SCATTERHOARDING AND TREE REGENERATION
ECOLOGY OF NUT DISPERSAL IN A NEOTROPICAL RAINFOREST

»A/rATALOGUS

Promotoren

prof.dr.F.J.J.M.Bongers
persoonlijk hoogleraar
bijdeleerstoelgroep bosecologieenbosbeheer
prof.dr.H.H.T.Prins
hoogleraar inhetnatuurbeheer indetropen
endeecologievanvertebraten

Co-promotor

dr.S.E.vanWieren
universitairdocentbijdeleerstoelgroep
natuurbeheer indetropenenecologievanvertebraten

Promotiecommissie: prof.dr. L.E.M.Vet (Wageningen Universiteit)
prof.dr.J.J.M.vanAlphen(Universiteit Leiden)
prof.dr.J.M.vanGroenendael(Katholieke UniversiteitNijmegen)
dr.P.M.Forget(MuseumNationald'Histoire Naturelle,Paris)

SCATTERHOARDING AND TREE REGENERATION
ECOLOGY OF NUT DISPERSAL IN A NEOTROPICAL RAINFOREST

PatrickA.Jansen

Proefschrift
terverkrijgingvandegraadvandoctor
opgezagvanderectormagnificus
vanWageningen Universiteit,
prof.dr.ir.L.Speelman
inhetopenbaarteverdedigen
opvrijdag7februari2003
desnamiddagsomvieruurindeAula

Jansen, P.A.
Scatterhoardingandtreeregeneration:
Ecologyofnutdispersal inaNeotropical rainforest
PhDthesis,Wageningen University,Wageningen
withasummaryinDutch
ISBN:90-5808-777-8
Subjectheadings:scatterhoardingrodents,naturalregeneration,seeddispersal,
seedpredation,seedsize,mastseeding,naturalselection,Myoprocta exilis,
Carapaprocera, Meliaceae
Coverdesign: JelledeGruyter,GrafischAtelierWageningen
Photography: PatrickJansen
ThisstudywascarriedoutattheForest EcologyandForest Managementgroup
(P.O.box342,6700AHWageningen) andattheTropical NatureConservationand
Vertebrate Ecologygroup(Bornsesteeg69,6708PDWageningen), Departmentof
Environmental Sciences,WageningenUniversity,theNetherlands
Theworkpresentedinthisdissertationwassupported bythe Netherlands
FoundationfortheAdvancementofTropical Research(WOTROgrantW84-407)

"O

co

CO

p

•t*.

H

if
O

3"
CD
—K

3 c
03
CD

•o
C»

33-

c
rn

T3 73 • o 3
^ 1 -vl -vl o
CJI O l * •

a>
>

N
8.
C O CO

CO
3"

°J o

M

CD

5'
CD
:*

s

o
c

CD

3

3

CD
O

Q.
CT
CD

.2-c5

Ti"

« 55

-fc. c
3o
i-t>

o
c

3"
CO
3

Q.

•3—•

0)
Q.

1—1

*<
CD
Q)

3
fo
_^
^5

m

5'
o CQ
c c

30)

m

CD

0)

CD

-&•

= Q)

C
0)
CO CQ

3

CD
CO
•vl
4*.

O
C
—

Q.
.
00
O
T5

CT
CD
=
N>
00

Q.

O CD
<" CO
-—- CD

1

o

->l
CJ1
Q.
O

CO
CO

3
O

o
c

8
—%

—h

•o

3Q.
_
3
CD

3 " T3

3
C

*•
< CD
en CD
^
® 7 O

O

7)

O

3"
CD

-4 M H3 "
u1b> CD Q .. s
T3 O l »-*- Q
CD o
o *• O H CO
3

3
T3
O
O

"^J

H

1 — • •

Q.

«—f

-3
CD
CO

CD
CO
N3

T3
O
3
Q.

3
O

i.

00
--4

3"
H

N > CD

>
00
m

CD o

0

co <
CD 5

Soa

1
u
9CD co

8.3.
CO s<
"~= CD
0)

co=

CD

s
c
CO
CD

<
CD

_*

CD

co

00
1
•0
0
CO

0)
CD

cn
Q
O
3

&T
3'
CO

5
0
0-*
0
3
CQ

CD
"1

3

fi)

A,/-'?:?*'.

"

Stellingen
behorendebijhetproefschrift vanPatrickA.Jansen,
"Scatterhoardingandtreeregeneration.EcologyofnutdispersalinaNeotropical
rainforest",teverdedigenop7februari2003

1.

Zaadetendedierenkunnenzorgenvooreffectievezaadverspreiding,zelfsaletenzij
hetovergrotedeelvandezadenop.
Ditproefschrift

2.

Terwijlpurezaadpredatorenzorgenvoorselectietegengrotezaden,veroorzaken
hamsterendezaadetersjuiststabiliserendeselectievoordergelijkezaden.
Ditproefschrift

3.

Hetfenomeenvanmastbijnootdragende plantensoortenisteverklarenvanuit
uitsluitendhetgedragvanhamsterendezaadeters.
Ditproefschrift

4.

Zaadverspreidendedierenvormeneenbelangrijkelementvanbosbeheersystemenop
basisvannatuurlijkeregeneratie,enmoetendaaromwordenbeschermd.
Ditproefschrift
P.D. Moore,2001.Nature409:775- 777
C.A. Peres,2001. Conservation Biology15:1490-1505

5.

DatbloemrijkewegbermensteedsbelangrijkerwordenvoordeNederlandse
biodiversiteitiseengevaarlijkeontwikkeling,nietietsomalleenmaartrotsoptezijn.

6.

Eenbabyisgeenlarf,laatstaandebestelarfdieeropdewereldbestaat.
vergelijk M.Dekkers,2002.Delarf. UitgeverijContact,Amsterdam

7.

Hetgoedeisdevijandvanhetbetere.

5 W

VoormijnoudersenvoorKristel

Abstract
Jansen,P.A. (2003)Scatterhoardingandtreeregeneration.Ecologyofnut
dispersalinaNeotropicalrainforest. PhDthesis,Wageningen University,
Wageningen,theNetherlands.ISBN90-5808-777-8;x+166pp.
Seed-eatinganimalsarereputedpredatorsofseeds,buttheymayalsofunctionas
seeddispersers.Thisdissertationdealswiththeinteractionofnut-bearingtrees
andscatterhoardinganimals,whichstoreimportantamountsofseedsasfood
reservesinspatiallyscatteredsoilsurfacecaches.Itstudieshowlargecavi-like
rodents- inparticulartheRedacouchy- disperseandpredateupontheseedsof
thecanopytreeCarapaprocera (Meliaceae)attheNouragues BiologicalStation,
anundisturbedtropicalrainforestsiteinFrenchGuiana,SouthAmerica.
Videosurveillanceandthread-markingtechniqueswereusedtofollowthefateof
seedsthroughoutthedispersalprocess,fromsheddinguntileitherdeathor
establishmentofaseedling.Thus,seedproductionwaslinkedwithdispersal
effectiveness andestablishmentsuccess.Withintheseseedfateexperiments,
seedsizeandseedabundancewerevariedtostudyhowtheseplanttraitsaffect
scatterhoardingandtotest hypothesesontheevolutionoflarge-seedinessand
mastseeding.
Scatterhoarding provedtobeaneffectivedispersalmode.Seedlingsdid
establishfromcachedseeds,eventhoughthemajorityofseedswereeventually
dugupandconsumed.Largeseedsweremorelikelytobesuccessfullydispersed
thansmallseeds,whichopposestheparadigmthattheneedfordispersalcauses
selectionagainst largeseeds.Largeseeds,however,werefavouredonlyuptoa
certainpointbeyondwhichseedsapparently becameincreasinglydifficultforthe
animalstomanipulate.Thisresultedinanoptimumseedsizefordispersalby
scatterhoardinganimals.Anexplanationisgivenforthecontrastingresults
obtainedinpublishedexperimentsonsize-dependent seedpredation.
Establishmentwasfarmorelikelyinyearsofabundantfruitingthaninlean
years,andtheselectivityofrodentsregardingthesizeofscatterhoardedseedswas
alsogreater inrichyears.Scatterhoarder responsestoseedsizeandabundance
alonecanexplainwhymanynut-bearingplantspecieshavemastseeding,the
alternationofyearswithabundantcropsandyearswithfewornoseeds.
RegenerationofC. procera innaturalforestcameexclusivelyfromseeds
cachedbyscatterhoarding rodents:seedpredatinginsectsandmammals
destroyedallnon-dispersedseeds.Exceptionswereseedsshedbyparenttrees
alongorwithintreefallgaps.Thesehighlightenvironments permittedseedling
establishmentevenfromheavilyinfestedseeds.Therefore,regeneration neednot
beatimmediateriskinmanagedforestswherescatterhoardingrodentsare
scarcer, butwherelightavailabilitytendstobegreater.
Key-words:scatterhoarding rodents,naturalregeneration,seeddispersal,seed
predation,seedsize,mastseeding,naturalselection,Myoprocta exilis, Carapa
procera, Meliaceae
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Voorwoord

