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Supplementary Figure 1: Parametrization of the interaction matrix.
The parametrization of the interaction matrix w;; = vB;;/ k‘f allow us to
consider different scenarios: A) Mean field case (6 = 0) where there is no
trade-off between species mutualistic strength and species degree; B) Aln-
teraction strength-degree trade-off (0 = 0.5), where a weak w;; term is asso-
ciated with a strong wj; term (e.g. a strong dependency of the plant on the
pollinator and a weak dependency of the pollinator on the plant); C') Posi-
tive strength-degree relation (6 = —0.5), where we set a positive correlation
between species interaction strength and degree.
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Supplementary Figure 2: Localization in mutualistic networks: posi-
tive strength-degree relation. Comparison between I PR (v; in red, u;
in blue and wy in green) of empirical pollinator networks with respect to
null model 1 (1000 realization) for § = —0.5.
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Supplementary Figure 3:

strength-degree trade-off. Comparison between I PR (v in red, u; in

blue) for each of the 59 empirical pollinator networks (horizontal solid lines),

and Box-Whisker plots for the I PR of the 1000 networks generated through

the null model 1 (6 = 0.5).
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Supplementary Figure 4: Localization in mutualistic networks: mean
field case. Comparison between I PR (v; in red, u; in blue) for each of the
59 empirical pollinator networks (horizontal solid lines), and Box-Whisker
plots for the I PR of the 1000 networks generated through the null model 1

(6 =0). 3
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Supplementary Figure 5: Localization in mutualistic networks

tive strength-degree relation. Comparison between /PR (v; in red, u;

in blue) for each of the 59 empirical pollinator networks (horizontal solid
lines), and Box-Whisker plots for the /PR of the 1000 networks generated

through the null model 1 (§ = —0.5).4
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Supplementary Figure 6: Effect of localization to stability: strength-
degree trade-off. Comparison between A; for each of the 59 empirical
pollinator networks (vertical red solid lines), and probability distribution
(PDF - y axis) of A" (z axis) obtained from 1000 networks generated
through the null model 1 (§ =0.5). 5
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Supplementary Figure 7: Effect of localization to stability: mean-field
case. Comparison between A; for each of the 59 empirical pollinator net-
works (vertical red solid lines), and probability distribution (PDF - y axis) of
A7 (x axis) obtained from 1000 networks generated through the null model
1(6=0). 6
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Supplementary Figure 8: Effect of localization to stability: positive
strength-degree relation. Comparison between A; for each of the 59 em-
pirical pollinator networks (vertical red solid lines), and probability distribu-
tion (PDF - y axis) of A}*" (z axis) obtained from 1000 networks generated
through the null model 1 (6 = —0.5).7
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Supplementary Figure 9: Localization in mutualistic networks:
strength-degree trade-off. Comparison between /PR (v in red, u; in
blue) for each of the 59 empirical pollinator network (horizontal solid lines),
and Box-Whisker plots for the I PR of the 1000 networks generated through
the null model 2 (6 = 0.5). 8
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Supplementary Figure 10: Localization in mutualistic networks: mean
field case. Comparison between I PR (v; in red, u; in blue) for each of the
59 empirical pollinator network (horizontal solid lines), and Box-Whisker
plots for the /PR of the 1000 networks generated through the null model 2
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Supplementary Figure 11: Localization in mutualistic networks: posi-
tive strength-degree relation. Comparison between I PR (v1 in red, u; in
blue) for each of the 59 empirical pollinator network (horizontal solid lines),
and Box-Whisker plots for the I PR of the 1000 networks generated through
the null model 2 (6 = —0.5). 10
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Supplementary Figure 12: Effect of localization to stability: strength-
degree trade-off. Comparison between A; for each of the 59 empirical pol-
linator network (vertical red solid lines), and probability distribution (PDF -
y axis) of A" (x axis) obtained from 1000 networks generated through the
null model 2 (6 = 0.5). 11
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Supplementary Figure 13: Effect of localization to stability: mean-
field case. Comparison between A; for each of the 59 empirical pollinator
network (vertical red solid lines), and probability distribution (PDF - y axis)
of A7*" (z axis) obtained from 1000 networks generated through the null
model 2 (6 = 0). 192
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Supplementary Figure 14: Effect of localization to stability: positive
strength-degree relation. Comparison between A; for each of the 59 em-
pirical pollinator network (vertical red solid lines), and probability distribu-
tion (PDF - y axis) of A7*" (x axis) obtained from 1000 networks generated
through the null model 2 (6 = —0.5).13
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Supplementary Figure 15: Weighted vs - binary degree distribution.
The degree of localization depends on the distribution of strengths and not
on degree distribution. The left panel shows the degree distribution for a
random (blue line) and a scale free network (red line). The middle panel
shows the strength distribution of the random (blue) and the scale free (red)
cases, whereas the last panel shows the corresponding IPR distributions. The
anti-nested weights distribution for the scale free network result makes the
random network to have a larger IPR than the scale-free network.
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Supplementary Figure 16: Sensitivity of the results to different type of
perturbations. Effect of the localization on the asymptotic amplitude .A; of
the simulated perturbation £z and {p (with respect to Null Model 2). In most
of the cases the perturbation amplitude is attenuated and the attenuation
increases for increasing community size. Results are for 7o(S) = ¢(6)S™! (see
Supplementary Figure 1).
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Supplementary Figure 17: Correlation between eigenvector compo-
nents. Spearman correlation test between leading eigenvectors {wy,u;},
and {uy, vi}. The solid line has been calculated through a non linear fit az?®.
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Supplementary Table 1: Correlations between network topological
and spectral properties under NM1. Correlations p(z,y) measured
using Spearman Rank Test (for parametrization § = 0 using Holling Type I
model with a=40 and =0.05). rI PR refers to null model 1

