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ABSTRACT

Atmospheric carbon dioxide (CO:) levels have climbed from pre-industrial numbers around 280 parts per
million (ppm) to more than 425 ppm right now, and the outlook is that they’ll keep rising through the rest of this
century. And yeah, a lot of the public chat about higher CO: stays on temperature and weather extremes, but in
the background something else has been steadily showing up in papers and studies: what we actually grow is
turning out, in a sense, less nourishing than before. Free-Air CO- Enrichment (FACE) trials and bigger meta-
analyses keep landing on the same theme, staple crops — especially C3 grains like wheat and rice — often
come with lower protein, iron, zinc, plus a handful of important B vitamins, when they’re grown under elevated
CO:s.. People sometimes call it the “dilution effect”, and the basic idea is a bit like this: under CO: enrichment
plants can generate more carbohydrates, but they don’t necessarily boost mineral and protein uptake in the same
proportion. The downstream implications for human health are pretty serious. Right now, over two billion people
across the world already deal with micronutrient shortfalls, and the estimates aren’t calming down. By 2050,
some projections indicate that another 175 million people might become zinc-deficient and about 122 million
could see protein deficiency, linked specifically to CO:-related changes in crop composition. In this article we
look at the biological pathways that explain these shifts, then we dig into the evidence for specific crops, and we
also review what adaptation approaches seem most promising. That includes biofortification, targeted plant
breeding, and other practical routes that could help safeguard nutritional security in a high-CO: future.
Keywords: crop nutritional quality, FACE experiments, hidden hunger, dilution effect, elevated COs:,
micronutrient deficiency, biofortification

I. Introduction 10% decline in the nutritional density of wheat or

Imagine you eat more food than your
grandparents did, but somehow you’re still less
well-nourished than they were. That whole thing
feels weird, like a paradox with a loose thread, yet
it’s nearer to reality than most people think—and
higher CO- levels are part of why this happens.

Human actions have boosted the CO: in the
air, from roughly 280 ppm up to about 425 ppm, and
this is the most intense jump in both speed and
swing seen during the last three million years. We
passed the symbolic 400 ppm mark around 2013 and
the values haven’t stopped rising since. Climate
scientists along with agronomists have spent
decades looking at what this means for farming
yields, and the quick answer is that many crops can
grow more mass under elevated CO.. That might
sound kind of calming. But growing more biomass
is not the same as packing in more nutrition.

Work coming out of Free-Air CO:
Enrichment, usually called FACE, and Open-Top
Chamber, or OTC, studies point toward lower levels
of key micronutrients—iron, zinc, and protein
included—in staple crops when CO: stays high.
These drops may look small when you frame them
as percentages, but on the world scale, even a 5—
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rice, and those are the everyday foods for billions,
can turn into truly disastrous public health
outcomes.

Roughly, an estimated two billion people
around the world deal with zinc and iron
deficiencies, and that leads to about a loss of 63
million life-years each year. It is not, “just” abstract
numbers or something distant. They’re kids with
stunted cognitive growth, mothers facing higher risk
during pregnancy, and employees who end up with
weaker immune function. On top of an already
stressed global nutrition

setup, a CO: driven drop in crop nutrition
becomes a genuine mess, and it honestly deserves
much more attention than it gets right now.

This piece walks through the science, from
the photosynthesis lab to the dinner plate. It looks at
how higher CO., physically changes what plants
produce and what they pull from the soil, which
crops tend to get hit first and why, what the
downstream health threats can resemble, and what
researchers, growers, and decision makers can
realistically do about it.
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II.  The Science Behind the Shift: How CO:
Changes What Plants Make
2.1 Photosynthesis, Carbon, and the Dilution
Effect

To understand why higher CO: ends up
lowering nutritional quality it helps to know a bit
about how plants use CO: in the first place, in a sort
of plain and uh, practical way. Plants pull in CO-
through tiny pores called stomata, and then they use
it alongside sunlight, and also water, to form sugars
and carbohydrates. That process—photosynthesis—
really is the bedrock of the entire food chain. When
CO: levels go up, most plants can photosynthesize
quicker, and so atmospheric CO: gets described,
sometimes jokingly, as “plant food” in popular talk.