Onderzoek doen in tropisch regenbos is een droom die vele veldbiologen
koesteren. Ook ik deed dat, en met dit promotie-onderzoek is die droom
gerealiseerd. Ikmochtwerkenopeengeweldigeplek- hetongestoorde regenbos
van Nouragues in tropisch Frans Guyana. Een plek die ik liefheb vanwege de
natuur en tegelijkertijd haat vanwege de maandenlange afzondering van thuis en
de eenzame opsluiting in een kleine groep mensen waarmee het toevallig maar
moet klikken. Je remerciePierre Charles-Dominique et le Centre Nationalde
Recherche Scientifiquepourmepermettre detravaillerauxNouragues.
Zesjaar langheb ik in Frans Guyana enWageningen kunnen doenwaar ikzinin
had, onderzocht ikwat ikzelf had uitgedokterd enwaarvoor ik zelf definanciering
hadgezocht. Helemaalvrijzijnomteonderzoekenwaarje nieuwsgierig naarbent,
als het maar leidt tot een proefschrift: dat is een ongekende luxe. Dank aan de
Nederlandse Organisatie voorWetenschappelijk Onderzoek, die broodzag inmijn
ideeenenplannen,engeldoverhadvoordeuitwerkingervan.
Ikbendanook nietalleenmaar blijdathetaf is.Want hetisnoghelemaal nietaf.
Erliggennogzoveelgegevenstewachtenomgeanalyseerdtewordenenverhalen
overteschrijven,zoveelvragenomte beantwoorden,zoveel ideeenomtetoetsen
aandewerkelijkheid,enzoveel onuitgevoerde plannen.Ikzou mijn helelevenwel
willen promoveren. Maar dan wel zonder de tijdsdruk die met name de afgelopen
anderhalf jaar mijn prive-leven zo sterk be'i'nvloedde en alle vrije tijd opslokte. Ik
hoopdatresultaatdemoeitewaardzalblijken.
Dit proefschrift zou er niet hebben gelegen zonder de steun van mijn beide
promotoren, Frans Bongers en Herbert Prins. Hoewel ze beide geen verstand
hebben van hamsteren- en waarom zouden ze ook; het is eigenlijk een ziekte hebben ze mij uitstekend begeleid. Van begin (het schrijven van de
subsidieaanvraag) toteind(hetinleverenvanhetproefschrift) warenzeeralsikze
nodighad,enverder lietenzememijnganggaan.Voor hunvriendschap enhetin
mijgesteldevertrouwen benikzeergdankbaar. Ookdank ikmijnco-promotorSip
van Wieren, die mij in 1997 in Frans Guyana opzocht en met wie ik hoop de
gegevensnogeensvanuitdedierecologischeinvalshoektekunnenbekijken.
/amhonouredthatPierre-MichelForgetiswillingtobeamemberofthe committee.
Thesubjectof this thesiscamefrom stimulatingdiscussions with him, andhis
impressivepublications andunique expertise were aninvaluable foundation formy
fieldwork. Ihope thatIhavenotbeenpoachingonhisterritorytoomuch, andIlook
forwardtofurtherco-operation.

Bijzonder tevreden ben ik ook met de verdere samenstelling van de
promotiecommissie. Jan van Groenendael was een prima begeleider van mijn
opleidingsprogramma,alvermoed ikdathijnietzalbegrijpenwaaromikdatvind.Ik
bewonder zijnwerk en benertrots op dat hij nudeel uitmaakt van decommissie.
OokLouiseVetmochtzekernietontbrekenindecommissie.Zij heeftdeafgelopen
jarenvoortdurend belangstellinggetoondvoormijenmijnwerkenmetelkensweer
uitgedaagd om nieuwe stappen te zetten in de wetenschap. Ik heb groot respect
voor haar. Jacques van Alphen,tenslotte, was degene die me Netgaan toen mijn
onderzoeksvoorstel door NWOwerdgoedgekeurd. Ik denk nogvaak over hoehet
zouzijn geweest om voor hem met Kristel naar Panama te zijn gegaan, in plaats
van alleen naar Frans Guyana. Het doet me plezier dat Jacques, die mijn project
deafgelopenjarenvoortdurendvolgde,wilopponeren.
Vrijwel al hetwerk voor dit proefschrift is uitgevoerd samenmet studenten vande
universiteiten van Wageningen, Groningen, Nijmegen en Utrecht. In alfabetische
volgordezijnditJacovanAltena, MirandaAronds,RoelBrienen,LenkaCastricum,
Martijn Bartholomeus, Marion Diemel, Paulien van Ekeren, Jelmer Elzinga, Joost
van Heerwaarden, Pascalle Jacobs, Sander Koenraadt, Willem Loonen, Natasja
Nortier, RichardvanOorschot, IvoRieu,Anne Rutten,Almira SiepelenLeonievan
derVoort. Hunhanden maakten hetveldwerk meestal nietzozeer lichter maarwel
omvangrijker en heel veel prettiger. Het spijt mij dat lang niet al de door hen
verzameldegegevens indit proefschrift terechtzijngekomen,en ikhoopvanharte
dater noggelegenheid komtomze alsnogte publiceren. Het doet mijveel plezier
datzoveel van hen na hun afstuderen voor het onderzoek kozen. Frans Bongers,
Ignas Heitkonig,Jan den Ouden,Joost Tinbergen, Louise Vet en Sip vanWieren
dank ik voor de begeleiding van alle afstudeervakken en stages. En ik bedank
Andre Godkewitz en Marcel Ratering, de universitaire studentenartsen, Rene
Brookman,debediener vanhet universitaire telex-apparaat,voor hunbijdrageaan
defysiekeengeestelijkegezondheidendatvanmijnstudenten.
Inhetveld heb ikook veel hulpgekregen van Rick Middelbosch,Almira Siepelen
Kristel Kleinhesselink, die zich opwierpen als vrijwillig veldassistent. Zij hebben
zwaar geleden onder mijn strenge leiding en hoge eisen,en kunnen vermoedelijk
geengroene draadjes meerzien, maargelukkig zijn wij nogsteeds vrienden.Ook
dank ik Melle Bakker, Michiel van Breugel,Jan den Ouden en Jean-Marc Verjans
voorhunhulp.
Jegardedestresbonssouvenirs ducompagnie etcooperation demes collegues
Frangais surleterrain. Notamment,je voudrais remercierDesmo et Wemo Betain,
Stephanie Chauvet, Frangois Feer, BrunoJosseaume, Catherine Julliotet Cecile
Vezzoli.Sans eux, mes sejoursaux Nouraguesauraientetes beaucoup moins
agreables.Je remerciele personnel de H6H Inter Guyanepour tous les vols
spectaculaires enhelicoptere, maissurtout pourles nombreuses delivrances des
lettresprestigieuses.
InWageningen werd ik in lab en kas uitstekend geholpen door Willem Scholten,
Johan Velthuizen, Ellen Wilderink, Albert Zweers en vele anderen. Nooit lieten zij

