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Belowground plant symbioses have been central to the evolution  
and distribution of vascular plants in the land biosphere1–4, with  
potentially far-reaching effects on ecosystem nutrient cycles 

and the land carbon sink5–10. Yet, it has been difficult to capture 
the emergence of global patterns in symbioses and nutrient cycles 
using first-principle ecological theories. A major obstacle has been 
the problem of characterizing how the fundamental biology of plant 
symbioses interacts with the processes of plant–plant competition 
and community assembly. Here, we present a new approach that—
despite a simple mathematical structure—is capable of resolving 
the complex organization of plant–symbiont strategies and nutrient 
cycles at the scale of biomes.

Central to our approach is the observation that plants have 
evolved functionally different strategies to trade photosynthetically 
acquired carbon to compete for limiting soil nutrients: (1) by scav-
enging11 plant-available nutrients (for example, nitrates, phosphates 
and amino acids) in symbiosis with arbuscular mycorrhizal fungi 
(AMF; the scavenger strategy); (2) by mining12,13 organic-bound 
nutrients in symbiosis with ecto- and ericoid mycorrhizal fungi 
(hereafter combined as EMF; the miner strategy; Methods); or (3) by 
acquiring atmospheric nitrogen in symbiosis with nitrogen-fixing 
bacteria5,14 (NFB; the fixer strategy). Plant roots that have no sym-
biotic associations (naked roots) rely solely on their absorptive  
surface for uptake of available nutrients.

The evolution of these plant–symbiont relationships (Fig. 1) has 
fundamentally advanced the ability of plants to overcome nutrient 
limitation, impact biogeochemical cycles and perhaps also expand 
into inhospitable geographical regions15. The scavenger strategy 
is the earliest-evolved symbiosis16,17 (AMF: ~400 million years ago 
(Ma)), the miner strategy is secondarily evolved16,18 (EMF: ectomy-
corrhizae ~200 Ma; ericoid mycorrhizae ~100 Ma) and the nitrogen 
fixer strategy is most recently evolved19 (NFB: ~60 Ma).

Here, we investigate how these innovations of plant–symbiont 
strategies have influenced (or been influenced by) biogeochemical 
cycles at scales of biomes. Specifically, we use an evolution-based 
approach to evaluate the mutation and selection of traits that 
define each plant symbiotic strategy, and its broader impact on  
nutrient cycles.

We present a modelling approach (Box 1) that allows plant–sym-
biont strategies to evolve in the context of: (1) local plant–plant 
competition for limiting soil nitrogen or phosphorus; (2) an explicit 
carbon cost trade-off for each symbiotic strategy; and (3) a dynami-
cal plant–soil–nutrient feedback. We treat each symbiotic strategy 
as a collection of traits that are subject to incremental mutation. We 
explore the full trait space that makes up each strategy, and search 
for the emergence of evolutionarily stable strategies (ESSs) within 
each community. ESSs are defined as strategies that cannot be 
invaded by any other mutant strategy in a given local community.

Our approach is inherently low dimensional, based on three fun-
damental equations and four biome-scale assumptions. The three 
equations (Box 1 and Methods) track plant biomass, soil organic 
matter, and plant-available nutrients. We assume that biomes dif-
fer only in four variables (Table 1a). First, maximum gross primary 
production (G), soil decomposition (m), and forest disturbance (d) 
all decrease from tropical to temperate, and to boreal forest. Second, 
land surfaces that were glaciated in the Last Glacial Maximum carry 
larger quantities of soil phosphorus, causing higher weathering 
input of plant-available phosphorus.

Moreover, our approach differs from models that seek to opti-
mize biological properties such as primary productivity or biomass 
at the ecosystem level. Instead, we allow the most successful indi-
vidual plant strategies to emerge within the plant–nutrient cycle 
created by the collective plant community—regardless of whether 
the emergent properties are optimal at the ecosystem scale.
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One of the most distinct but unresolved global patterns is the apparent variation in plant–symbiont nutrient strategies across 
biomes. This pattern is central to our understanding of plant–soil–nutrient feedbacks in the land biosphere, which, in turn, are 
essential for our ability to predict the future dynamics of the Earth system. Here, we present an evolution-based trait-modelling 
approach for resolving (1) the organization of plant–symbiont relationships across biomes worldwide and (2) the emergent 
consequences for plant community composition and land biogeochemical cycles. Using game theory, we allow plants to use 
different belowground strategies to acquire nutrients and compete within local plant–soil–nutrient cycles in boreal, temperate 
and tropical biomes. The evolutionarily stable strategies that emerge from this analysis allow us to predict the distribution 
of belowground symbioses worldwide, the sequence and timing of plant succession, the bistability of ecto- versus arbuscular 
mycorrhizae in temperate and tropical forests, and major differences in the land carbon and nutrient cycles across biomes. Our 
findings imply that belowground symbioses have been central to the evolutionary assembly of plant communities and plant–
nutrient feedbacks at the scale of land biomes. We conclude that complex global patterns emerge from local between-organism 
interactions in the context of Darwinian natural selection and evolution, and that the underlying dynamics can be mechanisti-
cally probed by our low-dimensional modelling approach.
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Results and discussion
Global pattern of the plant–symbiont relationship. Read1, Jenny20 
and others5,6,10 have suggested that the geographical distribution of 
root symbioses may vary systematically across biomes. We com-
piled a global dataset of belowground plant strategies by combin-
ing Gentry’s quantitative vegetation survey of 225 sites worldwide  
(Fig. 2a) with a new taxon-specific database on root symbioses that 
we developed from the literature (Methods).

Our results confirm the following global trends (Fig. 2b–d):  
(1) the AMF symbiosis dominates the tropical forest biome and is 
common in temperate forests; (2) EMF dominates the boreal biome, 
is common in temperate forests and can form dominant patches in 
tropical forests (for example, South America13, Central Africa21 or 
widespread dipterocarp forests in Southeast Asia22; red points in 
Fig. 2a,c); and (3) NFB is common in early- and late-successional 
tropical forests, but limited to early succession in temperate and 
boreal biomes5,10. Moreover, nitrogen-fixing trees appear to employ 
a facultative fixation strategy23,24 in tropical forests, but an obligate25 
strategy in temperate and boreal biomes.

Biome-level prediction of symbiotic composition. Most notably,  
our ESS model can recreate the observed global patterns of plant–
symbiont relationships. We made predictions of tree community  
composition across biomes (Fig. 3a) by combining our community- 
level ESS analysis with observed rates of forest disturbance26: low in 
boreal (d = 1/100 yr−1), medium in temperate (1/70 yr−1) and high in 
tropical forests (1/50 yr−1). For each biome, we seeded a landscape 
(Fig. 3b) with either the community-level ESS or the best-performing 
mutant strategy in cases of no community-level ESS, and allowed 

them to interact and self-assemble. Each landscape patch was sub-
ject to stochastic disturbance at the biome-specific rate (Methods), 
which, over time, generated a mosaic of soil conditions and forest 
successional stages.

The predictions from our model (Fig. 3a) are broadly consistent 
with the biome patterns in Fig. 2: EMF dominated the boreal and gla-
ciated temperate biome, coexisting with a small component of obligate 
fixers. In contrast, AMF dominated the tropical biome with relatively 
abundant (~10% of biomass) facultative fixers. Non-glaciated tem-
perate forests displayed a transitional condition, with AMF and EMF 
coexisting, and with low abundances of obligate fixers.

Nutrient limitation and forest succession. These model predic-
tions translated into distinct patterns of nutrient limitation on 
plant growth across biomes. We show in Fig. 3 the distribution of 
nutrient limitation within each biome landscape, with each patch 
characterized by a unique limitation status (Methods). As is gener-
ally inferred from fertilization experiments27, we found the boreal 
biome to be exclusively limited by nitrogen and the tropical forest to 
be predominantly limited by phosphorus (Fig. 3c–f). The temper-
ate biome occupies an intermediate state, with glaciated areas most 
frequently limited by nitrogen and non-glaciated areas by either 
nitrogen or phosphorus (Fig. 3d,e).

