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“Nature uses only the longest threads to weave
her patterns, so each small piece of her fabric
reveals the organization of the entire tapestry. *

Richard P. Feynman
The Character of Physical Law
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Resumo

InteragOes ecologicas positivas — mutualismos - sao uma das principais forcas que
sustentam o0s ecossistemas mais ricos da Terra. No entanto, entender como
mutualismos sustentam a biodiversidade da Terra ¢ desafiador por trés motivos
principais. Primeiro, na natureza, dezenas a milhares de espécies interagem formando
redes mutualisticas. Em segundo, essas interagdes mutualisticas podem dar origem a
pressoes seletivas reciprocas entre as espécies envolvidas, resultando em mudangas
evolutivas reciprocas —i.e. coevolugao. A coevolugao é um processo chave que molda
os atributos de espécies, os quais, por sua vez, mediam como mutualismos influenciam
a principal medida biologica que determina a persisténcia das espécies: a aptidio média
de seus individuos, i.e, a capacidade de sobrevivéncia e se reprodugao dos individuos
de uma espécie. Terceiro, os efeitos da coevolugao na aptidao meédia e persisténcia das
espécies podem se manifestar em diferentes escalas espaciais. Nesta tese, abordamos
esses desafios para entendermos como a coevolug¢ao em redes mutualisticas molda a
aptiddo média e a persisténcia das espécies em diferentes escalas espaciais. Primeiro,
mostramos que, em redes mutualisticas locais, os efeitos evolutivos diretos entre as
espécies podem se propagar e influenciar indiretamente outras espécies na rede. Esses
efeitos evolutivos indiretos dificultam a capacidade das espécies de se adaptar tanto
aos seus parceiros mutualisticos quanto a outras fontes de pressdes seletivas no
ambiente, moldando a aptidio média das espécies. Em seguida, integramos a
coevolucao mutualistica em escala local com a dinamica de colonizacao e extingao de
metacomunidades em uma escala regional. Nossos resultados mostram que a
coevolugao mutualistica local pode homogeneizar os atributos das espécies através da
paisagem, facilitando coloniza¢des, expandindo a distribuigao, e aumentando a
persisténcia mesmo quando as espécies estdo mal adaptadas ao ambiente abiotico
local. Juntos, nossos resultados mostram que a coevolu¢ao em redes mutualisticas é
uma grande forca que molda o a aptidio média e a persisténcia das espécies através de

diferentes escalas espaciais.



Abstract

Mutualistic interactions - ecological interactions with a net positive effect to both
interacting species - are one of the major forces that sustains many of Earth's richest
ecosystems. Yet, understanding how does mutualistic interactions shape Earth's
biodiversity is challenging for three main reasons. First, in mutualistic communities
from dozen to thousands of species interact forming mutualistic networks. Second,
these mutualistic interactions can give rise to reciprocal selective pressures between
interacting species, resulting in reciprocal evolutionary changes - coevolution.
Coevolution is a key process that drive species traits that, ultimately, mediate the net
effect of mutualistic interactions on the main biological currency that determines the
persistence of species: the fitness of its individuals, i.e. the ability of the individuals of
a given species to survive and reproduce. Third, the effects of coevolution on the
average fitness and persistence of species can manifest across different ecological
scales, for instance, across different spatial scales. Here, we tackle these challenges to
understand how coevolution in mutualistic networks shape the average fitness and
persistence of species across different spatial scales. We first show that in local
mutualistic networks the direct evolutionary effects between species can cascade and
indirectly affect other species in the network. These indirect effects hinder the ability
of species to adapt to both mutualistic partners and other sources of selective pressures
in the environment, shaping species average fitness. Then, we proceeded to integrate
mutualistic coevolution at a local scale, with the colonization and extinction dynamics
of metacommunities at a regional scale. Our results show that local mutualistic
coevolution can homogenize species traits across landscapes, facilitating colonization,
range expansions and persistence even when species are maldapted to the local abiotic
environment. Together, our results show that coevolution in mutualistic networks can
be a major force that shape the average fitness and persistence of species across

different spatial scales.



Introduc¢ao Geral

Na natureza nenhum organismo vive isolado de outros organismos. De micro-
organismos, como bactérias que sao parasitadas por virus, até plantas cujos frutos sao
consumidos e sementes dispersadas por vertebrados como aves ou mamiferos,
individuos de inimeras espécies diferentes interagem. Essas intera¢des ecoldgicas
estdo entre as principais forcas que moldam a capacidade de sobrevivéncia e
reprodugao de individuos de uma dada espécie, i.e. a aptidio ou fitness desses
individuos. A aptidio de um dado individuo pode reduzir ou aumentar como saldo
final de interagdes ecoldgicas com individuos de outras espécies. Interagdes que
aumentam a aptidio — definidas como mutualismos — sdo particularmente intrigantes
porque sustentam diversos ecossistemas e moldam a biodiversidade da Terra
(Bronstein 1994, 2015). Por exemplo, as fundac¢des de recifes de corais, um dos
ecossistemas mais diversos na natureza, sao construidas pela simbiose entre corais e
algas unicelulares, cuja fotossintese provem até 95% do carbono e acelera a calcificacao
e o crescimento dos corais (Hay et al. 2004). Da mesma forma, ecossistemas terrestres
sao sustentados por como diversos animais polinizam as flores e dispersam as
sementes de plantas; ou como fungos micorrizicos que estabelecem relacdes
simbiontes com as raizes de plantas aumentam a absor¢ao de nutrientes e a biomassa
vegetal (Wilson et al. 2009). Entretanto, compreender os processos pelos quais
mutualismos sustentam esses ecossistemas e moldam a biodiversidade da Terra é um

grande desafio por trés principais motivos.

Em primeiro, interagdes mutualisticas raramente ocorrem apenas entre duas ou
poucas espécies: em comunidades ecoldgicas, dezenas e até milhares de espécies
podem interagir simultaneamente (Thompson 2006, 2009; Bascompte & Jordano 2007;
Bascompte 2009). Mesmo em uma rapida caminhada em ambientes urbanos ¢ comum
observarmos diferentes espécies de aves que dispersam sementes consumindo os
frutos de diferentes plantas. Ainda, borboletas, abelhas, moscas e outros insetos sao

facilmente avistados visitando as flores de multiplas espécies de plantas. Essas



interagdes multiespecificas formam redes que podem apresentar diferentes padroes de
interacgao e topologias. Nas ultimas décadas, um grande esfor¢o tem sido dedicado a
descrigao dessas diferentes topologias de redes de interagao mutualisticas (Bascompte
& Jordano 2007). Entre os padroes detectados destacam-se o aninhamento, em que as
interacdes de espécies com um ou poucos parceiros (i.e., especialistas) consistem em
um subconjunto das intera¢des de espécies com multiplos parceiros (i.e., generalistas);
a modularidade, em que as interagdes estao concentradas em subgrupos ou modulos,
contendo espécies com muitas interagdes entre si, mas com poucas interagdes com
espécies pertencentes a outros modulos; ou ainda a topologia de centro e periferia, em
que as redes contém dois subgrupos: um subgrupo coeso com espécies altamente
interconectadas — o centro - e um outro subgrupo — a periferia — contendo espécies que
interagem apenas com o centro da rede (Bascompte et al. 2003; Guimaraes et al. 2007;
Olesen et al. 2007; Lee 2016). As diferentes topologias de interagao que sao observadas
na natureza, por sua vez, podem influenciar o saldo final de intera¢des mutualisticas
para populacdes de uma dada espécie (Bascompte & Jordano 2007; Bastolla et al. 2009;
Poisot et al. 2016). Nesse sentido, um primeiro grande desafio consiste em quantificar
como redes de interacao podem influenciar populagdes de mutualistas ao longo do

tempo.

Na teoria ecoldgica, esse desafio tem sido abordado de dois modos distintos.
Por um lado, a variagdo do tamanho populacional de espécies ao longo do tempo — ou
a dinamica ecologica - pode ser favorecido diretamente por como as intera¢des entre
mutualistas beneficiam a aptidio de individuos. Nesse caso, a teoria vigente prediz que
a dinamica ecoldgica em redes mutualisticas que sdo predominantemente aninhadas
favorece a viabilidade, estabilidade e biodiversidade em comunidades de mutualistas
(Bastolla et al. 2009; Rohr et al. 2014; Bascompte & Scheffer 2022). Em tltima instancia,
porém, o efeito de interagdes mutualisticas na aptidio dos individuos depende de seus
atributos, por exemplo, quando o comprimento da probdscide de uma borboleta ou
mariposa se encaixa ao comprimento do tubo floral de uma planta e facilita tanto a

aquisi¢ao de néctar pelo inseto quanto a polinizagao da planta (Garibaldi et al. 2015;



Peralta et al. 2020). Consequentemente, valores de atributos que permitem uma
interacao mais funcional e beneficiam os mutualistas envolvidos podem ser
favorecidos pela selecao natural, o que causa mudangas evolutivas reciprocas nas
populacdes desses mutualistas ao longo do tempo. Essas mudancas evolutivas

reciprocas sao definidas como coevolugao (Janzen 1980; Thompson 2005).

Em mutualismos, a coevolucado é reconhecida como uma das principais forcas
que potencialmente moldam os atributos das espécies (Thompson 2005; Bronstein
2015). Para mutualistas que interagem em pares isolados ha um sélido corpo tedrico
sobre como a coevolugao pode moldar os atributos de espécies. De modo geral, a teoria
vigente prevé que a dinamica coevolutiva favorece a complementaridade de atributos,
resultando em um maior acoplamento nos atributos do par de mutualistas que
coevoluem (Nuismer et al. 1999; Nuismer 2017). Em comunidades ecoldgicas, porém,
multiplas espécies interagem e historicamente essas interacoes tém sido consideradas
“difusas” e com consequéncias imprevisiveis para a coevolu¢ao (Thompson 2005).
Apenas recentemente passamos a compreender que a coevolugao multiespecifica pode
resultar em padrdes que podem ser previstos a partir das diferentes topologias
observadas em redes mutualisticas. Por exemplo, redes aninhadas ou com uma
estrutura de centro e periferia sdao caracterizadas pela presenca de espécies
supergeneralistas, i.e. que interagem com uma grande proporcao das demais espécies
da rede. A coevolucdo na presenca desses supergeneralistas aumenta a
complementaridade entre os atributos de multiplas espécies, o que pode resultar na
convergéncia fenotipica em comunidades mutualisticas (Guimaraes et al. 2011; Birskis-
Barros et al. 2021). A convergéncia fenotipica emerge por como os efeitos coevolutivos
entre espécies que interagem diretamente podem se propagar para outras espécies na
rede (Guimaraes et al. 2011). De fato, redes que sdao predominantemente aninhadas
favorecem esses efeitos evolutivos entre espécies que nao interagem diretamente —i.e.
efeitos evolutivos indiretos — e moldam a dinamica coevolutiva em redes mutualisticas
(Guimaraes et al. 2017). Isso desafia a visao de que em redes mutualisticas a coevolugao

ocorre de modo “difuso”. Pelo contrario, em redes mutualisticas uma combinagao de



efeitos evolutivos diretos e cascatas de efeitos indiretos que se propagam através dos
inimeros caminhos que conectam espécies em redes determinam o resultado da

dinamica coevolutiva.

Esses resultados da dinamica coevolutiva nos atributos das espécies, por sua
vez, podem retroalimentar os efeitos de intera¢des mutualisticas na aptiddo dos
individuos de uma dada populacao e, portanto, na aptidio média de uma dada espécie
(nesta tese referida como aptiddo da espécie). Portanto, em redes mutualisticas a aptiddo
das espécies pode ser moldada por uma combinacao de selecao reciproca entre
espécies que interagem diretamente e pressOes seletivas entre espécies que
indiretamente estao conectadas. Essencialmente, a aptidio de uma espécie é a medida
fundamental que determina a diregao e resultado da dinamica evolutiva, a taxa de
crescimento intrinseca de populagdes, e consequentemente a ecologia e evolugao de
espécies (Lande 1976, 1982; Rice 2005; Orr 2009; Hendry et al. 2018). Nesse sentido,
quantificarmos e mapearmos como cascatas de efeitos evolutivos em redes
mutualisticas retroalimentam a aptidio e a persisténcia de espécies constitui um
segundo grande desafio para compreendermos como mutualismos sustentam a

biodiversidade da Terra.

Os efeitos da coevolugao para a persisténcia de espécies, porém, podem se
manifestar através de escalas ecologicas diferentes: na natureza, os padroes em uma
dada escala podem emergir como resultado de mecanismos que atuam em uma escala
diferente ou através de maultiplas escalas (Levin 1992; Schneider 2001; Chave 2013;
Estes et al. 2018). Entre as diferentes escalas, a escala espacial é reconhecida como uma
das principais determinantes de inimeros processos e padrdes emergentes na ecologia
e evolucao (Wiens 1989; Levin 1992; Estes et al. 2018). De fato, na teoria coevolutiva
vigente, a combinagao entre processos que atuam em escalas espaciais mais refinadas
(i.e. localmente) e mais amplas (i.e. regionalmente) é um fator chave para a explicagao
de padrdes fenotipicos observados através de paisagens inteiras (Thompson 2005). Por
exemplo, um dos resultados mais influentes na teoria coevolutiva, o mosaico geogrifico
da coevolugio, prevé que os efeitos da coevolugao em populagdes de espécies diferentes

6



que interagem em sitios locais podem se manifestar na escala da paisagem por meio
do fluxo génico entre populagdes (Thompson 2005). Nesse caso, o fluxo génico conecta
os regimes de selecao locais e acopla as dinamicas coevolutivas das populagdes no
espaco. Como consequéncia padroes fenotipicos diferentes do que seria esperado
apenas pelos regimes coevolutivos locais se manifestam no espago (Nuismer et al. 1999,
2000; Gomulkiewicz et al. 2000; Lemos-Costa et al. 2017; Medeiros et al. 2018; Fernandes
et al. 2019). Assim, o terceiro grande desafio consiste em compreendermos como os
efeitos da coevolucao local se mapeiam na aptidio e persisténcia de espécies através de

paisagens inteiras.

Nesta tese, dividida em dois capitulos, abordamos esses desafios e estudamos
como a coevolu¢do em comunidades mutualisticas, em que mdultiplas espécies
interagem e formam redes de interacdo, pode moldar a aptidido e persisténcia de
espécies através de diferentes escalas ecoldgicas. No primeiro capitulo, combinamos
modelagem matematica, simulagdes numéricas e dados empiricos para
compreendermos como a coevolugao em redes mutualisticas locais molda a aptidio de
espécies (Cosmo et al., 2023a, no prelo). Para o segundo capitulo, expandimos o escopo
do nosso trabalho para uma escala regional. Nesse capitulo, combinamos modelagem
matematica e simulagdes numéricas para compreendermos como a coevolugao local

pode moldar a persisténcia de espécies em uma escala regional (Cosmo et al. 2023b).



Capitulo 1

Indirect effects shape species fitness in coevolved mutualistic networks

*This manuscript has been accepted for publication in Nature.
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One of the main forces that sustain Earth’s biodiversity are ecological interactions. Yet,
a major challenge in ecology and evolution is to determine how these interactions affect
fitness when we progress from isolated pairwise interactions to entire networks of
interacting species'™. In networks, chains of effects result in indirect effects among non-
interacting species, potentially affecting the fitness outcomes of ecological interactions
(such as mutualisms)>’. Applying analytical techniques and numerical simulations to
186 empirical mutualistic networks, we show how direct and indirect effects determine
changes in the fitness of species coevolving in these networks. Although species fitness
partially increases with the number of mutualistic partners, most of the fitness variation
across species was driven by indirect effects. We found that indirect effects prevent
coevolving species from adapting to mutualistic partners and other sources of selective
pressures in the environment, thereby decreasing fitness. Such decreases are distributed
in a predictable way within networks: peripheral species receive more indirect effects and
experiment higher reductions in fitness than central species. This topological effect was
also evident when we analyzed an empirical study of invasion by honeybees. As honeybees
become integrated as a central species within networks, they boost indirect effects and
reduce the fitness of several other species. Overall, our study shows how and why indirect

effects can govern the adaptive landscape of species-rich mutualistic assemblages.

Fitness — the ability of organisms to survive and reproduce — is the fundamental biological
currency that underlies the ecology and evolution of biodiversity®®. Variation in fitness among
organisms mediates processes and patterns at multiple scales, from the persistence and
evolution of populations to the reorganization and functionality of ecological communities!®,
In nature, much of fitness variation is the outcome of ecological interactions, ranging from
antagonisms to mutualisms*24, Mutualisms are particularly intriguing because some of the

most diverse ecosystems, such as coral reefs and tropical forests, are strongly supported by
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interactions of mutual benefit'®. Mutualistic interactions, by definition, increase the fitness of
interacting individuals and thus can also raise the average fitness across the individuals of a
given species™ (hereafter “species fitness”). Fitness increases may be fueled by reciprocal
evolutionary changes in traits (i.e., coevolution), which in turn may cascade back and further
change species fitness!®. Such fitness-coevolution-trait feedbacks may be altered by
interactions with other species within ecological communities®!"*8, Consequently, species
fitness may evolve through a combination of direct reciprocal selection on each pair of
interacting species and indirect effects mediated by selection acting on species that are not
linked directly as interacting partners>®. Indirect effects, in turn, may create or intensify
conflicting selective pressures, thereby reshaping the adaptive landscape and the distribution
of species fitness within an interaction network>*®. This combination of direct and indirect
effects may pervade most interaction networks among free-living species, where interactions

typically show very low specificity.