p(z,y) T Y P — value

~ 0298 | C-S| rIPR[u] 0.02

~ 0249 | C-S | rIPR[v] 0.05

~0814 | S | rIPRw] | <10~
~ 0.697 S | rIPRlv,] | <107
~ 0.807 S | rIPRwy] | <107*
~ —0.769 S Ay <107
~0.664| C | rIPRw] | <10
~—0571| C | rIPRv] | <10
~—0671| C |rIPRlwy]| <10
~ 0.806 C Ay <10~
~0.761 | o | rIPRw] | <10
~0628 | o> | rIPR[vy] | <107
~—0477 | M\ Ay <10
~0.677 | A | rIPR[w] | <107
~0.660 | A\ | rIPR}v] | <107
~0.635 | A\ |rIPR[wy]| <107*
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Supplementary Table 2: Correlations between network topological
and spectral properties under NM1. Correlations p(z,y) measured
using Sperman Rank Test (parametrization 6 = —0.5 and ~y = 0.005 - model
independent parametrization).

p(x,y) x y | P —wvalue
~ 0.33 | Degree k| | u; 1074
~ 0.62 | Strength [s] | u; 1077
~ 0.58 | Degree k| | vy 1071
~ 0.63 | Strength [s] | vy 1077

Supplementary Table 3: Correlations between network topological
and spectral properties under NM2. Correlations p(z,y) measured
using Spearman Rank Test (for parametrization § = 0.5 using Holling Type
I model with a=40 and =0.05). rI PR refers to null model 2.

plx,y) | = Yy P —value
~ 0207 | S | rIPR[u,] 0.128
~0200 | S| rIPR}v)] | 0114
~0.200 | S | rIPR[wg] 0.128
~ —0.338| S Ay 0.009
~ —0.152 | C' | rIPR[u,] 0.251
~ —0215 | C' | rIPR[v/] 0.101
~ —0.192 | C' | rIPR[wg] 0.143
~ 0.806 | C Ay <10
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Supplementary Methods

1 Empirical Data and Parametrization using
Holling Type I model

Data sets of empirical mutualistic networks used in this work are taken from
the Interaction web database and include both insect-flowers and plants-seed
dispersal communities (https://www.nceas.ucsb.edu/interactionweb/). We
denote the number of animal pollinators by A, and the number of flowers
and plants by P (S = P + A is the total number of species in the commu-
nity). Data are displayed in form of adjacency matrices B indicating presence
(B;j=1) or absence (B;;=0) of interactions among species. A possible path
to build the community matrix (that we need to study the stability of the
system - see Methods in the main text) is to use a specific model for the
species population dynamics (i.e. Holling Type I or Holling Type II) (1),
and compute the S x S community matrix ¢ describing the ecological com-
munity dynamics around one of its stationary stable points. In this case
¢ will depend on both the interaction weights (or strenghts) w;;, and the
species biomass at equilibrium x*. As interaction weights are unknown from
the data, we parametrize the matrix W describing the interaction strengths
so to explore different kinds of ecological scenarios. Specifically we set (as-
suming no inter-species competition):

