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ABSTRACT

The question “Why isthe world green?’ has been debated and researched ever since the seminal paper of
Hairston et al. (1960). Three main hypotheses were generated to explain why alarge part of terrestrial plant
biomassis not eaten by herbivores: (1) predators control herbivores (especially folivores), (2) plant defenses
inhibit herbivores, and render the plant biomass relatively unavailable, and (3) different controls operate in
regions of different productivity. Aquatic systems, especially those of plankton, tend to have much less plant
biomassthan terrestrial systems, and generally amuch higher proportion of theliving plant biomassisconsumed
by herbivores. Thus open-water aguatic systems appear transparent blue or green. They aso often display
cascading relationships in which changes at one trophic level have effects at two or more levels below. The
orthodoxy for small streams shaded by forest is that they receive much organic matter from the surrounding
forest and this provides the main source of energy and material for the food web. Some recent research in
tropical streams showsthat microalgae provide agreater proportion of the primary source than doesallochthonous
material. Thismay beaspecifically tropical phenomenon, or perhaps atendency that is more accentuated in the
tropics. Exclusion experiments show trophic cascades and strong interactions between fauna (particularly
shrimps) and allochthonous substrates. But the functional interactions (shredding of litter, removal of benthic
material) are not trophic —the animals are herbivores or predators of herbivores based on microalgae. We can
specul ate that the apparent wastage of allochthonous material is at least partly due to the inherent coststhat a
detritivore would havein processing the moreintractable and less nutritive food source (litter) in conditions of
higher predation and competition, which are possibly more stringent inthetropics.
Key words: Food web, Herbivore control, Plant defense, Stable isotopes, Stream ecosystem.

RESUMO

PORQUE O MUNDO E VERDE, AS AGUAS AZUIS E OS PEQUENOS RIOS DA MATA
ATLANTICA SAO ALIMENTADOS PRINCIPALMENTE POR MICROALGAS? A guestdo “Porque
o mundo éverde?’ tem sido debatida e pesguisada desde a publicacdo seminal de Hairston et al. (1960). Trés
principais hipotesesforam levantadas paraexplicar porque umagrande parte da biomassade plantasterrestres
nado é comida por herbivoros:. (1) predadores controlam herbivoros (especial mente folivoros), (2) defesas das
plantasinibem herbivoros e tornam a biomassarel ativamente nao disponivel e, (3) diferentes controles operam
em regides com produtividades diferentes. Sistemas aquéticos, especialmente os de plancton, tendem a ter
muito menos biomassa de plantas que sistemas terrestres e, geralmente, uma por¢éo bem maior da biomassa
viva é consumida por herbivoros. Dai sistemas de &guas abertas parecerem azul ou verde transparente. Tais
sistemas muitas vezes mostram rel acbes em cascata nas quai s as mudancas em um nivel tréfico tém efeitos em
dois ou mais niveis abaixo. A regra geral em peguenos rios sombreados de floresta é que recebam muita
matéria orgéanica proveniente dafloresta ao redor, e isto fornece afonte principal de energia e material paraa
rede tréfica. Pesguisas recentes em pequenos rios tropicais mostram que microalgas fornecem uma parte
maior da fonte priméria do que a matéria a éctone. Isto pode ser um fendbmeno especificamente tropical, ou
talvez uma tendéncia, mais acentuada nos trépicos. Experimentos de exclusdo mostram cascatas tréficas e
interaces fortes entre fauna (especialmente camardes) e substrato aléctone. Mas as interages funcionais
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(e.g., rasgar serapilheira, remover matériabéntica) ndo sdo tréficas— os animais sdo herbivoros ou predadores
de herbivoros baseados em microalgas. Podemos especular que o desperdicio aparente de matéria al 6¢ctone se
devaem parte aos custosinerentes que o detritivoro teriaque arcar por processar umafonte menostratavel e
menos nutritiva (serapilheira) em condic¢des de predagdo e competi¢cdo maiores, que possivelmente sdo mais

exigentes nos tropi cos.

Palavras chaves: Rede tréfica, Controle de herbivoro, Defesa de planta, 1s6topos estaveis, Ecossistema de

cdrrego.