Succession plays an important role in generating the patterns  
of plant community composition (Fig. 3a) and nutrient limitation 
(Fig. 3c–f) that emerge within our model. Our model prediction 
agrees with the empirically observed7,10,25 sequence and timing of 
succession of belowground strategies across biomes (Supplementary 
Fig. 2a–c): in boreal and temperate forests, obligate NFB trees 
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Fig. 1 | Timeline of the plant–symbiont relationship on land. a, Earliest fossil record (413!Ma; left) and schematic (right) of a true rooting system from the 
Early Devonian plant Zosterophyllum shengfengense69, indicating that land plants had developed roots capable of resource uptake. b, AMF-like fungal root 
structures were found early in the fossil record (~407!Ma70), aiding plants in acquiring soil resources. Left, image of a fine root colonized by AMF fungi. 
Right, schematic of how root-colonizing AMF hyphae (green) extend the absorptive area of roots (adapted from ref. 71). Epidermal cells are light yellow and 
cortical cells are light brown in all schematics. c, Ectomycorrhizal fungi evolved from their wood-decaying ancestors ~200!Ma16, with the unique capability 
of producing hydrolytic and oxidative extracellular enzymes that help plants access organic-bound nutrients. Left, EMF fungi (white furry strands) feeding 
on Fagus litter38. Right, schematic of how EMF hyphae (purple) form two structures: a thick mantle on the root surface and a Hartig net beneath the 
epidermal cells. d, The innovation of symbiotic nitrogen fixation emerged ~50–60!Ma, allowing plants a unique but costly mechanism for overcoming 
nitrogen limitation19. Left, Inga punctata roots and nodules in a Panamanian tropical forest. Right, schematic of root nodule cells (orange, derived from 
cortical cells) containing symbiotic nitrogen-fixing Rhizobia bacteria. Each bacterial cell is encapsulated by a plant intercellular membrane in a bacteroid 
structure. Image credits: a, Jinzhuang Xue; b, Paula Flynn; c, David Read; d, Sarah Batterman. Illustration in a, J. Xue; illustrations in b–d, Y. Sun.
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Box 1 | Evolution-based trait model

Model structure. Our model considers key components of the 
forest carbon and nutrient cycles, nutrient limitation on plant 
growth and, crucially, that plants can trade photosynthetically ac-
quired carbon to gain nutrients from belowground symbionts. We 
consider nitrogen and phosphorus as they o!en constrain plant 
growth, but our model can, in principle, be adapted to any poten-
tially limiting macro- or micronutrient. "ree fundamental equa-
tions track carbon and nutrient cycling between plant biomass 
(B; equation (1)), organic-bound soil nutrients (Oi; equation (2), 
Methods) and plant-available forms of soil nutrients (Ai; equa-
tion (3), Methods), where i = N denotes nitrogen and i = P de-
notes phosphorus. Net plant biomass growth (change of biomass 
through time t) is limited by either nutrient assimilation (gi) or 
photosynthetic carbon gain (gC):

μ= − −B
t

g g g d Bd
d

(min( , , ) ) (1)jC N P

where µ is plant biomass turnover owing to tissue mortality and 
dj is the biome-specific (subscript j) disturbance rate imposed by 
external forces, including wind-throw, landslides, fire, and so on.

Carbon-based growth in equation (1) is de#ned as the balance 
between gross photosynthesis, plant tissue respiration (δ) and the 
costs incurred by belowground nutrient acquisition (θX, where X 
denotes the form of the plant–symbiont relationship):
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Photosynthesis saturates as a function of aboveground biomass 
(αB) with a biome-specific maximum gross photosynthesis rate 
(Gj) and the half-saturation constant cG. Plants pay a metabolic 
carbon cost for acquiring a nutrient by scavenging (θS), mining 
(θM), fixation (θF) and naked root uptake (θv), and an opportunistic 
cost5 for maintaining a root system that supports the facultative 
fixation strategy (ψ).

Nutrient-based growth in equation (1) is de#ned as the 
product of the plant nutrient-use e$ciency (ωi) and the nutrient 
assimilated by the rooting system, where 1 − α is the root fraction 
of plant biomass:
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The first uptake term in equation (1b) demonstrates that nutrient 
assimilation by the scavenger strategy (S) is a saturating function of Ai 
with per-root biomass uptake rate Si and half-saturation constant ci

S. 
In the second term, the miner strategy (M) acquires organic-bound 
nutrients (Oi) at the rate Mi and half-saturation constant ci

M. In the 
third term, the fixer strategy (F) can acquire nitrogen at the rate 
FN and employ either an obligate or facultative fixation strategy5 
(Methods). As observed in nature74, fixers can associate with either 
AMF or EMF fungi, such that each fixer genotype is defined by a 
specific fixation rate and either a miner or scavenger rate. Finally, the 
fourth term defines nutrient uptake by the naked root at the rate v 
and half-saturation constant ci

v, and the dependence of v on symbiont 
colonization X (described below). As demonstrated empirically11, we 
consider that naked roots have a high half-saturation constant (that 
is, high ci) consistent with low affinity for available nutrients (the 
model parameters are summarized in Supplementary Table 1).

We scaled biomass abundances of phosphorus versus nitrogen 
to approximate the stoichiometric ratio observed in living and dead 
organic matter (~1:10)75,76. We also considered the observation that 
AMF fungi appear to be superior at acquiring soil phosphorus11. 
As a result, we reduced the carbon cost of phosphorus uptake 
(relative to nitrogen uptake) for the scavenger strategy, such that 
the stoichiometric ratio of phosphorus versus nitrogen uptake per 
unit of carbon invested was higher for the scavenger (3:10) than 
the miner or naked root strategies (1:10).

Essential trade-o!s. Our model captures two fundamental 
cost trade-o%s that are critical to our ability to predict plant 
nutrient acquisition: a ‘nutrient–carbon–growth trade-o% ’ and/
or a ‘nutrient uptake trade-o% ’. By employing belowground 
symbionts, a plant can gain access to nutrients from sources that 
naked roots cannot exploit or at concentrations that are lower than 
those naked roots can consume. However, this action carries two 
costs: (1) the plant sacri#ces photosynthetically acquired carbon 
that could otherwise be used for above- or belowground biomass 
growth (the nutrient–carbon–growth trade-o% in equation (1a) 
and Supplementary Note 1); and (2) the plant sacri#ces the ability 
to acquire nutrients through its own low-cost root surface since 
association with symbionts is known to physically interfere with 
the root area available for nutrient uptake (the nutrient uptake 
trade-o% in Supplementary Note 3). Following ref. 5, we capture 
this trade-o% by allowing naked root uptake to decease with 
increased symbiont colonization (equation (4), Methods).

Community-level ESS analyses. We allowed plants to vary 
their trait values (scavenger, miner or #xer) and assumed that  
these variations are genetically determined and subject to 
mutation. We then evaluated a mutant’s competitive ability to 
invade a forest with a plant–soil–nutrient cycle established by a 
resident tree population.

Using pairwise invasibility analysis5, we show in Supplementary 
Fig. 1a an example of competition between resident (x axis) 
and invader strategies (y axis) across AMF mutant genotypes 
in a temperate forest. "e emergent ESS is the resident strategy 
that cannot be eliminated by any mutant (vertical red bar in 
Supplementary Fig. 1). We applied the ESS analysis to the entire 
plant community, by allowing pairwise competition across all 
mutants and all strategies (Supplementary Fig. 1b–g). "e resulting 
community-level ESS (marked by a red star) identi#es the speci#c 
strategies that can resist invasion from any other mutant of any 
strategy across the entire plant community.

