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SI Figure 1: The transition rate matrix for our best model (See Table 1) reveals that there are three speeds of evolution in 
the history of the plant-AM mutualism: a class where AM interactions are strongly favoured (top, green background), a 
labile class (middle, purple background) and a class of plants where loss of AM is strongly favoured (bottom, orange 
background). Transitions from left to right indicate AM loss, vertical arrows indicate transitions among rate classes. 
Numbers below the classes indicate the AMloss/AMgain ratio which is a measure of the relative evolutionary stability of plant-
AM interactions. The background colours indicating these three AM stability classes are plotted onto the phylogeny in SI 
Figure 2. Transition rates are indicated at the arrows in number of transitions per 100 million years per lineage. Dotted 
lines indicate transitions that were possible under the model, but where inferred to be zero. The ancestral state of 
spermatophytes is the brown state, i.e. a stable AM interaction.  
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SI Figure 2: Three stability classes of the plant-AM fungal mutualism (See SI Figure 1) are found 
throughout the seed plants. Branches are coloured according to stability classes from SI Figure 1 (green, 
purple and orange pastel colours), while pie charts indicate the character state for each node also 
matching the colours from SI Figure 1. The coloured band around the phylogeny indicates the reported 
presence (dark grey) or absence of AM interactions across 3,736 species. Grey and white concentric 
circles indicate periods of 50 million years. An expanded version of this figure, containing fully legible 
species names (when zooming in) is available as a high resolution figure within SI Appendix.     



 
SI Figure 3: The pie charts in this figure depict the ancestral state reconstruction of plant-ectomycorrhizal 
fungi (ECM) interactions under the best HRM-model (SI Table 1). The coloured band across the phylogeny 
indicate the reported presence (dark grey) or absence of EM interactions across our 3,736 species. The branch 
colours indicate the reconstructed presence (purple) or absence (orange) of AM fungi under the best HRM-
model for plant-AM interactions (Table 1, SI Figures 1 & 2). We visually observe that AM-loss in many cases 
co-occurs with an evolutionary shift to EM fungal interactions, most prominently in the Pines.  
 



 
SI Figure 4: The pie charts in this figure depict the ancestral state reconstruction of plant-orchid fungi (ORM) 
interactions under the best HRM-model (SI Table 1). The coloured band across the phylogeny indicate the 
reported presence (dark grey) or absence of ORM interactions across our 3,736 species. The branch colours 
indicate the reconstructed presence (purple) or absence (orange) of AM fungi under the best HRM-model for 
plant-AM interactions (Table 1, SI Figures 1 & 2). We visually observe that AM-loss co-occurs with a shift to 
ORM fungi in the Orchids.  
 



SI Figure 5: The pie charts in this figure depict the ancestral state reconstruction of plant interactions with 
either Arbutoid (ARB) and Ericoid (ER) mycorrhizal fungi under the best HRM-model (SI Table 1). The 
coloured band across the phylogeny indicate the reported presence (dark grey) or absence of ARB or ER 
interactions across our 3,736 species. The branch colours indicate the reconstructed presence (purple) or 
absence (orange) of AM fungi under the best HRM-model for plant-AM interactions (Table 1, SI Figures 1 
& 2). We visually observe that the evolution of the ARB/ER interactions co-occurs with the loss of AM 
interactions in the Ericales.     



 
SI Figure 6: The pie charts in this figure depict the ancestral state reconstruction of plant interactions with 
symbiotic N2-fixation under the best HRM-model (SI Table 1). The coloured band across the phylogeny 
indicate the reported presence (dark grey) or absence of nodulation across our 3,736 species. The branch 
colours indicate the reconstructed presence (purple) or absence (orange) of AM fungi under the best HRM-
model for plant-AM interactions (Table 1, SI Figures 1 & 2). We visually observe that the evolution of symbiotic 
N2-fixation is unconnected with the loss of AM interactions in the Fabaceae, but co-occurs among some of the 
Fagales.  
 



 
SI Figure 7: The pie charts in this figure depict the ancestral state reconstruction of plant parasitism under 
the best HRM-model (SI Table 1). The coloured band across the phylogeny indicate the reported presence 
(dark grey) or absence of plant parasitism across our 3,736 species (i.e. the data that the reconstruction 
indicated by the pie charts is based on). The branch colours indicate the reconstructed presence (purple) or 
absence (orange) of AM fungi under the best HRM-model for plant-AM interactions (Table 1, SI Figures 1 & 
2). We observe that, visually, AM-loss co-occurs with a shift to plant parasitism in four clades.  
 



 
SI Figure 8: The pie charts in this figure depict the ancestral state reconstruction of plant carnivory under the 
best HRM-model (SI Table 1). The coloured band across the phylogeny indicate the reported presence (dark 
grey) or absence of carnivory across our 3,736 species (i.e. the data that the reconstruction indicated by the pie 
charts is based on). The branch colours indicate the reconstructed presence (purple) or absence (orange) of 
AM fungi under the best HRM-model for plant-AM interactions (Table 1, SI Figures 1 & 2). We observe that, 
visually, AM-loss co-occurs with a shift to plant carnivory in two clades.  
 
