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RESUMO

ARAUJ O, Ana Paula A., D. Sc., Universidade Federal de Vigosa, fevereiro
de 2009. Regulacao de areas de forrageamento e estruturacao
de comunidades de cupins. Orientador: Og Francisco Fonseca de
Souza. Co-orientadores: Angelo Pallini Filho e Eraldo Rodrigues de
Lima.

A utilizacao do habitat pelos animais depende do balanco en-
tre os custos e beneficios envolvidos durante o forrageamento, como dispo-
nibilidade de recursos e interagoes negativas. Os cupins (Insecta: Isoptera)
sao organismos detritivoros que apresentam grande importancia econémica
e ecoldgica. No entanto, ainda nao sao totalmente conhecidos os mecanismos
que estruturam as comunidades destes insetos. Com o intuito de preencher
parte desta lacuna, o objetivo desta tese foi verificar os fatores responsa-
veis pela variacao na area de forrageamento dos cupins e como estes podem
interferir na estruturacao de suas comunidades. A questdo central deste tra-
balho foi entender: Por que ha variagdo na abundancia e riqueza de cupins
em diferentes locais? Para tentar responder esta pergunta foram testadas as
seguintes hipdteses: i) a abundéancia e riqueza de espécies é maior em locais
com maior disponibilidade de recursos; ii) cupins reduzem suas dreas de for-
rageamento a medida em que hd aumento da oferta de recursos; iii) as dreas
de forrageamento dos cupins apresentam picos de sobreposicao nos pontos
extremos de qualidade do hébitat (baixa e alta) e baixa sobreposigdo em
locais de qualidade intermedidria; e v) fatores bottom-up e top-down atra-
sam a decomposicao de recursos porque cupins utilizam preferencialmente
recursos em alta quantidade/qualidade e evitam recursos que conferem risco
de predacao. Nossos resultados mostraram que, ao contrario do previsto,

houve uma redugao na abundancia e riqueza de cupins em locais com maior
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disponibilidade de recursos. No entanto, conforme esperado, cupins reduzi-
ram o tamanho de suas areas de forrageamento em locais com alta qualidade
de recursos. Foram observados picos de sobreposicao de areas de forrage-
amento nos pontos extremos (inferior e superior) de qualidade de héabitat.
Verificamos também que cupins selecionaram mais rapidamente recursos em
maior quantidade e que nao conferiam riscos de predacao. Desta forma,
pode-se concluir que cupins sao seletivos quanto a utilizacao de locais de
forrageamento e que apresentam flexibilidade comportamental em regular o
tamanho de suas areas de uso dependendo das variacoes ambientais. Esta
flexibilidade pode explicar padroes de riqueza aparentemente contraditorios.
Assim, o presente trabalho contribui com novos conhecimentos a respeito do
forrageamento dos cupins e pode auxiliar no entendimento da estruturagao

das comunidades destes insetos.
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ABSTRACT

ARAUJ O, Ana Paula A., D. Sc., Universidade Federal de Vigosa, February,
2009. Regulation of foraging areas and structuring of termite
communities. Adviser: Og Francisco Fonseca de Souza. Co-advisers:
Angelo Pallini Filho and Eraldo Rodrigues de Lima.

The use of habitats by animals depends on the balance of
costs and benefits associated to foraging, like availability of resources and
negative interactions. Termites (Insecta: Isoptera) are detritivorous orga-
nisms with great economic and ecological importance. However, the mecha-
nisms that structure their communities are not completely known. So, the
objective of this thesis was to study the factors that lead to the variation
of termite foraging areas and how they can interfere in their community
structure. The central question of this work was: Why is there variation
in termite abundance and richness? To answer this question, the following
hypotheses were tested: i) the abundance and richness of species are greater
in sites with higher resource availability; ii) termites reduce their foraging
areas as resource availability increases; iii) the overlapping peaks of the ter-
mite foraging areas occur in the extreme points of the habitat quality (low
and high); and iv) bottom-up and top-down factors delay resource decompo-
sition by termites because they prefer resources in high quality and quantity
and avoid resources that offer predation risks. Results show a reduction
of termite abundance and richness in places with abundance of resources.
However, as it was expected, termites reduced the size of their foraging areas
in high quality patches. Our results corroborate the hypothesis that there
is more overlap of foraging areas in the extremes of the habitat quality. We
also see that both bottom-up and top-down factors delay the use of resources

by termites. They selected resources in high quantity and without predation
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risk. Concluding, termites select their foraging areas and present a behavi-
oral flexibility that allows them to regulate the size of their foraging areas
according to the environmental conditions. This flexibility can explain the
seemingly contradictory termite patterns of richness. This work can contri-

bute for the understanding of termite foraging and community structure.



Capitulo

Introducao Geral

Os cupins sao considerados os mais importantes macrodetriti-
voros das florestas tropicais porque participam ativamente da decomposicao
e ciclagem de nutrientes, contribuindo assim para o fluxo de energia e maté-
ria nos ecossistemas (Back & Okwakol, 1997; Brussaard, 1998). Apesar do
grande destaque dos cupins nesse contexto, poucos estudos tém enfatizado
suas decisoes de forrageamento, provavelmente devido ao seu hébito criptico.
Com isso, pouco se sabe sobre os mecanismos que regulam a estruturagao
das comunidades destes insetos.

Padroes de riqueza sao influenciados por fatores histéricos e
biogeograficos e por fatores locais como interacOes intra e interespecificas.
Essas pressoes locais, sejam de origem bidtica ou abidtica, atuam direta-
mente sobre as “decistes” individuais influenciando assim na extensao do
espaco utilizado pelos organismos, como por exemplo para alimentagao. O
forrageamento consiste num processo espacial onde individuos delimitam
uma 4rea sobre a qual realizam a busca por recursos (Aikio, 2004). Alguns
organismos, vivem limitados no entorno de um ninho, como ocorre com os
cupins, e por isso podem sofrer mais intensamente os efeitos da variagao

da qualidade do h&abitat. Por isto, as respostas destes animais a variagao



2
ambiental podem ser rapidas, permitindo assim um maior entendimento dos
mecanismos que regulam a diversidade local de espécies.

O objetivo desta tese foi analisar os principais fatores envol-
vidos na distribuicao dos cupins no ambiente, considerando como a variagao
na disponibilidade de recursos e os riscos locais podem interferir no uso do
espaco por estes insetos. Para isso, elaboramos hipdteses baseadas na supo-
sicao de que cupins apresentam regulam seu comportamento a fim de adotar
diferentes estratégias de forrageamento dependendo das condigGes locais.

Esta tese foi dividida em 7 capitulos, sendo este o capitulo 1.
O capitulo 2 apresenta uma revisao de literatura que visa proporcionar ao
leitor um maior entendimento do estudo desenvolvido. Para isso, foi feita
uma abordagem tedrica sobre os fatores locais que regulam as comunidades e
o forrageamento dos cupins. Também foram abordados os principais eventos
ocorridos ao longo da evolucao do forrageamento dos cupins. Os capitulos
subseqiientes sao os artigos desenvolvidos a partir de uma série de hipdteses
elaboradas para o desenvolvimento desta tese (Fig. 1.1). O Cap. 3 consiste
no artigo “Neotropical termite species richness declining as resource amount
rises: food or enemy-free space constraints?”, que mostra como a comunidade
de cupins responde ao aumento do suprimento de recursos. Este artigo
nos surpreendeu com um resultado inesperado, que levantou uma grande
questao: Por que nem sempre a abundancia e riqueza de espécies respondem
positivamente ao aumento da disponibilidade de recursos? Assim, este artigo
inspirou uma série de hipéteses que foram testadas nos demais capitulos. O
Cap. 4 apresenta o artigo “A regulacao da drea de forrageamento dos cupins
¢é determinada pela qualidade dos recursos?”, no qual verificamos como as
variagoes na qualidade do habitat (abundancia/escassez de recursos) podem

alterar a ocupagao de dreas por cupins. O préximo capitulo (5) é uma
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expansao do anterior e mostra como a qualidade do héabitat, sob condigoes
naturais, pode alterar o uso do espago pelas comunidades de cupins. O
Cap. 6, por sua vez, mostra como fatores bottom-up e top-down interferem
nas chances de encontro e utilizagao de recursos por cupins. E, por fim,
o capitulo 7 faz uma conclusao geral, sintetizando os principais resultados
obtidos. A secdo seguinte (1.1) explicita o fluxograma de hip6teses desta

tese.

1.1 Mecanismos decorrentes do aumento da oferta de recur-

SOS

Teoricamente, o aumento na disponibilidade de recursos lo-
cais pode ocasionar: i) redugao; ii) aumento ou iii) manutencao das dreas de
forrageamento das colonias de cupins. A partir dessa variacao da qualidade
do habitat diversos mecanismos podem ser desencadeados e interferir direta
ou indiretamente na riqueza de espécies. Desta forma, as chances de regis-
trar a abundéancia ou a riqueza de cupins em um determinado local podem
estar relacionadas a regulacao do tamanho de suas areas de forrageamento

(veja subsegoes abaixo e Fig. 1.1).

1.1.1 Aumento da quantidade de recursos

O aumento da disponibilidade de recursos em um local pode
ocorrer de duas formas: i) aumento na quantidade de itens alimentares pré-
existentes ou ii) aumento na variedade dos recursos.

O simples aumento na quantidade pode aumentar a distri-
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buicao espacial dos recursos tornando-os mais acessiveis, o que aumenta a
chance de encontro do alimento pelos forrageadores. Uma vez que haja maior
disponibilidade de recursos no entorno da colonia, espera-se que os cupins
minimizem seu esforco de busca utilizando os itens dispostos nas proximida-
des do ninho. Desta forma, o aumento de recursos no local pode gerar uma
reducao da drea de forrageamento das colonias.

Por sua vez, esta reducao da area de forrageamento ird mini-
mizar a competicao por gerar um maior niimero de espacos vazios potencial-
mente disponiveis para novas colonizacoes, permitindo assim um aumento da
riqueza local. Paralelamente, a retracao da drea de forrageamento das col6-
nias propicia um alivio das interagoes negativas permitindo o crescimento
das colonias locais. Em um momento posterior, o aumento do nimero de
individuos podera resultar em escassez de alimento e conseqiientemente em
maior necessidade das colonias por recursos. Desta forma, este crescimento
acarretara em um aumento na area de forrageamento das colonias, o que
pode resultar em sobreposicao de dreas por diferentes colonias de cupins e
permitir aumento da riqueza local.

Outro possivel efeito do aumento da quantidade de itens ali-
mentares é o favorecimento do estabelecimento de outros organismos, in-
clusive novos competidores ou predadores. Nesta situacao, o aumento da
disponibilidade de recursos pode posteriormente gerar custos. Frente ao
aumento destas interagdes negativas espera-se dois possiveis resultados: i)
perda imediata de individuos, o que pode implicar em reducao da riqueza
de espécies; e/ou ii) adocao de estratégias pelos cupins para minimizar os
custos de forragearem no local. A predacao tem sido considerada fator-chave
de mortalidade dos cupins. Em locais onde h& alta incidéncia de predado-

res espera-se que cupins escondam-se no tempo e/ou no espago. Para isso,
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duas estratégias podem ser esperadas: as colonias podem i) aumentar sua
distribuicao espacialmente ou ii) abandonar locais. Se o aumento da distri-
buicao dos cupins resultar na sobreposicao de areas de forrageamento, pode
haver reducao no risco individual de predacao. Ja o abandono de locais pode
ocorrer quando os cupins alternam a utilizagdo de itens alimentares em dife-
rentes locais ao longo do tempo ou simplesmente alteram o horario de busca
por recursos alimentares. Nestes dois casos, os cupins tornar-se-iam menos
previsiveis no ambiente, implicando em reducao das chances de encontrar
inimigos. Estas estratégias teriam um efeito imediato na manutencao da
riqueza local.

Dentre as estratégias possivelmente adotadas pelos cupins
para a reducao da competicao pode-se citar: o abandono de locais e também
a defesa de um territério. De fato, a ocorréncia de espécies territorialistas
é documentada para a comunidade de cupins (Adams & Levings, 1987; Le-
vings & Adams, 1984). Quando hé defesa de um territério, os cupins mantém
uma area de forrageamento fixa podendo impedir o estabelecimento de no-
vos colonizadores, contribuindo assim para a manutencao da riqueza local

de espécies.

1.1.2 Aumento da variedade/qualidade dos recursos

Um dos efeitos imediatos do aumento da variedade de recur-
sos locais é permitir a ocorréncia de grupos funcionais distintos, aumentando
assim a riqueza de espécies. Como os cupins alimentam-se ao longo de um
gradiente de humificagao, a existéncia de tipos distintos de recursos pode fa-
vorecer a ocorréncia de diferentes guildas alimentares (Donovan et al., 2001).
No entanto, quando o aumento da variedade de recursos é acompanhada por

uma reducao paralela em outro recurso essencial que ja ocorria no local an-
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teriormente, pode haver perda de individuos devido a escassez de nutrientes
limitantes.

Uma vez que individuos sao perdidos pode haver redugao no
tamanho das populagoes. Em outros casos, a perda de individuos pode ser
mais drastica resultando em diminuigao da riqueza local, seja devido: i) a
eliminacao de populagoes inteiras; ii) ao aumento das restri¢oes demograficas

como a endogamia; ou iii) & maior susceptibilidade aos eventos estocasticos.
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Processos ecolégicos determinando o tamanho da area de forra-

geamento e seu efeito na riqueza de espécies de cupins.

Figura 1.1



Capitulo

Implicacoes do forrageamento na
estruturacao das comunidades de

cupins

2.1 Como as comunidades sao estruturadas?

Comunidades sao populagoes de espécies que ocorrem juntas
no espaco e no tempo. O estudo da ecologia de comunidades visa definir
padroes de distribuicao dos organismos e entender como estes sao determi-
nados pelas interagoes entre espécies e o ambiente abidtico (Begon et al.,
2006). Comunidades nao sao estruturadas por um unico processo, mas por
uma mistura de forgas. No entanto, a importancia relativa de cada uma
destas forcas pode se alternar no espaco e no tempo. A variacdo na diversi-
dade de espécies pode ocorrer ao longo de diferentes escalas, gradientes ou

condigoes espago-temporais (Gaston, 2000). Em escala local, os padroes de
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riqueza podem ser resultantes da disponibilidade de recurso alimentar (Cor-
nell, 1993), das interacoes (Srivastava, 1999) e da resposta comportamental
das espécies frente as pressoes ambientais. Desta forma, o resultado destes
fatores pode determinar a coexisténcia ou a exclusao competitiva local.

A busca pelo entendimento da organizacao e estrutura das
comunidades teve seu inicio com Hutchinson (1959), com a defini¢ao do
termo “nicho ecoldgico”: conjunto de condigGes e recursos, incluindo inimi-
gos naturais e tempo, no qual o crescimento e reproducao dos individuos sao
possiveis. Segundo Hutchinson (1959) espécies que possuem o mesmo nicho
ecoldgico nao podem coexistir porque competem pelos mesmos recursos e o
melhor competidor é capaz de excluir os demais (Principio da exclusao com-
petitiva). A partir dai, varios trabalhos tentaram identificar os mecanismos
que permitem a manutengao da diversidade de espécies em uma mesma re-
gido espacial (Chesson, 2000). Em outras palavras, comegaram a questionar:
Por que as espécies coexistem?

