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Abstract: Justus von Liebig observed that one could greatly increase agricultural yields by adding 
relatively small quantities of nitrogen (N), phosphorus (P) and potassium (K) to soils. This finding led to 
the most recent agricultural revolution. But because most plants and microbes can be non-homeostatic 
with respect to their biomass elemental composition, adding nutrients can lead to disproportional 
increases in some macro-elements in organisms, while micronutrient content decreases. Increased 
CO2 in the atmosphere is an important driver of climate change, but it is also an important driver 
of changing biomass content and ecosystem stoichiometry. Increased CO2 has contributed to excess 
carbon in biomass and ecosystems, a state which could be contributing to changes in metabolism 
which I liken to metabolic diseases and ‘environmental obesity’. Here I defined environmental 
obesity as excess C accumulation relative to other elements in the environment. A warming climate 
is certainly motivation enough for humans to do whatever is necessary to decrease use of fossil fuels. 
However, increased carbon has detrimental health outcomes through effects on our food in natural 
and agricultural systems and suggests that CO2 is not ‘just an environmental problem’, but also a 
human health problem. 
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Resumo: Justus von Liebig observou que era possível aumentar a produção agrícola adicionando 
pequenas quantidades de nitrogênio (N), fósforo (P) e potássio (K) aos solos. Essa descoberta levou 
a mais recente revolução agrícola. Contudo, uma vez que a maioria das plantas e microrganismos 
podem ser não-homeostáticos em relação a composição química elementar da sua biomassa, adicionar 
nutrientes pode resultar em aumentos desproporcionais de alguns macro-elementos nos organismos, 
enquanto os micronutrientes declinariam. O aumento nas concentrações de CO2 na atmosfera é um 
importante direcionador nas mudanças climáticas, mas também pode ter um importante papel na 
mudança da composição química da biomassa e na estequiometria dos ecossistemas. Os aumentos nas 
concentrações de CO2 na atmosfera tem contribuído para o excesso de carbono (C) na biomassa e nos 
ecossistemas, um estado que pode estar contribuindo para mudanças no metabolismo, que eu comparo 
com uma doença metabólica e “obesidade ambiental”. Aqui eu defino obesidade ambiental como o 
acúmulo excessivo de C relativamente a outros elementos no ambiente. O aquecimento do clima é, 
certamente, motivação suficiente para os seres humanos fazerem o que for necessário para reduzir o 
uso de combustíveis fósseis. Contudo, o aumento do carbono tem implicações muito negativas para 
a saúde através de efeitos sobre a nossa comida em sistemas naturais e agrícolas e, sugere que o CO2 
não é somente um problema ambiental, mas também um problema de saúde humana. 
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would regulate biomass production to match the N 
supply rates at a lower yield, but maintain biomass 
at a uniform 16:1 N:P ratio. For example, they 
could either excrete or respire excess carbon and 
phosphorus to match the N supply ratio.

But it turns out that microbes and plants can be 
fairly plastic, i.e., they have flexible stoichiometry, 
and they can change their biomass ratios to closely 
match the supply rates in the environment. 
To return to the assembly line analogy, it is as if 
plants and microbes are putting the ‘storage bin’ 
right in the automobile. For example, we tested the 
idea that microbes are relatively inflexible, as Liebig 
presumed, by providing substrates for bacteria that 
had a carbon (C) to P ratio of about 200,000:1. 
The presumed requirement for aquatic algae and 
bacteria for C:P is the Redfield ratio which is 
106:1 C:P so the ‘food’ we provided bacteria that 
were collected from a temperate lake was extremely 
deficient in P. If Liebig was correct, then the C:P of 
the bacterial biomass should have been pretty close 
to 106 C:1 P, but that was not the case. The C:P of 
bacterial biomass was over 10,000:1 in some cases 
(Godwin & Cotner, 2015a). Furthermore, the N:P 
ratio of bacterial biomass was 2,000:1, well over the 
expected ratio of about 16:1. In other words, there 
was at least one bacterium in the community that 
we inoculated that was able to change its biomass 
composition to more closely match the availability 
of their resources, allowing them to maintain a 
relatively high biomass yield.