 



 
SI Figure 9: The pie charts in this figure depict the ancestral state reconstruction of cluster roots under the 
best HRM-model (SI Table 1). The coloured band across the phylogeny indicate the reported presence (dark 
grey) or absence of cluster roots across our 3,736 species (i.e. the data that the reconstruction indicated by the 
pie charts is based on). The branch colours indicate the reconstructed presence (purple) or absence (orange) 
of AM fungi under the best HRM-model for plant-AM interactions (Table 1, SI Figures 1 & 2). We observe 
that, visually, AM-loss co-occurs with a shift to cluster roots in three clades.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 

   
SI Figure 10: We reran our three rate class HRM on hundred bootstrap phylogenies (1), and similarly 
determined the ratio of AM loss to AM gain (AMloss/AMgain) as in SI Figure 1. This ratio within the three hidden 
rate classes is printed above (colour is the same as in SI Figures 1 and 2). We found that throughout these 
hundred reruns, independent of phylogeny considered, the relative loss and gain rate in the three main stability 
classes were highly stable. This is indicated by the similar median values over hundred reruns (blue line) 
compared to the ratio under the ‘best’ phylogeny (red line), by the close clustering of all values around this 
‘best’ estimate, and by the non-overlapping distributions.   
 



 
 
SI Figure 11: We reran our three rate class HRM on hundred bootstrap phylogenies(1), and similarly to 
previously, printed the three AMF stability classes on the phylogenies. The top left phylogeny represents the 
reconstruction under the ‘best’ phylogeny, i.e. the same figure as SI Figure 2 (leaving out the pie charts for 
visual clarity). The other 11 phylogenies represent randomly selected phylogenies from among the 100 
bootstrap phylogenies. We observe very similar patterns of evolution of the stable AM state (green), the labile 
state (purple) and the stable AM loss (orange) throughout.  



 
SI Figure 12: We reran our dependent model of AM and AM-alternative evolution (Figure 2) on hundred 
bootstrap phylogenies(1) and printed the four states under the reconstruction on the phylogenies. The top left 
phylogeny represents the reconstruction under the ‘best’ phylogeny, i.e. the same as in Figure 2 (leaving out 
the circular bands for visual clarity). As previously, the other 11 phylogenies represent randomly selected 
phylogenies from among the 100 bootstrap phylogenies. We observe very similar patterns of evolution 
regardless of the precise phylogeny used.  



 
 
SI Figure 13: We resimulated our main AM dataset assuming both false negative and false positive rates of 
5%, 15% and 25%, or a total of nine potential combinations (or conversely Pcorrect equals 0.95, 0.85 or 0.75; see 
Methods). Each combination was resimulated a hundred times. The AM loss to AM gain ratios (AMloss/AMgain) 
for the resulting three rate class HRMs are shown in this Figure, red lines indicate the estimate in the default 
model assuming all data are accurate (i.e. the rates from SI Figure 1). The three columns indicate false positive 
rates of 5, 15 and 25%, the three rows indicate the three AM stability classes and the three overlapping coloured 
density distributions indicate false negative percentages of 5% (red), 15% (green) and 25% (blue). Higher false 
positive percentages mean that the number of AM presence reports in the original data has been overestimated, 
so resimulating under this assumption results in fewer AM species, increasing relative loss rates and shifting 
the distribution to the right. Thus, we expect distributions to shift to the right more in the right column than in 
the left. In contrast, higher false negative percentages (blue) have the opposite effect and are expected to shift 
the distribution to the left. These are indeed the effects we observe, particularly for the stable AM and the 
intermediate classes. In general, this figure indicates that even with 25% false positive rates and 25% false 
negative rates (blue density curve in the right column), i.e. if we assume that the field is very bad in accurately 
detecting AM fungi in plants and generates both a lot of false positives and a lot of false negatives, the three 
rate classes are still very robust and highly different. This means that our conclusion of three distinct stability 
classes (SI Figures 1 & 2) is robust to even very high levels of inaccuracy in our underlying data.  
 



 
SI Figure 14. Histogram of the percentages of observations that was with a AM-interaction present, by 

evolutionary state as inferred under our best three-rate class HRM-model (Table 1, SI Figure 1). As expected, 

we find that for the stable AM class and particularly the stable Non-AM class are predominantly either always 

mycorrhizal, or never. In contrast, in the labile class, while many species are non-mycorrhizal across all 

observations, there is a large group of species with both AM and presence reports, resulting in a median value 

of 0.167 for proportion of AM presence observations. This figure only includes species with more than three 

observations per species, because all singleton species with a single observation by definition are uniformly 

(non-)mycorrhizal. Releasing this constraint results in a qualitatively highly similar figure (not shown).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 



SI Table 1: Best ancestral state reconstruction (HRM-model) for AM-alternatives 
AM Alternative Best HRM-model AICc-weight 

Other root symbionts 
Ectomycorrhizal (ECM) 3 rate classes 51.6% 

Orchid mycorrhizal (ORM) 2 rate classes 87.2% 
Ericoid & Arbutoid (ER & ARB) 1 rate class 99.4% 

Symbiotic N2-fixation 2 rate classes 97.7% 
Alternative resource strategies 

Plant parasitism 2 rate classes 95.7% 
Carnivory 1 rate class 99.7% 

Cluster Roots 3 rate classes 99.2% 
For each of the considered AM alternatives (both other root symbionts and alternative resource acquisition 
strategies), we created HRM models assuming 1 to 5 different rate classes. This table presents the best (as 
determined by AICc-weights) model among this set of five candidate models. We present the 
corresponding ancestral state reconstruction above in SI Figures 3 – 9.  

SI Table 2: Mean D-AICc across 100 replicates of different resimulated false positive and false 
negative rates.   