INTRODUCTION

The question “Why istheworld green?’ has been
debated and researched ever since the seminal paper
of Hairston, Smith and Slobodkin (1960) (henceforth
abbreviated to HSS). HSS began with the observation
that terrestrial ecosystems generally contain a large
amount of living plant biomass—thematerial that makes
the world appear green. Only a relatively small
proportion of thisbiomassisconsumed by herbivores
innormal circumstances (Lowman & Heatwole 1992).
Occasional outbreaks of insect herbivores may cause
massive defoliation and indicate that some herbivores
potentially could consume much larger portions of the
living biomass. For example, stick insects (Phasmatidae)
cause sporadic intensive damageto Australian eucal ypt
forests(Campbell 1961, Campbell & Hadlington 1967).
This observation that herbivores could but do not
consume the available biomass led HSS to conclude
that herbivores must be controlled by predators,
including parasites, parasitoids and disease. Terborgh
et al. (2001, 2006) provide an interesting test and
apparent agreement with the HSS conclusion.

HSS opensup two general linesof interest: (1) food
chains and the control of onelevel by another, (2) the
consumption of organic matter, and particularly the
difficulty of assimilating terrestrial largewoody biomass.
Thefirst wasthe original explanation of agreenworld
whichwasgiven by HSS—that, in general, herbivores
(andin particular folivores) are controlled by predators,
parasites and disease. This is the classical “trophic
cascade”, where changes in one trophic level can
“cascade” down to two or more levels below. Wewill
return to thisbelow.

The second line of interest, and an alternative
hypothesis, was initiated by Murdoch (1966) who
observed that plants (and particularly terrestrial plants)
protect their biomass by a number of means, and that

this biomass is not easily assimilated by herbivores.
This hypothesis was dubbed “The World is Prickly
and Tastes Bad” (Pimm 1991, chapter 12). The
guestion has spawned avast literature, particularly in
the biochemical basis of plant defense (e.g., Hay &
Fenical 1988, Coley & Barone 1996); here | will
consider some of the consequences at the ecosystem
level.

A third line of thought wasintroduced by Oksanen
et al. (1981) who observed that the forces exerted on
plant biomass might vary with the productivity of the
environment. This hypothesiswascalled “The World
is White, Yellow and Green” (Pimm 1991), where
“white” characterizes biomes with little productivity
such as arctic, high alpine and desert environments,
‘yellow’ environments haveintermediate productivity
and ‘green’ environments have high productivity.

KOALAS, SLOTHS AND SOUTHWOOD’S
HERBIVOROUSINSECTS

We can notethat mammalian folivores of forest trees
arerelatively rare. Koalasand sl oths appear to bevery
specialized animals. In contrast, their rel ativesthat eat
fruit and seeds, the monkeys, opossums, possums, etc.
arediverse.

Onthe other hand, insect herbivores are extremely
diverse, bothin overall numbersof speciesandinways
in which they exploit their hosts. Southwood (1961)
wasthefirst to attempt to explain thisgreat diversity;
he examined the diversity of herbivorous insects of
trees in the British Isles and concluded that the
evolutionary history of the plant-insect association
explained agreat deal of therelationship. That is, that
species such as oaks (Quercus spp.) which had many
records of occurrences during the Quaternary, have
many more species of herbivorous insects than more
recently introduced species. Subsequent analyses have
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refined this picture (Strong et al. 1984) and the subject
has been reviewed recently (Lewinsohn et al. 2005).
We can note, however, that although there can be a
high diversity of herbivores associated with aspecies,
(about 300 in the case of Southwood’ s oak), and many
of these species can be classified as ‘leaf chewers',
they do not generally consumealargepart of theplant’s
phytomass, and indeed, the leaf-chewers on oakstend
to concentrate their activities on the newly-formed
shoots, rather than the well-formed leaves (see also
Coley & Barone 1996). This is because the leaves
accumulatetannins and other polyphenolic substances
that render the protein of theleaf difficult to digest.

Tannins are ageneral mechanism for making plant
biomass less digestible and are a common defense of
long-lived, woody vegetation — trees. Specific toxins
such as alkaloids are favored by short-lived, fast-
growing plants—weeds (Dearing et al. 2005). Tropical
forests seem to have more diversity of defenses than
temperate forests (Coley & Barone 1996). Physical
impediments are used by many plants — spines, hairs,
and general leaf toughness. Spicules of silica are
COmMMmon in grasses.

