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Unlike physics or chemistry, ecology 
has yet to discover its ‘general theory’. 
Evolution is most certainly ecology’s 

glue, uniting this highly diverse field of 
science. But evolutionary processes in 
ecology are often treated as implicit rather 
than expressed mathematically, particularly 
at the ecosystem level. Writing in 
Nature Plants, Sheffer and colleagues1 delve 
deeply into the mathematics of biome-scale 
ecology and evolution, using game theory 
to examine the influence of evolutionary 
constraints on global patterns of symbiotic 
nitrogen fixation, one of the most profound 
plant–microbe systems on Earth.

Owing to its fundamental importance 
in many biomolecules, such as DNA and 
protein, it can be said that nitrogen drives 
ecosystems. This nutrient epitomizes Muir’s 
tenet: pick out a single atom of nitrogen 
and you will find it connected to virtually 
everything else. On the one hand, excessive 
levels of nitrogen in the environment 
(resulting from human activities) have 
contributed to such pressing issues as the 
widespread loss of biodiversity, climate 
change and declining air and water quality. 
On the other, nitrogen deficiencies hold 
the key to the sequestration of atmospheric 
carbon in biomass and food security. 
Furthermore, insufficient supplies of 
nitrogen, relative to many organisms’ needs, 
have shaped the emergence of biological 
traits since life’s dawn.

The evolution of biological nitrogen 
fixation in ancient marine cyanobacteria 
in the Archean eon, around 4 to 2.5 billion 
years ago, was a particularly important trait 
in the initiation of the biosphere — the 
living, breathing part of the Earth system2. 
Nitrogen fixation allowed for the conversion 
of gaseous dinitrogen into ecologically 
usable forms such as ammonium and nitrate 
ions. Around 70 to 50 million years ago3, 
symbiotic nitrogen fixation evolved in higher 
land plants. Photosynthetic sugars are fed to 
specialized root-bacteria in the Rhizobium 
and Frankia genera, which harbour the 
nitrogen-fixing enzyme nitrogenase (Fig. 1). 
Although this symbiotic association has 

many benefits, there’s no such thing as a 
free lunch; a substantial amount of plant 
energy is needed to cleave the unrivalled 
stubbornness of the N2 triple bond.

Despite much progress in understanding 
the ecology of symbiotic nitrogen fixation on 
land, researchers have remained vexed by a 
simple observation4: nitrogen-fixing trees are 
widespread in nitrogen-rich tropical forests, 
but absent from most nitrogen-starved forest 
ecosystems at higher latitudes. Shouldn’t 
nitrogen fixers lose to non-fixing trees when 
nitrogen is abundant, and reign supreme 
only when it is scarce? Factors such as 
natural history, climate, nutrient availability, 
photosynthetic energy and herbivory can 

help to explain this apparent paradox. But it 
has remained unclear whether these factors 
hold over evolutionary timescales — and 
this is precisely where Sheffer et al. step in.

Sheffer and colleagues1 first argue that 
symbiotic nitrogen fixers can be grouped5 
according to their ability to respond to 
changes in soil nitrogen availability. They 
argue that some fixers, labelled ‘facultative’, 
have evolved the capacity to vary the rate of 
fixation in response to changes in nitrogen 
supply. Others, by contrast, seem oblivious 
to changes in soil nitrogen abundance; 
they are classed as ‘obligate’ fixers, as they 
can’t adjust to changes in nitrogen supply. 
Based on a presumed set of genomic and 
physiological requirements, the authors 
ascribe an ‘opportunity cost’, in the form of 
carbon investment, to maintain facultative 
but not obligate fixation in trees. The 
authors next consider the role of climate 
in altering nitrogen supply rates globally. 
At high latitudes, low temperatures, short 
growing seasons and efficient nutrient use 
results in slow rates of internal nitrogen 
regeneration from decaying organic matter. 
The opposite is true for many lowland 
tropical forests, where nitrogen is generally 
in excess and rates of nutrient cycling can 
be extremely rapid6. Sheffer et al. suggest 
that this climate-driven effect on nitrogen 
cycling alters the timescales of competition 
for this nutrient, and thereby determines 
the optimal strategies for coping with 
nitrogen scarcity.