False positive rate False negative rate Mean D-AICc 
5% 5% 388.4 
5% 15% 412.7 
5% 25% 440.6 

15% 5% 376.8 
15% 15% 399.9 
15% 25% 417.8 
25% 5% 340.6 
25% 15% 357.4 
25% 25% 381.2 

Using the same re-simulated AM datasets from SI Figure 13, we analysed both dependent and independent 
models of AM and AM alternative evolution (see Methods). We report the mean D-AICc between 
independent and dependent models of evolution (positive values indicate a better fit of the dependent 
model), and find that the dependent model outperformed the independent one in all resimulations.  



Extended Methods   

 

Mycorrhizal status database  

We compiled our database of reported plant mycorrhizal status by obtaining data through: (i) the TRY 

plant trait initiative (2) (from data sources (3, 4)), (ii) a recently digitised database from the former 

Soviet Union (5), (iii) the MycoFlor database of plant mycorrhizal status (6), (iv) digitising a review of 

plant mycorrhizal status (7) and (v) further supplementing these with manual literature searches (8–30). 

We first checked all plant species names, and then resolved inaccuracies, using the Taxonomic Name 

Resolution service v4.0(31) and if necessary verified these manually using The Plant List (32). Records 

that were not characterised to species level were excluded.  

 

We combined these sources to compile a single database of reported plant mycorrhizal status. We 

included reports for interactions with arbuscular mycorrhizal (AM) fungi, and a number of rarer 

mycorrhizal fungi: ectomycorrhizal fungi (EM), orchid mycorrhizal (ORM), Arbutoid (ARB) and 

ericoid mycorrhizal (ER) fungi (33) and we also scored non-mycorrhizal reports (i.e. plants reported to 

not interact with mycorrhizae). We tallied the number of observations for each of these states per species 

present across the databases. We were interested in the evolution of the capacity of plant species to 

engage in mutualism with AM fungi, and therefore we assigned all those species present in our database 

for which there was at least one reported observation of an AM (or respectively ECM, ER etc.) 

interaction as a “Yes”. Since AM fungal interactions are plastic and plants capable of forming an AM 

fungal symbiosis do not do so under all conditions, this can result in species with a single or few 

observations being assigned a ‘No’, while they are in principle capable of forming an AM fungal 

symbiosis. Ideally, we would directly observe the underlying fundamental capacity (or incapacity) for 

AM interactions, but this is unobservable at a large scale. We therefore followed this coding scheme, 

and studied the sensitivity of our conclusions to uncertainty in data assignment, including high 

simulated rates of false negative reports (see ‘Sensitivity Analysis to Uncertainty in the Data’).  

 

Following this procedure, we obtained the mycorrhizal status for a total of 9,715 species (based on a 

total of 22,394 observations, i.e. 3.09 per species). Of these there were 3,736 spermatophyte species 

(3,530 angiosperms, 206 gymnosperms) that overlapped with the phylogeny used in our analysis (34). 

In this analysed dataset, there were a total of 14,383 observations (mean number of observations per 

species: 3.85). We have made our analysed database available online, including the number of reports 

per category per species (Supporting Data 1).  

 

 

 



Spermatophyte phylogeny 

We used the spermatophyte phylogeny generated by Zanne et al. (1, 34), as it is currently the largest 

and most comprehensive phylogeny of global land plants, containing a total of 32,223 species. We 

pruned the phylogeny to the overlap of 3,736 species with our mycorrhizal database, retaining 61 orders, 

230 families and 1,629 genera in total. This covers a wide diversity of plant life and evolutionary history 

(a cumulative 70.7 billion lineage years of evolution is represented in the pruned phylogeny).  

 

Phylogenetic Reconstruction of the evolution of AM interactions 

Our aim was to first determine the evolutionary history of the AM fungal symbiosis, and identify when 

and where the partnership was lost. Since we were analysing evolutionary processes over thousands of 

clades going back 352 million years (the estimated age of the last common ancestor of spermatophytes 

in our phylogeny), we expected heterogeneity in the speed of evolution of plant-AM interactions. 

Therefore, we used a Hidden Markov Model approach to binary character state evolution called ‘Hidden 

Rate Models’ (HRMs) (35). This method allows for heterogeneity in the loss and gain rates of a binary 

trait across a phylogeny (in this case reported AM presence vs. absence, see Mycorrhizal database), 

allowing us to better reconstruct the evolutionary history of the plant-AM interactions, including 

potential evolutionary breakdowns.  

 

We used the R-package corHMM (35) (version 1.18) in R 3.2.3 to analyse our mycorrhizal data and 

explored HRMs with one to five rate classes. To prevent model overfitting, we used AICc-weights (36) 

to select the best HRM among this family of candidate models (Table 1). We found that by far the best 

model was a model with three rate classes and further analysed the associated transition rate matrix and 

ancestral state reconstructions. We used the marginal method to perform ancestral state reconstructions 

and employed Yang’s method to use the estimated transition rates to compute the root state (37). This 

means that we did not fix root states in our reconstructions, and can also use our analysis to determine 

the most likely ancestral AM state of spermatophytes. We concluded that the likely ancestral state of 

spermatophytes was AM fungal association, which is in agreement with the fossil record (38–40), with 

a recent phylogenetic reconstruction of mycorrhizal states in land plants (41) and with recent 

phylogenomic work (42, 43).  

