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RESUMO

llhas florestais, interacao formiga-planta e a corervacao de processos ecologicos

O mutualismo formiga-planta € uma caracteristigaoirante da biodiversidade na Amazdnia.
Tal trajetdria co-evolutiva gerou redes de inteodigditemente compartimentadas, atualmente
ameacadas por alteracdes ambientais. A recentendarbgasileira por energia tem levado a
construcdo de uma série de hidrelétricas que capseta de habitat e fragmentacéo devido a
inundacao provocada pelo represamento dos riobjebivm deste trabalho é testar como a
fragmentacao e a perda de habitat afetam a estrdéuredes de mutualismo formiga-planta,
especificamente riqueza e densidade de espécres;téacia, modularidade e aninhamento.
N6s comparamos as redes da floresta continua coetaacdas ilhas e da borda do lago, bem
como a mudanca das redes das ilhas em relacéa,asédamento, forma e vizinhanca. O
estudo foi desenvolvido na Reserva Biol6gica daidt na Amazodnia Central, que inclui a
floresta continua em torno dos 3127%dp reservatério da hidrelétrica de Balbina e rdais
3500 ilhas. A comunidade formiga-mirmecofita forestigada em plotes de 600 x 5 m em 20
ilhas, 5 areas na borda do lago e 6 areas natfiarestinua. A riqueza e a densidade de
plantas e formigas foram menores nas ilhas e radalo lago em relacéo a floresta,
aumentou com a area e diminui com o isolamentdllts. A densidade de todas as espécies
de plantas diminuiu da floresta para borda do &apara as ilhas. A porcentagem de plantas
desocupadas sem protecdo de formigas foi trés wveaies nas ilhas em relacéo a floresta. As
comunidades de plantas e de formigas, bem comdeaag¢des nas ilhas e na borda do lago
sdo aninhadas com a comunidade da floresta. Adedderacao formiga-mirmecofita na
floresta foi altamente compartimentada, enquantaguredes das ilhas e da borda do lago
perderam espécies, interacdes e compartimentathargan novas espécies oportunistas de
formigas. A conectancia se manteve constante clvagmentacédo da paisagem e ndo esteve
relacionada a nenhuma caracteristica das ilhagridisiatural, caracteristicas da paisagem,
quebra de processos ecologicos, coextincédo e mueaacoes foram discutidos como os
principais fatores envolvidos no aninhamento daswodades, mudancas nas redes, perda de
espécies e manutencao da conectancia. Coextirggal@ de interacdes por fragmentacéo
por hidrelétricas podem influenciar processos dixala com importantes implicacdes para a

conservagao.
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ABSTRACT

Forest islands, ant-plant interactions, and the cagervation of ecological processes

Ant-plant mutualism is an important feature of #@azon biodiversity. Its coevolutionary
trajectories which generated tight compartmentetivorks are nowadays threatened by
habitat alteration. The recent Brazilian demandeioergy is leading to the construction of a
series of hydroelectric which causes habitat logbs feagmentation. Our goal is to test how
dam fragmentation affects the structure of ant{ptamtualistic networks, in particular species
density and richness, connectance, modularity,re@stedness. We compared the networks of
continuous forest with those from islands and laklges as well as how networks change
among islands varying in area, isolation, shape,reighborhood. We developed the study in
the Biological Reserve of Uatuma in Central Amazehich includes the continuous forest
around the 3147 kmof the Balbina dam reservoir and more than 350nds. Ant-plant
communities were surveyed along 600 x 5 m plot&Qnslands, 5 lake edges, and 6 forests
sites. Plant and ant richness and density was laweslands and lake edge in comparison
with forest, increased with island area and deeeawith isolation. Density of all
myrmecophyte species decreased from forest to ¢akge and island. Unoccupied plants
percentage was three times higher on islands thdarest. Plant and ant community, as well
as interactions on islands and lake edge were ch@gth forest. Forest network was highly
compartmented, while island and lake edge netwddst species, interactions and
compartments and won new opportunistic ant spe@esinectance didn’'t change among
habitats and was not related to islands traitsuidhthistory, landscape traits, ecological
processes decay, coextinction, and new interactiwase discussed as the main factors
involved on nested communities, networks changesgies loss and connectance constancy
of our community. Coextinction and interaction ldsg dam fragmentation can influence

evolutionary processes with important implicatibmsconservation.
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1. INTRODUCAO
As interacdes animal-planta conectam as espéciee@®s mutualisticas e antagbnicas

gue constituem a arena ecoldgica e evolutiva ondeodiversidade € criada e perpetuada
(Thébault & Fontaine 2010). A estrutura de redesualisticas reflete a historia de trajetorias
evolutivas muito proximas e de beneficios muatuosreeras espécies (Thompson 2005;
Bascompte & Jordano 2007; Leigh Jr. 2010). Mudaegasais relacdes mutualisticas podem ser
detectadas pela andlise dos padrdes das redededaciies e servem como um importante
preditor do status de conservacao do ecossistenra(&t al.2009; Morris 2010).

O mutualismo formiga-planta varia no grau de asg@@ entre as espécies, desde
espécies de vida livre, que apenas utilizam o paro®mo parte do recurso, até associacdes
obrigatorias, onde as espécies dependem do papseaaobreviver e reproduzir (Benson 1985;
Davidson & McKey 1993). Nos sistemas formiga-mirdfée, as formigas nidificam
exclusivamente dentro das domaceas, estruturadioaoidis de plantas mirmecofitas que servem
como sitios de nidificacdo para as formigas (Bed885; Benson 1985; Fonseca 1999). Na
Amazobnia Central, a comunidade formiga-mirmeco®avolve mutualismos assimétricos:
engquanto as plantas podem hospedar um grande n@®grarceiros que variam na eficiéncia
em defesa anti-herbivoria, as formigas sdo maisdifipas e dependem dos seus hospedeiros
para estabelecimento da colonia e crescimento ¢€ang& Ganade 1996; Fonseca 1999;
Guimaraes Jr et al. 2006). A rede de interacOestamse deste mutualismo revela uma estrutura
compartimentada, com subgrupos de espécies imeém@gixclusivamente entre si e formando
compartimentos bem definidos com fortes interag@esespecificas (Fonseca & Ganade 1996).
Esta relacéo de forte dependéncia interespecifida jdicar um processo co-evolutivo onde o
beneficio ao parceiro tornou-se uma vantagem pacuid maior sucesso reprodutivo
(Thompson 2005; Leigh 2010).