Mecanismos que permitem a coexisténcia das espécies diri-
gem a competicao intraespecifica relativamente mais forte do que a compe-
tigao interespecifica [HipGtese da segregacao espacial, Pacala (1997)]. Para
isso ocorrer, as espécies nao podem se sobrepor totalmente quanto aos re-
cursos que utilizam, ou seja, quanto menor o nivel de sobreposicao de ni-
chos, maiores as chances de haver coexisténcia. Dessa forma, a competigao
teoricamente tende a separar as espécies competidoras espacialmente. A
existéncia de trade-offs também consiste em uma das explicacoes para a co-
existéncia de espécies (Tilman & Pacala, 1993; Chesson & Huntly, 1997).
Estes trade-offs normalmente permitem que cada uma das espécies seja me-
lhor competidora em um determinado recurso ou condigdo (ex. trade-off

competicao-colonizagao e crescimento-reprodugao). A diferenciacao das ha-
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bilidades competitivas é possivel em ambientes heterogéneos, onde as es-
pécies tendem a diferir em relacdo a capacidade competitiva em diferentes
fragoes do espaco disponivel. Assim, a heterogeneidade de hédbitats pode
permitir a manutencgao, estabelecimento e ao mesmo tempo reduzir o con-
tato entre espécies.

No entanto, além da competicao, varios outros fatores atuam
conjuntamente nos sistemas naturais fazendo com que as redes alimentares
apresentem um cardter dindmico. Assim, os individuos precisam constan-
temente responder a estas variagoes, o que pode ter conseqiiéncias na sua
distribuicao espacial. Estas “decistes” por sua vez influenciam novamente as
relagGes inter- e intraespecificas, direcionando as dindmicas de populagoes e

comunidades (Fig. 2.1).

Fatores
bidticos

Estrutura

thental ;

Decisdes

Relagdes

Populagbes e
comunidades

Figura 2.1: Fatores atuando sobre o individuo interferem no comportamento
de forrageamento alterando as relagoes intra- e interespecificas e conseqiien-
temente as dinamicas de populagoes e comunidades.



11

2.1.1 Fatores determinantes do forrageamento

A forma como os animais exploram recursos no espago e no
tempo tem sido tema de grande debate na ecologia (Emlen, 1966; MacArthur
& Pianka, 1966; Krebs & Davies, 1993). O comportamento de forragea-
mento de um animal pode incluir: busca, perseguicao, captura e consumo
de itens alimentares. Ou seja, o forrageamento consiste na escolha da dieta,
de fragmentos no qual se alimentar e na alocagao de tempo entre os locais
de alimentacao. Apesar de consistir em uma necessidade bésica e aparen-
temente trivial, questoes sobre tal comportamento ainda permanecem sem
explicagao.

Como os héabitats naturais normalmente sao heterogéneos
(Forman, 1995; Tuck & Hassall, 2005) e apresentam variacdo sazonal nas
condicoes e recursos, os animais tendem a alterar temporalmente a dimensao
de suas dreas de uso. As decisoes tomadas pelos animais durante o forragea-
mento podem ser direta ou indiretamente afetadas por fatores top-down ou
bottom-up. O primeiro mecanismo (top-down) ocorre quando organismos de
niveis troficos superiores controlam as populacoes dos niveis tréficos inferi-
ores. Ja no segundo mecanismo, o consumidor é limitado pelo seu recurso,
ou seja, pelo nivel tréfico inferior (bottom-up). Assim, existe uma dinamica
constante onde o aumento na disponibilidade de recursos em um nivel tré-
fico pode interferir diretamente nos niveis imediatamente acima ou abaixo
deste, em um efeito cascata. Além desse efeito vertical ao longo da cadeia
tréfica, efeitos horizontais também sao importantes fatores limitantes das
populagoes (Gripenberg & Roslin, 2007), como por exemplo, a competi¢ao
intra-guilda (Janssen et al., 1998). Todas estas pressoes irao influenciar o
balanco entre os custos e beneficios envolvidos na selecao de sitios de ali-

mentacao pelos animais (MacArthur & Pianka, 1966; Lima & Dill, 1990).



12
Espera-se portanto que individuos capazes de discriminar a qualidade de
sitios alimentares e de adquirir informagoes sobre os riscos de predagao lo-
cais possam ter vantagens seletivas por maximizarem sua sobrevivéncia e

capacidade reprodutiva (Tuck & Hassall, 2005).

2.2 Forrageamento dos cupins: evidéncias evolutivas

2.2.1 A origem dos cupins

Todos os cupins possuem um complexo comportamento so-
cial por apresentarem simultaneamente: divisao de castas, sobreposicao de
geragoes e assimetria reprodutiva (Wilson, 1971). A existéncia de diferentes
niveis de complexidade social dentro de um mesmo taxon pode facilitar o
entendimento de sua evolugao. No entanto, como todos os representantes
de Isoptera sao eussociais, comparacoes dentro do grupo tornam-se dificeis
e a analise da evolugao dentro de Isoptera requer o estudo de seus ancestrais
(Grandcolas & D’Haese, 2004). A origem dos cupins ainda é bastante de-
batida e controversa. Cupins sao representantes da superordem Dictyoptera
e formam um grupo monofilético juntamente com Blattaria e Mantodea.
Embora existam controvérsias quanto as relagoes dentro destas ordens (Na-
lepa & Bandi, 2000; Eggleton, 2001), varios trabalhos indicam que o grupo
mais primitivo de cupins - Mastotermes - seja um grupo irmao das bara-
tas primitivas do género Cryptocercus (consumidoras de madeira). Entao,
Isoptera poderia ter como ancestrais baratas xiléfagas que, assim como os
cupins primitivos, formam ooteca internamente, apresentam comportamento

de coprofagia e agregacao, e possuem simbiontes protistas das ordens Oxy-
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monadida e Hypermastigida. Quase todos os protistas destes géneros foram
registrados apenas nos cupins e em Cryptocercus.

Mastotermitidae é considerado o grupo mais basal de cupins
com o Unico representante Mastotermes darwiniensis. No entanto, existem
desacordos quanto a relagao de origem das outras familias basais: Kaloter-
mitidae, Hodotermitidae e Termopsidae. J& Termitidae é o grupo mais de-
rivado e que apresenta a maior diversidade de cupins. Espécies desta 1ltima
familia apresentam uma ampla variedade de hébitos alimentares (guilda de
solo, madeira, serapilheira e cultivadores de fungos) e de tipos de nidificacao

(hipogéicos, epigéicos e arboricolas) (veja Constantino, 1999).

2.2.2 Relacgao ninho-recurso e padroes de castas em cupins

Os diferentes tiaxons de cupins diferem no estilo de vida
quanto a relagao ninho-alimento e aos padrdes de castas. Abe (1987) classi-
ficou 3 estilos de vida em cupins: i) aqueles em que o ninho é o préprio ali-
mento (sitio-inico); ii) os que possuem ninho e alimento separados, ou seja,
precisam forragear a procura de alimento; e iii) os tipos intermedidrios, que
consomem a madeira do préprio ninho mas também exploram e colonizam
outras fontes alimentares. Espécies do tipo i nao apresentam verdadeira
casta de operarios. Nestas colonias as tarefas sao realizadas por indivi-
duos imaturos que permanecem totipotentes, ou seja, podem se desenvolver
em imagos, reprodutivos neoténicos ou em soldados. Por isso, a auséncia
de verdadeiros operarios pode conferir maior flexibilidade quando as condi-
¢oes tornam-se inapropriadas. Estes individuos totipotentes sdo chamados
de “pseudergates” ou falsos operarios e ocorrem nas familias mais basais:
Termopsidade, Kalotermitidae e em alguns Rhinotermitidae. Tais familias

apresentam colonias com longevidade limitada pelo tamanho de seu ninho
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porque eles literalmente comem sua proépria casa. Por contraste, espécies
que apresentam separagcao completa entre ninho e alimento, possuem uma
verdadeira casta de operarios. Operdrios realizam tarefas especificas, como
coleta de recursos, reparacao do ninho e cuidados com a prole e ocorrem nas
espécies mais derivadas de Isoptera (Korb, 2007).

A origem da casta de operarios ainda permanece obscura.
Myles (1999) levantou as seguintes questoes: i) a pressao seletiva por forra-
geamento deu origem aos verdadeiros operdrios? ou ii) a origem desta casta
precedeu e possibilitou o forrageamento? Na tentativa de desvendar estas
questdes, Rupf & Roisin (2008) estudaram uma espécie de Rhinotermitidae
que apresenta estilo de vida intermediario - Prorhinotermes inopinatus. Eles
mostraram que individuos dessa espécie realizam forrageamento externo ao
ninho e que por isso, tal comportamento possa ter precedido a existéncia da
verdadeira casta de operarios.

Ja a casta de soldados estd presente desde os grupos mais
basais de cupins, com excecao de alguns representantes de Apicotermitinae
(Termitidae), que consiste em um dos grupos de cupins derivados. Acredita-
se que a falta de soldados em Apicotermitinae neotropicais seja uma condigao
derivada (Noirot & Darlington, 2000). Nos grupos que apresentam soldados,
estes diferem quanto ao sistema de defesa (quimico, mecénico ou misto).
Segundo Noirot (1990) o comportamento dos soldados é mais simplificado em
relagdo as outras castas, uma vez que sao especializados apenas na defesa do
ninho. No entanto, alguns autores colocam em cheque a verdadeira fungao
dos soldados nas colonias de cupins. Por exemplo, existem evidéncias de
que o comportamento defensivo de operarios e soldados podem nao diferir.
Roux & Korb (2004) verificaram que a remoc@o de soldados em colonias

de Cryptotermes secundus nao afetou a sobrevivéncia e o crescimento dos
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individuos quando comparado com colonias que possuiam soldados. Por
outro lado, em algumas espécies, o papel dos soldados parece ir além da
funcao de defesa, onde estes individuos auxiliam na fase inicial de exploragao
de novas fontes alimentares (Traniello, 1981). Assim, em algumas espécies,
a fase exploratoria do forrageamento pode ser influenciada pelo nimero de
soldados presentes. Esta capacidade dos soldados é considerada um evento

recente ao longo da evolugao de Isoptera (Noirot, 1990).

2.2.3 Utilizacao e processamento do recurso alimentar por

cupins

A celulose, principal constituinte das paredes das células ve-
getais, é o recurso alimentar utilizado pelos cupins (Krishna & Weesner,
1969). Apesar de ser o composto organico mais abundante da terra, poucos
organismos sdo capazes de utilizéd-lo. Isto deve-se ao fato da celulose ser
formada por moléculas de glicose unidas entre si linearmente pelas extremi-
dades, o que forma um polimero com alta forca de adesao. Desta forma, a
celulose apresenta um cardter muito mais estrutural do que nutricional, o que
impede sua utilizagdo pela maioria dos organismos (Prins & Kreulen, 1991).
Abe & Higashi (1991) inclusive consideraram que a celulose se assemelha a
uma forma de defesa das plantas. A resisténcia da parede celular vegetal
consiste no principal fator que retarda a decomposicao dos residuos organi-
cos. A hidrélise desse polissacarideo é o primeiro passo para a aquisicdo de
glicose e conseqiiente producao de energia.

Organismos capazes de utilizar a matéria organica morta sao
chamados de saprétrofos e podem ser divididos em duas classes: decomposi-
tores que sao capazes de clivar a celulose (bactérias e fungos) e detritivoros.

A capacidade de utilizar a celulose deve-se & producéo de enzimas celuloliti-
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cas préprias ou & associacao com microorganismos decompositores. Ambas
estratégias sao observadas em cupins. Esses insetos normalmente sao re-
conhecidos como detritivoros porque aceleram o processo de decomposi¢ao
através da trituracao de tecidos mortos e hidrolisam a celulose com a acao
de simbiontes intestinais (Breznak & Brune, 1994). No entanto, esses insetos
também podem ser considerados como decompositores, uma vez que muitas
espécies apresentam potencial digestdao de celulose através da producao de
suas proéprias celulases.

A digestdo da celulose nas familias mais basais de cupins
ocorre principalmente através da associagao com protozodrios simbionticos.
Porém, espécies de Termitidae tém principalmente bactérias associadas no
seu intestino posterior, podendo também apresentar protozoarios, nesse caso
amebas. Recentes evidéncias moleculares mostraram que espécies de Nasu-
titermes secretam celulase no intestino médio, onde bactérias simbionticas
nao fazem a degradagao da celulose (Tokuda & Watanabe, 2007).

O papel dos protistas consiste em produzir acetato para o
metabolismo tanto de cupins quanto de bactérias; e ainda fornecer Hy e CO4
para adicional metabolismo das bactérias (acetanogénese e metanogénese).
O conhecimento do metabolismo das bactérias no intestino dos cupins ainda
é fragmentado. Acredita-se que elas realizem acetanogénese, metanogénese
e oxidacao aerdbica de piruvato e acetato. No entanto, a maior certeza que
se tem atualmente é de que as bactérias sao fundamentais para a fixacdo do
nitrogénio utilizado pelos cupins (Slaytor, 2000).

De fato, a fixacdo de Ny por bactérias simbiontes é extre-
mamente importante devido a deficiéncia de N na dieta dos cupins. Além
disso, para aumentar a aquisicao deste nutriente essencial, outras estratégias

metabdlicas e de forrageamento também sao desenvolvidas: i) eliminagao de
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Carbono: redugao da razao C/N antes da assimilagao do alimento; ii) re-
ciclagem do N do 4cido trico através da agao de bactérias uricoliticas; iii)
conversao de fontes pobres em N em fontes mais nutritivas; e iv) seletiva

utilizacao de fontes alimentares ricas em N (Higashi et al., 1990).

2.2.4 O forrageamento dos cupins

Todos os cupins realizam forrageamento verdadeiramente co-
letivo (Korb & Lenz, 2004) através do recrutamento e orientacao pela emis-
sao de feroménios (Oster & Wilson, 1978; Andara et al., 2004). Durante
a busca por recursos, alguns cupins podem forragear sobre a superficie do
solo. No entanto, a maioria dos cupins constréi galerias abaixo do solo ou
na sua superficie e em troncos de arvores. Estas galerias fazem a conexao
entre o ninho e a fonte alimentar (Costa-Leonardo, 2002). A localizagao de
fontes alimentares pode apresentar ampla variacao entre as espécies de cu-
pins devido aos seus diferentes estilos de vida. No entanto, acredita-se que a
busca seja realizada principalmente através da percepcao de temperatura e
de teores de umidade no solo. Recursos dispostos no solo produzem um som-
breamento térmico (Ettershank et al., 1980) na camada de solo subjacente.
Quando esta sombra é detectada pelos cupins, inicia-se a construcao de gale-
rias secundarias que se dirigem até o recurso alimentar. Estimulos olfativos
também sao importantes, porém apenas quando os cupins encontram-se nas
proximidades do alimento (Krishna & Weesner, 1969).