 

To facilitate model interpretation, we multiplied transition rates by 100 expressing them in number of 

transitions per 100 million years (SI Figure 1). We observed that the three rate classes assumed under 

the best model corresponded to a class where AM are strongly favoured, an intermediate labile class 

and a class where a non-AM character state is strongly favoured over evolutionary time. 

Consequentially, we a posteriori called these classes ‘Stable AM’, ‘Labile’ and ‘Stable Non-AM’ (SI 

Figure 1). This biological pattern is not an inherent constraint of the model analysed, since we allowed 

for all rates to vary freely, but rather the most likely rate matrix based on our phylogeny and data. For 



each species analysed, we provided the likelihoods of inferred rate classes (Stable AM, Labile, Stable 

Non-AM), as well as the likelihood of AM interactions being retained in supporting online data 

(Supporting Data 1).  

 

Number of AM Losses 

In order to calculate the number of evolutionary losses of the AM state across the phylogeny under our 

best evolutionary model (Table 1, SI Figure 1), we used the multinomial probabilities calculated for 

each node in our ancestral state reconstruction. We followed an approach previously developed (44), 

where we sum the appropriate differences in state probability among nodes across the full phylogeny 

for each transition of interest. Under a maximum parsimony assumption, this summation corresponds 

to the expected number of events that has occurred across the entire phylogeny. We used a cut-off of 

1% between two nodes to exclude small fluctuations that do not represent evolutionary transitions but 

uncertainty in the method, and found a total of 24.6 AM losses. We repeated this approach across the 

100 bootstrap angiosperm phylogenies we analysed (see Phylogenetic Uncertainty) to obtain a median 

value and SD for the number of AM losses. These calculations refer to the number of evolutionarily 

stable breakdowns of plant-AM interactions. The number of breakdowns followed by extinction of the 

plant host is not detected in our analyses and may be higher.   

 

Database Alternative Resource Acquisition Strategies  

In order to test for relationships among plant AM-losses and the evolution of alternative resource 

strategies, we generated two further databases. First, we scored all our 3,736 species for three main 

alternative resource strategies: carnivory, parasitism and cluster roots. Each of these strategies 

represents an alternative way of extracting minerals from the environment: carnivory from animal 

sources particularly insects (45, 46), parasitising either other plants (47, 48) or from mycorrhizal fungi 

(49) (i.e. also obtaining (all) carbon from the parasitised fungus or plant) and cluster roots by forming 

an extensive and finely branched network of fine roots (50, 51). To score plant species for carnivory 

status we used the Carnivorous Plants Database (52), supplemented with information from primary 

literature (45, 53, 54). For parasitism, we used information from the Parasitic Plants Database (55) and 

the primary literature (47–49, 56). We included both hemiparasites and holoparasites, because both 

obtain mineral nutrients (and water) from other plants, but not epiphytes because these generally only 

obtain structural support from their host plants. We also included plants parasitising mycorrhizal fungi 

(mycoheterotrophs), but not mixotroph plants that both parasitise mycorrhizal fungi and independently 

acquire nutrients (57). To score our phylogeny species for cluster roots we used information from the 

primary literature (50, 51, 58, 59). In cluster roots we also include dauciform roots, a type of roots that 

is structurally different but functionally analogous to true cluster roots (60).  

 



Second, we included in our database the presence or absence of symbiotic nitrogen-fixation, both 

through rhizobial as well as with Frankia bacteria (61). We used our previously generated database on 

symbiotic nitrogen-fixation status to assign nitrogen-fixation status to all our species analysed here (44, 

62). For all our assignments, we were conservative in assigning a species for carnivory, parasitism, 

cluster or symbiotic nitrogen-fixation status: we only did so if we had a positive indication that it, or a 

closely related species or genus, could be characterised as such, and that there was no variation in 

character state at that taxonomic level. Consequentially, we have potentially missed a number of 

parasites, carnivorous plants and cluster roots. This is particularly likely to be the case for cluster roots. 

These have been described in the sedges (Carex) (63), for which we have 110 species in our analysis. 

Yet, not all Carex have cluster roots and consequentially we have only scored those for which we have 

a positive report as forming cluster roots. In general, since we are interested in calculating the relation 

between AM-loss and the evolution of alternative strategies, this strategy is likely to underestimate the 

strength of this correlation making our analysis more conservative.       

 

Correlated evolution of AM interactions and AM-alternatives 

Having compiled databases for non-AM mycorrhizal fungi and adaptations for resource acquisition, we 

generated HRM-models (35) (SI Table 1) for three other mycorrhizal fungi (EM, ORM and ER/ARB 

fungi), for symbiotic nitrogen-fixation, as well as for three alternative resource strategies (carnivory, 

parasitism and cluster roots) and reconstructed their ancestral states as previously for AM interactions 

(see: Phylogenetic Reconstruction of the evolution of AM interactions). We visually identified the 

origins of these AM-alternatives and plotted them onto our AM ancestral state reconstruction (SI Figure 

3-9). We then tested the potential for correlated evolution among AM fungi, other mycorrhizal fungi 

and resource acquisition adaptations. We compared models of dependent and independent evolution 

(64, 65) among the binary variables AM (presence/absence) and AM-alternatives (i.e. a binary variable 

coding for the presence of any other mycorrhizal fungus, symbiotic-nitrogen fixation or alternative 

resource acquisition strategy). This allowed us to determine if AM interactions evolved independently 

from AM alternatives. We used the Maximum Likelihood implementation of the Discrete-module in 