Compartimentos sé&o raros em comparacdo com os gmdrinhados encontrados na
maioria dos mutualismos animal-planta, como nasgeplanta-polinizador, onde espécies
especialistas interagem com um subgrupo de esp§eiesralistas. De acordo com a teoria
ecologica classica, redes compartimentadas apassembaior resiliéncia e aumentam a
estabilidade do ecossistema, considerando qudwlpegdo permanece no compartimento e nao
se difunde para o restante da comunidade, comaagkpem redes aninhadas onde as espécies
estdo mais conectadas entre si e ndo divididasoempartimentos (May 1972; Pimm & Lawton
1980). No entanto, mesmo redes compartimentaddsnpser rompidas se uma espécie-chave

desaparece da comunidade. A perda de uma espasie-eim interacbes mutualisticas pode
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induzir a um processo de co-extin¢cdo, onde espéérextintas em funcado do desaparecimento
do seu parceiro (Dunn et al. 2009). Tal processosielo considerado uma das principais causas

de perda de biodiversidade no planeta (Dunn @0819).

Disturbios antropogénicos podem levar a ruptureedes de interagdes e a processos de
coextincdo (Tylianakis et al. 2010). Diversos estuthaseados na Teoria de Biogeografia de
Ilhas, que definiu area e isolamento como os aisideterminantes da extincédo e colonizacao
de espécies em ilhas, contribuiram para entendesmosnsequéncias da fragmentacéo florestal
para a biodiversidade (MacArthur & Wilson 1967; tamce 2008; Laurance et al. 2010). A
fragmentacdo da paisagem afeta negativamente ezagdensidade e composicao de espécies,
desequilibra comunidades e processos ecoldgicogde [evar a extincdo local de espécies
(Terborgh et al. 2001; Laurance et al. 2010). Pwairoolado, algumas espécies podem se
beneficiar da falta de competidores e/ou do aumeat@cursos no novo ambiente, aumentando
sua populacao local (Feeley & Terborgh 2008). Nmr@o, as consequéncias da fragmentacéo
sao influenciadas pela combinacdo de diversosefgtdais como a area e 0 isolamento dos
fragmentos, a qualidade da matriz e as caractadstias espécies, que variam conforme a

configuracdo da paisagem (Swift & Hannon 2010).

Na Amazonia brasileira, estima-se que mais de dé®des de hectares de floresta ja
tenham sido perdidos devido ao represamento deai@sconstrucdo de hidrelétricas (Fearnside
2006). Neste processo, a fragmentacao e a perdabitat ocorrem simultaneamente: enquanto
as partes mais baixas do relevo sdo inundadasgrees pnais altas sao transformadas em ilhas
florestais e habitat naturais sdo substituidosyma matriz aquética (Fahrig 2003, Swift &
Hannon 2010). A perda de biodiversidade € prontéengrercebida pela submersédo da
vegetacdo, morte ou deslocamento de animais ecéstide habitat, além do usual impacto
social em comunidades tradicionais e indigenasriisele 1989). Além disso, a emissdo de
gases de efeito estufa pela matéria organica eongmsicdo, como CQOe CH, podem atingir
niveis superiores aos emitidos por termoelétriasrside 2006). A matriz aquatica resultante
atua como uma importante barreira fisica para dod@siento da maioria dos organismos
terrestres e cria um ambiente hostil nos fragmemo®nescentes, especialmente para espécies
adaptadas ao interior de floresta. Além disso,péraslo que as condi¢des ambientais nas ilhas
florestais com matriz aquética se tornem muitordifees do ambiente no interior da floresta,
tornando a sobrevivéncia da maioria das espéciedaamais dificil do que previamente

reportado em fragmentos com matriz terrestre (lreagraet al. 2010; Swift & Hannon 2010). No
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entanto, como as interacdes animal-planta resporaléais impactos permanece fracamente

documentado.
2. OBJETIVOS

O objetivo deste estudo foi testar como redes deuatismo formiga-mirmecofita
respondem a distarbios antropogénic@sspecificamente, testamos como a modularidade, o
aninhamento e a conectancia das redes de interbgéo,como a riqueza e densidade da
comunidade formiga-planta responde a fragmentag@vda de habitat. Para tal, utilizamos duas
abordagens: (i) analise comparativa da estrutilsaaties formiga-planta em floresta perturbada
(ilhas e borda do lago) e ndo perturbada (contr@i®¢)analise do efeito das métricas das ilhas

(area, isolamento, forma, vizinhanca) na estrutlasaredes e na comunidade formiga-planta.
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Capitulo 1

Emer C., Venticinque E. M. & Fonseca C. R. (201Chmpartmentalization
collapse of ant-plant mutualistic networks undegfnentation and habitat loss..
Ecology Letterspreparing.
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Abstract

Ant-myrmecophyte mutualism shows a highly compartakzed network with low
connectance. We tested how ant-myrmecophyte mstigahetwork responds to human-made
disturbance, regarding to species density and es$finconnectance, nestedness, and modularity.
We compare networks of undisturbed and disturbeekts, and how networks respond to island
area, isolation, shape, and neighborhood. Data wereeyed along 600 x 5 m plots in 20
islands, 5 lake edges, and 6 forests sites in @lemazon. Forest network was highly
compartmented while islands and lake edges netwsinksv random structures, lost species,
interactions and compartments. Opportunistic aotenized unoccupied plants on disturbed
forests, which reduced compartmentalization and &epnectance constant. Ant-myrmecophyte
community on islands was nested with forest. Sgeciehness and density decreased on
disturbed forests, smaller areas and higher ismlatCompartmentalization did not guarantee
stability to mutualistic networks jeopardizing da=sl theories and favoring recent models that

attribute stability to nestedness on mutualistitovoeks.

