlst




Food supply & demand are

not constants of nature.

Maximal food supply depends on prices,
subsidies, credit, cultivars, transport,
refrigeration, storage, water, soil maintenance,
control of biological competitors, climate,

farmer education, fertilizers, irrigation, ...
Food requirement per person depends on diet,

activity, temperature (culture & environment),

age, infectious disease, education, religion, ...
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As population
surpassed 3
billion in 1960,
arable area
leveled off, but
average cereal
yield rose with
increasing
fertilizer
nitrogen use
and irrigation.

Arable area (109 ha)
Average cereal yield (tonnesg ha '}

World Population (billions)
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Urban & rural people have different
food habits in developing countries.

Rural residents eat more cereals, tubers &
roots.

Urban residents eat more meat, fruits &
vegetables.

Diets rich in meats require feedgrains &
meals, so demand more cereal than diets
based on direct cereal consumption.

Changes in consumption patterns brought
about by urbanization will affect global
food supply, markets, & trade.
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What is food?

"... natural species are chosen not because
they are 'good to eat’ but because they are
'‘good to think."”

Claude Levi-Strauss
(1962, Le Totemisme aujourd’hui)
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“Home” in Chinese For >1 billion people,
pig is forbidden.

roof

-

—=>

olfe
For >1 billion

people, pigis @ SRS S =
part of home. " .' 9 L,Morocco At+a \igUntains,
L R -« A e ;,ﬁgg 129 IBEC.




Photo credit: Peter Halasz




Green revolution coincided
with decline of population
growth rate.

Population growth rates fell in countries
with more abundant food because of
lower child mortality & lower birth rates.

The 1960s marked both the peak of the
global population growth rate, which has
since fallen by half, & the beginning of the
"green revolution."
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Is food the single limiting
factor for human population?

Population growth is most rapid in some
areas where food is scarcest.

Population growth is slowest in many areas
where food is most abundant.

low can food be the single limiting factor

for human population?
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Single “limiting factors” for human

population? ;
Water: ‘More than any other factor, -8
availability of water determines the

ultimate population capacity of a k
geographic province.’ Brian J. Skinner _ W

!m‘!.. 2

1969, geologist at Yale University -,,...m.\p

Same claim for: food, land, energy,
biologically accessible nitrogen,
phosphorus, light, soil, space, diseases,
waste disposal, nonfuel minerals, forests,
biological diversity, & climatic change.

Many unsupported claims are in conflict!
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Methods of estimating human
carrying capacity
. Assertion
. Maximum density (by latitude)
. Logistic curves

. Single limiting factor

. Single currency for multiple factors (e.g.
land, energy, “ecological footprint™)

2019-07-03




"Ecological footprint”
Wackernagel et al. PNAS 2002 assumed that
most resources humans consume & wastes
humans generate "can be measured in terms of

the biologically productive [land] area
necessary to

maintain these flows

(those resource and

waste flows that

cannot are excluded T _simbeiam
from the |

assessment).”

2019-07-03
Vézelay, France, 2008-07-21 JEC




Human needs are multidimensional.
If all energy production were nuclear, no
“biologically productive land” would be needed
to draw down emitted CO,. But no amount of
“biologically productive land” will dispose of
spent nuclear fuels.

No amount of “biologically productive land” will

restore lost biological species & habitat types.

No amount of “biologically productive land” will
provide ores & rare earths, discover new
prevention or cures for diseases, generate
technology, lead institutions for public order,
or create art.

2019-07-03 Joel E. Cohen 32




Methods of estimating human
carrying capacity
. Assertion
. Maximum density (by latitude)
. Logistic curves

. Single limiting factor
. Single currency for multiple factors

. Law of the minimum for
independent limiting factors
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Karl Sprengel
1787-1859
stated it in
1828.
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Ijaw of the

minimum for

iIndependent
limiting
factors
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Justus von
Liebig
1803-1873
popularized it




Law of minimum for populatio‘n ize

Maximum human population

= minimum of

Max food supply / min food requwement
Max wood supply / min wood requirement,
Max water supply / min water requirement

J
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Challenges to law of the minimum

What if human carrying capacity
depends on the right mix
(proportions) of non-substitutable
factors?