Similar  f lexibi l i ty  has  been observed 
in phytoplankton when the dissolved CO2 
concentration (pCO2) was manipulated. Both 
the C:N and C:P of Rhodomonas increased greatly 
at elevated pCO2 in culture (Schoo et al., 2013). 
The  C:N ratio increased to nearly 20 and the 
C:P ratio increased to nearly 1200 at a pCO2 of 
800 ppm. In another experiment, the C:P of algal 
biomass increased to over 1500:1 at a pCO2 of about 
10x current ambient levels (Urabe  et  al., 2003). 
Similar stoichiometric effects have been observed in 
terrestrial plants and crops grown at elevated pCO2 
(Loladze, 2002, 2014).

What does it mean? It suggests there are plants 
and microbes that are growing in the environment 
that are extremely flexible in their biomass 
composition. One of the reasons this is important 
to natural ecosystems is that it leads to negative 
feedback between the supply ratios of nutrients into 
an ecosystem, for instance a lake, and the export 
of nutrients out of the lake. For example, imagine 
a lake or reservoir where the N:P supply ratio is 

1. Liebig and Stoichiometric Flexibility

Earth supports an unprecedented population of 
humans, currently at about 7.7 billion of us, in large 
part because of innovative agriculture that greatly 
increased yields of plants by adding nutrients that 
are commonly limiting to biomass production. 
The global implementation of these practices has 
led to the Green Revolution, allowing us to feed 
an ever-growing population. The idea of adding 
potentially limiting nutrients, referred as ‘law of the 
minimum’ was originally proposed by Carl Sprengel 
and popularized by Justus von Liebig (van der 
Ploeg et al., 1999). This idea has led to Liebig being 
referred to as the ‘father of fertilizers’ because it 
eventually led to our present-day practice of adding 
nitrogen (N), phosphorus (P), and potassium (K) 
to soils to increase yields, which has been critical 
to the capability of supporting such a large human 
population.

A key aspect of the law of the minimum is 
the idea that the elemental composition of plants 
is fixed. For example, if there is a deficiency of 
nitrogen (N) in soil or lake water, the medium 
will produce less plant biomass, than if N were 
plentiful. Although N is continually being made 
available to plants through multiple processes 
such as atmospheric deposition and regeneration 
processes in the soil or water, the rate at which new 
plant material is produced is solely controlled by the 
rate at which ‘new’ N becomes available, since it is 
the rate limiting nutrient in this scenario. This is 
analogous to an assembly line--if you want to make 
a new automobile, you have to have all of the parts 
for the automobile on hand. Automobile factories 
have limited space, so they are managed to insure 
that they have ‘storage bins’ of all of the parts they 
need and when one of those stores is depleted, let’s 
say the transmission, they cannot make any more 
cars until it gets re-supplied. You cannot have a 
car without a transmission and you cannot have a 
plant without N.

But recent work in our group and others suggests 
that plants and microbes may not be as much 
like an automobile assembly line as Liebig may 
have presumed (never mind that autos and auto 
assembly lines did not exist at the time!). Liebig 
assumed that plants and microbes had specific 
elemental compositions and that there was little 
that a plant could do when the supply of one of 
the ‘limiting’ nutrients ran out. In other words, if a 
plant required a molar nitrogen (N) to phosphorus 
(P) ratio of about 16:1 N:P, i.e., the Redfield ratio, 
and the supply ratio was only 8:1 N:P, then plants 
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higher than a plant’s requirement, maybe a 30N:1P, 
while the plant’s requirement is near the Redfield 
ratio of 16N:1P. If organisms growing in the lake 
remove N and P at a ratio of 16:1, the downstream 
export ratio will be even higher, maybe 60-100:1 
depending on how much growth actually occurs in 
the lake or reservoir. Downstream lakes or reservoirs 
will exacerbate this problem further to the point 
where the N:P ratio exported to the oceans could 
be extremely high, perhaps greater than 200:1.

