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Appendix 1 
The complete spatial random placement model  
In this appendix section, we give the probability that two species, i and j, co-occur on exactly 

𝑛!! cells given that they are present on 𝑁! and 𝑁! cells from a total set of L cells under the 

complete spatial random placement null model (CSR, see main text):  

𝑝 𝑛!!|𝑁! ,𝑁! , 𝐿 =
!!
!!!

!!!!
!!!!!!

!
!!

!
!!

   (1) 

Notice that this probability can only take values between a minimum and a maximum value, 

𝑛!!!"#  = 𝑚𝑎𝑥 0,𝑁! + 𝑁! − 𝐿  and 𝑛!!!"# = 𝑚𝑖𝑛 𝑁! ,𝑁! ,respectively. It can be checked that:  

𝑝 𝑛!!|𝑁! ,𝑁! , 𝐿
!!!!"#

!!!!!!!
!"#

= 1 

We test the validity of our theoretical distribution by monte carlo simulations (n = 10000) 

applying simple random reshufflings to species positions in the spatial grid, as it will be 

described in the complete spatial random null model (CSR). Our Monte Carlo simulations 

confirmed our theoretical expectations. In sum, if we characterize the spatial distribution of a 

pair of species, i and j, only by their absolute frequencies on a set of L cells, i.e. 𝑁! and 𝑁!, 

respectively, we know how the variable 𝑛!! is distributed under the complete spatial ramdom 

placement nul model (CSR), i.e., under the assumption that 𝑁! and 𝑁! will be placed at 

random on the set of L cells. Therefore, any statistic, 𝜒, that can be written as a function of 

these quantities, such as, the C-score, the average spatial overlap  (F), and the mutual 

information (I), has a theoretical distribution under the CSR model that can be exactly 

calculated by using Eq. 1. In particular, the expected value of 𝜒, under the CSR model, for a 

pair of species characterized by 𝑁!, 𝑁! absolute abundances on set of L cells, is, accordingly: 



𝜒 = 𝜒 𝑁! ,𝑁! ,𝑛!! 𝑝 𝑛!!|𝑁! ,𝑁! , 𝐿
!!!!"#

!!!!!!!
!"#

 

 

The non-parametric test of significance  
If we know the theoretical distribution of a statistic, we can set up an exact significance test. 

Since this is only possible for one of the three models we have analyzed (CSR, see previous 

section), for the sake of comparison, we have opted instead for applying the same non-

parametric test, based on model simulated data, to all our models.  

From our simulated data produced by each model we calculated the upper (97.5%) and 

lower (2.5%) quantiles of the distribution our statistic at work. This assumes a confidence 

level of 𝛼 = 0.05. Finally, we estimated the significant co-occurrences comparing whether 

our observed statistic falls within the tails of the simulated distribution.  

 

The random patterns test 
Spatial pattern statistics 

For each species the spatial patterns are estimated using four statistics: edge (E) and corner 

(C) contacts, and open (0) and solid (S) areas. For each occupied cell by a species, edge (E) 

contacts count the total number of neighbor edge cells (orthogonally surrounding the target 

cell, i.e. von Neumann neighborhood) that are also occupied by the same species and the 

result is expressed as a proportion of the total possible edge contacts for that cell. For all 

occupied cells these scores are summed, and the average of these values is calculated (for 

more details see Roxburgh and Chesson 1998). Corner contacts (C) are calculated in a similar 

way to the edge contacts, but counting occupied cells that are diagonally surrounding the 

target cell. Open areas (0) is the total number of times an empty cell (i.e. not occupied by the 

species) is totally surrounded by other empty cells. It gives a measure of openness in the 

pattern. Solid areas (S) are the opposite of open areas and estimate how extensive the solid 

patches are in the pattern.  

