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Agricultural productivity and yield have been increasing in the 
U.S. for many decades.  Annual yields of the 19 crops that ac-
count for 95 percent of total U.S. food production have increased 
by an average of 17.4% over the period 1995-2009.  Such an in-
crease is good news for those concerned about feeding the ever-
growing population of the U.S. and the world.

Food security is one of the most pressing societal issues of our 
time.  It is presently estimated that more than one billion people, 
or one out of every seven people on the planet, is hungry and/or 
malnourished.  Even more troubling is the fact that thousands 
die daily as a result of diseases from which they likely would have 
survived had they received adequate food and nutrition.  Yet 
the problem of feeding the planet’s population is presently not 
one of insufficient food production; for the agriculturalists of 
the world currently produce more than enough food to feed the 
globe’s entire population.  Rather, the problem is one of inad-
equate distribution, with food insecurity arising simply because 
the world’s supply of food is not evenly dispensed among the 
human population, due to ineffective world markets1.   

As world population continues to grow, however, so too must 
our capacity to produce food continue to expand,2,3,4  and our 
ability to fulfill this task has been challenged by claims that rising air temperatures and CO2 con-
centrations will adversely impact future agricultural production.  The remainder of this chapter 
evaluates that claim.

Agriculture
Key Messages:
•  Elevated carbon dioxide increases the productivity and water use efficiency of 
 nearly all plants.
• Higher levels of atmospheric CO2  ameliorate, and sometimes fully compensate for, 
 the negative influences of various environmental stresses on plant growth, including 
 the stress of high temperature.
• Health promoting substances found in various food crops and medicinal plants have 
 been shown to benefit from rising atmospheric CO2.
• Elevated CO2 reduces, and frequently completely overrides, the negative effects of 
 ozone pollution on plant photosynthesis, growth and yield.
• Extreme weather events such as heavy downpours and droughts are not likely to 
 impact future crop yields any more than they do now.
• On the whole, CO2-enrichment does not increase the competitiveness of weeds 
 over crops; higher atmospheric CO2 will likely reduce crop damage from insects 
 and pathogenic diseases.
• In addition to enhancing forage productivity, atmospheric CO2-enrichment will likely 
 not alter its digestibility by animals.
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Percent change in yield between 1995 and 
2009 (as derived from a linear trend through 
the data) for the 19 crops that account for 
95% of all U.S. food production.  Annual 
crop yield data were obtained from the Food 
and Agricultural Organization of the United 
Nations, available at http://faostat.fao.org/
site/567/default.aspx#ancor.
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Elevated carbon dioxide increases the 
productivity and water use efficiency of 
nearly all plants, providing more food to 
sustain the biosphere.  

At a fundamental level, carbon dioxide is the 
basis of nearly all life on Earth, as it is the 
primary raw material or “food” that is utilized 
by plants to produce the organic matter out 
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of which they construct their tissues, which 
subsequently become the ultimate source of 
food for all animals, including humans.  Con-
sequently, the more CO2 there is in the air, the 
better plants grow, as has been demonstrated 
in literally thousands of laboratory and field 
experiments.5,6 

Typically, a doubling of the air’s CO2 content 
above present-day concentrations raises the 
productivity of most herbaceous plants by 
about one-third; and this positive response oc-
curs in plants that utilize all three of the major 
biochemical pathways (C3, C4, CAM) of photo-
synthesis.  On average, a 300-ppm increase in 
atmospheric CO2 will result in yield increases 
of 15% for CAM crops, 49% for C3 cereals, 20% 
for C4 cereals, 24% for fruits and melons, 44% 
for legumes, 48% for roots and tubers and 37% 
for vegetables.8  Thus, with more CO2 in the air, 
the growth and productivity of nearly all crops 
will increase, providing more food to sustain 
the biosphere.