Keywords: network theory, coevolution, fragmentation, hydec&ic power plants, water

matrix, habitat loss, conservation
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Introduction

Mutualism networks are major component of biodiitgydeing highly developed in the
tropics where a single plant can be associated twmraber of pollinators, seed-dispersers,
mycorrhizae, N-fix bacteria, and ant-defenders.seheetworks reflect both the coevolutionary
history of the partners and the resource-use oppitids provided in the ecological arena
(Hutchinson 1979; Thompson 2005). Mutualistic nekso similarly to antagonistic ones, can
vary from highly nested to highly compartmentalizedboth, with consequences to community
stability (Lewinsohn & Prado 2006; Montowa al. 2006; Bascompte & Jordano 2007; Olesén
al. 2007). Simulation models analyzing how communitycture affects stability can be traced
back to Robert May seminal paper (May 1972) whiaggested that lower connectance and
higher compartmentalization could enhance stabili§ince May, the theory relating
compartmentalization to stability was mainly deyad over trophic systems (Pimm & Lawton
1980; Krauseet al. 2003; Montoyaet al. 2006; Rezendet al. 2009). Tough there is some
evidence of compartments as coevolutionary unié Would enhance stability in mutualistic
networks too (Thompson 2005; Dupont & Olesen 20@h mutualistic systems, model
simulations have shown that nestedness benefit eomtyntolerance to species extinction,
increases robustness, biodiversity and minimizepsdition (Bascomptet al. 2003; Memmott
et al. 2004; Bastollaet al. 2009). A recent theoretical model incorporating #rchitecture of
networks of both mutualistic and antagonistic iatéions showed that stability of mutualistic
networks increases when interactions are highly tedesand connected, while
compartmentalization and low connectance benefégomistic networks, as predicted on May’s
model (Thébault & Fontaine 2010). However, wd dtin’t know empirically how a mutualistic
network respond to disturbance in a fragmented dygolrticularly in a special case of a

mutualism that evolved with a network structuresidared stable according to May, but would
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enhance stability only in foodwebs, following Thalia& Fontaine (high compartmentalization

and very low connectance).

Ant-plant mutualistic networks are architecturatliiverse (Fonseca & Ganade 1996;
Bluthgenet al.2007; Guimaraest al. 2007). The networks of myrmecophytes, which asa{sl
that provide nesting space (myrmecodomatia) ta s$gecialized ant-defender partners, exhibit
very low connectance and highly compartmentalizeéductire, with independent and
unconnected modules (Benson 1985; Davidson & McK#38; Fonseca & Ganade 1996). Ant-
myrmecophyte compartments are constituted of pleyletically-related plants associated to
specialized ants from a more diverse phylogenetickpround (Fonseca & Ganade 1996),
although some phylogenetic signal can be also tete@Vard & Downie 2005). In contrast,
networks of extrafloral nectary plants, which paevionly nectar to their generalist ant partners,
exhibit higher connectangeveak and asymmetric interactions, and nestedtsnel (Guimaraes

Jret al.2006; Guimaraest al.2007; Diaz-Castelazet al.2010).

Human-induced disturbance leads to network dispaptly species extinction, alien
species invasion, and by altering the number, tygmeg strength of ecological links. Habitat
replacement has been demonstrated to modify neswofkhost-parasitoids (Tylianaket al.
2007), plant-herbivore-parasitoids (Macfady&nal. 2011), and plant-pollinators (Aizest al.
2008; Sabatin@t al. 2010). Habitat fragmentation causes alterationatfiral communities, for
instance, by causing species replacement, breakdbeeological process and the establishment
of new ecological links (Terborgét al.2001; Laurancet al. 2010; Gonzaleet al.2011). Alien
species can successfully integrate both comparedesmdd nested community network, usually
through the interaction with high generalist spgcialtering species links but not network

structure (Memmott & Waser 2002; Aizenal.2008; Sugiura 2010).
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In the Brazilian Amazon, more than ten million teges are estimated to be lost due to
river impoundment by hydroelectric power plantsusstag habitat loss and fragmentation
(Fearnside 2006). While lower topographic areasflaed, top hills remain as islands. The
water matrix acts as a hard physical barrier tonlmeement and dispersion of most terrestrial
organisms (Prevedello & Vieira 2010). Besides, éhgironmental conditions on the remaining
forest islands become harsher to the survival afynspecies. The present study was developed
in the 3147 krh artificial lake of the Balbina dam (Central Amajavhich contains more than
3500 islands as well as in its continuous forestosundings. We tested how fragmentation and
habitat loss affects ant-myrmecophyte networks, particular, modularity, connectance,
nestedness, species density and richness. We ddopbeapproaches. First, we compare the
networks of undisturbed forests with those fromtudlsed forests (lake edges and islands).
Second, we tested how island networks respond doeffect of area, isolation, shape, and
neighborhood. We hypothesized that (i) if May’s rabid right, the low connectance and high
compartmentalization of the ant-myrmecophyte nektwatl be robust to disturbance, enhancing
community stability; otherwise, (ii) if Thébault &ontaine model is correct, then the
compartmentalized structure won't be robust andl evdrupt under disturbance. We considered
that ant-myrmecophyte network is robust to distodeaif network structure preserves its main
proprieties, i.e., the same number of compartmesms, compartments remain unconnected
among then, which benefit community stability. Hene refused May’s model to mutualistic
network and partially support Thébault & Fontainet®odel due to the collapse of the

compartmentalized structure of the ant-myrmecophgtevorks on disturbed forests.