First, we analysed mature forests with little to no external 
disturbance (d = 0). EMF was the only community-level ESS in 
the boreal biome, where plant-available nitrogen was low, organic- 
bound nutrients ample and weatherable phosphorus abundant. In 
contrast, both AMF and EMF were possible community-level ESSs 
in tropical and temperate forests, independent of glacial history.

Second, we examined disturbed forests (d = 1/20 yr−1) 
characterized by open canopy and a shortage of available 
nutrients relative to plant demand (as observed in nature25,77). In 
these conditions, NFB was the sole community-level ESS across 
all biomes (Supplementary Fig. 1e–g), with obligate #xation 
dominating in nitrogen-poor extra-tropical forests, and facultative 
#xation in nitrogen-rich tropical forests (as observed in nature10,25 
and modelled previously5).

Biome-scale assumptions. To predict patterns observed in 
nature (later described in Fig. 2), we prescribed four empirically 
observed di%erences across boreal, temperate and tropical biomes 
(Table 1a): (1) climate and growing season length cause Gj to 
decrease with increasing latitude45; (2) temperature causes soil 
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increased immediately following disturbance, but declined rap-
idly due to competition with EMF and/or AMF after ~40–60 years 
of forest succession. However, in tropical forests, facultative fix-
ers peaked following disturbance, and the NFB strategy persisted 
indefinitely at high abundance (~10%) within the plant community 
due to: (1) the ability of individual NFB trees to downregulate fixa-
tion and thus reduce the cost of competing against AMF5; and (2) 
the frequent recurrence of patch-scale disturbances, in which NFB 
was the favoured strategy. These results closely recreate the patterns 
observed for fixer abundances, fixation rates and the downregula-
tion of fixation across tropical forest succession7.

Our model further allows us to evaluate the role of succession in 
generating the biome-scale patterns of nutrient limitation seen in 
Fig. 3c–f. We quantified the strength of limitation as the percent-
age increase in plant biomass in response to simulated nitrogen or 

phosphorus fertilization (Supplementary Fig. 2d–f; Methods). For 
all biomes, limitation was strongest immediately following distur-
bance when the supply of soil nutrients could not keep up with 
the demand created by rapid biomass accumulation. In the tropi-
cal biome, nitrogen limitation occurred immediately following 
disturbance, but quickly transitioned to phosphorus limitation as 
forests aged and fixers brought in new nitrogen to the ecosystem 
(Supplementary Fig. 2f). Also, this result is consistent with field 
observations of tropical forest succession7,28.

The occurrence of phosphorus limitation strongly depended 
on whether nitrogen fixers were present in our simulated forests. 
In temperate forests, phosphorus limitation was most common in 
the phosphorus-poor non-glaciated soils, with fixer abundance 
explaining 71% of the variation in the strength of phosphorus 
limitation (n = 188; P < 0.001). In early succession, forest patches 

nutrient mineralization (mj; Methods) to decrease with increasing 
latitude46,78; (3) recent glacial history (that is, glacial grinding of 
primary rocks) causes the weathering input of soil phosphorus 
to increase (IP; Methods) in boreal and high-latitude temperate 
biomes; and (4) meta-analyses have shown that dj decreases with 

increasing latitude26, possibly due to di%erences in soils and/or 
energetic conditions of the climate system79. As observed in nature, 
the temperate biome therefore contains both high-phosphorus 
glaciated and low-phosphorus non-glaciated soils; we treat these 
conditions separately in our analyses.
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Fig. 2 | Global geographical distribution of AMF, EMF and NFB trees. a, Location of 225 Gentry vegetation plots (filled circles; 0.1!ha each) and 6 
additional plots from the literature (filled triangles; 1–10!ha72,73). Red symbols in a and c indicate tropical forest plots dominated by EMF trees (basal 
area!>!50%). b, The relative abundance of AMF trees (green circles) deceases with latitude. c, The relative abundance of EMF trees (purple circles) 
increases with latitude. d, The relative abundance of NFB trees (orange circles) decreases with latitude. Latitude values in b, c and d are given independent 
of north or south hemispheres. Lines are LOESS fit (span!=!1), with 95% confidence intervals indicated by red shading. For each trend, beta regression 
analyses confirmed high statistical significance (n!=!225; P!<!0.001).
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with abundant fixers were most strongly phosphorus limited while 
patches with few or no fixers were nitrogen limited (Supplementary 
Fig. 2e). In tropical forests, fixers were abundant throughout suc-
cession (Supplementary Fig. 2c) and explained 65% of the variation 
in strength of phosphorus limitation (n = 371; P < 0.001). Forest 
patches could be nitrogen limited in early succession if nitrogen fix-
ers were absent or if fixation was not rapid enough to meet the nitro-
gen demand of the rapidly accumulating biomass (Supplementary 
Fig. 2f). These results are broadly consistent with observations from 
both the tropical and temperate biome: fixation and biomass growth 
of fixers can be phosphorus limited in both biomes29–31, and tropical 
forests can switch from nitrogen limitation in early succession to 
phosphorus limitation in later stages7,28,32. We conclude that feed-
backs between belowground symbiotic strategies, forest disturbance 
and succession are critical for determining the emergence of bio-
geochemical cycles at the biome scale.

AMF–EMF bistability: theoretical and empirical evidence. Soil  
fertility affected the abundance of each strategy in each biome 
(Supplementary Fig. 3 and Supplementary Note 6). For example,  
both EMF and NFB deceased with deceased cycling of plant-available 
phosphorus, as AMF gained a comparative advantage due to 
enhanced phosphorus limitation.

In the tropical biome, our model predicts the existence of AMF–
EMF bistability in conditions of low-fertility soils combined with 
low disturbance (Fig. 4a), as observed empirically21,33. Either strat-
egy could dominate a local patch, but neither could invade the other 
once plant–soil feedback was established (Supplementary Fig. 4 and 
Supplementary Note 7).

Bifurcation analysis further showed that there exist conditions 
under which the initial tree establishment determines the diver-
gence of the two alternative stable states under the same initial 
soil condition (Fig. 4b). This biogeochemical founder effect offers 
a mechanism to explain how two alternative plant–soil–nutrient 
economies13,34 can emerge in nutrient-poor tropical soils (Fig. 2c; 
red versus purple points) and in temperate landscapes (discussed 
below): one based on organic (EMF) and one on inorganic nutrient 
cycling (AMF). Our model thus identifies intrinsic biological feed-
back—between plant symbiotic strategies and their collective effect 
on the plant–soil–nutrient cycle—that can generate community 
composition independent of conditions external to the biological 
system (for example, soil, climate and so on).

Next, we tested our model’s ability to resolve plot-level distri-
butions of plant symbiotic strategies across the biomes in Gentry’s 
global dataset (n = 225 plots). We assumed that: maximum GPP  
(G) differed across biomes (Table 1); nutrient mineralization (m) 
and ecosystem disturbance (d) declined with increasing latitude 
(due to the effect of temperature on both processes); and soil phos-
phorus was higher in glaciated regions (Table 1; Methods). In addi-
tion, to mimic the influence of disturbance on AMF versus EMF 
distributions in real-world plots, we allowed our predictions to be 
influenced by disturbance as a stochastic factor (Methods).

Across the Gentry dataset, our model could account for the 
majority of plot-level variation in community composition, explain-
ing 68% of variance in EMF and 65% of variance in AMF abundance 
(Methods). Between-plot NFB predictions are inherently more  
difficult (5% explained) as nitrogen fixation in nature depends on 
disturbance history and is therefore subject to stochastic variation.