The actual ratio of material exported from 
terrestrial systems via freshwaters is estimated to be 
about 24N:1P (Maranger et al., 2018). Clearly other 
processes are occurring as organic matter moves 
from the land to the sea, such as denitrification and 
other inputs that may decrease N:P ratios. But in 
the context of our work showing that communities 
can be quite flexible, it suggests that this flexibility 
could be an important mechanism maintaining 
stoichiometric stability in ecosystems. This may 
be achieved via multiple mechanisms. It could be 
that individual organisms are able to change their 
biomass composition to match their substrates or it 
could be that at high N:P supply ratios, organisms 
with high N:P ratios are selected for. In reality, both 
of these processes are likely occurring. We have 
shown that both communities (Godwin & Cotner, 

2015a, b) and individual strains of bacteria (Godwin 
& Cotner, 2018) can be quite flexible, with some 
strains changing their biomass C:P ratios by more 
than 1000% and their N:P ratios by more than 
800% (Godwin & Cotner, 2018).

2. Stoichiometric Flexibility and Global 
Change Processes

The capacity of plants and microbes to respond 
to variation in elemental supply ratios is particularly 
relevant to global change dynamics. Humans 
have perturbed the global C, N and P cycles to 
unprecedented extents (Falkowski  et  al., 2000). 
The main processes driving changes in C perturbations 
over the last two hundred years or so have been fossil 
fuel burning and land use changes which currently 
are releasing an additional 10 Pg of carbon per year 
into the atmosphere primarily as CO2 (Figure 1). 
For N and P, the main driver has been the extensive 
use of fertilizers to increase yields of agricultural 
systems. Humans have had the greatest quantitative 
effect on the C cycle, but the effects of humans 
on the N and P cycles relative to natural cycling 
processes is more than ten times greater than the 
C cycle.

An intriguing aspect of our work with aquatic 
heterotrophic bacteria has to do with how the 

Figure 1. Hypothesized effects of increased CO2 on ecosystems. Fossil fuel burning leads to increased CO2 in the 
atmosphere which increases the C:nutrient ratios of terrestrial plants and soil microbes, as well as the material that is 
exported to freshwaters. Similarly, the C:nutrient ratios of freshwaters increase due to excess CO2 in the atmosphere 
but, perhaps more importantly, from exported organic and inorganic matter from terrestrial systems.
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composition of the cell changes for non-limiting 
nutrients and carbon. Carbon composition and 
quantity can change significantly when microbes 
go from P-deficiency to P-sufficiency. In a survey of 
over 130 strains of bacteria, we observed a median 
increase in the C:P ratio of 142% going from a 
medium with a C:P ratio of 100:1 to a medium 
with a C:P ratio of 10,000:1. A significant aspect 
of these changes in biomass composition has to 
do with minimizing P quotas at low P availability 
giving higher C:P ratios, but somewhat surprisingly, 
a larger component contributing to these changes 
were related to the carbon quotas (Phillips et al., 
2017; Godwin & Cotner, 2018). At low relative 
growth rates, the carbon quota for Brevundimonas 
more than tripled with two orders of magnitude 
increase in the supply C:P ratio. Carbon clearly 
was not a limiting nutrient particularly at the 
highest C:P ratios. But if carbon in cells continues 
to increase even when it is not limiting, it would 
facilitate these negative feedbacks.