But here’s the catch, it’s not as simple as
“more CO: equals more nutrients.” Plants do absorb
more carbon and can build more carbohydrates
when CO: is elevated. Their overall biomass often
increases too. However, what does not rise at the
same pace is their mineral uptake from the soil, like
zinc, iron, and nitrogen. Nitrogen is the building
material, basically the key part for protein. The
commonly seen drop in crop nitrogen concentration
under elevated CO- has often been explained as a
“growth dilution” effect, meaning nitrogen
acquisition just does not keep up with the CO:
driven boost in carbohydrate making and growth.
It’s a bit like pouring extra water into soup: the pot
gets larger, yet the flavor feels weaker.

A meta-analysis looking at 7,761
observations, with 2,264 coming from state of-the-
art FACE centers across 130 species and cultivars,
found that higher CO: lowers overall mineral
concentrations by about 8% in C3 plants. At the
same time, total non-structural carbohydrates
relative to minerals go up. That whole effect, the
shift toward more starch and less protein plus
minerals, is sometimes described as a kind of
“stoichiometric downshift”, and it shows up across
many of the world’s most important crops, even if
the details differ by system.

There’s also a second mechanism around,
not quite as intuitive, that seems to operate
alongside simple dilution. When crop nitrogen
concentration drops even in situations where CO-
causes a neutral or only borderline change in
productivity, it points to more than just “more
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biomass means lower concentrations”. Researchers
think elevated CO: can dial down specific plant
transport proteins, the ones that normally move
minerals from the soil into root tissue, and then
carry them upward into the grain, which is the
edible part most people actually eat. So less mineral
gets absorbed at the root, and then even less ends up
in the grain.

2.2 The C3 and C4 Divide

Not all crops sort of act the same under
higher CO.. The main, kind of hinge point is what
photosynthetic pathway the plant uses. C3 plants —
like wheat, rice, barley, oats, soybeans, and most
legumes — rely on an older, less efficient kind of
photosynthesis, and it tends to get more directly
stimulated as CO: keeps rising. C4 plants — corn
(maize), sorghum, and sugarcane — have a more
efficient carbon concentrating mechanism, and
under usual air conditions it is basically already
COq-saturated, so the extra CO: doesn’t give as
much extra boost.

The bad effect of elevated CO2 on crop
nitrogen, and therefore on protein concentration is
pretty common and meaningful. It often lands
somewhere around negative 5% to negative 15%,
except for legumes, and also except for plant species
with C4 photosynthesis. In other words, corn and
sorghum are somewhat buffered from the nutritional
dilution problem that really drags down wheat and
rice.

Nitrogen fixing legumes plus C4 crops like
maize and sorghum appear less affected by elevated
CO: when it comes to nutrient content. For example,
field peas showed only a 2.1% drop in protein
content, and soybeans had no significant change at
all. This difference matters a lot for farm decisions,
because wheat and rice together make up the caloric
mainstay of diets across South Asia, East Asia, the
Middle East, and sub-Saharan Africa. Those are
regions where nutrient shortfalls are already,
unfortunately, at their worst.

As shown in Figure 1, the contrast in
nutritional response between C3 and C4 crops
across a range of elevated CO: concentrations is
striking and consistent across multiple experimental
settings.
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Figure 1: Percentage Decline in Zinc, Iron, and Protein Concentrations in C3 vs. C4 Staple Crops Under
Elevated CO: (550 ppm) Relative to Ambient CO-

So um, this bar chart kind of lays out how
much percent the three main nutrients—zinc, iron,
and protein—drop in four big staple crops, like
wheat and rice (those are C3 grains) and then maize
and sorghum (they’re C4 grains) when they’re
cultivated around 550 ppm CO-, compared to the
usual ambient atmospheric CO:, roughly 400 ppm.
On the x-axis you get the four crops and, on the y-
axis, it shows the percent decrease for each nutrient,
pretty straightforward. For wheat, you see about
9.3% reduction in zinc, then about 5.1% in iron, and
around 6.3% for protein. Rice comes out with
similar decreases, in the same general ballpark.
Meanwhile maize and sorghum show only tiny,
nearly dismissible changes across zinc, iron, and
protein, so practically nothing there. The main point,
really, is the noticeable separation between the C3
vs C4 photosynthetic routes, with C3 grains carrying
most of the nutritional hit as CO: climbs. The data is
from Myers et al. (2014), Nature, plus the
EurekAlert! write-up, summarizing the Harvard
School of Public Health FACE experiment results.

