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Chapter 4 – Figures S1 and S2

Figure S1: Mean intraradical AMF root abundance (copy number mg-1 dry root mass, ± S.E.) for both 

generations and AMF species in the pilot study.  
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Figure S2: Mean intraradical AMF root abundance (copy number mg-1 dry root mass, logarithmic 
scale, ± S.E.) in the plants inoculated with mixed inocula over three generations for both G. 
aggregatum (red) and R. irregularis (blue). 
Panels indicate the CO2-levels plants were grown under. For those samples where AMF abundances were 
detected to be below the detection limit for reliable detection, we considered them to be at the detection 
limit in Figure 3 in the main text, while here these were set to be equal to zero. This results in qualitatively 
the same pattern as in Figure 3.
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Chapter 5 – Figures S1

Figure S1:  Visually scored colonisation percentages (± SE) of both AMF species combined (Glomus 

aggregatum and Rhizophagus irregularis) in the simultaneous experiment at three harvest dates. 
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Chapter 6 – Appendix and Figure S1

Symbiont life cycle and fitness equations

To determine the evolutionary stable symbiont strategy, we perform an evolutionary 
invasion analysis (Day, 2000; Otto & Day, 2007a,b). We assume a population of 
symbionts consisting of two potential types, residents and mutants, interacting with 
hosts (See for further details main text Host and Symbiont Life Cycles), and determine 
the conditions under which mutants with a different resource provisioning strategy can 
invade.
 

First, we derive the general equations for resident and mutant symbiont dynamics. The 
change in symbiont numbers is determined by a modified version of a logistic-growth 
model  with an additional term for the focal symbiont’s fitness FRes or FMut when in 
symbiosis. That is, the change in symbiont numbers,               for residents and  
   for mutants, is the product of: (i) the number of symbionts of a particular 
type currently in the population, Nres(t) and Nmut(t), (ii) the growth rate, r; (iii) a density 
dependence term, where the density effect term c is near but below unity which assumes 
that individuals of the same type have a slightly greater impact in their own density term 
than individuals of the other type; and (iv) the fitness of symbionts through mutualism, 
which depends on the symbiotic strategies (FRes and FMut) they adopt. All variables are 
listed in Table S1. This gives the following equations for the general dynamics of resident 
and a mutant symbiont populations (Supplementary Mathematica Notebook Section 
1.1; Available online at: https://www.dropbox.com/s/cub51biup1j2wtq/Chapter6_
Supplementary_Notebook.nb?dl=0):

                                                                                                                 (A1a)
 

Table S1: Definition of parameters 
        Number of resident-type symbionts. 
        Number of mutant-type symbionts. 
c Density effect of one symbiont type on the other type (0 < c < 1). 
K Carrying capacity for the symbiont population (K > 0).  
r Symbiont growth rate (r>1). 
A Environmental availability of resource/service A (0 < A ≤ 1). 
B Environmental availability of resource/service B (0 < B ≤ 1). 
n Number of symbionts per host additional to the focal individual (n ≥ 1). The 

total number of symbionts per host is thus equal to n + 1.  
α Symbiont specialisation in providing resource A vs. resource B (0 ≤ α ≤ 1). 
β Strength of trade-off between transmitting resource A and B (complementary 

transmission: 0 < β < 1, antagonistic transmission: β > 1) .  
x Symbiont investment in cooperation with host (0 ≤ x ≤ 1). 
s Strength of host selection of symbionts (s > 0). 
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                                                                                                                   (A1b) 

FRes and FMut are the fitness functions for mutant and resident symbionts when living 
in mutualism and depend on the amount of  resource A and resource B transferred 
by both symbiont types, the total number of  symbionts per host, n, and the average 
level of  cooperation,   in the symbiont population. We can break up FRes and FMut 
in different components. First, we consider the functions which describe how the 
amounts of  resources transmitted by resident (ARes, BRes) and mutant symbionts (AMut, 
BMut), depend on resident and mutant symbiont transmission strategies, αRes and αMut, 
and on the resource transmission trade-off, β. Specifically, the amount of  resources 
transferred is controlled by (i) the transmission strategy α, (ii) the trade-off  curve, β, and 
(iii) environmental availability of  resource A and B. Symbionts can be full A-specialists 
(α = 1), full B-specialists (α = 0), or anything in between. A and B can range from 
more than 0 (i.e. we assume both resources are actually available to the symbionts) to 
1 representing the maximum acquisition of  the resource by the symbiont. β-values < 
1 result in a concave curve and complementary transmission, while β > gives convex 
curves and antagonistic transmission (Figure 1). The resulting resource transmission of  
symbionts is given by (Notebook Section 1.2.1): 

