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Rising atmospheric
CO, and human
nutrition: toward
globally imbalanced
plant stoichiometry?

Irakli Loladze

Terrestrial vascular plants obtain their major constituent — carbon (C) — from
atmospheric carbon dioxide (CO,), but draw all other chemical elements largely
from the soil. Concentrations of these elements, however, do not change in
unison with steadily increasing concentrations of CO, [CO,]. Thus, relative to
pre-industrial times, modern plants are experiencing a global elemental
imbalance. Could this imbalance affect the elemental composition of plants,
the most important food source on Earth? Apart from an overall decline in
nitrogen concentration, very little is known about the effects of high [CO,]

on other chemical elements, such as iron, iodine and zinc, which are already
deficient in the diets of the half of human population. Here, | apply stoichiometric
theory to argue that high [CO,], as arule, should alter the elemental
composition of plants, thus affecting the quality of human nutrition. The first
compilation, to my knowledge, of published data supports the claim and shows
an overall decline of the (essential elements):C ratio. Therefore, high [CO,]
could intensify the already acute problem of micronutrient malnutrition.
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The increasing concentration of atmospheric carbon
dioxide CO, and the quality of our nutrition are two
important problems that we are currently facing.

A link between these two problems, however, is not
apparent. Indeed, intensive and numerous studies on
the effects of high [CO,] on plants have covered a wide
range of issues, but its effects on plant stoichiometry
(i.e. elemental composition) have received very little
attention. Yet, plants are the foundation of our food
supply. The low concentrations of several essential
micronutrients, such as iron (Fe), iodine (I) and

zinc (Zn), in modern crops contribute to the problem of
micronutrient malnutrition (i.e. ‘hidden hunger’), which
diminishes the health and economy of over the half of
the world’s population. Here, by using the theory of
ecological stoichiometry, I can link high [CO,] with plant
stoichiometry and the quality of human nutrition. The
tools of ecological stoichiometry are chemical elements
and their ratios in organisms and the environment.

How can stoichiometry provide insight?
Analysing biological dynamics from a chemical
element perspective has advantages in both its
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simplicity and rigor ([1], I. Loladze, PhD thesis,
Arizona State University 2001). A cell contains
thousands of complex substances, but all life requires
~32 different chemical elements [2]. Life continuously
assembles and disassembles complex substances,

but it can neither create nor decompose chemical
elements, and it cannot convert one element into
another. These elemental laws are rather
self-evident, but are frequently overlooked in our
perception of biological dynamics. Yet the universality
and certainty of these laws, which are valid on all
organizational scales, from molecules to the
biosphere, provide a unified framework that helps to
reveal patterns hidden on disparate organizational
scales. The stoichiometric argument that | discuss
here draws on multiple scales, from the structure of
carbohydrates to a plant cell to an agricultural plot to
globally rising [CO,].

The need for essential elements and the problem of
micronutrient malnutrition

The human body needs at least 24 chemical elements.
Although some of the elements, such as chromium (Cr),
Fe, I, selenium (Se), or zinc (Zn), comprise <0.01% of
human body weight, their absence renders our life
impossible. Because the human organism cannot
generate any element that is lost through excretion,
we must replenish it from our food. Plants are the
basis of human nutrition, providing a staggering
84% of calorie intake worldwide [3]. Almost half of
this comes from two staple crops: rice and wheat [3].
Concentrations of several essential elements in
modern crops are insufficient for optimal human
nutrition, thus contributing to the enormous ‘hidden
hunger’ problem [4-6]. Iron deficiency affects

>3.5 billion people, mostly in the developing world,
and ‘impairs the cognitive development of children,
causes productivity and educational losses, and
increases morbidity and maternal mortality’ [4].
lodine deficiency is a public health problem in at
least 130 countries, with over seven hundred million
people suffering from goitre and tens of millions
afflicted by brain damage and cretinism [4]. Nearly
half of the world’s population is at risk of inadequate
Zn intake [5]. Deficiencies of other essential
elements are also widespread, even in industrial
countries, but often are not manifested in overt
clinical syndromes.