Table 1 | Emergent biogeochemical properties from landscape simulation plus biome-specific model parameters

Variable (units) Boreal Temperate Tropical

(a) Prescribed biome-specific variables
Disturbance rate, d (yr−1) 1/100 1/70 1/50
Maximum GPP, G (tC!ha−1!yr−1) 10 16 30
Nitrogen mineralization rate, mN (yr−1) 0.003 0.011 0.025
Nitrogen deposition, IN (kgN!ha−1!yr−1) 5.0 5.0 5.0
(b) Emergent carbon and nitrogen pools
Plant biomass carbon (tC!ha−1) 31 (47a) 74 (61a) 121 (164a; 138b)
Soil organic carbon (tC!ha−1) 156 (185c) 164 (148c) 76 (100c)
Soil organic nitrogen (tN!ha−1) 8.9 (10.5c) 8.7 (8.0c) 5.9 (7.9c)
Percent fixer biomass (%) <0.5 (0.9d; <2e) 2.5 (1.9d; <2e) 8.4 (5.8d; 10e; 11f; 6–14g; 6h)
(c) Emergent carbon and nitrogen fluxes
GPP (tC!ha−1!yr−1) 4.0 (6.0i) 9.7 (9.5i) 21.4 (23.3i)
Internal nitrogen cycling (kgN!ha−1!yr−1) 36 (48j) 88 (71–75j) 153 (141b)
Nitrogen fixed by trees (kgN!ha−1!yr−1) 0.11 (<0.1k) 1.3 (1.1k) 8.5 (2.2h; 5.3k; 10l; 1–14m)
Total nitrogen loss (kgN!ha−1!yr−1) 5.2 (4.7n) 7.1 (5.6n) 9.2 (10–15f)
Dissolved inorganic nitrogen (kgN!ha−1!yr−1) 0.4 (0.24n) 1.3 (0.3n) 3.0 (4–6o)
Gaseous nitrogen loss (kgN!ha−1!yr−1) 0.3 (1–2p) 1.0 (1–2p) 2.3 (8–20p; 2–9q; 1.9r)

Dissolved organic nitrogen (kgN!ha-1!yr−1) 4.6 (4.5n) 5.1 (5.3n) 4.5 (5–10s)

Each temperate biome value is the simple mean of values from the glaciated and the non-glaciated temperate biome. Figures in parentheses identify empirical values from the literature (see below). Model 
runs without the belowground symbioses resulted in fundamentally different predictions of the land carbon and nitrogen cycles (see main text and Supplementary Table 3). aFrom Table 3 in ref. 55. bFrom 
ref. 56—a tropical forest carbon pool from 12 forests with complete above- and belowground biomass estimates (carbon!=!0.48!×!biomass). We also evaluated internal nitrogen fluxes from ref. 56 using the 
simple mean of 31 moist tropical forests worldwide. We used a factor of 1.3 to scale aboveground litterfall to the total (above- plus belowground) internal nitrogen flux. cFrom ref. 5, which used a global 
dataset to calculate soil carbon and nitrogen content to a depth of 1!m. The modelled soil organic carbon was derived from organic nitrogen using the biome-specific carbon-to-nitrogen ratio in ref. 5. dFrom 
analysis of the Gentry database (Methods), based on the mean percentage basal area. eFrom Fig. 2 in ref. 57. fFrom ref. 10—the legume basal area from 16 50-ha tropical forest plots. gFrom Fig. 1g of ref. 58. 
hFrom ref. 7. iFrom Supplementary Table 5 of ref. 45 and the Methods. jFrom ref. 59. We used annual net mineralization of 7 natural coniferous forest (~46°!N) to approximate the boreal forest value and 30 
temperate forests (~43°!N) to derive the temperate forest value. kFrom ref. 60—symbiotic nitrogen fixation calculated based on 1, 1 and 5% fixer cover in boreal, temperate and tropical forest, respectively. 
lFrom ref. 23. mFrom ref. 61—values for primary and secondary forests. nFrom ref. 62. Inorganic nitrogen loss rates are low due to the unpolluted nature of these South American forests. oFrom ref. 63. pFrom  
ref. 64. Our model generated gaseous nitrogen loss similar to ref. 64 (10.7!KgN!ha−1!yr−1) if we used the high nitrogen deposition implied at steady state in ref. 65 (a nitrogen deposition of 33.5!KgN!ha−1!yr−1). 
qFrom ref. 66. rFrom ref. 67. sFrom ref. 68.
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Our model was generally accurate in boreal and tropical for-
ests, with >93 and >81% of the respective plots predicted within 
an absolute discrepancy of 10% for either the EMF or AMF strat-
egy. However, a small fraction (7%) of plots in tropical forests and 
a larger fraction (46%) in temperate forests differed more than 25% 
from our predictions. Such large divergence in the distribution of 
AMF versus EMF abundances may arise from the bistable competi-
tive dynamics discussed above, where initial conditions determine 
which strategy will dominate in a given plot.

Next, we evaluated the potential emergence of bistability within 
the temperate biome, by analysing tree community composition 
across 212,182 plots of naturally regenerated forest in the Forest 
Inventory and Analysis (FIA) database of the US Forest Service. 
First, we calculated the observed symbiotic composition across all 
plots and evaluated the distribution of symbioses across latitude, 
from Puerto Rican tropical forests to Alaskan boreal forests. In  
Fig. 5a, we show the distribution of EMF relative abundance across 
latitude, based on a random subset of 6,159 plots stratified by lati-
tude (Methods). The analogous plots for AMF and NFB are shown 
in Supplementary Figs. 5 and 6.

The observed plot-level composition confirms the observed  
(Fig. 2) pattern of: (1) low EMF and high AMF abundance in low- 
latitude tropical forests (<25° N); (2) high EMF and low AMF  
abundance in high-latitude temperate and boreal forests (>40° N); 
and (3) AMF and EMF coexistence in intermediate temperate lati-
tudes (25–40° N). Frequency distributions of both EMF and AMF 
abundances (Fig. 5b–e and Supplementary Fig. 5, respectively) 
show that both high and low latitudes are characterized by uni-
modal distributions, while the temperate biome displayed a more 
complex pattern. Notably, forests between ~25–35° N latitude (red 
points in Fig. 5a; Methods) are dominated by either the EMF or 
AMF strategy, consistent with expectations for a bistable pattern as 
discussed above (Fig. 4a).

As for the Gentry dataset analysis, we used plot-level predic-
tions to evaluate the distribution of EMF versus AMF strategies in 
FIA plots across latitude (Methods). Our results closely recreate the 
observed latitudinal pattern in Fig. 5a, including the unimodal EMF 
and AMF abundances in high- versus low-latitude forests, respec-
tively, and the bimodal distribution in the 25–35° N latitude region 
of temperate forests.

The emergence of a bimodal distribution is consistent with 
bistable dynamics in the competitive relationship between EMF and 
AMF strategies, as indicated empirically in local-scale experiments4. 
The pattern is also consistent with the theoretical prediction35 that 
ecosystems can display co-occurring alternative stable states—or 
‘flickering’—as they transition from one state to another—from 
AMF to EMF dominance, in our case. These results imply that 
plant–soil feedbacks that are mediated by specific symbiotic rela-
tionships can scale up to stochastic patterns that emerge at scales 
within and between biomes.