When combined, these two factors offer 
a set of evolutionary stable explanations 
for the generalized patterns of symbiotic 
nitrogen fixation observed across forests 
when tested with game theory. In tropical 
regions, where the sun’s rays are plentiful 
and rates of primary productivity are 
high, the collective benefits of facultative 
fixation outweigh the opportunity cost of 
downregulation; here, symbiotic fixers are 
capable of fulfilling their nitrogen demands 
as needed, leading to the widespread 
persistence of the facultative form in 
lowland tropical sites. Outside the tropics, 
low nitrogen availability and cycling rates, 
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Fixing evolution in global forests
The fields of ecology and evolutionary biology are implicitly connected. A new theory that links the global 
distribution and evolution of nitrogen-fixing trees uses the universal language of mathematics to make this 
connection more explicit.
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Figure 1 | Pterocarpus officinalis, a symbiotic 
nitrogen-fixing tree in the Fabaceae family, in 
a remote tropical forest at the Bladen Nature 
Reserve, Belize. Sheffer et al.1 have developed 
an evolutionarily consistent explanation for the 
widespread occurrence of this kind of tree in many 
lowland tropical forests, and its conspicuous 
absence at higher latitudes.
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coupled with cold temperatures and less 
sunlight, select against the facultative trait; 
this pathway is ‘penalized’ for its opportunity 
cost. Here, obligate fixation is the evolved 
solution to nitrogen fixation in recently 
disturbed, young temperate sites where 
sunlight is abundant and photosynthesis 
is maximized. The findings of 
Sheffer et al. thereby highlight the element of 
evolutionary stability to generalized patterns 
of forest nitrogen cycling. The evolutionarily 
consistent theory that they present 
complements shorter-term models, where 
economic optimization7 and temperature 
kinetics have been used to understand global 
fixer patterns from a biogeochemical and 
biophysical perspective8.

As with any theoretical construct, the 
study raises considerable questions too. 
Are symbiotic fixing trees really obligate 
or facultative? And, if so, how structured 
are these domains and what are the actual 
distributions? Also uncertain is whether 
the ascribed opportunity cost of facultative 
fixation really exists in nature, and what 
the trade-offs are. Nitrogen fixation is 
notoriously difficult to measure empirically, 

and current techniques substantially 
disrupt vital connections among host 
plants and bacterial fixers living in root 
nodules. Estimates of steady-state rates 
of nitrogen fixation vary widely in the 
tropics (from undetectable to over 100 kg 
nitrogen ha–1 yr–1 over large scales), with 
marked spatial patterns proposed9. Given the 
multiple spatial and temporal scales involved 
in nitrogen cycling, perhaps the single 
greatest the challenge to understanding 
nitrogen fixation rests in the interminable 
task of linking pattern and scale10.

The evolutionary framework proposed 
by Sheffer and colleagues to explain 
biome-scale patterns in forest nitrogen 
fixation foretells a major advance not only 
for symbiotic nitrogen fixation, but for 
the field of ecology and its quest to make 
evolution more explicit. The challenge that 
lies ahead, and what gives rise to ‘physics 
envy’, is the elusiveness of a unifying theory 
for ecology — for example, how natural 
selection acting at the level of individual 
species gives rise to complex ecosystem 
patterns. The nexus between ecology 
and evolution, and the case of symbiotic 

processes such as nitrogen fixation, may 
very well hold the key to unlocking the rules 
behind Earth’s biocomplexity. In any case, 
our planet is changing rapidly, and nitrogen 
fixation will hold considerable leverage over 
the fate of the terrestrial carbon dioxide sink 
and, hence, the rate of climate warming8 — 
thus affecting us all.  ❐
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