                                                                    (A2a)

          
                                             (A2b)  

                                 
                                             (A2c)

 
                                            (A2d)

Second, we derive the general equations describing the total resource transmission of 
the symbiont community over all potential combinations of symbiont types, given the 
total number n of symbionts each hosts selects from the environment. While we only 
model symbiont evolution, we here derive an equation which describes symbiont fitness 
as a function of symbiont community resource transmission to the host and symbiont 
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investment in the host, because host success directly feeds back to symbiont fitness. 
Specifically, we assume that host fitness is the product of the amounts of each resource it 
receives from its symbionts. We further assume that each hosts interacts with n symbionts 
in addition to the focal symbiont, i.e. with a total of n + 1. Resource transmission of the 
host’s symbiont community is then determined by (i) the total number of symbionts 
associating with a host, n + 1; (ii) the number of symbionts belonging to the focal 
symbiont’s type, which is tracked by i, versus the other type which is given by (n – i) 
; (iii) the average level of symbiont cooperation    , and (iv) the amounts of resources 
transmitted by resident (ARes, BRes) and mutant symbiont types (AMut, BMut), governed 
by the previously derived equations 2a-2d. We assume that symbionts are selected at 
random from the environment. Therefore, the likelihood of each particular combination 
of symbiont types is given by the binomial coefficient    multiplied by the relative 
abundances of both types. We later relax the assumption of random symbiont selection 
and study the effect of active host choice of symbiont community composition. Summing 
over all possible combinations of symbionts allows us to obtain general expressions of 
symbiont community resource transmission to the host (Notebook Section 1.2.2), given 
that the focal symbiont we consider is of a resident (3a) or a mutant type (3b): 

                                                                                 (A3a) 

                                                                       (A3b) 

Third, we divide by the total number of symbionts n+1 to account for symbionts sharing 
host benefits with other symbionts. We thus assume that host benefits for symbionts 
are shared equally among all symbionts, but will later explore the effects of preferential 
host allocations to particular symbionts. We multiply by the amount of efforts that 
symbionts do not invest in the host (i.e        ), because that represents the symbiont 
resources available to its own reproduction. Thus, if symbionts invest all their resource in 
the host (i.e.          , their fitness is zero because they cannot invest in own reproduction. 
In contrast, if the average symbiont does not at all invest in the host (       ) their fitness 
through the symbiotic option is also zero, because in that case the amount of resources 
transferred to the host (TRes or TMut) and therefore the host’s fitness is zero. Thus, our 
final step in defining the symbiont fitness functions is multiplying the previously derived 
functions for host fitness (1a and 1b) with (Notebook Section 1.2.3.):  
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                                             (A4)

Evolutionary stable resource transmission strategies. 

We perform an evolutionary invasion analysis to find stable values for the resource 
transmission trait, α. We first take the equations for the change in resident and mutant 
symbiont numbers, equations A1a and A2a, and calculate the local stability matrix 
(Jacobian Matrix): 

   

We evaluate the Jacobian matrix at the equilibrium for this system in the absence of 
mutant symbionts, i.e. when the resident symbiont type is at its carrying capacity, Nres= 
K, and the mutant is absent, Nmut= 0.  Thus, we assume that the mutant initially is 
very rare when determining invasion conditions. This gives us the following matrix 
(Notebook Section 1.3.1):

                                                                                                                     (A5)

The first entry in the first column of this matrix,     , governs the internal stability 
of the system, i.e. in the absence of mutants. As expected, this only depends on the 
resident strategy αRes. If 0<αRes<1, i.e. residents are generalists,       is always negative 
demonstrating that resident numbers are stable at the carrying capacity K (Notebook 
Section 1.3.1). The Jacobian Matrix also allows us to derive the equation for the invasion 
fitness of a mutant strategy λ(αRes,αMut), which is given by the eigenvalue of the mutant 
submatrix in the Jacobian matrix. We assume that the mutant strategies are initially 
near the resident strategy. The convergence stable value αRes* is given when the following 
condition is satisfied for the mutant submatrix:
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       is given by the second entry in the second column of the above matrix (A5). Taking 
the derivative of       with respect to αMut and evaluate it at αRes we find that (Notebook 
Section 1.3.2): 