 

Initial randomization 

As suggested by Roxburgh and Chesson (1998), the efficiency of the randomization algorithm 

was given a “head start” in the following way: the overall area was divided into blocks and 

these blocks were randomly shuffled. The area of our data was divided in 5 × 5 grid bocks, 

each of 10 × 10 cells. Each block was then subject to a random rotation/reflection, and then 

these 25 blocks were assigned to random positions within the plot. After this initial block 



randomization the random patterns procedure was then implemented. This procedure was 

repeated until the fit between the observed and null pattern fell below α. This two-stage 

procedure has the advantage that the algorithm runs faster.  

 

Species dependence (D) and asymmetry (A)  
The calculations from mutual information also allow us to estimate a normalized measure of 

how much species depend on each other (Gorelick et al. 2004). For example, we can infer 

how much knowledge of the spatial distribution of species Y tells us about the spatial 

distribution of species X and vice versa: 

𝐷!|! =
! !,!
!(!)

             (2) 

𝐷!|! =
! !,!
!(!)

            (3) 

where 𝐻(𝑋) and 𝐻(𝑌) are the marginal entropies of X and Y, respectively; and the symmetric 

or mutual dependence can be estimated as: 

𝐷!,! =
! !,!
! ! !(!)

           (3) 

Therefore, this metric tells us how much species X and Y depend on each other. There can be 

differences between 𝐷!|! and 𝐷!|!, which are asymmetric cases of the information provided 

by the spatial overlap of the species. For example, when 𝐷!|! > 𝐷!|! the information gained 

from species Y for the spatial distribution of species X is more than that inferred from species 

X about the distribution of species Y. Thus, we can define this asymmetry of mutual 

information as: 𝐴!"  = | 𝐷!|!  −  𝐷!|!|. This is another way of describing the extent to which 

species depend on each other. A high value of 𝐴!" indicates that one of the species depends 

more on the presence of their mutualistic partner than the other. This is similar to the 

definition of asymmetry used in plant-animal mutualistic networks (Bascompte et al. 2006). 

We computed 𝐷!|!, 𝐷!|!, 𝐷!,! and 𝐴!" for our data. 

 

Similarities and differences between F, C-score and I 
The spatial overlap metrics used (F, C-score, I) can tell us different aspects of the spatial co-

occurrence between two species. We evaluated these differences/similarities between metrics 

using two properties: the level of spatial overlap and the level of occupancy asymmetry (i.e. 

the absolute difference between number of occupied cells) (Fig. A1.1). The average spatial 

overlap (F) linearly increases with the level of overlap between species (Fig. A1.1 top-left 

panel). C-score attained maximum values (i.e. high segregation) for intermediate values of 

spatial overlap and minimum values (i.e. high aggregation) for high spatial overlap values 



(Fig. A1.1 top-mid panels). Therefore, both F and C-score behave similarly for high values of 

spatial overlap. This means that spatial co-occurrences are more likely when species have 

high levels of spatial overlap (𝑛!") and therefore there is a bias towards species with higher 

occupancy (i.e. highly abundant). Mutual information (I), on the contrary, decreases with 

higher spatial overlap (Fig. A1.1 top-right panels). This is because when both species are 

highly abundant mutual information decreases, i.e. knowing about either of those species will 

not tell you much about the presence of the other. Thus, the interpretation from mutual 

information is different from C-score and F. 

In terms of occupancy asymmetry, F will be biased towards intermediate values 

(𝐹 ≈ 0.5) when species highly differ in the number of occupied cells (Fig. A1.1 bottom-left 

panel). However, C-score decreases (i.e. high aggregation) (Fig. A1.1) and I increases with 

high levels of occupancy asymmetry. Thus, C-score and I show that the co-occurrence 

between two species will be more likely when species differ in their number of occupied cells 

(| 𝑁!  −  𝑁!|  ≫  0). On the one hand, F and C-score are similar, but C-score will give more 

information about aggregation and segregation between species spatial distribution. On the 

other hand, mutual information has a different interpretation and hence will give different 

information compared to F and C-score. Mutual information can give information about 

spatial overlaps, but more importantly about species dependence (D) and asymmetry (A), i.e. 

how much species depend on each other (Gorelick et al. 2004). This was explained in the 

previous section and is a unique property of mutual information. 