An important question that has been little 
addressed, particularly in freshwaters, is the 
potential role of increased CO2 in the atmosphere 
on productivity and stoichiometry. The latter is very 
relevant to the issue of stoichiometric flexibility 
due to the fact that increased carbon availability in 
freshwaters as well as terrestrial systems could be 
contributing to changing biomass and ecosystem 
stoichiometry, leading to higher C: nutrient ratios. 
Unlike the open ocean where pCO2 is primarily 
controlled by physical equilibration of the surface 
ocean with the atmosphere, most freshwater systems 
experience a combination of physical and biological 
control due to their smaller size and greater biomass 
both in freshwaters but also in the surrounding 
watershed.

The physical driver of increased pCO2 is the 
same for marine and freshwater systems, i.e., 
increased atmospheric CO2 concentrations and 
equilibration with water, but the degree of biological 
control can vary extensively in freshwaters due 
to the variation in size, geology, watershed and 
the biological composition. This means that the 
physical signal can be more difficult to detect. 
Relatedly, Cole  et  al. (1994) demonstrated that 
globally, lakes had somewhere between 3-16 times 
the pCO2 concentrations of the atmosphere, 
which we have ascribed in recent years to both 
heterotrophic respiration in freshwaters as well as 
import of pCO2 from the watershed (Stets et al., 
2009; McDonald et al., 2013). In a global survey 
of streams, pCO2 levels averaged eight times 

the concentrations that would be predicted by 
equilibration with the atmosphere (Raymond et al., 
2013).

Consequently, watershed biogeochemical factors 
are likely to be important in small, freshwater systems, 
in particular. Increased terrestrial productivity 
as a result of both warming and increased CO2 
concentrations as well as increased export of 
dissolved organic carbon (DOC) and dissolved 
inorganic carbon (DIC) suggest that pCO2 should 
increase in the coming decades (Adrian et al., 2009; 
Ou  et  al., 2015; Hasler  et  al., 2016). There is a 
pattern of increased export of DOC into freshwater 
ecosystems that has been commonly observed 
in the Northern Hemisphere (Freeman  et  al., 
2001; Monteith et al., 2007; Urban et al., 2011). 
Presumably increased terrestrial production and/or 
changes in stoichiometry could be playing a role in 
this phenomenon, although several other hypotheses 
have been suggested, such as alkalinization of soils 
(Monteith  et  al., 2007), increased temperatures 
(Freeman  et  al., 2001; Pastor  et  al., 2003), and 
urbanization (Noacco et al., 2017). Harrison et al. 
(2005) modeled a DOC:DON:DOP export 
ratio to the coastal region of 732:37:1 but we 
do not know how this has changed over time. 
Nonetheless, there is evidence in the ocean of 
increased DOC:DOP ratios in recent decades 
(Church et al., 2002; Aminot & Kérouel, 2004). 
So, the idea that increased atmospheric CO2 
could be changing the stoichiometry of material 
exported to and from freshwaters cannot be 
ignored. For inorganic C, a recent study analyzing 
data from four German reservoirs concluded that 
pCO2 is increasing by about 16 µatm yr-1 with a 
concomitant decreased in pH, perhaps an indication 
that the physical influence of increased CO2 in the 
atmosphere is detectable even against a great deal of 
biogeochemical processing in the reservoirs and the 
surrounding watershed. A study in the Laurentian 
Great Lakes predicted that pH should decrease at 
rates similar to decreases in the oceans in the next 
80 years (Phillips et al., 2015), driven by increased 
CO2 concentrations in the atmosphere.

Nonetheless, it seems that increased CO2 in 
the atmosphere, watershed dynamics (increased 
productivity and DOC and dissolved inorganic C 
[DIC] export) and climate are leading to increased 
pCO2 in freshwaters. What are the stoichiometric 
consequences of this? An increase of pCO2 in a 
Norwegian fjord led to increased carbon uptake 
and increased C:P and N:P ratios with important 
food web consequences (Bellerby  et  al., 2008; 
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Riebesell et al., 2008; Van De Waal et al., 2010). 
In another experiment in a marine system, 
increased pCO2 again led to increased C:P, and 
increased N-fixation led to increased N:P ratios 
(Hutchins et al., 2007). In a simulated freshwater 
experiment, a similar result was observed whereby 
C:P ratios of phytoplankton increased and herbivore 
growth decreased despite increased phytoplankton 
abundance (Urabe et al., 2003).