                                                                              (A6)

This indicates that the expected equilibrium value of a single symbiont type population 
is perfect generalism             , i.e. providing equal amounts of resource A and B (Main 
text, Result 1). We then determine when this value of αRes* is also an evolutionarily stable 
strategy (ESS). In conditions where                  is an ESS, there is no evolution of a division 
of labour among symbionts, i.e. we then have a single population of multifunctional 
symbionts providing both resource A and resource B at αRes*. Disruptive selection for 
divergent phenotypes, and thus division of labour among two symbiont populations, 
occurs when αRes* is not an ESS. This is the case when the following condition is satisfied 
and a more specialised symbiont can invade a generalist population:

We find this to be case if (Notebook Section 1.3.4): 

                                                                                 (A7)

Conversely, if                   , the equilibrium is a maximum and           is evolutionarily 
stable. If                , a single resource transmission strategy is not an ESS. In that case, 
the mutant and resident strategies diverge until one type has trait value        whilst the 
other has trait value        . Now, if we plug these two trait values back into the equations 
governing symbiont population dynamics (A1a) and (A1b), we discover that the number 
of individuals of each type is only constant when there are as many individuals with each 
trait value (Notebook Section 1.3.4). That is, at equilibrium half of individuals have                    
          whilst the other half have           . 
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Maintenance and optimal level of symbiont cooperation

Both in conditions where we expect a symbiotic division of labour to evolve, and for 
generalist symbionts, we now determine the average level of symbiont cooperation,    , 
that will evolve. We also determine the conditions under which a mutualistic lifestyle 
is more favourable to a (potential) symbiont than the non-mutualistic ‘outside’ option, 
i.e. the conditions under which cooperation of symbionts with the host is maintained. 
We consider a mutant symbiont that is identical to the residents in its strategy for 
investment in the host (i.e. in cooperation), except in its allocation to cooperation whilst 
in symbiosis, x.

We first consider a scenario where inequality (A7) is not satisfied (Notebook Section 
2.1), so all symbionts are generalists and adopt          as a resource transmission strategy. 
We base our fitness equations on our previously derived equations (A3 and A4). As 
previously, the amount of resources transferred to the host is a function of the availability 
of resource A and resource B, and also of the level of cooperation, x, of the focal (mutant) 
symbiont and of the average cooperation (   ) of the other n symbionts. We substitute the 
generalist strategy         , giving the following equation for the resource transfer to the 
host when symbionts are generalists: 

                                                                                                  (A8)

As previously (A4), we assume that host benefits are shared equally among symbionts and are 
proportional to the effort not invested in the host by the symbiont, i.e. we multiply (A8) by  
       , resulting in the following equation for the focal symbiont’s fitness through 
symbiosis: 

                                            (A9)

At equilibrium, we take the focal mutant’s strategy to be equal to the resident’s. We find 
the optimal equilibrium level of cooperation (denoted x*) by differentiating with respect 
to x, evaluating at            and solving for zero, to be equal to:

                                                                                                     (A10)
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Thus, we find that the equilibrium average investment in the host decreases with 
increasing number of symbionts (Figure S1). The reason for this is that symbiont 
investment in the host needs to be shared among more other symbionts with increasing 
n, selecting for less cooperation. This raises the question what the conditions are under 
which a non-symbiotic lifestyle will be favoured, and symbionts are expected not to 
interact with the host at all? We substitute x* from equation (A10) in expression (A9) 
and find that a symbiont will enter into mutualism with the host when:

                                               (A11)

Thus, symbionts will only maintain mutualism with the host if the fitness of a cooperating 
symbiont is higher than the fitness a symbiont can achieve without cooperating (the 
outside option FOutside; Figure 2). 