Emergence of global biogeochemical cycles. Finally, we evaluated 
our model’s ability to predict the emergence of carbon, nitrogen  
and phosphorus cycles at global scales. In Table 1, we compare 
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AMF EMF NFBFig. 3 | Prediction of community composition and nutrient limitation 
across biomes. a, AMF (green), EMF (purple) and NFB (orange) symbiotic 
strategies across biomes. Values are averages of 400 forest patches 
simulated over 10,000!years and subject to biome-specific conditions 
of external disturbance (d), nutrient mineralization (m), weathering 
input of soil phosphorus (Ip) and maximum GPP (G). The NFB emergent 
ESS is facultative in tropical but obligate in temperate and boreal 
biomes (Supplementary Fig. 1). b, Schematic of a simulated landscape 
of low-fertility tropical forest consisting of 100 individual patches. Tree 
height and crown size are proportional to patch biomass, while the tree 
crown colour indicates the symbiotic strategy. c–f, Frequency distribution 
of the quantitative strength of nutrient limitation in boreal (c), glaciated 
temperate (d), non-glaciated temperate (e) and tropical forests (f). 
Nitrogen limitation is shown in blue and phosphorus limitation in red. The 
biome results show a shift in nutrient limitation from predominant nitrogen 
limitation in boreal and glaciated temperate forests to an increased 
frequency of phosphorus limitation in non-glaciated temperate forests, 
and predominant phosphorus limitation in tropical forests. We performed 
in silico fertilization experiments on a landscape of 400 forest patches by 
applying, over 10!years, either nitrogen or phosphorus at levels that were 
10 times the background input (Methods). For each patch, the strength 
of nutrient limitation was calculated as the percentage difference in plant 
biomass between the fertilized and unfertilized landscapes.
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biome-specific predictions with consensus literature observations of 
plant and soil biomass distributions, forest productivity, and nitro-
gen fixation, cycling and loss (see Supplementary Table 2 for an anal-
ogous phosphorus table). Despite its simplicity, our model closely 
predicts global-scale variations in these nutrient cycles, includ-
ing patterns of nitrogen fixation, carbon and nutrient cycling, and 
observed patterns and rates of nitrate leaching and denitrification.

Moreover, our findings indicate that belowground symbioses are 
critical for these global cycles (Supplementary Table 3). For example, 
the rates of net primary production and forest internal nitrogen and 
phosphorus cycling dropped by ~48% in tropical forests and ~19% 
in boreal forests when we modelled a world without symbioses. The 
drop in forest biomass was roughly equivalent to these declines, but 
biome-specific gross primary production (GPP) declined less (21% 
in tropical forests and 11% in boreal forests), indicating that the 
evolutionary emergence of belowground symbioses has caused net 
primary production to become more efficient (that is, a higher net 
primary production-to-GPP ratio) in the land biosphere.

Conclusions
The relationship between natural selection, symbiosis and nutri-
ent cycles is an open area for scientific advancement. Perhaps 
the most compelling aspect of our results is the indication that a 
low-dimensional (limited number of governing equations and 
assumptions) first-principle model framework can merge these dis-
parate areas and, in doing so, predicts the emergence of broad pat-
terns in plant diversity, nutrient cycling and ecosystem bistability.

Specifically, the biome-scale impact of symbiotic nutrient strat-
egies can be understood from: (1) the influence of biome-scale 
drivers on nutrient demand and supply (G, m, d and IP); (2) the 
cost–benefit trade-off associated with each strategy; and (3) the 
ability of specific plant strategies to interfere with local plant–soil–
nutrient cycles: by reducing mineralization and short-cutting the 
uptake of plant-available nutrients (EMF symbiosis) or adding new 

nitrogen to plants and soil (NFB symbiosis). The resulting predic-
tions can resolve distributions of belowground plant strategies, the 
sequence and timing of forest succession, the emergence of AMF–
EMF bistability and broad properties of carbon and nutrient cycles 
in the land biosphere.

We conclude that, as a consequence of land plant evolution, 
belowground symbioses have been a key force influencing plant 
communities, and that, in turn, the resulting plant–soil–nutrient 
feedbacks have shaped global carbon and nutrient cycles. A better 
mechanistic representation of these feedbacks in global models may 
reduce uncertainties in our projections of future vegetation dynam-
ics and biogeochemical cycles.

Methods
Global distribution of plant belowground nutrient strategies. We compiled a 
global dataset to investigate the geographical pattern of belowground symbiotic 
strategies across forest biomes. We analysed Gentry’s36 quantitative vegetation 
survey of 225 sites distributed worldwide across tropical, temperate and boreal 
forests and undisturbed by human activities (‘pristine’; sensu ref. 36). At each site, 
we calculated the percentage basal area for each tree species (lianas excluded) 
present by summing across individual trees. We considered all of Gentry’s study 
locations (Fig. 2) and, in each location, all observations of trees with a diameter of 
>2.5 cm at breast height.

We classified each species as belonging to one of four strategies: fixer 
(symbiotic nitrogen-fixing bacteria housed in root nodules; NFB), miner 
(symbiotic ecto- and ericoid mycorrhizae; EMF), naked root (no symbiotic 
association) and scavenger (symbiotic arbuscular mycorrhizae; AMF). We 
combined ecto- and ericoid mycorrhizae into a single functional group, but 
individual species vary in their mining ability, with ericoid mycorrhizae (common 
in high-latitude ecosystems) generally thought of as most capable18,37,38.

Our classification was based on authoritative databases in the literature, 
and our own compilation of data as follows. First, we determined whether a 
tree species is capable of symbiotic nitrogen fixation using Janet Sprent’s global 
legume database14 (4,126 rhizobial species across 366 genera in the 3 subfamilies 
that make up the legume family). For non-legume fixer species, we used 4 review 
papers39–42, which together identified 201 actinorhizal plant species across 26 
genera. We used genus-level information for any species absent in these databases, 
as, with few exceptions, fixation is a conservative trait at the genus level (J. Sprent, 
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Fig. 4 | AMF–EMF bistable states in low-fertility tropical forest, and divergence of communities into alternative stable states. a, Relative abundance 
of EMF trees in low-disturbance tropical forests across a gradient of soil fertility. Purple circles indicate forest patches where EMF dominates (>50% 
of biomass) and green circles represent patches where AMF dominates. AMF is the dominant strategy in conditions of medium and high soil nutrient 
mineralization, but EMF and AMF are alternative stable states in conditions of low mineralization. b, Forest patches that start from different combinations 
of initial AMF and EMF abundances (small circles) will, over time, produce two alternative equilibrium communities: one dominated by AMF (large green 
circle) and one by EMF (large purple circle). This founder effect shows that internal biotic interactions can determine the fate of competition between 
trees that employ different belowground strategies. We performed this analysis using a constant, rather than stochastic, disturbance rate, which is 
required to demonstrate the trajectory of individual trends (dotted lines).
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personal communication). Second, we determined whether a species employs 
ecto- or ericoid mycorrhizae (that is, the miner strategy) using a database that we 
compiled as follows. We used Wang and Qiu’s 2006 global dataset43 on belowground 
mycorrhizae associations of 3,033 species across 1,408 genera. We further expanded 
this dataset by searching (search terms = ‘ectomycorrhizal’ or ‘ectomycorrhizae’ 
and ‘tree’ and publication year later than 2006) for more recent publications that 
identify new ecto- and ericoid mycorrhizal relationships (n = 73 species across 22 
genera). Third, for the naked root strategy, we used species identified as exclusively 
non-mycorrhizal in the Wang and Qiu dataset. We found <0.01% naked root 
species across Gentry’s plots, consistent with the idea that non-mycorrhizal trees 
are rare in nature and predominately occur in conditions where forest cannot 
establish (for example, aquatic habitats, parasitic or carnivorous strategies)17,44. 
Finally, we classified tree species that were not employing fixer, miner or naked root 
strategies as arbuscular mycorrhizae species (that is, the scavenger strategy).

While the goal of each dataset14,39–43 has been to characterize belowground 
strategies across land plant taxa, it is difficult to evaluate whether they represent 
the full taxonomic spectrum that exists across regions worldwide. Each dataset was 
built from individual studies that typically focused on local scales, but each dataset 
is composed of observations from locations and biomes that range broadly. To the 
extent that symbiotic relationships are constrained taxonomically14,43, our approach 
allows us to use local measures of tree community composition to infer patterns of 
belowground nutrient strategies across broad geographic regions.