Wi — Y0Bij/k; ifi€ Aand j e P
YV —dioff  otherwise,

where k; is the degree (number of mutualistic partners) of species i, 7o
is the basal mutualistic strength, ¢ is the Kronecker delta, while d; de-
scribes the species ¢ self-limitation effect (for simplicity here we set d;=1
Vi=1,..,5 and vy = 1.). 6 € [0, 1] sets the relationship between mutualistic
interaction strength and species degree, and we have investigated different
parametrizations corresponding to different ecological scenarios (see Supple-
mentary Figure 1): A) Mean field case (6 = 0) where there is no trade-off
between species mutualistic strength and species degree (2; 1)); B) Interac-
tion strength-degree trade-off (§ = 0.5), where a weak w;; term is associated
with a strong w;; term (e.g. a strong dependency of the plant on the pol-
linator and a weak dependency of the pollinator on the plant) (3; 4); C)
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Positive strength-degree relation (6 = —0.5), where we set a positive cor-
relation between species interaction strength and degree (corresponding to
the structure that optimize species population abundance (1)). The latter
scenario is analyzed in detail only in this document. If we model species pop-
ulation dynamics using an Holling Type I (HTI) model, then the elements of
the community matrix ® will simply be

<Z5ij = 13? * Wij, (Sl>

where x* is the vector denoting the stationary species population abundances
for the mutualistic community under analysis. We set x; ~ I'(z|a,b), i.e. a
random variable drawn from a Gamma distribution with a shape parameter
a and a scale parameter b. Indeed, it has been shown that the Gamma
distribution is generally a very good distribution to model the stationary
species abundance in ecological community (5). We note that the mean and
the variance of the species population abundance within a community are
respectively (z*) = ab and o}. = ab®. If we denote by o7 the variance of
the off—diagonal elements of the matrix ®, then by appropriately playing
with the parameters we may have two very different scenarios: a) o2, >
0'3), i.e. the variability within the diagonal elements of ® is much larger
than the variability of the off-diagonal elements; b) o2, < 03), where the
opposite is true. In the next section will we show that in the first case, being
the community matrix diagonally dominant, both ® and ®,,, (for any null
model - see Methods section in the main text and section 3) are trivially
localized. On the other hand, in scenario b), the whole topological structure
of the interaction network matters, and this is the case we are interested in.
Accordingly we set a = 40, b = 0.025. Using this parametrization, for a
fixed ¢ the stability and reactivity of ecological communities depends on the
species self-limitation d. We note that for any given -y it is always possible
to find an appropriate d so that ® has all negative real parts eigenvalues
without affecting the structure of the leading eigenvectors corresponding to
the eigenvalue with the largest real part A; (see Methods in the main text).

1.1 Weighted Empirical Network

Regarding the empirical networks, we have used only binary interactions
networks, as what is actually measured in weighted empirical networks are
the number of visits between pollinators and plants species, and not the in-
teraction strengths. In order to transform species visits data in interaction
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strengths, there is a non trivial and not unique theoretical machinery to use.
In fact, the available weighted data on mutualistic interactions are based on
counting the number of visits. This matrix of visits reflects the structure of
the actual interaction network, but the actual interaction strength are not,
at least in principle, simply related to the frequency of visits. Obtaining
the interaction strength from these visitation data can be still considered
an open problem and cannot be solved in an assumption-free setting (6).
Different approaches and assumptions could correspond to very different in-
teraction patterns (7; 8), that reflects in a non-trivial way on localization.
The approaches we followed in the manuscript are based on very mild and
controllable assumptions. Therefore, to avoid adding unnecessary complex-
ity and uncertainty to the outputs of our study, we have preferred the line of
using binary interaction matrix (called B) with a classical parameterization
(9; 10; 11) that allows the exploration of several different ecological scenarios.

2 Random Matrix Approach

In order to test the generality of our results, we also perform the analysis
presented in the main text (where ® is built as described in the section
above), also using a minimalist general theoretical framework independent
of any specific dynamics (i.e. Holling Type I or Holling Type II) (12; 13).
In this case we directly compute the S x S community matrix ¢ from the
adjacency matrix B by using a random matrix approach (12; 13). Specifically
we set
. /YOBz]/kf 1f2€Aand]€P
i = { —d;0f;  otherwise,

where this time both d; and 7, are random variables (e.g. Gaussian) peaked
around d and 7, respectively.

We found that results for this case are qualitatively the same of those
obtained by calculating the community matrix through an HTI model.