Aswell as the specific and apparently co-evolved
deterrentsto herbivory, herbivoreshaveto contend with
the fact that much of terrestrial plant biomass is
relatively nutrient poor and composed of cellulosethat
isdifficult to break down. Generally animals have co-
opted bacteria and evolved specialized digestive
structures to deal with this problem — as seen in the
ruminants, lagomorphs and macropods within the
mammal s, and termites and many other groupswithin
theinsects.

All of thisadds up to large coststo herbivoresthat
try to partake of the biomass that the plants defend
(Coley & Barone 1996). It is tempting to take the
slowness and lethargy of the koala and sloth as a
metaphor for the compromise that herbivores need to
makefor their specialization on leaves.

Along with the deterrents to herbivory, there have
co-evolved between plants and animals many
interactionsin which animals are used for pollination
and dispersal of seeds and are encouraged to visit
flowersand gather fruits.
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THE WATERS ARE BLUE

The open ocean and lakes are generally quite
transparent from lack of biomassin thewater column,
and they take on the natural blue of the water (or a
transparent green when looked into closer up). Biomass
of planktonic algaeisgenerally low, and indeed when
itbloomsasin ‘redtides’ and eutrophic water bodies,
we become worried about the consequences for the
ecosystem and for us.

In general, a much higher proportion of plant
biomassisconsumed by herbivoresin aguatic systems
comparedtoterrestrial systems. Thisisto alarge extent
due to the nature of plant biomassin aquatic systems
and particularly in planktonic systems—the plants do
not contain alarge proportion of inert, woody, biomass,
as trees do. Herbivores often consume the whole
individual plant. Although phytoplankton do have
defenses against herbivory by chemical and physical
means, in general they co-exist with their herbivores
by rapid reproduction. There are many cases of stable
inverted pyramidsof biomassin freshwater and marine
systems, wherethe biomass of the herbivoresisgreater
than that of the plants due to the high rate of grazing
and thefast reproduction of the plants (phytoplankton).

The study of aguatic food chains has produced the
most remarkable examples of trophic cascades and
interactions between levels (Carpenter et al. 1987,
Schindler 1990, Attayde & Hansson 2001). This
abundance of examples coupled with the difficulty of
finding species-level cascadesinterrestrial systemslead
to thequestion “ Aretrophic cascadesall wet?’ (Strong
1992). Subsequent reviews have revealed a diversity
of trophic cascadesincluding many interrestria systems
(e.g., Pace et al. 1999) and led to questions of how
they should beinterpreted (Polis et al. 2000).

Itisinteresting to notein passing that shallow marine
hard-substrate ecosystems often show interactive
trophic cascades and strong grazing pressing on algae,
(e.0., therecent review of limpet grazing by Coleman
et al. 2006).

STREAM ECOLOGY
| will now turn our attention to rivers and streams

(The term “stream” has been adopted in English for
‘stream ecology’, whichisthe study of small, wadable,
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fluvial waterbodies—amongst the many other possible
terms, such as‘creek’, ‘brook’, ‘rivulet’. In Portuguese,
there apparently has not been such a standardization,
andweareopentousing ‘riacho’, ‘corrego’, ‘arroio’,
‘igarapé€’, ‘aimbim’ asthe appendageto ‘ ecologia’ to
describe the this branch of study). The most used and
cited model of how streams and rivers function
ecologically isthe River Continuum Concept (Vannote
et al. 1980). As well as carbon flow, the model
describesthe functional feeding groups of animalsthat
consume organic matter of the system. Themodel runs
like this: in small, shaded, forest streams, the major
input of organic matter comesfrom terrestrial sources,
thesurrounding forest; algal productionissmall because
of thelimitation of light dueto shading. Thecommunity
metabolismis, overall, heterotrophic (i.e., P<Ror gross
primary productivity less than respiration). Amongst
theanimals, principally insects, that inhabit the system,
thefunctional feeding group of ‘ shredders’ isimportant
because they process the leaves, twigs and other
coarse particulate matter into fine particulate matter,
whichiscollected and used by other functional feeding
groups—the active and filtering collectors.