E.g., what if there are trade-offs in
use of water for forests & food?
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Methods of estimating human
carrying capacity
. Assertion
. Maximum density (by latitude)
. Logistic curves

. Single limiting factor

. Single currency for multiple factors
. Independent limiting factors

. Multiple interacting limiting factors

2019-07-03 Joel E. Cohen 37




Multiple interacting limiting

factors: system models

HUMAN ACTIVITY (EPPA)

agriculture &
ecosystems:
net carbon
exchange, net
primary
productivity

Ii-'lllif‘l;}?ﬁ ":l:"g, CH"‘-" Cco, Hiﬂi Hﬂ,.:, 5':":-:4 NH_;.r
affacts RCFCs, HFCs, PFCs, 5Fg, VOCs, BC, efc. :

y . 4
EARTH SYSTEM

coupled ocean, atmosphere, and land

URBAN
Air Pollution
Processes

ATMOSPHERE
2-Dimensional Chemical
& Dynamlcal Processes

ght, water qrdﬂ:, energy & momentum transfe rs,
& sea temperatures, CO, CHg, N30, nutrients,
utants, soil properties, surface albedo, |

sea-ice coverage, ocean €O, uptake,
land CO; uptake, vegetation change...

OCEAN LAND
3-Dimensional Dynamics, Water & Energy Budgets
Biological, Chemical & {CLM)
lce Processes Biogeochemical Processes
(MITgecm) (TEM)

valcanic
farcing

national and/or regional economic i

development, emissions, land use = level
change

MIT Integrated
Global System
Model

EXAMPLES OF
MODEL OUTPUTS

land use §
change §is

GDP growth,
energy use,
policy costs,
agriculture and
health impacts...

global mean and
latitudinal
temperature and
precipitation,

sea level rise,
sea-ice cover,
greenhouse gas
concentrations,

air pollution levels...

soil and vegetative
carbon, net primary
productivity,

trace gas emissions
from ecosystems,
permafrost area...




Human activity submodel

MIT Emissions Prediction and Policy Analysis (EPPA) Model

Incoma

F[E-gl-l}l'l C
Consumer Prndur.:i-r Trade
Fll:lws

Sectors

Expenditures

MIT Integrated
Global System

Region A Model Hﬂ-g'im-'n B
Model Features Mitigation Policies
= All greenhouse-relevant gases * Emissions limits
* Flexible regions - Carbon taxes
* Flexible producer sectors - Energy taxes
« Energy sector detail « Tradeable permits
- Welfare costs of policies - Technology regulation




Human carrying capacity has
not been defined & measured
INn any clear, persuasive way.
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Why are so many people
chronically hungry?
Food Is superabundant.
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BUSINESS NEWS | Tue Apr 11, 2017 | 11:10pm IS

Grains piled on runways, parking lots, fields
amid global glut Reuters

A mountain of grain sits in a storage pile, as midwestern grain farmers and merchants struggle to find storage space after three
years of record harvests, near Minburn, lowa, U.S., March 11, 2017. | Scott Morgan
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“World stockpiles of corn and
wheat are at record highs.”

REUTERS BUSINESS NEWS Tue Apr 11, 2017 11:10pm IST

Farmers face similar problems across the globe. World stockpiles of corn and wheat are
at record highs. From lowa to China, years of bumper crops and low prices have
overwhelmed storage capacity for basic foodstuffs.

Clobal stocks of corn, wheat, rice and soybeans combined will hit a record 671.1 million
tonnes going into the next harvest - the third straight year of historically high surplus,
according to the U.S. Department of Agriculture (USDA). That's enough to cover
demand from China for about a year,
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"Never has the world produced
sO much more food than can be
consumed In one season.”

“A global grains glut is now in its fourth year,
with supplies bloated by favorable weather,
increasingly high-tech farm practices and
tougher plant breeds.”

Reuters september 27, 2017 / 7:06 AM
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Markets

Lack of Grain Storage Is Bad News
for Midwest Farmers

The trifecta of tariffs, lackluster prices and near-perfect growing conditions means space is
limited.

By David Fickling
October 4, 2018 18:30 !T!"

https://www.bloomberg
.com/opinion/articles/2
018-10-04/trade-war-
is-making-the-grain-
glut-worse

2019-07-03
The trade war is backfiring in Trump Country. Photographer: Scott Olson/Geftty Images North America




Cereal grains 2017/18:
>2.6 billion tonnes production & use,

815 million tonnes ending stocks
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1 tonne (1000 kg) of carbohydrate
supplies enough energy for 4-5

people for 1 year.

200 kg of this
grain provides

kilocalories per
day for a year

Rice

2,000

Wheat pasta

2,032

Corn (maize)

1,984

Oatmeal

2,028

2.6 bln tonnes of cereal could
feed 10-13 billion people.
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Scarcity of food does not limit
global population growth,

contrary to Malthus.
Malthus theorized that exponential

population growth must outstrip linear
increase of agricultural production.

People grow more than enough cereals to
provide adequate food energy for all
people.

Malthus's theory fails to explain today's
massive chronic hunger.
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Many people, especially
children, are hungry.

Famine differs from chronic
undernourishment.