BayesTraits V2, and constrained the ancestral node of our seed plant phylogeny to have AM fungi but 

none of the alternatives, as that is what our previous analyses had revealed (SI Figures 2-9). Using 

AICc-values, we found that the dependent model of evolution, which assumes the evolution of both 

variables and in which the character state of one variable depends on the character state value for the 

other variable, vastly outperformed an independent model. We therefore selected this dependent 

evolution model. We used the transition rates to reconstruct the four potential ancestral states across 

our phylogeny (Figure 2), using the corDISC function in the R-package corHMM (35). In order to 

further analyse this model, we again multiplied transition rates to express them in transitions per 100 

million years. We used the R-package diversitree (0.9-8) to plot the reconstruction of the four potential 



states onto our seed plant phylogeny and plot the raw explanatory AM, other MF and alternative 

resource acquisition strategies as circular bands around the phylogeny (66) (Figure 2).  

 

Sensitivity analysis to phylogenetic uncertainty 

The phylogeny is a source of uncertainty in any comparative study. In order to address this, we 

regenerated our three rate class HRM-model, the best model for AM-evolution (Table 1) across 100 

bootstrap phylogenies (1). This allows us to study if our three stability classes are robust across many 

potential other topologies and branch lengths of the spermatophyte phylogeny. We find that across the 

100 bootstrap phylogenies, the three stability classes are robust in all cases, and that the relative 

evolutionary stability (AMloss/AMgain) of AM is replicated throughout (SI Figure 10). We also find highly 

similar ancestral state reconstruction of potential evolutionary states across all 100 phylogenies (SI 

Figure 11). This further reinforces our interpretation that the three stability classes are highly robust to 

phylogenetic uncertainty. We repeated our dependent and independent evolutionary models of AM and 

AM-alternative evolution across these same 100 bootstrap phylogenies. This revealed that across 100% 

of the phylogenies, the dependent model of evolution vastly outperformed the independent model (mean 

D-AICc in favour of the dependent model: 525.40, minimum D-AICc 428.57). Here too, the ancestral 

state reconstructions are virtually identical across the 100 phylogenies (SI Figure 12). Thus, we 

conclude that both our primary AM reconstruction and our key results of dependent evolution among 

AM loss and AM-alternatives, is highly robust to phylogenetic uncertainty.  

 

Sensitivity analysis to uncertainty in the data 

Both the absence of AM fungi in a root system (false negative), as well as its presence can be 

misinterpreted (false positive). This is particularly important since the visual scoring techniques that 

were historically employed to score AM fungi in plant roots, and upon which most of the observations 

in our database are based, are sensitive to misinterpretation in both directions. We were therefore needed 

to test if low data quality and potential bias in our database would distort our results. For instance, in 

the Brassicales, where widespread loss of the genes mediating AM interactions has been reported (43, 

67), a few of the AM presences reported are likely erroneous. Removing these data points from analysis 

before performing ancestral state reconstructions and other comparative analysis, would be circular 

since it could lead us to conclude that some clades show increased loss rates precisely because we had 

removed presence reports based on an implicit phylogenetic criterion (e.g. on the assumption that 

Brassicales AM presence reports are more likely to be erroneous). Therefore, in order to address the 

potential concern of low AM fungal data quality, we employed a resimulation technique and 

regenerated our database many times under different assumptions for rates of false positive and false 

negative rates. This allows us to separately model scenarios where the scientific field as a whole is very 

poor at detecting AM fungi that are actually there (high false negatives) or very likely to detect AM 

fungi when none are there (high false positives), or both.   



 

Essentially, each observation of AM presence or absence a scientist makes represents a Bernoulli trial 

with a given (and unknown) likelihood Pcorrect of the researcher correctly observing the true underlying 

character state (which is unknowable). Thus, we place more trust in a species’ capacity to interact with 

AM if there are more observations of it doing so, since it becomes less likely these observations are all 

wrong. Since we tallied the number of AM presence (and absence) reports (NAM and NNM) for all our 

species (see Mycorrhizal Database) we could use this logic to resimulate our observations using this 

number and a range of values for Pcorrect. Thus, for each species, observations where resimulated as a 

Bernoulli trial B(NAM,Pcorrect). Then, we assigned the species a new, potentially changed AM state as 

previously (i.e. ‘Yes’ if at least one positive resimulated report remained, as under the original coding 

scheme). We repeated this both for AM presence and absence reports, to simulate both false positive 

and false negative character assignment of the original research data. Both for false positive and for 

false negatives, we used Pcorrect likelihoods of 0.75, 0.85 and 0.95, thus giving a total of nine (3*3) 

combinations. For instance, Pcorrect = 0.75 indicates that a researcher has only a 75% chance of correctly 

observing the right AM state.  

 

This procedure allowed us to study both the effect of high false positive percentages (up to 25%), i.e. a 

field that is likely to over report AM, and high false negative percentages, i.e. a field that is likely to 

miss many AM, as well as combinations of these (e.g. high false positive, low false negative). We 

resimulated each of our nine combinations of false positive and negative percentages 100 times, creating 

900 resimulated databases. As previously, we regenerated our three-rate class HRM model for all of 

these, and analysed relative transition rates (AMloss/AMgain) in all stability classes (SI Figure 13). While 

we found, as expected, that an assumption of high false positive rates increases relative loss rates 

inferred in the HRM model (and the converse for high false negative rates), the key conclusion of this 

analysis is that the three stability classes are highly robust even to high false negative and false positive 

rates simultaneously (i.e. to a field which is both very bad at detecting AM and at scoring non-

mycorrhizal plants). This is shown by the fact that regardless of the precise Pcorrect used, AMloss/AMgain-

ratios cluster close to the estimate under the best model and form clearly distinct, non-overlapping 

categories (SI Figure 13). We visually analysed the ancestral state reconstructions of these 900 

resimulated models and found the patterns to be in general agreement with those under our best model, 

even for low values of Pcorrect.. Lastly, for the same resimulated datasets we analysed the relative 

performance of a dependent model versus an independent model of AM and AM-alternative evolution. 

