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Appendix 1 

Supplementary tables and figures 

Table A1. Definition and biological interpretation of network- level metrics quantified in this 

study to examine changes in networks of mixed-species flocks across elevations. Predictions 

of how networks are expected to change with increasing elevations are presented in the column 

prediction. 

Network-

level metric 

Definition Biological interpretation Prediction 

Connectivity metrics 

Density Proportion of 

realized 

connections our 

of all potential 

connections in 

the network. 

Summarizes how many of all possible 

pair-wise interactions occur in the 

observed network of mixed-species 

flocks. 

Density is expected to increase 

with elevation, with a higher 

proportion of the potential pair-

wise interactions realized in high 

elevation networks. 

Skewness Asymmetry of 

the degree 

distribution of 

connections 

within the 

network 

Summarizes how uneven the number 

of interactions is among species; 

higher skewness would describe great 

differences in the number of 

connections among species, whereas 

lower values would be found in 

networks where all species are 

similarly connected.  

Skewness in expected to decrease 

with elevation, with species having 

more even interactions in higher 

elevation networks.  

Cohesion metrics 

Clustering Degree to which 

two connected 

species are part 

of a highly 

connected group 

(as measured by 

the global 

clustering index) 

Summarizes how clustered are species 

with their neighbors within flocks. 

Lower values of transitivity would be 

found in flocks where species are not 

strongly clustered (low cohesion) 

whereas higher transitivity would be 

found in flocks where more species 

are tightly associated.  

Clustering is expected to increase 

with elevation, with species being 

more evenly associated in higher 

elevation flocks.  

Modularity Strength of 

division of a 

network into 

modules. 

Summarizes the aggregation of 

species within the network to create 

discrete “sub-flocks”. High modularity 

values are expected when given 

subsets of species associate strongly 

among them, and loosely with the rest 

of the species, creating a modular 

structure within the network of flocks.  

Modularity is expected to decrease 

with elevation, with higher values 

in lower elevation flocks. Flocks at 

lower elevations are expected to be 

subdivided in modules (sub-

flocks), whereas flocks at higher 

elevations are expected to be less 

divided.  



Table A2. Generalized linear model with negative binomial errors to contrast species richness 

per flock, in mixed-species flocks across five elevations in the Bolivian Andes. Elevation was 

included as a factor with five levels. Overall elevation was significant when compared with the 

null model, with lower species richness at higher elevations.  

b SE z p 

intercept 2.22 0.05 42.42 <0.0001 

elevation 2250 -0.04 0.79 -0.45 0.656 

elevation 2600 0.03 0.80 0.33 0.745 

elevation 2950 -0.10 0.74 -1.34 0.181 

elevation 3300 -0.27 0.09 -2.89 0.004 



Table A3. Pairwise PerManova analyses among flocking assemblages at five elevations in 

the Bolivian Andes. Adjusted p-values after Bonferroni corrections.  

Assemblage pairs F R2 p Adjusted p 

3300-2950 3.88 0.029 0.001 0.01 

3300-2600 10.52 0.091 0.001 0.01 

3300-2250 27.04 0.194 0.001 0.01 

3300-1500 42.15 0.248 0.001 0.01 

2950-2600 5.013 0.033 0.001 0.01 

2950-2250 30.27 0.166 0.001 0.01 

2950-1500 55.23 0.247 0.001 0.01 

2600-2250 14.84 0.104 0.001 0.01 

2600-1500 41.13 0.223 0.001 0.01 

2250-1500 25.46 0.145 0.001 0.01 



Table A4. Pairwise post hoc Tukey analyses to contrast species-level network metrics 

(normalized) of five observed interaction networks of flocking birds at five elevations in the 

Bolivian Andes.  Adjusted p-values after Bonferroni corrections. Generalized linear models 

(GLMs) with gaussian errors were used for normalized degree and normalized weighted degree. 

For normalized centrality, a zero inflated tweedie model was used, as the response variable was 

continuous, but several nodes had zero shortest paths crossing through them.  