Methods
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Study area

The study was carried out on the forest islandscamthe Amazonian forests surrounding
the reservoir of the Balbina hydroelectric dam iean@al Amazon (1°24’ — 1°53'S, 59°13" —
59951'W, Appendix 1). The hydroelectric power plars inaugurated in 1989, 16 months after
the impoundment of Uatuma River, a major tributairAmazon River. As a consequence of the
relatively flat topography and poor drainage of #mea, 3147 kfmof pristine forest were
flooded, inducing the formation of a lake with mdhan 210 km of extension, 4582 km of
dendritic margins, and mean water depth of onlyri.4hat caused the isolation of more than
3500 forest islands (Fearnside 1989). The meanatemnperature is 27°C and the mean annual
rainfall is 2360 mm, with a slightly drier seasoetween August and October causing a 4 m
fluctuation on the Balbina lake water level. Vegietais Submontane Dense Rainforest, located
in a transitional zone between Guiana Shield andtr@e Amazon basin. Myrmecophyte
community composition is very similar to that déised to another Central Amazonian study site

by Fonseca & Ganade (1996).
Sampling design

Site selection was initially based on satellite g@s of Landsat TM5 1997 (orbit/point

231/61 and 230/61; available on http://www.dqi.itlppCDSRY). Site selection was designed to

allow comparisons between three main habitatsin@isturbed forests (control), (ii) forest sites
located on the adjacency of the lake edge, anda@ter-isolated forest islands. The selection of
islands was designed to represent the whole spedtam small (c.a. 10 ha) to large islands (>
1000 ha) which are available on Balbina Lake, alhgato test the effect of area and other

landscape traits on ant-myrmecophyte network.
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Six undisturbed forest sites were randomly esthbli on a 25 kfMgrid of the
Biodiversity Research Program (PPBIO/CNPQ) in tleuthad Biological Reserve, at least 3 km
from Balbina Lake. Five lake edge sites were estiabtl on the surroundings of Balbina lake
(200 — 400 m from the border), and potentially dobk affected by edge effects. Finally, we
selected 20 islands, widespread through the Balldke, based on an area-based stratified
sampling procedure. Four islands were selectechah @ne of the five area classes (ha): 6.6 —

12.7,17.3 - 41.6, 60.6 — 126, 205.8 — 475.4, &%66— 1815.
Sampling procedure

From December 2009 to July 2010, a sample pl606fx 5 m (3000 ) was established

in each of the 31 study sites (on islands, plotsewmsitioned at least 100 m from the edge,
when possible, to minimize edge effects). Each plat intensively surveyed, without time

constraints, for domatia-bearing plants, the séedamyrmecophytes and their associated ant
partners. Unoccupied myrmecophytes were also redofélant and ant vouchers were collected
to allow identification. Ant species were clasgifieither as plant-ants (those occurring on the
undisturbed forest sites and those classified els suthe specialized taxonomic and ecological
literature) or opportunistic ants (those recordrdiesively on disturbed sites and cited by the
literature or by ant taxonomists as free-living @ps). Ant vouchers were deposited in the

entomological collection of the Instituto Naciomi Pesquisas da Amazonia (INPA).
Island metrics

Islands were quantitatively described by four laage metrics: area, isolation, shape,
and neighborhood (measured on ArcGls v9.3). Isked (ha) was simply defined as the;dog
transformed area of the island. Isolation (m) waes shortest Euclidean distance between the

island and the lake edge. Shape was defined ase#iidual of the linear regression between
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perimeter (logy) and area (log) for the 20 studied islands. Positive residuatiicate islands
whose shapes are less linear and more dendritictbiegasample mean. The metric PROX, from
the program Fragstats v3.3 (McGariealal. 2002), estimates how much an island is isolated
from nearby forest patches which occur on a gevgmiori defined buffer. It is calculated as the
sum, over all forest patches whose edges are witleilbuffer radius of the focal island, of each
forest patch area divided by the square of itsadist from the focal island. Since Prox was well
correlated to island area (r = 0.941, p < 0.00d), the analyses we used the variable
neighborhood, defined as the residual of the limegression between Prox and island area, with
a 1km buffer. As required by the multiple regressimodels, these four island metrics were not

well correlated (-0.278 r < 0.562).

Network metrics

Modularity maximization analyses were performedsdst if ant-plant networks have a
compartmentalized structure (Guimera & Amaral 2Q0@aimera & Amaral 2005b). In bipartite
(m x n) ant-plant networks, plant and ant species areesgpted by nodes and their interactions
are represented by links. A module is characterizgd sub-group of species that are more
strongly connected among then than with speciesidmitthe module. The program Netcarto
(gently available by R. Guimerd) detects modulesabgimulated annealing procedure and

calculates the modularityv) of the system as:

whereNy is the number of modulek,is the number of links in the netwollk,is the number of
links between nodes in modudeanddsis the sum of the number of links of the nodes oduaie
s. In our community, each node is a plant speciesnoant species, links are interaction among

then, and modules are called compartments. SinteaNe was designed for unipartit® X S
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networks, the significance & could not be trusted. Therefore, in order to testsignificance
of M we built a bipartite null model where the interaws of the ant-plant networkn(x n) were
randomly re-allocated, respecting the marginall¢pta produce a set of simulatbiyg values

(N =100 runs).

Nestedness analyses were performed to test if gntxerophyte networks( plants,n
ants) exhibit a nested structure. The elemgntakes the value of one when plant species
interact with ant specieg and zero when they do not interact. Separatedyses were
performed for undisturbed forests, lake edges alahds. The nested structure was tested with
the index NODF, the significance being tested bylante Carlo simulation with 1000 runs in
the program ANINHADO (Guimardes & Guimardes 2006maida-Netoet al. 2008). Also,
nestedness analyses were applied to test if ppeties, ant species, and ant-plant interactions
found on islands and lake edges represent a suttkgbe species and interactions found on
undisturbed forests. In order to verify if islandgre sub-sets of undisturbed and lake edge

forests, we compared the site ranks by the nompatrec Kruskal-Wallis test.