We found that throughout our resimulations, even for the lowest values of Pcorrect, the dependent model 

always outperformed the independent one (SI Table 2). These analyses confirm that our main 

conclusions are robust to even very high levels of inaccuracy in our underlying data.  
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Echium angustifolium

Echium vulgare

Buglossoides purpurocaerulea

Buglossoides arvensis

Lithospermum officinale

Cordia alliodora

Cordia trichotoma

Cordia bicolor

Cordia nodosa

Cordia curassavica

Ehretia rigida

Heliotropium curassavicum

Tournefortia argentea

Heliotropium amplexicaule

Heliotropium mendocinum

Phacelia tanacetifolia

Phacelia hastata

Voyriella parviflora

Blackstonia perfoliata

Cicendia filiformis

Centaurium littorale

Centaurium pulchellum

Centaurium erythraea

Anthocleista schweinfurthii

Gentiana algida

Gentiana acaulis

Gentiana nivalis

Gentiana verna

Gentiana clusii

Gentiana asclepiadea

Gentiana lutea

Gentiana punctata

Gentiana pneumonanthe

Gentiana prostrata

Gentiana septemfida

Gentiana cruciata

Voyria caerulea

Voyria corymbosa

Voyria aurantiaca

Gentianopsis detonsa

Swertia perennis

Comastoma tenellum

Gentianella germanica

Gentianella campestris

Gentianella caucasea

Gentianella amarella

Strychnos pungens

Strychnos innocua

Aspidosperma excelsum

Aspidosperma desmanthum

Alstonia boonei

Dyera costulata

Catharanthus roseus

Vinca major

Vinca minor

Rauvolfia serpentina

Hancornia speciosa

Amsonia tabernaemontana

Picralima nitida

Diplorhynchus condylocarpon

Allamanda cathartica

Plumeria obtusa

Plumeria rubra

Cascabela thevetia

Carissa spinarum

Adenium obesum

Nerium oleander

Apocynum cannabinum

Trachelospermum jasminoides

Cionura erecta

Cynanchum thesioides

Cynanchum acutum

Vincetoxicum hirundinaria

Calotropis gigantea

Asclepias incarnata

Asclepias syriaca

Malouetia tamaquarina

Pachypodium lamerei

Mandevilla sanderi

Ceropegia woodii

Periploca graeca

Declieuxia fruticosa

Morinda lucida

Geophila repens

Palicourea rigida

Palicourea guianensis

Paederia foetida

Galium odoratum

Galium aparine

Galium saxatile

Galium uliginosum

Galium mollugo

Galium album

Galium lucidum

Galium verum

Sherardia arvensis

Asperula cynanchica

Galium palustre

Galium tinctorium

Cruciata articulata

Cruciata glabra

Cruciata laevipes

Cruciata taurica

Galium boreale

Galium rubioides

Coprosma ernodeoides

Coprosma robusta

Nertera granadensis

Kadua elatior

Kadua foggiana

Cephalanthus occidentalis

Metadina trichotoma

Pausinystalia johimbe

Nauclea diderrichii

Calycophyllum candidissimum

Chimarrhis turbinata

Vangueria infausta

Coffea arabica

Duperrea pavettifolia

Jacquemontia ovalifolia

Jacquemontia reclinata

Convolvulus tricolor

Convolvulus arvensis

Calystegia soldanella

Calystegia sepium

Ipomoea imperati

Ipomoea batatas

Ipomoea arborescens

Ipomoea purpurea

Schizanthus pinnatus

Cestrum parqui

Petunia axillaris

Nicotiana rustica

Nicotiana tabacum

Nicotiana glauca

Nicotiana longiflora

Nicotiana alata

Nicotiana velutina

Atropa belladonna

Hyoscyamus pusillus

Lycium barbarum

Lycium pallidum

Lycium fremontii

Lycium sandwicense
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Datura metel

Datura stramonium
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Gratiola officinalis

Kickxia spuria

Cymbalaria muralis
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Ginkgo biloba

Cycas pectinata

Cycas revoluta

Cycas circinalis

Dioon edule

Zamia pumila

Ceratozamia mexicana

Macrozamia riedlei

Macrozamia communis

Lepidozamia hopei
Welwitschia mirabilis

Gnetum gnemon
Gnetum africanum

Ephedra trifurca

Ephedra intermedia

Ephedra distachya
Cedrus libani

Cedrus atlantica

Cedrus deodara

Tsuga mertensiana
Tsuga heterophylla
Tsuga canadensis
Tsuga diversifolia
Tsuga sieboldii
Abies firma