Here, we use a combination of mathematical modeling and empirical mutualistic networks to
understand how indirect effects shape species fitness. Our starting point is a classic discrete
time quantitative genetics equation that describes how a continuous phenotypic trait evolves in
response to a selection gradient (Methods)?. In evolutionary biology, the selection gradient
describes the relationship between species fitness and a continuous phenotypic trait by dictating
the strength and direction of natural selection on this trait?®. For mutualistic species, natural
selection can come from at least two distinct sources. First, selection from mutualistic partners
favor complementarity of traits, for instance when the proboscis of a butterfly matches the
length of the floral tube of plants, or in multi-species assemblages, when the plant trait fits
within the range of potential animal partners?*2%, The second selective force comes from all
other sources in the environment unrelated to mutualisms, such as abiotic factors, that favor an

optimal trait value for each species (hereafter “environmental optima)?*2’. Thus, in our
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coevolutionary model we assumed that these two sources of selective pressures comprise the

selection gradient and drive the evolution of a species trait (Methods):

N
7 = 7 + g0 [m z qi(;)(z_j(t) -z)+ A -m)(6; — V) (1
IBEL

Equation (1) relates how the trait of a species (Z;) evolves according to the available additive

genetic variance on the trait (agzi), aswell as the selection gradient outlined earlier, represented
by the other terms in the equation. The first term in the selection gradient, Zj’fjii qi(jt)(z‘j(t) -
z‘i(t)), measures the selective pressures coming from each mutualistic partner j, with each
partner j favoring trait complementarity with a relative strength ql.(jt) (see Methods for details).

In turn, the second term, (Gi - z‘i(t)), describes the component of the selection gradient that
drives the evolution of species traits towards the environmental optima. Other parameters in
equation (1) include m;, which measures the proportional contribution of mutualisms as
selective pressures; and p;, which measures the sensitivity of the selection gradient to the

different values of trait z;.

The selection gradient corresponds to the slope of the relationship between the natural

din

Wi. Therefore, it is possible to integrate

Zi

logarithm of species fitness and mean trait values,

the selection gradient to derive the fitness of each species as a function of trait values. Using

this approach, we derived the fitness function that underlies our coevolutionary model:

1 m; S _
— _ gelTm(g) - a-mo@i-22
-

(2)

Equation (2) represents the fitness of a given species i relative to its theoretical maximum
fitness and describes the relationship between a species’ phenotypic trait (represented by Z;)

and its fitness. Thus, 0 < w; < 1, the upper bound corresponding to the case of species i
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achieving the maximum possible fitness for a species with the same number of mutualistic

partners (Methods).

The function described in equation (2) shows that species fitness depends on two main
components, each representing a different aspect of the fitness landscape. First, it depends on

a mutualistic component in which fitness increases with the average trait matching of species
. _ _\2
across its mutualistic partners, ;—ll Theterms; = Z?’:L i A je‘“(zf‘zi) represents the total trait

matching with all j mutualistic partners, while k; =Z?’=1‘j¢iaij is the total number of
mutualistic partners of species i (a;; = 1 if species i interacts with species j and 0 otherwise).

The parameter a controls the sensitivity of trait matching to differences in the trait values of
mutualistic partners. The second component, represented by (8; — z;)?, describes the squared
distance between a species' trait value and the environmental optimum, 6;. The less distant
species traits are from their environmental optima, the larger fitness is. Therefore, species
achieve the maximum possible fitness (w; = 1) when their traits perfectly match the traits of

all mutualistic partners and the environmental optimum (Methods).

Using the fitness function and our coevolutionary model, we first explored how coevolving in
a mutualistic network affects species fitness. We performed numerical simulations of our
model parameterized with the structure of 186 empirical networks encompassing a wide range
of network topologies and types of mutualisms worldwide (Methods). The coevolutionary
dynamics quickly reached a global stable equilibrium at which traits and, consequently, species
fitness cease to change (Extended Data Fig. 1., Methods). Trait values and species fitness at
equilibrium are analytically predictable even if not all species are guaranteed to survive
throughout the coevolutionary dynamics (Extended Data Fig. 1, Supplementary methods). At
the equilibrium, fitness of species that coevolved in networks varied 5 times more than the

fitness of isolated pairs of coevolved species (SD = 0.025 in networks vs 0.005 in pairs, Fig.
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1a). This increased variation in the fitness of species that coevolved within networks was due
in part to the number of direct partners. Species fitness was higher for species with two or more
direct partners than for species in the network interacting with only one direct partner, leading
to a bimodal distribution of fitness values (Fig. 1a-1b). The larger variability in fitness for
species that coevolve in mutualistic networks still holds under a wide range of scenarios in
which other ecological processes may drive species with low fitness extinct and the extant
species coevolve to a new equilibrium (Extended Data Fig. 2, Supplementary methods).
Furthermore, the bimodality in the distribution of species fitness becomes less noticeable as
extinctions increases, but only disappear under conditions of catastrophic extinctions exceeding
40% of the species within the network (Extended Data Fig. 2, Supplementary methods). The
increase in fitness for species with two or more partners was expected and occurs because a
higher number of partners evens out differences in the contribution of individual mutualistic
partner species to fitness, increasing fitness due to geometric mean effects?®3! (Supplementary
methods). Even so, the effects of the number of partners quickly saturated and poorly explained
the variability in species fitness (Fig. 1b), indicating a potential role of indirect effects in

shaping fitness variation across species.

After having quantified the overall effects of coevolution in networks for species fitness and
identifying the potential importance of indirect effects, we next derived an analytical
approximation that explicitly assesses how indirect evolutionary effects shape the fitness of
species coevolving within networks (Supplementary methods). By combining the fitness
function (equation 2) and the equation for species traits at coevolutionary equilibrium

(Methods), we obtained the following approximation:

W= e_%Qi{mi[((9>_9i)(mi"'Fi)_gi‘l'(Z)]z+ (1-m)(8;—(ON? (m;+F;)?} (3)
;=
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where wy; is the fitness of species i at the coevolutionary equilibrium; (8) represents the mean
environmental optimum across all species other than i in the network; (z) is the average trait
value across mutualistic partners of i; and F; represents the proportional contribution of indirect

evolutionary effects to the evolution of species i.

Our analytical approximation showed that indirect evolutionary effects prevent coevolving
species from simultaneously achieving high trait matching with mutualistic partners and trait
values favored by environmental selection. Thus, the larger the contribution of indirect effects
generated by other species to the evolution of a given species i, the smaller the fitness of i was
(Fig. 2a). Our analytical results also showed that indirect effects are strongly affected by
network structure: indirect effects are minimized if a species is the central species of a network,
whereas peripheral species receive more indirect effects. Consequently, the fitness of
peripheral species is lower than the fitness of central species due to this increased contribution

of indirect effects (Supplementary methods).

The relationship between species fitness and indirect effects was strong and held for numerical
simulations that relaxed the simplifying assumptions of our analytical approximation (Fig. 2a-
¢) and incorporated the network structure of empirical mutualisms. Sensitivity analysis further
indicated that the role of indirect effects in species fitness only substantially weakens when
mutualistic selection is either very weak, very strong, or the environmental optima of species
are very narrowly distributed in the network (m; < 0.1 or m; > 0.9, Extended Data Fig. 3-5,
Supplementary methods). Furthermore, how indirect evolutionary effects shape fitness still
hold even when the species with the lowest fitness become extinct, for instance, because of the
ecological dynamics in the system (Extended Data Fig. 6, Supplementary Methods). Except at
these extremes of m; values then, indirect evolutionary effects may strongly shape species

fitness within coevolving mutualistic networks. These extremes should not be commonly found
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in nature, as we have evidence that (1) the selection imposed on species traits by mutualistic
interactions and other sources in the environment are similar in strength to each other, even for
highly intimate mutualisms (e.g., symbiosis)®?2%; and (2) mutualistic networks are composed
of different organisms, each one with its own life history and developmental constraints. In
turn, species life history and developmental constraint can be radically distinct among species
and shape how traits respond to selection'?. Therefore, our results suggest that indirect
evolutionary effects should have a pervasive role in shaping the fitness of mutualistic species

in ecological communities.

Human activities that homogenize ecological communities can lead to a reorganization of
direct and indirect interactions, ultimately changing the outcome of coevolution and altering
species fitness?’*-*8,_ One important example would be the introduction of a new species into
a network. As a case study, we explored the potential consequences of the reorganization of
direct and indirect effects by the introduction of the European honeybee (Apis mellifera), which
often becomes a central species within pollination networks worldwide®*-42. We first performed
numerical simulations on 73 empirical networks that include A. mellifera (Methods, Fig. 3a)
by first removing it from the network and running the coevolutionary model until it reached
equilibrium. Then, we connected A. mellifera back to the network to simulate an invasion and
evaluated how the fitness of all other native species was affected after reaching a new
equilibrium. This approach allowed us to use our controlled scenario as a theoretical
benchmark. Nevertheless, this certainly represents a simplistic assumption as it neglects the
reduction of number of species, mutualistic interactions, and the potential rewiring of native
pollinators after the invasion. We will relax these assumptions later by considering a field
experiment involving a pollination network before and after the introduction of A. mellifera by

beekeeping practices®.
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Our simulations show that invasive species such as A. mellifera can substantially affect the
fitness of native species (Fig. 3b) and reshape their adaptive landscapes (Fig. 3c). Specifically,
we found that the effects of the invasion differed between species that directly interact with
honeybees and those that do only indirectly. The fitness of the honeybee’s direct partners on
average increased after the invasion (n=10% simulations, Fig. 4a, green histogram bars),
whereas for species indirectly interacting with the honeybee, the overall effect of the invasion
on fitness was negative (n=103 simulations, Fig. 4a, red histogram bars). In our simulations,
the average change in fitness was positive only if the increase in fitness of gaining a new
mutualistic partner (the honeybee) compensated the decrease in fitness caused by changes in
indirect evolutionary effects (Fig. 4b). In contrast, for species that interact only indirectly with
the honeybee, fitness decreased because the invasion increased the contribution of indirect
evolutionary effects to the fitness of these species (Fig. 4c). As our previous results showed,
increasing the contribution of indirect evolutionary effects hinders species fitness because
indirect effects difficult species to adapt at the same time to mutualistic partners and the
environment. These results held for different values of mutualistic selection (Extended Data

Figs. 7-9, Supplementary methods).

However, when A. mellifera invades a network in nature, some native pollinators become
disconnected from the network (i.e., functionally extinct), and those left in the system rewire
interactions and lose mutualistic partners by resource competition®. We explored these
additional consequences using the data from an experimental field study in which the
mutualistic networks before and after the arrival of A. mellifera are available®®. These
simulations showed that the fitness of 68% of the native species decreased after the introduction
of A. mellifera because the honeybee not only increased the contribution of indirect
evolutionary effects, but also reduced drastically the number of mutualistic partners of nearly

all native plant species in the network (Extended Data Fig. 10). Together with our theoretical
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benchmark, these results indicate that mutualistic interactions with an invasive species can
decrease the fitness of most native species in networks through a reorganization of indirect
evolutionary effects. Yet, these negative effects in fitness can be buffered if species are able to
obtain new mutualistic partners with similar effectiveness after the invasion, but the
experimental evidence suggests this would be rarely the case, especially at very high densities

of the invader species®.

Our results highlight that mutualists coevolve in a dynamic “seascape” within which adaptive
peaks can be transient and cause natural selection to push mutualists to lower or higher fitness
points depending on the structure and reorganization of indirect evolutionary effects®.
Specifically, indirect effects resulting from coevolution constrain species fitness.
Consequently, we predict that selection may favor the evolution of lifestyles that reduce the
negative impact of indirect evolutionary effects, especially in species-rich assemblages with
low interaction specificity. Two examples would be specialists and supergeneralists. Regarding
the former, their dependence on mutualistic interactions is so high that it minimizes the
negative impact of indirect evolutionary effects on fitness. Regarding supergeneralists, fitness
is less affected by indirect effects because they rely upon the resources directly provided by
multiple partners, thus maximizing direct effects over indirect ones!8, Furthermore, when such
supergeneralist invade native communities, this may reduce fitness of mutualists through
indirect evolutionary effects, an overlooked outcome of biological invasions. On the other
hand, a generalized effect of environmental drivers (e.g., climate change effects on pollinators)
may deeply influence the sign and magnitude of indirect effects, translating in larger fitness
losses among species. More generally, our results highlight how and why the structure of
ecological networks can govern the fitness, the adaptive landscape, and, consequently, the

persistence of species across Earth’s ecosystems.
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Figure legends

Figure 1 | Coevolution in mutualistic networks increases the variability in species fitness.

a, Histogram showing the distribution of species fitness (rescaled relative to the average) that
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coevolved in a single mutualistic pair (green histogram bars), or within the 186 empirical
networks used to parameterize the model (violet histogram bars). b, When coevolving within
networks, species fitness increased up to a saturation point with the number of mutualistic
partners, but largely varied among species with the same number of partners. Each fitness value
corresponds to the mean value for 108 numerical simulations of our model. In both panels,
fitness values are rescaled relative to the average of each scenario (coevolution in pairs or in
networks) in such a way that zero indicates the average of the distribution in each scenario.
Note that on panel (b) only species coevolving within networks are shown. Parameter values

are as follows: m; = 0.5, UGzzi = 1.0, 0;=0.2, @ = 0.2. 6; and initial trait values were sampled

from a uniform distribution U [0, 10].

Figure 2 | Species position within networks and indirect evolutionary effects shape species
fitness in coevolved mutualistic networks. a, Analytical approximation (solid line and shaded
region) predicts that indirect evolutionary effects decrease the fitness of species coevolving in
mutualistic networks. Points of lighter and darker colors represent species with one and more
than one partner, respectively. This effect held for numerical simulations (n=10° numerical
simulations for each of the 186 empirical networks), as shown for species within an example
plant-pollinator network (points and inset), and b, for species across all empirical networks
after controlling for the effects of the number of mutualistic partners. ¢, Example for a seed-
dispersal network (inset) showing how species in peripheral positions receive more indirect
effects and have a lower fitness than core species. The color of points represents species fitness
such that the darker the color, the higher the fitness value. In panel a, the line represents the
mean predicted fitness and shaded regions standard deviations when sampling species
environmental optima (6; and (6)) and (z) from a normal distribution, 6;~N(0.0, 0.1),
(6)~N(2.5, 0.1) and (z)~N(2.5, 0.1). Points in all panels correspond to the mean value of

species fitness (panels a and b) or contribution of indirect effects (panel ¢) across 103 numerical
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simulations. Other parameter values are as follows: m; = 0.5, agzi = 1.0, 0;=0.2, « = 0.2. For

numerical simulations, 8; and initial trait values were sampled from a uniform distribution U
[0, 10]. In panels a and b, the x-axis represents the proportional contribution of indirect

evolutionary effects (equation 3).

Figure 3 | Example of how the reorganization of indirect effects through a biological
invasion can reshape species fitness within networks. a, Geographical location of the
empirical networks used to parameterize the invasion simulations by honeybees. b, Examples
of the rapid rate at which an invader can either increase or decrease the fitness of two native
species within a network (insert). ¢, The reorganization of indirect effects following invasion
reshapes the adaptive landscape of the native species, slightly favoring different trait values
and changing fitness. Dashed and solid lines represent the adaptive landscape of species before
and after coevolving with the invader, respectively. Parameter values are as follows: m; = 0.5,

oézi = 1.0, 0;=0.2, « =0.2. 6; and initial trait values were sampled from a uniform

distribution U [0, 10].

Figure 4 | Indirect evolutionary effects shape the fitness consequences of simulated
network invasions. a, Histograms showing the average change in species fitness (across all
103 simulations) after coevolving with the invasive species. The frequency in the y-axis
represents log(Counts). b-c, Relationship between the average change in species fitness after
the invasion, and the change in the total contribution of indirect evolutionary effects coming
from the network for b, direct partners and c, indirect partners of the invasive species. Points
and histogram bars represent the average values across all simulations (n=10% numerical
simulations, 73 networks). The x-axis on panel a, and y-axis on panels b-c, are rescaled relative

to the maximum absolute value of average change in fitness across all species. Parameter values
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from a uniform distribution U [0, 10].