In fact, free-air CO2 enrichment (FACE) 
experiments on terrestrial landscapes suggest 
that there can be measurable changes in 
stoichiometry with increased CO2 concentrations. 
In a meta‑analysis of nearly 400 studies, Du et al. 
(2019) concluded that the C:P ratios of plants are 
increasing due to increased carbon dioxide in the 
atmosphere. Recent work with these experimental 
systems has demonstrated that productivity 
increases at higher carbon dioxide concentrations 
as well. Unfortunately, there have not been any 
FACE experiments that have been performed in 
freshwater systems, but smaller scale experiments 
suggest similar results as in Urabe et al. (2003). Also, 
similar to marine systems, increased CO2 disrupts 
the capacity of aquatic herbivores to sense their prey 
(Weiss et al., 2018).

In many of these experiments in terrestrial 
systems, freshwaters and the oceans, there seems to 
be important effects of excess CO2 on stoichiometry, 
with the predominant effect being increased 
carbon content and a dilution of other important 
elements. While most of the work done in 
ecosystems focuses on macroelements such as 
C, N and P, more recently it has been shown via 
FACE experiments that increased carbon dioxide 
is diluting the concentrations of important 
microelements, such as Fe and Zn in our food, 
as well as protein (Gifford  et  al., 2000; Loladze, 
2014), and the decreased concentrations of these 
micronutrients can have negative effects on humans, 
often leading to metabolic disorders. A study 
examining the nutrient content of garden crops 
from the 1950s to 1999 demonstrated declines in 
protein, Fe and P over that time period (Davis et al., 
2004). Roughly 30% of the world’s population 
lives in regions where 60% of dietary iron and zinc 
comes from C3 crops that are strongly impacted 
by increasing CO2 concentrations with important 
health effects such as anemia, hypertension, and 
growth and metabolic disorders such as obesity and 
diabetes, among others. One of the mechanisms that 
the body employs for dealing with micronutrient 
deficiencies where food supplies are not limiting, 

as in Western countries, is overcompensation, a 
phenomenon where eating to fulfill a Fe, Zn or 
protein requirement can result in excess calorie 
intake, potentially increasing the potential for 
development of obesity (Raubenheimer  et  al., 
2015).

Given that we have evidence from both 
natural ecosystems and from our food resources 
that excess CO2 is increasing the C:nutrient 
and C:micronutrient composition of biomass, 
it raises the stakes regarding ‘the CO2 problem’. 
Yes, increased CO2 is contributing to a warmer 
Earth with changing distributions of precipitation 
and more extreme climate in general (Ciais et al., 
2013). But it is also making us less healthy via the 
food we eat. In many ways, all of the excess CO2 
in the atmosphere is contributing to an ‘obese 
environment’ that, in turn, is having detrimental 
effects on human health at global scales. Obesity 
and other metabolic disorders are increasingly 
problematic in many parts of the world and there are 
many well-documented causes completely unrelated 
to the stoichiometry of our food, such as decreased 
activity, increased consumption of processed foods, 
etc., but in the background of all these other causes 
is a food supply that is increasingly carbon-rich 
and micro- and macro-nutrient poor. Many of the 
experiments that have been done already with added 
CO2 give us an idea of how carbon-rich or perhaps 
‘obese’ ecosystems behave, but the long-term effects 
of an obese food web have not been addressed. 
Therefore, there is a great deal of work that still 
needs to be addressed in the future, particularly in 
freshwater ecosystems. One of the most important 
areas should address how changes in the availability 
of carbon affect plant and microbial community 
composition. It is well-known that increased CO2 
changes the balance between C3 and C4 plants but 
it could be important to determine how it affects the 
balance between homeostatic and non-homeostatic 
organisms.
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