Global imbalance of essential elements and

plant stoichiometry

Human activities profoundly alter the global cycles of
several essential elements [1,7]. The pursuit of
higher agricultural yields, rather than crop

quality, fertilizes soil disproportionately with N,
phosphorus (P), and potassium (K). Fossil-fuel
burning adds N and sulphur (S) via atmospheric
deposition and, together with changes in land use,
increases [CO,]. Thus, human activities have been
altering the pool of a few essential elements in severe
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disproportion to others. Relative to pre-industrial
times, we have been rapidly creating a global
elemental imbalance. Can this imbalance, in turn,
affect us by altering the stoichiometry of our
fundamental food source — plants? To answer this
question, I concentrate here on the role of rising [CO,]
for the following three reasons.

First, unlike the controversy surrounding the
effects of [CO,] on climate change, the increase
in [CO,] itself is confirmed by several independent
sources [8]. Currently, every terrestrial plant is
exposed to ~30% higher [CO,] relative to
pre-industrial times; during this century [CO,]
levels could double or triple over pre-industrial
levels [8]. This increase is instantaneous on a
geological timescale and is unprecedented in the
history of the human species. Because a modern tree
might experience the doubling of [CO,] over its
lifetime, such an increase is also very fast on
evolutionary and even ontogenetic timescales.
Second, plants build the bulk of their dry weight by
fixing C from CO,,. Third, because of the gaseous
properties of CO, and high mixing rates in the
atmosphere, no other human impact compares to
rising [CO,] in its uniformity. Plants worldwide,
both agricultural and wild, are exposed to very
similar [CO,] concentrations. For these reasons,
global patterns in the changes of plant
stoichiometry can prevail in spite of local
environmental heterogeneity (temperature,
humidity, fertilizers, etc.).

Plants in enriched CO, atmospheres

The effects of high [CO,] on plant stoichiometry have
received little attention, but its effects on other plant
characteristics have been thoroughly studied.
Free-Air CO, Enrichment (FACE) experiments

have been running at 32 locations worldwide and
>2700 studies have been published in the past decade
alone [9]. Doubling ambient [CO,] generally
stimulates photosynthesis, enhances plant growth
and increases agricultural yields, on average,

by 41% [10-13]. These benefits, however, become
questionable if enriched [CO,] alters crop
stoichiometry. That chemical composition of plants
can change under increased [CO,] has been
suggested [e.g. 1,7,10], but much of the experimental
work has ignored chemical elements and has

instead focused on complex compounds, many of
which show little consistency in their response to
high [CO,] [14,15]. A clear pattern, however, exists
for N, the only element whose concentrations in
plants under conditions of high [CO,] have been
studied extensively. The meta-analysis of the
concentrations of N in aboveground plant tissues
revealed, on average, a 14% decline in its
concentrations under high [CO,] levels [16].
Microelements, such as Fe, I, and Zn, in plants are
vital for human health, but little is known about
their response to high [CO,]. Not a single study,
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to my knowledge, analyses the effects of high [CO,]
on the concentrations of Se, which is an important
antioxidant, or Cr, which is extremely importantin
the regulation of blood-sugar levels and which is
probably deficient in human nutrition [17].

The obscurity of data might explain why no
comprehensive review exists about the effects of
high [CO,] on plant stoichiometry and why its role in
micronutrient malnutrition has not been addressed.
As Sterner and Elser [1] point out ‘the limited and
diffuse data on elemental composition...resultin
little awareness and little ability to perceive patterns
of interest’, which in turn ‘result in little new data
being generated and little effort at compiling those
already available’. In lieu of real experiments on
plant stoichiometry under increased [CO,],

I have run a ‘thought experiment’ (see below).

Such ‘experiments’ are conventionally reserved for
inherently simpler physical rather than biological
systems, but the reliance on stoichiometry simplifies
the biology and provides sufficient rigor to gain

an insight into the effect of increased [CO,] on

plant stoichiometry.