In addition to increasing photosynthesis and 
biomass, another major benefit of rising atmo-
spheric CO2 is the enhancement of plant water 
use efficiency.  Studies have shown that plants 
exposed to elevated levels of atmospheric CO2  
generally do not open their leaf stomatal pores 
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Figure 1. Percent growth enhancement as a function of atmospheric CO2 enrichment in parts per million (ppm) above the normal or ambient atmospheric 
CO2 concentration, showing that the growth benefits continue to accrue well beyond an atmospheric CO2 concentration of 2000 ppm.  These data, repre-
senting a wide mix of plant species, were derived from 1,087 individual experiments described in 342 peer-reviewed scientific journal articles written by 484 
scientists residing in 28 countries and representing 142 different research institutions.7 

Market Value of Agricultural Products Sold, 2002
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(through which they take in carbon dioxide 
and give off water vapor) as wide as they do at 
lower CO2 concentrations.  In addition, they 
sometimes produce less of these pores per unit 
area of leaf surface.9,10  Both of these changes 
tend to reduce most plants’ rates of water loss 
by transpiration.  As a result, the amount of 
carbon gained per unit of water lost per unit 
leaf area —or water-use efficiency  —increases 
dramatically as the air’s CO2 content rises; and 
this phenomenon has been well documented in 
CO2 enrichment experiments with agricultural 
crops.11,12,13,14,15

Higher levels of atmospheric CO2 ame-
liorate, and sometimes fully compensate 
for, the negative influences of various 
environmental stresses on plant growth, 
including the stress of high temperature.

Atmospheric CO2 enrichment has also been 
shown to help ameliorate the detrimental ef-
fects of several environmental stresses on plant 
growth and development, including high soil 
salinity16,17,18,19 high air temperature,20,21,22,23 low 
light intensity,24,25,26 high light intensity,27,28 
UV-B radiation,29,30,31 water stress,32,33,34 and low 
levels of soil fertility.35,36,37,38  Elevated levels of 
CO2 have additionally been demonstrated to 
reduce the severity of low temperature stress,39 
oxidative stress,40,41,42,43 and the stress of her-
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bivory.44,45,46 In fact, the percentage growth 
enhancement produced by an increase in the 
air’s CO2 concentration is generally even greater 
under stressful and resource-limited condi-
tions than it is when growing conditions are 
ideal.

Among the list of environmental stresses with 
the potential to negatively impact agriculture, 
the one that elicits the most frequent concern 
is high air temperature.  In this regard, there 
is a commonly-held belief that temperatures 
may rise so high as to significantly reduce crop 
yields, thereby diminishing our capacity to pro-
duce food, feed, and fuel products.  It has also 
been suggested that warmer temperatures may 
cause a northward shift in the types of crops 
grown by latitude that could have additional 
adverse impacts on agricultural production.  
However, frequently left out of the debate on 
this topic is the fact that the growth-enhancing 
effects of elevated CO2 typically increase with 

rising temperature.  For example, a 300-ppm 
increase in the air’s CO2 content in 42 experi-
ments has been shown to raise the mean CO2 
-induced growth enhancement from a value of 
zero at 10°C to a value of 100% at 38°C.48

This increase in CO2-induced plant growth 
response with increasing air temperature arises 
from the negative influence of high CO2 levels 
on the growth-retarding process of photores-
piration, which can “cannibalize” 40 to 50% of 
the recently-produced photosynthetic products 
of C3 plants.  Since this phenomenon is more 
pronounced at high temperatures, and as it 
is ever-more-inhibited by increasingly-higher 
atmospheric CO2 concentrations, there is an 
increasingly-greater potential for atmospheric 
CO2 enrichment to benefit plants as air tem-
peratures rise.