Methods

Modeling coevolution in mutualistic networks

The starting point of our model is the classic quantitative genetics equation by Russell Lande®.
This equation relates how the mean value of a continuous trait (z;) of a species changes

between successive generations in response to the selective pressures in the environment:

_ dan(t)
AZ; = g2, —— (4)

~ %6z 47,0

(1)
. . . . . dinw; ~ . . .
where oZ,, is the additive genetic variance of trait z;. The term % is the selection gradient
i

and connects how changes in z; affect the mean fitness of species i. In natural communities,
the traits of species that mediates mutualistic interactions are subject to the selective pressures

of its interacting partners and other sources in the environment. Thus, we assumed that the

din

selection gradient, ?‘, is composed of two sources of selective pressures. First, we assumed
i

that for a given species i, mutualisms contribute to a proportion m; of the evolution of trait z;.
Following empirical evidence and previous work>?6274 we further assumed that (1)
mutualistic interactions of species i with each partner j favor trait complementarity, e.g., the
complementarity between insect mouthparts and the floral tubes of plants; and (2) each

mutualistic partner j of species i contributes to a given amount (g;;) to the selective pressures

that act upon trait z;. Second, we assumed that the selective pressures from other features of

the environment, such as abiotic factors, contribute to the remaining proportion (1 — m;) of
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the evolution of trait z; and favor an optimal trait value (hereafter called environmental optima,

danL

;). Under these assumptions, the selection gradient, , can be described as:

dl W
T oY 070+ w5 ©

]]-'#l

where g; is a constant that measures the sensitivity of species fitness to changes in the values
of ;. The term q(t)quantifies the evolutionary contribution of a given mutualistic partner j
to the selection imposed on z;(®). We assumed that q;j © depends on a trait matching rule such

that qi(;) increases with the trait matching between species i and a partner j, relative to all other

2
) _ aije_“(zi(t)_zi(t))

k partners of i, q(t 7, iInwhich a;;(a;,) = 1 if species i interacts with

SRt jesi aike_“(zk(t)_zi(t))

species j(k) in the network or equals O otherwise; and «a is a parameter that controls the
sensitivity of q(t) to the distance between species traits. Combining equations (4) and (5) results

in our coevolutionary model:

7z = 7,0 + 62, 0 |my Z qlt)(z ®©—z®)+ (1 -m)(6; — ) (1)
]]il

Linking coevolution and species fitness

mutualisms and the environment affect their mean fitness®. To derive the expression that
explicitly links coevolution to species mean fitness, w;(z;), we solved equation (5) to obtain
species absolute fitness (Supplementary methods). Assuming a selection gradient first and then

integrating it to find fitness, results in an equation that describes an entire family of fitness
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functions that could lead to the same selection gradient (see Supplementary methods for

additional examples):

2 2
1]1—' -_— T e _ Z.
— @ 2_(;1“<2§y=1.j==iaije a(zj-%1) >+(1—mi)<9i2i‘%> tai

Wi=e

(6)
where c; is a constant that emerges from the integration of the selection gradient. Thus, instead
of a specific function, equation (6) is a general representation of an entire family of fitness
functions depending on the choice of the constant c;. In fact, it can be shown that equation (6)
can lead to other fitness functions adopted in previous work by choosing different values for c;
(Supplementary methods). Since in equation (6) species fitness scales up with the number of
mutualistic partners, with the value of the environmental optima (8;) and depends on this
arbitrary constant (c;), we performed two additional steps. First, we found the conditions under
which species achieve their maximum theoretical absolute fitness. The absolute fitness of

dinw;
az

=0.

species will be maximized whenever species are at their adaptive peaks, i.e., when

From equation (4), since 0 < m; < 1, this condition is fulfilled when z; = Z; for all mutualistic
partners j, and, at the same time, z; = 6; (except for the trivial case in which g; = 0). That is,
fitness is maximized when species are perfectly adapted to all mutualistic partners and the
environmental optima (e.g., when all species share the same environmental optima). Plugging

in this condition into equation (6) yields:

ms 6?2
Qi [Z—OEM(Z?:L]# aij)+(1-m)) (%)]Hi

(7)

Wmax,i =€

wi

Next, we computed species relative fitness (w;) as the ratio , resulting in equation (2),

indicating how close the species is to the maximum fitness value for a species with the same

number of partners:

w; = e%ei[%m(l%) - (1-my)(0;-2z)* @
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Linking indirect evolutionary effects to species fitness

Our coevolutionary model always leads to a stable equilibrium of species traits (and therefore

®

species fitness). Using the simplifying assumption that a4 = 4ij, from equation (1), species

traits reach a coevolutionary equilibria when:

N
m Y ay(E - z)+ A -m)O -z =0 ®
j=1,j=i
Equation (8) leads to:
N
zi —my Z qijz;" = (1 —my)6; 9

Jj=1,j#i

which, in matrix form can be rewritten as:

Z*—QZ* =¢0O (10)

Z=(-Q)'ye (11)

In equations (10)-(11) Z*is a Nx1 vector of species traits at the coevolutionary equilibrium, ¥
is a NxN diagonal matrix with (1 — m;) as its diagonal elements; @ is a Nx1 vector of species
environmental optima (6;); and 1 is the identity matrix. The Q-matrix is a matrix whose entries,

m;q;;, contain the direct evolutionary effects between species i and j.

The matrix T = (I — Q)~! is a matrix that contains not only the direct, but also the indirect
evolutionary effects that come from the multiple pathways connecting species in the network.
This interpretation can be recovered by noticing that the T-matrix is the result of a matrix power

series:
I-@'=Q°+Q" +Q*+0*..= ) ¢ (12)
£=0

The powers of the Q-matrix correspond to matrices that represent the effects of species on each

other through multiple pathways in the network. Thus, while the Q-matrix represents the direct
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evolutionary effects that species exert on each other, each power ¢ of the Q-matrix contains the
effects that species j exert on species i through a chain of effects of length . For instance, the
elements q;; (2) of the matrix QZcontains the effects of species j on species i through pathways
of length 2, such as the indirect evolutionary effect of one plant species on another plant
mediated by a shared animal mutualist. Consequently, the T-matrix contains the sum of the
evolutionary effects among species flowing through all possible pathways in the network.
Using the T-matrix, we first partitioned the contribution of indirect evolutionary effects from
the direct ones. Then, combining equation (11) with the fitness function allowed us to express
species fitness as a function of the total amount of incoming evolutionary effects for each
species (Supplementary methods), and to partition the contribution of direct and indirect
evolutionary effects to fitness.

Numerical simulations

We evaluated how mutualistic coevolution in ecological networks is connected to species
average fitness by combining numerical simulations and an analytical approximation of our
coevolutionary model. These simulations were parameterized with the structure of 186
empirical networks (Supplementary Table 1). Our dataset comprised 186 empirical networks
distributed among three types of mutualisms: plants with extrafloral nectaries that are protected
by ants (n=4), animals that consume the fleshy fruits of plants and disperse their seeds (n=34),
and plants whose flowers are pollinated by animals (n=148). These mutualistic interactions
span a wide range of network structures of multiple-partner mutualisms. All these networks

were obtained from the Web-of-Life dataset (www.web-of-life.es). Here we focus on

mutualisms in which there are two distinct set of species, forming bipartite networks. But other
types of mutualisms that do not form bipartite networks can also be used to parameterize our
coevolutionary model®>. Examples of such mutualisms include mimetic rings in which

unpalatable species can display a similar warning signal (i.e., Mullerian mimetic rings) and
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indirectly benefit each other by a decreased per capita attack rate from predators®. In

simulations with the same network, we parameterized a;; as 1 if species i and j interacted and

0 otherwise. Furthermore, initial trait values (z;), and environmental optimum values (6;) were
sampled from a uniform distribution U [0, 10]. We sampled environmental optimum values
from a uniform distribution because in mutualistic communities, species can widely differ in
their life histories, physiological constrains, and therefore, on their environmental optima®.
With this approach we did not assume any particular shape on the distribution of environmental
optima of species, as in a uniform distribution all values occur with the same frequency (i.e.,
are equiprobable). However, our analytical approximation show that our results do not rely on
a particular distribution of environmental optima of species, and we also present the results of
numerical simulations for when the sampling range of the environmental optimum is narrower
than the interval used in the main text (Extended Data Fig. 4b).

All other parameters were held constant and were the same for all species (agzi = 1.0, 9;,=0.2,

a = 0.2). We ran 1000 simulations for each combination of network and m; values (m;=0.1,
0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9), in which we first allowed species traits to achieve

|Zi(t+1) .

asymptotic values (defined as zi(t)| < 107%). Then, we used these asymptotic trait

values in equation (2) to compute the fitness of each species. In the main text we present the
results for the scenario in which m; = 0.5, since in empirical ecological communities the
selective pressures from mutualistic interactions and other sources in the environment have
been shown to be similar in strength to each other?*26:343% However, we also present the results
of the numerical simulations for all other m; values in the Supplementary methods and as
extended data figures (Extended Data Figs. 3-4).

We used these numerical simulations to test the predictions of our analytical approximations

(Supplementary methods). From the results of our numerical simulations, we built the matrix
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of total evolutionary effects, T-matrix, T = (I — Q). In our model, the T-matrix is an NxN
matrix containing the total evolutionary effects among all N species in a network that
determines the trait values of species at the coevolutionary equilibrium (equation 11). The
matrix of direct evolutionary effects, i.e., the Q-matrix, was built using species trait values at
the coevolutionary equilibrium. Following previous work'®, we used the entries of the T-

matrix, t;;, to compute the contribution of indirect evolutionary effects to trait evolution as:

jo

_ Y jei(1 — i) ty

F; N :
j=1,j=i “ij

(13)

where F; is the contribution of indirect evolutionary effects to species i and a;; = 1 if species
I interacts with species j and a;; = 0 otherwise. All numerical simulations were performed
using the Julia programming language*®, while figures were produced in R (see ref. 47). The
code to perform numerical simulations and reproduce our results is publicly available*.
Numerical simulations exploring the invasion of a supergeneralist species

We evaluated how an introduced supergeneralist species shapes the fitness of the native species
with numerical simulations parameterized with a subset of the networks we used (n=73
empirical networks, Supplementary Table 2). These empirical networks were used because
they were collected from ecological communities within which the European honeybee, Apis
mellifera is not a native species. This honeybee species is a known supergeneralist species that
interacts with many species within networks. To simulate how the fitness of species changes
after coevolving with the invader, we proceeded as follows. First, we created a “pre-invasion”
network by completely disconnecting A. mellifera from the network. We used this pre-invasion
network to simulate the coevolutionary dynamics of species before the invasion, allowed

species traits to reach asymptotic values (defined as zl.(”l) - zl.(t) < 10~* for all species), and

used equation (2) to compute species fitness at these asymptotic values. Second, we

“reintroduced” A. mellifera into the network, simulated the coevolutionary dynamics with the
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resulting “post-invasion” network, allowed species traits to reach asymptotic values, and
computed species fitness again. Then, using the values for species fitness resulting from
coevolution in the pre- and post-invasion networks, we evaluated how species fitness changed
as a result of the A. mellifera invasion. Indirect evolutionary effects for the pre- and post-
invasion networks were computed following equation (13). For all numerical simulations,
initial trait values and environmental optimum values were sampled from a uniform
distribution U [0, 10]. All other parameters were held constant and were the same for all species
(p; = 0.2, 0;=0.2, @ = 0.2). For each combination of network and values of m; (m;=0.1, 0.2,
0.3,0.4,0.5, 0.6, 0.7, 0.8, 0.9), we ran 1000 numerical simulations (see Extended Data Figs. 7-

9 and Supplementary methods for sensitivity analyses).
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Extended Data figure legends

Extended Data Figure 1 | Species traits and fitness quickly reach equilibrium values after
coevolving in mutualistic networks. a-c, Example for an ant-plant mutualistic network (panel
a) of how species traits (panel b) and fitness (panel c) quickly reach a coevolutionary
equilibrium. d, The coevolutionary equilibrium is reached even if not all species survive
throughout the dynamics, as illustrated by three species that were randomly extinct from the
network (for illustrative purposes, species whose trait values reach zero). Each point and line
correspond to the values for each species in the network (represented by different colors). The
diamond-shaped points on the right of panel b represent the environmental optima of each
species (6;). The dashed lines in panel d represent the trait values at equilibrium predicted by
equation (11) using the matrix of the interactions among surviving species. Parameter values

are as follows: agzi = 1.0, 0; = 0.2, a = 0.2, m; = 0.5. Initial trait values and environmental

optima were sampled from a uniform distribution U [0, 10].
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Extended Data Figure 2 | Coevolution in mutualistic networks increases the variability in
species fitness when a certain percentage of the species with the lowest fitness become
extinct, and the surviving species coevolve to a new equilibrium. Each set of panels
represents a specific scenario where a certain percentage of the species in the network
experience extinction after reaching the initial coevolutionary equilibrium. In all scenarios
extinctions occurred in a specific order, starting with the species possessing the lowest fitness
until a desired percentage of extinctions was reached. The corresponding extinction
percentages for each scenario are as follows: a-b, 10%; c-d, 20%; e-f, 30%; g-h, 40%; and i-j,
50%. In all panels the red histogram bars depict the distribution of fitness of the surviving
species in the new coevolutionary equilibrium for 108 numerical simulations parameterized
with the initial structure of empirical networks (n=186 empirical networks). Green histogram
bars correspond to the scenario in which species coevolve as isolated pairs and there are no
extinctions. In the boxplots each point corresponds to the mean value for 10 numerical
simulations for a given species coevolving in the empirical mutualistic networks (n=186
empirical networks). Fitness values are rescaled relative to the average of the scenario in which

species coevolve in networks or as isolated pairs. Other parameter values are as follows: agzl. =

1.0, 0,=0.2, @ = 0.2, and m; = 0.5. 6; and initial trait values were sampled from a uniform
distribution U [0, 10].

Extended Data Figure 3 | Coevolution in mutualistic networks increases the variability in
species fitness for different levels of strength of mutualistic selection. a, Histogram showing
the distribution of mean equilibrium fitness of species for 103 numerical simulations of a pair
of coevolving species (green histogram bars), or of species within the 186 empirical networks
used to parameterize the model (red histogram bars), for different values of m; (values above
each panel). b, Boxplot showing how species fitness vary with the number of mutualistic

partners for different values of m; (the intensity of mutualistic selection, values above each
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panel). Each point corresponds to the mean value for 103 numerical simulations for a given
species. In all panels fitness values are rescaled relative to the average of each scenario and m;

(coevolution in pairs or in networks). Other parameter values are as follows: acz;zi = 1.0,

0;=0.2, « = 0.2, and m; as indicated on top of each panel. 6; and initial trait values were
sampled from a uniform distribution U [0, 10].

Extended Data Figure 4 | Indirect effects drive species fitness for different
parameterizations of the model. a, Examples of how indirect evolutionary effects drive the
fitness of species in numerical simulations across all empirical networks (n=186 empirical
networks) for different values of m; (values above each panel), for species with five mutualistic
partners. b, Examples of how indirect evolutionary effects drive the fitness of species in
numerical simulations across all empirical networks (n=186 empirical networks) for different
intervals of 6; (values above each panel), and sensitivity of species adaptive landscapes (o;,
diferente colors) for species with five mutualistic partners. Points in all panels represent
average results for 103 numerical simulations of each combination of empirical network and

parameter values. Other parameter values are as follows: oZ,, = 1.0 and a = 0.2. Values of

m; and g; as indicated on each panel. In a, 6; and initial trait values were sampled from a
uniform distribution U [0, 10], while in b the upper bound of the uniform distribution is
indicated in the values above each panel.

Extended Data Figure 5 | Peripheral species are more affected by indirect effects drive
for different networks and levels of mutualistic selection. Results from numerical
simulations parameterized with the structure of empirical networks (n=186 empirical
networks), showing how the contribution of indirect evolutionary effects is smaller for core
than peripheral species within the same network. This result holds for all values of m;, the
intensity of mutualistic selection (values above each panel). Each point corresponds to the

average for 10% numerical simulations for each combination of species position (core or
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peripheral), empirical network and m;. Points of different colors correspond to species that
were classified either as core species (red points) or peripheral species (blue points). Parameter
values are as follows: m; = variable, Ucz;zi = 1.0, 0;=0.2, @ = 0.2. 6; and initial trait values
were sampled from a uniform statistical distribution U [0, 10].

Extended Data Figure 6 | Indirect effects drive the fitness of surviving species when the
least fit species become extinct, and the surviving ones coevolve to a new equilibrium.
Each panel corresponds to scenarios in which a certain percentage of the species in the network
underwent extinction after reaching a first coevolutionary equilibrium. For all scenarios
extinctions occurred in a specific order, starting with the species possessing the lowest fitness,
until a given percentage of extinctions was reached. The corresponding percentage of species
extinct are as follows: a, scenario without extinctions; b, 10%; c, 20%; d, 30%; e, 40%; and f,
50%. Points in each panel represent average results for species with three mutualistic partners
across 103 numerical simulations parameterized with the initial structure of 186 empirical
networks. In panels b-f, indirect evolutionary effects were computed from the matrix of
evolutionary effects (Q-matrix) among the surviving species (equation 13). Parameter values
are as follows: m; = 0.5, agzi = 1.0, 0;=0.2, @« = 0.2. 6; and initial trait values were sampled
from a uniform statistical distribution U [0, 10].

Extended Data Figure 7 | Invasion of a network by a supergeneralist changes the fitness
of native species via coevolution for different levels of mutualistic selection. Histograms
showing the average change in native species fitness (n=10% numerical simulations for each of
the 73 empirical networks) after coevolving with the invasive species for different values of
m; (the intensity of mutualistic selection, values above each panel). The frequency in the y-
axis represents log(Counts). Other parameter values are as follows: aézi = 1.0, 0,=0.2, a =
0.2, and m; as indicated on top of each panel. 6; and initial trait values were sampled from a

uniform distribution U [0, 10].
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Extended Data Figure 8 | Direct and indirect evolutionary effects drive the change in
fitness of native species directly interacting with a supergeneralist invader. Relationship
between the average change in species fitness (n=103 numerical simulations for each of the 73
empirical networks) after the invasion and the change in the contribution of indirect
evolutionary effects for direct partners of A. mellifera and for different values of m; (the
intensity of mutualistic selection, values above each panel). Parameter values are as follows:
agzi = 1.0, 0;=0.2, « = 0.2, and m; as indicated on top of each panel. 6; and initial trait values
were sampled from a uniform distribution U [0, 10].