O comportamento de construcao de galerias ou tuneis por
cupins tem sido muito estudado em laboratério. Nessas condigoes, tem-
se observado que a construcao da rede de tuneis inicia-se com os tuneis
primérios, dos quais irao partir os secundarios, que sao 0s mais nuMeErosos

durante a busca. Os tuneis secundérios também se ramificam em terciarios
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e quaternarios, de forma a explorar uniformemente o ambiente. Ja os tuneis
terciarios e quaterndrios parecem interconectar fontes alimentares que sao
exploradas simultaneamente. Este tipo de ramificacao parece minimizar o
gasto energético na construgao de tuneis (Arab & Costa-Leonardo, 2005).
Cupins podem ser limitados por fatores abiéticos como a umi-
dade, temperatura e granulometria do solo, que influenciam diretamente
no comportamento de ramificagdo de seus tineis (Arab & Costa-Leonardo,
2005). Apesar de serem conhecidos por seu potencial destruidor, os cupins
sao organismos seletivos quanto ao recurso consumido. Caracteristicas como
a palatabilidade, dureza (Evans et al., 2005) e concentragao de nutrientes
(Shellman-Reeve, 1994) sao importantes na escolha do alimento. Recente-
mente, foi demonstrado que os cupins podem selecionar o tamanho do item
alimentar através de sinais acisticos de vibragao (Evans et al., 2005). Além
disso, a sele¢ao de locais com maior seguridade contra predadores também
tem sido documentada (Gongalves et al., 2005). Outro fator importante
durante o estabelecimento dos cupins em um determinado item alimentar é
a territorialidade exibida pelas colonias, que atua diretamente na dinamica
de populagoes e na distribuicao dos organismos no espago. Um aumento no
territorio pode implicar em maior disponibilidade de alimento, mas também
em maiores custos em defendé-lo. O tamanho de um territério depende, por-
tanto, do balanco entre os beneficios e os custos na manutencao do espaco
(Both & Visser, 2003).
Embora sejam conhecidos muitos fatores que interferem na
selecao de recursos por cupins, ainda pouco é compreendido sobre a distri-

buicao das espécies e a estruturagao das comunidades destes insetos.
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3.1 Abstract

Understanding the way resource amount relates to species richness, and
its underlying mechanisms, may help to unveil the role played by species
demands and species interactions on ecosystem functioning and, hence, how
biodiversity is regulated. With this in mind, we investigated the effects of
increasing resource amount on termite species richness at a local scale, in a
remnant of Brazilian Atlantic Rain Forest. Starting from a statistical model
comprised by litter biomass, volume of fallen logs, and soil’s clay content,
we found a minimal adequate model revealing a negative relationship
between termite species richness and litter biomass. Three hypotheses
could explain such a negative relationship: as litter amount increased
species numbers diminished because (i) another resource diminished; (ii)
colonies retracted their foraging range, impairing sampling detection and
hence producing pseudo-decrements in diversity; or (iii) predation risk
increased. Hypotheses (i) and (ii) lack support because soil’s clay content
did not relate either to species richness nor to abundance, despite the fact
that most termites recorded belonged to the soil-feeding guild. We argue
in favour of hypothesis (iii), specially considering that ants —the main
predators of termites— have been already reported to relate positively to

litter amount in this environment.
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3.2 Introduction

Among the mechanisms responsible for the regulation of spe-
cies numbers at the local scale, the amount of available resources play a
central role. The larger the amount of resources, the weaker the constraints
for species establishment and maintenance, because (i) the environment sup-
ports larger numbers of individuals and hence species (Preston, 1962), and
(ii) individuals need not fight for resources, which impairs competitive in-
teractions from preventing species coexistence (Cornell & Lawton, 1992).
Further increments in resource quantity, however, may affect negatively the
number of coexisting species, providing intra/interespecific interactions are
stressed or essential resources are diminished (Rosenzweig & Abramsky,
1993; Schmid, 2002). As a consequence, the relationship between species
richness and resource quantity (and related measures) may assume a hump-
shaped curve, but considerable controversy remains concerning the general
form of curve, what organisms fit particular relationships, and what mecha-
nisms produce the patterns (Mittelbach et al., 2001).

Specifically for termites, although resource availability has
been long reckoned (sometimes only implicitly) as determinant of termite
diversity and abundance (Attignon et al., 2005; Leponce et al., 1995), very
few works explicitly tackled the issue of how does termite species number
relate to increments in resource amount and/or productivity. Eggleton et al.
(1994) rejected net primary productiviy (NPP) as an explanation for ter-

mite generic diversity patterns, because, albeit finding a positive correlation
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at a global scale, they found an apparent negative trend when main tropi-
cal regions were considered separately as biogeographical regions (the Ne-
otropical, Ethiopian minus Madagascar, and Indo-Malayan). At a smaller
geographical scale, Melo & Bandeira (2004) suggested that termite diver-
sity and abundance seemed to be positively related to plant productivity
in a resource-restricted semiarid scrub vegetational formation (‘Caatinga’)
typical of Northeastern Brazil.

This scarcity of information, however, is not in accordance
with the suitability of termites for studies focusing effects of resource offer
on species diversity. Expanding the statement by DeSouza & Brown (1994)
on termites as prime candidates for studies on habitat fragmentation, it
seems that such insects (as well as detritivores in general) are also very
suitable for studying resource-diversity patterns. That is because, being
detritivores termites do not control directly the rate at which their resources
are available nor do they restrict the ability of the resources to regenerate.
Effects of resource offer on termite parameters would, therefore, be void of
counter-effects of termites on resource production.

This paper, therefore, inspects the effects of increasing re-
source amount on termite species richness at a local scale, in a remnant of
Brazilian Atlantic Rain Forest. We aim to establish the most probable pat-
tern for the sites studied by investigating biological evidences supported by
statistical inference. In addition, we discuss hypotheses for the mechanisms
which could have led to the observed pattern, discarding the least likely

ones.
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3.3 Material & Methods

Terms definition

As pointed out by Mittelbach et al. (2001), difficulties invol-
ved in the study of energy-diversity relationships lie beyond the simple issues
of curve shape, focused organism, and determinant mechanisms. Serious
methodological discrepancies between published papers include delimitation
of jargon (such as ‘productivity’ and ‘diversity’), as well as appropriateness
of statistical procedures. Productivity is the rate at which energy flows in
an ecosystem. It is not biomass, but a rate, properly expressed as joules per
unit time per unit area (or volume) (Rosenzweig, 1995). Since our measures
of resource availability do not include time, we will refer to them as resource
amount rather than productivity, whether they are expressed as mass or vo-
lume. Diversity has been used in ecological literature as the amount and/or
the proportion of species in a given local, whose measurements vary from
simple species counts to elaborated indexes including number of individuals.
We use here diversity as a synonym for species richness, and we measure it
simply as species counts (that is, the number of species recorded at a given
place). Because we use count data, statistical analyses can not assume sym-
metrical and normally distributed errors. We therefore apply Generalised
Linear Modelling, a technique allowing to perform analyses analog to simple
and multiple regressions which are explicitly conducted under a wide range

of errors distribution, either normal or non-normal (Crawley, 2002).
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Study site

The study was carried out at Ibitipoca State Park, in the
municipality of Lima Duarte, Minas Gerais State, Southeastern Brazil. The
Park is located between the plateaus of Itatiaia and Andrelandia (21° 40’
to 21° 43’ S, and 43° 52’ to 43° 54’ W), with altitude varying from 1050 to
1784 m. The site is composed by high elevation meadows (‘campo rupestre’)
and woodlands. Meadows hold primarily Gramineae and Cyperaceae in
herbaceous stratum, with some scrub trees and shrubs. Woodlands are
‘Atlantic’, upper montana tropical rain forests, holding low stature trees

(15-25 m) (Aragona & Seitz, 2001).

Sampling

Nine transects were marked within the Park. Eight subplots
1 x 2 m (length x width) were marked along each transect, keeping a gap
of 9 m between subplots. Termite sampling was performed within these
subplots, which summed a sampling surface of 16 m?. Sampling was perfor-
med by two people, each one inspecting a total of four subplots (8 m?) in
1.5 h. No subplot has been inspected twice. Sampling effort was, therefore,
8/1.5 = 5.33 m? - h~! per person. Termites were collected with the aid
of entomological forceps, in litter, fallen logs and branches, throughout the
whole surface of the subplot. In addition, one soil core was scanned in each
subplot, to improve chances of finding termites. Sampling took place from
27 to 29 June 2003, at daylight from 0800 h. This is within the dry season
(winter) in the region. Specimens were preserved in 80% alcohol, labelled,
and subsequently identified to species (or morphospecies), mainly following
Mathews (1977) and specific literature referred to by Constantino (1999).

Termites collected were classified into guilds, following authorities referred
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to in Table 3.1. Identifications were confirmed by comparison with the col-
lection of the Termites Section of the Entomological Museum of the Federal
University of Vigosa (MEUYV), where voucher specimens were deposited.

In order to characterise each transect according to its resource
quantity, litter biomass, volume of fallen logs, and clay content in the soil
were recorded at the same subplots as termites. Such variables have been
chosen due to their known effect on termite species richness and abundance
DeSouza (1995); Davies (2002). Species richness here is taken as the number
of termite species found in each transect. The number of termite records in
each transect is taken as a surrogate for termite abundance, following Davies
(2002).

Litter (amount of debris excluding fallen logs) from an area
of 0.5 x 0.5 m within each subplot was collected, packed in paper bags
and oven-dried at 70°C for 72 hours, being then weighted in a three-digits
precision scale. Volume of all fallen logs (circumference exceeding 15 cm)
found within the subplot was estimated by 7 - r? - h, where r is the log’s
radius and A is the log’s length. The radius of irregular logs was taken as
an average of radii measured along its length. One soil core (15 x 15 x 2 cm;
width x depth X thickness) was extracted from each subplot, air dried and
taken to the Laboratory of Soil Physics at the Federal University of Vigosa
(UFV), where textural analyses proceeded. Soil particles (clay, silt, fine and
coarse sand) were segregated by shaking for 10 min samples (10 g of soil)
which spent the previous 16 h in NaOH 0.1 mol/L.

Quantity of resources was estimated by taking the amount of
litter biomass (g.m~2), volume of fallen logs (cm3.m~2), and clay content (g
per 10 g of soil), summed across all subplots within a transect. Therefore,

resource quantity for each transect was characterised by three independent
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variables: total litter biomass, total volume of fallen logs, and total clay

content.

Statistical Analyses

To investigate the relationship between termite species rich-
ness and resource quantity, we performed multiple regressions whose expla-
natory variables were the surrogates of resource quantity: litter biomass,
volume of fallen logs, and clay content, for each transect. The same pro-
cedure was used to investigate the relationship between number of termite
records (a surrogate for termite abundance) and resource quantity.

All the analyses were carried out using generalised linear mo-
delling and Poisson errors with log link (Crawley, 2002), and were performed
under R (R Development Core Team, 2005), followed by residual analyses to
verify error distribution and the suitability of the models employed, including
checks for overdispersion. Full models were built by including all explana-
tory variables and their interactions according to term complexity, starting
from the simplest one. Model simplification was achieved by extracting
non-significant terms (P>0.05) from the model according to their respective
complexity, starting from the most complex one. When two non-significant
terms presented the same complexity, the one explaining less deviance was
extracted first. Each term deletion was followed by an ANOVA with F test,
in order to recalculate the deviance explained by remaining terms. In or-
der to prevent misinterpretation arising from terms redundancy, six models
have been built and tested, each model comprising all explanatory variables
and interactions, but differing from the others by the order at which the
variables have been included in the model (Table 3.2).

In addition, regressions inspected the existence of dependen-
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cies between all possible pairs of explanatory variables (Litter x Clay; Litter
x Logs; and Clay x Logs). Due to the nature of y-variables, such regres-
sions have been performed by generalised linear modelling under normal

distribution, followed by inspection of residuals.
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3.4 Results

Termite species collected comprised 14 species and 11 genera,
with most species from the soil feeding guild, even if one considers diver-
gent opinions between authors when classifying termites according to feeding
habit (Table 3.1).

All models describing the effects of resource quantity on ter-
mite richness converged to an equation comprising a single explanatory va-
riable, which was either litter biomass or volume of fallen logs. The main-
tenance of either explanatory variable in the model depended on the order
at which it has been included in the full model, which denounces redun-
dant effects of litter biomass or volume of fallen logs on termite richness.
Both minimum adequate models achieved (y ~ Litter and y ~ Logs) des-
cribed negative relationships to termite species richness (respectively, Fi 7=
4.0785, P=0.04343; and F; 7=3.9190, P=0.04774). Among these, litter bi-
omass, however, seems more suitable to explain termite richness, since its
model presents lower Akaike Information Criterion (AIC=35.902) than the
one comprising volume of fallen logs (AIC=36.062) (Table 3.2, Figure 3.1).

A very similar result was presented by the models explai-
ning the effects of resource quantity on number of termite records. The
same convergence to a single term model was achieved, the same depen-
dency on the term’s entering order was observed. Both minimum adequate
models (y ~ Litter and y ~ Logs) described negative relationships to

termite abundance (respectively, F1 7= 4.6359, P=0.03131; and F; 7=3.77,
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P=0.05218), although this last model was only barely significant. As before,
litter biomass seems more suitable to explain termite abundance, since its

model presents lower AIC (= 43.125) than the one comprising volume of

fallen logs (AIC= 43.990). (Table 3.2, Figure 3.2).
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Tabela 3.2: Models tested to inspect the effects of resource quantity on
termite parameters. Logs= volume of fallen logs, Litter= biomass of debris
on soil surface, and Clay= soil’s clay content. Full models converge to a
characteristic one-term equation, depending on the order at which Litter
or Logs enter the model, and regardless whether y is taken as the number
of termite species, or the number of termite records. * denotes inclusion
of single terms plus all possible interactions. See Material & Methods for
details.

Full model Minimum adequate model

y ~ Litter * Clay * Logs y ~ Litter
y ~ Litter x Logs * Clay
y ~ Clay * Litter x Logs

y ~ Logs * Litter x Clay y ~ Logs
y ~ Logs x Clay = Litter
y ~ Clay * Logs * Litter
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Figura 3.1: Relationship between termite species richness (Insecta: Isop-
tera) and total amount of litter biomass (Fq 7= 4.0785, P=0.04343), in Ibi-
tipoca State Park, in Southeastern Brazil. Each dot corresponds to the total
number of termites species recorded in a given transect, regardless of their
respective abundance. Litter biomass is given as g/m?.
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Figura 3.2: Relationship between number of termite records (Insecta: Isop-
tera) and total amount of litter biomass (F 7= 4.6359, P=0.03131), in Ibiti-
poca State Park, in Southeastern Brazil. Each dot corresponds to the total
number of times termites have been spotted in a given transect, regardless
of their respective species identity. Litter biomass is given as g/m?.
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Termite species richness presented a positive relationship
with the number of termite records (F7=6.4859, P=0.01087).