Asthe stream becomes larger downstream and the
forest shades less, algal production becomes more
important and grazing animals comprise asignificant
proportion of the fauna. The stream may become
autotrophic, P> R. When the stream growsinto alarge
river, it may revert to being heterotrophic as turbidity
restrictslight penetration and organic matter flowsin
from surrounding wetlands.

In recent years, the Riverine Continuum Concept
has been called into doubt by Thorp & Delong (1994,
2002) and Delong & Thorp (2005) who studied the
food webs of large heterotrophic rivers using stable
isotoperatios of carbon and nitrogen to trace the flow
of energy and biomassin the system. They found that
although more energy entered the system from
allochthonous sources and was indeed respired by the
system, the associated carbon of the primary
heterotrophs did not all flow into the metazoan food
chain. Indeed, the primary carbon source for the
metazoan food chain (i.e., the zooplankton, fish, etc.)
derived from microal gae (phytoplankton) of theriver,
although the biomass of phytoplankton is very much
smaller than the stock of allochthonous carbon (which
isprincipally intheform of fine particulate matter and

dissolved organic carbon). More recent research has
refined this picture to show that, at least for the large
rivers of USA that were studied, the surrounding
wetlands contributerelatively littleto themetazoan food
chain (Delong & Thorp 2005). Apparently agreat deal
of therespiration of allochthonous carbonisby bacteria,
and their carbon is not proportionately transported to
the zooplankton and fishes. This different modd of
river functioning has been termed the Revised Riverine
Productivity Model.

Thismodel isnot so unexpected if we consider other
aguatic systemsin which the dominant source or stock
of carbonisnot the main sourcethat flowsthrough the
system, but in which some other component, usually
algal, which hasasmaller biomass, isthe major source
for the higher levelsin the food chain, e.g. Kitting et
al. (1984) (seagrass), Hamilton et al. (1992) (Orinoco
River floodplain), Bunn & Boon (1993) (billabongs),
Forsberg et al. (1993) (Central Amazon River), Hecky
& Hesslein (1995) (Iakes).

Relatively little research of this kind has been
published for small, forested tropical streams, but
evidenceisbuilding up that they, too, might show this
picture. Thefood webs of streamsin Hong Kong (Salas
& Dudgeon 2001, Mantel et al. 2004) and Puerto Rico
(March & Pringle 2003) showed a predominance of
algal sources, asdid inland tropical riversinAustralia
(Douglas et al. 2005) and our research in streams of
the Mata Atléantica (Brito et al. 20063, b; Detweiler
2005, Detweiler et al. 2005, Moulton 2006).

CORREGO DA ANDORINHA, ILHA GRANDE,
RJ

Corrego daAndorinhaisamedium order streamin
well-preserved Atlantic rainforest at Ilha Grande, RJ,
Brazil. It and its companion stream Rio Barra Pequena
at VilaDois Rios, have been thefocus of experimental
and descriptive stream research for the last 10 years.
The research has uncovered three configurations of
cascading trophic relationships, strong interactions of
‘environmental engineering’ by shrimps and
ephemeropterans, and apparently aconfirmation of the
newly-emerging pattern of importance of microalgae
intropic stream food webs. | give abrief description of
thiswork and relateit to the general questionsof energy
flow in ecosystems.
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STRONG INTERACTORS, ORGANIC
MATTER PROCESSING AND TROPHIC
CASCADES IN TROPICAL STREAMS

Tropical streams in coastal regions have been
intensively studied in Puerto Rico and Costa Rica.
Catadromous shrimps of the families Palaemonidae,
Atyidae and Xiphocaridae have been shown to be
important in processing organic matter (Covich et al.
1999, Crowl et al. 2001, Pringle & Blake 1994, Pringle
& Hamazaki 1998, Pringle et al. 1999, March et al.
2001, 2002). The different species work in different
ways. Xiphocaris elongata (Xiphocaridae) shreds
leaves and other organic matter and produces fine
particles, Atyalanipes (Atyidae) collectsfineparticles
with its modified chelae (Crowl et al. 2001).
Macrobrachium spp. use their more robust chelae to
pick material, and have some shredding action and a
more obviously carnivorous diet (March & Pringle
2003). This suite of fauna process coarse particulate
matter in the form of experimental leaf packs (e.g.,
March et al. 2001) and remove periphyton from hard
substrates (Pringle & Blake 1994, March et al. 2002).
In siteswith fish faunain addition to the shrimps, the
fish were shown to al so remove periphyton (Pringle &
Hamazaki 1998).