Famine makes news.
Chronic hunger rarely makes news.
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These are famine victims.
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A malnourished boy lies
on a bed at a hospital in
the Red Sea port city of
Houdieda, Yemen.
USED WITH
PERMISSION OF
REUTERS

|

Houdieda, Yemen, Sept. 9, 2016.
REUTERS/Abduljabbar Zeyad
Used by permission.



“Malnourished girl Jamila Ali Abdu,
7, lies on a hospital bed before
% she died in the Red Sea port city

Yemen, '
May 2, 2017
REUTERS/

Abduljabbar
Zeyad”



"Amal Hussain, 7, is wasting away from hunger. The Saudi-led war in
Yemen has pushed millions to the brink of starvation. (Tyler Hicks for The
New York Times)" Amal Hussain died the day after this picture was taken.
https://www.wnycstudios.org/story/photographingstarving- 56
children-yemens-war 2018-10-31




“‘Bassam Mohammed Hassan, who suffers from severe ._nL ‘
cerebral palsy, at a hospital in Sana, Yemen. (Tyler HickS*or The NEw®
York Times)“ https://www.wnycstudios.org/story/photographingstarving-
children-yemens-war 2018-10-31




Kevin Carter Sudan 1993

- !ﬁ' "In a move meant to placate the
. West, the Sudanese Government
IS opening parts of the country's
famine-stricken south to relief
- operations, but for some, it could
be too late. A little girl, weakened
B from hunger, collapsed recently
B along the trail to a feeding center
e in Ayod. Nearby, a vulture waited.”
- M New York Times, March 26, 1993 /
Kevin Carter
e - I Ty

[
i
2 I
-'-. 'I.
-
-

- e




Government
policy, conflict,
drought, &
flooding killed
~35 million in

major famines
since 1950.

Reuters, Slipping into
famine 2017-05-22, Tufts

U World Peace
Foundation
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Chronic hunger

“Undernourishment or chronic hunger is the
inability of persons to consume enough food
sufficient to meet dietary energy
requirements.” Food & Agricultural Organisation

2019-07-03




Global number of chronically

undernourished rose since 2014.
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4 anthropometric measures of
hunger in children

Stunting: short height for age (chronic)
Wasting: low weight for height (acute)
Underweight: low weight for age (either/both)

Mid-upper arm circumference (MUAC):
circumference of left upper arm midway
between tip of shoulder (acromion) & tip of
elbow (olecranon process) — best predictor of
death

Child may be stunted & overweight, or stunted & wasted.
2019-07-03 Joel E. Cohen 62




Stunting

Stunting indicates chronic undernutrition
and/or chronic infection.

Child suffers "stunting” if height of child
falls below 2 standard deviations below

median height of child of that age by
WHO Child Growth Standards.

WHO Nutrition Landscape Information System
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Example: stunting in India

India 2005-06 boys (n=25,118) P— ]
India 2005-06 girls (n=22,977) —— HAZ = height-for-age z-score

VWHO standards M. de Onis & F. Branca
044 Stunted Maternal & Child Nutrition (2016)

children
Mean SD score = -
1have z<-2. ;

o
w

percentage of children
O
N

0.1 1
/rﬁ‘/( _.=-//

< 0 )

z-score = standard deviations from median for age




Stunting is not obvious to eye.
2 glrIS |n MakilVEQ Height-for-age GIRLS

. .
‘ .'"_' 21 5 years (2-acomms)
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Guatemala: 45.7% of children
under 5 y were stunted, 2017.

European Commission

ABC News ABC News
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Mayan descent, Guatemala Ma descent, USA
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151 million children <5
were stunted in 2017.

Global stunting of children 0-4
fell from 29.5% in 2005
to >22%, still nearly %, in 2017.

FAO, IFAD, UNICEF, WFP, WHO 2018
The State of Food Security and Nutrition in the World 2018.
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2/5 of stunted children live In

southern Asia (155 million, 2016).

FAO, IFAD, UNICEF, WFP, WHO 2017

# of stunted children  sesmiion

(millions)

Eastern Asia*

1.0
Central Asia *

01 Northern America*** :
Western Asia @

Africa
59.0 million

Southeastern
@Asia
Latin America Northern

and Caribbean Africa @ ORI

5.9 million iz
l 02+ Caribbean * 0.5 million
Centra
America@@ ica
Southern Wes
America @
iddle Africa

Southern Africalba




Stunting (HAZ <-2)