Abies holophylla
Abies nephrolepis
Abies fraseri
Abies koreana

Abies lasiocarpa
Abies sibirica

Abies homolepis
Abies procera
Abies amabilis
Abies magnifica
Abies grandis
Abies concolor
Abies alba
Abies nordmanniana
Abies pinsapo
Abies numidica
Abies veitchii
Abies cilicica
Abies cephalonica
Larix gmelinii
Pseudotsuga menziesii
Pseudotsuga macrocarpa
Larix decidua
Larix occidentalis
Larix laricina
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Picea breweriana
Picea glauca
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Picea pungens
Picea smithiana
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Picea alcoquiana
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Picea rubens
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Picea mariana
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Picea asperata
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Pinus aristata
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Pinus edulis
Pinus parviflora
Pinus armandii
Pinus albicaulis
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Pinus cembra
Pinus sibirica
Pinus pumila
Pinus koraiensis
Pinus wallichiana
Pinus monticola
Pinus peuce
Pinus gerardiana
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Pinus flexilis
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Pinus nigra
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Pinus mugo
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Pinus thunbergiiPinus kesiya
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Sequoia sempervirens
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Chamaecyparis thyoides
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Juniperus procumbens
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Juniperus scopulorum

Juniperus semiglobosa
Juniperus pseudosabina

Juniperus indicaJuniperus squamata
Juniperus occidentalis

Juniperus deppeana
Juniperus osteosperma

Juniperus monosperma

Wollemia nobilisAgathis australisAgathis robustaAgathis lanceolata
Araucaria angustifolia
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Araucaria cunninghamii

Araucaria columnaris
Araucaria montana

Parasitaxus ustus
Prumnopitys ferruginea

Prumnopitys taxifolia
Lagarostrobos franklinii

Dacrycarpus dacrydioides

Dacrydium cupressinum

Retrophyllum rospigliosii

Afrocarpus gracilior
Afrocarpus falcatus

Nageia nagiPodocarpus neriifolius

Podocarpus elatus
Podocarpus totara

Nuphar luteaNuphar pumilaNymphaea alba
Illicium floridanum

Illicium verumSchisandra chinensis

Schisandra sphenanthera

Ceratophyllum demersum

Acorus calamus
Scheuchzeria palustris

Zostera marina
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Zannichellia palustris
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Gentiana algida