Extended Data Figure 9 | Indirect evolutionary effects drive the change in fitness of native
species only indirectly interacting with a supergeneralist invader. Relationship between the
average change in species fitness (n=103 numerical simulations for each of the 73 empirical
networks) after the invasion and the change in the contribution of indirect evolutionary effects
for indirect partners of A. mellifera and for different values of m; (the intensity of mutualistic

selection, values above each panel). Other parameter values are as follows: aazzi = 1.0, 0;=0.2,

a = 0.2, and m; as indicated on top of each panel. 8; and initial trait values were sampled from
a uniform distribution U [0, 10].

Extended Data Figure 10 | Indirect evolutionary effects and rewiring of interactions shape
the fitness consequences of the invasion of a network by the supergeneralist A. mellifera.
a-b, Representations of the (a) pre- and (b) post-Apis network structures, showing how the
invasion by A. mellifera reorganizes interactions. c-d, Histograms showing (c) the change in
the number of partners and (d) the change in fitness that native species experienced after
coevolving with A. mellifera. e, Relationship between the change in indirect evolutionary
effects caused by A. mellifera and the change in the fitness of native species. The results in
panels d and e correspond to the average results for the native species of 103 numerical

simulations of the coevolutionary dynamics in the pre- and post-Apis networks. Parameter
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values are as follows: m; = 0.5, agzi = 1.0, 0;=0.2, « = 0.2. 6; and initial trait values were

sampled from a uniform statistical distribution U [0, 10].
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Figure 1 | Coevolution in mutualistic networks increases the variability in species fitness. a,
Histogram showing the distribution of species fitness (rescaled relative to the average) that coevolved
in a single mutualistic pair (green histogram bars), or within the 186 empirical networks used to
parameterize the model (violet histogram bars). b, When coevolving within networks, species fitness
increased up to a saturation point with the number of mutualistic partners, but largely varied among
species with the same number of partners. Each fitness value corresponds to the mean value for 10°
numerical simulations of our model. In both panels, fitness values are rescaled relative to the average of
each scenario (coevolution in pairs or in networks) in such a way that zero indicates the average of the
distribution in each scenario. Note that on panel (b) only species coevolving within networks are shown.
Parameter values are as follows: m; = 0.5, JGZZl. = 1.0, 0;=0.2, @« = 0.2. 6; and initial trait values were

sampled from a uniform distribution U [0, 10].
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in coevolved mutualistic networks. a, Analytical approximation (solid line and shaded region) predicts
that indirect evolutionary effects decrease the fitness of species coevolving in mutualistic networks.
Points of lighter and darker colors represent species with one and more than one partner, respectively.
This effect held for numerical simulations (n=10° numerical simulations for each of the 186 empirical
networks), as shown for species within an example plant-pollinator network (points and inset), and b,
for species across all empirical networks after controlling for the effects of the number of mutualistic
partners. ¢, Example for a seed-dispersal network (inset) showing how species in peripheral positions
receive more indirect effects and have a lower fitness than core species. The color of points represents
species fitness such that the darker the color, the higher the fitness value. In panel a, the line represents
the mean predicted fitness and shaded regions standard deviations when sampling species environmental
optima (6; and (6)) and (z) from a normal distribution, 8;~N(0.0, 0.1), (6)~N(2.5, 0.1) and (z)~N(2.5,
0.1). Points in all panels correspond to the mean value of species fitness (panels a and b) or contribution
of indirect effects (panel ¢) across 10* numerical simulations. Other parameter values are as follows:
m; = 0.5, agzi = 1.0, 90;=0.2, a = 0.2. For numerical simulations, 8; and initial trait values were
sampled from a uniform distribution U [0, 10]. In panels a and b, the x-axis represents the proportional
contribution of indirect evolutionary effects (equation 3).
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Figure 3 | Example of how the reorganization of indirect effects through a biological invasion can
reshape species fitness within networks. a, Geographical location of the empirical networks used to
parameterize the invasion simulations by honeybees. b, Examples of the rapid rate at which an invader
can either increase or decrease the fitness of two native species within a network (insert). ¢, The
reorganization of indirect effects following invasion reshapes the adaptive landscape of the native
species, slightly favoring different trait values and changing fitness. Dashed and solid lines represent the
adaptive landscape of species before and after coevolving with the invader, respectively. Parameter
values are as follows: m; = 0.5, Ucz;zl- = 1.0, 0;=0.2, « = 0.2. 6; and initial trait values were sampled

from a uniform distribution U [0, 10].
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Figure 4 | Indirect evolutionary effects shape the fitness consequences of simulated network
invasions. a, Histograms showing the average change in species fitness (across all 10° simulations) after
coevolving with the invasive species. The frequency in the y-axis represents log(Counts). b-c,
Relationship between the average change in species fitness after the invasion, and the change in the total
contribution of indirect evolutionary effects coming from the network for b, direct partners and e,
indirect partners of the invasive species. Points and histogram bars represent the average values across
all simulations (n=10° numerical simulations, 73 networks). The x-axis on panel a, and y-axis on panels
b-¢, are rescaled relative to the maximum absolute value of average change in fitness across all species.
Parameter values are as follows: m; = 0.5, agzi = 1.0, 0;=0.2, @« = 0.2. 6; and initial trait values were

sampled from a uniform distribution U [0, 10].
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Extended Data Figure 1 | Species traits and fitness quickly reach equilibrium values after
coevolving in mutualistic networks. a-c, Example for an ant-plant mutualistic network (panel a) of
how species traits (panel b) and fitness (panel ¢) quickly reach a coevolutionary equilibrium. d, The
coevolutionary equilibrium is reached even if not all species survive throughout the dynamics, as
illustrated by three species that were randomly extinct from the network (for illustrative purposes,
species whose trait values reach zero). Each point and line correspond to the values for each species in
the network (represented by different colors). The diamond-shaped points on the right of panel b
represent the environmental optima of each species (6;). The dashed lines in panel d represent the trait
values at equilibrium predicted by equation (11) using the matrix of the interactions among surviving
species. Parameter values are as follows: JGZZL. = 1.0, o; = 0.2, a = 0.2, m; = 0.5. Initial trait values
and environmental optima were sampled from a uniform distribution U [0, 10].
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Extended Data Figure 2 | Coevolution in mutualistic networks increases the variability in species
fitness when a certain percentage of the species with the lowest fitness become extinct, and the
surviving species coevolve to a new equilibrium. Each set of panels represents a specific scenario
where a certain percentage of the species in the network experience extinction after reaching the initial
coevolutionary equilibrium. In all scenarios extinctions occurred in a specific order, starting with the
species possessing the lowest fitness until a desired percentage of extinctions was reached. The
corresponding extinction percentages for each scenario are as follows: a-b, 10%; c-d, 20%; e-f, 30%; g-
h, 40%; and i-j, 50%. In all panels the red histogram bars depict the distribution of fitness of the surviving
species in the new coevolutionary equilibrium for 10* numerical simulations parameterized with the
initial structure of empirical networks (n=186 empirical networks). Green histogram bars correspond to
the scenario in which species coevolve as isolated pairs and there are no extinctions. In the boxplots each
point corresponds to the mean value for 10° numerical simulations for a given species coevolving in the
empirical mutualistic networks (n=186 empirical networks). Fitness values are rescaled relative to the
average of the scenario in which species coevolve in networks or as isolated pairs. Other parameter
values are as follows: aézi = 1.0, 0;=0.2, « = 0.2, and m; = 0.5. 6; and initial trait values were

sampled from a uniform distribution U [0, 10].
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Extended Data Figure 3 | Coevolution in mutualistic networks increases the variability in species
fitness for different levels of strength of mutualistic selection. a, Histogram showing the distribution
of mean equilibrium fitness of species for 10° numerical simulations of a pair of coevolving species
(green histogram bars), or of species within the 186 empirical networks used to parameterize the model
(red histogram bars), for different values of m; (values above each panel). b, Boxplot showing how
species fitness vary with the number of mutualistic partners for different values of m; (the intensity of
mutualistic selection, values above each panel). Each point corresponds to the mean value for 10°
numerical simulations for a given species. In all panels fitness values are rescaled relative to the average
of each scenario and m; (coevolution in pairs or in networks). Other parameter values are as follows:
agzi = 1.0, 0;=0.2, @ = 0.2, and m; as indicated on top of each panel. 6; and initial trait values were

sampled from a uniform distribution U [0, 10].
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Extended Data Figure 4 | Indirect effects drive species fitness for different parameterizations of
the model. a, Examples of how indirect evolutionary effects drive the fitness of species in numerical
simulations across all empirical networks (n=186 empirical networks) for different values of m; (values
above each panel), for species with five mutualistic partners. b, Examples of how indirect evolutionary
effects drive the fitness of species in numerical simulations across all empirical networks (n=186
empirical networks) for different intervals of 6; (values above each panel), and sensitivity of species
adaptive landscapes (p;, diferente colors) for species with five mutualistic partners. Points in all panels
represent average results for 10° numerical simulations of each combination of empirical network and
parameter values. Other parameter values are as follows: agzi = 1.0 and @ = 0.2. Values of m; and p;

as indicated on each panel. In a, 6; and initial trait values were sampled from a uniform distribution U
[0, 10], while in b the upper bound of the uniform distribution is indicated in the values above each
panel.
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Extended Data Figure 5 | Peripheral species are more affected by indirect effects drive for different
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the structure of empirical networks (n=186 empirical networks), showing how the contribution of
indirect evolutionary effects is smaller for core than peripheral species within the same network. This
result holds for all values of m;, the intensity of mutualistic selection (values above each panel). Each
point corresponds to the average for 10° numerical simulations for each combination of species position
(core or peripheral), empirical network and m;. Points of different colors correspond to species that were
classified either as core species (red points) or peripheral species (blue points). Parameter values are as
follows: m; = variable, ngl. = 1.0, 0;=0.2, a = 0.2. 6; and initial trait values were sampled from a

uniform statistical distribution U [0, 10].
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Extended Data Figure 6 | Indirect effects drive the fitness of surviving species when the least fit
species become extinct, and the surviving ones coevolve to a new equilibrium. Each panel
corresponds to scenarios in which a certain percentage of the species in the network underwent extinction
after reaching a first coevolutionary equilibrium. For all scenarios extinctions occurred in a specific
order, starting with the species possessing the lowest fitness, until a given percentage of extinctions was
reached. The corresponding percentage of species extinct are as follows: a, scenario without extinctions;
b, 10%; ¢, 20%; d, 30%; e, 40%; and f, 50%. Points in each panel represent average results for species
with three mutualistic partners across 10° numerical simulations parameterized with the initial structure
of 186 empirical networks. In panels b-f, indirect evolutionary effects were computed from the matrix
of evolutionary effects (Q-matrix) among the surviving species (equation 13). Parameter values are as
follows: m; = 0.5, aézi = 1.0, 0;=0.2, « = 0.2. 6; and initial trait values were sampled from a uniform

statistical distribution U [0, 10].
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Extended Data Figure 7 | Invasion of a network by a supergeneralist changes the fitness of native
species via coevolution for different levels of mutualistic selection. Histograms showing the average
change in native species fitness (n=10° numerical simulations for each of the 73 empirical networks)
after coevolving with the invasive species for different values of m; (the intensity of mutualistic
selection, values above each panel). The frequency in the y-axis represents log(Counts). Other parameter
values are as follows: ngi = 1.0, 0;=0.2, « = 0.2, and m; as indicated on top of each panel. 6; and

initial trait values were sampled from a uniform distribution U [0, 10].
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0; and initial trait values were sampled from a uniform distribution U [0, 10].
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Extended Data Figure 9 | Indirect evolutionary effects drive the change in fitness of native species
only indirectly interacting with a supergeneralist invader. Relationship between the average change
in species fitness (n=10° numerical simulations for each of the 73 empirical networks) after the invasion
and the change in the contribution of indirect evolutionary effects for indirect partners of 4. mellifera
and for different values of m; (the intensity of mutualistic selection, values above each panel). Other
parameter values are as follows: agzl. = 1.0, 0;=0.2, @ = 0.2, and m; as indicated on top of each panel.

0; and initial trait values were sampled from a uniform distribution U [0, 10].
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Extended Data Figure 10 | Indirect evolutionary effects and rewiring of interactions shape the
fitness consequences of the invasion of a network by the supergeneralist A. mellifera. a-b,
Representations of the (a) pre- and (b) post-Apis network structures, showing how the invasion by A.
mellifera reorganizes interactions. c-d, Histograms showing (¢) the change in the number of partners and
(d) the change in fitness that native species experienced after coevolving with A. mellifera. e,
Relationship between the change in indirect evolutionary effects caused by A. mellifera and the change
in the fitness of native species. The results in panels d and e correspond to the average results for the
native species of 10° numerical simulations of the coevolutionary dynamics in the pre- and post-Apis
networks. Parameter values are as follows: m; = 0.5, agzi = 1.0, 0;=0.2, @ = 0.2. 6; and initial trait

values were sampled from a uniform statistical distribution U [0, 10].
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1  Coevolutionary dynamics in mutualistic networks

The dynamics underlying our coevolutionary model is similar to a diffusion equation

underpinned by the species traits favored by the selection gradient!:

N
7,40 — 7O 4 02,.0: |m; Z qi(;)(z_j(t) _ Z_i(t)) + (1 -m)(6; - Z_i(t)) (1)

Jj#i
To understand the outcomes of the coevolutionary dynamics we studied the
stability and the solutions of equation (1). Using the simplifying assumption that

qi(;) ~ q;j, equation (1) can be rewritten in matrix notation as (see Ref 25 for more

details):

Z¢) =70 + »QZ® — dZ® + ®YO (51)
in which Z® is the Nx1 vector of species traits at time ¢; ® is a NxN diagonal
matrix containing the product Gc%ziQi for each species i, Q is the NxN matrix of
direct evolutionary effects among species, with entries m;q;;; ¥ is a NxN diagonal
matrix with entries (1 —m;); and @ is the Nx1 vector of species environmental
optima. Rearranging the terms in equation (S1) leads to:

Z¢D = (I - d + ®QZ® + d¥O (52)

In turn, iterating equation (S2) results in:

t—1
20 = (1- @+ ®QZV + ) (I - + 9Q) $¥E (53)

t=0

If species are under environmental selection (0 < m; < 1) and O'CZ;ZiQi < 1, then the

absolute value of the leading eigenvalue of the matrix (I — ® + ®Q) is less than
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one. This implies that the first part of equation (S3) decays to 0 as t = o0 and that
the summation Y231 — @ 4+ ®Q)t ®WO converges to (I — I + ® — ®Q) " 1oWO.
Simplifying and substituting these results into equation (S3) yields:

Z =(U-0)yve (11)
which is the equilibrium solution derived into the main text. Thus, our
coevolutionary model always converges to a global equilibrium given by equation
(11). The stability of this global equilibrium is governed by the matrix J =
(I — ® + ®Q) and the model is globally stable provided that 0 <m; <1 and
ngigl- < 1, i.e., the condition that assures that all of the eigenvalues of the matrix
J are less than one in absolute value (by the Perron-Frobenius theorem).

The same equilibrium solution would be obtained in case we modeled coevolution
using differential equations. Previous work showed that, in continuous time, the
quantitative genetics equation underlying changes in species traits is**:

dz; , dinW;
dr ~ %6 dz; (4

Substituting the equation for the selection gradient into equation (S4) yields:

N
dz; _ ~ >
2 = 06z |m z 4 (50~ 29) + @ - m)(6,~ 7)) (85)

I BE
which has an identical equilibrium solution as equation (11), Z'=(1U-Q)ve.
The matrix T = (I — Q)™ W resulting from our steady-state solutions is similar to

the matrix used to compute Katz centrality in networks?, (I — aC)_li), in which C
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. . . . 1
is an adjacency matrix, 1 is an all one vector and a is a scalar constant (a < PTe A&
Cc

being the leading eigenvalue of the adjacency matrix C), reinforcing the role of
indirect effects propagating to multiple pathways in shaping dynamics. In fact, the
T-matrix emerging directly from the long-term solution of our coevolutionary model
is a generalization of Katz centrality and converges to it provided that (1) Q = aC,
which implies that mutualistic selection is equal among all species and (2) the
vector ¥0 = 1.

It is interesting to note that there are two trivial solutions of equation (1) in the
limits in which m; =1 and m; = 0. When m; =1, equation (S2) reduces to a
diffusion process in a network. If the network is connected and ngl.gi < 1, then the
traits of all species are equal in the long-term solution. In turn, when m; = 0, the
traits of all species converge to their respective environmental optima, i.e., Z; = 6;.
These two trivial solutions represent scenarios in which species fitness are maximal
for all species in the network.