Some pairs of explanatory variables presented correlations in-
dependently from their effects on termite species richness. Litter biomass
correlated negatively to clay content (Fy7=5.6208, P=0.04955), and positi-
vely to volume of fallen logs (F 7=18.523, P=0.00355). Clay content, on its

turn, did not correlate to volume of fallen logs (F; 7=1.4713, P=0.2645).
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3.5 Discussion

Contrarily to our expectations, resource quantity was nega-
tively correlated to both termite species richness and termite abundance,
a result which is not in accordance to a wide variety of hypotheses which
predict that species richness and individuals abundance will increase with
increasing resource and energy availability (Preston, 1962; Wright, 1983;
Srivastava & Lawton, 1998, among others). Such an apparent paradoxical
result, however, is not a novelty in ecology: it is been reported for plants
and animals (including invertebrates), both terrestrial and aquatic (Mittel-
bach et al., 2001). Specifically for termites not much is known, but at least
at global scale, productivity (as NPP) seems to correlate positively to the
number of termite genera, while it presents an apparent negative correlation
at the scale of biogeographical regions (Eggleton et al., 1994). At local scale,
as it is the case of the present work, no direct measurement has been already
taken for termites, as far as we are aware of.

Parallelling decrements in one resource as another increases
has been already reported to modulate negative relationships between spe-
cies richness and resource amount. Plant communities, for instance, expe-
rience reductions in species richness as soil resources rise because the con-
sequent increment in plant size promotes a decline in light availability in
the understorey, thereby impairing survival and establishment of seedlings
(Stevens & Carson, 2002). In the present work, litter biomass correlated

negatively to clay content and positively to volume of fallen logs, indicating
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a possible key to the solution of our paradox. That is, soil-feeding termites
would get locally extinct in litter- or wood-rich sites simply because those are
the places where clay content was low. If this was the case, we should have
observed a positive relationship between species richness and clay content,
specially considering that most of the termites collected belong to the soil-
feeding guild. However, clay content did not correlate to species richness,
even when it has been included as the first term in the model —hence having
the chance to grab most of its deviance (Table 3.2). Resource constraints,
therefore, can not be said to have ruled species richness in this work.
Arousal of negative interactions as resource rises may oc-
cur, for instance, when resource increment favours some species (e.g.,
superior competitors or even predators) which prevent the establish-
ment/maintenance of other species. Competition, at least in the form of
territoriality, has been already shown for termites, which are able to fiercely
defend their territories, preventing the establishment of another termite co-
lony. Whereas such a behaviour is well documented for termites inhabiting
harsh environments, such as mangroves (Adams & Levings, 1987) and de-
serts (Jones & Trosset, 1991), no field data is available for environments
presenting less obvious constraints, such as the woodlands studied here.
In lab conditions, termites tend to build less and shorter tunnels when in
presence of abundant resources (Hedlund & Henderson, 1999; Campora &
Grace, 2001; Arab & Costa-Leonardo, 2005; Gallagher & Jones, 2005). If this
would also occur in the field, rather than a negative (competitive) interac-
tion, we would simply observe a retraction in foraging range, with consequent
increment of micro-sites having no termites and, therefore, an increment in
the probability of not finding termites at a given subplot within the sampled

transect. Resource-rich sites, therefore, would present not only less species
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but also less termite records, as it was the case here (Figure 3.1 and 3.2).
It is tempting to accept such a hypothesis as a valid explanation for our
results. We refrain from doing this simply because most of the termites here
collected are soil-feeders, being therefore unlikely to use litter as their main
food.

Another class of negative interactions arising from resource
increment is predation or, more generally, decrements in enemy-free space.
Among termite enemies, ants are the main invertebrate group of predators
occurring in litter (Novotny et al., 1999). Moreover, ant species richness is
known to correlate positively with litter biomass in Atlantic Forest (Campos
et al., 2003), the same vegetational formation as the sites under study here.
Providing that ants prey heavily on termites (Holldobler & Wilson, 1990),
and that predatory ants strongly limit termite activity (Gongalves et al.,
2005), it is plausible to suspect that increments in litter biomass observed
here could had favoured ant diversity and abundance, diminishing termite
richness in those sites. Accordingly, Attignon et al. (2005) argued that the
release from predation by ants, along with a better litter resource base, might
had been responsible for an expressive two-fold increment in termite records
in teak plantations compared with semi-deciduous forest in West-Africa.

Concluding, the observed negative relationship between ter-
mite species richness and resource amount seems to have not occurred as
a consequence of scarcity of limiting resources, nor due to foraging range
adjustments. Rather, we hypothesise that increments in litter amount have
favoured the establishment of termite enemies (such as ants) in resource-rich
sites, thereby diminishing termite abundance with consequential reduction
on termite species richness. We warn, however, that manipulative experi-

ments should be done before pushing this hypothesis any further.
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A regulacao da area de
forrageamento dos cupins é
determinada pela qualidade dos

recursos?’
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4.1 Resumo

A expansao da area de forrageamento dos organismos depende da relagao
entre os custos e beneficios envolvidos na utilizacdo dos recursos. A
distribuicao dos cupins no ambiente nem sempre apresenta um padrao
claro. Neste trabalho, testamos a hipdtese de que os cupins reduzem
a area utilizada para forrageamento a medida em que hd aumento na
disponibilidade de recursos. Para isso, simulamos em laboratério o aumento
da qualidade do recurso oferecido aos cupins, aumentando a porcentagem
de N no substrato utilizado para forrageamento. Para cada qualidade de
recurso foram feitas 10 repeticoes utilizando-se 9 diferentes colonias de
Cornitermes cumulans. Foram feitas observagoes durante 48h. Anadlises
de regressao foram utilizadas para testar a relacao do comprimento total,
do ntimero de tineis construidos e da velocidade de construcao dos tiuneis
(variaveis y) com a % de N (x). Anédlise de sobrevivéncia foi utilizada para
medir o tempo gasto para iniciar a construgao dos tuneis em diferentes %
de N. Nossos resultados mostram que a medida que se aumenta a qualidade
do recurso existe uma diminuicao no comprimento, no ntmero de tiuneis
primarios e na velocidade com que estes sao construidos pelos cupins. O
tempo gasto para iniciar a construcdo dos tuneis foi significativamente
maior em locais com a méxima % de N. Cupins parecem regular a extensao
de sua area de forrageamento em conseqiiéncia da disponibilidade de
recursos escavando mais intensamente em locais de baixa qualidade. Assim,
estes resultados indicam que a regulagao das dreas de forrageamento dos
cupins parece ser resultante da avaliacao dos custos e beneficios envolvidos

na utilizagdo dos habitats.
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4.2 Introducao

O aumento da disponibilidade de recursos alimentares é um
dos principais mecanismos responsaveis pela regulagao do niimero de espécies
em escala local. Locais com maior disponibilidade de recursos podem per-
mitir a coexisténcia de diferentes espécies uma vez que seu estabelecimento
e manutencao sao facilitados. Isto ocorre porque locais com abundancia de
recursos podem suportar maior nimero de individuos e, conseqiientemente
de espécies; (Preston, 1962) e ainda promover reducao das interagoes com-
petitivas (Cornell & Lawton, 1992). No entanto, a forma como os cupins
respondem a oferta de recursos nem sempre apresenta um padrao claro em
condicoes naturais. Relacao inversa entre a diversidade de cupins e a quanti-
dade de recursos foi observada em fragmentos de mata, onde foi encontrada
menor ocorréncia de cupins em locais com alta biomassa de serapilheira
quando comparados aos locais com baixa biomassa (Araidjo et al., 2007)
(veja Cap. 3).

Alguns mecanismos foram propostos por Aratjo et al. (2007)
para explicar tal relagao negativa entre a disponibilidade de recursos e a di-
versidade de cupins. Estes autores consideraram que quando houve aumento
na disponibilidade de recursos, pode ter ocorrido: i) diminui¢ao paralela na
quantidade de um recurso essencial; ii) retracdo da drea de forrageamento
limitando a detecgdo amostral; e iii) aumento no risco de predacao local.
Embora considerando que todas as trés hipéteses fossem plausiveis, os auto-

res ressaltaram que testes manipulativos fossem realizados a fim de confirmar
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tais evidéncias.

Existem indicios na literatura de que a hipétese (ii) seja va-
lida para os cupins. Esta hipdtese considera que em locais com alta abun-
dancia de recursos, os cupins podem reduzir a extensao de sua area de for-
rageamento, uma vez que podem obter alimento suficiente sem necessitar
gastar energia na procura por itens alimentares distantes. Desta forma, este
mecanismo poderia resultar em menores chances de encontro de cupins em
locais onde héa alta disponibilidade de alimento. Testes anteriores realizados
em arenas ja verificaram a relacao entre o comportamento de forrageamento
dos cupins e a disponibilidade de alimento. Operarios de Coptotermes for-
mosanus construiram tuneis primarios e secundarios mais longos e um maior
numero de tuneis secundarios e tercidrios quando forragearam em fontes ali-
mentares de pequeno volume comparado as fontes abundantes (Hedlund &
Henderson, 1999). Reticulitermes flavipes também construiu tuneis secun-
darios mais longos em situagoes de auséncia de alimento (Gallagher & Jones,
2005). Da mesma forma, Heterotermes tenuis construiu menor nimero de
tineis primdrios e secundérios quando o alimento estava presente (Arab &
Costa-Leonardo, 2005). A despeito da grande contribuigao desses trabalhos
para o entendimento do forrageamento dos cupins, nenhum deles testou ex-
plicitamente como o aumento da qualidade do recurso, como por exemplo
0 aumento no suprimento de um nutriente naturalmente limitante na dieta,
pode interferir nas decisoes de forrageamento dos cupins.

Além dos cupins, outros organismos coloniais também pa-
recem apresentar essa flexibilidade comportamental quanto a alteracao da
extensao da area de forrageamento em relacao a disponibilidade de recur-
sos. Por exemplo, Bombus terrestris (Hymenoptera: Apidae) modifica seu

forrageamento em relagao a extensao da escala de recursos, gastando um
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menor tempo de viagem onde o recurso é abundante (Westphal et al., 2006).
Este padrao também ja foi demonstrado para formigas, visto que estas pre-
ferem utilizar fontes alimentares préximas ao ninho quando hé abundancia
de recursos (Brown & Gordon, 2000). Ja para vespas sociais, a densidade de
presas tem sido considerada um fator crucial na escolha do sitio alimentar
(Richter, 2000).

O objetivo do presente trabalho foi testar a hipdtese de que
quando ha aumento da disponibilidade de recursos, Cornitermes cumulans
(Kollar) (Termitidae) reduz proporcionalmente sua drea de forrageamento.
Para isso, foi simulado em laboratério, o aumento continuo da quantidade
de um recurso essencial - o Nitrogénio - que representou um aumento na
qualidade do recurso para os cupins. Posteriormente, foi medido o niimero
e a extensao dos tuneis construidos pelos cupins, o tempo de laténcia gasto
para iniciar este comportamento e a velocidade de construcao em diferentes
situagoes de disponibilidade de recurso. Com isso, foi verificado se cupins
podem regular sua area de forrageamento como conseqiiéncia da disponibi-
lidade de recursos locais. Os resultados deste trabalho fornecem subsidios
para o entendimento dos mecanismos responsaveis pelos padroes de distri-

buicao dos cupins no ambiente.
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4.3 Material & Métodos

4.3.1 Cupins

O experimento foi realizado utilizando-se operarios e solda-
dos adultos de Cornitermes cumulans (Kollar) (Termitidae). Cornitermes
possui espécies Neotropicais que ocorrem em diversos habitats, incluindo flo-
restas, cerrados e ambientes modificados tais como pastos e jardins. Esses
organismos sao classificados como guilda intermediaria (wood-litter) (De-
Souza & Brown, 1994) e comumente alimentam-se em iscas de esterco (dados
nao publicados), grama morta e plantas herbaceas (DeSouza et al., 2001).
Constroem ninhos epigeos e tineis subterraneos para procurar recursos.

Neste trabalho os cupins foram coletados diretamente de frag-
mentos de ninhos com o auxilio de pas em 10 diferentes colénias, no munici-
pio de Vigosa, estado de Minas Gerais, Brasil. Fragmentos dos ninhos foram
levados para o laboratério onde os individuos foram separados com o auxilio
de pingas entomolégicas. O experimento foi realizado entre dezembro/2006

e fevereiro/2007 em laboratério, sob condigdes controladas.

4.3.2 Desenho experimental

Para verificar se os cupins reduzem a extensao dos tiuneis
construidos como resposta ao aumento da disponibilidade de recursos, foram
criadas diferentes concentragoes de recursos em placas de Petri e medida

a extensao dos tuneis construidos pelos cupins ao longo do tempo. Para
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isso, uma mistura com diferentes propor¢oes de substrato (solo) + recurso
(esterco) foi depositada na tampa de placas de Petri de 15cm de didmetro.

Para padronizar a granulometria do substrato e do recurso,
estes foram peneirados separadamente, criando-se um intervalo homogéneo
de tamanho de particulas entre 0,25 e 0,5mm. Posteriormente, este mate-
rial foi colocado em estufa de secagem a 80°C, por um periodo de 72h. A
quantidade total da mistura depositada em cada placa (volume = 100) foi
previamente umedecida com agua destilada (25mL) e homogeneizada. Em
cada placa aumentou-se o volume de recurso (0, 12.5, 25, 37.5, 50, 62.5, 75,
87.5 e 100 vol.) em relagao ao substrato, de forma que os 9 tratamentos vari-
aram desde uma auséncia na disponibilidade de recursos (vol. de esterco=0
e vol. de solo=100) até uma alta disponibilidade de recursos nas placas (vol.
de esterco=100 e vol. de solo=0).

Apés as placas estarem cobertas com a mistura, no centro
destas foram feitos buracos de 3cm de didmetro para os cupins serem libe-
rados. O fundo destes buracos foi forrado com uma fina camada da mistura
para aumentar a superficie de atrito e facilitar a locomoc¢ao dos cupins.
Como é conhecido que o forrageamento dos cupins pode ser influenciado
pelo grau de compactacao do substrato (Tucker et al., 2004), a compactagao
da mistura foi padronizada colocando-se em cada placa um peso de 3Kg
ajustado as dimensoes das mesmas, durante 5 min.

Para cada concentracao recurso x substrato foram feitas 10
repeticoes utilizando-se diferentes colonias de C. cumulans, totalizando 90
medigoes. Os cupins coletados foram deixados em sala climatizada (25°C)
sem alimentagao, por um periodo de 2h antes da realizacao dos testes. Dez
cupins (9 operdrios e um soldado) foram liberados no centro de cada uma das

placas e estas foram fechadas colocando-se o fundo da placa sobre a tampa
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contendo a mistura e os cupins. O vidro da placa ficou totalmente em contato
com a mistura de forma que o deslocamento dos cupins pudesse ser realizado
apenas através da escavagao de tuneis e nao através do caminhamento na
superficie, permitindo assim a medicao da area utilizada pelos mesmos.