A major consequence of this phenomenon 
is that the optimum temperature for plant 
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Percent growth enhancement as a function of atmospheric CO2 enrichment in parts per million (ppm) above the normal or ambient atmospheric CO2 con-
centration for plants growing under stressful and resource-limited conditions and for similar plants growing under ideal conditions.  Each line is the mean 
result obtained from 298 separate experiments.47
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growth generally rises when the air is enriched 
with CO2.  For a 300-ppm increase in the air’s 
CO2 content, in fact, several experimental stud-
ies have shown that the optimum temperature 
for growth in C3 plants typically rises by 5°C 
or more.49,50,51,52,53,54,55,56,57,58,59 These observations 
are very important; for an increase of this mag-
nitude in optimum plant growth temperature 
is greater than the largest air temperature rise 
predicted to result from a 300-ppm increase 
in atmospheric CO2 concentration.  There-
fore, even the most extreme global warming 
envisioned by the Intergovernmental Panel on 
Climate Change will probably not adversely 
affect the vast majority of Earth’s plants; for 
fully 95% of all plant species are of the C3 
variety.  In addition, the C4 and CAM plants 
that make up the rest of the planet’s vegetation 
are already adapted to Earth’s warmer envi-
ronments, which are expected to warm much 
less than the other portions of the globe; yet 
even some of these plants experience elevated 
optimum growth temperatures in the face of 
atmospheric CO2 enrichment.60 Consequently, 
a CO2-induced temperature increase will likely 
not result in crop yield reductions, nor pro-
duce a poleward migration of plants seeking 
cooler weather; for the temperatures at which 
nearly all plants perform at their optimum is 
likely to rise at the same rate (or faster than) 
and to the same degree as (or higher than) the 
temperatures of their respective environments.  
And other research indicates that even in the 
absence of a concurrent increase in atmospher-
ic CO2, plants may still be able to boost their 
optimum temperature for photosynthesis as 
the temperature warms.61

Elevated CO2 reduces, and frequently 
completely overrides, the negative effects 
of ozone pollution on plant photosynthe-
sis, growth and yield. 

Tropospheric ozone is an air pollutant created 
by a chemical reaction between nitrogen oxides 
and volatile organic compounds in the pres-
ence of sunlight.  Plants exposed to elevated 
concentrations of this pollutant typically dis-

play reductions in photosynthesis and growth 
in comparison to plants grown at current 
ozone concentrations.  Because hot weather 
also helps to form ozone, there are concerns 
that CO2-induced global warming will further 
increase the concentration of this pollutant, 
resulting in future crop yield reductions.62 It is 
therefore important to determine how major 
crops respond to concomitant increases in the 
abundances of both of these important atmo-
spheric trace gases, as their concentrations will 
likely continue to rise for many years to come; 
and several experiments have been conducted 
to determine just that – examining the inter-
active effects of elevated CO2 and ozone on 
important agricultural commodities.  These 
studies show that elevated CO2 reduces, and 
frequently completely overrides, the negative 
effects of ozone pollution on plant photosyn-
thesis, growth and yield.63,64,65,66,67,68  When ex-
plaining the mechanisms behind such respons-
es, most scientists suggest that atmospheric 
CO2 enrichment tends to reduce stomatal 
conductance, which causes less indiscriminate 
uptake of ozone into internal plant air spaces 
and reduces subsequent conveyance to tissues 
where damage often results to photosynthetic 
pigments and proteins, ultimately reducing 
plant growth and biomass production.  

Analyses of long-term ozone measurements 
from around the world cast further doubt on 
the possibility that this pollutant will cause 
much of a problem for future crop produc-
tion.69 In western Europe, for example, several 
time series show a rise in ozone into the middle 
to late 1990s, followed by a leveling off, or 
in some cases declines, in the 2000s.  And in 
North America, surface measurements show 
a pattern of mostly unchanged or declining 
ozone concentration over the past two decades 
that is broadly consistent with decreases in 
precursor emissions.  The spatial and temporal 
distributions of these and other observations 
indicate that, whereas increasing industrializa-
tion originally tends to increase the emissions 
of precursor substances that lead to the cre-
ation of greater tropospheric ozone pollution, 
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subsequent technological advances tend to 
ameliorate that phenomenon, as they appear to 
gradually lead to (1) a leveling off of the magni-
tude of precursor emissions and (2) an ulti-
mately decreasing trend in tropospheric ozone 
pollution. And in light of these observations, 
when atmospheric ozone and CO2 concentra-
tions both rise together, the plant-growth-en-
hancing effect of atmospheric CO2 enrichment 
is significantly muted by the plant-growth-re-
tarding effect of contemporaneous increases in 
ozone pollution, but that as the troposphere’s 
ozone concentration gradually levels off and 
declines—as it appears to be doing with the 
development of new and better anti-pollution 
technology in the planet’s more economically 
advanced countries – the future could bring 
more-rapid-than-usual increases in earth’s veg-
etative productivity, including crop yields.