III.  Crop-by-Crop: What the Evidence
Shows
3.1 Wheat: The World's Most Important Grain
Wheat delivers about 20% of the total
calories and protein people consume worldwide
(FAO, 2023). It’s a C3 crop, so it tends to be pretty
touchy when CO: levels rise. The supporting
evidence is, kind of, some of the most solid and also
unsettling findings in the scientific literature.
In FACE setups zinc, iron, and grain
protein levels were reported to drop by 9.3%, 5.1%,
and 6.3% respectively, compared to plants grown
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under ambient CO2. And importantly, these were not
experiments done inside a greenhouse, or in a tight
controlled chamber, they were carried out in open
fields. The plants were cultivated in conditions
meant to resemble day to day farming as closely as
possible, which is why a lot of researchers treat
FACE studies like the main benchmark for this sort
of question.

Also, investigators have shown wheat grain
protein concentration can fall by roughly 7.4% when
CO: is elevated. But it’s not only about how much
protein ends up there. Protein quality counts, too,
and not just the total amount. Shifts in the balance of
specific wheat proteins, like gliadins and glutenins,
can affect how dough behaves and how bread bakes,
so elevated CO: might change the overall bread
quality from future harvests in ways that go beyond
simple nutrition math.

3.2 Rice: Feeding Half the World

Rice is, kinda, the staple food for more
than three billion people, mostly stacked in Asia and
sub- Saharan Africa. FACE studies in Asia and
Africa show protein reductions of 10—-17% in rice,
and they also see important losses in micronutrients
such as iron and zinc, not small at all. On top of that,
declines in B vitamins like B1, B5, and B9 by as
much as 30% make the nutritional barriers even
harder to deal with when CO: is elevated.

But the loss of B vitamins is one part of the
CO:z—nutrition story that really doesn’t get enough
attention. Thiamine (B1) deficiency can lead to
beriberi, a hard, debilitating neurological disorder
that was historically tied to diets that leaned heavily
on rice. Folate (B9) is essential for fetal neural

DOI: 10.9790/9622-1307280286




Dr. R. K. Pathak, International Journal of Engineering Research and Applications

www.ijera.com

ISSN: 2248-9622, Vol. 13, Issue 7, July 2023, pp 280-286

development. So a 30% drop in these vitamins from
a food that’s eaten almost every meal,as rice is
across much of Asia— feels like a public health time
bomb, really.

And if you look at sub-Saharan Africa,
where 60-80% of energy intake in many places
comes from carbohydrate-rich staples, then any drop
in rice quality, nutritional-wise, could push the
situation worse. That could intensify hidden hunger,
meaning micronutrient deficiencies that may not
show up visibly yet still cause major health issues,
including weak immune function and impaired
cognitive development.

3.3 Soybeans and Legumes: A Different Story

Legumes tell a more nuanced, kinda
different, story. Soybeans and field peas pull
nitrogen not only from the soil but from symbiotic
bacteria inside their root nodules, these bacteria
“fix” atmospheric nitrogen more or less straight up.
This separate nitrogen source partially buffers them
from the dilution effect that tends to hit wheat and
rice hard.

In fact, every crop aside from soybean
showed lower protein, zinc, and iron levels when
grown under elevated CO>—around 550 pmol/mol
or above—compared with ambient CO.. For
soybean, the protein concentration nudged up a bit,
about 0.37% under medium nitrogen and dry water
conditions, but it was nonsignificant. Still, their zinc
and iron concentrations were reduced by roughly 2—
5%.

So legumes are by no means immune, but
they’re less vulnerable than wheat and rice. And that
matters for food system design. Places that depend
heavily on legumes as a protein source may have a
built-in partial cushion against the CO: nutrition
problem, which is the sort of thing to weigh when
shaping dietary recommendations and agricultural
policy.

IV.  The Human Health Consequences
4.1 Who Is Most at Risk?

The nutritional changes driven by higher
CO: do not hit everyone in the same way. The
burden lands the hardest on groups that rely on a
small set of staple crops for most of their calories
and key nutrients. A person in Switzerland, eating a
varied diet with a lot of animal products fruits, and
vegetables will probably notice very little from a 6%
reduction in wheat protein content. But a
subsistence farmer in Malawi or Bangladesh who
eats rice and lentils at almost every meal is looking
at a totally different situation.

When atmospheric CO: levels are expected
to hover around 550 ppm by mid-century, about
1.9% of the world population — roughly 175
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million people, using 2050 population estimates —
could drift into zinc deficiency. In the same
timeframe, 1.3% of the global population, about 122
million people, could end up with inadequate
protein intake. On top of that, 1.4 billion women of
childbearing age and children under five, who are
already facing a high risk of iron deficiency, may
see their dietary iron intake drop by 4% or more.