merkendatzij het nutvandebewerkelijke experimentenbetwijfelden.Ookdank ik
Gerrit Gort,Lia Hemerik,HansJansenenBramvanPutten.Gedurende het project
ben ik meer en meer gefascineerd geraakt door de statistische analyse van
gegevens,enikhebveelgeleerdvanmijnvelebezoekenaandezekunstenaars.
Mijntijd inWageningen hebikvooralachter het bureaudoorgebracht bijBosbouw,
waarikvierpc'sversleet.VooralVilla Hinkeloordwaseengeweldigewerkplek:een
eigen kamermet uitzicht ophetArboretum,waarje deeekhoornszwartewalnoten
zag hamsteren en Vlaamse gaaien de eikels. Met mijn vrienden en collegapromovendibijBosbouw- MichielvanBreugel,Mirjam Kuzee,PetervanderMeer,
Marc Parren,Lourens Poorter (eigenlijk Utrecht, maarwatgeeft dat),ToonRijkers,
Frank Sterck en bovenal Jan den Ouden - heb ik veel plezier gehad en
gefilosofeerd overspannendonderzoek, deultiemeanalyse,deorganisatie vande
vakgroep, en over hoe het onderwijs emit zou moeten zien. Hun gedachten over
mijnonderzoek, de presentaties ende manuscriptenwarenvangratewaarde.Het
doetmeveelplezierdatJanparanimfwilzijnbijdeverdedigingvandit proefschrift.
VanmijnWageningse collega'swilikverder- zonder iemandte korttewillendoen
- met name Joke Jansen, Kathinka Huisman en Ruud Plas bedanken.Zij hebben
veelvoormijbetekend,nietalleendoorhetwerkdatzevoormededen.OokReitze
deGraafverdienteenbijzonderevermelding.Bijdeleerstoelgroepen Natuurbeheer
heb ik mijzelf minder vaak laten zien dan ik van plan was, en veel meer gehaald
dan gebracht. Naast de eerder genoemde collega's wil ik met name Liesbeth
Bakker, FrankBerendse,Pieter Ketner, FulcoLudwig,Tjakkievander Laan,Gerda
Martin,HanOlff,WillemienSchouten,RubenSmitenIrmaWynhoffbedanken.
Het is te mede danken aan de GroenLinks statenfractie - Cees Anker, Dirk van
Uitert, Gea Evenhuis, Gertrude Bomer, John Swelsen, Sjaak van 't Hof, Jan
Eleveld, Floor Gimbel, enmijn collega-promovendaSonjavanderArend- dathet
proefschrift nuaf is.Hetafgelopenjaar hebbenzijveel politiek werk gedaan datik
eigenlijk had moeten doen, zodat ik het proefschrift kon afronden. Ik hoop dat ik
voor hen niettemin een waardevol fractielid ben geweest. Ik vind het erg leuk dat
Sonja paranimf wil zijn bij de verdediging van dit proefschrift. Tevens bedank ik
mijn collega's bij de Directie Natuurbeheer van L.N.V.Vanwege de laatste loodjes
vanhetproefschrift hebbenzijveelminderaanmegehaddandebedoelingwas.
Deallerbelangrijkste voorhettotstandkomenvanditproefschrift waszondermeer
Kristel Kleinhesselink. Zij heeft mij regelmatig geholpen met de uitvoering van het
onderzoek (de keer datze daarvoor naar Frans Guyana kwamwas de leuksteen
meest productieve veldseizoen), met het doorspitten van ondoorgrondelijke
teksten,enmetdeorganisatie omhet project heen.Maarvooral heeftzijthuisveel
gedaan enopgeofferd omtezorgen dat ik hetwerk konafmaken. Hoemoet ikdat
ooitweergoedmaken.Entenslottebedank ikmijnouders,diehetmijaltijdmogelijk
hebbengemaaktmijneigenondoorgrondelijkewegtegaan.
PatrickJansen,
31december2002

1. General introduction

Thedispersalphaseisoneofthemostcriticalinplantlifehistory.Itinvolvesthegreatest
losses of individuals, both absolutely and relatively, as only very few or even none of
millionsofseedsthat individual plants mayproduceduringtheir lifetimewillsuccessfully
establish and become reproductive. But it also involves great challenges to plants. By
relatively successful dispersal, individuals or species can pass a disproportionate
amount of genes to the next generation. Dispersal failure, on the other hand, can
completely eradicate an individual's or species' representation in the next generation.
Dispersaltherefore hasa profound effect onvegetation composition and evenstructure
(WangandSmith2002).
Although recent studies havetaken awayalldoubt aboutthe importance ofseed
dispersal for plant demography and biodiversity, our knowledge of how seed dispersal
works and what it implies for plant reproductive strategies is still poor. The three main
reasonsarethatseeddispersal inmostcasesisaverycomplex process,highlyvariable
intimeandspace,andnotoriously difficult tofollow (WangandSmith2002).This holds
especially for seeddispersal byanimals,which isthe dominant dispersal mode inmany
tropicalforests. Studies ofanimal-mediated seeddispersal have usually beentooshort,
were unsuccessful or incomplete in tracking seeds, or considered too small cohorts to
linkseedproductionand plant reproductive success. Mystudy of animal-mediated seed
dispersal is an attempt to link seed production and seedling recruitment by avoiding
theselimitations.
1.1 Dispersal byscatterhoarding
Plantshaveevolvedanincrediblediversityofmechanismstohavetheirseedsdispersed
(Van der Pijl 1982).Adaptations include plumes and wingsto have seeds carried away
bythewind, hooksandspinestoget seeds attached to animalfir, air cavities onwhich
seeds can drift to far horizons, and palatable fruit pulp to persuade vertebrates
swallowing seeds. Dispersal by scatterhoarding animals is peculiar in that the seeds
themselves, rather thantheir envelopes, arethefood rewards that persuade animalsto
disperse them. The seeds are typically large, nutritious nuts, that scatterhoarding
animalsharvestandburyinnumerousspatiallyscatteredcaches inthesoilsurface.The
animals create these food supplies to anticipate periods of seed scarcity, such as
winters intheTemperateZone(Wautersefal.1995)andthedryseasoninmanytropical
forests (Henry 1999). Most of the seeds aretherefore recovered and eaten, but some
arelefttogerminateandestablishseedlings.

Introduction

It is believed that seed handling by scatterhoarding animals tends to be beneficial to
plants. The long-term perspectives of the cached seeds escaping would outweigh the
costs of the many other seeds that are eaten. This is also suggested by seed
characteristics that encourage rather than discourage scatterhoarding, such as large
size, high nutritional value, and low chemical and physical defence. Nonetheless, the
role of scatterhoarding animals as potential seed dispersers has long been ignored.
Eventoday,seedremovalbyscatterhoarders isoftenequalledtoseedpredation.Oneof
the reasons isthat only a handful of published studies have actually been able totrack
scatterhoarded seeds and determine their ultimate fate, and none of these were in
tropicalforest(ChambersandMacmahon1994).
The interaction of plants andscatterhoarding animals,whichareseeddispersers
andpredatorsatthesametime,hasseveralinterestingevolutionary aspects.Smithand
Reichman (1984) have hypothesised that the production of large, nutritious seeds by
nut-bearing plant species has evolved in response to feeding preferences of
scatterhoardinganimals.Theideabehindthis'seedsizeselection hypothesis' isthatthe
animals will select the seeds with the highest nutritional value for scatterhoarding, and
will ignore or eat the remaining seeds. Many nut-bearing plant species also tend to
produce largeseedcropsat intervals oftwotofiveyears,withlargeandsmall nutcrops
differing in size by 2 or 3 orders of magnitude Vander Wall (2001). An important
explanation for this phenomenon, called mast seeding, is the 'predator satiation
hypothesis' (Janzen 1970, 1974;Silvertown 1982). It proposesthat mast seeding isan
evolutionary response to intense seed predation. The idea is that trees, by producing
huge crops in some years, swamp seedeaters with food and allow seeds to escape
predationandsuccessfully establish,while lowseedcropsinthe intermittentyearsmay
prevent seedeaters from adapting their population levels. In case of scatterhoarding
animals,thefunction of mast seedingwould betostimulate scatterhoarding seedeaters
actingmoreasdispersersandlessaspredatorsoftheseedstheyharvest.
1.2 Thisstudy
Mywork hadthree goals. First, Iwanted to find out whether large seeds disappearing
from the forest floor were indeed removed by scatterhoarding animals, and whether
these seeds had some chance of survival. This is related to the ecological question of
howimportantseeddispersal byscatterhoarding animals is.Secondly, Iwantedtoknow
to what extent large-seeded tree species depend on scatterhoarding for regeneration.
This is related to the practical question whether forest management systems should
involve the strict protection of scatterhoarding animals. Presently, seed dispersing
animalstendtobeforgotteninforestmanagement,whileatthesametime management
systems increasingly rely on natural regeneration. This might be unsustainable. Webb
andPeart(2001),forexample,predictedthatremovalofanimaldisperserswouldreduce
seedling richness by as much as 60%. Thirdly, I wanted to know whether
scatterhoarding animals caused a selective pressure on plant reproductive traits, seed
massandmastseedinginparticular.Thisisrelatedtotheevolutionaryquestionwhether
large seeds and mast seeding may have evolved in response to selection by
scatterhoardinganimals.
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Figure 1.1 Location of the study site - Nouragues Biological Station, indicated by number 1 - in
French Guiana and South America. Numbers 2 and 3 indicate Piste de St. Elie and Paracou,
respectively, two other Guiananfield stations. From Bongers etal.(2001).