 



 
Figure A1. Comparisons between spatial overlap metrics: average spatial overlap 
(F), C-score and mutual information (I). We compare the three metrics according 
to their level of spatial overlap (i.e. number of cells where both species co-occur 
(𝑛!"), top panels) and occupancy asymmetry (i.e. the absolute difference between 
number of cells occupied in the plot between species pairs; bottom panels). We 
generated 10 000 species pair comparisons. During each iteration we sample the 
number of cells occupied by two species (𝑁! ,𝑁!) from a uniform distribution 
between 𝑛!"# = 1 and 𝑛!!" = 𝐿 = 2500 to measure F, C-score and I. The levels 
of spatial overlap showed in the x-axis are: (1) 𝑛!" < 500, (2) 500 ≤ 𝑛!" < 1000, 
(3) 1000 ≤ 𝑛!" < 1500, (4) 1500 ≤  𝑛!" < 2000 and (5) 𝑛!" ≤ 2500; and 
similarly for levels of occupancy asymmetry in the bottom panels. The boxes 
(blue boxes) extend from the lower to upper quartile values of the data, with a line 
at the median (red thin line). The whiskers (blue dashed lines) extend from the 
box to show the range of the data and the colored open circles are the outliers. 
Note that all metrics respond differently to different levels of spatial overlap and 
occupancy asymmetry 

 

 

Network topology 
Nestedness (N) 

Nestedness describes a non-random pattern of species interactions where specialist species 

interact with proper subsets of more generalist species (Bascompte et al. 2003). We estimated 

nestedness using the NODF algorithm developed by Almeida-Neto et al. (2008) because of its 
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statistical robustness. NODF is based on standardized differences in row and column fills and 

paired matching of occurrences. We used the R package bipartite to estimate NODF 

(Dormann et al. 2009). 

Because nonzero spatial overlap between two species does not necessarily mean that an 

interaction exists, we introduced and spatial co-occurrence matrix M (with elements 𝑚!") that 

is derived from the observed spatial overlap matrix F in the following way. We assumed a 

threshold spatial overlap f above which overlap is assumed to indicate a co-occurrence, and 

below which the overlap is assumed to be coincidental. In formula, the spatial co-occurrence 

matrix between plant species i and AMF species j is computed as: 

𝑚!" = 1  𝑖𝑓  𝐹!" > 𝑓
𝑚!" = 0 𝑖𝑓 𝐹!" < 𝑓

 

We computed these co-occurrence matrices for the observed network and for the networks 

resulting from the randomizations in the different null models, and tested the significance of 

our observed data with a t-test. We did this for a range of thresholds f ∈ [0,1], thus creating a 

profile. We also tested the nestedness significance of the co-occurrence matrices computed 

from different spatial overlap thresholds (f) with a standard null model used to test the 

significance of nestedness: the PRC (probable rows and columns) model (Bascompte et al. 

2003). PRC is a null model that assumes that the probability of a species interaction between 

species i and j is: (𝑃! 𝑁!  + 𝑃! 𝑁!)/2, where 𝑃! is the number of presences in row i, 𝑃! is the 

number of presences in column j, 𝑁! is the number of columns, and 𝑁! is the number of rows.  

 

Modularity (M) 

A modular network consists of interconnected modules. Each module is formed by a group of 

species, which are more connected to one another than to species in other groups (Olesen et 

al. 2007). We used the ‘simulated annealing’ algorithm (SA) provided by R. Guimerá 

(Guimerá and Amaral 2005) to estimate the level of modularity (M). Basically, M is a 

measure of the extent to which species have more links within their modules than expected if 

linkage is random.  

 

Connectance (C) 

Connectance measures the proportion of realized interactions (i.e. links) among all possible 

interactions in a network and is defined as 𝐶 =  𝑘 𝑃×𝐴, where k represents the number of 

realized interactions (here spatial co-occurrences) between plant and AMF species and P and 

A represent the number of plant and AMF species present, respectively, in the network 

(Jordano et al. 2003). 



 

Partial Mantel test and Procrustes analysis 
Partial Mantel tests allow assessing the partial correlation between two distance matrices 

conditioned by a third distance matrix (e.g. environment, geographic distance) (Smouse et al. 