Further analysis show that these results are robust to the extinction of species in
the network. If species are extinct throughout the coevolutionary dynamics, the
trait values of all species still converge to the equilibrium point predicted by
equation (11) for the modified Q-matrix, 0 vector, and T-matrix of the surviving
species. Since (1) it is these trait values at the equilibrium that determine fitness;

and (2) equation (11) is the foundation upon which we build our analytical study



87 linking indirect effects to fitness, our results hold even when not all species are

88  guaranteed to survive throughout the coevolutionary dynamics.
89 2 Modeling the fitness consequences of coevolution in mutualistic networks
90 2.1 Linking coevolution to species fitness

91 Here we derive the expression that explicitly links coevolution to species mean

92 fitness, w;(Z;). From equation (5) of the main text:

N

93 .fdan fgl m; Z ql](zj z)+ (1 —-m)(6; — )| dz; (S6)

] ];ﬁl

94  Equation (S6) leads to:

a; a(Z] l)
95 InW; = o; mlf Z Jhd el (Z] Z_i)dz_l- +(1-my) f(Hi —z;)dz;| (S7)

= 1]¢lzk 1,k=i Aij€

96  The first integral in equation (S7) can be solved by substitution noting that the

_ ~_\2
97  integrand is of the form g(()) Thus, if we let u = Z?’zl'jiiaije_“(zf_zi) , we have

_ —_\2
98 thatdu=2aY),; -ai-e_“(zf"zi) zZ;—z;)dz; and & =YV, .ae e~a(Zj- z)’ dz;.
j=1,j=i 4ij j 2a j=1,j=i 4ij

99  Through this substitution the first integral becomes:

N

11 1 N2

100 Jz——du— —ln(u) =0 In Z aije_“(zf_zi) + cq; (S8)
j=1,j#i

101  The second integral in equation (S7) can be readily solved and results in:

= 2

102 J(a —7)dz; = 6; ZZ + Cyi (S9)
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Combining equations (S7-S9):

- ml N _ _\2 Z—lz
ani = Q; %ln 2 al-je_“(zi_zi) + (1 — ml-) Hiz_i - 7 + Ci (510)
Jj=1,j=#i

and exponentiating both sides:

— Qi
Wi=e

— — 2 _
%111(2?;1,]#aije_a(zj_zi) >+(1_mi)<9izi_zzj>]+ci ©

where ¢; = g; [2% ci; +(1— mi)czi] is a constant of integration that characterizes
the entire family of fitness functions that can lead to the same selection gradient.
In this fitness function, however, the mean fitness of a given species increases with
the number of mutualistic partners and depends on the arbitrary constant c;. Thus,
to compare the mean fitness of species with a different number of mutualistic
partners and with different values for c¢;, we obtained the conditions and an
equation for when W; is maximum. This allowed us to quantify species fitness as
the ratio of their realized to their theoretical maximum fitness. When 0 <m; < 1,
species achieve their maximum fitness if their trait values perfectly match the
environmental optimum (z; = ;) and the traits of mutualistic partners (z; = Z; for
all j partners, Methods). Therefore, substituting these conditions in equation (6)

leads to:

m; 0?
_ Qi [Z_éln(z}il.]'#ti aij)+(1—mi)<7‘>

+c;
Wmax,i -

(7)

and
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W SolBhin(3) - 1-mp©i-7?]
W, = 1 — eZQL a k; iNGi—z;
Wmax,i

(2)

2
— VN -al\zi—z; — \'N
where S; = Zj=1,j¢i al-je ( J l) and ki = Lij=1,j#i aij.

It is also important to note that the use of equation (2) does not change the selection
gradient as we can obtain the same equation directly from equation (6) by setting

92

L

C1i = —ln(Zﬂy:l'#i aij) and Cri = —7

3 Robustness of the fitness function to different modelling assumptions

Using our approach of directly assuming the selection gradient and then integrating
it, leads to an equation describing an entire family of fitness functions. This
increases the generality of our results to different modeling assumptions. Two
relevant examples would be the assumptions about the costs of mutualistic
interactions or competitive/facilitative effects among species that share mutualistic
partners® ?. Regarding the former, in many mutualisms’ species produce resources
that their partners use (e.g. nectar in plant-pollinator interactions or the nutritional
contents of fruit pulp in plant-frugivore interactions) and therefore mutualisms may
show significant costs. Mathematically, these costs could be described as a partner-

specific deduction in the absolute fitness of species:

N

d; = _miz ajjlij (511)

j=1
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where d; is the total cost of mutualistic interactions for species i and y;; is the cost
of interacting with each mutualistic partner j. Combining equations (S11) and (6)

to apply this cost results in:

mj N —a(Z-—Zi)Z N _ Z;?
—  CilzgIn| Xjzq jriaije TV —m; Yj=q aijij+(1-mp)| 0;z;—-
e

W; = (512)

In turn, equation (S12) is equivalent to setting ¢;; = —2«a Zﬂy:laijuij and ¢,; = 0.
In respect to the later, species that share mutualistic partners can facilitate or
compete for the interactions and commodities provide by species. This could be
modeled as an increase or decrease in the total benefits provided by mutualisms to

each species i depending on the fraction of partners shared with another species j:

N

YR—1 Qi Qg
pi = mizyij% (513)

= k=1 Qik

in which p; is the total effect of sharing partners on the fitness of species i and Yy

is the effect on the fitness of species i for sharing partners with species j. The effects

of sharing mutualistic partners described in equation (S13) could be obtained by

N

setting ¢q; = 2a Y2, ¥is
g Cqi 21_1]/1] =N ay

and c¢y; = 0, resulting in the following fitness

function:

Y R=1Qika; 7
Ske=1 IR | (1—my) 0,221

2
m; N —a(i-—2~) N
— i[5 In| X2 jeiaije "\ TV AmiYis Vi—on
2a (J J ] Zk:;[aik

Wy=e >] (514)
Thus, our fitness function can accommodate a wide range of different modeling

assumptions, as long as the mathematical functions underlying the assumptions do

not explicitly depend on the same trait that mediates the mutualistic interaction
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(z;). In these particular cases, these effects will add or reduce the species fitness
and, therefore, these terms do not change the outcomes of indirect effects in shaping
fitness that we describe in the main text.

Additionally, it can be shown that setting different values to the integration
constants yield fitness functions that have been used previously to model
coevolution in mutualisms. For instance, for isolated pairs of interacting species our
fitness function reduces to:

5.2
i _ _\2 Mm;j _  Zj
_% m; (Zj—Zi) —2—(;61i+ (1—mi)<6izi—%+czi>

(515)

In other studies, is often assumed that the fitness of individuals are driven by two
components'. First, the probability of successful interactions with individuals of
mutualistic partners, Py(x,y) = e PO and Py(y,x) = e Px=»* in which x and
y correspond to random variables encoding the distribution of the traits of
individuals of mutualistic species X and Y. Second with the probability of the traits
of individuals matching other abiotic factors in the environment, Py(x,0x) =
eV (Ox=0%op , Py(y,0y) = e Y (Or=»)?* Assuming that fitness is multiplicative results
in the following pair of functions:

Wy = e~ BO=10% o=y (0x—%)* — o~[By-2)*+y(6x—x)?] (516.1)

Wy, = e PO =¥ Oy-2)? = o=[Bx-)*+y(6y-y)’] (516.2)
If traits and environmental optima among individuals are normally distributed, the
expected fitness of the population of species X and Y can be approximated as'!:

Wy = e~ [BG-D*+7(0x-)" +20%+03] (517.1)
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Wy = e [BG=9)?+y(0y-y)?*+205 +oF] (517.2)
In which o2 and 033 represent the phenotypic variances of, respectively, traits x and

y in the populations of species X and Y. These two resulting fitness functions for

species X and Y can be obtained by setting: (1) ¢q; = i%(ZGf + O')%) or ¢y; =
l 1

32_0{(202 +02); (2) ¢z = —% ooy = -5, and (3) using the equivalence B =

0im; y x)s 2i 2 2i 5 g q )

Qi

- Mi and y = %(1 —my;) in equation (6). Similarly, for mutualists coevolving in

networks, the fitness of individuals of species i can be modeled as':

2
1n<2§y=1 aije_ﬁ(zj_zi) )-Y(Gi—zi)z]

N
2
W; = Z a;j e Bzj=2) g=v(0i-20% = ¢ (518)

J=1

in which z correspond to random variables encoding the distribution of the traits
of individuals of mutualistic species. From equation (S18), if the traits of all species
are independent and normally distributed and have low variances in respect to the

mean, the mean fitness of the population can be approximated as:

__\2
_ 1n<2’-v=1aue'ﬁ(zf‘zi) )—y(ei—z'i)Z—z’Llau(2<rzz.+a§-)
W, = el ’ ! LY (519)
in which 62 correspond to the phenotypic variances of species traits. Equation (S19)

can be obtained from our fitness equation by assuming the parameter equalities (1)

2a (1-my) .
0= B=a, yv= Tl; (2) by setting cq; = —Z?;l a;j (ZO'ZZi + O'ZZj); and (3)
62
setting ¢,; = —71. Thus, our results are robust to assuming different fitness

functions as the ones that have been previously assumed when modeling coevolution

in mutualisms.
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4  Sensitivity analyses of numerical simulations and analytical approximations

On the main text we first explored how participating in a network affects the
average fitness of species after generations of coevolution. The results shown in
Figure 1 correspond to the results of simulations in which the level of mutualistic
selection is m; = 0.5. Here, we show how different levels of mutualistic selection,
m;, affects the results shown in Figure 1 of the main text. (Extended Data Fig. 3).
Our results show that unless mutualistic selection is very strong (m; = 0.9), species
fitness is much more variable when species coevolve in networks than in pairs. Thus,
the results reported in the main text are robust to different levels of mutualistic
selection.

Regarding other parameters of the model - namely Uczzi; 0;, and a - our analytical
approach shows that they not qualitatively affect our results. In the coevolutionary
dynamics our analytical approximations for the solutions of the model show that
all these three parameters do not affect the outcome of coevolution, only the speed
at which species reach equilibrium trait values. For the fitness function, upon
inspection equation (2) shows that agzi does not play a role, while g; only rescales
the values of fitness for each species i. This result is consistent with our definition
of p; as the overall slope of the selection gradient. Throughout the text we used a

relatively small value for g; (0; = 0.2), but increasing it amplify the magnitude of

the effects that we reported. The parameter @ divides the term In (%) in equation
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(2). From the properties of logarithms, the relationship between a and In (%) can

1

be rewritten as In (%)a Using a mean field assumption in which Z; ~ (z), we can
l

1 1

re-express [n (’S(—‘l)a as In (ﬂ)a ~ ln(e—“(<z)—fi)2)

1

1
* ~ —((z) — z;)%. Thus, as long as Zj

are not too different among the j mutualistic partners of species i (which is
reasonable given that mutualisms favor trait similarity), then the effect of @ on our

results should be negligible.

4.1 Robustness of the model to the extinction of species

In natural systems it is possible that the species with the lowest fitness become
extinct as a result of the ecological dynamics in the community. Thus, we tested
the robustness of our results to eventual extinctions with an additional set of
simulations. In these simulations, we first allowed species trait and fitness values
to reach a coevolutionary equilibrium. Next, we performed simultaneous extinctions
of a percentage of the species in the network. These extinctions occurred in a
particular order, starting with the ones possessing the lowest fitness at the
coevolutionary equilibrium until a given desired percentage of species in the
network became extinct. Then, after the extinction event we allowed the surviving
species to coevolve to a new equilibrium and computed species fitness and indirect
evolutionary effects among the surviving species. Indirect evolutionary effects were

computed using equation (13) and the matrix of direct evolutionary effects among
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the surviving species (Q-matrix). The simulations were parameterized with the
initial structure of the same 186 empirical networks used in the main text.

We simulated five different scenarios progressively increasing the percentage of
species that went extinct, from 10% to 50% of the species in each network. We did
not go above 50% of extinctions because even under 40% of extinctions a large
portion of the surviving species were completely disconnected from the networks.
Furthermore, in mutualistic networks the ecological dynamics should not result in
large extinction events, since the structure of mutualistic networks have been shown
to increase resilience, biodiversity and minimize the effect of ecological processes
that could lead to extinctions (e.g. competition)13-15. After the extinction event,
some species eventually become disconnected from the network. These species were
also considered extinct which, in natural systems, may be a result of
coextinctions16. Thus, for scenarios above 40% of extinctions, this percentage may
underestimate the actual extinctions that occurred in each network.

Our results show that the wvariability in species fitness remains large. The
bimodality in the distribution of species fitness becomes less noticeable when
extinctions increase, but only disappears above 40% of extinctions (Extended Data
Fig. 2). This variability in fitness is driven by indirect effects that emerge from the
coevolutionary dynamics among the surviving species, even when 50% of the species
in the network went extinct (Extended Data Fig. 6). Therefore, our conclusions

about how indirect evolutionary effects shape fitness still hold even when species
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with low fitness can eventually become extinct as a result of the ecological dynamics

in communities.

4.2  Analytical approximation linking indirect evolutionary effects to species

fitness

To link species fitness to the contribution of indirect evolutionary effects, we
combined our fitness function (equation 2) with the analytical solution for the trait
values of species at the coevolutionary equilibrium. In our model coevolution leads
to a stable equilibrium of species traits, Z'=(- Q)_l'l’a, where Z* is an Nx1
vector representing species traits at equilibrium, I is the identity matrix, Q is an
NxN matrix whose entries represent the direct evolutionary effects of mutualistic
interactions, ¥ is an NxN diagonal matrix with diagonal entries equals 1 —m; for
all species i, and 0 is an Nx1 vector representing species environmental optimal.
The entries of matrix T = (I — Q)" t;;, describe the total direct and indirect
contribution of species j to the evolution of species i. Therefore, at the
coevolutionary equilibrium the T-matrix connects direct and indirect evolutionary

effects to the environmental optimum of species:

Z"=ToO (520)

or equivalently:
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N
Z_i* =Ztij9j (521)
j=1

Using equation (2) and (S21), we can derive and expression for the fitness of species

at the coevolutionary equilibrium:

2
N - —a(z -*—Zi*)
1 |m; 2':1,' idije J ok
591’[71“1< e X - (1-m)(0;-z;")?

w,=e (522)
To make further progress in equation (S22) we make a few simplifying assumptions.
First, we use a mean-field approximation and assume that Z;" = (z), so that
equation (S22) simplifies to:

Wi* ~ e‘%@i[mi((z)—z_i*)z + (1-my)(0;-2;")?] (523)
Equation (S23) shows that the fitness of species is a negative exponential function
that decreases with the squared distance of the trait of species i to all mutualistic
partners and to the environmental optima. Therefore, the larger the distances
m;((z) — z;")? and (1 —m;)(8; — Z;")?, the smaller the fitness of species i after

generations of coevolution. To link indirect evolutionary effects to these two

distances, we substitute Z;* with equation (S21):

1 2 2
W* ~ e‘f@i[mi((z)—27=1 tijej) + (1—mi)(9i—2?’=1 tijej) ]
i =

(524)
The term Z?’zl tij0; can be further disentangled as:

N N

/ J

]:1 j=1ﬁ¢i
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In the T-matrix, Z?Ll tij =1 so that t; =1 _Z?’=1,j¢i t;j. Using the mean-field
assumption that ; = (8) , equation (S24) can be further rewritten as:

1 2 2
W e—gei{mi[«e)—eozﬁ-Ll,j#tij—ei+<z>] +(1-m)(6~(ON* (S juityf) | (526)
The term Z?’:L j=i tij corresponds to the total amount, both direct and indirect, of

evolutionary effects that species i receives. Thus, we can partition Z?’ﬂ, j=i tij into

its direct and indirect components:

N N N
Z tij = z qij + z fij =m; + F (527)

j=1,j#i j=1,j#i j=1,j#i
where f;; corresponds to the contribution of species j to the indirect evolutionary

effects received by species i, and F; is the total contribution of indirect evolutionary

effects to the evolution of i Using equation (S27) into equation (S26):

1

W~ e S0i{mil((6)=6) (mi+F)—6;+(2)]* + (1-m;)(6;~6) (m;+F)*} (3)
=
Upon inspection, equation (3) shows that when g; # 0, the fitness of species is

maximized when:

m[((6) — 0)(m; + F) — 6; + z1+ (1 —m)(6; —(8)*(m; + F)? =0 (528)
Therefore, from equation (S28) the larger the contribution of indirect evolutionary
effects, i.e. F;, the greater the distance between species i trait, the traits of
mutualistic partners of i, and the environmental optimum of i. Thus, to understand
the relationship between species fitness and the contribution of indirect
evolutionary effects, we analytically computed species fitness through equation (3)

for different values of F;. Values for (), 6; and (z) were sampled from a normal
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distribution, while the remaining parameters were kept at a fixed value, while we

set m; = 0.5.

4.3 Relationship between species fitness and indirect effects in numerical

simulations

In the main text we reported the results of the relationship between indirect
evolutionary effects and species fitness for m; = 0.5. Here we show how this
relationship changes from a scenario in which mutualistic selection is very weak
(m; =0.1) to very strong (m; =0.9). Our results show that the relationship
between indirect effects and species fitness holds except for the extremes, when
m; = 0.1 or m; = 0.9 (Extended Data Fig. 4). The relationship breaks at these
extremes because when m; = 0.1, the contribution of indirect effects is almost
negligible but, on the other hand, when m; = 0.9 the contribution of indirect effects

is very high for all species and there is little variation among species.

4.4  Evolutionary effects and core-periphery structure in mutualistic networks

We now turn our attention to which species within networks are the most affected
by indirect evolutionary effects. Mutualistic, species-rich networks are often
characterized by variation in patterns of interaction across species, with a few
highly connected, central species and multiple poorly connected species in the

periphery of the network. Mutualistic networks are species-rich, centralized
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networks. Centralized networks are characterized by a core-periphery structure in
which core species are highly connected species that interact with both other highly
connected species and with peripheral, poorly connected species'. In contrast,
poorly connected species do not usually interact with each other. Therefore, it is
likely that the contribution of indirect evolutionary effects changes for species that
occupy either the core or the periphery of the network. Here, we tested this
prediction combining an analytical approximation for the most centralized type of
network — a star network — with numerical simulations parameterized with

empirical networks.