My study species were Neotropical nut-bearing trees whose seeds are scatterhoarded
bylargeterrestrial rodents.Theywere idealfor mystudy, because dispersal isrelatively
simple andeasytodocument.Theseeds caneasily bemarked andtracked individually
because they are large and not embedded in fruit pulp. Also, the seeds need not be
marked and tracked in the canopy, because all dispersal is after seed shedding.
Moreover, the rodents have no cheek pouches and handle seeds individually, one by
one. This makes that handling can be coupled to the properties of individual seeds.
Finally,the rodents usually hideseedsinthesoilsurfaceratherthantakingthem upinto
treesorintoburrowswherewecannottrackthem.
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Figure 1.2 Mapofthestudy area. Thegrid lines indicate thetrail system enclosing 1ha-quadratsof
thetree cartography. Topography isindicated by20m-interval isoclines. From Bongersera/. (2001)

1.3 Site
The experiments reported in this dissertation were all carried out at the Nouragues
BiologicalStationinFrenchGuiana,SouthAmerica.Thisfieldstation,established 1986,
islocatedabout 100kmsouthofthecityofCayenne,at4°05'Nand52°40W (FIGURE 1.1).
The station isinthecentreofthe Nouragues rainforest reserve atthebase ofa430m
highinselberg.Thelocalforest ispristine (PHOTO1.1). Human impact datesfrom before
the early 19th century, whentheNouragues native Amerindians left thearea (CharlesDominique 2001). Annual rainfall averages 2,990mm. Most rainfall (>250mm mo'1)
occurs inJanuary-June,therainy season,andminimum rainfall (<100mm mo"1) during
September-October (GrimaldiandRiera2001).
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Photo 1.1 Aerial view of high matureforest at Nouragues, French Guiana

I choseto do myfieldwork at the Nouragues sitefor several reasons. First, nut-bearing
trees occur in fairly low densities (several individuals per ha) in these forests, with
reproductive individuals spacedapart. This makes it easier to distinguish seedlings that
haveestablished belowandawayfromtheir parent. Secondly, the pristine conditions at
Nouragues allow studying scatterhoarding under natural circumstances, which is as
closeasonecangettotheconditions underwhichthis plant-animal interactionevolved.
Thirdly, many previous studies on scatterhoarding had been done at this site (Forget
1990, 1991a, 1991b, 1992, 1994, 1996). These provided a sound foundation for my
work.Anextensivedescriptionofthe Nouraguessiteandresearchcarriedouttherecan
befoundinBongersetal. (2001).
All experiments were carriedout inhighmature forest, mostlywithin the ongoing
100ha cartography inwhichtrees beyond 10or 30cm dbh,depending onthe site,have
been measured and mapped (FIGURE 1.2). This forest has tree densities ranging from
468to681stems(>10cm)dbhperha,andafairlyopenunderstorey (Poncyefa/.2001).
550treespeciesfrom 63families have been identified (Belbenoit etal. 2001).Themost
important families are the Caesalpiniaceae, Sapotaceae and Lecythidaceae. The two
sites distinguished inthisthesis differ strongly in soil. The so-called 'Petit Plateau' isa
ca.30ha hilltopatthefoot ofthe inselbergwithshallowsoils ongranitic rock.Theseare
very poor, highly acidic, and poorly drained cambisols-ferralsols. The so-called 'Grand
Plateau' istheshallow slopeof amorethan 5km2plateauwithdeep,clayey, lessacidic
and well-drained ferralsols (Grimaldi and Riera 2001). Plants at the Petit Plateau are
morelikelytosufferdroughtstressthanplantsattheGrandPlateau.
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Photo 1.2 The composed fruits, husks and seeds of the study species, Carapaprocera. The diameter
ofafruit isapproximately 10cm.

1.4 Species
I used several tree species for my experiments. The most important were Carapa
proceraD.C. 1824 (Meliaceae), Vouacapoua americana Aubl. 1775 (Caesalpiniaceae)
and Licania alba(Bernoulli) Cuatrec 1964 (Chrysobalanaceae). These tree species are
amongthe 75 largest at Nouragues, attaining diameters greater than70cm and heights
greater than 40m.All are hard-fruited with large nuts (>15g average fresh seedmass),
that are harvested and buried bytwoscatterhoarding rodents, Redacouchy (Myoprocta
acouchy, Erxleben 1777) and Red-rumped agouti (Dasyprocta leporina,L. 1758), and
attacked by peccaries and various insects. The seeds have epigeal germination,which
meansthattheseedlingemergeswhilethenutremainsburied(Garwood 1996).
Thespeciesdiffer intheirsupra-annualfruitingrhythm:whileV. americana and L
albashow synchronous fruiting once every 2-4 years (mast seeding), C.procerasets
fruit annually. The seeds also differ in their vulnerability to insect predation and in
chemical composition, and in germination speed. While V.americana and C. procera
havesoft-shelled recalcitrant seeds (Connor etal.1998) that germinatewithinfewdays
or weeks after shedding, L. alba has hard-shelled seeds that take a full year to
germinate.
Especially C. procera(PHOTO 1.2) played an important role in my experiments.
The 20-fold variation in seed masswithin this species' population allowed studying the
effect ofseedsizewhile controllingfor otherseedvariables.Thismeansthattheresults

Chapter 1

are not complicated by confounding variables such as seed chemical composition,
physical protection, and perishability that likely affect animal preferences (Hurly and
Robertson 1987),asinthealternativeapproach:acomparativestudywithdifferent-sized
seedspecies. Moreover,thefactthatC. procera seedwasavailableeveryyear,albeitin
greatlyvarying quantities, allowedcomparingdispersal ofasingle seedspecies against
avarying backgroundfood availability.This madeC. procera an idealmodelspeciesfor
myevolutionaryquestions.
The two species of scatterhoarders involved are both cavimorph rodents: the
Red-rumped agouti (Dasyprocta leporina, L. 1758) and the lesser-known Red acouchy
(Myoprocta acouchy, Erxleben 1777) (PHOTO 1.3). Acouchies measure 17-20cm
shoulder height and weigh 1.0-1.5kg, whereas the larger agoutis measure 26-32cm
shoulder height and weigh 4.0-5.9kg (Dubost 1988). Acouchies have far smaller home
ranges than agoutis and are more common at the Nouragues area. Both species are
diurnal with peak activity in the early morning and in the late afternoon. They
scatterhoard a variety of large seeds in a comparable way. Agoutis, and probably
acouchies aswell, strongly dependoncachedseeds duringthe lean dryseason (Henry
1999).Bothspeciesareaffected byforestexploitation;acouchiesaresensitivetohabitat
disturbance (Dubost 1988), while agoutis are subject to intense hunting in areas
accessibletopeople(Ojasti1996).
1.5 Experiments
My core experiment involved the tracking of thousands of individual seeds intime and
space to determine their ultimate position and fate. During five consecutive years, I
placed individually marked seeds in experimental feeding plots and used video
surveillance cameras to monitor how animals removed them. I then searched the
surroundingareatoretrieveseeds,threadmarks protrudingfromthesoilgivingawaythe
hide of cached seeds. Subsequently, Itried to follow the cached seeds until they had
either died or established. Ialso examined whether scatterhoarding brought seeds into
favourable places,awayfromadulttreesandtowardstreefallgaps.
Theresultsenabledmetoevaluatewhetherscatterhoarding rodents indeedwere
effective seed dispersers or simply seed predators (QUESTION 1), and to determine
whether the trees are depending on scatterhoarding for regeneration (QUESTION 2).
Within the seed fate experiments, I varied seed size, while seed abundance varied
between years. This enabled me to test whether larger seeds received a more
favourable treatment than small seeds, and whether more seedlings emerged under
seedabundancethanunderseedscarcity (QUESTION3).
Several supplementary experiments and samplings are not presented in this
thesis,butsomeresultsarebrieflymentioned inthesynthesis.These includeaseriesof
field experiments on the survival of seed caches, in which seeds were experimentally
hidden under different caching strategies. Furthermore, there were experiments on the
effect ofdistance-to-adult andlightavailability onseedandseedlingsurvival,asampling
ofseedandfruit productionbydifferent individualsinthepopulationofthreetreespecies
during several subsequent years, and a comparative study of dispersal syndromes. In
Wageningen, there were two greenhouse studies on the effect on seed mass on
seedlingvigourandtheabilitytorecoverfrominflicteddamage.