We then perform the same analysis in the conditions where there is division of labour 
between two specialised symbiont populations (i.e. when inequality A7 is satisfied). 
The focal symbiont is equally likely to specialise on the provision of resource A or B, so 
modifying A9 its expected fitness when in symbiosis is (Notebook Section 2.2): 

                                                                                                                   (A12) 

where i indexes the number of other symbionts that provide the same resource as the 
focal symbiont, which has a ½ chance of specialising on the provision of resource A. We 
again assume that hosts randomly select symbionts from the environment. Since both 
symbiont types are equally abundant in the population, this is now based on a binomial 
distribution and the total number of combinations that can be made (   ). We find 
the same optimal equilibrium cooperation,            (A9) to apply in this case, but find 
a different condition for the symbiotic option to be favoured over the outside option 
(Figure 2): 

 
                                                                   (A13)
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Host rewarding and symbiont cooperation

We have so far considered cases where host benefits are equally shared among symbionts. 
Now, we consider a relative rewarding scheme, where symbionts are ‘rewarded’ by the 
host with benefits proportional to their relative contribution to the host’s fitness (Wyatt 
et al., 2014). That is, we multiply a focal symbiont’s fecundity in mutualism (equation 
A9) by its level of cooperation relative to the average cooperation of the symbionts 
interacting with the focal symbiont’s host,                                    . Using the same methods 
as in the previous, we discover that whether symbionts are generalists or specialists, their 
level of cooperation when in mutualism with host rewarding is (Notebook Sections 2.3 
and 2.4; Figure S1): 

                              (A14)

When they are generalists, we find this means that they enter into mutualism when 
(Notebook Section 2.3, Figure 3):

                                                          (A15)

whereas when they are specialists, they enter into mutualism when (Notebook Section 
2.4, Figure 3):

                                                                       (A16)

Partner choice and symbiont cooperation

Lastly, we considered a scenario where, if there is a symbiotic division of labour (i.e. 
if inequality (2) is met), host are able to actively choose symbiont types from the 
environment. In order to maximise the chance that their symbiont community provides 
all crucial symbiotic resources, hosts attempt to select a diverse symbiont community 
containing both types of symbionts modelled. To achieve this we multiplied the binomial 
distribution from Appendix Equation A12 by multiplying with                       and 
normalising by a weighing term, to insure that the probability distribution continuous 
to sum to one (Notebook Section 2.5). This puts more weight on outcomes that lead 
to a more even mix of symbionts, and increasingly so with higher s, which represent the 
strength of partner choice by the host. As previously, we determine the optimal level of 
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cooperation and, as expected find this to be identical to the scenario without partner 
choice, i.e. without host rewarding               (A10) and with host rewarding
(A14). We then determine the conditions for mutualism to be favoured over an 
asymbiotic lifestyle, and find that this is affected by s. Specifically, we find that without 
host rewarding mutualism is favoured if (Figure 4A):

                                                                          (A17)

While with host rewarding of cooperation, mutualism if favoured when (Figure 4B): 

                                                                                     (A18)

This shows that partner choice by the host of a diverse symbiont community can facilitate 
mutualism stability and that this effect is stronger with larger s (Figure 4).  

Figure S1

Figure S1: Average level of symbiont cooperation x* decreases with increasing symbiont number n 

both in the absence and in the presence of host rewarding of symbiont cooperation. 

However, with host rewarding the level of cooperation asymptotes to x* = ½ at large numbers of symbionts. 
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Chapter 7 – Supplementary Figures 1 to 7 and Supplementary Table 1

Supplementary Figure 1: Schematic version of the transition matrix allowed under an HRM with 

two rate classes. Transition rates printed here are the rates as inferred under our best model (the single 
precursor model, Supplementary Table 1). Transitions are indicated in number of transitions per 100 
million years per lineage. Dashed lines represent transitions that were inferred to be 0 under this model. 
Transitions that are not printed are not allowed under this model. This is because a species cannot 
simultaneously transition between both rate classes and character states. Red and green backgrounds 
indicate non-fixing and fixing character states. A direct transition from State 1 to State 4 is allowed under 
the model, but we find this rate to be 0. Instead, first a transition to the second rate class (from State 1 to 
State 2) is necessary before N2-fixation can evolve (from State 3 to State 4). In the main text, we refer to 
States 1 to 4 by their a posteriori biological interpretations (e.g. precursor and stable fixers as also indicated 
between parentheses). 