The connectanceC] of a community matrix is defined as the rationmstn the number of
realized interactiond and the number of possible interactioh$. However, in the literature,
connectance has been calculated in a variety obwey. C =, / S.S which can include all
interaction types, including amensalism (-,0), anothmensalism (+,0)C =1, / S.S-1to avoid
intraspecific interactionsg = L / m.n, to avoid intra-guild interactions) making conraxte not
comparable among studies. Furthermore, for all ehdsfinitions, connectance has been
demonstrated to be strongly affected by specidmeiss §. Here, we follow the community
allometry approach of Fonseca & John (1996) whiolves these problems(Fonseca & John
1996). As any allometry study, we start by fittiagpower function between the number of

realized interactions and the number of possiltieractions I = alpb), a andb being empirical



23

parameters. In principle, the number of possibleractions is calculated &x S which allows

all the interactions between a given speciesd the other species of the community to be
represented. In bipartite studies (ant-plants, tgb@Hinators, plant-dispersers), however, the
total number of possible interactions 12 since intra-guild interactionsn(m andn.n) are not
being considered. In order to evaluate how conneetaaries with community size, we test if
the slopeg is significantly different from one. If = 1, connectance does not increase with
community size (isometric model);f> 1, connectance increases with community sizet{pes
allometry); if § < 1, connectance decreases with community sizgative allometry).
Furthermore, the residuals of the power functiam lva used as measure of connectance which is
fully independent of community size, being callgdnslardized connectances({ Here, we

tested how standardized connectance varied amdnatsaby a one-way Anova.

Statistical analyses

Moran’s | test failed to detect significant spat@ltocorrelation on the island metrics,
density and richness of the mutualistic partnemns, @ant-plant network descriptors, as tested by
the software Spatial Analysis in Macroecology (Rareg al. 2010). Therefore, all analyses were

not corrected by spatial autocorrelation.

A MANOVA was used to test how the density of all mnmgcophyte species changes
among habitats (undisturbed forests, lake edged, islands). Differences among the three
habitats on the dependent variables plant richnglssit density, ant richness, ant density,
number of unoccupied plants, connectance, and raotulwere tested by one-way ANOVA,
followed by Tukey test. When necessary, plant dgnant density, number of records, and total
species richness were included in the model asriemia. A linear regression was used to test if
species richness influenced modularity and conneeteamong habitats. The effects of the

interaction between habitat and species richnessiatularity was tested with General Linear
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Models. The effect of island metrics (area, isolati shape, and neighborhood) on these
dependent variables was tested by multiple regressiwith recursive backward elimination
procedure when necessary. We performed statisipalyses on Systat 11, except when

otherwise specified.

Results

Habitat networks

The structure of the ant-myrmecophyte network exubby undisturbed Amazonian
forests differed from that exhibited by forestsdtsdl on edges of the artificial lake and on water-
isolated islands (Fig. 1). The undisturbed forestsvork was highly compartmented &€ 0.776;
Mang = 0.71; sd = 0.022) < 0.01; Fig.1a). Twelve myrmecophytes were assedito 15 ant
partners by 21 links, in a structure containing@npletely unconnected compartments (notice

thatTococa bulliferawas recorded but it was not colonized).

Forests on lake edges, in contrast, lost the cameatalized structure, exhibiting only
four recognized compartments (= 0.639,Mang = 0.617, sd = 0.02%) = 0.14; Fig. 1b). In
relation to undisturbed forests, forests on lakgesdost three plant speci€deropia concolar
Cecropia purpurascensandTococa bulliferd and eight ant species. Additionally, the pioneer
Pourouma heterophylland it main ant partneAllomerus vogelitogether with three additional
opportunistic ants were recorded in the lake edg@ark. As a whole, forests on lake edges had

only 19 links, four being made by opportunisticsant

On islands, the ant-myrmecophyte network also etddbonly four compartments, but

the compartmentalized structure remained margirsadjgificant M = 0.550;Mang = 0.520; sd =
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0.019,p = 0.04; Fig. 1c). In relation to the undisturbedekts network, the island network was
invaded by eight opportunistic ants that estabtis#@% of the network links (10 out of 25) of
the system. Additionally, islands lost 5 myrmecdaehyspecies Hirtella duckej Maieta
poeppigii Cecropia concolgr Cecropia purpurascensand Tococa bullifera and eight ant
species that have been recorded on undisturbest feites. We did not detect a nested structure
on the ant-myrmecophyte networks of undisturbeddts (NODF = 7.19 = 0.95), lake edges

(NODF = 11.00p = 0.93), and islands (NODF = 19.925 0.78).
Site networks

The effect of disturbance on ant-myrmecophyte negksvavas verified at the site level.
Site modularity ¥) was lower on islands (0.371 + 0.062 [SE]) whempared to lake edges
(0.568 + 0.053) and undisturbed forests (0.636088,F,,; = 3.84,p = 0.034). Furthermore,
species richness affects more strongly modulantjooest islandsf= 0.070 £ 0.013p < 0.001,
r? = 0.64) than on lake edgg £ 0.021 + 0.010p = 0.116,r> = 0.62), and undisturbed foresfs (
= 0.018 + 0.002p = 0.002,r*> = 0.94) (habitat-species richness interacti®nis = 5.739,p =

0.009).

Connectance decreases with network size, as iedidat the shallow slopgf = 0.580
[ICgs0s 0.527 — 0.634]) of the power function between bemof realized interactionsdgj to
number of possible interactionk)((Ir =.9225°°%). Standardized connectance, as represented
by the residuals of thk-lp relationship, was not different among undisturb@est sites and

lake edge island siteB4{2s= 0.628p = 0.541, Fig. 2).
Local richness and density of mutualistic partners

Plant density was higher on undisturbed forests tiraforests located on lake edges and

islands; this general pattern being followed by mmgrmecophyte specig®Vilks' Lambda:
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Fas32= 23.054,p < 0.001; Fig. 3).Maieta guianensisTachigali polyphylla and Tachigali
myrmecophilashowed the higher decreased in density, bein§,32)d 4 times lower on islands
compared to forests, respectivelgecropia concolgr Cecropia purpurascensand Tococa
bullifera were recorded exclusively on undisturbed fordsidella duckeyandMaieta poeppigii
were recorded exclusively on forest and lake edgenbt on islands. The rare pioné&aurouma

heterophyllawas the only plant species recorded on lake ealggs$slands but not on forest.