1986). We created two dissimilarity matrices with the Jaccard dissimilarity metric for plants 

and AMF and an environmental distance matrix based on the abiotic factors (pH and OM) 

using Euclidean distance. All probabilities of Mantel r-values were obtained using 999 

permutations. We also did a Procrustes analysis (Gower 1971) to test the congruence between 

the different matrices (AMF, plant and environmental factors). Procrustes uses their 

ordination solutions of the raw data, which are then scaled and rotated in order to find an 

optimal superimposition that maximizes their fit (Peres-Neto and Jackson 2001). The method 

used the sum of the squared residuals between configurations that can be then used as a metric 

of association (Gower 1971). We first did a nonmetric multidimensional scaling (NMDS) 

ordination to summarize the main patterns of variation of the plant and AMF communities 

using a Bray–Curtis dissimilarity index and a principal component analysis (PCA) for the 

abiotic factors. A permutation procedure (PROTEST) was then applied to assess the statistical 

significance of the Procrustean fit (Jackson, 1995). The whole analysis (partial Mantel test 

and Procrustes) was done using the R package ‘vegan’ (Oksanen et al. 2015). 
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Appendix 2 
 

Table A2.1. The number of significant plant-AMF interaction pairs identified by three 

different metrics (C-score, I and F) and each null model. Aggregation refers to pairs that tend 

to co-occur together (i.e. spatially overlapped) and segregation refers to pairs that tend to not 

co-occur together. All interactions are significant (p < 0.001). 

 

Null model Metric Aggregation Segregation Total 

CSR C-score 37 66 103 

 F 52 49 101 

 I 43 55 98 

ENV C-score 30 43 73 

 F 30 44 74 

RPT C-score 31 25 56 

 F 20 32 52 

 

 

Table A2.2. Plant–AMF network properties estimated with two different spatial overlap 

metrics (F = average spatial overlap, I = mutual information) and tested by three different null 

models (CSR = complete spatial randomness, ENV = environmentally constrained, RPT = 

random patterns test). All metrics approximately estimate the same number of co-occurrences 

and RPT was the most constrained null model. The matrices obtained are based on significant 

co-occurrences (p < 0.05) according to the non-parametric test. None of the network 

properties were statistically significant (p > 0.05) suggesting a lack of structure in this plant–

AMF co-occurrence network. 

 

Metric Null model Nestedness Modularity Connectance 

F CSR 25.14 0.32 0.36 

 ENV 20.36 0.35 0.27 

 RPT 13.66 0.27 0.19 

I CSR 23.74 0.31 0.37 

 

  



Table A2.3. Moran I spatial auto-correlation estimations for plant and AMF diversity. 

n = 1000 randomizations were applied to test the significance of the observed spatial 

distribution. p-values were calculated using a double-sided probability (α = 0.05) and a 

Bonferroni correction was applied to correct for multiple tests. Significant codes: p < 0.01**, 

p < 0.001***. 

 

(a) Correlogram of AMF richness. 

Lag Moran I ±SD Pr(I) p 

1 2.66e-01 1.96e-04 19.02 *** 

2 2.31e-01 1.0e-04 23.05 *** 

3 2.08e-01 6.92e-05 25.06 *** 

4 1.88e-01 5.32e-05 25.93 *** 

5 1.59e-01 4.37e-05 24.11 *** 

6 1.23e-01 3.73e-05 20.27 *** 

7 0.94e-01 3.28e-05 16.55 *** 

8 0.57e-01 2.94e-05 10.71 *** 

9 0.4e-01 2.68e-05 7.98 *** 

10 0.26e-01 2.47e-05 5.35  *** 

 

(b) Correlogram of plant richness. 