Introduction

Photo 1.3 An acouchy, in this case the Green Acouchy (Myoprocta pratti), manipulating afruit before
caching theseed.

Finally, field experiments on the survival of experimental seed caches and on
scatterhoarding of acorns (Quercus robur)by Woodmice (Apodemus sylvaticus) were
carried out at the Veluwe, the Netherlands. These studies will be published at other
occasions.
1.6 Thesisoutline
Themainperspectivethroughoutthisdissertation isthatofthe plantwhose reproductive
outcome depends on seed dispersal by scatterhoarding rodents andseed predation by
anarrayofanimalsincludingthesamerodents.Itwouldalsohavebeenpossibletowrite
this thesis from the perspective of the animal whose scatterhoarding decisions
determine whether iscanstore and maintain enough seed reserves to survive the lean
dryseason.Thechoicefortheplantperspectiveoriginatesfromthe project's proposal.It
implies that the animal behavioural ecology (includingfeeding decisions, optimal cache
spacing,cachemanagementandcacherobbery)arebeyondthescopeofthiswork.The
shadow of animal behavioural ecology, however, is visible throughout the thesis. The
chapters have been written for publication as papers, and can be read independently
from each other. Overlap, especially in the introduction and methods sections, was
thereforeunavoidable.
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I startwithtwointroductoryreviews.Thefirst, CHAPTER2, isageneralreviewaboutseed
dispersal in rainforest ecosystems and on the potential effects of logging on dispersal
success and, ultimately,naturalregeneration. CHAPTER 3 then introduces the
dispersalsystemstudiedinthisthesiswithareviewofseeddispersal byscatterhoarding
animals,andmanyexamplesfrom three nut-bearingtree species inGuianan rainforest.
Thischapter explainswhat scatterhoarding is,whyit isimportantforanimals,andwhyit
isthough to be important for certain plant species, especially for large-seeded trees. It
aims to present a state-of-the-art, identifying the lacunas in present knowledge and
outliningsomehypothesesthat needtobetested.
The remainder of this thesis is devoted to actually answering the three main
questions, andto testing some other plant-centred hypotheses introduced in chapter 3,
using one ofthe threetree species, C.procera, whose seeds aremuchsought after by
scatterhoarding rodents. CHAPTER 4 asks the question of why scatterhoarding rodents
would be interested in hiding these seeds at all. Rapid seed germination characteristic
for C.proceradepletesseedreserveswellbeforetherodentsneed them.
The next three papers present results from the seed fate tracking experiments
thatwerecarried outwith C.procera. All areaboutthe consequences of rodentfeeding
preferences for seed predation, dispersal and, ultimately, seedling establishment.
CHAPTER5isatestofthemajorassumptionunderlyingtheideathat large-seedinesshas
evolvedinresponsetoselectionbyscatterhoardinganimals.Iinvestigatedwhetherlarge
seeds receive amorefavourabletreatment byscatterhoarding rodentsthansmallones.
Videocamerasandthreadmarkswereusedtofollowthefateofseedsthatgreatlyvaried
in seed mass, and determine their dispersal distances and probabilities of seedling
establishment.
CHAPTER 6 is a test of the predator satiation hypothesis of mast seeding, in
particular the idea that massive fruiting overwhelms seed predators so seed survival is
high compared to survival in years of modest fruiting. I compared rates of
scatterhoarding and cache exploitation, and the probabilities of seedling establishment
between three years of low fruiting and two of abundant fruiting. It also tests the
hypothesis emerging from CHAPTER5that seed mass affects dispersal more strongly in
richyearsthaninpooryears.
Thetwo previous chapters tested the idea that the scatterhoarding behaviour of
rodents wouldfavour larger seeds. Reasoning that there must be a seed mass or size
beyond which rodents can no longer carry seeds, CHAPTER 7 tests whether
scatterhoarding acouchies favour some intermediate seed size rather than ever-larger
seeds.
CHAPTER 8 considers the result of dispersal, the spatial pattern of successfully
establishedseedlings.Seedshadowsandseedlingdistributions ofthreenut-bearingtree
species, as introduced in CHAPTER 3, differing in effectiveness of scatterhoarding, are
compared. It isshownthat the poorly dispersed species have less seedling recruitment
near parent trees than expected from random recruitment from the seed shadow, while
the best-dispersed species does not. Contrary tothe expectations, none of the species
ismorecommonnearandinlightgaps.

10

Introduction

Photo 1.4 Typical dense understorey at the Nouragues field station. This is the primary habitat of the
Red acouchy (Myoprcta exilis).

Finally, CHAPTER 9 is a synthesis of the findings, also including some results of
unpublished experiments. I evaluate whether scatterhoarding rodents indeed were
effective seed dispersers or simply seed predators (QUESTION 1), whether nut-bearing
trees depend on scatterhoarding for regeneration (QUESTION 2), and whether
scatterhoarding is more effective for large seeds and under seed abundance (QUESTION
3). Moreover, I put these results into a theoretical perspective, and propose some
alternative explanations. Ialso indicate some directions for future research.