It’s worth pausing on those figures. 175
million people, newly zinc-deficient. That is not
some tiny rounding mistake in global nutrition stats.
Zinc deficiency can weaken immune function, make
wound healing slower, and interfere with growth in
children. So a world where 175 million more people
become zinc-deficient is also a world with
measurably more childhood sickness, more stunting,
and more preventable death.

4.2 Hidden Hunger and the Calorie Paradox

The shift in crop composition toward more
carbohydrates under elevated CO: contributes to this
thing people call “hidden hunger”sorta a
malnutrition where you get enough calories but still
miss out on key nutrients. It’s, honestly, one of the
more troubling parts of the whole situation. Hidden
hunger is already widespread. Folks might eat
enough to feel full, yet their bodies remain kind of
starved of zinc, iron, iodine, folate, or vitamin A.
Then when CO: pushes yields in the direction of
more calories and fewer micronutrients, the whole
issue gets way worse without it being visibly
obvious. You can’t really stand in a wheat field and
see that it has less protein than before. And you also
can’t, by tasting rice, tell that it has lost about a
quarter of its B vitamins.

As the levels of non-structural
carbohydrates rise compared with their usual
counterparts in cereal crops, consumers could end
up stuck with diets that are starch-heavy. And the
knock-on effects might include a surprising rise in
obesity rates and type 2 diabetes. So elevated CO:
could at the same time aggravate undernutrition in
food-insecure groups while also increasing diet
related chronic disease in groups that do have
adequate access to calories. Both of these problems,
kinda paradoxical as it sounds, go back to the same
biochemical change in what our staple crops
actually contain.

V. Adaptation Strategies: What Can Be
Done?
5.1 Biofortification: Building Nutrition Back In
The most direct response to CO:-driven
nutritional decline is Dbiofortification, sort of,
deliberately engineering or breeding crops so they
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end up with higher concentrations of the key
nutrients. The whole concept is to somehow
compensate for what elevated CO- takes away, by
starting with crops that already have more in the
first place.

That’s real progress, but it’s still pretty
modest considering how huge the challenge is. The
crops where the biofortification work shows up most
are iron-rich beans, zinc-enriched wheat and rice,
vitamin A-enhanced sweet potato and cassava,
especially through the familiar orange-fleshed types.
Then there’s Golden Rice, which is genetically
engineered to produce beta-carotene.

Across breeding strategies, things range
from old-school selection to genomics and marker-
assisted methods, which together have raised iron,
zinc, and provitamin A in rice, cassava, beans, and
wheat. On top of that, biotechnological innovations
like Golden Rice, and CRISPR-based genome
editing, offer more targeted ways to enrich specific
nutrients, and in a way that can scale.

CRISPR, specifically, is opening up
options that would have looked like science fiction
about twenty years ago. Researchers can now edit
particular genes in crop plants with a level of
precision that conventional breeding can’t really
match. This means they might insert or strengthen
the pathways that push mineral uptake and
accumulation into the grain, and then do it with
much more control than before.

5.2 Agronomic Approaches: Soil and Fertilizer
Management

Biofortification is kind of at the genetic
level, while agronomic interventions are at the field
level and can be rolled out much faster, like really.
Agronomic techniques, including foliar and soil
micronutrient applications and microbial inoculants,
when also paired with organic matter, tend to reduce
phytate content, improve nutrient uptake, and end up
lifting both yield and grain quality.

Foliar zinc sprays, for example, can
noticeably increase zinc content in wheat grain, and
they have already been deployed in parts of Turkey,
India, and China. They are not exactly glamorous
interventions, but they’re pretty affordable,
technically simple and in practice they can be
implemented within a single growing season. The
tricky part is scaling them to smallholder farmers in
low-income countries where access to inputs, or
even the know-how, may be limited.

Soil health is another lever. When soils are
degraded and nutrient depleted, the CO2 dilution
effect can get worse because plants have fewer
minerals available to absorb in the first place.
Practices that rebuild organic matter—cover crops,
reduced tillage, compost applications—create a
situation where mineral uptake is more dependable,
even when CO2 is higher.

As illustrated in Figure 2, the combination
of genetic biofortification and agronomic
management represents a layered response strategy
with overlapping benefits across the nutritional
spectrum.