Myrmecophyte richness was twice as high on undsaiforests and lake edges when
compared to island$§,s= 9.03,p < 0.001, = 0.39; Fig. 4a). However, when plant density is
controlled for, the significance disappealfs ;= 1.16,p = 0.329, f = 0.74). Plant density on
forest was 4 times higher than on islands, andith&s higher than on lake edgés £s= 14.02,

p < 0.0001, 7= 0.50; Fig.4b).

Ant richness was twice as low on islands than affistarbed forests and lake edgEs 4
= 5.804,p = 0.008, f = 0.29; Fig. 3c). However, when ant density istomted for, there was no
significant difference among habitat,6; = 0.599,p = 0.557, f = 0.73). Compared to
undisturbed forests, ant density was 4.5 times lammeslands and 1.6 times lower on lake edges

(F2.28= 13.13,p < 0.0001, T = 0.48; Fig. 3d).

Unoccupied plants corresponded to 16.7% of all tpla@tords. The proportion of
unoccupied plants was higher on islands (34.4%3S&]) than on undisturbed forests (18.0% *
4.0), and lake edge (6.6% = 3.7), this being high@ynificant (Deviance = -27.883, df = 2, F =

13.941,p <0.001).
Effect of isand metrics on mutualistic networks

The ant-myrmecophyte networks recorded on islandsetl out to be sub-sets of the

larger networks naturally found in forest commuest(Fig. 4). Nested structure was detected for
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plants (NODF = 62.66p < 0.01; Kruskal-Wallis = 7.709 = 0.021), ants (NODF = 45.54,<
0.01; KW = 6.567p = 0.037), and for the ant-plant interactions (NOD82.37,p < 0.01; KW =

6.275,p = 0.043).

The modularity of ant-myrmecophyte networks dedifieom larger to smaller islands
(Log Area,fsiq = 0.647,t = 4.163,p = 0.001), and from lesser isolated to more isdlaires
(Isolation,fsiq = -0.429t = - 2.757 p = 0.014). Area and isolation explained togetheénaif the
modularity varianceR;, 16 = 12.698p < 0.001). Connectance, however, was not relateshyoof

the island metrics.

Area and isolation were the most important islanetrios affecting the density and
richness of the mutualistic partners (Table 1)nPtachness was positively related to area and
isolation, but this effect was strongly attributexd plant density. Similarly, ant richness was
positively affected by area and negatively by isofa but the effect was due to the effect of ant
density. Plant and ant density were positivelyteglao area and neighborhood, and negatively
related to island isolation. Furthermore, smalands had a higher proportion of unoccupied

plants (Logit Regressiof,= -0.145 £ 0.045, t = -3.256,= 0.004).

Discussion

We detected the collapse of the compartmentalgtadtture of the ant-myrmecophyte
networks under human-induced disturbance in Amdzmest. The highly compartmented and
low connected network was not efficient to guarargtbility to the mutualistic network under
fragmentation and habitat loss caused by the damofitvatuma River. Our results refute May’
model regarding to mutualistic systems under réstitbance likely because he used random

interactions, without considering evolutionary tsaineither spatial heterogeneity that are
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important to define our community, for example. tBa other hand, we can support Thébault &
Fontaine model in the sense that compartmentadizatp not provide stability on mutualistic

networks; however, our network was not nestednedgetable to test if this structure enhance
stability, as they demonstrated. Besides, Thélfalbntaine measured stability as persistence
(the proportion of species remaining on communitgradisturbance) and resilience (speed rate
to return to equilibrium after disturbance), wherege considered stability as the maintenance of
unconnected number of compartments, since we wetrealnle to access if equilibrium was

reached or not after disturbance.

Contrary to recent studies that found both nestedl compartmented structure in the
same mutualistic or trophic network (Oleseinal. 2007; Fortuneaet al. 2010) our undisturbed
network were highly and only compartmentalized. Mhiin mutualistic networks
compartmentalization do not enhance stabilityoimdivebs, it is an advantageous strategy acting
as a buffer constraining disturbance, as coextinstiinside compartments (Thébault & Fontaine
2010; Stouffer & Bascompte 2011). Our network swffiecoextinction inside compartments as
in foodwebs; however the disturbance was not caim&d but propagated on the network
through the new interactions made by remaining ispewith generalist ones from outside the
system, as found on simulation models of mutualisgtworks when a generalist species is

removed (Memmotet al.2004; Bascompte & Jordano 2007).

Why the network collapsed?

1. Loss of compartments and coextinctions

Some compartments on disturbed forests were lesgaldirectly effects of habitat loss.

Species that lives exclusively on lower forest wihabitats, adaieta guianensiand Maieta
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poeppigiihad the local population promptly extinguished wialbina Lake flooded all lower
habitats along Uatuma riverbed, concomitantly etishing its associated ants that formed a
closed compartment on undisturbed forests. Besidaisitat changes on forest dynamics on
disturbed sites were likely affecting the occureerd the pioneer€ecropia concolorand C.
purpureascensind its associated ants, as reported on fragmetitsawerrestrial matrix (Bruna
et al. 2005). Both Cecropias are light demandisgally growing on gaps of undisturbed forests
and were expected to occur on islands and on ldgese were light availability is expected to be
higher. Even species adapted to higher habitat3aekigali myrmecophilaDuroia saccifera
and Hirtella myrmecophila suffered a population decline on disturbed farest were locally

extinguished, aklirtella duckey.

The decline of plant myrmecophytes community ciffd directly the community of
plant-ants whose occurrence is dependent of haatability (Fonseca 1999). On disturbed
forests, when the host plant was absent, so dideitiprocal ants, characterizing coextinction.
Coextinction is considered one of the main caus$ésodiversity loss due to its consequences on
ecological and evolutionary times, potentially le@dto a cascade effect where other species
dependent of the system, as predators, parasiseedrdispersers, will also be affected (Dahn
al. 2009; Morris 2010). We detected coextinction ore tloss of the wholeCecropia
compartments on disturbed forests, and on thedb#ise interaction betweedaieta poeppigii
and Crematogaster flavosensitiva@herefore, one can expect that coextinction becestronger
along the time on disturbed forests because reamvéslands is unlikely and edge effects tend

to increase, leading to Allee effects by the alyesekn very low species density.