3 Null Models

All results are compared to two corresponding null models, so to understand
the net effect of the network architecture on the stability of the mutualistic
ecological communities.
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3.1 Null Model 1

In the main text, all results refer to Null Model 1, where the random commu-
nity matrix ®,, (see Methods in main text) is built by assigning at random
the same number of links observed in the corresponding real mutualistic
network, while keeping the network connected. In this way we have one re-
alization of the random adjacency binary matrix B,,,. For each empirical
matrix we generated 1000 randomized matrices. We then achieve ®,,, as
described for real empirical networks in section 1.

3.2 Null Model 2

Randomizations with fixed degree distribution. We randomize the networks
conserving exactly the degree distribution (i.e. the row and column sum of
the bipartite block of the binary incidence matrix). For each empirical matrix
we generated 1000 randomized matrices using the curveball algorithm (14).
The algorithm is based on random moves that swaps the links in the net-
works conserving the degree and require to specify the number of moves
after which the randomization is consider completed. In the original algo-
rithm the authors suggested to run the simulation for at least 5*min(P,A)
times (S = P + A is the total number of species in the community), but we
ran them for 100*min(P,A) times to guarantee the convergence.

4 Detailed Results on Localization and its Ef-
fect on Perturbations Propagation.

In this section we present the localization patterns for each empirical net-
works and their effect on the asymptotic perturbation amplitudes compared
to networks generated by null model 1 (as shown in main text and here
in section 5) and null model 2, which generates networks with localization
patterns similar to those observed in empirical pollinator networks. Follow-
ing the methods section presented in the main text, vi, u; represent the
leading right/left eigenvector corresponding to Aq, the eigenvalue of ® with
the highest real part. wy is the leading eigenvector corresponding to g,
the highest eigenvalue of the symmetric reactive matrix (H = (® + ®7)/2).
We measure the localizatoin using the inverse participation ratio IPR (15),

ie., IPR = Zle ql(i)4/(2f:1 q1(7)%)?, where q; = vy, u; or wy. In par-
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ticular, we identify localization patterns by computing the rI PR, i.e. the
ratio between the I PR of each real empirical network and the I PR of the
corresponding random null model: rIPR; = IPR;/(IPR!*"). The aver-
age (-) is taken among 1000 realizations of ®,,,. If rIPR is significantly
larger than one, then the system is localized. Otherwise we say that the sys-
tem is not localized. Finally the amplitude associated with the asymptotic
propagation of the perturbation through the ecological network is defined as
Ay = (uy-&)/(vi-uy) (see Eq. (1) in the main text and methods section).
In all cases we set d = 1, and we chose the parameters of the Gamma dis-
tribution so to have an average species abundance of () = 1 and variance
o; < o (in particular we set a = 40, b = 0.025 and 7 = 1). We thus obtain
59 community matrices ® (one for each empirical pollinator network) for each
of the three different ecological scenarios 6 = 0.5, § = 0. and § = —0.5.

4.1 Null Model 1

As shown in Figures S2, localization patterns for 6 = —0.5 are qualitatively
the same of those presented in the main text (Figure 2a-c) for 6 = 0 and
0 =0.5.

Figures S3-S5 show the statistics of the localization patterns for each of
the 59 networks and for different parametrizations through the Box-Whisker
plots. The ends of the whiskers represent the minimum and maximum,
whereas the ends of the box are the first and third quartiles and the white bar
denotes the median. Single points represent outliers realizations. We finally
study the effect of localization of the attenuation of the asymptotic amplitude
A;. For each of the 59 networks, and for the different parametrization we
calculate A; and compare it to the distribution of A7*" for 1000 random net-
works generated by null model 1. As Figures S6-8 show, localization indeed
attenuates the perturbation amplitude (A; < A7*).

4.2 Null Model 2

As already shown in the main text, null model 2 generate most of the times
random networks that have similar localization patterns to those observed
in empirical pollinator networks. These results suggest that it is the het-
erogeneous degree distribution of empirical systems (16) the responsible of
their higher localization: once we constraint the degree distributions to be
fixed, then null model 2 generates very similar localization patterns of those
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observed in empirical mutualistic networks. Nodes weighted degrees (or
strength s; - see below) also play a crucial role. In fact, a network with binary
core-pheriperhy structure, but having anti-nested distributed weights (8), will
not be localized because, contrarily to its degree distribution, the weighted
degree distribution will be homogeneous (see section below). Also in this case
we study the effect of localization of the attenuation of the asymptotic am-
plitude A, for each of the 59 networks, and for the different parametrization
we calculate A; and compare it to the distribution of A7*" for 1000 random
networks generated by null model 2. As Figures S12-14 show, as a conse-
quence of the fact that the null mode 2 generate similar localization patterns
to those observed in real data, then we find no significant attenuation of the
asymptotic amplitude (A; =~ A7*").