4.5 Analytical approximation linking indirect evolutionary effects to the core-

periphery structure of networks

We first study the relationship between network structure and the contribution of
indirect evolutionary effects. As we previously discussed, we can calculate the total
amount of evolutionary effects that a given species receives from the network using

the diagonal entries of the T-matrix, t;;, such that:

N
1_tii: Z tij (529)

J=1j#i

where Z?’=1,j¢itij corresponds to the total amount of evolutionary effects that

species receive from all others in the network.
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In the T-matrix, t; corresponds to feedback cycles of evolutionary effects that
return to species i. Because most mutualistic networks are two-mode networks
described by bipartite graphs, only even pathways contribute to feedback cycles

and therefore for a network with N species:

N N N
tu=(1_m) qg"'zqq +z
; 1

N
z U (530)

j k

To explore if central and peripheral species vary in their evolutionary effects, we

first use a mean-field approximation in which we assume that m; = m for any given

species i and that we can approximate the interaction strength qitj by:
m
L

in which m is the strength of mutualistic selection and k; is the number of partners
of species i. We study the simplest and the centralized core-periphery network, a
star network. In a star network, there is a single core species (the hub) that interacts
with N-1 species and there are N peripheral species that interact directly only with
the hub. By combining equations (S30) and (S31) we have the feedback cycles for
central species i and peripheral species j, respectively:

4

N N
m
(C) —m) 1+2 aij }l(N +Zzau aji kakL(N )2+"' ($32.1)
j k

(P _ m? . m*
j] =(1-m)|1+ a;;a; ﬁ + z aﬂa”a]kak}-m + e (532.2)
k
2 4
©=1- m D+ (N—1)?
t;” =@ ta WD e WD (532.3)
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) m2 m*
t;” =1 —-m) 1+(N_1)+(N_1)2(N—1)+--- (532.4)
© 0 2 4 @ 20 1-m
iy’ =0 -m(m’+m*+m +---)=(1—m)z m* = . (532.5)
2=0 1-m
2 4
(P) = —_ m m cee
t; =@ m)<1+N_1+N_1+ ) (532.6)
1 o (1 —m)m?
P) _ _ - 20\ _ _
t; =0-m) (1 + 12{):1"1 ) (1-m)+ N —Da—m?) (532.7)

Thus, the core species generates higher feedback cycles than peripheral species.

Using equation (S29), (S32.5) and (S32.7):

1-m 1
u§C)=1—t§f)=1—1_m2=1—(H—m> (533)
ORI PP PN € ok Lo m (534)
wo =ty =AMt T | T [ Da s m
where ul-(C) and u}P) are the total amount of evolutionary effects received by the

core and peripheral species, respectively. Since in our coevolutionary model species
with the same number of partners receive the same total amount of direct
evolutionary effects, Z?’=1 q;j = m, any increase in the total amount of evolutionary
effects that species receive comes from indirect evolutionary effects. Thus, upon
inspection, equations (S33) and (S34) show that as the number of species in the
star network increases, peripheral species receive more indirect evolutionary effects.
In fact, as long as N = 3, peripheral species receive more indirect evolutionary
effects than core species do. Furthermore, the larger the size of the star network,
the larger the amount of indirect evolutionary effects that peripheral species receive,

while indirect evolutionary effects are independent of network size for core species.
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4.6 Indirect evolutionary effects and the core-periphery structure of empirical

networks

We tested the predictions of our analytical approximation by performing numerical
simulations with the set of empirical networks used in the main text. First, we
classified the species of each empirical network that we used for our numerical
simulations (n=186 networks) into “core” species or “peripheral” species. We
classified a species i as a “core” species if 297:1 a;j > %Z?’zl ?’:1 a;j, where a;; = 1
if species i interact with another species j and a;; = 0 otherwise; and N is equal to
the number of plant or animal species if i is a plant species or an animal species,
respectively. Next, we used the results of our numerical simulations to understand
how the contribution of indirect evolutionary effects changes between species that
occupy the core or the periphery of networks. Since the overall contribution of
indirect evolutionary effects can also change across networks, we controlled for
potential differences driven by network structure using the leading eigenvalue of
the network’s adjacency matrix. We used the leading eigenvalue because previous
work showed that it increases with the size of the network and is closely related to
indirect evolutionary effects via the proliferation of pathways in the network!!.

The result from the numerical simulations agrees with our analytical predictions:
independently of the value of mutualistic selection, within the same network, core

species received a smaller amount of indirect evolutionary effects than peripheral
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species (Extended Data Fig. 5). However, the contribution of indirect evolutionary
effects also changes across networks, such that a core species coevolving in one
network can receive a larger amount of indirect evolutionary effects than a
peripheral species coevolving in a different network. Therefore, the contribution of
indirect evolutionary effects depends on the interaction between the species position
within network and whether the overall network structure favors or hinders indirect

evolutionary effects.

4.7  Numerical simulations for the invasion of a supergeneralist in networks

On the main text we reported the results for the numerical simulations when m; =
0.5. Here we report the results for different values of m;. Our supplementary
analysis shows that the results reported in the main text hold for different values
of m; (Extended Data Fig. 7-9). Independent of the value of m;, the fitness of most
of the species that did not interact with A. mellifera decreased after the invasion,
while for species that directly interacted with A. mellifera, fitness increased
(Extended Data Fig. 7). This effect is just related to the increase (41) in the
number of partners (i.e., direct effects). Furthermore, the change in indirect
evolutionary effects caused by the invasion also predicted changes in species fitness,
both for species that directly interacted with A. mellifera (Extended Data Fig. 8)
and for species that did not directly interact with A. mellifera (Extended Data Fig.

9).
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4.8 Numerical simulations for the invasion of A. mellifera in an empirical network

with rewiring of interactions

In the main text, we evaluated how coevolution with an introduced supergeneralist
shapes species fitness by parameterizing our numerical simulations with the
structure of 73 empirical networks within which A. mellifera is a known invader
(Supplementary Table 2). However, in these simulations we assumed that the only
change between the pre- and post- A. mellifera invasion networks was the inclusion
of A. mellifera itself. Thus, in these simulations we neglect the possibility that
species rewire their interactions after the invasion of A. mellifera in the network,
but also the loss of native partners by resource competition.

Here, we performed a complementary set of simulations using an empirical dataset
where the mutualistic networks before and after the arrival A. mellifera are
available®®. We performed 1000 numerical simulations in which we first allowed
species to coevolve until traits reached asymptotic values for the empirical pre-Apis
network (Extended Data Fig. 10a). Then, we changed the structure of the network
to the Apis network (Extended Data Fig. 10b), allowed traits to reach asymptotic
values, and evaluated how species fitness and the contribution of indirect
evolutionary effects changed between the pre-Apis and Apis- scenarios. However,
since in this empirical dataset there are species that are disconnected (e.g.,

functionally extinct) from the network after the invasion by A. mellifera, we only
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quantified the coevolutionary effects of the invasion for species that are present
both in the pre- and Apis- networks.

Our results show that most of the species lose mutualistic partners after the
invasion (Extended Data Fig. 10c). As a consequence, the fitness of most species
decreases after the invasion (Extended Data Fig. 10d) because A. mellifera not only
reorganizes indirect evolutionary effects, but also reduces the number of mutualistic
partners via the rewiring of interactions and the functional extinction of other
species in the network (Extended Data Fig. 10e). Therefore, our results suggests
that if species are not able to retain mutualistic partners after the invasion by a
supergeneralist, fitness decreases after generations of coevolution. This result
translates well to the empirical data, in which native species show consistent
reductions in fitness estimators (e.g., seed set and seed mass) for individual plants
of different species when facing the consequences of A. mellifera invasion. However,
the availability of empirical data to test that in other systems is currently limited,
and we are aware of only two other studies that simultaneously measured network

2122 In fact, the results of these studies

structure and estimate the fitness of species
also match our model predictions that core species should have a higher fitness than
peripheral ones, but it remains empirically untested whether these differences in
fitness are a result of coevolution. Thus, we believe that our study will motivate

and facilitate future work to explicitly test our model predictions on how

coevolution in networks and indirect effects shape species fitness.
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Linking local to regional ecological and evolutionary processes is key to
understand the response of Earth’s biodiversity to environmental changes.
Here we integrate evolution and mutualistic coevolution in a model of
metacommunity dynamics and use numerical simulations to understand
how coevolution can shape species distribution and persistence in landscapes
varying in space and time. Our simulations show that coevolution and species
richness can synergistically shape distribution patterns by increasing coloniza-
tion and reducing extinction of populations in metacommunities. Although
conflicting selective pressures emerging from mutualisms may increase
mismatches with the local environment and the rate of local extinctions, coevo-
lution increases trait matching among mutualists at the landscape scale,
counteracting local maladaptation and favouring colonization and range
expansions. Our results show that by facilitating colonization, coevolution
can also buffer the effects of environmental changes, preventing species
extinctions and the collapse of metacommunities. Our findings reveal the
mechanisms whereby coevolution can favour persistence under environ-
mental changes and highlight that these positive effects are greater in more
diverse systems that retain landscape connectivity.

1. Introduction

Species are subjected to natural spatio-temporal variation in environmental con-
ditions, but to persist in a changing environment a species may need to track
suitable environment by colonizing novel sites or quickly adapt to novel local
conditions [1-4]. Colonization success and adaptation are not fully determined
by the abiotic environment but modulated by the multiple ecological interactions
species establish in local ecological communities. Mutualisms, for instance, can
increase dispersal potential [5] as well as allow species to expand their realized
niches by increasing environmental suitability under unfavourable conditions
[6]. Ecological interactions may also give rise to coevolutionary dynamics when
species exert reciprocal selective pressures on each other [7-10]. Evolution in
response to the physical environment and coevolutionary outcomes emerging
from interactions may either converge, accelerating local adaptation, or diverge,
generating conflicting dynamics [11-13]. The interplay between evolution and
coevolution might, therefore, shape the response of biodiversity to changing
environments [14]. How evolution in response to environmental and biotic press-
ures shape biodiversity patterns is a pressing question in the context of the global
anthropogenic changes and the rise of novel biotas [15-20].

© 2023 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Representation of coevolving mutualists in a metacommunity. Within local patches, populations of different species (here indicated as coloured silhou-
ettes) are subjected to different selective pressures imposed by local the environment (6). In addition, species within local communities interact forming networks
with varying configurations (interactions are depicted as solid lines connecting silhouettes within patches). While species-species interactions promote coevolution,
traits also evolve in response to the selective pressures of the local environment (as represented in the upper panels). Trait evolution is depicted in the upper left
panels as the change in the mean value of traits from the current generation (solid lines) to the next generation (dashed lines). At the regional scale, local
populations can colonize other patches or become locally extinct, reshaping the distribution of genotypes and phenotypes in the metacommunity (from the
solid to the dashed lines in the upper right panel). Under this framework, the colonization dynamics connects the local effects of evolution and coevolution

to other patches in the metacommunity.

Empirical and theoretical studies have shed light on
the consequences of mutualistic coevolution for interacting
species [10,21,22]. Coevolution between mutualistic pairs
favours the complementarity of traits, for instance, when the
mouth parts of a pollinating insect matches the floral tube of
a plant [23]. In this context, trait complementarity may increase
the overall survival and reproduction of mutualistic partners,
but it may also lead to highly specialized and intimate inter-
actions in which the loss of a mutualistic partner highly
increases the risk of co-extinctions [24-26]. Progressing to
species-rich communities, theory predicts that coevolution
can increase the similarity of traits among all mutualists
resulting in evolutionary convergence [27-30]. In a changing
environment, trait similarity may prevent co-extinctions
because convergence increases functional redundancy, allow-
ing mutualists to compensate for the extinction of partners
through rewiring [31,32]. Thus, pairwise and multispecies
coevolution may lead to different outcomes: from an increased

risk of coextinction to the coevolutionary rescue of ecological
functions from environmental changes.

When considering larger spatial scales, however, the outcome
of coevolution may further depend on how populations of the
same species are distributed and connected through gene flow
across space [10]. Spatial heterogeneity may impose different
local evolutionary regimes, but colonization dynamics may
alter the distribution of genotypes and phenotypes of popu-
lations across space, which feeds back and affects local
evolutionary and coevolutionary dynamics [33-38] (figure 1).
For instance, variation in mutualistic selection across space can
create geographical mosaics of adaptation [39—44]. By contrast,
when two species-rich, local communities are linked by gene
flow, mutualistic coevolution increases the convergence and
matching of traits among all species of the two local communities
[45]. While the effects of spatial processes on coevolution are start-
ing to be unravelled [39,41,42,45,46], we still know little about
how coevolution can affect distribution patterns in a
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heterogeneous environment or whether coevolution favours or
hinders persistence across space under environmental changes.

Here, we use numerical simulations to investigate how
patterns of adaptation and coadaptation in two-species and
multispecific scenarios affect patterns of population persistence
in heterogeneous and changing environments. To do so, we
developed a spatially explicit framework of a coevolving meta-
community by combining a mathematical model of evolution
(in response to environmental selection) and coevolution
(in response to mutualistic interactions) with colonization and
extinction dynamics. Specifically, we explored the following
questions: (1) how does coevolution in species-rich communities
affects patterns of colonization, extinctions and the persistence of
populations at the metacommunity scale? (2) How does coevolu-
tion in species-rich communities affect the persistence of local
populations and species under environmental changes? The
results of our numerical simulations show that mutualistic coe-
volution and species richness synergistically drive patterns of
occupancy, colonization, extinction and trait matching in meta-
communities. Furthermore, we show that coevolution can
buffer negative effects of environmental changes, preventing
the extinction of species and the collapse of metacommunities,
especially in species-rich systems.

2. Methods
(a) Model description

We developed a spatially explicit metacommunity modelling
framework that combines a coevolutionary model with coloniza-
tion and extinction dynamics in a cellular automaton representing
an ecological metacommunity where populations of S species can
occur within any of K patches. Our model builds upon previous
models of mutualisms in metacommunities [47-49]. However,
instead of assuming fixed colonization and rates, we explicitly
link these rates to the mean trait values of populations via a
patch suitability function. We motivate our model using plant-
insect mutualisms such as those between plants and insect
pollinators. However, our overall framework can also be applied
to other mutualistic interactions mediated by a trait matching
mechanism, for instance, birds that disperse seeds [50]. For simpli-
city, we assumed that of the total pool of S species there are S/2
plants and S/2 animals in the metacommunity. The populations
of plants and animals are assumed to be sulfficiently large so that
each one can be described by the mean trait value, z, of its individ-
uals. Furthermore, we assumed that at each patch K there is a
different environmental optimum for each species i, which can be
summarized by a single value, 6;. Biologically this value can be
interpreted as an average value of all the environmental factors in
a patch that significantly affect the fitness of species i, for instance,
linear combinations of variables related to temperature and precipi-
tation. We initially assumed that the local environmental optimum
of each species i at each patch k, 8, did not vary over time (figure 1).
By doing so, we simulated a heterogeneous but constant adaptive
landscape where each local population is subjected to selective
forces from the environment and from the local mutualistic part-
ners. Later, we evaluated the effect of environmental change on
emerging patterns of coevolution, colonization and extinction at
the metacommunity level by varying the local environmental
optima of species over time.

Each of these K patches can be occupied by one population of
each species. When populations of plants and animals co-occur,
they may interact and exert selective pressures on each other.
Because functional mutualistic interactions often depend on the
matching of the traits of the interacting individuals [26] (e.g.
when the mouth part of an insect pollinator matches the floral

tube of a plant), we modelled the probability of successful n

interactions as a trait matching rule:

0} (f))

p(u(t) _ 1) _ e—oz(z]A ¥4

o - (2.1)

in which p(a(t) 1) is the probability of a successful interaction
between mlelduals of co-occurring populations of species i and j
in patch k, and « is a parameter that controls how sensitive p(’) is to
differences between the trait values of species i, Z(k ,and species ], (')
At each time step of our model four events occur. First, at each
patch k a local interaction network is formed by the local pairwise
interactions according to equation (2.1). Second, the populations of
each species evolve (see below) in response to the selective press-
ures of the environment and, when they interact, coevolve in
response to their mutualistic partner’s traits. Third, following evol-
ution and coevolution, these populations can colonize adjacent
patches. Finally, after all populations had the opportunity to colo-
nize adjacent patches, local populations may become extinct
depending on the local species-specific patch suitability.

(b) Evolution and coevolution

In our model, mutualistic interactions are a function of the trait
matching between populations of different species and may
change as populations evolve. As a consequence, at each time
step of the model these interactions can give rise to distinct
local interaction networks. To model evolution and coevolution,
we adapted a model of coevolution in mutualistic networks [51]
to our framework. This coevolutionary model is grounded on
quantitative genetics [52] and connects the evolution of species’
traits to the mean fitness consequences of mutualistic interactions
and other selective pressures in the environment. For a given
population of species i, in patch k, the change in the mean trait
value z; from one generation to the next is given by:

0 In(wy)

—p 2.2
ad zf.,? (2:2)

A =20 4 a2,
where 02cz is the additive genetic variance of traitz; at patch k
and the selectlon gradient, 0 In(wy)/0 z;; " describes how a
change in the mean value of zj affects the mean fitness, wy of
population i. We assumed that mutualistic interactions contrib-
ute with a proportion m; to the selection gradient, while other
selective pressures in the environment contributes with 1 — ;.
Hence, the higher the value of my, the stronger the effects of
mutualistic interactions on the mean fitness of populations and
therefore, on trait evolution when compared to other selective
pressures in the environment. Because of the dependence of
some mutualisms on trait complementarity [28,53], we assumed
that the selection gradient favours complementarity with the
traits of co-occurring mutualistic partners (z;) and with other
selective pressures of the environment in patch k (6y):

¢+ _ 00
7y =2y + ot e zk Z ‘L]k

(2.3)

The parameter g; controls the sensitivity of species fitness to the
function that defines the selection gradient, i.e. the terms within the
brackets. These terms within brackets correspond to the fitness
effects of trait matching with mutualistic partners and the fitness
effects of trait matching with the environment, respectively. We
defined q(’) as the importance of a given mutualistic partner j for
species i at time t and at patch k and assumed that q(t) depends
on a trait matching rule relative to all mutualistic partners

® 70((2(#)72(0)
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Furthermore, we assume that if Z i=1j#i f]'; 0, i.e. at a given time

step, species i does not interact with any mutualist at patch k, then
my=0 and all the evolution of trait z{{’ occurs only in response to
the environment 6.