2. Logging,seed dispersal byvertebrates, and
natural regeneration oftropical timber trees

2.1 Introduction
Tropical forestry is increasingly focused on finding systems for sustainable timber
harvesting from natural forests. So-called 'natural regeneration systems' are typically
polycyclic,selective loggingsystemsthat relyonnatural regenerationto producethenext
crop of timber (Gomez-Pompa and Burley 1991). These systems seek to maintain
commercial productivity of loggedforests byminimizing damageto residualtrees andby
conserving the natural regeneration potential of the forest (Grieser Johns 1997).Some,
such as the CELOS silvicultural system (Centrum voor Landbouwkundig Onderzoek in
Suriname;DeGraaf 1986; DeGraaf and Poels 1990; DeGraaf etal.1999),also include
procedures to enhance regrowth of high value species by applying 'liberation' thinnings
andother'intermediate'practices(Putzetal. 2001).
Innaturalregenerationsystemsitisassumedthat regenerationwilloccur naturally
(Grieser Johns 1997), beginning with an acceptable production of seedlings - some of
which eventually become harvestable adult trees. The guidelines to ensure natural
regeneration are usually designed to conserve the soil and seedling pool and to spare
seed sources and pole-sized juveniles of the desirable species (Bruenig 1993). Rarely,
however, do these prescriptions explicitly consider conservation of the basic ecological
processes involved in natural regeneration - such as pollination, seed dispersal, seed
predation, and seedling establishment. Since animals play important roles in these
processes, it is conceivable that impacts of logging onthe nativefauna can directly and
indirectlyinfluencenaturalregenerationandlong-termcommercialproductivity.
Avastnumberofstudieshaveinvestigatedtherolethatseeddispersalplaysinthe
regenerationoftropicaltreesinnaturalforests(Gilbert 1980;Howe1984;Terborgh1986a,
b, 1990; Bawa and Krugman 1991;Janzen and Vazquez-Yanes 1991;Chambers and
MacMahon 1994; Hartshorn 1995; Ter Steege et al. 1996). Seed dispersal promotes
offspring survival by linking seed sources to suitable establishment sites, making this
process a priority for consideration when designing forest management systems.
Sustained productionoftimber requires adequate recruitmentoftimber speciesseedlings
from continuous seed input. Appropriate seed sources, however, are scarcer in logged
forests because many reproductive individuals have been harvested. Management must
plancarefully, therefore,to protect notonlyanadequate numberanddistribution ofseed
trees, but also the dispersal agents critical to moving seeds to suitable establishment
sites.
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This chapter deals with the possible consequences of selective logging and silvicultural
procedures onseed dispersal by vertebrates. Studies that examine how logging actually
influences vertebrate-mediated dispersal do not exist, butthere is abundant literatureon
how logging affects fauna, on processes of seed dispersal and seedling establishment,
andonnaturalregeneration.Wesearchedforpatternsinthisliterature,butthestatements
wemake often lack direct empirical support.After a brief introductiontothefield ofseed
dispersal,wewilladdressfourquestions:
- Howimportantarevertebratesforseeddispersaloftropicaltimberspecies?
- Howmightselectivelogginginfluencevertebrateseeddisperserfauna?
- Howcanchangesinvertebratedisperserfaunainfluenceseeddispersal?
- What may be the ultimate consequences of logging-disperser interactions for the
regenerationoftimberspecies?
Weconcludewithsomerecommendationsforforestmanagementand research.
2.2 Theimportanceofseeddispersal
Seed dispersal - the transport of seeds away from a parent plant - is an important
processintheregenerationofmosthigherplants.Itsevolutionary importance isillustrated
bythemechanismsandstructuresofplantsthatpromoteseeddispersal.Dispersalmodes
can often be recognized by morphological characteristics of fruits and seeds, such as
wingsorpaniclesforwinddispersal,releasemechanismsforexplosivedispersal,sweetor
nutritive fruit pulp for dispersal by frugivorous animals, nutritive nuts for dispersal by
granivorous animals, adhesive structures for dispersal in furs, and airy tissues for
dispersal bywater (Vander Pijl 1982).Plantspecies often have morethanonedispersal
mode.
Seed dispersal is advantageous to plants when it enhances seed survival and
increasesreproductivesuccess,anditmaydosoinvariousways.First,dispersalreduces
the risk of distance- or density-dependent mortality. Janzen (1970) and Connell (1971)
introducedtheideathattropicalforesttreeseedsurvival increaseswithdistancefromthe
parent plant, because their seeds and seedlings suffer disproportional mortality due to
predation and disease where they occur in high concentrations. The presence of stem
canker in juveniles of the bird-dispersed canopy tree Ocoteawhitei(Lauraceae), for
example,ismorelikelytooccurclosetoconspecificadulttrees(Gilbertetal. 1994).
Hammond and Brown (1998) reviewed experiments that test whether seed
predation conforms totheJanzen-Connell model,and concluded that invertebrate attack
generally did, while vertebrate attack generally did not. In a study by Fragoso (1997),
bruchid beetle larvae killed 77%of Maximiliana palm seeds remaining near parenttrees,
butlessthan 1% ofseedsdispersedawayfrom parenttreesbytapirs (Tapirus terrestris).
Speciesthat suffer heavyseed predation by insects arevery common intropicalforests,
and include timber species such as Peltogyne spp., Hymenea courbaril (both
Caesalpiniaceae) and Aspidosperma spp. (Apocynaceae) in Guyana (Ter Steege efal.
1996), Virolanobilis (Myristicaceae) in Panama (Howe ef al. 1985), and Mimusops
bagshawei (Sapotaceae) in Uganda (Chapman and Chapman 1995). Seed dispersal
appearsto beanessential survival mechanism fortreespeciesthat are heavily attacked
byinvertebrateseedpredators.
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Photo2.1Spinyrats(Proechimysspp.)canbeseeddispersersratherthanonlyseedpredators.
Second, seed dispersal theoretically enhances a plant's chance to place seeds in suitable
establishment sites (Hamilton and May 1977). Any increase in the average distance over
which seeds aretransported in random directions results inan exponential increase of the
area over which seeds are distributed, with a larger area likely to include more suitable
establishment sites. Dispersal can also be directional towards suitable sites, for instance,
byRhinodemmys tortoisesthat move between gap areas (Moll and Jansen 1995).At least
some distance-related gain in seed and seedling survival may be attributed to a higher
probability of encountering high light environments where invertebrate attack is likely less
severe andseedling vigor isgreater (Hammond and Brown 1998; Hammond etal.1999).
Third, dispersal may improve germination when it involves passage throughthe gut
of animals (Traveset 1998). The activity of chimpanzees (Pan troglodytes) (Wrangham et
al. 1994) andforest elephants (Loxodonta africana) (Chapman ef al. 1992) has suggested
suchenhancement. Insome cases,gut passage may even beobligate. Seeds from Calvia
major (Sapotaceae), for instance, require passage through the gut of large birds (Temple
1977; Janzen 1983). Other plant species require handling by animals to release seeds
from the fruits, or to get seeds into suitable condition for germination. Seeds of
Chrysophyllum lucentifolium (Sapotaceae), for example, suffer heavy predation by
frugivorous insect larvaewhenthey are not removedfromfruit pulp (P.A. Jansen, personal
observation), while Bertholletia excelsa (Lecythidaceae) needs agoutis to gnaw open the
extremely hard fruit (Peres et al. 1997). Other species need to be buried by
scatterhoarding rodents (Leigh ef al. 1993), such as the Guianan timber species
Vouacapoua americana (Caesalpiniaceae; Forget 1990). Burial by rodents may also be
accompanied withthe inoculation of mycorrhizae (Janos etal.1995).
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Other possible advantages of seed dispersal are colonization, area extension, andgene
flow. Even if plants are ableto regenerate inthe same locality time and again,taxathat
move or extend their populations may do better because they avoid inbreeding andare
betterabletotrack long-termclimaticchanges.Theavoidanceofinteractionswithsiblings
isalsoof possible importance (e.g.,Willson 1992). Forgeneral reviews ofseeddispersal
andtheadvantages it bringsto plants,see Ridley (1930),Vander Pijl(1982), Howeand
Smallwood (1982),Willson (1992), and Venable and Brown (1993). Reviews specific to
animal-mediated seed dispersal include McKey (1975), Janzen (1983), Howe (1986),
Jordano(1992),andStiles(1992).
Theevolutionary importanceofseeddispersalremainspoorlyunderstoodbecause
thefitnessconsequencesofseeddispersalhaverarelybeenmeasured.Indirectevidence,
however, argues for the importance of seed dispersal. One can conclude that dispersal
enhances the chances of seed survival, as well as the probability of suitable site
colonization. Both aspects are of interest to forest managers where timber species are
concerned.
2.3 Vertebratesasdispersersoftropicaltrees
The high species and generic richness of frugivorous (species with more than 50%of
their diet composed offleshyfruits) birds, bats and primates inthethreetropical regions
(e.g., Snow 1981; Fleming etal.1987) illustrates the importance of vertebrates as seed
dispersers in tropical forests. Neotropical examples of seed-dispersing frugivores are
toucans (Howe 1977; Howe and Vande Kerckhove 1981), guans (Howe and Vande
Kerckhove 1981),cotingas (Snow 1982),fruit bats (Fleming and Heithaus 1981; Fleming
1986), howler monkeys (Estrada and Coates-Estrada 1984, Julliot 1996) and spider
monkeys (Van Roosmalen 1985). African examples include hornbills (Whitney ef al.
1998),bulbuls(Graham efal.1995),tauracos (Gautier-Hion efal.1985;Sunefal. 1997),
gorillas (Tutinefal.1991),chimpanzees (Wranghametal.1994),baboons (Liebermanet
al. 1979), and cercopithecine monkeys (Gautier-Hion ef al. 1985). Australian-Asian
examples includehornbills(GrieserJohns 1997),fruit pigeons(Crome 1975;Snow1981),
birds of paradise (Beehler 1983), cassowaries (Stacker and Irvine 1983; Willson ef al.
1989), flying foxes (Fujita and Tuttle 1991; Richards 1995), gibbons (Whitington and
Tresucon 1991),andmacaques(BalasubramanianandBole1993).
Tropical dispersers are also found among other vertebrate groups. Ungulates
implicated inseeddispersal includeAfricanduikers (Gautier-Hion efal.1985;Feer1995)
andelephants (Alexandre 1978;Chapman efal.1992;White efal.1993;ParrenandDe
Graaf 1995; Yumoto ef al. 1995), Neotropical tapirs (Fragroso 1997), Asian rhinoceros
(DinersteinandWemmer1988),anddeer(BalasubramanianandBole1993).Examplesof
seed-dispersing reptiles include tortoises (Rick and Bowman 1961; Moll and Jansen
1995), while seed-dispersing rodents include spiny rats (PHOTO 2.1; Gautier-Hion efal.
1985; Hoch andAdler 1997) and agoutis (Forget 1990; Hallwachs 1993). Even tropical
fishcandisperseseeds(e.g.,Gottsberger 1978;Horn1997).
A large percentage oftropical forest plant species produce fleshy fruits or arillate
seeds, which are associated with seed dispersal by animals (TABLE 2.1; Howe and
Smallwood 1982;Willson efal.1989). Approximately 70%ofwoody plants inwetforests
- and35to70%indryforests- producesuchseeds(Gentry 1982;Willsonefal. 1989).In
the Neotropics, species with fleshy fruits may account for upto 90%of all woody plant
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Table2.1 Proportionsoftreespecies withfleshyfruits indifferent tropicalforests oftheworld (basedon
HoweandSmallwood 1982andWillson etal. 1989)

Foresttype

No.of species
considered

Percentage
fleshy-fruited

America
Ecuador (Rio Palenque)
Costa Rica (LaSelva)
Colombia (AltoYunda)
Costa Rica (La Selva)
Panama (BCI)
Costa Rica (Santa Rosa)
Costa Rica (Guanacaste)

Wet
Wet
Wet
Wet
Moist
Dry
Dry

241
161
133
320
422
198
104

92
91
89
65
81
68
51

Africa
Gabon (Makakou)
Cameroon (Dja)
Ghana (Kade)
Nigeria(Okomu)

Wet
Moist
Moist
Dry

136
372
115
180

71
83
60-78
46-80

Hladik & MiqueM990
Sonke 1998
Hall&Swaine 1981
Jones 1955, 1956*

Asia
Borneo (Mount Kinabalu)

Wet

360a

35-40

Wet

?

