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data, we included sampling method as a predictor variable in our
analyses (see below).

EMPIR ICAL PHYLOGENETIC TREES

Plants

Plant phylogenies were built using Phylomatic (see http://phylodiver-
sity.net/phylomatic; Webb & Donoghue 2004). Phylomatic is an
online interface to retrieve a phylogeny based on a user-defined set of
plant species taxonomic names. Branch lengths were estimated for the
master plant phylogeny using the branch length adjustment algorithm
(BLADJ) in the software PHYLOCOM (Webb, Ackerly & Kembel
2008), which fixes a set of nodes in the tree to specified ages and
evenly distributes the ages of the remaining nodes. We used node age
estimates from Wikstrom, Savolainen & Chase (2001) as incorporated
in the ‘ages’ file in the Phylocom installation. The tree file we used
to run the bladj command in Phylocom is provided in multiple
formats in Appendix SB. See the master plant phylogeny in
Appendix SB, on Figshare.org (http://figshare.com/articles/Ani-
mal_and_Plant_Phylogenies/1015787), and in Dryad (see Data acces-
sibility section). We pruned the master phylogeny for each network.

Pollinators

For pollinator phylogenies for the unpublished Canadian networks we
built a master phylogeny of all animal pollinators across all networks
in the study in Mesquite v.2.75 (Maddison & Maddison 2011), based
on a variety of published phylogenies. We then pruned the master
phylogeny for each network. Pollinator phylogenies from Rezende
et al. (2007) were built using a variety of sources (see Rezende et al.
2007 for details). No information on branch lengths was available for
pollinator phylogenies, so we assumed all branch lengths equalled
one time unit. See the master plant phylogeny in Appendix SB, on
Figshare.org (http://figshare.com/articles/Animal_and_Plant_Phyloge-
nies/1015787), and in Dryad (see Data accessibility section).

NETWORK STRUCTURES

We calculated three measures of network structure for each of the
mutualistic networks: connectance, nestedness and modularity. Con-
nectance is the proportion of possible interspecific interactions that
are realized. Nestedness quantifies the degree to which specialists tend
to interact with a subset of the species with which generalists interact.
Nestedness was calculated using NODF, a robust algorithm, insensi-
tive to network shape and size. Nestedness values range between 0
and 100; greater values indicate greater nestedness. Modularity (M)
measures the extent to which a network is organized into clearly
delimited modules. We used a modularity-detecting algorithm, which
maximized modularity using simulated annealing (SA) implemented
in the command line function netcarto_cl in the C program Rgraph
(Guimera & Amaral 2005a,b).

TREE SHAPE METRICS

There is a large suite of metrics used to quantify phylogenetic diver-
sity of trees (Cadotte et al. 2010). We chose to go with metrics that
are traditionally used to quantify tree shape (sensu Mooers & Heard
1997), that quantify complementary aspects of tree shape, and quickly
convey information about a phylogeny. One of the most widely used

metrics to quantify tree balance is Colless’ index (Ic), as it often has
the highest statistical power (Mooers & Heard 1997). A smaller value
of Ic suggests that speciation is balanced across the clades, while a
higher value of Ic suggests speciation differs among clades (trees are
more unbalanced; Fig. 1). Values of Ic can range between !∞ and
+∞. For the distribution of nodes in time, the gamma index (c) is
widely used and considered the most reliable. c describes the distribu-
tion of internode distances from the root to the tips. c values equal to
zero indicate that speciation events occur more or less midway
through the evolution of the tree; values greater than zero indicate
that nodes are closer to tips than expected (indicating recent specia-
tion events), while values smaller than zero indicate that nodes are
closer to the root than expected (indicating ancient speciation events;
under a pure birth process, in which births are constant and there are
no deaths). As we did not have branch length data for animal phylog-
enies, we only calculated Ic of shape for animal data, while we calcu-
lated both Ic and c for empirical plant data and simulation data
(below).