In contrast to the activity of the shrimps (or perhaps
because of it), insect shredders have been reported to
be much less important in the processing of organic
matter in tropical streams than in temperate streams
(Covich et al. 1999). Thusthere isacommon but not
universal observation in tropical streams of alack of
the shredding faunathat are given prominence in up-
stream sitesin studies of temperate streamsandinthe
Riverine Continuum Concept (Dudgeon & Wu 1999,
Dobson et al. 2002, Wantzen 2002).

Additionally, Pringle & Hamazaki (1998) remarked
onthelack of atrophic cascade between shrimps and
fish as predators and their potential insect prey. They
explained this as a consequence of the omnivory of
these fauna, which by acting on both the primary
consumers (herbivorous and detritivorousinsects) and
on the primary source (periphyton and detritus),
prevented a cascading reaction from happening.

Inexperimentsat our sitesat Cérrego daAndorinha,
we have observed similarities and differences to the
patterns described above. At arelatively high site (80
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m as.l.) in Corrego da Andorinha, Souza (2002) and
Souza & Moulton (2005) found that atyid shrimps
(Potimirimglabra) reduced the quantity of periphyton
on hard substrates—experimental exclusion of shrimps
resulted in substrates with much higher organic and
inorganic sediments. The atyids acted principally on
the organic sediments not associated with algae.

Thisstrong interaction on periphyton was expected
from the dynamics of sites with high density of atyid
shrimp in Puerto Rico (e.g., Pringle & Blake 1994)
and was found in sites with Paratya australiensisin
southeast Queendand, Australia(Moulton et al. 2003).
But at alower site, with shallow water depth, faster
current and flat bedrock, the dynamic wasthe opposite
—experimental exclusion of shrimps produced barerock
with little periphyton. At thissitethereisastrong trophic
cascade between Macrobrachiumolfers shrimp, baetid
ephemeropteran grazers and the periphyton substrate
(Silveira& Moulton 2000, Silveira 2002, Moulton et
al. 2004). Again, the “grazing” of the baetid
ephemeropteranswas particularly directed towardsthe
organic sediments not associated with algae. Krsulovic
(2004) found that the baetids removed over 90% of
the material without ingesting it, thus causing a high
‘non-consumptiveloss’ of periphyton.

We cannot say why asystem with similar players—
atyid and Macrobrachium shrimps, ephemeropterans
and periphyton—would behave differently in asoutheast
Brazilian coastal stream compared to a Puerto Rican
stream, but adynamic mode of the system can produce
some ideas and a hypothesis. When we model the
system, we can observethat the stability of thetrophic
cascade critically depends on the interaction strength
of the predator-herbivorelink compared to the omnivore
link (predator-periphyton) (Silveira& Moulton 2000,
Silveira 2002). Pursuing this logic, we can ask if the
predator in Cérrego daAndorinha, M. olfers, isperhaps
more carnivorous and less omnivorous than that in
Puerto Rico (principally Macrobrachiumheterachirus).
We have no evidence to refute or support this
hypothesis. An alternative hypothesis is that site
characteristics determinetheinteractions; thisappears
the likely explanation for the difference between the
dynamics of the two sitesin Corrego daAndorinha
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A SECOND TROPHIC CASCADE

Further downstream in Corrego daAndorinha, the
characteristics of the substrate change dramatically with
a large increase in the quantity of periphyton and
sediments. Thisstretch of stream has active predatory
fish that are excluded from upstream areas by alarge
waterfall. We have correlational evidence that the
changein substrate characteristicsis caused by atrophic
cascade of predatory fish that interact negatively on
atyid shrimp that graze the periphyton (Souza et al.
2001, and unpublished data).