2. Unoccupied plants

One third of myrmecophytes on forest islands wascaupied, without ant protection.

Empty plants are part of the ant-myrmecophyte de&dion process, but the high proportion of
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unoccupied plants found on islands, twice higha@ntlon forest, indicates that plant-ants are
failing to colonize host plants on disturbed fose$Ve supposed that plant-ants are not been able
to disperse from the forest to island fragmentsthee from island to island. The difficult to
cross the water matrix and the long distance anpaiches may explain the decline of plant-ant
colonization on forest islands. dispersion The othessible explanation is that plant-ants are
dispersing but not reproducing successfully omid$¢adue to changes on quality or quantity of
resource (Holldobler & Wilson 1991). Such declimepant-ant density on islands leads to less
plant defenses and can increase herbivory, whiosempuently can harm plant fithess and would
explain the decline of plant density on islands@asscade effect (Terborgh al. 2001; Palmer

et al. 2008). Once plant-ants are absent, space was epeneopportunistic species that

successfully occupied some empty domatia on islanddake edges.

3. Opportunistic ants

The opportunistic ants on disturbed forest netwaskbstituted the lost of obligatory
plant-ants keeping connectance, and strongly afigcdompartmentalization. The opportunistic
ants directly affecting compartmentalization aresth that interacted with more than one
compartment, i.eCrematogaster brasiliensi€rematogaster tenuiculandPheidolel3. These
species are known to be generalist when foragingdsting space, i.e., they can use an array of
available cavities on forest ground to establisirtbolony, which include empty domatia. The
genusSolenopsisand Aztecaare unresolved taxonomically and could have faitkshtification
which unlikely would change network results. Théyamorphotype that is connecting different
compartments and could generate some changes oularitdis Solenopsi®2; the other ones

entered on the system affecting connectance, but@rconnecting compartments.

Opportunistic ants can act as parasites of msiuali affecting the cost: benefit ratios of

interactions and increasing interaction generali§iers 2010). The antPseudomyrmex
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nigropilosa is described as a parasite of the ant-acaciaafistn by harvest resources from
acacias but do not protect then (Janzen 1975).nlrexdreme situation, if the effects of
disturbance would be strong enough to completelfuebe obligatory ants, parasite ants can
occupy all or even most of the available host @argsulting on the extinction of the mutualism,
and still do not affect community allometry (Yu 20Kierset al.2010). Therefore, we can do
an analogy of opportunistic ants with alien spe@asnetworks. Alien invaders are usually
highly generalized, able to interact with differespecies in different compartments, connecting
then and reducing or even broken modularity, basitee long-term effects on network
functioning and species selection (Memmott & Wa2@02; Aizenet al. 2008; Geniniet al.
2010). While aliens disassemble compartmented mksy@on nested communities of ants and
extrafloral nectaries bearing-plants, alien spetieseased the number of links, then increasing

nestedness (Sugiura 2010).

4. Effects of island metrics

The spatial nested structure of plants, ants, iatetactions on islands in relation to
undisturbed forest is a reflection of the impovement of the whole ant-myrmecophyte
community. Community nestedness on fragmented tap#swas also demonstrated for birds,
lizards and small mammals on islands of anothemndated lake (Wangt al. 2010). Therefore,

at far we know, it is the first report of interawtinestedness.

Our results match the classical Theory of IslamBography which predicts that larger
and less isolated islands have higher probabdityet colonized, while smaller and more isolated
ones have higher probability of local species etiom while (MacArthur & Wilson 1967).
However, the relationship of network structure wgland area and isolation is relatively new.

Sugiura (2010) found that nestedness of ant-beaslagts network increases with area on
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oceanic islands and lower number of interactiond sjmecies richness on smaller areas were

reported to plant-pollinator networks in fragmewith agricultural matrix (Sabatinet al.2010).

Edge effects, as increased temperature, dryneksvand exposure, are expected to be
higher as island area decreases and become m@dsaovhich constraint the establishment of
species adapted to forest interior, as the casenadt myrmecophytes. Concomitantly, as
isolation increases, more important is the spealabty to disperse long distances and cross
different matrix to the maintenance of mutualismolur community, dispersion syndromes vary
among species as well as the distance they cah.ré@ae decline on richness and density in
more remote islands is an indicative that some ispeare not being able to disperse long
distances through the water matrix; however thedjtion must be tested. On the other side, a
“rescue effect” seems to be supplying propaguléskands closer to the forest, reducing the
probability of local species extinctions (Brown &o#ric-brown 1997). Therefore, island
neighborhood seems to buffer edge effects regartbhnglant and ant densities. As most
neighborhood included only islands and not forastl| we supposed that closed islands have the
role of step-stones, with species dispersing antbeq instead only from forest (MacArthur &

Wilson 1967).

Implications to conservation

The effects fragmentation and habitat loss on alidiic interactions and species
survivorship is certainly much stronger than repadron this study if we consider that many
species and its interactions are sensitive to idrhabitat changes as seen on Balbina, besides the
crescent number of hydroelectric power plantsrallad the world. The direct impact of Balbina

dam on ant-myrmecophyte community can be estimbtednultiplying the mean density of
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myrmecophytes per hectare (124,3 plants/ha in ehéraious forest) by the flooded area (3147
Km?), which produces an astonishing estimate of 39iliom ant-plant mutualistic systems
vanished due to habitat loss. The lake createdja bdge between water and forest that became
a transitional zone from preserved habitats to nd@@auperate ones. Since our results showed
that 724 m £ 180 from the margin of the lake to ititerior forest are affected by edge effects,
we can consider that all ant-myrmecophyte intepastion this area are threatened by Balbina
lake effects. These results suggest that edgeteffgoduced by a water matrix can be even
stronger than those recorded for terrestrial maftiauranceet al. 2010). Therefore, the
maintenance of ant-myrmecophyte mutualism depengsaply to the maintenance of the
integrity of its natural habitats, which means tlaage forest patches are needed because small
fragments do not support such specific interactidde can expect accentuated breakdown on

network structure in the future since, in this ¢cdmbitat loss and fragmentation are irreversible.
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Table 1. Multiple regressions analysis of the @Heof island metrics on ant-myrmecophyte

community traits.