Increasing atmospheric carbon dioxide 
will reduce agricultural sensitivity to 
drought. 

It has been suggested that the frequency and 
severity of drought across much of the U.S. will 
increase as greenhouse gases rise, causing crops 
to experience more frequent and more severe 
water deficits, thereby reducing crop yields.1 

Recent  droughts are not without histori-
cal precedent.  Nonetheless, even if they were 
to increase in frequency and/or severity, ag-
ricultural crops become less susceptible to 
drought-induced water deficits as the air’s CO2 
concentration rises. This is because water stress 
does not typically negate the CO2-induced 
stimulation of plant productivity.  In fact, the 
CO2-induced percentage increase in plant bio-
mass production is often greater under water-
stressed conditions than it is when plants are 
well-watered.

During times of water stress, atmospheric CO2 
enrichment often stimulates plants to develop 
larger-than-usual and more robust root sys-
tems that invade greater volumes of soil for 
scarce and much-needed moisture.  Elevated 

levels of atmospheric CO2 also tend to reduce 
the openness of stomatal pores on leaves, thus 
decreasing plant stomatal conductance.  This 
phenomenon, in turn, reduces the amount of 
water lost to the atmosphere by transpiration 
and, consequently, lowers overall plant water 
use.  Atmospheric CO2 enrichment thus in-
creases plant water acquisition, by stimulating 
root growth, while it reduces plant water loss, 
by constricting stomatal apertures; and these 
dual effects typically enhance plant water-use 
efficiency, even under conditions of less-than-
optimal soil water content.  These phenom-
ena contribute to the maintenance of a more 
favorable plant water status during times of 
drought, as has been demonstrated in several 
studies.2,3,4,5 

On the whole, CO2-enrichment does not 
increase the competitiveness of weeds 
over crops; higher atmospheric CO2 will 
likely reduce crop damage from insects 
and pathogenic diseases.  

Elevated CO2 typically stimulates the growth 
of nearly all plant species in monoculture,
including those deemed undesirable by hu-
mans, i.e., weeds, and concerns have been 
expressed that CO2 enrichment may help weeds 
outcompete crops in the future.  However, such 
worries are likely overstated.  Out of the 18 
weeds considered most harmful in the world, 
14 are of the C4 species type. 84 In contrast, of 
the 86 plant species that provide most all of the 
world’s food supply, only 14 are C4 (the remain-
der are C3 species),85 and studies conducted 
on C3 crops with C4 weeds  —the most common 
arrangement of all crop/weed mixed-species 
stands—typically demonstrate that elevated 
CO2 favors the growth and development of C3 
over C4 species.86,87,88,89,90,91,92,93 Therefore, the 
ongoing rise in the air’s CO2 content should, 
on the whole, provide crops with greater pro-
tection against weed-induced decreases in their 
productivity and growth.  

With respect to crop damage from insects, the 
majority of studies to date indicate that the 

77



Global Climate Change Impacts in the United StatesThe Cato Institute

fraction of plant production that is consumed 
by herbivores in a CO2-enriched world will 
likely remain about the same as it is now or 
slightly decrease.94,95,96,97,98,99 In one study, for 
example, offspring numbers of the destructive 
agricultural mite Tetranychus urticae, feeding 
on bean plants growing in 700-ppm CO2 air, 
were 34% lower in the first generation and 49% 
lower in the second generation than the off-
spring produced in bean plants growing in air 
of 350-ppm CO2.100 This CO2-induced reduc-
tion in the reproductive success of this invasive 
insect, which negatively affects more than 150 
crop species worldwide, bodes well for society’s 
ability to grow the food we will need to feed the 
population of the planet in the future.