Model description. Our model evaluates the adaptive dynamics of individual 
trees that interact within a local plant–nutrient cycle and that deploy different 
strategies for belowground symbiotic nutrient acquisition. The approach expands 
on a previous analysis5 limited to NFB, but we now incorporate a global ensemble 
of belowground strategies and explicitly model the emergence of local plant–
soil–nutrient feedbacks. Each strategy imposes a different cost on the tree carbon 
economy, and thereby on tree fitness, as outlined below. In contrast with traditional 
optimization models, our ESS approach allows for incremental mutation in plant 
strategies and traits, and lets mutant and resident trees compete across strategy 
and trait space. The resulting ESS may or may not coincide with the results of 
traditional ecosystem optimization analyses. Model predictions were generally 
robust to differing assumptions about cost trade-offs and prescribed variables 
(Supplementary Notes 2–6).

Our model employs three fundamental equations—equations (1)–(3), discussed 
below: equation (1) in Box 1 describes the growth of tree biomass (B) as a function 
of the intrinsic growth rate (g), biomass turnover caused by the intrinsic mortality 
of trees and/or tree tissues (µ) and tree turnover caused by externally imposed 
disturbances (d), such as wind-throw, landslides, fire, and so on. Following 
meta-analyses across biomes26 (Table 1 and Supplementary Note 5), we allowed 
disturbance-related turnover (d) to range from high (~1/50 yr−1) in tropical, to 
medium (~1/70 yr−1) in temperate, and low (~1/100 yr−1) in boreal forests.

Equation (1a) in Box 1 shows that—in carbon-limited conditions—the plant 
intrinsic growth rate (gC) depends on the balance between carbon income from 
gross photosynthesis and carbon loss. Carbon loss, in turn, consists of plant tissue 
respiration (δ; carbon respired per biomass) plus the cost of employing different 
belowground strategies where θ quantifies the nutrient–carbon trade-off (carbon 
expended per soil nutrient acquired) at the maximum rate of nutrient uptake: 
scavenging = θS, mining = θM, fixation = θF and naked root uptake = θv. In addition, 
facultative nitrogen-fixing plants pay an opportunistic cost (ψ) for maintaining the 
facultative strategy5.

Equation (1b) in Box 1 describes that—in nutrient-limited conditions—the 
tree growth rate (gi, where the subscript i denotes either nitrogen or phosphorus) 
depends on the assimilation rate of the nutrients, which, in turn, is governed by 
the carbon investment into each specific uptake strategy: (1) scavenging of nitrate, 
ammonium, phosphate or amino acids from the plant-available soil nutrient pool 
(Ai) at the rate Si and the half-saturation constant ci

S (that is, AMF symbiosis);  
(2) mining of organic nutrients from the soil organic-bound nutrient pool (Oi) at the 
rate Mi and the half-saturation constant ci

M (that is, EMF symbiosis); (3) fixation of 
atmospheric di-nitrogen at the rate FN using an either obligate or facultative fixation 
strategy5 (that is, NFB symbiosis); and (4) naked root uptake of plant-available soil 
nutrient at the rate vi and the half-saturation constant ci

v (that is, no symbiosis).
In each biome (j), gross photosynthesis increases with aboveground biomass 

(αB, where α is the aboveground fraction of total plant biomass, B), is characterized 
by the half-saturation constant cG and saturates at maximum GPP (Gj). For 
simplicity, we conservatively estimated Gj as 1.2 times the highest biome-specific 
GPP reported in ref. 45, ranging from high (~30 tC ha−1 yr−1) in tropical, to medium 
(~16 tC ha−1 yr−1) in temperate, and low (~10 tC ha−1 yr−1) in boreal forests (Table 1).

Individual tree dynamics are modelled within a locally resolved nutrient cycle 
that tracks two soil pools: organic-bound (Oi; equation (2)) and available (Ai; 
equation (3)) nitrogen or phosphorus.
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Equation (2) describes how Oi depends on four terms: (1) input from tree biomass 
turnover (μ); (2) loss to nutrient mineralization (m); (3) loss to hydrological 

export (ϕ); and (4) loss to plant symbiotic mining (Μi). Tree biomass turnover 
is caused by tree mortality and tissue turnover (µ) plus external disturbance (d), 
with a correction term (τd) in which τ defines the proportion of each nutrient lost 
by hydrological or gaseous export following a disturbance event. To capture the 
greater propensity for nitrogen to be lost and phosphorus to be recycled following 
disturbance, we assumed that τN = 0.1 and τP = 0, and that d differs across biomes as 
described above. Finally, based on field studies, we considered that nitrogen fixers 
turn over (µF) ~20% faster than non-fixers (Supplementary Note 4).

The nutrient mineralization rate constant (mj) increases with mean annual 
temperature across biomes46 (Table 1). In addition, our model considers the 
well-known inhibitory effect of the EMF symbiosis on soil nitrogen mineralization 
(Supplementary Note 4) using a term (σX) that modifies the biome-specific 
mj, and where σM = −0.36 and σS = σF = 0 based on a recent global analysis47. 
Mechanistically, this inhibition effect can be attributed to the litter of EMF plants 
(for example, a high carbon-to-nitrogen ratio and high lignin content) and/or the 
fungal partner employed (for example, the ability to compete against saprotrophic 
microbes for nutrients or water), as described in Supplementary Note 4.

Hydrological loss (ϕ) occurs in the form of dissolved organic-bound nutrient 
compounds that leach out of the soil pool and exit the ecosystem. Finally, plant 
symbiotic mining (M) transfers nitrogen or phosphorus from the organic-bound 
pool to plant biomass as described above:
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Equation (3) defines the change in plant-available nutrient (Ai) in response to 
four terms: (1) input from atmospheric deposition and/or geological weathering 
(Ii); (2) input from organic matter mineralization (m); (3) loss to hydrological 
export (k); and (4) loss to plants via scavenging (Si) and naked root uptake (vi). 
The mineralization rate constant (m) is modified by the term σX, as discussed 
for equation (2) above. The uptake of plant-available nutrients depends on the 
scavenging (Si) or naked root uptake (vi) rates, as described in equation (1b) above.

Estimation of cost coefficients. We calculated the carbon cost for the different 
belowground strategies as follows (see Supplementary Note 1 for a complete 
description). We express miner and scavenger carbon costs per unit nitrogen, but 
note that this value can be converted to a per-unit phosphorus cost by multiplying 
it with the stoichiometric phosphorus versus nitrogen uptake ratio (Box 1). For 
NFB, we estimated the metabolic cost of the fixation process from published 
studies and values used in previous models: θF = 10 gC/gN acquired by fixation. 
Following ref. 5, we also included the opportunistic cost of maintaining a root 
structure capable of both fixation and competition for soil nutrients by facultative 
nitrogen fixers: ψ = 25 gC/gN. For EMF, we evaluated studies of the carbon balance 
of forest stands with EMF trees combined with field estimates of the percentage of 
plant nitrogen derived from the EMF symbiosis: θM = 5 gC/gN. To derive the AMF 
cost from published studies, we considered that AMF plants generally invest less 
carbon into hyphae (compared with the extensive EMF hyphae network), rely less 
on the excretion of carbon-rich molecules or extracellular enzymes and derive a 
smaller fraction of total nitrogen from the symbiosis. Based on published data, we 
estimate θS = 2 gC/gN. For naked roots, we bear in mind that the carbon cost of 
active nitrogen uptake through absorptive root surfaces is small compared with the 
NFB, EMF or AMF symbioses. We used the value θv = 0.5 gC/gN. We performed 
sensitivity analyses to assess the uncertainty of this overall cost structure, as 
detailed in Supplementary Note 2.