A FACE ‘thought experiment’

Two underpinnings of ecological stoichiometry are
useful when running a FACE ‘experiment’:

(1) a self-evident but important fact that organisms
cannot create or convert elements; and (2) the
proportions of elements in a plant cell can vary
widely, largely because of the presence of a large
central vacuole, which is unique to plant cells [1];

for example, Fe or Zn content can vary tenfold or more
in grass forage [18].

Suppose that a terrestrial vascular plant, for
example wheat, has been grown on two plots, A and B,
in identical conditions, except that [CO2] is ambient
in Abutisdoubled in B. If the dry weight of the
standing stock in B is 6% higher than in A, are the
stoichiometries of A plants and B plants different?
Even though the amounts of each individual element
in the soil were the same in the two plots, the higher
biomass in plot B is the result of stimulated
photosynthesis that increased carbohydrate
production. If the increase in carbohydrates, the
chief constituent of plants, had been the only difference
between the two plots, then the C, oxygen (O)
and hydrogen (H) content in B plants would differ
very little from that in A plants (Box 1, Eqn I1). But
every other element would have decreased by ——%
(Box 1, Eqgn I11), which provides a baseline
estimate of the potential shift in the plant
stoichiometry. This underlines the dichotomy
between C, O, H (which constitute >90% of the dry
weight of plants) and other elements. Hence, patterns
in the changes of plant chemical composition should
be more evident on the chemical scale of elements
rather than on the coarser scales of complex
compounds, many of which contain C, O, H and other
elements simultaneously.



Box 1. Elemental vectors: the shift in the stoichiometry of B plants
because of carbohydrate dilution

In ecological stoichiometry, elemental vectors are very useful because they
provide a simple means with which to apply the power of mass balance laws to
every element.

Let (al,a2 ..... an),(bl,bz,...bn) and (cl,cz,cs,o...,O) denote elemental vectors
for dry A plants, dry B plants and carbohydrates respectively, where the first
three terms represents carbon (C), oxygen (O) and hydrogen (H) concentrations
and other terms represent concentrations of every other element. Then

n n

c = b. = =1
u-$hams

Let Mdenote the total dry weight of A plants. If the &b increase in biomass of
B plants is solely because of the increase in carbohydrates, then mass balance
yields (Eqn I):

M-(a,,a,,...,a,) + &M-(c,,c,,c,,0...,0) = (1 + 9)-M:(b,,b,,...,b,) [Eqn1]
+0C. . a. .
Thus, b; =u,l =1,2,3and b]- =—L_ j=4,..,n.The percentage change in
1+9 1+9
- . b o a-c¢ .
concentrationsof C,OandHis—+-1= 1+o ——1i=1,2,3 but because
a; +

i
the content of these three elements in plants and carbohydrates is similar,
(i.e. a;= c), it follows that (Eqn II)

a=b,i=1,23 [Ean11]
For the rest of the elements, the percentage change equals to (Eqn I1I)
b =8 io4n [Eqn 1l].
1+4

The dilution by carbohydrates, however,
is unlikely to be the only difference between A and
B plants. B plants might adapt to doubled [CO,]
by changing their transpiration, root:shoot ratio,
root morphology, root activity or symbiotic
association with mycorrhizae. Could these adaptations
equalize the stoichiometries of A and B plants by
increasing the net uptake of every element by the
same percentage as the netincrease in C? | argue
here that these adaptations could alter the % %
decline caused by carbohydrate dilution, 1+o
but will not neutralize it.