Again we can speculate why the trophic cascade
existsin Coérrego daAndorinhaand was not observed
in systemswith fish and shrimpin CostaRica(Pringle
& Hamazaki 1998) and in downstream areasin Puerto
Rico (e.g., March et al. 2002): Possibly thefish fauna
of Cdrrego daAndorinhais dominated by predacious
species (the characine Bryconamericus microcephal us
and the poecilid Phallocer os caudimacul atus) whereas
in the other systems at | east some of the fish are more
omnivorous.

FUNCTIONAL VSTROPHIC RELATIONSHIPS
IN STREAM FUNCTIONING

In the above description, we examined interactions
among fauna and between fauna and periphyton
without considering their trophic nature. The
interactionswere determined by experimentsinwhich
onedement of thefaunawas excluded and theresulting
dynamic construed asthe effect that the organism had
onthesystem. (Most of the experimentsin Puerto Rico,
Costa Rica and Brazil used exclusion by electricity.)
This did not show the movement of biomass through
the food chain, although we could assume that there
was some trophic basisto the interaction. In fact, the
relationship between Macrobrachium and baetid
ephemeropterans appearsto be much more apotential
predation than a transfer of biomass — we rarely
observed baetids in the stomach contents of the
Macrobrachium. Likewise, the atyid, Potimirim, was
not found in the stomach contents of Bryconamericus
(Resende & Mazzoni 2003, 2005).

Trophic relationships in food chains have been
researched by tracing the occurrence of stableisotopes
of carbon and nitrogen (Peterson & Fry 1987). This

was the basis of the work of Thorp & Delong (1994,
2002), and it was applied to the stream food web in
Puerto Rico by March & Pringle (2003), and to
Coérrego daAndorinhaby Detweiler (2005), Detweiler
et al. (2005), Brito et al. (2006a,b), and M oulton (2006).
Thetechnigueisbased on the observation that theratio
13C: 2C variesamong sources of carbon and energy in
food webs, and that the ratio is conserved in the
different consumers of the different sources. Thusthe
food source of aconsumer can often be deduced from
this evidence. On the other hand, the ratio of >N to
14N tends to increase by an approximately constant
factor between trophic levels, and thus the position of
aconsumer in the trophic chain can be estimated.

March & Pringle (2003) found a high degree of
incorporation of algal carboninsitesalong analtitudina
gradient in Puerto Rico. The expectation based on the
Riverine Continuum Concept model was that high
elevation sites would be more shaded and dominated
by the surrounding forest, and that the food web would
be based primarily on alochthonous material. They
found, however, that even at the highest elevation (300
ma.s.l.) thefood web was dominated by algal sources.
Salas& Dudgeon (2001) and Mante! et al. (2004) found
asimilar situation in shaded streamsin Hong Kong.

A very surprising result within those of March &
Pringle (2003) was the trophic position of the shrimp
Xiphocaris. As mentioned above, Xiphocaris was
found to shred leaves and other organic matter (Crowl
et al. 2001), and wasthought to beaclassical “ shredder”
of the type described in the Riverine Continuum
Concept. However the evidence from stable isotope
analysiswasthat it derived its carbon principally from
microalgae and as a secondary consumer. Obviously
the functional role of this organism is different to its
trophic position —presumably it shreds organic matter
in search of animal prey which in turn are herbivores
of algae. The atyid shrimp, Atya lanipes, also derived
itscarbon principally from microdgae (March & Pringle
2003), dthoughitisfunctionally afilterer and collector
of fine particles (Crowl et al. 2001). Yam & Dudgeon
(2005) found asimilar reliance on periphyton algaein
the atyids Caridina spp. in shaded and unshaded
streamsin Hong Kong.

We observed a similar situation at Coérrego da
Andorinha(Detweiler 2005, Detweiler et al. 2005, Brito
et al. 2006a,b, Moulton 2006). All of the consumers
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sampled derived their carbon principally from
microalgae. Atyid shrimps (P. glabra), which had been
found to be‘ ecosystem engineers’ of materia primarily
not of periphyton origin (Souza 2002, Souza& Moulton
2005), were found to be trophically secondary
consumers based on algae. Macrobrachium olfersi
occupied a similar position to Potimirim. The baetid
ephemeropteran Cloeodes was found to be a trophic
herbivore based on microalgae. The five fish species
wereall secondary consumers based on microalgae.