Control Area Isolation Edge Neighborhood ? R F

Plant richness 0.48* -0.52* -0.06 0.19 0.45-, 5= 3.06*
Plant density

Plant richness -0.10 0.00 -0.11 -0.09 0.56 Fs 4= 3.60*
0.87

Plant density 0.66*** -0.60*** 0.06 0.32* 0.85 Fy14= 21.44%**

Ant richness 0.54* -0.52* -0.06 0.19 0.45F, 15= 3.06*
Ant density

Ant richness 0.27 -0.39 0.08 -0.04 0.65 F514=5.31**
0.37

Ant density 0.73***  -0.48** 0.12 0.32** 0.9 F415=33.63*

* Values are the standard coefficient.

T Asterisks denotp significance: * < 0.05, ** < 0.01, ***< 0.001.
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Figure legends

Figure 1. Ant-myrmecophyte mutualistic networks on differémibitats: (a) compartmentalized
network of undisturbed forest; (b) random netwofklisturbed forest of lake edges; (c) random
network of disturbed forests on islands. Dotteck Inepresents interaction with opportunistic
ants. Plants are on the left column, ants on et one. Plants and ants are abbreviated by the
first syllable of genus and specific epithet adofwl Himy — Hirtella myrmecophila Hiph —
Hirtella physophora Hidu —Hirtella duckej Dusa —Duroia saccifera,Cono —Cordia nodosa
Tamy — Tachigali myrmecophilaTapo —Tachigali polyphylla Magu —Maieta guianensis
Mapo —Maieta poeppigii Ceco —Cecropia concolarCepu —Cecropia purpurascens?ohe —
Pourouma heterophyllaAloc — Allomerus octoarticulatysAlse —Allomerus septemarticulatus
Alvo — Allomerus vogeli Azt = Azteca Caba —Camponotus balzaniiCrbr — Crematogaster
brasiliensis Crfl — Crematogaster flavosensitivaCrte —Crematogaster tenuicula Myfl —
Myrmelachista flavocoteaylyjy — Myrmelachistacf. joycei Paun— Pachycondila unidentata
Phmi — Pheidole minutulaPh13 —Pheidole sp13, Psco -Pseudomyrmex concoloPshi—
Pseudomyrmex nigrescen®s01 —Pseudomyrmexspl, So0l1 —Solenopsisspl, So02 -

Solenopsisp2, So03 -Solenopsisp3, So04 -Solenopsisp4.

Figure 2. Connectance of ant-myrmecophyte community of adssof forest, lake edges and
islands showed in a non-linear regression betwealized and possible interactions. Note that

some points are overlapped due to equal resutterofectance.

Figure 3. Density of each plant species on undisturbed &tpeand disturbed forests (Lake edge,
Islands) of Balbina Lake. Thinner bars are standardr. Superscript letters are the Tukey test
significance for each species among different laghitCono -Cordia nodosaHidu —Hirtella
duckey Himy - Hirtella myrmecophila Dusa — Duroia saccifera, Tamy — Tachigali
myrmecophila Tapo — Tachigali polyphylla Magu — Maieta guianensis Mapo — Maieta
poeppigii Tobu —Tococa bullifera Ceco —Cecropia concolgrCepu —Cecropia purpurascens

Pohe -Pourouma heterophylla

Figure 4. ANOVA results of the effects of undisturbed (Fsijeand disturbed forests (Edge,

Islands) on ant-myrmecophyte community traits: gl@nt richness; (b) plant density; (c) ant
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richness; (d) ant density. Bars are mean (SE) gnsites. Letters over SE bars indicate

differences among habitats detected with Tukey test

Figure 5. Spatial nested structure of plant richness #)riahness (b), and ant-plant interaction
(c) among disturbed and undisturbed forests. Bleglares represents species presence or
interaction occurrence in the respective site, @vhite squares represents the absence of the
species or interaction in that site. F = Forest, [Eake Edge, | = Islands; numbers on F and E are
site codes, while numbers on | represents a scame the smaller island area (I01) to larger

island area (120).
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Figure 3
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Figura 4
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Appendix 1
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Map of Balbina Lake and continuous surroundingdbor&ellow circles mark the studied islands. Reohizoindicate studied sites on lake edges while

blue points indicate studied sites on undisturloeddt.
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4. CONCLUSOES

1) A estrutura das redes de mutualismo formigatpléoram afetadas pela fragmentacéo e perda de
habitat, com perda de espécies, interacdes e cbmepatos.

2) A comunidade formiga-planta esta empobrecidalhas e na borda, sendo que area e isolamento
foram os principais fatores que explicaram a dingéo da riqueza e densidade de plantas e formigas.

3) O padrdao compartimentado das redes de mutualismuga-planta permaneceu nas ilhas e na
borda do lago, no entanto, a modularidade das fedesnor e diminui com a area e isolamento. Alese
das ilhas e da borda do lago perderam interagcdempartimentos e ganharam novas espécies de famiga
oportunistas.

4) A conectancia da comunidade nédo foi alterada admagmentacdo, se manteve constante nas
ilhas e na borda do lago em relacdo a florestaoeesteve relacionada com nenhuma caracteristica das
ilhas. A manutengdo da conectancia ocorreu devidoti@da de novas espécies de formigas oportunistas
nas ilhas e borda do lago.

5) A comunidade de plantas, formigas e as intemfd@eniga-planta sdo aninhadas com a floresta,
ou seja, sao sub-grupos depauperados da comurodgdel, com algumas interacées novas ocorrendo
nos ambientes fragmentados (ilhas e borda do lago).

6) Co-extincdo de espécies e perda de interacfietizam os efeitos negativos da construcdo de
hidrelétricas para conservacdo da biodiversidadehanam atencdo para 0s impactos nos processos

ecologicos e evolutivos das alteracdes em redegatisticas.