The plots A and B are monocultures, as are most
staple crop fields; thus, by employing any of the
adaptations listed above, an individual B plant is
unlikely to gain any advantage relative to its
almost identical neighbours. Moreover, none of the
adaptations per se can change the total mass of
any element in the plot (except C, O and H),
but they do alter conditions in the soil, including the
stoichiometry of soil near roots and soil moisture.
Because elements differ in their diffusion rates and
uptake kinetics, the net uptake of each element
cannot increase by the same percentage. For
example, at higher concentrations, [CO,] diffuses
into leaves more easily, thus enabling plants to
narrow stomatal apertures and consequently to lose
less water, that is to decreases transpiration. This
effect has been well documented in experiments
with doubled [CO,] on both C3 (e.g. rice and wheat)
and C4 (e.g. maize and sugarcane) plants with an
average 23% reduction of transpiration [11-13].
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Reduced transpiration leads to reduced mass flow in
the soil and it can also increase soil moisture [19].
Thus, the two primary mechanisms that transport
elements to the vicinity of roots, mass flow and
diffusion, are altered in plot B. Mass flow is generally
more important for mobile elements, such as N,

and diffusion is more important for immobile
elements, such as P. Hence, the change in uptake
rates should be different among elements in plot B.
Furthermore, increased photosynthesis puts
differential internal demands on elements. For
example, under high [CO,], plant demand can
increase for P but decrease for N [20,21]. To
summarize, B plants have higher C fixation rates,
altered internal elemental demands and changed
availability of elements near roots. Therefore, A and
B plants should differ not only in C:(other elements)
ratios but also in the ratios among other elements
(e.g. C:N, N:P and P:Zn should also be different).

In other words, the change in the stoichiometry of

B plants should be nonuniform across elements.
Hence, A plants having the same stoichiometry as

B plants should be an exception. (If plant biomass
decreases in high [CO,], then a similar argument
can again show that plant stoichiometry changes.)
Therefore, the conclusion is that high [CO,],

as arule, alters plant stoichiometry.

Are overall patterns possible?

The above argument suggests that the change in the
concentration of elements (except C, O and H) moves
in an opposite direction to the change in biomass,
but it does not exclude the possibility that levels of
some elements can increase or remain unchanged
with an increase in biomass under high [CO,]. For
human nutrition, however, it is important to know
whether overall patterns would exist in high [CO,]
world. Terrestrial vascular plants worldwide share
what is fundamentally the same physiology and are
exposed to essentially the same [CO,], suggesting
that overall patterns in the changes of plant
stoichiometry are possible. A particularly disturbing,
but plausible pattern is one in which the
concentrations of essential elements, including
those that are already deficient in the diets of the
half of the world's population, decrease in plants.

As suggested above, both increased carbohydrate
accumulation and reduced mass flow can lead to this
pattern. All else being equal, this pattern would
mean lower (nutritional value):(caloric value) of
crops and the aggravation of the micronutrient
malnutrition problem. It would also increase the
imperative to breed rice, wheat and other staple
crops with superior ability to concentrate essential
elements such as Fe, Zn, | and Se [6].

What do the scant published data reveal?
Motivated by the conclusion of the ‘thought
experiment’, | searched extensively for published
data on the effects of high [CO,] on the elemental
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Fig. 1. Changes (%) in the mean concentration of essential elements in plants grown in twice-ambient
atmospheric [CO,] relative to those grown at ambient levels [all plants (foliar), green; wheat (grains),
yellow]. The figure is based on 25 studies covering 19 herbaceous and 11 woody plant species,

and five wheat cultivars [21,24-47], in which multiple elements were measured under increased
concentrations of atmospheric carbon dioxide [CO,]. If several [CO,] levels were reported, the data for
the levels closest to the ambient and twice-ambient were used. The studies with superenriched or
naturally high [CO,] were excluded. Multiple data for a single species or a cultivar were averaged
before calculating means. Error bars indicate the standard error of the mean; for foliar data, n=30 for
nitrogen (N), phosphorous (P), and potassium (K), 29 for calcium (Ca), 26 for magnesium (Mg),