>67

Stapf1894*
Raemakersetal.1980
inWillson efal.1989

Wet
Wet
Dry

774
?
?

84
76-100
18-63

Location

Malaysia

Australia
Australia (Queensland)
Australia (Queensland)
Australia (Queensland)

Source

Gentry 1982
Frankieefa/. 1974
Hilty 1980
Hartshorn 1978
Gentry 1982
Gentry 1982
Frankie etal.1974

Willson efal.1989
Willsonefal.1989
Willson efal.1989

a

Includes other plantspecies,notjusttrees
* InHoweandSmallwood 1982

species (Howe and Smallwood 1982). Vertebrates might even disperse species whose
fruitsarenotfleshy,asmanynut-bearingplantspeciesaredispersed bygranivorousbirds
andmammals.
Scientific information on the reproductive biology of tropical timber species is
generally scarce (Hartshorn 1995; Hammond ef al. 1996), and little is known about the
importance of seed dispersal by animals for most ofthese species. Vertebrate-mediated
dispersalisprobablyascommonamongtimberspeciesasamongtreespeciesin general.
In the Guianas, for example, 72% of all 95 timber species are primarily vertebratedispersed (Hammondetal.1996),while74%ofall46timberspecies inBoliviaappearto
beanimaldispersed(P.A.Zuidema,unpublisheddata).
Yet, vertebrate-mediated dispersal is not predominant among the tropical timber
tree species that currently dominate the world market (TABLE 2.2; Putz ef al. 2001).
Roundwoodvolumesofspeciesprimarilydispersedbyvertebratesaccountforonly 18,33
and47%ofthe production from Australia-Asia, America andAfrica, respectively. This is
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duetothefact that thetimber market (andconsequently forest exploitation) isstill focusing
on avery limited subset of all potential timber species (Grieser Johns 2001). In Peninsular
Malaysia, for example, 16%of the 2,500 tree species have commercial potential, but only
1% playsa significant role at the international market (Grieser Johns 1997).The marketed
subset over-represents long-boled emergent species, which are typically wind-dispersed.
Proportions of animal-dispersed species are expected to increase as the market for
lesser-known timber species increases. One example of an area where this diversification
has begun is Fazenda 2 Mil in Brazil, where the CELOS silvicultural system is practiced
and 74% of 46 exploited species are vertebrate-dispersed (De Camino 1998; N.R. De
Graaf, personal communication).
Asia has lower proportions of vertebrate-dispersed timber species than Africa and
the Neotropics. This is because a large proportion of Asian timber species are
Dipterocarpaceae, which are generally known as (poorly) wind-dispersed or self-dispersed
(Ashton 1988). Dipterocarp seeds, however, are often nutritious and commonly harvested
by rodents that store them in spatially-scattered caches (Ashton 1988). Such cached
seeds may be in better environments for germinating and developing than unharvested
seeds (Jansen and Forget 2002). Dispersal of winged pine seeds by seed-hoarding
Tamiassquirrels in Nevada has beenshown to besuperior to wind dispersal (Vander Wall
1994), even though the trees appear morphologically adapted forthe latter. Aspects of the
fruiting strategy of Dipterocarps (large, nutritious seeds, mast fruiting) conform well to
rodent dispersal (cf. Vander Wall 1990).Although rodents do not carry Dipterocarp seeds
very far, and will consume part of their food reserves later, these seedeaters may have a
positive net effect on the survival of Dipterocarp seeds. Animals may thus be important
agentsfor secondary seed dispersal inAsiantimber species.
2.4 Effects of Logging on the Disperser Fauna
Logging operations and silvicultural treatments induce changes in the vertebrate fauna of
a forest, both directly and indirectly. Populations of some species decline, while others
become more common. Changes in the population of frugivorous and granivorous birds
and mammals can be brought about by physical alterations to the habitat, alterations of
food availability, and increased hunting pressure. How each of these mechanisms affect
seed disperser fauna is not clear because it is difficult to distinguish the effects of physical
alterations from those altering food availability. Studies examining these processes are
also not always comparable because they differ in methodologies, length of evaluation
periods, and degree of controlfor edge effects and indirect effects suchas hunting.
Physicalalterations tothehabitat
Physical alterations to the habitat due to logging and silvicultural measures often deviate
from natural levels of disturbance (Chapman and Fimbel 2001). For example, logging
creates new gaps that are usually larger than natural ones (Struhsaker 1997; Putz ef al.
2001).As a result, gap environments increase from 1% to 10-20% at low extraction levels
(Crome ef al. 1992; Johns 1992a;White 1994b), to almost 50% at higher levels (Uhl and
Vieira 1989). Logging usually kills many more trees than those extracted (Grieser Johns
1997).Johns (1988),for example,found that harvesting asfew as 3.3% ofthetrees of dbh
>9.5cm ina Malaysian forest resulted in an overall loss of more than 50%of individuals in
this category. Other physical effects of logging are habitat destruction and fragmentation
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throughaccessroads(TerSteegeetal.1996)andclearings.Consequently, interiorforest
environmentsmaybecomescarceinloggedforests(Struhsaker1997).
Frugivorous and granivorous animals are sensitive to these habitat alterations
(Janzen and Vazquez-Yanes 1991), but vary in the way they respond. Moderate
disturbance can favor certain dispersers, while negatively impacting others (Janzen and
Vazquez-Yanes 1991). Bird diversity strongly declined with logging in French Guyana
(Thiollay 1992),and significant declines in primate populations have beenfound several
years after logging in many forests (Skorupa 1988, cited in Grieser Johns 1997;
Struhsaker 1997). Animals that benefit from the denser undergrowth following habitat
disturbanceincludethetapir inBrazil(Fragoso 1990),duikersinSierra Leone(G.Davies
cited inGrieserJohns 1997),forestelephants inUganda(Struhsaker 1997),opportunistic
frugivorous birds in Indonesia (Lambert 1992; Danielsen and Heegaard 1995), and
rodents (Struhsaker 1997). Some species, such as the red-rumped agouti (Dasyprocta
agouti), seemunaffected(TerSteegeetal.1996).
Alterationoftheavailabilityoffood
Loggingandsilviculturaltreatmentscanalsoaltertheavailabilityoffood.Loggingmaynot
necessarily affect theoverallquantityoffood. Plants remaining after loggingmayusethe
greater resource availability in logged-over forest to increase their production of leaves,
flowersandfruits(Johns1988;cf.Levey1988a,1990;JanzenandVazquez-Yanes1991).
This increased production can buffer the lossoffood plants dueto logging,althoughthe
overallamountoffleshyfruitstilltendstobelowerinloggedforests(Johns 1991b;Grieser
Johns 1997). Many frugivorous mammals and birds are able to partially shift their diets
towardsfolivoryorinsectivoryoradapttheirforagingbehavior.Obligatefrugivoressuchas
spider monkeys, diana monkeys (Cercopithecus diana) and fruit bats, however, may be
scarcerinlogged-overforest(GrieserJohns1997).
Loggingandsilviculturaloperations,however,arelikelytoaffectthequalityoffood
resources,particularlywhencertainspeciesoftreesandclimbersareselectivelyremoved.
Logging can result in a severe decline or even elimination of reproductive individuals of
particular timber species (Lambert 1991; Grieser Johns 1997), especially those that are
rare or that start fruiting above the minimum diameter for logging (Plumptre 1995).The
impactofthisonthefrugivorefaunamight besevere,asmanyspeciesdependonavery
limitedsetoffoodplantspeciesduring periodsoflowfruit availability. Such periodsoccur
in most tropical forests (Hilty 1980; Howe and Smallwood 1982; Leighton and Leighton
1983; Gautier-Hion efal.1985;Sabatier 1985; Heideman 1989;Van Schaik etal.1993;
White1994a).
Some timber species may even be 'keystone' food resources that determine
frugivore population levels (Gilbert 1980; Terborgh and Winter 1980; Foster 1982;