Targeted Adaptation Responses

Genetic Biofortification Agronomic Interventions

Reduced

traditional breeding]

Mineral
Uptake
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(Pathway A)

Rising

CRISPR editing J

foliar sprays J

soil micronutrient
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microbial inoculants}

Maintained Crop

Atmospheric Nutritional
Cco, Quality
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Diversification

Carbohydrate
Dilution

different traits:
high-micronutrient

Effect

high-protein lines ]
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supplementation

Targeted Adaptation Responses

Key Insight: No single
strategy is sufficient,
and the most resilient
resilones outcomes
emerge from deploying
multiple approaches
simultaneously.

Figure 2: Conceptual Framework of Multi-Layered Adaptation Strategies for Maintaining Crop Nutritional
Quality Under Elevated CO-

This conceptual flowchart kind of shows
how several intervention strategies work together,
kinda counteract the CO.-driven nutritional decline
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in staple crops. The diagram runs left to right,
starting with “Rising Atmospheric CO” as the main
culprit, and then it splits into two big routes:
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“Reduced Mineral Uptake” and “Carbohydrate
Dilution Effect.” After that, each route links up with
a cluster of targeted responses, like genetic
biofortification (not just one method but traditional
breeding, genomic selection, and CRISPR editing)
plus agronomic interventions (foliar sprays, soil
micronutrient management, microbial inoculants).
There’s also dietary diversification, which includes
policy-level food system change and nutritional
supplementation, and yes, it all links back with
arrows showing how each intervention disrupts the
decline path. The main takeaway is that none of
these options alone is enough, and the more durable
results come from using multiple approaches at the
same time.

5.3 Dietary Diversification and Policy Responses

Beyond what happens out in the field, what
people eat kind of matters, enormously. An over-
reliance on one or two staple crops is itself a
nutritional vulnerability and CO:-driven declines in
those crops make this vulnerability worse, yeah.
Policies that back dietary diversification—
encouraging vegetables, fruits, legumes, and animal
products—offer a kind of buffer that purely
agronomic fixes can’t quite mimic.

Crop genotypes should be picked that are
naturally stronger in biofortification, and then
recommended for use in breeding programs, so they
can produce new varieties with naturally biofortified
grain. This would help alleviate nutrient deficiency,
a condition that’s likely to double as the climate
changes. It’s not only a technical suggestion. It also
means a big reorientation of national and
international agricultural research priorities, where
nutritional quality is elevated alongside yield,
drought tolerance, and pest resistance.

And the role of institutions like CGIAR,
HarvestPlus, and national agricultural research
systems is pretty critical here. Global public health
and nutrition groups endorse biofortification as an
efficacious intervention to improve nutrition, with
crop core collections in CGIAR Center germplasm
banks screened for variation in nutrient density, so
they can spot crop varieties that have the highest
probability of success in raising micronutrient
content.

VI.  Conclusion

Rising atmospheric CO: is kind of doing
something to our food that most people don’t
realize, it is quietly thinning out its nutritional value.
The mechanisms are pretty clear— more
carbohydrates get synthesized, and mineral plus
protein uptake do not really keep pace, so you get
this dilution effect that lowers the density of zinc,
iron, protein, and B vitamins in the crops most
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people end up relying on. The sharpest impacts
show up in C3 staples like wheat and rice, which
together make up the dietary backbone for billions,
especially in the world’s most nutritionally at- risk
regions.

The health consequences are not some far
off idea. They are already being examined in detail,
and the results are unsettling. Hundreds of millions
of people could be pushed into micronutrient
deficiency by midcentury, just from this one factor,
stacked on top of the existing burdens linked to
hidden hunger.

The good news is that this is an issue with
workable, real solutions. Biofortification via
traditional breeding, genomic instruments, and
genetic engineering can put nutritional resilience
right into the crops themselves. Agronomic
interventions — like foliar sprays, or soil health
management—can help ease the uptake deficit at the
field level. Dietary diversification policies can lower
dependence on any single crop. And continued
investment in research, especially around crop-
specific mechanisms and gene by environment
interactions, can fine tune all of those approaches.

What this problem asks for most, is
recognition. For far too long, the talk about climate
change and food has been centered almost entirely
on yield, just, yield. How many calories can we
produce? Can we grow enough to feed nine or ten
billion people? These matter, yes. But they’re not
the only ones. A world with enough calories but not
enough nutrition is still a world that fails its people.
Taking CO: and crop nutrition seriously means
widening the definition of food security, so it
includes nutritional security, and then putting in
place the research, policy, and farming systems to
protect it.
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