SIMULATED TREES AND NETWORKS

Although empirical data are crucial in examining real-world relation-
ships between tree shape and interaction network structure, the
explanatory variables (our two tree shape metrics) cannot be manipu-
lated. That is, the relationship based on empirical networks can only
be assumed to be correlational, leaving open the possibility that other
variables correlated with tree shape are responsible for the

Colless’ tree balance - Ic

DistribuƟon of node ages - γ

Values < 0
Ancient speciaƟon

Values > 0
Recent speciaƟon 

Smaller values
More balanced

Larger values
More unbalanced

Fig. 1. Two measures of tree shape. Tree balance is quantified using
Colless’ tree balance metric (Ic), while the distribution of node ages is
quantified using gamma (c). Smaller values of Ic represent more bal-
anced trees, while larger values represent more imbalanced trees.
Smaller values of c represent trees with nodes on average closer to
the root, while larger values represent more trees with nodes on aver-
age closer to the tips.
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FIGURE 2. How a phylogeny error involving a sin-
gle taxon can affect the eigenvectors of a phylogenetic 
relationship matrix. Movement of the taxon within a 
clade has less of an impact on the eigenvectors than does 
movement across the root. 

the lengths on the phylogeny or the weights 
associated with that bifurcation event. For a 
starlike phylogeny (Fig. 3, top), the G matrix 
will be the identity matrix (I), with all eigen-
values of roughly equal size (1). For other 
phylogenies, eigenvalues corresponding to 
deeper splits in the trees (nearer the root) 
will be larger than those for splits nearer the 
tips of the tree (Piazza and Cavalli-Sforza, 
197 4). Thus, a phylogeny with one deep split 
followed by many more recent speciation 
events (e.g., Fig. 3, bottom) will result in a G 
matrix with two large eigenvalues (reflecting 
the two sides of the most ancient split) and 
several smaller ones (corresponding to the 
more recent splits). When there is a marked 
difference between large and small eigenval-
ues, most of the expected similarity between 
interspecific data is explained by the deepest 
splits on the tree. 
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FIGURE 3. Distribution of eigenvalues obtained for 
two phylogenies with the same topologies but dramat-
ically different branch lengths. The sum of the inverse 
eigenvalues can be used as a relative index of the ex-
pected independence of taxon phenotypes. 

How SIMILAR Is SIMILAR? 

Matrices are complex structures, and it is 
not obvious how to compare them. In gen-
eral, the distribution of eigenvalues lies on a 
continuum, and there are several indices that 
could be used to describe the location of any 
specific G matrix on that continuum. For ex-
ample, if the sum of the inverse eigenvalues 
of the G matrix is close to the total number 
of taxa in the study (n), the relationship ma-
trix resembles that for a star phylogeny. In 
this case, the results of a PCM using this phy-
logeny are unlikely to differ much from those 
of a nonphylogenetic analysis. When the sum 
of the inverse eigenvalues is larger (e.g., n2), 
measures of extant taxa are expected to be 
very similar to each other because of shared 
phylogenetic history, and incorporation of 
the phylogeny is likely to have a far greater 
impact on the results of PCM analysis. 

This sort of index, however, will be most 
useful in comparing phylogenies with dif-
ferent branch lengths and does not capture 
possible variation in the phylogeny matrix 
eigenvectors (which summarize the topolog-
ical structure). Sometimes, differences in the 
eigenvalues and eigenvectors will also in-
teract. For example, smaller perturbations in 
the phylogenetic topology will have a greater 
impact on the eigenvectors and eigenvalues 
of the relationship matrix if the phylogeny 
has a highly dependent structure (i.e., with 
long branches near the root of the tree) than 
will similar perturbations if the phylogeny is 
more independent (i.e., with long branches 
leading to the extant taxa). 

Although several randomization proce-
dures for comparing matrices are available 
(e.g., Smouse and Long, 1992; Legendre et al., 
1994; Phillips and Arnold, 1999), none of 
these seems fully adequate to the task of 
comparing phylogenetic relationship matri-
ces for use with PCMs. Because of similarities 
among all relationship matrices, we expect 
any two phylogenies to share some aspects 
of their matrices simply because they are 
phylogenies. Thus, simply shuffling the ele-
ments along the rows or columns of a matrix 
may not be adequate. For example, Phillips 
and Arnold (1999) recently developed ran-
domization tests to compare genetic rela-
tionship matrices using the Flury hierarchy. 
Their procedure involves sequentially deter-
mining whether two matrices have common 
principal components, are fully proportional, 
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distance from root to tips equals 1. The 
diagonal elements of G are 1 because each 
taxon shares all of its evolutionary history 
with itself. 