A observacdo do comportamento de construcao dos tuneis
pelos cupins foi feita por um periodo de 48 horas, sendo medidos o nimero e
comprimento dos tineis a cada 2 horas, durante as primeiras 12 horas apds a
montagem do experimento. A partir dai, foram feitas uma observagao apos
24h e outra apds 48h do inicio do experimento. Em cada observacao foram
contabilizados o nuimero de tuneis primérios e suas ramificacoes, os quais
foram medidos separadamente para acompanhar sua expansao individual.
A éarea de forrageamento foi considerada como o somatdério do comprimento
total de todos os tuneis primdrios e suas ramificagboes. Quando os cupins
alcancaram a borda das placas as observacoes foram finalizadas; caso contra-
rio, as observagoes prosseguiram até completar as 48h. Isto foi feito porque
uma vez na borda, os cupins tendem a contornar a placa seguindo sua estru-
tura (Pitts-Singer & Forschler, 2000), o que poderia interferir na medicao
do caminhamento orientado simplesmente pela disponibilidade de recursos.
Além disso, como as placas nao tiveram suas bordas vedadas para permi-
tir uma ventilagao minima, os cupins puderam escapar das placas quando
chegaram a sua borda.

As amostras de solo e esterco foram encaminhadas para
anélises do teor de Carbono e Nitrogénio total no Laboratério de Matéria

Orgénica da Universidade Federal de Vigosa.
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4.3.3 Anadlises estatisticas

Foram feitas andlises de regressao linear para testar a relagao
do comprimento total dos tiuneis (y) com a disponibilidade de recurso (teor
de N) (z) utilizando-se distribui¢ao de erros Normal. Também foi testada
a relagao entre o ntimero total de tineis primarios construidos pelos cupins
(y) e a quantidade de N, sendo neste caso utilizada distribui¢ao de erros de
Poisson.

Para verificar se o tempo gasto (h) para iniciar a constru-
¢ao de tuneis (periodo de laténcia) tem relagdo com a disponibilidade de
recursos depositada como substrato para os cupins, foi feita uma analise de
sobrevivéncia utilizando-se distribuicdo Weibull. A varidvel resposta foi a
proporcao de placas em que o comportamento foi iniciado e a varidvel ex-
plicativa o tempo (z1) e a porcentagem de N (z3). Para isso, as diferentes
concentracoes de N foram categorizadas e entraram como co-varidveis no
modelo.

Uma vez iniciado o caminhamento, foi medido se a velocidade
de construcao de tuneis (y) reduz em locais com maior porcentagem de
N (z). Neste teste foram consideradas apenas as observagoes realizadas
nas primeiras 12h, uma vez que consistiram em medidas periodicamente
continuas. Utilizou-se anélise de regressao linear com distribuicao de erros
de Poisson.

Todos os modelos foram testados através do software R (R
Development Core Team, 2005) e foram seguidos pela andlise de residuos
a fim de verificar a aceitabilidade dos modelos utilizados e ocorréncia de
sobredispersao. A simplificacdo dos modelos procedeu através da retirada
das varidveis nao-significativas, sendo extraidas primeiro aquelas de menor

deviancia.
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4.4 Resultados

O teor de C e N do material utilizado nas placas correspon-
deu a 28.98 e 1.77 no esterco (C/N = 16.37) e 2.62 e 0.06 no solo (C/N =
43.66), respectivamente. Desta forma, o aumento da quantidade de recursos
utilizado nas arenas de forrageamento foi acompanhado também pelo incre-
mento na qualidade deste, uma vez que houve aumento na quantidade de N
e conseqiientemente, redugao na razao C/N.

Em todas as analises os cupins apresentaram uma tendéncia
em reduzir a extensao da area de forrageamento com o aumento da qualidade
do recurso. Houve uma relagao negativa entre o comprimento total dos
tineis construidos pelos cupins e a disponibilidade de N (F} gg= 34.279 ¢ P
< 0.001) (Fig. 4.1).

De forma semelhante, o niimero de tuneis primarios construi-
dos apresentou uma reducao significativa quando os cupins forragearam em
locais com maior quantidade de N (X%,SSZ 12.073 e P< 0.001) (Fig. 4.2).
Poucos tuneis secundérios (ramificagoes a partir dos tineis primérios) fo-
ram construidos (8% dos casos), sendo estes mais evidentes nas placas que
apresentaram as trés mais baixas quantidades de N.

Os cupins gastaram um maior periodo de laténcia, medido
como o tempo gasto para iniciarem a construcao dos tuneis, nas placas com
maior abundéancia de N (100% esterco, N = 1.77) quando comparado as
demais concentragoes de recursos (X§,87: e P < 0.001) (Fig. 4.3). Nao

houve diferenca significativa entre o tempo gasto para inicio da construcgao
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entre as placas que tinham de 0 a 75% de esterco (N = 0.06 a 1.55) (x3 g7=
e P = 0.159) e estas categorias foram agrupadas em um tnico tratamento
(Fig. 4.3).

Apos o inicio do caminhamento, a velocidade de construgao
dos tuneis nas primeiras 12 horas de observacao diminuiu a medida em que

houve aumento da %N (Fy gg= 14.624 e P< 0.001) (Fig. 4.4).

Y =7.7075- 3.0647 %

Comprimento total dos tineis {cm)
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Figura 4.1: Relagdo do comprimento total de tiineis construidos pelos cupins
sob diferentes concentragoes de recurso, em condigoes de laboratério (Fy gg=
34.279 e P < 0.001). Cada ponto indica a média e erro padrao do compri-
mento total de tuneis construidos por operarios de 10 diferentes colonias.
Distribuicao de erros Normal.
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Figura 4.2: Relacao do ntimero de tineis primdrios construidos pelos cupins
sob diferentes concentracoes de recurso, em condicoes de laboratério (X%,gg:
12.073 e P=0.001). Cada ponto indica a média e o erro padrao do nimero
total de tuneis primarios construidos por operarios de 10 diferentes colonias.
Distribuicao de erros de Poisson.
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Figura 4.3: Tempo de laténcia gasto para os cupins iniciarem o comporta-
mento de construgao de tuneis em locais com diferentes concentracgoes de
recursos (X%,SSZ 20.651 e P< 0.001), sob condigbes de laboratério. Distri-
buicao de erros Weibull.
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Figura 4.4: Velocidade com que os cupins construiram tuneis durante as pri-
meiras 12h de observacao em placas com diferentes concentragoes de recursos
(X7 gs= 14.627 ¢ P< 0.001). Distribui¢ao de erros Normal.
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4.5 Discussao

Uma das formas de otimizar o forrageamento é balancear a
relagao custo-beneficio, reduzindo a energia gasta durante a busca e manipu-
lacao do recurso em relagao a quantidade de energia obtida pela alimentagao
(Krebs & Davies, 1993; MacArthur & Pianka, 1966). Nossos resultados mos-
tram que, de uma forma geral, C. cumulans reduziu a busca por recursos
quando o beneficio local foi elevado, uma vez que a extensao da area de forra-
geamento foi negativamente relacionada com o aumento da disponibilidade
de recursos.

C. cumulans foi capaz de regular sua area de uso dependendo
da qualidade do recurso local, construindo maior niimero e extensao de tu-
neis (Figs. 4.1 e 4.2) onde o recurso essencial estava escasso. Além disso,
nestas condigoes, a construgao dos tuneis iniciou-se mais rapidamente (Fig.
4.3) e os tuneis foram construidos em maior velocidade (Fig. 4.4). Estes
resultados evidenciam que quando hé baixa disponibilidade de recurso, os
cupins intensificam sua busca por alimentos ampliando suas dreas de uso.
Por outro lado, podem permanecer por mais tempo em locais energetica-
mente favordveis utilizando pequenas areas de forrageamento. Dessa forma,
esses resultados suportam a hipétese levantada para explicar a relagao ne-
gativa entre a diversidade de cupins e o aumento da quantidade de recursos
(Aradjo et al., 2007).

Durante a busca e reconhecimento de recursos, os cupins po-

dem fazer marcagao de trilhas (Andara et al., 2004) e de recursos com fe-
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romonios (Reinhard et al., 1997) e ainda, sao capazes de discriminar a quan-
tidade de recursos através de sinais de vibracao acustica (Evans et al., 2005).
Embora esse procedimento ainda nao seja inteiramente conhecido, acredita-
se que através desse mecanismo os cupins tomam decisoes de forrageamento
dependendo das condicGes locais. De fato, esses insetos sdo alimentadores
seletivos e adotam estratégias para contornar o problema da elevada rela-
¢do C/N de suas dietas. Cupins podem, por exemplo, eliminar o excesso
de C ingerido ou consumir seletivamente alimentos mais ricos em N (Hi-
gashi et al., 1990). Existem relatos de que cupins podem preferir fontes
ricas em N durante a escolha de sitios de nidificacao (Waller & La Fage,
1987; Miura & Matsumoto, 1998; Curtis & Waller, 1998; Lima et al., 2006).
Em Zootermopsis nevadensis foi observado um aumento em seu potencial
reprodutivo através da selecao de troncos de arvores com cambios mais ricos
em N (Shellman-Reeve, 1994). Ja Coptotermes gestroi parece ser capaz de
selecionar preferencialmente solos mais ricos durante a fundacao de ninhos
(Lima et al., 2006).

Esta preferéncia por fontes alimentares ricas também foi ob-
servada durante o forrageamento dos cupins. Longipeditermes longipes
alimenta-se seletivamente na camada de serapilheira com mais baixa relagao
C/N (Miura & Matsumoto, 1998). No entanto, grande parte dos estudos
sobre comportamento de forrageamento dos cupins foram realizados em la-
boratério. A maioria destes, foi feito com espécies da familia Rhinotermiti-
dae e encontrou a mesma tendéncia observada no presente estudo para C.
cumulans. De uma forma geral, operarios de C. formosanus, H. tenuis e R.
flavipes reduziram a extensao de tuneis construidos na presenca de alimento
(Hedlund & Henderson, 1999; Arab & Costa-Leonardo, 2005; Gallagher &
Jones, 2005).
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No entanto, nao é claro se esta resposta dos cupins pode
ocorrer de fato através da avaliacdo do recurso e das condigbes locais ou
se pode ser meramente o resultado de um processo de auto-organizacao, ou
ainda, uma combinacao dos dois fatores. Processos auto-organizados per-
mitem que interagoes simples entre individuos produzam comportamentos
coletivos altamente estruturados. Um exemplo ja evidenciado para formigas
é a selegao de trilhas mais curtas durante o forrageamento (Bonabeau et al.,
1997). Para o resultado encontrado no presente estudo, pode-se hipotetizar
um mecanismo que envolve dois fatores: i) quando os recursos sao abun-
dantes no entorno do ninho, cupins os encontram rapidamente e fazem sua
avaliagao (prova) liberando feromonios, o que atrai novos individuos para
esta fonte. Esta situagao resulta na construcao de poucos tuneis. ii) se estes
mesmos recursos apresentam um alto status nutricional, os cupins saciam-se
rapidamente e retornam ao ninho para recrutarem novos operarios sem pre-
cisar caminhar grandes distancias. Como resultado, os tineis construidos
sao curtos. Assim, em ambas situagoes ha reducao na area utilizada pelos
cupins devido ao efeito sinérgico da avaliagdo da qualidade do recurso e do
desecadeamento do processo de auto-organizacao, através da liberacao de
feromonios. Dessa forma, esses mecanismos poderiam operar em conjunto e
promover uma resposta comportamental flexivel, capaz de regular a area de
forrageamento dos cupins em habitats de diferentes qualidade.

A despeito da falta de consenso sobre os mecanismos que
determinam as decisbes de forrageamento, existem evidéncias a favor do
efeito da disponibilidade de recursos sobre as estratégias de forrageamento
em diversos taxa. Isépodas decompositores, que sao fortemente limitados
pelo contetido de nitrogénio de suas dietas, caminham mais lentamente e

gastam mais tempo alimentando-se em recursos de alta qualidade (Tuck &
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Hassal, 2004). Para forrageadores de grande mobilidade, como ursos, a dis-
ponibilidade de recursos também tem sido considerado um importante fator
responsavel por modular a extensao de suas areas de uso e o nivel no qual
estas se sobrepoem. Segundo McLoughlin et al. (2000), locais com quanti-
dades extremas de recursos (limites inferior e superior) podem apresentar
alta sobreposicao de areas de forrageamento. J& em niveis intermediarios de
disponibilidade de recursos, os animais podem exibir comportamento terri-
torialista em defender seu espaco e pouca ou nenhuma sobreposicao de dreas
de forrageamento pode ser observada nestas condicoes.

Da mesma forma, o aumento da construgao de tuneis pelos
cupins em locais de baixa disponibilidade de alimento pode levar a sobre-
posicao de espaco entre diferentes colonias. Esta situacao pode representar
um primeiro passo para o estabelecimento de competicao sob condigoes de
escassez de recursos. De fato, competicao de interferéncia, na forma de terri-
torialidade, tem sido observada em cupins no mangue. Espécies arboricolas
de Nasutitermes nigriceps e N. corniger possuem restricao de espaco devido
as inundagOes constantes e necessitam da estrutura fisica das arvores do
mangue (raizes aéreas) para fazer conexoes entre locais de forrageamento.
As dreas de forrageamento dessas espécies sao defendidas intra- e interes-
pecificamente e apresentam espacos defendidos entre territérios, nos quais
nenhuma espécie ocorre (Levings & Adams, 1984; Adams & Levings, 1987).
Da mesma forma, Leponce et al. (1997) verificaram a existéncia de grandes
areas desocupadas por outros cupins no entorno dos ninhos de N. princeps
em plantacoes de coco e notaram uma relagao negativa entre a presenca de
N. princeps e Microcerotermes biroi. Esses autores sugerem que N. prin-
ceps exclui possiveis competidores a fim de garantir acesso a novos recursos

alimentares. Embora os resultados do presente trabalho nao confirmem a
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existéncia de competicao, eles podem explicar o mecanismo pelo qual a com-
peticao pode ter sido desencadeada nos trabalhos citados acima.