Lag Moran I ±SD Pr(I) p 

1 2.19e-01 1.96e-04 15.66 *** 

2 1.04e-01 1.0e-04 10.43 *** 

3 0.94e-01 6.92e-05 11.35 *** 

4 0.64e-01 5.32e-05 8.94 *** 

5 0.4e-01 4.37e-05 6.13 *** 

6 0.32e-01 3.73e-05 5.37 *** 

7 0.36e-01 3.28e-05 6.43 *** 

8 0.19e-01 2.94e-05 3.62 *** 

9 0.19e-01 2.68e-05 3.81 *** 

10 0.15e-01 2.47e-05 3.12 *** 

 

  



Table A2.4. Partial Mantel-tests of the plant and AMF community considering the 

environment (pH and OM) (p< 0.001 ***). 

Matrix A Matrix B Matrix C r p 

Plant Environment AMF –4.382e-05 0.508 

Plant AMF Environment 0.07951 0.001 *** 

AMF Environment Plant –0.002243 0.618 

 

 

Table A2.5. Procrustes analysis of the correspondence between the plant and AMF 

community and wuth the environment (ph and OM). 

Matrix A Matrix B M2 p 

Plant AMF 0.9998 0.757 

Plant Environment 0.9986 0.05 

AMF Environment 0.9995 0.33 

 



 
Figure A2.1. Plant–AMF co-occurrence matrices using different spatial overlap 
metrics: C-score, spatial average overlap (F) and mutual information (I). Co-
occurrence matrices were obtained for different null models: 1) complete spatial 
randomness (CSR), 2) environmentally constrained (ENV) and 3) random patterns 
test (RPT). The co-occurrence matrix based on mutual information (I) was only 
applied to the CSR null model (Appendix 1). 𝑁 =  1000 randomizations were 
applied for each null model. All co-occurrences shown in the figure are 
statistically significant (p < 0.05). Aggregated species are shown in black-filled 
squares and segregated species in gray-filled squares. 

  

a   A. denticulata
b   A. morrowiae
c   A. spinosa
d   E. colombiana
e   G. claroideum
f    G. etunicatum
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13   D. carota
14   A. millefolium
15   Er. strigosus
16   Co. arvensis
17   R. serotina
18   Pr. vulgaris    
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Figure B2. Differences between observed and expected values of nestedness versus 
threshold values of spatial overlap (f) for the three null models (shown here in different 
colours). 
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Figure B3. Spatial distribution of plants (top panels) and AMF (bottom panels). 
Black squares represent species absence and white squares represent species 
presence. X- and y-axes show the distance in meters. Plants and AMF show 
different degrees of spatial auto-correlation. 

  



 
Figure B4. Asymmetry (A) and mutual dependence (𝐷!,!) between plant and AMF 

species based on mutual information (I). Darker grey indicates greater mutual 

dependence and asymmetry. Interaction pairs are highlighted by different colors. 

Few plant–AMF interactions have high mutual dependence and asymmetry. The 

interactions that are highly asymmetrical are also highly mutually dependent. 

  

  

Asymmetry (A)

Mutual dependence (D
x,y

)

B. inermis – G. etunicatum

H. pratense – S. calospora

A. nova-angliae – G. gigantea

H. perforatum – E. colombiana

E. vulgare – A. morrowiae



Figure A2.5. Histogram of observed spatial overlap values (F) of plant–AMF 

community. The histogram shows a positive skew distribution of plant–AMF 

spatial overlaps from the studied community. Total number of plant species, 

n = 18, and total number of AMF species, 𝑎 = 15. 
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(a)  

(b)  

Figure B6. Correlograms of plant (a) and AMF (b) diversity across the spatial 
plot. We applied 1000 permutations to establish the statistical significance of the 
results. Lag refers to distances in meter. For all lags the test was significant 
(p < 0.001). The plots show positive spatial autocorrelation ( 𝐼 𝑀𝑜𝑟𝑎𝑛 > 0 ) for 
both guilds across different distances (lags). 

  



 
Figure A2.7. Changes in connectance across different spatial overlap threshold 

values and for different null models (CSR, ENV, RPT). Connectance values from 

1000 simulations (grey thin solid lines) and observed F (black solid line) are 

shown for each threshold value of species spatial overlap f. Connectance 

decreases with increases of threshold values for spatial overlap. 