Representation of plant symbiotic strategies and Darwinian trait evolution. 
We consider that plants possess whole-plant strategies (scavenger, miner, fixer and 
naked root) that have evolved to benefit the plant’s ability to acquire nutrients in 
competition with neighbouring trees, but that are also influenced by fundamental 
cost trade-offs. To create a trait-based model subject to Darwinian evolution, we 
identify each belowground strategy with a single quantitative trait, X, that governs 
the rate of nutrient uptake at a given carbon cost: inorganic scavenging (S), organic 
mining (M) and symbiotic fixation (F). For each trait, we consider a spectrum 
of mutants that range from ‘no symbiosis’ (that is, X = 0) to maximum symbiotic 
investment (that is, =X X ). This range is consistent with observed gradients of 
investment in AMF, EMF or NFB symbioses across different tree species.

In the case of the fixer strategy, observations in natural forests have shown 
that some tropical and subtropical trees can downregulate their fixation rate 
in conditions of abundant soil nitrogen (where carbon-costly fixation is not 
competitively favoured) or growth under a closed canopy (where light is 
insufficient to fuel fixation). We therefore distinguish a facultative fixation 
strategy5,7,10,24,48 in which fixers can instantaneously adjust their fixation rate  
(Ff; Supplementary Fig. 1) to balance carbon and nutrient uptake at the whole- 
plant level. As a result, plants that grow in high-nitrogen soils will downregulate 
fixation in response to abundant root nitrogen uptake, while plants under 
low-light conditions will reduce fixation in response to reduced biomass 
growth and nitrogen demand. We further define trees that lack the capacity to 
downregulate fixation5,25,49 as obligate fixers, as these fixers display a constant 
fixation rate independent of local soil and light conditions. Finally, we allowed 
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each fixer strategy to be associated with either AMF or EMF mycorrhizal fungi 
(Supplementary Table 1), as observed in nature.

Fundamental biological trade-offs. From a biogeochemical perspective, the 
seemingly diverse strategies by which plants forage for belowground nutrients 
share two fundamental trade-offs. By employing symbionts, a plant can access 
nutrient sources (soil inorganic, soil organic or atmospheric pools) that naked 
roots cannot exploit, or at concentrations that are lower than those naked roots can  
consume (that is, lower half-saturation constants for uptake). However, this action 
carries two trade-off costs: (1) the plant sacrifices photosynthetically acquired 
carbon that could otherwise be used for above- or belowground biomass growth 
(that is, nutrient–carbon trade-off; equation (1a) above and Supplementary Note 1);  
and (2) the plant sacrifices the ability to acquire nutrients through the lower-cost 
naked root, as symbionts housed within the rooting system (for example, the EMF 
hyphae sheath that encapsulates rootlets) physically interfere with the per-biomass 
root absorptive surface area available for direct nutrient uptake (that is, uptake 
trade-off; Supplementary Note 3).

We represent the resulting trade-off in equation (4), with root nutrient uptake 
decreasing with increased symbiont colonization. In the absence of physiological 
measures, we assumed that this trade-off is linear, following ref. 5. v̄ is the uptake 
capacity of a naked root in the absence of symbiont colonization (that is, the 
maximum naked root uptake rate) and v´X is the maximum reduction of the root 
uptake rate at the maximum symbiotic uptake rate X . In turn, the ratio ∕X X  
quantifies the load of symbionts relative to the maximum potential for each 
strategy. The physiological upper limit of X  was approximated from empirically 
observed fixation or plant uptake rates in natural forests (for example, refs. 5,11):

= − ′v X v v X
X

( ) (4)X

ESS analysis. We simulated natural selection and evolution by allowing random 
trait mutants to arise within resident plant populations, within the context of 
plant–soil nitrogen and phosphorus cycles in equilibrium with the resident 
population. We examined the outcome of competition between all paired 
combinations between a resident (that is, a specific trait value, X) and any mutant 
strategy. We numerically determined whether a 1% mutant introduction (by 
biomass) at equilibrium could invade and/or replace the resident5, given the 
biogeochemical and light conditions that are set by the resident (Supplementary 
Note 10). The ESS is the resident X that cannot be eliminated by any other strategy 
within the plant–soil nutrient cycles created by the resident.

We conducted the ESS analysis across all mutants and strategies. The resulting  
community-level ESS (indicated by the red star in Supplementary Fig. 1) is the 
resident strategy that cannot be eliminated by any mutant across all possible 
strategies. We examined the undisturbed forest community-level ESSs by setting 
external disturbance (d) to zero. We then considered disturbed forest community- 
level ESSs by setting d to 1/20 yr−1 (that is, 20-year-old forest, on average) and by 
allowing higher nitrogen loss (ϕ = 0.0075 yr−1). These conditions create an early 
succession quasiequilibrium, which is required since ESS can only be evaluated  
at equilibrium.

Modelling biome-specific differences. We kept all external and internal 
variables (Supplementary Table 1) the same across biomes, except for allowing: 
(1) the maximum GPP (G) to increase with decreasing latitude; (2) the external 
phosphorus input (IP) to be elevated in glaciated regions; (3) the mineralization  
rate constant (m) to increase with decreasing latitude; and (4) the external 
disturbance rate (d) to increase with decreasing latitude (Table 1). Properties at 
the ecosystem scale (that is, forest community composition, successional trends, 
bistability, and carbon, nitrogen and phosphorus cycles) therefore emerged as a 
consequence of the interaction of these four assumptions with plant strategies 
within forests.

Landscape dynamics analysis. Natural forests consist of vegetation patches that 
differ in age since disturbance, forming a successional landscape mosaic that 
is not adequately represented by traditional homogenous models. To evaluate 
competitive dynamics and nutrient cycles in such mosaic forests, we seeded a 
landscape of 400 patches with the community-level ESS strategies (for strategies 
with no community-level ESS, we included the best-performing mutant) derived in 
the analysis above (Supplementary Fig. 1). We evaluated differences across boreal, 
glaciated temperate, non-glaciated temperate and tropical forests by varying G, IP, 
m and d as described above and in Table 1. All other factors and variables were kept 
the same as noted above. The forest patches were subject to stochastic disturbance 
at the biome-specific probability dj. Each disturbance event killed two-thirds 
of living biomass, with a fraction τN (10%) nitrogen in killed biomass lost to 
hydrological and/or gaseous export, and the remaining fraction (90%) recycled 
within the ecosystem (sensitivity analysis detailed in Supplementary Note 5).

Since m differs between EMF and other strategies, we separately tracked 
soil organic nitrogen and phosphorus generated by each strategy; we applied a 
strategy-specific mineralization rate (mX = mj × (1 + σX)) in each forest patch.

The landscape dynamics is visually demonstrated in Supplementary Video 1.

Biome-level nutrient limitation. We evaluated the form and extent of nutrient 
limitation at the individual patch level. In each biome, we seeded a landscape 
of 400 patches with community-level ESS AMF, EMF and NFB plants and let it 
run for 10,000 years in the conditions detailed above. We then duplicated this 
landscape in conditions of ten times the external input of either nitrogen or 
phosphorus, to mimic a nutrient fertilization experiment. In addition to evaluating 
whether nitrogen or phosphorus limited plant growth, we calculated the strength 
of limitation in each patch as the percentage difference in plant biomass between 
the fertilized versus unfertilized landscape. To examine the association between 
limitation and either disturbance or plant community composition, we:  
(1) calculated the time since the most recent disturbance for each fertilized plot; 
and (2) quantified the composition of AMF, EMF and NFB at the time of initial 
fertilizer addition in each plot.