In a somewhat different experiment, research-
ers fed foliage derived from plots of calcare-
ous grasslands in Switzerland (maintained 
experimentally at 350 and 650 ppm CO2) to 
terrestrial slugs, and found they exhibited no 
preference with respect to the CO2 treatment 
from which the foliage was derived. 101 And, in 
a study that targeted no specific insect pest, it 
was observed that a doubling of the air’s CO2 
content enhanced the total phenolic concentra-
tions of two Mediterranean perennial grasses 
(Dactylis glomerata and Bromus erectus) by 15% 
and 87%, respectively. These compounds tend 
to enhance plant defensive and resistance 
mechanisms to attacks by both herbivores and 
pathogens.102

Notwithstanding such findings, another herbi-
vore-related claim is that insects will increase 
their feeding damage on C3 plants to a greater 
extent than on C4 plants because increases in 
the air’s CO2 content sometimes lead to greater 
decreases in the concentrations of nitrogen 
and, therefore, protein in the foliage of C3 
plants as compared to C4 plants.  To make up 
for this lack of protein, it has been assumed 
that insects would consume a greater amount 
of vegetation from plants growing under high-
er CO2 levels as opposed to lower CO2 levels.  
However, contrary to such assertions, observa-
tions show little to no evidence in this regard.  

It has been suggested that the lack of increased 
consumption rates at higher CO2 levels may be 
explained by post-ingestive mechanisms that 
provide a sufficient means of compensation 
for the lower nutritional quality of C3 plants 
grown under elevated CO2.103,104

When it comes to pathogenic diseases, re-
searchers have noted a number of CO2-induced 
changes in plant physiology, anatomy and 
morphology that have been implicated in 
increased plant resistance to disease and that 
can enhance host resistance at elevated CO2, 
among which are (1) increased net photosyn-
thesis that allows the mobilization of resources 
into host resistance,105,106 (2) a reduction in 
stomatal density and conductance,107 3) greater 
accumulation of carbohydrates in leaves, (4) 
an increase of waxes, extra layers of epidermal 
cells, and increased fiber content,108 (5) produc-
tion of papillae and accumulation of silicon at 
penetration sites,109 (6) more mesophyll cells,110 
(7) increased biosynthesis of phenolics,111 (8) 
increased root biomass and functionality,112,113 
(9) higher condensed tannin concentra-
tions,114,115 (10) increased root colonization by 
arbuscular mycorrhizal fungi,116 (11) increased 
production of glyceollins,117,118 (12) increased 
plant carbon gain,119 and (13) changes in the 
allometric relation between below-ground 
and above-ground biomass.120 Whatever the 
mechanism, the vast bulk of the available data 
suggests that elevated CO2 has the ability to 
significantly ameliorate the deleterious effects 
of various stresses imposed upon plants by 
numerous pathogenic invaders. Consequently, 
as the atmosphere’s CO2 concentration contin-
ues its upward climb, earth’s vegetation should 
be increasingly better equipped to successfully 
deal with pathogenic organisms and the dam-
age they have traditionally done to society’s 
crops, as well as to the plants that sustain the 
rest of the planet’s animal life.