Guatemala (DHS 1998) O O . .
Timor-Leste (DHS 2009) ™ oO—0 W Ith t I
India (DHS 2005) O O ea q uintl e
Madagascar (DHS 2005) : oO—0

e - M I (lowest=red,
highest=Dblue)
influences
child stunting

Nepal (DHS2011) | O O
Malawi (DHS 2010)
Peru (DHS 2004) 7 O
Bangladesh (DHS 2007)
Rwanda (DHS 2010)
Chad (DHS 2004) ]
Nigeria (DHS 2008)
Somalia (MICS 2006)
Cameroon (MICS 2006) C
Mozambique (MICS 2006)
Honduras (DHS 2005) ®
Benin (DHS 2006)
Cambodia (DHS 2010)
Central African Republic (MICS 2006)
Ethiopia (DHS 2011)
Guinea Bissau (MICS 2006)
Tanzania (DHS 2010)
Zambia (DHS 2007)
Burkina Faso (MICS 2006)
Cote d'Ivoire (MICS 2006)
emocratic Republic of the Congo (DHS 2007)
Bolivia (DHS 2008)
Lesotho (DHS 2009)
Guinea (DHS 2005)
Mali (DHS 2006)
Kenya (DHS 2008)
Liberia (DHS 2007)
Uganda (DHS 2006)
Nicaragua (DHS 2001)
Gabon (DHS 2000)

more than sex
or urban-rural
residence
influences

stunting.
Black et al. Lancet 2013
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The hungry are economically
Invisible In grain markets.

Lack of effective demand, i.e., demand
supported by customers' orders and
capacity to pay, for sufficient food
contributes materially to widespread

undernutrition of adults and children.

~800 million chronically undernourished
people exercise less demand than those
who demand meat, biofuels, & other non-
food uses of grain.
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The world uses >2.5 billion
tonnes/year of cereal grains,
but only 43% feeds people.

FAO GIEWS Food Outlook Nov 2017

Use Million metric %

2016-17 tons
Food 1,103 43
Feed 905 35
Other 561 22
Total use 2,509
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4 dimensions of food security

Physical availability

production, stocks, trade
Economic & physical access

income, prices, markets, transfer,

infrastructure, household distribution
Use

food & nutrition knowledge, preparation,
conservation, health, hygiene, care

Stability of other 3 dimensions
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Consequences for child & adult

WHO conceptual framework

) Concurrent problems and ) Long-term consequences

short-term consequences + Health: | Adut stature, 1 Obesiy and associated
 Heath:  Nortalty, ! Mot (0-morbidtes, | Reproductve health

| Mﬂopmnm l Cogmm. motor : Developlmnm: l Sehool pemfm aINe,
ind anguage development | Leaming capaaty, Unachieved potenta
 Economic  Healh expendturs, ! Opportuny + Economic: | Work capacty, | Work productity
00t for care of ok ohid
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Almost half [45%] of deaths 0-4 are due
to undernutrition. siack et al. Lancet 2013

P

- -

')-u.""f

¥ %
-

Under-five mortality rate
(deaths per 1,000 live births)

Map from UNICEF, Levels & Trds in
Child Mortality Report 2018. Estimates ' ~100

7510 100

by UN Inter-agency Group for Child 50 to 75

Mortality Estimation 25 to 50
<25
No data
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Undernourishment alters brain.

M. de Onis & F. Branca 2016 from Cordero et al. 1993

Well-nourished infant Undernourished infant

Impaired brain cells
Limited branching
Abnormal, shorter branches

Typical brain cells
Extensive branching



Stunting threatens human
development.

“The severe irreversible physical
and neurocognitive damage that
accompanies stunted growth poses
a major threat to human
development.”

Mercedes de Onis, Francesco Branca
Maternal & Child Nutrition 2016
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Stunting impedes schooling.

"Stunting ... often results in delayed
mental development, poor school
performance and reduced intellectual
capacity. This in turn affects economic
productivity at national level.”

WHO Nutrition Landscape Information System
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Stunting in childhood of people
working in 2014 lowered
income/person by 5-7% in 140
developing countries compared to
no stunting.

Mean reduction in income/person
due to stunting was 9% in 47
countries of sub-Saharan Africa & 8
countries of south Asia.

Galasso & Wagstaff, Economics and Human Biology 2019
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Effects of childhood stunting on

income per person of 2014 workers
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Costs & benefits of the nutrition
§ program, per person
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Internal rates of return to

nutrition project

-

}f:; ) }g Galasso & Wagstaff (2019) estimate
IR A an internal rate of return of 12%.
6-9
-2 =0
NC‘ d.dta Joel E. Cohen




Hunger bonds

Governments should sell bonds to
their people & to patient investors to
reap returns in the adult labor force
of reduced stunting in childhood.
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Actions to reduce stunting

M. de Onis & F. Branca Maternal & Child Nutrition (2016)
FAO, IFAD, UNICEF, WFP, WHO. 2017.
The State of Food Security and Nutrition in the World 2017.

Improve:

food & nutrition security
education

water, sanitation & hygiene

health (infection, anemia)
Income

status of women
law & institutions, conflict resolution
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reflects values.
avery was acceptable.
- Hunger still is.
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Population, economics, environment &
culture interact.

population

culture

economy environment
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