Metric Assemblage pairs Coefficient SE z Adjusted p 

Degree 1500 - 2250 0.169 0.087 1.946 0.29 

1500 - 2600 0.376 0.092 4.093 0.00 

1500 - 2950 0.424 0.095 4.467 0.00 

1500 - 3300 0.489 0.103 2.408 0.11 

2250 - 2600 0.207 0.097 2.131 0.20 

2250 - 2950 0.254 0.100 2.547 0.08 

2250 - 3300 0.079 0.108 0.736 0.95 

2600 - 2950 0.047 0.104 0.456 0.99 

2600 - 3300 -0.128 0.112 -1.139 0.78 

2950 - 3300 -0.175 0.114 -1.530 0.54 

Weighted 

degree 1500 - 2250 -0.062 0.085 -0.727 0.95 

1500 - 2600 0.025 0.090 0.279 1.00 

1500 - 2950 -0.094 0.093 -1.011 0.85 

1500 - 3300 -0.093 0.101 -0.922 0.89 

2250 - 2600 0.087 0.095 0.916 0.89 

2250 - 2950 -0.032 0.098 -0.327 1.00 

2250 - 3300 -0.031 0.106 -0.297 1.00 

2600 - 2950 -0.119 0.102 -1.167 0.77 

2600 - 3300 -0.119 0.110 -1.080 0.82 

2950 - 3300 0.001 0.112 0.060 1.00 

Centrality 1500 - 2250 -0.020 0.411 -0.049 1.00 

1500 - 2600 -0.094 0.436 -0.215 1.00 

1500 - 2950 -0.041 0.449 -0.091 1.00 

1500 - 3300 -0.164 0.491 -0.333 1.00 

2250 - 2600 -0.074 0.460 -0.160 1.00 

2250 - 2950 -0.211 0.473 -0.045 1.00 

2250 - 3300 -0.144 0.513 -0.280 1.00 

2600 - 2950 0.052 0.494 0.106 1.00 

2600 - 3300 -0.702 0.533 -0.132 1.00 

2950 - 3300 -0.123 0.543 -0.226 1.00 



Table A5. Pairwise network dissimilarity (βWN) , and its partition into its two additive 

components: dissimilarity due to network differences in pair-wise connections (βOS) and 

dissimilarity due to network differences in species composition (βST), among networks of mixed-

species flocks of birds, across five elevations in the Andes of Bolivia. Dissimilarity values were 

calculated following Poisot et al. (2012) using the βSIM dissimilarity matrix proposed by Lennon 

et al. (2001) and based on Simpson (1943). 

Network dissimilarity 

Networks compared βWN βOS βST 

1500 2250 0.79 0.51 0.28 

1500 2600 0.93 0.64 0.29 

1500 2950 0.97 0.73 0.23 

1500 3300 0.99 0.72 0.27 

2250 2600 0.59 0.38 0.21 

2250 2950 0.72 0.38 0.34 

2250 3300 0.85 0.40 0.45 

2600 2950 0.43 0.29 0.15 

2600 3300 0.64 0.33 0.31 

2950 3300 0.52 0.30 0.22 



Figure A1. Location of the studied gradient in the western Andes of Bolivia. The yellow line 

demarks the gradient where mixed species flocks were surveyed. The picture in the top was 

taken from the trail at ~3200 m asl and shows the overall landscape of the study region. 



Figure A2. Rank abundance curves showing the frequency distribution of species in flocks 

across five elevations in the Bolivian Andes. Silhouettes of the five more frequent species are 

shown for each assemblage, corresponding to (top to bottom): Myioborus miniatus, Pyrrhomyias 

cinnamomea, Basileuterus tristriatus, Sittasomus griseicapillus, Basileuterus bivittatus in the 

assemblage at 1500. Chlorospingus flavopectus, Basileuterus tristriatus, Diglossa cyanea, 

Tangara vassorii, Anisognathus somptuosus, at 2250. Myioborus melanocephalus, Diglossa 

cyanea, Basileuterus luteoviridis, Chlorornis riefferii, Mecocerculus stictopterus at 2600. 