24 =29 + o2, onO — z). 25)

Because some of the parameters used in the model such as
my and gy, are hard to estimate, especially in a multispecific con-
text, we could not parameterize the model based on empirical
systems. Thus, we explore a wide range of variation in those par-
ameters in our analyses to understand whether our results are
robust to parameter choice (see below).

(c) Patch suitability, colonization and extinction
Following evolution and coevolution, at each time step, species
can colonize empty adjacent patches depending on how suitable
the patch is to the colonizing species. Thus, similar to what is
observed in empirical systems, the abiotic and biotic features
filter whether or not colonization of adjacent patches will be
successful [54-56]. To simplify species-environment relation-
ships, we assumed that the suitability of patch k for species i,
Vi, depends exclusively on the mean trait complementarity
with mutualistic partners and the trait complementarity with
the environment, according to:

o= ﬂik[m,vk(z;m R Y e ame | (26)
(@ .

Thus, 0 < y”) < 1 and assumes its maximum value (y(’) 1) only

when traits perfectly match the traits of all mutualistic partners
and the environmental optimum. Furthermore, in equation (2.6)
suitability increases only if species traits match both mutualistic
partners traits and the local environmental optimum. Because
we only model facultative mutualisms, if a patch k does not hold
any mutualistic partner (i.e. 33 i f]tlz 0), we set m; =0 and
assumed that the suitability of the patch k is solely determined
by the trait complementarity with the environment:

(2
'}’ft) — e~ ouk—z)" (2.7)

In the colonization events, each species in each patch can
colonize empty patches among any of the other eight adjacent
patches with periodic boundary conditions (i.e. the Moore neigh-
bourhood in a cellular automata). We assume that the probability
of success of each colonization event is equal to the suitability of
each k adjacent patch, s,(.,?. When a colonization event is success-
ful, if the patch that receives dispersers is already occupied by
another population of the same species, then there is gene flow
among the dispersing and resident populations. For simplicity,
we assume that following dispersal the new mean trait value
of a population of a given species is comprised of a fraction of
0.95 of the resident population trait value and another 0.05 frac-
tion averaged over the trait values of all other successfully
dispersing populations of that species. If the patch is not already
occupied by a population of the same species, it is then occupied
with a trait value composed of the average trait values of all suc-
cessfully dispersing populations. We also explored situations in
which the contribution of gene flow is larger than 0.05 (from
0.1 to 0.5 in 0.1 steps), which yielded similar qualitative results
(electronic supplementary material, Information).

Besides affecting colonization, we assume suitability also deter-
mines population persistence. We assumed that the extinction of a
given population of species i that occurs in patch k depends on
the suitability of the occupied patch for that species and occurs
with probability 1 — (” . Thus, we modelled both the colonization
of adjacent patches and extinction of populations as probabilistic
events that depend on the suitability of patches. A given population
will be more likely to colonize patches with greater suitability and
undergo extinction in those patches where suitability is low or has

become lower over time. Although we are specifically interested n

in colonization/extinction dynamics, we implicitly model demo-
graphic effects because fitness vary across time and space and
environmental suitability affects local population density [57].

(d) Numerical simulations

We performed numerical simulations of our model using the Julia
programming language v. 1.5.3 [58]. In these simulations we
explored how different levels of strength of mutualistic interactions
(my=0.0—0.9), species richness (2, 4, 8, 16 and 32 species) and
spatial and temporal variation in the environment affected patterns
of distribution of traits and populations in the metacommunity. For
simplicity, we initially fixed the relative importance of mutualisms,
My, to be the same for all species in all patches in each simulation.

We ran 100 simulations per combination of value of my,
species pool and environmental conditions (fixed versus chan-
ging environment). At the beginning of each simulation, we
sampled the values of the environmental optimum (6;) and
initial trait values from a uniform distribution U [0, 10]. To
avoid situations in which all populations of a given species
become extinct at the beginning of the simulation, the initial
number of populations for all species were fixed as v/K. For con-
venience we fixed the number of patches K to 100 (hence the
initial number of populations of each species to 10). All simu-
lations ran for 1200 time steps, which was enough for species
traits in all patches to achieve quasi-equilibrium values.

To test how coevolution can modulate the response to environ-
mental changes, we performed simulations while assuming
directional changes on the environmental optima of each patch.
We simulate environmental change by incrementing the values
of the environmental optimum (6;) by 0.25 at the end of each
time step. In these simulations, all the remaining parameters of
the model were held fixed and were the same for all popu-
lations/species (O%ZU( =1.0, 0x=0.1, =0.1). Since the strength
of mutualistic interactions can also vary across space [10], we
also performed an additional set of simulations in which we
allowed mj to vary among patches (electronic supplementary
material, Information). Varying m;. across the space from neutral
(my = 0) to strong (m; = 1.0) allowed us to test how a geographical
mosaic of coevolution can affect species response to environmental
changes. Furthermore, we also explored the sensitivity of our
model to different parameter values (increasing o in 10% steps
up to a 50% increase, from 0.1 to 0.15) which yielded equivalent
results (electronic supplementary material, Information).

At the end of each simulation, we measured six state variables.
All variables were averaged across all time steps and species. We
measured: (1) the trait matching (calculated via equation (2.1)) of
species with mutualistic partners at local patches averaged over
all partners; (2) the average trait matching between all possible
pairs of species in the entire metacommunity (hereinafter called
regional trait matching); (3) patch occupancy, defined as the pro-
portion of patches occupied by populations of a given species;
(4) the fraction of successful colonization events, defined as the
proportion of successful colonization attempts in subsequent
time steps; (5) the fraction of populations’ extinctions, defined as
the proportion of all populations that went extinct in subsequent
time steps; and (6) the fraction of the total regional pool of
surviving species at the end of simulations.

3. Results

(a) Coevolution and species richness shapes colonization
and extinction dynamics

We first performed simulations of our model in a scenario in
which the environment is heterogeneous but static over time.
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Figure 2. Mutualistic coevolution shapes patterns of (a) occupancy, (b) colonization and extinction and (¢,d) trait matching in metacommunities. In (b), solid lines
represent the rate of colonization and dashed lines the rate of extinction of populations. On panel (c), green lines and points represent the local trait matching of
populations with the environment, while red lines the local trait matching with mutualistic partners. Points represents the mean value for 100 simulations and bars
95% confidence intervals. Parameter values are as follows: m; = 0.0 — 0.9, O%z,k =10, 0x=0.1, a=0.1.

Our simulations show that under this scenario, multispecific
coevolution has nonlinear effects on metacommunity dyna-
mics. Up to moderate levels of mutualism strength (12, =0.1-
0.5), coevolution decreases patch occupancy (figure 2a).
However, as m; increases further, patch occupancy goes back
to the same levels as the scenario without coevolution (1, =
0, figure 24). Such changes in patch occupancy occur because
at low levels of m, mutualistic coevolution simultaneously
increases the rate of successful colonization and the rate of
local extinctions (figure 2b). The rates of colonization and
extinction are further modulated by species richness such
that for the same levels of m;; higher species richness in the
metacommunity increased the rate of colonization relative to
the rate of local extinction (figure 2b). The effects of coevolution
on colonization and extinction rates result from how coevolu-
tion shapes patterns of local and regional trait matching in
the metacommunity (figure 2c,d). As m;, increases, the conflict-
ing selective pressure from mutualisms decreases the local trait
matching of populations with the environment, increasing
local extinctions (figure 2c). However, at high m, trait matching

with mutualistic partners throughout the entire metacommu-
nity, compensates mismatches with the environment, by
increasing the likelihood that populations have suitable mutua-
listic partners at any patch, which increases the rate of
successful colonization (figure 2d). Local and regional trait
matching also increase with species richness, which explains
why increasing richness has a positive effect on occupancy
(figure 2c,d).

(b) Coevolution and species richness buffer the effects
of environmental changes

We next performed simulations in which the environment
changes over time. Our simulations show that when coevolu-
tion strength is low, patch occupancy is much lower than
expected for static environmental settings (figure 34). Increasing
coevolution strength and species richness raises occupancy
sharply by synergistically creating a more positive balance
between the rates of population colonization and extinction
(figure 3b). Indeed, as coevolution strength increases, mean
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Figure 3. Mutualistic coevolution shapes patterns of (a) occupancy, by altering the (b) balance between colonization and extinction (calculated as the ratio of popu-
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b) points and lines represent the mean value for 100 simulations. In panel (c), curves correspond to the distribution of the fraction of regional richness within local
patches (averaged over time) across 100 simulations. Parameter values are as follows: my = 0.0 — 0.9, olm =1.0,04=01, a=0.1.

species richness within patches also increases (figure 3c).
Thus, under environmental changes coevolution favours the
persistence of species across the entire landscape, not only on
a few patches.

This buffering effect occurs because, by favouring regional
trait matching, coevolution and gene flow make species
more likely to find suitable patches even when they are
maladapted to the environment. Sensitivity analyses showed
that these results hold for multiple combinations of parameter
values (electronic supplementary material, Information).
Furthermore, our sensitivity analysis showed that even without
gene flow, mutualistic coevolution can buffer the negative
effects of environmental change, but gene flow amplifies the
buffering effect. Simulations under an alternative model assum-
ing species interact but do not coevolve cannot reproduce the
observed patterns of occupancy, resulting in very low occu-
pancy and complete extinction of the metacommunity
regardless of the value of mutualism strength (electronic sup-
plementary material, Information). Therefore, the observed

patterns in patch occupancy and richness for varying m,
cannot be interpreted only as the effect of decreasing the contri-
bution of the environment as a selective pressure (see the
electronic supplementary material, Information for a more
detailed discussion).

(c) Coevolution prevents the collapse of
metacommunities

Simultaneous extinctions of local populations can result in the
regional extinction of a species. According to our simulations,
species extinctions, and the eventual collapse of meta-
communities in a changing environment can be prevented by
mutualistic coevolution (figure 4a). Whenever the strength of
mutualisms was weak (11 = 0.0 — 0.3) the metacommunity col-
lapsed. However, further increasing the strength of mutualistic
interactions prevented the collapse of the metacommunity and
increased the fraction of surviving species. Again, the extent of
this buffering effect over persistence was modulated by
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diversity, such that extinctions were only prevented in species-
poor metacommunities at higher levels of mutualism strength.
For instance, in an example of a simulated scenario with ;=
0.5, the metacommunity with 16 species collapsed, while in
the one with 32 species nearly 25% of both plant and animal
species persisted (figure 4b). However, without any coevolution
(mj=0.0) all 32 species went extinct (figure 4c). This effect of
species richness occurred because in species-rich meta-
communities, species have potential partners in most patches,
which grants a certain baseline suitability even as the environ-
mental conditions deteriorate. Sensitivity analyses showed
that the buffering effects of coevolution and species richness
against environmental changes held for different parameter
values (electronic supplementary material, Information). We
also obtained similar results when allowing the strength of
coevolution to vary uniformly or in hotspots and coldspots
across the landscape, implying that even a few coevolutionary
hotspots can prevent the collapse of metacommunities under
environmental changes (electronic supplementary material,
figure 517).

4. Discussion

In the past decades, evolution has been recognized to occur at
timescales that are fast enough to influence contemporary trait
distribution patterns and, consequently, the persistence and
distribution of ecological populations, thus affecting their
response to environmental change [3,59-62]. However, we
are only starting to understand how the interplay between
local evolution and coevolution scale up and shape ecological
patterns across landscapes [10,63]. Here, we integrate coevolu-
tion, networks and metacommunity dynamics to show that
evolution and mutualistic coevolution acting within local

patches may scale up to an entire metacommunity and affect
the spatial distribution of populations, patterns of adaptation,
and the response of species to environmental changes [63].
Together, our results suggest three main mechanisms whereby
local mutualistic coevolution can affect the trait distribution
and persistence of species in metacommunities.

First, mutualistic coevolution can shape patterns of local
and regional trait matching of populations, increasing
connectivity across the landscape. Because colonization suc-
cess and persistence are highly determined by species traits,
varying patterns of trait matching can affect the rates of colo-
nization and extinction of populations in metacommunities.
In our model, the conflicting selective pressures of mutualis-
tic partners decreases the trait matching of local populations
with the environment and increases the rate of extinction of
populations. By contrast, at the regional scale, coevolution
increases the trait matching with mutualistic partners across
the entire metacommunity and increases the rate of coloniza-
tion. Previous theoretical work showed that trait convergence
in mutualisms can emerge from coevolution in species-
rich communities [7,11,27,28,39,42,45]. This trait convergence
is driven by how mutualistic interactions form complex
networks whose pathways propagate indirect evolutionary
effects [51]. Similarly, in our model, colonization of local
patches by coevolving populations forms its own spatial net-
work. This spatial network also creates paths through which
indirect effects propagate across the landscape. Taken
together with previous work [45], our results further indicate
that indirect effects that propagate through dispersal across
the landscape may contribute to shape not only patterns of
regional trait matching among mutualists, but also rates of
local extinctions and colonization. Thus, the disruption of
indirect pathways across space because of habitat fragmenta-
tion, for instance, besides its impacts on metacommunity

60617207 06T § 20S "y 20id  qdsi/jeuinol/bio buiysigndAianosiefos H



Downloaded from https://royal societypublishing.org/ on 19 January 2023

dynamics through dispersal limitation may also affect coevo-
lutionary dynamics at the landscape level, an overlooked
question that deserves further attention [47,48,64,65].

Second, coevolution with mutualists facilitates colonization
of otherwise unsuitable patches and effectively expand the rea-
lized niche of species [6,66,67]. By facilitating colonization,
increased trait matching at the regional scale may allow species
to expand their spatial distributions, even when certain
local populations are maladapted to the local environment.
In natural populations, local adaptation may counteract
environmental gradients and even out ecological patterns in
space, reducing variation in mean fitness and in the local
abundance of populations across the landscape [63]. Our simu-
lations show that by favouring trait matching among multiple
mutualists across the landscape, coevolution may minimize the
negative effects of mismatches with the environment. This
mechanism is further amplified by increased metacommunity
diversity. Therefore, our results suggest that mutualistic
coevolution in species-rich metacommunities can be an impor-
tant force that allow species to expand and maintain their
distribution ranges in a heterogeneous landscape.

Third, metacommunity diversity and coevolution can syner-
gistically counteract the effects of environmental changes. When
multiple interacting species exert evolutionary pressures in the
same direction, trait matching among mutualists increases
across the entire landscape. This increased trait matching sus-
tains higher rates of colonization and allow populations to
track environmental changes more efficiently. In species-rich
mutualisms, greater complexity overcompensates the strength
of mutualism so that populations can track environmental
changes and species tolerate greater levels of environmental
changes even if the strength of coevolution is relatively weak.
The less rich the community, the stronger mutualisms need to
be to prevent the extinction of species and the collapse of the
metacommunity. Thus, our results highlight that any factor
that decreases the strength of mutualistic interactions, hinders
coevolution or decreases species richness in mutualistic systems,
may reduce the likelihood of biodiversity persistence in a chan-
ging environment [68,69]. As the environment rapidly
changes globally, understanding the mechanisms that allow
populations and species to track and colonize suitable environ-
ments is a major concern for biodiversity conservation
[17,18,70-73]. Locally, species-rich communities have been
shown to bulffer the effects of environmental changes, because
increased trait convergence allows mutualists to rewire inter-
actions in a way that compensate for the extinctions of their
partners [31]. Here, we show that mutualistic coevolution can
counteract environmental changes at larger spatial scales by
maintaining the connectivity of spatial networks. Multispecific
coevolution favours trait convergence at larger scales so that
any species may have potential partners in several sites, allow-
ing species to persist and colonize novel sites even as the
environment changes. This increases the effective connectivity
among sites and may help explain how mutualisms facilitate
persistence and range expansions under environmental changes
and maintain species richness across landscapes [2,74].

1. Hoffmann AA, Sgré CM. 2011 Climate

change and evolutionary adaptation. nature09670)

There is plenty of empirical evidence that mutualistic inter-
actions and partner diversity allows populations to persist in
a wide range of environments and is associated with range
expansion of populations [75]. However, we still do not fully
understand the mechanisms through which mutualistic inter-
actions drive these range expansions and how coevolution
affects spatial patterns. We present a testable mechanism for
how mutualistic interactions can allow species to colonize other-
wise unsuitable patches, and increase the distribution range of
populations, favouring persistence. Although measuring coevo-
lution in natural systems is challenging, the predictions of our
model could be tested by assessing trait matching among inter-
acting species at multiple sites (e.g. [76]) and investigating how
variation in trait-matching affects colonization and persistence
over time or patterns of patch occupancy (e.g. [77]).