State 3
(Fixer)

State 4
(Stable Fixer)

State 1
(Non-precursor)

State 2
(Precursor)

Non-Fixing N2-Fixing

1.250.01

0.91

1.17

0 2.52

0

0.02
Rate Class 1

Rate Class 2
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Supplementary Figure 2: Histograms of the difference in AICc values between the single precursor 
model and the binary model for four different datasets. Negative values indicate the single precursor 
model performing better, positive values indicate the binary model provides a better fit of the data. Green, 
blue and red fills indicate the datasets where we randomly selected 25%, 33% and 50% of the species in the 
full dataset, respectively. The yellow fill indicates the dataset where we reshuffled the data over all species. 
Using this dataset, the single precursor model does not explain the data better in 99% of all randomised 
datasets, confirming that the better performance of the single precursor model is not merely the result of 
being more complex.  Black lines indicate median values for each distribution. 
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Supplementary Figure 3: Histogram of the difference between AICc values for the single precursor 
model and for the basic binary model over 100 alternative phylogenies. Values were obtained by 
subtracting the binary model AICc value from the single precursor AICc value for each phylogeny. Negative 
values thus indicate a better model performance for the single precursor model. The black line indicates the 
median of AICc value differences. The observation that for 100% of the bootstrap phylogenies the single 
precursor model performed better, confirms that this model better explains the evolutionary history of N2-
fixation regardless of the different topologies and branch lengths in the alternative angiosperm phylogenies.
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Supplementary Figure 4: Histograms of estimates of transition probabilities for the single precursor 
model over 100 alternative phylogenies. Horizontal axes indicate the transition probability per 100 
million lineage years. Horizontal axes are different for each figure, to accommodate variable estimate ranges. 
Blue vertical lines represent the median of the 100 estimates, red lines are the estimate as inferred for the 
best phylogeny (Supplementary Figure 1). Panels b, c, d, e and h exclude respectively 1, 3, 2, 1, and 5 
outlier values at the high end of the distribution. We did this for visualization purposes, to adequately 
reflect the distribution of the bulk of the values in a histogram. Median values represented in these panels 
include all data points. For panel G both median values over 100 estimates as well as the best estimate 
under the single precursor model are 0. The high level of similarity between our best tree (red lines) and the 
alternative estimates (blue lines) suggests that phylogenetic uncertainty of the angiosperms does not lead to 
substantially different estimates for the transition probabilities between character states. 
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Supplementary Figure 5: Reconstruction of node states based on the median transition probabilities 
over 100 alternative phylogenies. As in main text Figure 1, colours indicate the mostly likely state for 
ancestral nodes (blue: non-precursor, red: precursor, green: fixer, purple: stable fixer). Grey and white 
concentric circles indicate periods of 50 million years from the present, going inwards back to the origin of 
angiosperms. We obtained a reconstruction of ancestral states similar to that under the best model (Figure 
1), with the same precursor origin but more widespread stable fixing in the Mimosoideae. 
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State 3
(Fixer)

State 4
(Stable Fixer)

State 1
(Non-precursor)

State 2
(Precursor)

Non-Fixing N2-Fixing

0.380.02 0 2.77

0.44

0.02
Rate Class 1
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State 5
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Supplementary Figure 6: Transition probabilities as inferred under the two precursors model. This 
figure is the two precursor model equivalent of Supplementary Figure 1. Transitions are in number 
of transitions per 100 million lineage years. Dashed lines represent transitions that were inferred to be 
0. Coloured backgrounds indicate non-fixing (red) and fixing (green) phenotype. The colours of each 
symbiotic state correspond to the colours in Supplementary Figure 7.
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Supplementary Table 1: Characteristics of the various models of symbiotic N2-fixation 
evolution  

Model 
Number of rate 
classes 

Number of 
parameter
s 

AICc AICc weights 

  Binary model 1 2 464.6062 <<0.01 % 

Single precursor 2 8 380.1093 55.5 % 

Limited single 
precursor*  2 4 390.7545 0.27 % 

Two precursors 3 14 380.626 42.9 % 

Three precursors 4 20 387.4918 1.38 % 

Four precursors 5 26 402.6177 <<0.01% 

The number of parameters indicates the total number of transition probabilities estimated in a 
model. *Limited single precursor refers to a special case in which a precursor is assumed in the 
model already rather than being found as an a posteriori interpretation (see: Marazzi et al., 
2012).  
 

Supplementary Figure 7: Angiosperm phylogeny showing the ancestral reconstruction of node states 
as predicted by the two precursors model (Supplementary Table 1). Branches are coloured according 
to the state the ancestral node to each branch is most likely to be in: non-precursor (blue), precursor (red), 
second precursor (pink), fixer (green), second (intermediately stable) fixer (brown) and stable fixer (purple). 
Grey and white concentric circles indicate periods of 50 million years from the present, going inwards back 
to the origin of angiosperms.
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