Anisognathus igniventris, Myioborus melanocephalus, Diglossa cyanea, Basileuterus 

luteoviridis, Margarornis squamiger, at 2950. And Anisognathus igniventris, Diglossa cyanea, 

Margarornis squamiger, Myioborus melanocephalus, Delothraupis castanneoventris, at 3300.  



Figure A3. Species richness per flock (n = 358) across elevations in the Andes of Bolivia. 

Species richness for each flock is represented as a black dot, with values ranging between 4 and 

24 species. Boxplots represent mean ± standard deviation, whiskers extend to maximum and 

minimum. 



Figure A4. Species accumulation curve as a function of sample size (number of flocks) 

for assemblages of avian mixed-species flocks at five elevations in the Bolivian Andes. 



Figure A5. Interaction networks of flocking species at five elevations in the Bolivian Andes. 

Each node represents a species in the flocking assemblage, and the size of the node is relative 

to the number of species that it is connected to (degree). Each connection line represents the 

co-occurrence between two species (edges, grey lines) and the width of the line represents the 

strength of this association. 



Figure A6. Species-level metrics of networks of flocking birds across elevations in the Andes of 

Bolivia. Normalized values control by species richness effects. Boxplots represent mean ± 

standard deviation, whiskers extend to maximum and minimum. (a) Normalized degree 

represents the number of edges connected to a given node, number of connections per species. 

(b) Normalized weighted degree represents node strength, sum of weights of edges connected to 

the node. (c) Normalized centrality quantifies the number of shortest paths that cross a given 

node. 



(a)

(b)

Figure A7. Frequency distribution (a) and cumulated degree distributions (b)  of positive co-

occurrences among species in assemblages of flocking species at five elevations in the Bolivian 

Andes.  



Figure A8. Network interactions of species pairs that co-occurred in flocks across all elevations 

(14 species, 87 realized interactions) showing changes in association strength with elevation. 

Species are plotted in the same position in each network. Links between pairs of species (grey 

lines) are proportional to the association strength and the size of the nodes is proportional to the 

number of connections each species has (degree). Note that these are not the most important 

species in these networks, but those that participated in flocks along the whole elevational 

gradient. See Figure S9 for comparison. 



Figure A9. Network interactions of species that were found in more than 25 flocks (30 species), 

showing changes in association strength with elevation among the most common participants in 

flocks. Links between pairs of species (grey lines) are proportional to the association strength 

and the size of the nodes is proportional to the number of connections each species has (degree).  

A higher evenness in species degrees in high elevation networks is noticeable. Note that different 

species (out of the 30 most common) might be present in different networks, and thus they are 

not depicted in the same order. 
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Appendix 2 

Null models for network-level metrics 

Null models were constructed to allow for comparison of observed network metrics and network 

metrics expected by random flocking assemblages. I largely followed Farine (2017)’s 

recommendations and used pre-network permutation models. An overview of how I constructed 

the null models and tested for significance of network-level metrics and elevation effects is 

depicted in the figure below.  



Pre-network permutations were originally proposed by Bejder et al. (1998)  and designed for 

data observations collected the ‘gambit of the group’ approach, where individuals are recorded as 

occurring in a group and all individuals recorded are assumed to be potentially associated with 

each other. In pre-network permutation models, single observations of two individuals observed 

in different groups are swapped. In my study, this would mean that species A that occurred in 

flock 1 now occurs in flock 2, whereas species B that occurred originally in group 2, now is 

found in flock 1. The main strength of this approach is that it preserves the number of times 

species are detected (species incidence) and the number of species per flock. I decided on 

constraining these two properties of the flocks because they largely result from differences in the 

nature of species. Species incidence, for instance, will depend on the relative abundance of the 

species and thus will limit the probability of having detected that species. Not constraining 

species incidence might create unrealistic networks and obscure elevation effects. Similarly, I 

decided on constraining flock size (i.e. the number of species per flock) for two reasons. First, I 

had already standardized the effort by eliminating non-comparable flocks. Secondly, the average 

number of species per flock did not vary across elevations (see Results: Flock richness and 

composition). 
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