Natural systems are increasingly perturbed by human
activities, being subjected to high levels of diversity loss and
fragmentation [16,78]. Whereas diversity loss impoverishes
and simplifies the structure of communities, fragmentation
changes the spatial structure of metacommunities and
may reduce the potential of mutualistic coevolution to buffer
harmful effects of ongoing environmental changes [79-81].
Our results show that coevolution and high species richness
have a favourable impact on colonization success, thus imply-
ing that maintaining diversity and landscape connectivity
is necessary for species persistence under environmental
change. Disrupting connection pathways among natural popu-
lations can increase the biodiversity erosion driven by human
impacts, threatening essential ecosystem functions related to
mutualisms, such as pollination and seed dispersal.

Code and instructions to perform numerical simu-
lations are available from the Dryad Digital Repository: https://
doi.org/10.5061/dryad.r2280gbh5 [82] and from GitHub: https://
github.com/Igcosmo/Cosmo_et_al mutualistic_coevolution_
metacommunities.

Data are provided in the electronic supplementary material [83].
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1 Alternative models — partitioning the evolutionary and ecological effects of

mutualistic interactions

In our study we evaluated how mutualistic coevolution shapes the distribution and
persistence of species in a metacommunity. Here, we simulate two additional scenarios
to test how the results reported in the main text changes when: (1) species interact with
mutualists, but do not evolve/coevolve and traits changes over time in local patches only
as a result of the colonization and extinction dynamics; (2) species interact with
mutualists, evolve/coevolve, but gene flow does not occur among patches. For scenario

(1) we set the parameter agzik:o.o, which cancelled all trait changes because of local

evolution/coevolution. To simulate scenario (2) we set the fraction of gene flow to 0.0,
allowed only empty patches to be colonized, and, when multiple colonization attempts to
a given patch were successful at the same time, only the population with the largest
suitability colonized the patch. For the two alternative scenarios we ran 50 simulations
for each combination of strength of mutualistic interactions and initial species richness

with and without environmental changes.

1.1 Results for the metacommunity dynamics without evolutionary change

1.1.1 Without environmental changes

Our simulations show that without coevolution, mutualistic interactions alone do not
reproduce the patterns reported in the main text (Figure S1-S2). Assuming no
environmental changes, patch occupancy decreases for intermediate values of mutualistic
strength, similarly to the patterns reported in the main text. This decrease, however, is
sharper and the effects of species richness on the pattern are not consistent across all
levels of mutualistic strength. The sharper decrease in occupancy occurs because at

intermediate levels of mutualistic strength, the rate of extinction of populations increases



and nearly surpasses the rate of colonization (Figure S1b). Extinction rises because with
greater mutualism strength, suitability is more dependent on the interactions, but without
coevolution species may not have “compatible” partners locally, which decreases site
suitability. As a consequence of the increased rate of extinction, only populations whose
traits perfectly matches the environment or the traits of mutualistic partners persist in the
metacommunity, increasing both the local and regional trait matching of mutualistic
populations due to species sorting (Figure Slc-d). At exceptionally high levels of
mutualism strength the match with the environment is less important for suitability and
the few persisting species can support their partners, thus explaining the rise in

occupancy.
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Figure S1 — Results of a model of metacommunity dynamics without evolutionary
dynamics for patterns of (a) occupancy, (b) colonization and extinction, and (c-d) trait
matching. Points represents the mean value for 50 simulations and bars 95% confidence

intervals. Parameter values: m;,= 0.0-0.9, Uczzik = 0.0, 0jx = 0.1, a = 0.1.

1.1.2 With environmental changes

With environmental changes but no coevolution, patch occupancy remained very
low regardless of the value of strength of mutualisms and whether we allowed or not gene
flow among populations (Figure S2a-b). This same pattern held for the extinction of

species in the metacommunity, whereas all species went extinct at the end of simulations



regardless of m;;, (Figure S2c-d). Therefore, the occurrence of mutualistic interactions
alone cannot reproduce the patterns generated by coevolutionary dynamics. Furthermore,
these results show that the observed patterns in colonization/extinction dynamics as m
increases cannot be interpreted only as the effect of decreasing the contribution of the

environment as a selective pressure.
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Figure S2 — Results of a model of metacommunity dynamics without evolutionary
change for patterns of (a) occupancy, when gene flow is not allowed, (b) occupancy when
gene flow is allowed, (c) fraction of surviving species when gene flow is not allowed and
(d) fraction of surviving species when gene flow is allowed. In (a-b) points represents the

mean value for 50 simulations and bars 95% confidence intervals. Parameter



values: m;,= 0.0-0.9, Uczzl-k = 0.0, g;x = 0.1, @ = 0.1, fraction of gene flow when
allowed: 0.05.
1.2 Results for the metacommunity dynamics without gene flow

Our simulations assuming no gene flow generate qualitatively similar patterns to
those with gene flow presented in the main text, showing that the outcomes are not only
a consequence of gene flow across the landscape, but from coevolution in the
metacommunity context (Figure S3-S4). Assuming no gene flow and no changes in the
environment over time, mutualistic coevolution had non-linear effects on patch
occupancy (Figure S3a), increased the rate of colonization (Figure S3b) and the
local/regional trait matching with partners (Figure S3c-d). Furthermore, increasing the

species richness in the metacommunity amplified these effects of mutualistic coevolution.
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Figure S3 — Results of a model of metacommunity dynamics without gene flow among
populations for patterns of (a) occupancy, (b) colonization and extinction, and (c-d) trait
matching. Points represents the mean value for 50 simulations and bars 95% confidence

intervals. Parameter values: m;,= 0.0-0.9, 6§, = 1.0, o = 0.1, & = 0.1.

When the environment changes, mutualistic coevolution and species richness
synergistically increased patch occupancy and buffered the negative effects of
environmental change (Figure S4a), even in the absence of gene flow. However, allowing
gene flow among populations improved occupancy, highlighting the positive effects of
gene flow on the metacommunity under environmental changes (Figure S4b).
Furthermore, mutualistic coevolution and species richness were also able to prevent the
collapse of the metacommunity without gene flow (Figure S4c). Similar to occupancy
patterns, allowing gene flow amplified the buffering effect of coevolution, further

increase the fraction of surviving species (Figure S4d).
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2  Sensitivity analyses — simulations with different parameter values

On the main text we present results where we evaluated how coevolution in
pairwise and multispecific scenarios affects local and regional patterns in
metacommunities with and without environmental changes. Following previous work
(Guimaraes et al. 2017; Medeiros et al. 2018), in these simulations we kept most of the
model parameters fixed and varied only the strength of mutualistic interactions (m). In
our model, coevolution, colonization and extinctions can be affected by two other
parameters: (1) o, which high values increase the sensitivity of the adaptive landscape of
species and the speed of changes in trait values; and (2) the fraction of gene flow. To test
the robustness of our results to different values of these two parameters, we performed a
set of sensitivity analyses. In these sensitivity analyses we kept one the parameters fixed
(o or the fraction of gene flow) and varied the other. We varied o in 10% steps, up to a
50% increase, from 0.1 to 0.15, and the fraction of gene flow from 0.05 to 0.5. From the
results we evaluated how different values of ¢ and fraction of gene flow affected the

results reported in the main text.

2.1 Different values of sensitivity of species adaptive landscapes (o)
2.1.1 Without environmental changes

Our simulations show that the patterns reported in the main text qualitatively held
when increasing o (Figures S5-S8), with small quantitative changes. Coevolution still had
nonlinear effects on patterns of occupancy (Figure S5), increased the rate of colonization
(Figure S6) and the local and regional trait matching of species with mutualistic partners

(Figure S7-S8).
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Figure S6 - Effects of different values of the model parameter o (values above each panel)
on patterns of colonization (solid lines) and extinction (dashed lines). Each line represents
the average value of 50 simulations. Lines of different colors represents different
scenarios of initial species richness in the metacommunity. Other parameter values: m;;=

0.0-0.9, 0, = 1.0, @ = 0.1.
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Figure S7 - Effects of different values of the model parameter o (values above each panel)
on patterns of local trait matching with the environment (dashed green lines) and
mutualistic partners (solid red lines). Each point represents the average value of 50
simulations and vertical lines confidence intervals. Points and lines of different color
intensities represents different scenarios of initial species richness in the metacommunity.

Other parameter values: m= 0.0-0.9, o, = 1.0, 2 = 0.1.
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Figure S8 - Effects of different values of the model parameter o (values above each panel)
on patterns of regional trait matching with mutualistic partners. Each point represents the
average value of 50 simulations and vertical lines confidence intervals. Points and lines
of different color intensities represents different scenarios of initial species richness in the

metacommunity. Other parameter values: m;;= 0.0-0.9, aézik =1.0,a = 0.1.
2.1.2  With environmental changes

Under environmental changes, our simulations show that the patterns reported in
the main text qualitatively still held for the different values of o (Figures S9-S10).

Increasing o up to moderate levels still retained the same patterns reported in the main

text of the buffering effect of coevolution and species richness against environmental



changes. However, when g increases, species evolve faster and can track environmental
changes more efficiently, increasing patch occupancy (Figure S9). Further increasing o
reverts patterns of occupancy to similar patterns as if there was no environmental change
in the metacommunity. Conversely, increasing ¢ reduced extinctions and allowed more
species to survive in the metacommunity, with most the species surviving at high levels

of o.
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Figure S9 - Effects of different values of the model parameter o (values above each panel)
on patterns of occupancy under environmental changes. Each point represents the average
value of 50 simulations and vertical lines confidence intervals. Points and lines of
different color intensities represents different scenarios of initial species richness in the

metacommunity. Other parameter values: m;,= 0.0-0.9, agzik =1.0,a = 0.1.
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Figure S10 - Effects of different values of the model parameter o (values above each
panel) on the fraction of surviving species in the metacommunity under environmental
changes. Colors are interpolated to improve visualization. Other parameter values: m;; =
0.0-0.9, 6¢,, = 1.0, a = 0.1.



2.2 Different values of fraction of gene flow
2.2.1 Without environmental changes

Our sensitivity analysis shows that increasing the fraction of gene flow among
populations in the metacommunity can change the effects of mutualistic coevolution on
patterns of patch occupancy for low levels of m. When m < 0.5, increasing the fraction of
gene flow decreases the occupancy of patches (Figure S11) because the rate of extinction
of populations increases (Figure S12). The increased rate of extinction for low values of
m occurs because gene flow decreases the local trait matching with the environment
(Figure S13). However, gene flow also increases both the local and regional trait matching

with mutualists across all levels of m (Figure S14).
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Figure S11 - Effects of different values of fraction of gene flow (values above each panel)

on patterns of patch occupancy. Each point represents the average value of 50 simulations

and vertical lines confidence intervals. Points and lines of different colors represents



different scenarios of initial species richness in the metacommunity. Other parameter

values: mg,= 0.0-0.9, o¢,, = 1.0, 0y = 0.1, @ = 0.1.
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Figure S12 - Effects of different values of fraction of gene flow (values above each panel)
on patterns of colonization (solid lines) and extinction (dashed lines). Each line represents
the average value of 50 simulations. Lines of different colors represents different
scenarios of initial species richness in the metacommunity. Other parameter values: m;;,=
0.0-0.9, 6¢,, = 1.0, 0 = 0.1, @ = 0.1.
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Figure S13 - Effects of different values of fraction of gene flow (values above each panel)
on patterns of local trait matching with the environment (dashed green lines) and
mutualistic partners (solid red lines). Each point represents the average value of 50
simulations and vertical lines confidence intervals. Points and lines of different color
intensities represents different scenarios of initial species richness in the metacommunity.

Other parameter values: m;;,= 0.0-0.9, 05zik = 1.0, 0j = 0.1, a = 0.1.
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Figure S14 - Effects of different values of fraction of gene flow (values above each panel)
on patterns of regional trait matching with mutualistic partners. Each point represents the
average value of 50 simulations and vertical lines confidence intervals. Points and lines
of different color intensities represents different scenarios of initial species richness in the

metacommunity. Other parameter values: m;;= 0.0-0.9, agzik =1.0,0;4 = 0.1, = 0.1.

2.2.2  With environmental changes

In the scenario with environmental changes, our sensitivity analysis shows
increasing the fraction of gene flow does not qualitatively affect the results reported in
the main text. Even for high levels of gene flow (0.5), mutualistic coevolution and species
richness increased patch occupancy (Figure S15) and prevented the collapse of the

metacommunity (Figure S16).
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Figure S15 - Effects of different values of fraction of gene flow (values above each panel)
on patterns of occupancy under environmental changes. Each point represents the average
value of 50 simulations and vertical lines confidence intervals. Points and lines of
different color intensities represents different scenarios of initial species richness in the

metacommunity. Other parameter values: m;;= 0.0-0.9, aczzik =1.0,0;4 = 0.1, = 0.1.
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Figure S16 - Effects of different values of fraction of gene flow (values above each panel)
on the fraction of surviving species in the metacommunity under environmental changes.
Colors are interpolated to improve visualization. Other parameter values: m;,= 0.0-0.9,
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2.3 Spatial variation in the strength of mutualisms

The results reported in the main text correspond to a scenario in which the strength
of mutualisms (m) does not vary in space. Yet, in natural communities there is spatial
variation in the strength of mutualistic interactions and species coevolve in a geographic
mosaic of coevolution (Thompson 2005). Thus, we performed an additional set of
simulations to understand to what extent our conclusions about the buffering effect of

mutualistic coevolution are robust to spatial variation in the strength of mutualisms. We



implemented this additional set of simulations with two complementary approaches. In
the first approach we randomly sampled values of m for each patch in the metacommunity
from a uniform distribution U[0.0, 1.0] and performed 100 simulations for each scenario
of initial regional species richness (2 to 16 species) in the metacommunity. For the second
one we divided the patches of the metacommunities into hotspots and coldspots
(Thompson 2005). We assumed that in the hotspots mutualistic coevolution is strong and
for each hotspots we sampled m from a uniform distribution U[0.7, 1.0]. In contrast, we
assumed that in the coldspots mutualistic coevolution is weak and sampled m uniformly
U[0.0, 0.3]. For this second approach we performed a set of simulations varying the
proportion of hotspots in the metacommunity from 0 to 1 in 0.1 steps (100 simulations
per proportion of hotspots and initial regional species richness). In both approaches we
simulated environmental change by increasing the value of species 6;;, each generation
(6; + 0.25 per generation).

Our results show that the buffering effect of coevolution in the response of
metacommunities to environmental changes is robust to spatial variation in the strength
of mutualisms. When m varies uniformly across the space, coevolution prevented the
collapse of the metacommunities, and the fraction of surviving species increased with the
diversity of the metacommunity (Figure S17a). If m is distributed into coldspots and
hotspots among patches, our results show that for more diverse metacommunities even a
small fraction of hotspots prevents the collapse of the metacommunities (S17b).
However, as the initial species richness decreases, we need a larger proportion of hotspots
in the metacommunity to prevent its collapse. These results are similar to the reported in
the main text, in which the more diverse the metacommunity, the weaker m needs to be

to prevent the complete extinction of species.
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Consideracoes Finais

Um dos grandes desafios na ecologia e biologia evolutiva consiste em
compreendermos como interagdes ecologicas sustentam a biodiversidade da Terra.
Interacoes que beneficiam os individuos envolvidos — mutualismos — sao consideradas
uma grande forca que molda a ecologia e evoluc¢ao de espécies (Thompson 2006;
Bascompte & Jordano 2007; Bascompte 2009; Thompson 2009; Bronstein 2015;
Bascompte & Scheffer 2022). Porém, apenas estamos comecando a compreender os
mecanismos pelos quais mutualismos podem influenciar medidas fundamentais da
biologia que, em ultima instancia, determinam a diversidade e funcionamento de
ecossistemas naturais. Nesta tese, mostramos que a coevolu¢do em comunidades
mutualisticas que formam redes de interagao pode ser uma grande forga que molda a

aptiddo média e a persisténcia de espécies por meio de diferentes escalas ecologicas.

Nossos resultados indicam que em uma escala local, a coevolugao em redes
mutualisticas gera variagao na aptiddo média das espécies. Embora essa variagao seja
explicada parcialmente pelo nimero de parceiros, mostramos que o principal
determinante da aptidio média de espécies que coevoluem em redes mutualisticas sao
efeitos evolutivos indiretos. Efeitos indiretos dificultam o acoplamento fenotipico
entre parceiros diretos, e a adaptacdo a outras pressOes seletivas ambientais.
Consequentemente, espécies que sao mais influenciadas por efeitos evolutivos
indiretos sao mais deslocadas de seus picos adaptativos e tem uma menor aptidio média

apos coevoluirem em uma rede mutualistica.

Em uma escala regional, essas pressoes conflitantes resultantes da coevolugao
em redes aumentam a extingdo local de populacgdes. Os efeitos da dinamica
coevolutiva local, porém, também se manifesta na escala regional: a coevolucao
aumenta a similaridade entre os atributos de populagdes de diferentes espécies ao
longo do espago. O aumento de similaridade entre atributos na escala regional, por
sua vez, facilita colonizagdes e expande a distribui¢ao de popula¢des. Com isso, essas

populacdes conseguem colonizar dreas quando nado estao adaptadas ao ambiente
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abidtico local, o que permite com que espécies persistam regionalmente mesmo diante

de mudancas ambientais ao longo do tempo (Cosmo et al. 2023).

De modo geral, juntos, nossos resultados mostram que coevolugao em redes
mutualisticas pode ser um grande determinante da aptidio média, persisténcia e,

consequentemente, da biodiversidade e o funcionamento de ecossistemas na natureza.
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