It is a well-established fact that atmospheric 
CO2 enrichment not only boosts the productiv-
ity of both crops and natural vegetation, but 
it also enhances the quality of many important 
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substances found within them by increasing 
the concentration of many important vita-
mins121,122,123,124,125 antioxidants,126,127,128 and 
other phytonutrients129,130,131,132,133,134 that are 
well-known for their nutritional and medici-
nal value.  Experiments with bean sprouts, 
for example, have shown that a doubling of 
atmospheric CO2 doubled the plant’s vitamin 
C content.135 Likewise, antioxidant concentra-
tions have been found to increase by as much 
as 171% in a CO2-enriched strawberry experi-
ment.136 Other studies show elevated atmo-
spheric CO2 increased the concentration of the 
heart-helping drug digoxin in woolly foxglove 
(Digitalis lanata) by 11 to 15%.137,138 And in the 
tropical spider lily (Hymenocallis littoralis), in 
addition to increasing plant biomass by 56%, 
a 75% increase in the air’s CO2 content was 
shown to increase the concentrations of five 
different substances proven effective in treat-
ing a number of human cancers (melanoma, 
brain, colon, lung and renal) and viral diseases 
(Japanese encephalitis and yellow, dengue, 
Punta Tora and Rift Valley fevers) by 6 to 
28%.139

Enhanced atmospheric CO2 and food 
and forage quality.

One concern that is frequently expressed with 
respect to the quality of CO2-enriched food, 
however, is that large increases in the air’s CO2 
content sometimes lead to small reductions 
in the protein concentrations of animal-sus-
taining forage and human-sustaining cereal 
grains when soil nitrogen concentrations are 
sub-optimal.  Many crops, in contrast, do not 
show such reductions, or do so only in an ever 
so slight manner.140 Nevertheless, for those 
that do, when they are supplied with adequate 
nitrogen, as is typical of modern farming 
techniques, no such protein reductions are 
observed.141,142,143,144 It should also be noted 
that the rate of rise of the atmosphere’s CO2 
concentration is only a couple parts per mil-
lion per year, which is fully two orders of mag-
nitude less than the CO2 increases employed in 
most experiments that show small reductions 

in plant protein contents when soil nitrogen 
concentrations are less than adequate; and 
there are many ways in which the tiny amount 
of extra nitrogen needed to maintain current 
crop protein concentrations in the face of such 
a small yearly increase in the air’s CO2 concen-
tration may be readily acquired.

Crops experiencing rising levels of atmospheric 
CO2 produce larger and more-branching root 
systems (as they typically do in experiments 
when exposed to elevated CO2 concentrations), 
which should allow them to more effectively 
explore ever larger volumes of soil for the extra 
nitrogen and other nutrients the larger CO2-en-
riched crops will need as the air’s CO2 content 
continues to rise.  Also, tiny bacteria and algae 
that remove nitrogen from the air and make 
it directly available to plants are found nearly 
everywhere; and elevated atmospheric CO2 
concentrations typically enhance their ability 
to perform this vital function.145 As these phe-
nomena are gradually enhanced by the slowly 
rising CO2 content of the air, the slowly rising 
nutrient requirements of both crops and natu-
ral vegetation should be easily satisfied; and 
plant protein concentrations should therefore 
be maintained, at the very least, at their current 
levels.

Interrelated with the concern about CO2-
induced decreases in plant nutritive value 
is a hypothesis that lowered plant nitrogen 
will significantly reduce the nutritive value 
of grassland herbage and, therefore, affect 
the digestibility, forage intake and productiv-
ity of ruminants.  In fact, there are a number 
of observational studies that indications in 
atmospheric CO2 enrichment will not have a 
negative impact on total herbage nitrogen con-
centration146 or digestibility;147,148,149 and even 
if it did, the impact would likely not be large 
enough to negatively impact the growth and 
wellbeing of ruminants feeding upon the for-
age150,151,152 as the nutritive value of grassland 
plants is often above the minimum range of 
crude protein necessary for efficient digestion 
by ruminants.153   
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Given the considerations noted above, it is 
likely that the ongoing rise in the air’s CO2 
content will continue to increase food pro-
duction around the world, while maintaining 
the digestibility and nutritive quality of that 
food and enhancing the production of cer-

tain disease-inhibiting plant compounds. The 
increase atmospheric CO2 concentration is not 
only helping to meet the caloric requirements 
of the planet’s burgeoning human and animal 
populations; it is also helping to meet their nu-
tritional and medicinal requirements as well.
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