A extrapolacao da interpretacao destes resultados para situ-
acoes naturais merece atencao. Deve-se ressaltar que estudos de forragea-
mento em campo devem considerar mais do que o simples ganho eficiente
de energia (Schneider, 1984), mas também outros fatores como o risco de
predacao e a interferéncia entre espécies. Nossos resultados podem auxiliar
no entendimento dos mecanismos responsaveis pela exploracao do ambiente
pelos cupins. Além disso, podem também explicar casos de relagdo nega-
tiva entre riqueza de espécies e disponibilidade de recursos encontrados nao

apenas para cupins como também para outros organismos.
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5.1 Abstract

Natural environments are generally formed by patches of different qualities,
and organisms tend to respond to such a variation when foraging. In this
work was investigated the hypothesis that the overlap of the space used
for foraging by termites increases in both, lower and upper extremes of
the habitat quality. It was expected that in low quality places, termites
expand their areas in order to obtain enough resources. In high quality
places, termites would reduce their searching areas, since they achieve the
necessary energy for their maintenance in a relatively smaller space. In
both situations, foraging areas may overlap either because energy (i) can
not be spared or (ii) is not further enhanced, by territorialist behaviour.
However, in patches of intermediate quality, overlap is impaired because
costs of expelling intruders are met by energy thereby acquired. Habitat
quality was measured in the field through the interaction between the
quantity and the quality of resources. The number of termite samples and
the amount of local resources were quantified. The proportion of samples
containing more than one species was taken as a surrogate for the overlap
of the foraging areas by termites. There were high abundance and overlap
in the extremes of low and high habitat quality and low abundance and
overlap in locals with intermediate quality. This study demonstrate that
termites overlaps their foraging areas when there is reduction or increase in
habitat quality. These results suggest that termites respond to the balance

between costs and benefits during foraging.
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5.2 Introduction

Natural environments are generally formed by patches pre-
senting different quality regarding the availability of resources, presence of
natural enemies and abiotic conditions. Organisms, then, tend to adjust
foraging strategies to respond to such a variation, which leads to changes
in localization, size and form of their areas of use (Borger et al., 2008). It
is usually recognized that the size of the necessary area for an individual
to achieve enough energy for survival and reproduction in a specific period
of time [home range, (Burt, 1943)] depends on the distribution of limiting
resources in the environment. Mitchell & Powell (2004) proposed that home
ranges are not the simple sum of the animal movement, but a result of the
balance between the costs of acquisition and the benefits achieved with the
use of resources. Mitchell & Powell (2004) hypothesized that animals might
select patches to satisfy a minimum resource threshold needed for survival or
reproduction and so minimize their area of use. Accordingly, some models
and empiric evidence have indicated a negative relation between the size of
the home range and the availability of resources in mammals [Saitoh (1991);
McLoughlin et al. (2000); Mitchell & Powell (2007)] and birds [Carpenter &
MacMillen (1976); Hixon et al. (1983); Powers & McKee (1994)]. McLough-
lin et al. (2000) proposed a nonlinear model to explain such a pattern for
vertebrates. Under high densities of resources, the area used tends to be
small, because it is not necessary great searching efforts to acquire enough

energy for the maintenance of individuals. In such conditions, individuals
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may tolerate overlaps in their foraging areas because energy, being in its
upper limmit, can not be enhanced by territorialist behaviour. In places
with intermediate quality, individuals need to expand their searching areas
and territories in order to defend limiting resources, which thus prevents
area overlaps. In the other extreme point, under low density of resources,
individuals need to expand their searching areas to acquire the minimum
necessary resources for their survival. In this case, large home ranges may
overlap spatially because the costs to defend large areas are impracticable.
Specifically for animals that forage in groups, responses to habitat quality
may be particularly evident, because sharing of information by cooperative
individuals may speed up pattern formation. In addition, patterns may be
easier to be spotted because several cooperating individuals, rather than a
single solitary one, are simultaneously involved. The best example of this
kind of foragers, maybe, can be found among eusocial insects (mainly: all
termites, all ants, and some bees and wasps) (Beekman & Lew, 2008; Oster
& Wilson, 1978).

Eusocial insects in general, and termites in particular have
their search limited around the nest, where all their foraging events start and
end (Brown & Gordon, 2000; Kotler et al., 1999). For these animals, foraging
costs increase as they go far from the nest, because time and energy are spent
and proneness to predation may be increased (Chase, 1998). Therefore, if
such organisms would adjust foraging as an answer to habitat quality, they
would widen their areas of use only when the energy achieved near the nest
is not enough for their maintenance.

Despite foraging on cellulose, an extremely abundant food,
termites need to adopt strategies to overcome the high C/N relation of their

diets (Higashi et al., 1990) and that is why they are selective as to the
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use of resources (Shellman-Reeve, 1994; Evans et al., 2005; Lima et al.,
2006; Evans & Gleeson, 2006b). Besides, the search for resources by these
insects is a costly process, due to their need to dig tunnels to explore the
environment. So, it is reasonable to suppose that termites colonies may
adjust their foraging area, as a compromise between their resource demands
and the cost of digging out tunnels to get access to such resources. As a
corollary, overlaps of their foraging areas should be tolerated at places where
defence of territory is not needed or not feasible; respectivelly high and low
resource quality areas.

Hence, in this paper we tested how variations in habitat qua-
lity affect the use of space by termites. Here, habitat quality is defined by
balance between the amount and nutritional value of potential resources.
Specifically, we checked whether there was an increment of the overlap of

termites’ foraging areas in places presenting extremes of quality (Fig. 5.1).
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Figura 5.1: Hypothesis expected for the variation of the overlap of fora-
ging areas according to the habitat quality. The curve represents the initial
hypothesis, where it is expected to find higher overlap occurrence in the
extreme points of the habitat quality. The circles indicate the size and the
intensity of the overlap of foraging areas expected for each point in the
graphic.
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5.3 Material & Methods

5.3.1 Study area

The collections were carried out in seven forest fragments in
the municipality of Vigosa, state of Minas Gerais, southeastern Brazil (20 °C
45’S, 42°C 50'W). In April 2006 (fall season), four fragments were sampled
and in April/May 2007 (fall season), other three fragments were sampled.
The average temperature and the accumulated precipitation during the pe-
riod of study were 20.7°C and 56mm in 2006; and 19.3°C and 58mm in
2007. The annual average temperature and the annual accumulated preci-
pitation were 20.1°C and 1,188.8mm in 2006; and 16°C and 987.3mm in
2007. The regions’ native vegetation is formed by the Seasonal Semideci-
dual Montana Forest (Veloso et al., 1991) belonging to the Mata Atlantica
Bioma, which was dramatically altered with the development agrosilvopecu-
ary activities and the expansion of urban nuclei. Nowadays, the landscape is
dominated by pasture and cultivation areas, with some remains of the forest
and an expressive quantity of secondary forest fragments at different ages of

regeneration.

5.3.2 Experimental design

Eigth grids (4 x 4m) were demarked 15m apart inside each

of the seven fragments, hence totalling 56 grids and 896m?. Estimates of
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habitat quality and of overlap of termite foraging areas were taken inside
each of the grids. Habitat quality here is defined by factors that include
amount of litter available on the soil surface (g/m?) and the C/N content
of the soil immediately below. High quality habitats would be those pre-
senting higher amounts of litter and soil with favourable (i.e, lower) C/N.
The occurrence of two or more termite species in a sample was taken as a

surrogate of foraging overlap.

5.3.3 Determination of habitat quality

In the center of each grid an area of 0.5x 0.5m was delimited,
where all the surface litter was collected. Litter collected was sieved in mesh
number 6 (opening diameter = 3.35mm) and recovered by floatation, being
submersed in a mixture of water and caustic soda (NaOH 2.5%) to allow
the precipitation of the soil (adapted from Mendonga & Matos 2005). For
the thicker litter all the soil fragments were removed manually. All the
samples of litter were oven-dried at for three days until they achieved a
constant weight, as measured by a two digit precision scale. Soil samples
(10x 10x 10cm) were collected right below this litter layer, and taken to
the Laboratory of Soil Analysis of the Federal University of Vigosa (UFV),
where total carbon and nitrogen content were quantified.

Termite sampling was always performed at daylight, from
10:00 to 15:00h, in every potential resource (fallen logs, soil, etc; see below)
occuring inside grids. Each grid (4 x 4m) was subdivided in four sub-grids
(2x 2m) to ease standardization of termite sampling. Collecting effort fol-
lowed Jones & Eggleton (2000): each subgrid (2x 2m) took 24 min to be
inspected by a single collector (0.16m/min.collector). Termites were ma-

nually collected with entomologic forceps. In all the cases, the search was
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carried out inside the items considered as potential resources, each termite
sample being extracted out of a volume of approximately 10x 10x 10cm.
Since it is known that most part of the termite fauna of the region comprises
soil foragers, the first collection trials were performed in the soil. For such,
five excavations were made in each sub-grid (20 holes/grid) one approxima-
tely 30cm from each of the vertices and one in the center of each sub-grid.
Then termites were searched in epigeic nests or potential resources such as
litter, tree base, fallen logs and trunks of alive and dead trees occuring within
the grid. Species were preserved in alcohol 80%, labeled and later identified
to species (or morphospecies). The identifications were performed accor-
ding to Mathews (1977), Constantino (1999) and through comparisons with
samples of the Termite Section of the Entomological Museum of the UFV,
where voucher specimens were deposited. The proportion of samples with
more than one termite species (the ratio between the number of samples
with more than one termite species/ number of total samples in each forest)

was considered as an indicator of the overlap of termite foraging areas.

5.3.4 Statistical analyses

All the analyses were carried out in R (R Development Core
Team, 2005) using generalized linear modelling (GLM), followed by residual
analyses to verify error distribution and the suitability fo the models em-
ployed, including checks for overdispersion. Model simplification was achie-
ved extracting non-significant terms (P > 0.05) from the model according to
their respective complexity, starting from the most complex one. When two
non-significant terms presented the same complexity, the one explaining less
deviance was extracted first. Each term deletion was followed by an analy-

sis of deviance with Chi-squared test, in order to recalculate the deviance
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explained by remaining terms (Crawley, 2002). Each forest was taken as a
repetition in every analysis. To do so, the readings from the eight grids inside
a single forest were averaged, producing a single number for each of the vari-
ables under concern. To test how the proportion of foraging overlaps varies
with resource quantity and quality, the data were submitted to a GLM with
Binomial errors, corrected for overdispersion. To build the statistical model,
the response variable was the proportion of foraging overlaps (y= number
of samples with more than one specie/ total number of termite samples) in
each forest, and the explanatory variables were the C/N ratio of the soil
(1= resource nutritional quality), the litter biomass (g/m?) (ro= quantity
of resources) and the interaction among these factors. To test whether the
abundance of termites increased in places with higher resource quantity and
quality the data were submitted to a GLM with Poisson errors corrected for
overdispersion. To build the statistical model, the response variable (y) was
the mean of the number of termite samples and the explanatory variables

were the same as above.
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5.4 Results

5.4.1 Collected species

787 samples of termites were collected, of which 213 presented
more than one termite species. The collections resulted in 28 species and
18 genera of termites, all of them from Termitidae (Table 5.1). Most of the
species found were soil feeders (84.6%). The Apicotermitinae was the most
abundant subfamily in the samples, representing 62.8% of the total. The

other sampled species comprised wood and litter feeders.

5.4.2 Variation in the space use by termites

Out of the total number of samples of termites, 29.2% contai-
ned more than one species, indicating overlap of foraging areas. The number
of species involved in each overlap record varied from two to four. All the
species were found at least once in overlap with others, except Anoplotermes
sp.3, Anoplotermes sp.8 and Labiotermes sp.1, which were sampled just once
and alone. Apicotermitinae species were the most frequently found in over-
laps (48.12%), followed by the Termitinae (27.25%) and Nasutitermitinae
(24.62%).

The statistical interaction between the quality and quantity
of resources explained not only the variation in the proportion of overlaps in
foraging areas of termites but also the variation in the abundance of termites

(Tables 5.2, 5.3). In general, there was an increase of overlap of areas and
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abundance of termites at both extremes of habitat quality (low and high)
and a reduction in places of intermediate quality, thus confirming our hy-
pothesis (Fig. 5.2a-b). In high quality habitats (low C/N ratio and much
litter), there was a peak of both, overlap of foraging areas and termite abun-
dance. Similarly, this peak appears in places of low quality (high C/N ratio
and little litter). However, points of intermediate habitat quality presented
low overlap of their foraging areas and abundance of termites (Fig. 5.2a-
b). The minimal statistical model achieved indicating that termites overlap
area (equation 5.1) and termite abundance (equation 5.2) increased in both

extremes of habitat quality can be estimated by equations:

 eap(—21.166940 + 1.354470 - 1 + 0.210783 - 23)
Y= T+ exp(—21.166940 + 1.354470 - 21 + 0.210783 - 22)

(5.1)

y = exp(—4.496196 + 0.551737 - x1 4+ 0.79334 - x9 + 0.006105 - 1 - x2) (5.2)

where x; is resource quality (soil C/N ratio) and x2 is the

resource quantity (litter biomass).
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Tabela 5.1: Species of termites manually collected with the use of entomo-
logic forceps in seven distinct areas, in the fall season of 2006 and 2007, in
the municipality of Vigosa, Minas Gerais, Brazil.

Termitidae subfamilies Species or morphospecies

Apicotermitinae Anoplotermes sp.1
Anoplotermes sp.2
Anoplotermes sp.3
Anoplotermes sp.4
Anoplotermes sp.5
Anoplotermes sp.6
Anoplotermes sp.7
Anoplotermes sp.8
Aparatermes abbreviatus (Silvestri)
Grigiotermes sp.
Ruptitermes silvestrii (Emerson)
Nasutitermitinae Armitermes sp.
Atlantitermes osborni (Emerson)
Cornitermes cumulans (Kollar)
Cyrilliotermes cupim Fontes
Diversitermes castaniceps (Holmgren)
Labiotermes sp.
Nasutitermes jaraguae (Holmgren)
Nasutitermes rotundatus (Holmgren)
Nasutitermes sp.1
Nasutitermes sp.2
Procornitermes lespesii (Mueller)
Subulitermes sp.
Syntermes dirus (Burmeister)
Termitinae Dentispicotermes cupiporanga Bandeira & Cancello
Dihoplotermes inusitatus Araujo
Ibitermes curupira Fontes
Neocapritermes opacus (Hagen)

TOTAL 29
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Tabela 5.2: Regression analysis to test the effect of quality and quantity of
resources on the proportion of foraging areas overlapped by different termi-
tes. The model was carried out with Binomial error, corrected for overdis-
persion. For more details, see section Material & Methods. ns= P>0.05 and
= P<0.01.

Source gl Variance P(>[x?|)
Model 3 31.877 0.001 ***
cn ratio (a) 1 4.639 0.117 s
litter biomass (b) 1 1.159 0.433 s
a:b 1 26.080  0.00019 ***
Error 4

Tabela 5.3: Regression analysis to test the effect of quality and quantity of
resources on the abundance of termites. The model was carried out with
Poisson error, corrected for overdispersion. For further details, see section
Material & Methods. ns= P>0.05; *=P<0.05 and ***= P<0.01.

Source gl Variance P(>|x?|)
Model 3 9.6054 0.014 HF**
cn ratio (a) 1 1.0018 0.293 ns
litter biomass (b) 1 4.7255 0.022 *
a:b 1 3.8782 0.038
Error 4
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Figura 5.2: Effect of the availability of resources on the proportion of fora-
ging area overlaps by different termite species (a) and abundance of termites
(b). The abundance and proportion of termite foraging area overlap incre-
ased in places with low and high availability of resources; and low intensity
is present in places with low resource availability. Vigosa-MG, Brazil.
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5.5 Discussion

Our results showed that the overlap of termite foraging areas
tended to peak in habitats presenting extremes of resource quality and quan-
tity (Fig. 5.2-a, Table 5.2). Accordingly, this same pattern was observed
for termite abundance (Fig. 5.2-b, Table 5.3). Such increments in low qua-
lity habitats may indicate that when termites were in unfavorable habitats,
they widened their search for more viable resources, broadening their fora-
ging areas in such a way that these areas overlapped each other. In doing
so, termites would be detected by our sampling scheme almost everywhere,
thereby conveying the impression that high termite abundance was attained
in such places. Overlaps would be tolerated simply because the cost to de-
fend foraging places can not be paid by resouce scarcity. Similar negative
relationship between termite abundance and resource offer has been already
found (Araujo et al., 2007), and one of the hypotesized mechanisms was
precisely the expansion of area of use evidenced here. This same overlap of
foraging areas coupled with high abundance was observed in habitats with
high availability of resources, indicating that termites would have occupied
smaller areas and tolerated overlaps. This would happen if the increment of
available resources allowed the establishment of new colonizers at the same
time that it allowed resident termites to find viable resources closer to their
colonies.