Gentiana acaulis

Gentiana nivalis

Gentiana verna

Gentiana clusii

Gentiana asclepiadea

Gentiana lutea

Gentiana punctata

Gentiana pneumonanthe

Gentiana prostrata

Gentiana septemfida

Gentiana cruciata

Voyria caerulea

Voyria corymbosa

Voyria aurantiaca

Gentianopsis detonsa

Swertia perennis

Comastoma tenellum

Gentianella germanica

Gentianella campestris

Gentianella caucasea

Gentianella amarella

Strychnos pungens

Strychnos innocua

Aspidosperma excelsum

Aspidosperma desmanthum

Alstonia boonei

Dyera costulata

Catharanthus roseus

Vinca major

Vinca minor

Rauvolfia serpentina

Hancornia speciosa

Amsonia tabernaemontana

Picralima nitida

Diplorhynchus condylocarpon

Allamanda cathartica

Plumeria obtusa

Plumeria rubra

Cascabela thevetia

Carissa spinarum

Adenium obesum

Nerium oleander

Apocynum cannabinum

Trachelospermum jasminoides

Cionura erecta

Cynanchum thesioides

Cynanchum acutum

Vincetoxicum hirundinaria

Calotropis gigantea

Asclepias incarnata

Asclepias syriaca

Malouetia tamaquarina

Pachypodium lamerei

Mandevilla sanderi

Ceropegia woodii

Periploca graeca

Declieuxia fruticosa

Morinda lucida

Geophila repens

Palicourea rigida

Palicourea guianensis

Paederia foetida

Galium odoratum

Galium aparine

Galium saxatile

Galium uliginosum

Galium mollugo

Galium album

Galium lucidum

Galium verum

Sherardia arvensis

Asperula cynanchica

Galium palustre

Galium tinctorium

Cruciata articulata

Cruciata glabra

Cruciata laevipes

Cruciata taurica

Galium boreale

Galium rubioides

Coprosma ernodeoides

Coprosma robusta

Nertera granadensis

Kadua elatior

Kadua foggiana

Cephalanthus occidentalis

Metadina trichotoma

Pausinystalia johimbe

Nauclea diderrichii

Calycophyllum candidissimum

Chimarrhis turbinata

Vangueria infausta

Coffea arabica

Duperrea pavettifolia

Jacquemontia ovalifolia

Jacquemontia reclinata

Convolvulus tricolor

Convolvulus arvensis

Calystegia soldanella

Calystegia sepium

Ipomoea imperati

Ipomoea batatas

Ipomoea arborescens

Ipomoea purpurea

Schizanthus pinnatus

Cestrum parqui

Petunia axillaris

Nicotiana rustica

Nicotiana tabacum

Nicotiana glauca

Nicotiana longiflora

Nicotiana alata

Nicotiana velutina

Atropa belladonna

Hyoscyamus pusillus

Lycium barbarum

Lycium pallidum

Lycium fremontii

Lycium sandwicense

Lycium andersonii

Datura metel

Datura stramonium

Capsicum annuum

Physalis alkekengi

Solanum tuberosum

Solanum dulcamara

Solanum americanum

Solanum argenteum

Solanum mauritianum

Solanum pseudocapsicum

Solanum aculeatissimum

Solanum sisymbriifolium

Solanum hindsianum

Solanum ferocissimum

Carlemannia tetragona

Olea europaea

Phillyrea angustifolia

Phillyrea latifolia

Fraxinus pennsylvanica

Fraxinus americana

Fraxinus chinensis

Fraxinus ornus

Fraxinus mandshurica

Fraxinus excelsior

Fraxinus angustifolia

Syringa vulgaris

Syringa reticulata

Syringa villosa

Ligustrum vulgare

Ligustrum obtusifolium

Forsythia suspensa

Forsythia europaea

Jasminum fruticans

Jasminum sambac

Gratiola officinalis

Kickxia spuria

Cymbalaria muralis

Chaenorhinum minus

Antirrhinum majus

Linaria vulgaris

Linaria repens

Linaria alpina

Penstemon cardwellii

Callitriche palustris

Callitriche cophocarpa

Callitriche hamulata

Callitriche stagnalis

Digitalis purpurea

Digitalis grandiflora

Littorella uniflora

Plantago atrata

Plantago lanceolata

Plantago maritima

Plantago coronopus

Plantago australis

Plantago asiatica

Plantago cornuti

Plantago major

Plantago maxima

Plantago media

Veronica serpyllifolia

Veronica gentianoides

Veronica beccabunga

Veronica peregrina

Veronica catenata

Veronica spicata

Veronica longifolia

Veronica urticifolia

Veronica alpina

Veronica officinalis

Veronica hederifolia

Veronica arvensis

Veronica verna

Veronica chamaedrys

Veronica campylopoda

Veronica agrestis

Veronica filiformis

Veronica persica

Veronica austriaca

Veronica fruticans

Pinguicula alpina

Pinguicula vulgaris

Utricularia minor

Melampyrum pratense

Melampyrum cristatum

Melampyrum arvense

Melampyrum sylvaticum

Melampyrum nemorosum

Rhynchocorys orientalis

Lathraea squamaria

Rhinanthus minor

Bartsia alpina

Euphrasia pectinata

Euphrasia officinalis

Euphrasia minima

Euphrasia nemorosa

Euphrasia stricta

Orobanche ramosa

Pedicularis capitata

Pedicularis verticillata

Pedicularis oederi

Pedicularis langsdorffii

Pedicularis lanata

Pedicularis hirsuta

Pedicularis sudetica

Pedicularis groenlandica

Pedicularis lapponica

Pedicularis sylvatica

Castilleja scorzonerifolia

Lamourouxia rhinanthifolia

Carlowrightia arizonica

Justicia adhatoda

Paulownia tomentosa

Mimulus guttatus

Mimulus ringens

Sesamum indicum

Aloysia gratissima

Phyla nodiflora

Lantana camara

Glandularia peruviana

Verbena litoralis

Verbena officinalis

Verbena hastata

Jacaranda mimosifolia

Jacaranda copaia

Tecoma stans

Oroxylum indicum

Catalpa bungei

Zeyheria tuberculosa

Tabebuia ochracea

Handroanthus serratifolius

Handroanthus guayacan

Eremophila macdonnellii

Nemesia strumosa

Buddleja asiatica

Buddleja davidii

Verbascum nigrum

Verbascum phlomoides

Verbascum thapsus

Scrophularia nodosa

Scrophularia auriculata

Scrophularia umbrosa

Calceolaria polyrrhiza

Calceolaria crenatiflora

Tectona grandis

Teucrium montanum

Teucrium chamaedrys

Teucrium fruticans

Teucrium flavum

Teucrium scorodonia

Ajuga reptans

Scutellaria galericulata

Scutellaria orientalis

Colebrookea oppositifolia

Galeopsis tetrahit

Galeopsis speciosa

Galeopsis bifida

Melittis melissophyllum

Stachys sylvatica

Stachys recta

Stachys officinalis

Stachys germanica

Stachys alpina

Prasium majus

Stachys maritima

Sideritis montana

Stachys palustris

Stenogyne purpurea

Paraphlomis javanica

Ballota nigra

Marrubium vulgare

Lamium tomentosum

Lamium album

Lamium amplexicaule

Lamium galeobdolon

Lamium purpureum

Leucas aspera

Vitex negundo

Vitex trifolia

Vitex vestita

Perilla frutescens

Collinsonia canadensis

Lavandula latifolia

Lavandula angustifolia

Elsholtzia ciliata

Hyptis capitata

Ocimum basilicum

Salvia glutinosa

Salvia splendens

Salvia azurea

Satureja montana

Satureja hortensis

Thymbra capitata

Origanum vulgare

Thymus pulegioides

Thymus vulgaris

Thymus mastichina

Thymus serpyllum

Mentha longifolia

Mentha spicata

Mentha x

Mentha pulegium

Mentha aquatica

Mentha arvensis

Clinopodium nepeta

Clinopodium vulgare

Ziziphora clinopodioides

Pycnanthemum virginianum

Pycnanthemum tenuifolium

Monarda fistulosa

Prunella vulgaris

Prunella grandiflora

Hyssopus officinalis

Nepeta cataria

Lycopus europaeus

Glechoma hederacea

Dracocephalum ruyschiana

Dracocephalum grandiflorum

Dracocephalum nutans

Melissa officinalis

Rosmarinus officinalis

Salvia officinalis

Salvia viridis

Salvia verticillata

Salvia nemorosa

Salvia verbenaca

Salvia pratensis

AM

No Yes

Other Symbionts

ECM ER / ARB N−fixation No ORM

Alternative

Carnivore Cluster No Parasite