14 for iron (Fe) and manganese (Mn), 12 for zinc (Zn), 9 for sulphur (S) and copper (Cu); for wheat
grains, n=5for N, P K, Ca, Mg, Fe and Zn, and 3 for S and Mn. Upon request, | will gladly provide a
detailed table with all the data on which this figure is based.
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composition of plants. The data are surprisingly
scant. | hope that the scarcity and importance of the
data will encourage the generation of new data on the
changes in plant stoichiometry caused by a globally
altered environment. It is startling that, among
thousands of publications on doubled [CO,], only one
investigated its effects on the grain stoichiometry of
rice, the world’s most important crop [22]. This study
found decreased concentrations of four out of five
measured elements in brown rice grains (N, on
average, dropped by 14%, P by 5%, Fe by 17%, Zn by
28%, but calcium (Ca) increased by 32%). One can
only hope that subsequent studies will not show such
a disturbing drop in the levels of Fe and Zn. If high
[CO,] does decrease Fe or Zn content in various rice
cultivars, even by a few percent, the consequences for
the economy and health of regions with strong dietary
dependence on rice, such as southeast Asia, could be
drastic. For example, rice provides 76% of all calorie
intakes for Bangladesh [3], the world's eighth most
populous country, where micronutrient deficiency
already lowers by 5% its gross domestic product [23].
For the world's second most important crop,
wheat, data are also very limited, but exist for at
least five cultivars. All three studies show
statistically significant changes in grain
stoichiometry [24—-26] (Fig. 1). On average, the
concentration of every measured element except
K declined. No similar data, to my knowledge,
has been published on other important crops such as
maize or rye. Ironically, relatively more data exist on
nonstaple crops [27-35] and other terrestrial
vascular plants [21,36-47], particularly on their
foliar content. All studies found statistically
significant changes in the stoichiometry of plant
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tissues. Although the levels of a few elements
increased in some studies, the concentration of every
element, on average, decreased (Fig. 1). (Note that
the decrease in foliar N is close to the 14% decrease
seen for N in aboveground parts, as reported in a
meta-analysis by Cotrufo et al. [16].) I will not
contemplate here on the consequences of these
changes to human nutrition and health, but I hope
thatitis clear that further research on the effects of
high [CO,] on plant stoichiometry is vital.

Further questions

Are there positive aspects of high [CO,] for human
nutrition, other than the expected increases in
agricultural yields? Some vitamins, such as A or C,
are based entirely on the elements C, O and H; hence,
an increase in the levels of those vitamins is not
constrained stoichiometrically. For example,
vitamin C increased by 5% in orange juice harvested
from optimally fertilized trees grown under
twice-ambient [CO,] [15]. If the overall content of
elements (except C, O and H) decreases, then it is
possible that levels of harmful heavy metals, such as
lead (Pb) or mercury (Hg), would follow the same
trend. If high [CO,], however, aggravates the dietary
deficiency of essential elements then none of the
above mentioned or any other benefits could induce
human bodies to make up the deficit.

Do changes in plant stoichiometry themselves
persist over years? Because staple crops have a life
span of only a few months, this question is more suited
for perennials. In leaves of orange trees, declines
in the concentrations of several elements that had
been monitored after 30 months of exposure to
twice-ambient [CO,], gradually diminished over the
subsequent five years [33]. These trees, however,
were always well watered and optimally fertilized,
and therefore an elemental imbalance in their
surroundings was subsided. In Norway spruce,
however, the changes in stoichiometry of needles
persisted even in fertilized trees over the four years
exposure to twice-ambient levels of [CO,] (the
experiment used ‘branch bag' CO, exposure
technique) [42]. Only one study compared modern
plants with those growing at historically lower
ambient [CO,]. Herbarium specimens of 13 plant
species were analysed for 12 elements [48], including
Fe, Zn and Ca. All elements are currently at lower
levels than at any time in the past three centuries;
notably, stomatal density has also decreased.

(The differences in other environmental conditions,
however, might also have contributed to these changes.)
This raises an important question of whether the
current higher [CO,] has already contributed to the
existing ‘hidden hunger’ problem. Over longer
timescales, have historic fluctuations of [CO,]
affected herbivores by changing the stoichiometry of
their resource? It is known that changes in plant
quality in twice-ambient [CO,] can strongly affect
herbivorous insects [49,50]. From a stoichiometric



perspective, all herbivores are similar, thus such
effects should not be confined only to insects.
Ruminants, including livestock, and other grazers
could also be affected. Therefore, it is imperative to
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