For a star phylogeny, the G relationship 
matrix is the identity matrix, I, with diag-
onals of 1 and off-diagonals equal to 0. Off-
diagonals are 0 because taxa in the study have 
shared no phylogenetic history beyond the 
root. Thus, unless the G matrix differs sub-
stantively from the identity matrix, PCMs are 
likely to yield results very similar to those 
obtained using a nonphylogenetic analysis. 
Similarly, whether errors in the phylogeny or 
in the underlying model of phenotypic evo-
lution are likely to affect the results of a PCM 
depends on the differences between the true 
G and the available, but erroneous, G. Phy-
logenetic errors that result in only small dif-
ferences between the two matrices are less 
likely to have a major impact than are errors 
resulting in major differences. 

PHYLOGENY RELATIONSHIP MATRICES 

As pointed out by Piazza and Cavalli-
Sforza (197 4), all phylogeny relationship ma-
trices have a distinctive block-type structure 
(Fig. 1) imposed by the bifurcating nature 
of the phylogeny. We can use this blocklike 
nature to compare phylogeny matrices on a 
common and evolutionarily relevant scale. 
Each bifurcation in the phylogeny, beginning 
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Y=1 2 1 4 
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Eigenvalues 

1.7 
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A B c D 
A 0.0 0.0 
B 0 0.0 0.0 
c 0.0 0.0 1.0 0.3 
D 0.0 0.0 0.3 1.0 

Eigenvectors 
A B C D 
0.7 0.7 0.0 0.0 
0.0 0.0 0.7 0.7 
0.0 0.0 0.7 -0.7 
0.7 -0.7 0.0 0.0 

FIGURE 1. The blocl<like nature of a phylogeny re-
lationship matrix (G) and how that matrix can be de-
scribed by its eigenvectors (T) and eigenvalues (J.., such 
that T'J.. T = G). X and Y are fictitious phenotypic mea-
sures of the four taxa used for an example in the text. 

at the root, splits the descendant taxa into two 
subclades. Because each row of the G matrix 
corresponds to the expected similarity be-
tween a subject taxon and every other taxon 
in the phylogeny, the bifurcating split at the 
root of the phylogeny splits the G matrix into 
four blocks. The upper left block of the G 
matrix corresponds to expected similarities 
between taxa within the first subclade (AB; 
Fig. 1), and the lower right block corresponds 
to expected similarities between taxa within 
subclade CD. The upper right and lower left 
correspond to expected similarities between 
taxa across the two subclades (e.g., between 
AB and CD) and are (for most PCMs) scaled 
to 0 for this initial bifurcation at the root of 
the tree. Each subclade is defined by a set of 
common ancestors within the subclade and 
by not sharing common ancestors with taxa 
outside the subclade subsequent to the bi-
furcation event. Thus, further subclade divi-
sions also translate directly into subblocking 
of the G matrix. 

The phylogeny matrix and its hierarchi-
cal blocking structure can be described suc-
cinctly in terms of its eigenvalues and eigen-
vectors. Any n x n relationship (correlation) 
matrix, G, will haven eigenvalues (Ai) and·n 
eigenvectors (Ti) satisfying GTi =Ai Ti. Dif-
ferences in the phylogenetic topology affect 
primarily the eigenvectors, whereas small 
differences in the branch lengths are reflected 
primarily in the distribution of the eigenval-
ues. Each eigenvector (row of the eigenvector 
matrix in Fig. 1) identifies a particular bifur-
cation event on a phylogeny, and the signs of 
the eigenvector entries describe the branch-
ing events that comprise an unordered phy-
logenetic topology (see Piazza and Cavalli-
Sforza, 1974). Some changes in the phylogeny 
structure will have a greater impact on the 
eigenvectors of a phylogenetic relationship 
matrix than will others. For example, move-
ment of a single taxon from one point to an-
other within a subclade (Fig. 2) is likely to 
have less impact on the pattern of eigenvec-
tors than movement of a taxon across the 
root of the phylogeny. Thus, errors in the fine 
branching structure of a phylogeny are likely 
to have less of an impact on the results of a 
PCM than would the erroneous placement 
of a single taxon on the wrong side of the 
root. 

Each eigenvector has a corresponding 
eigenvalue that in a rough sense describes 
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Avaliação

• Documento	dinâmico	(R Markdown)	com	4	itens:
• 1)	pergunta;	

• 2)	análise;	

• 3)	Resultados;

• 4)	breve	discussão	(=	5	linhas	máx)	baseada	em	teoria