Interestingly, the above argument seems appliable to a wide

range of organisms, from termites to vertebrates. Specifically for termites,
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it is known that, in lab conditions, they tend to build longer tunnels, in a
greater number and more quickly when they are submitted to low availabi-
lity of resources. An opposite behavior (also in lab conditions) is observed
under high availability of resources, when fewer and smaller tunnels are built
(Hedlund & Henderson, 1999; Arab & Costa-Leonardo, 2005; Gallagher &
Jones, 2005). So, it seems that termites do reject worse places and go on
searching for more favorable sites thereby spending more time looking for
resources in situations of low availability than of high availability of resour-
ces. This way, when they are placed in habitats of low quality, it is expected
that termite colonies broaden their searching areas, which may result in the
overlap of foraging areas, culminating in higher overlap in low quality places
(Fig. 5.2).

In places of intermediate quality, where the costs tend to
match the benefits, it is expected a reduction of overlaps because of the
territorialist behavior to assure enough resources. Indeeed, patterns of mo-
saic, like those observed in ants (Holldobler & Wilson, 1990), in which the
displacement of a species by another generates a fragmented distribution,
were reported for some species of arboreal termites (Levings & Adams, 1984;
Adams & Levings, 1987; Leponce et al., 1997). In these studies, the species
did not overlap territories, leaving areas between the colonies or territorial
limits which were not occupied by any of the species. Leponce et al. (1997)
suggested that this behavior assures more access to resources when food den-
sity fluctuates in time or space. Therefore, in places where resources occur
at intermediate levels, termites may not tolerate overlaps of foraging areas
because resource quantity and quality (i) are enough to promote reduction
of tunnels, and hence, foraging areas, and (ii) compensate for territorialist

efforts.
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As for vertebrates, patterns very similar to the ones obser-
ved here, were also verified. Brown bears, for instance, present the same
kind of overlap dynamics depicted in Fig. 5.1. Again, the availability of
resources has been pointed as responsible for modulating the localization
and extension of their areas of use, as well as the level in which they overlap
(McLoughlin et al., 2000). Actually, such a balance between costs and bene-
fits in the attempt to maximize the energy achieved during foraging (Krebs
& Davies, 1993; MacArthur & Pianka, 1966) has still been observed in a
variety of taxa (Downes, 2001; Gentle & Golser, 2001; Arcis & Desor, 2003;
Hutchings et al., 2006). It seems, threfore, that the pattern reported here
may be of generalized nature, not restricted to termites.

Concluding, the present study shows that habitat quality may
directly interfere in the space used by different termite species. It seems
that termites regulated their areas of use in order to balance the benefits
and costs of their foraging according to habitat quality. Such processes may
be important regulators of the community structure and they may intensify
the interactions among different species, not only of termites, but also other
organisms. Further studies could analyze the effect of these elements on the
coexistence of species and the nature of such interactions. In addition, we
warn that studies on resource amount as determinants of termite abundance
may achieve confounding results, because abundance may peak at both ends

of the resource axis (Fig. 5.1).
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6.1 Abstract

Why is the ground brown, when detritivores and decomposers have the
numbers and ability to speed up the turnover of dark-coloured soil organic
carbon? We consider this soil analogue to the ‘green world’ hypothesis
measuring, in the field, how fast termites occupied cellulosic baits of
varying quantity and quality, and how predation risks by ants affect such
encounters. Single baits with ants were occupied by termites later than
triple baits without ants, implying that termites may spend longer searching
for suitable food than feeding on it, thereby delaying decomposition rates
of both chosen and neglected items. Because termites’ feeding speeds up
dissimilation of polymers by decomposers, such results may imply that
bottom-up and top-down forces, ultimately, impair carbon processing and
release from soil. We argue that the ground is brown partly because of
delays imposed upon termites’ use of resources by bottom-up and top-down

forces.
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6.2 Introduction

The world is green, despite the astonishing abundance and
diversity of herbivores with the capacity to consume all known plant tissues.
Soon after Hairston et al. (1960) formally put forward hypotheses to explain
why this is so, prolific debate populated ecological literature, and currently
ecologists tend to agree (Begon et al., 2006) that the world is green not only
because herbivores are limited by predators (‘top-down’ forces), but also
because plants present effective chemical and physical defences that make
them inedible by herbivores (‘bottom-up’ forces: Murdoch, 1966).

Expanding on Murdoch’s ideas, Abe & Higashi (1991)
brought detritivores and decomposers to the scene, proposing that the world
is green because consumers are either able to feed on cytoplasm (most herbi-
vores) or on cell wall (detritivores and decomposers), with a marked scarcity
of destructive consumers, i.e. generalists feeding on both cell components.
According to Abe & Higashi (1991), this scarcity of generalists, together with
the abundance of cell-wall specialists, could be “[. . .]viewed as one cause pre-
serving the green earth by reducing the consumption of the living part of
plants while enhancing the decomposition of the dead part]...]|” thereby
speeding up the return of nutrients to the living part.

Detritivores and decomposers, in fact, shift the ‘green world’
puzzle one step down, to encompass the soil food web and a further enigma:
the ground is brown. Why is it so, given the existence of detritivores and

decomposers with the numbers and ability speed up the turnover of dark-
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coloured soil organic carbon? Allison (2006) convincingly hypothesizes that
the ground is brown because both bottom-up and top-down forces operate
on detritivores and decomposers, impairing their effective processing of soil
organic carbon (SOC) into carbon dioxide, hence keeping the ground brown
because carbon is kept locked into soil.

Here, we explore such an idea using termites (Insecta: Isop-
tera) in a field experiment, investigating whether bottom-up and/or top-
down forces can delay resource encounter (and hence, usage) by these in-
sects. Our rationale is that such delays would prevent prompt release of
COs4 from organic matter to the atmosphere, thereby contributing to enhan-
ced amounts of humic complexes which confer the dark appearance of the
ground. We base our reasoning on the fact that termites play a key role
in COs5 release from dead organic matter in tropical soils. By feeding on
the wide decomposing continuum from fresh litter to humus, termites can
affect the entire dynamics of soil carbon, both, directly by digesting cellulose
(Slaytor, 2000) and indirectly by breaking litter down thereby easing micro-
bes’ action on otherwise unexposed surfaces of litter items. Wood-feeding
termites and their microbiota, for instance, can oxidise ~99% of the carbon
they intake, releasing it mainly as CO2 (Slaytor, 2000). Soil-feeding termi-
tes, meanwhile, are well known to feed on highly humified material and are
even suspected to process complex polyaromatic components of soil orga-
nic matter (SOM) which have been previously modified by microorganisms
(Brauman et al., 2000). In short, we argue here that one of the reasons for
the ground being brown (in the tropics) is that trophic controls prevent ter-
mites from processing all available litter and humus, the remaining material

being left to form impervious dark-coloured humic complexes in the soil.
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6.2.1 Hypotheses

Being one of the few groups of animals whose main diet con-
sists of cellulose, termites could be thought to experience no shortage of food.
In addition, as they forage within tunnels, most termite foragers could be
considered to be released from strong predation risks. The corollary of these
hypotheses is that termites would not be constrained by food types and
status, readily occupying the first item they find in the field. Unoccupied
resources would exist simply because termite foragers have not found them
yet. If this is so, food processing by termites is not constrained by either
bottom-up or top-down forces, which stands as our null hypothesis. An
alternative idea is that termite foraging, albeit time-dependent due to the
need to build tunnels/galleries, is also affected by any trait that would make
a resource more worthwhile to explore than a competing one. According to
this view, resources in larger amounts, presenting more nutrients, and free
from predation risks, would be the first to be occupied, providing evidence
that trophic controls may contribute to delays in termite foraging and hence

to the ground being brown.
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6.3 Material & Methods

6.3.1 Study site

The experiment was carried out in the municipality of Coim-
bra (S 20°50.049” e W 42°47.452’; altitude 650 m above sea level), Minas
Gerais State, Southeastern Brazil. The climate is wet subtropical, with a dry
season between May and September, annual mean precipitation of 1400 mm
and annual mean temperature of 19 °C (Valverde, 1958). The study area is a
grassland neighboring a small fragment (7 ha) of Brazilian coastal rainforest
(“Atlantic rainforest”), naturally separated from it by a 3 m wide stream,
at the bottom of a valley. The experimental site presents a flat topography,
and is visually homogeneous regarding vegetation and soil. Both grassland
and forest are immersed in a matrix composed of a mosaic of implanted

pastures and small-scale agricultural fields.

6.3.2 Experimental procedure

The experiment aimed to check how fast termites are found
on feeding (cellulosic) resources of varying quantity and nutrient content (i.e,
bottom-up effects), and how predation risks (top-down) affect such an en-
counter rate. Cellulosic baits (unbleached, unscented, uncolored, single ply
toilet paper rolls 12 cm tall x 10 cm diameter, weighing 100 g) were used to
mimic feeding resources. Such baits are well known to be promptly accepted

and consumed by termites from all guilds in the field (Dawes-Gromadzki,
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2003). Two 12x12 grids were set up. Baiting points within grids were pla-
ced 1 m apart, each point holding one of the four instances of a factorial
combination of high or low resource quantity x high or low resource quality.
These four treatments were placed systematically through the grid, such
that every treatment neighbored all the others, from all possible locations,
thereby assuring that each bait type had equal chances of being chosen by
termites. Although such a grid design does not favour independence between
bait locations,this interdependence was intentional, as it allows equal chan-
ces of termite “choice” (if it exists) for any bait type, as explained above.
Baits on grid edges were not inspected; rather, they were installed to ensure
that every baiting point was affected by the same number of neighboring
baits (eight). Thus, the sampling area in each grid corresponded to 10x10
baits = 100 baiting points.

Variation in resource quantity was simulated by supplying a
baiting point with a single bait or three side-by-side triangularly disposed
baits. Two pieces of expanded polystyrene with the same size and weight as
the paper roll were allocated beside single baits (mimicking a 3-bait station)
to ensure that shading and pressure on the soil surface were the same at all
points. This was intended to limit differences in ‘thermal shade’, which are
known to affect food location by termites (Ettershank et al., 1980). Variation
in resource quality was simulated by adding nitrogen to the baits, which was
based on the fact that termites are known to seek nitrogen-rich resources
in the field (Shellman-Reeve, 1994). This was achieved by ‘enriching’ baits
with 100 mL of a 3% w/v water solution of NH4NOsg, as used by Curtis &
Waller (1997) as the nitrogen source for termites in artificial diets. Baits
which were not nitrogen-enriched, received 100 mL of water.

Every week, termites and ants were collected under baits with
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the aid of entomological forceps. Baits were returned to their original loca-
tion immediately after inspection/collection. Predation risks were estimated
by recording the presence/absence of ants on the baits, since ants are known
to be major predators of termites (e.g. Sheppe, 1970; Leal & Oliveira, 1995).
A bait was classified as occupied only when it contained galleries and ter-
mites were actually found feeding on it. A bait was recorded as free from
predation risk only if ants were never spotted on it throughout the whole ex-
periment. Sampling took place in the warm-wet period of January to March
2004, from 8:00 to 12:00 h. The experiment was repeated, with a new set of
baits, in the cool-dry period of April to June 2004, to allow for differences

in seasonal patterns of foraging (Moura et al., 2006).

6.3.3 Statistical analyses

Data were taken as the number of days it took for termites to
occupy baits, whether or not they were subsequently abandoned. For this,
data were subjected to censored survival analysis with a Weibull distribution
(Crawley, 2007), performed with survival package in R (R Development
Core Team, 2006). Survival analysis, or failure time data analysis, means
the statistical analysis of data where the response of interest is the time ¢
from a well defined time origin to the occurrence of some given event (end-
point) (Martinussen & Scheike, 2006). In our specific case, the time origin
is the moment of bait installation in the field and the end-point is the first
day termites were spotted on such a bait. The analysis aimed to inspect
whether resource traits would affect the time elapsed until a bait was firstly
spotted with termites. Here we are inspecting, therefore, the “survival” of a
bait in the field; its “death” being considered to happen at the moment it

was firstly found with termites. Similar uses of such an analysis for termites
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(but not for baits) can be found in DeSouza et al. (2001) and Miramontes
& DeSouza (1996).

The general model for this analysis followed the equation:

logeS(t) = —p -t (6.1)

where S(t) is the accumulated proportion of baits occupied until time ¢, the
mean time p is the time elapsed until 50% of the baits of a given resource
type are found with termites, and « is the shape parameter for the survival
curve. When a = 1, the probability of finding a bait does not change as
time elapses. If a < 1 this probability reduces as time elapses, the converse
happening when o > 1.

Statistical analysis was used to check whether the resource
traits, bait quantity (single or triple baits), bait quality (nitrogen added/not-
added), and predation risk (absence/presence of ants), would affect the mean
time, u, spent until termites are found on the bait. The analysis began by
estimating « for the whole dataset and proceeded with hypotheses testing.
Under the null hypothesis for a given «a, the mean time, u, to find a bait
does not differ between resource traits and, hence, time ¢ alone explains S(t).
Alternatively, if resource traits affect bait encounter by termites, a typical u
can be calculated for each resource trait, and histograms can be plotted to
ease visualisation of the differences between bait types. This would be taken
as an evidence that its corresponding regulatory force (bottom-up or top-
down) was in effect speeding up the decomposition process of some items at
the expense of others, which would point to a contribution of this regulatory
force to delay SOC processing and, ultimately, to the brown ground.

Modelling proceeded by building a full model, including all

of the above parameters and their second and third order interactions, plus
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a blocking term (“season”) to distinguish between the two runs of the expe-
riment. To inspect redundancy of effects, various full models were created,
composed of the same terms entered in a different order. Model simplifica-
tion, was performed by backward term extraction, removing one term at a
time. Terms returned to the model if their removal provoked a change of

deviance with P < 0.05.

6.3.4 Voucher specimens

Specimens of ants and termites were preserved in 80% al-
cohol, labelled and subsequently identified to species or morphospecies
as appropriated. Termite identifications followed the literature (Cons-
tantino, 1999, and papers therein), being subsequently confirmed by
comparison with the collection of the Termite Section of the Entomo-
logical Museum (UFVB) of the Federal University of Vigosa (UFV)
(http://www.insecta.ufv.br/museum) where voucher specimens were depo-
sited. Further confirmation of termite identities was kindly provided by R.
Constantino from the University of Brasilia and A.Acioli, from Federal Uni-
versity of Amazonas. Ants were identified by comparison with the collection

of the Community Ecology Laboratory of UFV.
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6.4 Results

In the first half of the study period (January to March 2004,
end of wet-warm season), rainfall attained a daily average of 10.2 mm, drop-
ping to 1.9 mm in the second half (April to June 2004, beginning of the
cool-dry season). Daily mean temperatures were 22.0°C and 18.7°C res-
pectively.

Termites collected comprised 10 species from seven genera
and three subfamilies, all belonging to a single family (Termitidae) (Table
6.1). Among those, at least seven species feed on soil and on highly humified
wood (Apicotermitinae and Termitinae) and three (Nasutitermitinae) feed
on litter and wood at initial stages of decomposition.