Figures S9-S11 show the statistics of the localization patterns for each of
the 59 networks and for different parametrizations through the Box-Whisker
plots with respect null model 2. Only very few empirical networks are local-
ized with respect this null model.

Finally we test if the correlation between the r/ PR calculated through
null model 1 and the network topological properties shown in the main text
(Figure 4) and Table 2, still hold when we calculate the r/PR using null
model 2. As Supplementary Table 3 shows, we found that the correlations
between rIPR (calculated through null model 2), size S and connectance
C are now not significant, and thus we can conclude that it is indeed the
heterogeneity in the weighted degree distribution the key structural aspect
of ecological networks that is related to localization.

5 Crucial role of the strength distribution.

In this section we show that, when considering weighted networks, what
determines localization of the leading eigenvector(s) is not necessarily the
degree distribution, but rather the distribution of nodes strengths (s; =
> jwij). We consider two different networks: a random networkk (Erdos-
Renyi (17)) and a scale-free (Barabasi-Albert (18)) network, with same size S
and number of links L. The second network is much more nested (as a conse-
quence of its heterogeneous degree distribution) than the first one. However,
we arranged the weights in such a way that the random network has a larger
variance in the strengths with respect to the heterogeneous network. We call
anti-nested(8) this arrangement of weights (the binary matrix is nested, while
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the weighted matrix is less nested than its random counterpart). In this case
the scale-free nested network displays a lower localization than the random
network (i.e. a network with random connection and weights drawn from
the same distribution). An example of this result is shown in Supplementary
Figure 15.

6 Results for different type of perturbations.

We here present here the results of the effect of localization on stability (in
terms of the asymptotic amplitude of the perturbation A;) for two type of
perturbations: a) A noise &p that is independent of species characteristics.
In particular, we model {p as drawn from a normal distribution AV (1,(). b)
A noise g that is species dependent, i.e. proportional to each of the species
degree (£p(i) o k;&p(i)). For simplicity, in this and in the following sections
we used the model independent parametrization (see section 2). Results are
robust with respect to different parametrizations of the community matrix.

7 Which species are more localized?

In this section, we study the topological properties of the nodes (species)
which have the largest components of the eigenvectors. To accomplish this,
we quantify the number of localized species by setting a threshold 6 (node
i is localized if vy(i)(u1(i)) > 6) and look at the centrality properties of
these nodes. The centrality of a node, is a measure that assigns a given
"importance” to that node in the network (17). There are several ways to
denote this importance. The simplest one is the degree centrality k;, the
number of connections that a node ¢ has. But one may want to consider also
“the quality” of the neighbors of a given node, not just its number. Then the
eigenvector centrality has been introduced (17), where the centrality of node
i is given by the i-th component of the principal eigenvector (i.e. relative
to the maximum eigenvector of the graph matrix). We set 6 = 1.5/ V'S
(v1(i) ~uy(i) = 1/ would correspond to the extended, non localized case).
We also compute the PageRank (PRC) measure, which is used by the Google
web search corporation as a central part of their web ranking technology (17).
We note that all the centrality measures are calculated on the symmetric
(binary) adjacency matrix, and thus do not depend on the parametrization
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of the ecological networks. In all cases we find that the localized nodes are
on average the most central nodes of the networks, i.e. nodes belonging to
the core of the core-periphery (nested) structure of the mutualistic species
interaction networks. These results suggest that the peripheral nodes, i.e.
the specialized species, are more “protected” by perturbations affecting the
system dynamics. The full statistic of the correlation among these quantities
for the parametrization 6 = 0. can be found in Table 1 (results for § = —0.5
are qualitatively the same - see Table 2).

Both pair of vectors {wpy,u;} and {uy, vy} are strongly correlated (see
Supplementary Figure 17), indicating the ability of the network to contain
the spread of the perturbation within the network, i.e., those species that
are more affected by the perturbation at time ¢t — 0" (components ¢ with
large wy (7)), are those (or very close) to those that are most hit by the
perturbation asymptotically (components ¢ with large u4(7)), that in turn
are those species that are most affected asymptotically by the perturbation
after its spread through the network (components i with large vy (7)).
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