All of theseresultsare at oddswith the conventional
feeding groupsthat have been all ocated to these species
based on stomach content analysis and direct
observations. We observe that the shrimps and baetids
have primarily detrital material in their stomach
contents. A study of allochthonous material and diet of
the characine fish Bryconamericus in Cérrego da
Andorinha concluded that the fish consumed a large
proportion of alochthonousmateria initsdiet (Resende
& Mazzoni 2003, 2005).

The importance of microalgae in thefood chainis
quiteincongruent with the proportion of microalgaein
the stocks of biomassin Corrego daAndorinha(Figure
1). Asexpected for aforest stream, the majority of the
organic material in the stream was of allochthonous
origin — leaves, twigs and branches and particulate
material. A small percentage of the organic material
was in the periphyton (= organic material on hard
substrate), and of thismaterial, asmall part wasalgal

Periphyton
o
Branches, agas, 1%
30% Ir'd
P
Y Periphyton
Leaves, organic mass,
34% 10%
Twigs,
37%

Below waterfall

biomass associated with chlorophyll (0.1 to 1% of total
biomass, Figure 1). The standing stock of material does
not represent the dynamics of the system, and for a
complete analysis of the biomass available to
consumers one would have to estimate the flux of
material in each of the pools. We do not have these
data, but we imagine from the static datathat thereis
much more available allochthonous material than
autochthonous.

Thus the food chain is seen to be supported by a
small component of the available primary sources —
the microalgae. It appears that the microalgae are a
more nutritious and tractable source of food than the
litter of forest plants. We can empathise with stream
organisms who would find this material much more
attractive — much as the monkeys, possums and birds
find fruits and seeds more attractive than the green
leaves of forest trees. But we can wonder why the
resource of stream litter remainslittleincorporated into
the food chain by adapted organisms such as insect
larvee.

As mentioned above, various authors have noted
therelative absence of shredding invertebratesintropical
streams (Dudgeon & Wu 1999, Dobson et al. 2002,
Wantzen et al. 2002). There has been some speculation
that the role of shredding is taken over by shrimpsin
coastal tropical streams (Covich et al. 1999). Inastudy
that included Corrego daAndorinhaand urban streams
of Rio de Janeiro, Magalhdes-Fraga (2002) observed

.-i"" P
f Periphyton
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- Branches \ | algae, 0.1%
1 7 7%

Periphyton
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2.6%
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Figure 1. Carbon stocksin Corrego daAndorinhain sitesjust above and just below the waterfall at Mé&e D’ &gua expressed as percentage
of total. Coarse material was collected in five 1 m transects across the stream, dried and sorted into categories branches, twigs and
leaves. Benthic material was sampled with aplunger and syringe apparatus; the organic material was measured as ash-free dry mass; the
algal masswas estimated from the measurement of chlorophyll using the assumption that chlorophyll makes up approximately 1% of total
dry mass. Total dry mass below the waterfall was 46 g/m?, and above, 59 g/m?2. Detailsarein Brito et al. (2006b).
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faster leaf processing of leaf packs exposed to larger
fauna compared to controls in which they were
excluded, but she did not find a significant effect by
smaller invertebrates. Insect shredder taxa were
present, but apparently were not abundant and active
enough to produce a significant effect in the
experiment, although rates of decomposition were
faster in intact streams compared to urban streams
(Moulton & Magalh&es 2003). Other studies have
shown the presence of but low abundance of shredders
in Neotropical streams, e.g., Calistoet al. (2001, 2004)
(Serrado Cipd, MG, Brazil), Rosemond et al. (1998,
2001) (La Selva, CostaRica).

FINALLY, WHY ARE THERE NOT MORE
KOALASAND SLOTHS?