Termites were easily spotted extracting fragments of the bait.
Apicotermitinae termites frequently dug galleries on the lower end of the
bait, whereas Nasutitermes jaraguae (Nasutitermitinae) conspicuously bore
many galleries through the bait. Ants (Hymenoptera: Formicidae) compri-
sed 10 species from nine genera and four subfamilies, among which eight
species are predators, generalists, or omnivores and two species are fungus
cultivators (Table 6.2). On several occasions ants were spotted preying on

termites in the baits.
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Tabela 6.1: Termites (Insecta: Isoptera: Termitidae) recorded in cellulosic
baits disposed in a grassland bordering an “Atlantic forest” relict in Southe-
astern Brazil. Diet types are based on the genus and are in accordance with
Aratjo et al. (2007). Soil feeders may sometimes be reported as “humivo-
rous”.

Subfamily & Species Diet Records
Apicotermitinae
Anoplotermes sp. 1 soil 52
Anoplotermes sp. 2 soil 10
Anoplotermes sp. 3 soil 5
Grigiotermes bequaerti (Snyder & Emerson, 1949) soil 15
Ruptitermes xzanthochiton Mathews, 1977 soil 7
Ruptitermes silvestrii (Emerson, 1925) soil 49
Nasutitermitinae
Cornitermes cumulans (Kollar, 1832) litter /wood 35
Embiratermes heterotypus (Silvestri, 1901) soil/wood 3
Nasutitermes jaraguae (Homlgren, 1910) wood 13
Termitinae
Neocapritermes opacus (Hagen, 1858) soil/wood 1

Total

190
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Tabela 6.2: Ant species (Hymenoptera: Formicidae) collected in cellulosic
baits disposed to collect termites, in a grassland bordering an “Atlantic
forest” relict in Southeastern Brazil. Trophic groups are based on Brown Jr.
(2000). *denotes ants known to prey upon termites.

Subfamily & Species Trophic group
Ecitoninae
Labidus coecus predator*
Dolichoderinae
Linepithema sp. 1 generalist
Myrmicinae
Cyphomyrmez prox. transversus fungus grower
Mycocepurus goeldii fungus grower
Pheidole sp. 1 omnivore*
Pheidole sp. 2 omnivore*
Solenopsis sp. 1 omnivore*
Ponerinae
Hypoponera sp. 1 generalist
Odontomachus haematodus predator*
Pachycondyla obscuricornis predator*

The minimal statistical model achieved (equation 6.2) pre-
sented o = 1.26, indicating that the probability of finding termites on a bait
increased as time elapsed. That is, termites were not promptly spotted on
the baits: they started to be found only after some initial time lag. This
model also shows that some resource traits (but not their interactions) did
modify the time needed until the bait was firstly spotted with termites. That
is, all baits took some initial time lag to be occupied by termites, but for
some bait types, such a time lag was shorter than for others. Therefore, we
have evidence disproving our null hypothesis in favour of the alternative one,
namely, that food types and status would constrain termite use of resources.

The time, p, that baits of a given resource trait took to be

occupied in the field by termites can be estimated by
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logep = 5.394 — 0.448 - ¢+ 0.470 - r — 1.191 - 5 (6.2)

where s refers to the season when the data was collected, g is
bait quantity, and r is predation risk (the resource traits referred to in the
Material and Methods section). This p value, when replaced in equation 6.1
above, gives the accumulated proportion S(t) of baits found with termites
after a given time ¢ is elapsed. To calculate log.p (and hence p for each
resource trait), it is sufficient to replace the value 0 or 1 in equation 6.2,
respectively, for ¢ = single or triple baits; r = ants absent or present; s =
warm-wet or cool-dry.

As a general pattern (Fig. 6.1 and Table 6.3), resource use
by termites was severely delayed during the warm-wet period, by low bait
quantity, and by the presence of ants. Bait quality showed no significant
effect, indicating that in the present case, nitrogen additions did not pose
strong constraints on termite foraging. Baits took longer to be occupied in
the first run of the experiment (warm-wet season) than in the subsequent
period (cool-dry season). In both periods, single baits took longer to be oc-
cupied than triple baits. Accordingly, regardless of season and bait quantity,
baits with ants took longer to be occupied by termites than baits without

ants.
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Figura 6.1: Number of days (Z =+ s.e.) spent in the field until cellulosic baits
are found having termites, as a function of bait quantity (single or triple
bait) and status (with or without ants), for two consecutive seasons in the
same year, in a grassland bordering an “Atlantic forest” relict in Southeastern
Brazil. Differences between treatments are significant, see Table 6.3.
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Tabela 6.3: Analysis of deviance table for the survival model used to check
whether resource traits would affect the promptness in which a bait is found
having termites, more than time alone would do. Modelling proceeded under
Weibull distribution; full details are given in the Material and Methods

section.
Source Df Deviance P(>[x?|)

Model 8 46.02945  2.34e-07 HHE
presence of ants (a) 1 1.02043 0.03829 *
bait quantity (b) 1 439519  0.02209 *
bait quality (c) 1 221461  0.06190 ns
season 1 35.65276  4.53e-09 ¥
1
1
1
1

a:b 1.87014 0.17146 ns

a:c 0.76917  0.38047 ns

b:c 0.00038  0.98443 ns

a:b:c 0.10677  0.74385 ns
Residual 190

ns P>0.05; *P<0.05; ***P<0.01
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6.5 Discussion

Trophic control in soil food webs is receiving increased at-
tention in recent years, because it is becoming evident that top-down and
bottom-up forces belowground may severely impact aboveground dynamics
(Moore et al., 2003). In fact, in temperate soils, whether carbon is kept in
soil or released as COs to the atmosphere will depend in large part on the
interruption and/or delay of decomposer activity (Ekschmitt et al., 2008).
Such activity depends on (i) bottom-up forces, represented by the quality
of the substrate and the rate of its encounter by decomposers (Ekschmitt
et al. 2005) and (ii) top-down controls upon microbes (Moore et al., 2003).
Detritivores, in turn, may also impact carbon flux since their action acce-
lerates the decomposition of soil carbon (Fox et al., 2006). It follows that
the concurrent action of bottom-up and top-down controls upon detritivores
and decomposers may delay litter and SOC processing, thereby contributing
to the ground being brown (Allison, 2006).

While stressing the notion of detritivores and decomposers as
crucial for the fate of carbon in tropical terrestrial ecosystems, our results
seem to conform closely to the hypothesis above. Termites in the field were
found occupying certain food types much earlier than others. More speci-
fically: predation risks severely delayed bait occupation by termites and,
under the same predation risk, the smaller the bait, the longer it took to be
occupied (Table 6.3, Fig. 6.1). This could be driven by previous evaluation

by termites of the value of exploring a given resource, and/or by predation
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upon and removal of termites in ant-occupied baits. No matter the mecha-
nism, a combination of top-down and bottom-up forces seems to be playing
a key role in this process.

We argue that such results would pose trophic controls upon
termites as an important bottleneck for the carbon cycle. After all, apart
from releasing carbon directly as CO; (Slaytor, 2000) and exposing carbon to
microbes by disassembling plant debris, termites also unlock carbon directly
to the atmosphere as C Hy (Martius et al., 1996), which emphasises their role
as carbon processors in ecosystems. Besides being effective wood and litter
processors, termites are also able to ingest mineral-containing soil horizons
as well as highly humified organic litter material (Brauman et al., 2000),
therefore promoting further processing of SOC. Therefore, by impairing the
effective use of resources by termites, top-down and bottom-up forces would
limit prompt transformation in COs of all carbon that is available as dead
organic matter, thereby enhancing the pools of humic complexes in the soil.
That is, rather than readily exploring the first item they found in the field,
termites would favour items that are larger and risk-free. As a consequence,
carbon present in smaller or risky items remains locked in organic form in the
soil, enhancing the pools of humic complexes rather than being released to
the atmosphere. Such a reasoning is supported by the findings by Hedlund
& Henderson (1999) that termites (in the laboratory) will vary their rate
of consumption with the size of their food - i.e. they eat small food more

slowly.

6.5.1 The relative strength of trophic controls

A closer look into the final statistical model (equation 6.2)

reveals some interesting patterns, if we compare the impact of its numerical
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estimates on the mean time (u) taken to find termites on a bait. To ease
comprehension, we invite the reader to check the reasoning below against
6.1 along with equation 6.2. Firstly, the effects of season were much more
marked than the effects of bait quantity and predation risk, as season (s)
contributed to 1.191 units to logeu, a value that is more than twice as big as
the values for bait quantity, ¢, and predation risk, r. It is worth noting that
the seasons here reported differed a lot in terms of rainfall (daily averages:
10.2 mm in warm-wet season and 1.9 mm in cool-dry season) but seemed si-
milar in terms of temperature (daily mean temperatures: 22.0°C and 18.7°C
respectively). In addition, we could not detect any visual differences in litter
accumulation (hence, resource offer) between seasons. All this might indi-
cate that what we saw as seasonal effects could be mostly attributable to
rainfall, which is in line with previous findings by Jones & Gathrone-Hardy
(1995) and Cabrera & Rust (1996) who reported that rainfall impairs ter-
mite activity. We warn, however, that this is mostly speculative, since the
experiment was not aimed to inspect seasonal effects, and hence, no proper
replication was set up for season.

The estimates for bait quantity and for predation risk (res-
pectively, ¢ and r in equation 6.2) present very similar values (0.448 and
0.470), denoting that their impact on the mean time to find a bait is of
comparable magnitude, with predation risk being slightly more important
than bait quantity. In other words, bottom-up and top-down effects seem to
have operated with similar strengths. This is easily spotted in Fig. 6.1,
where single-baits-without-ants and triple-baits-with-ants take about the
same time to be found with termites, in both seasons. Such results are
supported by previous reports which have shown that (i) termite foraging

can be severely limited by predation risk from ants (Gongalves et al., 2005),
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(ii) termites abandon less and consume more larger baits as opposed to smal-
ler ones (Evans & Gleeson, 2006a), or even that (iii) termites tend to explore
longer food items which are not under predation risk (Korb & Linsenmair,
2002).

Surprisingly enough, bait quality (= nitrogen additions to
the bait) did not affect the mean time until bait occupancy (P = 0.0619;
Table 6.3) which could be related to the ability of termites to fix nitrogen
(Yamada et al., 2006). Bait quality is indeed one of the types of bottom-up
effects studied here and this lack of significance only stresses our point above
that bottom-up and top-down effects would affect termites in a balanced
way. That is, if both bottom-up effects (bait size and quality) significantly
affected termites, this would imply in a relative weaker contribution of top-
down forces (predation risk).

Perhaps more interestingly, the final statistical model did not
include any interaction term, which implies in the independence of all factors
studied. That is, despite differences between seasons, the general pattern
does not change: termites seem to avoid smaller items that are under pre-
dation risk no matter the season (Fig. 6.1). This seems to reinforce the idea
that while climate determines the intensity of foraging activity of termites,
trophic controls are responsible for “fine tuning” such activities, determining

where and how foraging would proceed.

6.5.2 Conclusion

The evidence gathered here for tropical soil food webs seems
to support the idea that decomposers and detritivores in general and ter-
mites in particular, may connect the green world to the brown ground, as

depicted in Fig. 6.2. As plants shed their dead parts naturally, decomposers
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act upon them unlocking SOC and minerals. These would be ultimately
reused by plants, thereby closing the cycle. Herbivores speed up the pro-
cess, producing additional plant debris out of living plant tissue, far before
natural shedding would do. However, delays are imposed in this process by
predators (Hairston et al., 1960) and plant defences (Murdoch, 1966), which
secure the failure of herbivores in destroying plants, and lead to the green
world. Detritivores act upon such debris and speed up decomposition pro-
cesses by breaking litter into smaller portions and exposing surfaces which,
otherwise, would stay much longer out of the reach of decomposers. Termites
take an important part of this process, due to their ability to process plant
matter directly into CO;y (as a decomposer would do), coupled with their
well known action as detritivores. Again, as evidenced by our results, preda-
tors and food unsuitability delay the action of termites, establishing thereby
an important bottleneck to the system. Such delays increase residence ti-
mes of carbon in soil, hence contributing to the increment of pools of humic
complexes, hence making the ground brown. Additionally, reprocessing of
SOC into compounds impervious to enzymatic action of decomposers (in-
cluding perhaps termites, especially soil-feeding ones), prevents SOC from
re-entering soil food web, “making the ground more brown than the world

is green (Allison, 2006)”.



Capitulo

Conclusoes

1. Os resultados desta tese sugerem, de forma conjunta, que a regulagao
das dreas de forrageamento dos cupins pode ser resultante da avaliagao

dos custos e beneficios envolvidos na utilizagao do ambiente.

2. Cupins parecem alterar o tamanho de suas areas de uso de acordo
com a qualidade do hébitat. Em condigbes favordveis (recursos em
alta quantidade e qualidade) os cupins utilizam &reas de forrageamento
pequenas, construindo poucos tuneis e de pequeno tamanho. Por outro
lado, em condigoes desfavoraveis (pouco recurso) estes insetos parecem
buscar mais intensamente, ampliando assim o tamanho de suas areas

de forrageamento.

3. Essa flexibilidade em alterar o tamanho das dreas de uso interfere dire-
tamente na densidade de cupins no ambiente e no quanto estes insetos
toleram sobreposigoes locais. Em situagoes de baixa oferta de recursos,
sobreposicao parece ocorrer devido ao aumento da procura por recur-
sos pelas colonias; enquanto em situagoes de alta oferta, sobreposigoes
devem ocorrer porque o ambiente suporta mais colonias (maior capa-

cidade suporte). Ja em locais com oferta intermedidria de recursos,
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cupins parecem defender o recurso, evitando assim, sobreposicao de

espago com outras colonias.

Desta forma espera-se encontrar alta abundancia de cupins nos pontos
extremos de qualidade do habitat. No entanto, encontramos um re-
sultado inesperado nesta tese: uma relagao negativa entre diversidade
de cupins e quantidade de recursos. A baixa abundéancia e riqueza de
cupins observados em locais ricos, quando comparado aos locais com
baixa disponibilidade de recursos, pode ser explicada pela reducao da
area de forrageamento dos cupins nos locais de alta oferta de alimento.
Provavelmente, a reducao de suas areas nao foi acompanhada por no-
vas colonizacoes. Tal regulacao pode ter produzido menor detecgao de
cupins durante o processo amostral. Além disso, fatores como o risco
de predagao também poderiam contribuir para a reducao das chances

de encontro de cupins nos habitats de alta qualidade.

Fatores bottom-up e top-down podem interferir no encontro e utiliza-
cao de recursos pelos cupins, e conseqiientemente nas dinamicas das
teias alimentares acima e abaixo do solo. As chances de utilizacao de
recursos por estes insetos aumentam onde héd recursos em abundancia

e sao reduzidas onde ha risco de predacao.

A selecao de recursos e a regulacao das areas de forrageamento podem
contribuir para explicar os padroes de riqueza e abundancia de cupins,
assim como para o entendimento dos padroes de diversidade de outros

organismos.
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