Succession dynamics analysis. We evaluated secondary succession in a 400-patch 
landscape by introducing a disturbance event that reduced all patches to a fraction 
(5% in the Supplementary Fig. 2a–c) of their original biomass. Nutrients in the 
killed biomass were transferred to the soil organic nutrient pool and hydrological/
gaseous losses, as discussed above. Each forest patch regenerated from a collection 
of seeds drawn from the community-level ESS strategies for each given biome. We 
seeded a consistent percentage (30%) of NFB across all biomes, to allow for direct 
comparison across biomes and to ensure that the resulting trends were not subject 
to the stochastic influence of small seed numbers. To account for observed trends 
in dominant strategies across biomes, we held non-fixers as exclusively EMF in 
boreal forests, exclusively AMF in tropical forests, and half AMF and half EMF in 
temperate forests. We tracked community composition, and carbon and nutrient 
accumulation in vegetation and soils, over ecological time (400 years).

The FIA dataset. We analysed the FIA database of the US Forest Service, which 
contains information on forest community composition across 1 ha plots across 
the United States, including Puerto Rico and Alaska. With the assistance of J. 
Lichstein at the University of Florida, we selected 534,106 plots that were sampled 
by in-person ground surveys. We then further refined this dataset to select: (1) 
naturally regenerating forest plots; (2) 100% of the plot areas sampled; and (3) plots 
for which we could confirm accurate GPS coordinates. For each of the resulting 
212,182 plots, we calculated the percentage basal area for each tree species present 
by summing all living trees with a diameter >2.5 cm at breast height. We then 
classified species according to their symbiotic strategies using the same method 
used for our Gentry dataset analysis. For clearer visual and statistical interpretation 
in Fig. 5, we selected a subset of 6,159 plots as follows: we stratified plots into 7 
latitudinal bands (<25, 25–30, 30–35, 35–40, 40–45, 45–50 and >50° N latitude) 
and randomly sampled 1,000 plots from each band. Only 159 plots were available 
in the <25° N latitude band of Puerto Rico.

Plot-level abiotic factors. We acquired the following abiotic conditions for each 
Gentry and FIA plot: (1) elevation; (2) mean annual temperature; (3) annual 
temperature range; (4) annual precipitation; (5) precipitation seasonality; (6) 
harmonized soil quality; (7) soil texture; and (8) glaciation status. We derived 
elevation from the Google Elevation API (elevation function, R package ‘rgbif ’). 
Each climatic variable was derived from the 30-year (1970–2000) average at 
1 km spatial resolution from WorldClim Version 2 (ref. 50) (http://worldclim.org/
version2). Soil quality data are from the crop production map of the Harmonized 
World Soil Database version 1.2 (ref. 51); we averaged the measures of nutrient 
availability and nutrient retention into a single soil-quality index; both measures 
are strongly correlated. We acquired soil texture, including the percentage of sand 
and percentage of clay content, from Soil Grids (https://soilgrids.org). Lastly, we 
determined the glaciation status of each plot by evaluating whether or not each 
plot falls within the extent of the ice sheets during the Last Glacial Maximum 
(digitalized from a glaciation map of Encyclopædia Britannica (2014)).

Detection of bistability in the FIA dataset. We developed a statistical approach 
to detect the presence of AMF–EMF bistability in a given population of FIA plots. 
Specifically, we evaluated whether an observed bimodal distribution pattern 
(for example, Fig. 5c) could emerge due to natural heterogeneity in underlying 
environmental factors including soils and/or climate. For example, the coexistence 
of rich versus poor soils could generate a bimodal distribution of AMF and EMF in 
any latitudinal region of Fig. 5. If the underlying abiotic factors could not explain 
the observed bimodal distribution, we inferred that the distribution was probably 
generated by a bistable community assembly process (shown as red points in Fig. 5).

Specifically, we chose beta regression for analysing the relative abundance 
of EMF, AMF and NFB as a function of the underlying plot-level abiotic factors. 
Beta regression allowed us to evaluate the relative abundance of each strategy as a 
continuous variable bounded by 0 and 1, as it takes into account the error structure 
of proportional data. To account for the presence of 0 and 1 values in our dataset, 
we used a standard52 transformation (y × (n − 1) + 0.5)/n), where y is the abundance 
in each plot and n is the total number of plots in the analysis. The beta regression 
evaluates two parameters53—the population mean (μ) and dispersion (ϕ)—and 
we fitted the explanatory abiotic factors sequentially to (1) increase the model 
log-likelihood value and (2) decrease the Bayesian information criterion value.  
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ϕ takes on values from 0 to infinity, with ϕ > 1 indicating a centralized single-peak 
distribution and ϕ < 1 indicating a bimodal distribution (Supplementary Fig. 7).

For each FIA plot in our analysis (n = 6,159), we predicted population statistics 
(μ and ϕ) for either EMF (shown in Fig. 5) or AMF (Supplementary Fig. 5), based 
on the observed plot-level abiotic factors. Next, we classified each plot as probably 
drawn from an AMF–EMF bistable population if: (1) neither EMF nor AMF 
dominated the population (that is, 0.3 < μ < 0.7 for either strategy); and (2) the 
overall population dispersion was bimodal (that is, ϕ < 1). The resulting plots and 
bimodal distributions are labelled red in Fig. 5a and Supplementary Fig. 5.

Plot-level simulation of community composition. We used our model to predict 
the symbiotic composition across all plots in the Gentry dataset (n = 225) and 
a subset of plots in the FIA database (n = 6,159). Since both mineralization (m) 
and disturbance (d) vary with latitude in our general model, we approximated 
both factors based on plot-level mean annual temperature, and assuming a Q10 
temperature sensitivity coefficient of 1.2 (Supplementary Note 8). We further 
assumed that plots that were not subject to glaciation during the Last Glacial 
Maximum had low rates of weathering phosphorous input, while glaciated plots 
had high rates (Table 1).

To evaluate the probabilistic distribution of community composition, and to 
mimic the real-world dynamics of plant community succession, we allowed our 
model to be influenced by disturbance as a stochastic factor. Specifically, we used 
simulation from a single patch to predict the community composition of each 
real-world plot. This approach differs from our Fig. 3a biome-level analysis in 
which mean values were derived from 400 simulation patches. For the FIA dataset, 
we evaluated a single prediction from each plot, while for the Gentry dataset we 
replicated each plot in our analysis 10 times due to the small sample size of plots in 
some biomes (for example, n = 3 for the boreal biome).

Global land biosphere properties. We derived the emergent properties of Table 1  
as follows: (1) we modelled each biome as described in the section ‘Landscape 
dynamics analysis’; (2) each biome was defined by the biome-specific variables 
G, m, IP and d (Table 1 and Supplementary Table 1); (3) we quantified emergent 
properties once the model reached a state of dynamic equilibrium. We calculated 
the carbon, nitrogen and phosphorus properties of each biome as the average 
across all 400 landscape patches. Nitrogen deposition input was held constant 
across all biomes at a value that can be considered unpolluted. We assumed that 
nitrogen losses from disturbed landscape patches were equally distributed across 
dissolved organic (1/3), dissolved inorganic (1/3) and gaseous (1/3) loss vectors. 
In undisturbed patches, we assumed that gaseous nitrogen loss (N2 and N2O) was 
one-third of the observed inorganic loss. We calculated soil carbon from biome- 
specific carbon-to-nitrogen ratios derived from a global dataset (n = 1,848 across 
boreal, temperate and tropical forests5).

Statistics. We used linear regression to test the relationship between the relative 
fixer abundance versus the strength of phosphorus limitation across simulated 
forest patches in both temperate and tropical biomes. The model distributions of 
both fixer abundance and phosphorus limitation strength were skewed to the right, 
and were corrected to normality using square root transformation. We used beta 
regression (R package ‘betareg’54) to: (1) examine the significance of latitudinal 
trends in the Gentry field data; and (2) detect bistability in the FIA dataset, as 
detailed above. All significance levels were from two-sided tests. All statistical 
analyses were performed using the R platform (R version 3.4.1).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Code availability. The R scripts used in Fig. 2 and MATLAB scripts used in Figs. 3–5 
and Table 1 are available from the corresponding author upon reasonable request.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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