Our picture is of tropical streams in which a
disproportionate amount of the energy and material for
the food chain comes from the small stock of
microalgae of the periphyton. Tropical streams appear
to be different to temperate streamsin this, but thisis
possibly because so much emphasis hasbeen givento
the decomposer pathway in very shaded and small-
order streams in the temperate. Temperate streams
apparently do changeto being dominated by microalgae
when the streams become large and less shaded — at
roughly 10 kmz2 of catchment in the case of the
Cdlifornian streams studied by Finlay (2001). Possibly
tropical streeamsmaintainalgal production under higher
vegetation cover than do temperate streams (M osisch
et al. 2001, Brito et al. 2006a).

It appears that the consumers as a group change
towardsthe more nutritious and digestible a gae when
they are available, and spurn the less nutritious, more
indigestibleremains of terrestrial plants. Thishappens
between specieswhen more strictly herbivorous species
occur in more open sites, and appearsto happen within
species that switch their diet away from litter and
towards algae when they become available (Finlay
2001). If we accept this, we are still left with the
guestion of why such an amount of allochthonous
material remains uneaten. That is, why there are not
more ‘koalas and sloths' to take advantage of the
available biomass which comes from the forest. Or
why the existing specialist faunaof litter-eating insects
are not more abundant and active. The specialists do

exist in Neotropical streams — we have found stable
isotope evidence of theincorporation of allochthonous
material in the trichopterans Phylloicus and
Triplectides (unpublished data) and these are well-
known leaf shredders.

From anarmchair perspective, it seemsthat the HSS
explanation must be operating — shredders are
controlled by predators. Moreover, the white, yellow
and green worlds of Oksanen et al. (1981) could also
beinvoked to explain the apparent exaggeration of this
patterninthe ‘green’ tropics.

The experimental removal of potentia predatorshas
not shown generally shown this pattern, however — it
generally does not provoke an increased rate of
consumption of allochthonous material, as described
above. At least part of the difficulty could be accounted
for by the peculiar biology of the shrimps in some of
these experiments, sincethey are apparently functional
shredders but trophic predators (March & Pringle 2003,
Brito et al. 2006b). Landeiro (2006) found abundant
shredding trichopterans when larger fauna were
excluded from leaf packsin small streamsin Amazonia.
On the other hand, Magalhées-Fraga (2002) found
increased |eaf processing inthe presence of largefauna,
but did not observe changesinthe smaller invertebrate
faunaassociated with predator removal. Rosemond et
al. (1998, 2001) excluded large fauna and did not
observe an increase in shredding taxa, but they did
find increasein non-shredding chironomid midges. The
overall effects on organic matter consumption were
greater in the presence of the shrimps and other large
fauna; “the overriding negative effects of
macroconsumers on organic-matter |oss rates
outweighed any potential positive cascading effect they
may have had viaconsumption of smaller detritivores
such asinsect larvae and subsequent effectson leaf C”
(Rosemond et al. 2001).

The same problem occurs in the experimental
removal of ‘largeomnivores' from hard substrateswith
periphyton (Pringle & Blake 1994, Pringle & Hamazaki
1998, Souza & Moulton 2005) — the functional and
trophic roles of the organisms are mixed. In the cases
in which the larger fauna showed a strong trophic
cascade (Moulton et al. 2004, Souzaet al. 2001), the
intermediatelevel (baetid ephemeropterans or atyids)
acted functionally on allochthonous material, but were
trophic herbivores of algae or predators of herbivores.
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Notwithstanding this lack of evidence from
experimentsin asmall scale of space andtime, we can
continue to speculate on why consumers apparently
waste the avail able biomass of allochthonous material
from the forest — except, apparently, when thereisno
alternative more nutritiousfood (algae) available. We
can imagine that the adaptation to a diet of low
nutritional quality (high C:N) and difficult digestion (due
to protective chemicals, cellulose, and other structural
difficulties) carries with it many costs, in terms of
reduced speed of metabolism, slower growth rate, less
disposable energy for flight and fight, etc. These costs
would be particularly severein acommunity of other
organismswith morenutritiousdiet and with predators.
In analogy with the terrestrial vertebrate herbivores,
perhaps it makes for a slow, specialized lifestyle to
adapt to folivory, as seen in the koalas and sloths,
whereas the possums, opossums, rodents, monkeys,
etc. that diversify on nutritiousfruit and seeds and new
shoots, comprise a much more diverse, abundant and
metabolically fast community.
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