Leightonand Leighton 1983;Howe 1984;Terborgh 1986a;Lambert 1991; Peres2000a).
Harvesting and liberation thinnings mighttheoretically reducethe availability of keystone
foodresourcestoalevelatwhichthedispersercommunity isseverelyaffected.Nostudy,
however, hasconvincingly demonstratedtheexistence ofsuchacascading effect. Some
potential keystone food plants have been recognized among timber species. Examples
are Sterculia pruriens (Sterculiaceae) and Clathrotropis brachypetala (Papilionaceae) in
Guyana(TerSteegeefal.1996),andvarious Ficus species inBolivia(Fredericksenetal.
1999b).
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BOX2.1ANeotropicalseeddisperserassemblageintheSapotaceaetreefamily
Disperser assemblages of tree species may include an array of animal species, even
whenthesetree species appear to be 'adapted'to seed dispersal by particular agents.
For instance, the Guianan Sapotaceae family includes many species with a fruiting
syndromethatappearstobemonkey-directed- large,yellowtoreddishfruitswithsweet,
juicy,odorous pulpandlargeseeds.Infact,spider monkeys (Atelespaniscuspaniscus)
andhowlermonkeys[Alouatta seniculus; PHOTO2.2) arethe main- if notonly primarydispersersofmanyspeciesinthisfamily(VanRoosmalen1982;Julliot1996).
Fruitsandseedsthat drop belowthe parenttree becausethe monkeys neglect orspoil
them, however, are often eaten by an array offrugivorous andgranivorous vertebrates
that mayactaseffective secondarydispersers.Whilefeeding onfruit pulp belowparent
trees of a smaller-seeded genus such as Manilkara, large frugivorous birds, such as
trumpeters (Psophia crepitans), mayalso ingest anddisperse seeds. Inaddition,many
other animals are secondary dispersers for the Sapotaceae family, such as coatis
(Nasuanasua),tayras {Bra barbara), tapirs (Tapirus terrestris), and reptiles such as
tortoises(Geochelone denticulata) (P.A.Jansen,personalobservation).
Secondary dispersal is also provided by agoutis (Dasyprocta agouti) and acouchis
(Myoproctaacouchi), whichharvestseedslargerthan1g(approximately)fromtheforest
floor and burythem one byone inshallow, widely spaced caches (Forget 1990, 1993;
Hallwachs 1993;P.A. Jansen,unpublisheddata).Mostoftheseseedsarerelocatedand
eaten (i.e.,killed), but those that escape predation may be in a very good position to
establish.
Finally, most of the seeds that are ingested by monkeys pass the digestive tracts of
these animals unharmed and are defecated in small clumps. An array of dung beetle
species transport and bury these seeds while harvesting dung (Feer 1999). Tortoises
ingestseedswhileeatingdung(P.A.Jansen,personalobservation),androdentsharvest
seedsfromdungpilesandburythem(Janzen1982a;Hallwachs 1993;F. FeerandP.M.
Forget,personalcommunication),providing(mostlyshort-distance)secondarydispersal.
Mostpotential keystonefoodplants,however, havenodirectcommercialvalue- suchas
the following trees: Casearia corymbosa (Flacourtiaceae) in Costa Rica (Howe 1977),
Musanga cecropioides (Cecropiaceae) in Guinea (Yamakoshi 1998),and Myristicacaeae
and Meliaceae inBorneo (Leighton andLeighton 1983).Theyalso include palms inPeru
(Terborgh 1986b),theGuyanas (Ter Steegeetal.1996),andGuinea (Yamakoshi 1998);
figs inCosta Rica (Wheelwright efal.1984), Peru (Terborgh 1986a), Malaysia (Lambert
and Marshall 1991), Borneo (Leighton and Leighton 1983; Lambert and Marshall1991;
Harrison 2000), and Colombia (D. Rumiz, personal communication), but not in Africa
(Gautier-Hion and Michaloud 1989); and lianas (e.g., Anonaceae in Asia; Leighton and
Leighton 1983). Ironically, manyofthese keystone plantsarecategorized as 'undesirable
species' in silvicultural systems, and are commonly suppressed. Figs in Borneo (and
probablyelsewhere),forexample,aregreatlyaffectedbyloggingbecausetheyoftengrow
ontreesofcommercialsizeandvalue(LeightonandLeighton1983).
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Increasedhuntingandliveanimalcapture
Increased hunting and live animal capture, eitherfor subsistence or commerce, are often a
consequence of making forests accessible for logging operations. Regulation of hunting
during and after logging is not commonly practiced. Hunting in tropical forests is wellstudied (Redford 1992; Rumiz ef a/. 2001;Bennet and Gumal 2001;Wilkie ef al. 2001),
and harvest data (Ayres et al. 1990; Vickers 1990; Fa ef al. 1995; Fitzgibbon ef al. 1995;
Peres 2000b) indicate that large mammals and birds (primates, ungulates, large rodents,
large bats, hornbills, toucans, cracids) are commonly taken. These are the animals that
accountfor most ofthe seed-disperser biomass, aswell asthe biomass of handled seeds.
Large-bodied frugivores are particularly susceptible to hunting (Chapman and Chapman
1995; Plumptre and Grieser Johns 2001; Davies ef al. 2001). Unregulated hunting may
cause drastic declines in the population sizes - notably of primates and large mammals
(Fragroso 1990; Glanz 1990; Mittermeier 1990; Raez-Luna 1995) and large birds
(Robinson ef al. 1990; Silva and Strahl 1990) - and is therefore a severe threat to
disperserfauna.
2.5 Consequences of logging for seed dispersal
Vertebrate-dispersed plants are more susceptible to dispersal failure than wind-dispersed
plants (Willson 1992). This raises a question. How great is the risk that changes in the
disperser fauna after logging will lead to reduced dispersal success or outright dispersal
failure? Dispersal success, or 'effectiveness', is the product-sum of the quantity of seeds
and the quality of dispersal. Dispersal quantity- the number of seeds that are dispersed depends on the abundance of dispensers and the number of seeds each disperser takes.
Dispersal quality reflects the probability that a given seed will produce a new adult, as a
function of seed treatment and seed deposition. Low-quality dispersers kill seeds, or
deposit seeds in unsuitable conditions, while high-quality dispersers enhance seed
germination and/or deposit seeds infavorable environments (Schupp 1993).
Quantitiesofseeds dispersed
Quantities ofseeds dispersed seem to be buffered against loss of dispersers by 'disperser
redundancy' in most vertebrate-dispersed species. Tropical plants are typically dispersed
by a variety of animal species that belong to different taxonomic groups (BOX 2.1). Their
disperser assemblages are usually 'loose' and highly variable in space and time (Howe
1983;Jordano 1993, 1994; Fuentes 1995).Weak interactions between animals and plants
are characteristic of species-rich tropical systems (Jordano 1987). It is likely, therefore,
that reduced seed dispersal by one species can be compensated for by increased
dispersal byotherspecies (Janzen andVazquez-Yanes 1991).
'Substitution' of one disperser species by another is possible and likely because
dietary overlap between vertebrate dispersers is often great - even between different
taxonomic groups (Janzen andVazquez-Yanes 1991). On islands inthe South Pacific, for
instance, frugivorous pteropid bats are the most important dispersers of many plant
species. In fact, these bats substitute for the large frugivorous birds that have been
eliminated in recent historical time (Cox ef al. 1991; Rainey ef al.1995). Inthe Neotropics,
Janzen and Martin (1982) argue that certain plant species have persisted after the
extinction of their original megafauna dispersers some 10,000 years ago, and Hallwachs
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Photo 2.2 Red howler monkeys {Alouattaseniculus)are important dispersers for many plant
species,includingatleast86treespeciesintheNouraguesrainforestreserveinFrenchGuiana.
(1993) states that agoutis (Dasyprocta punctata) substitute for the long-extinct dispersers
of the timber tree Hymenaea courbaril. Janzen and Vazquez-Yanes (1991) propose that
free-ranging cattle and horses also substitute for the original ungulate dispersers of the
CentralAmericantree Crescentia alata (Bignonaceae).
Plants having one or very few disperser species are at risk of dispersal failure, and
certain animals might be keystone dispersers for these plants (Futuyma 1973; Howe
1977; Gilbert 1980). Species with few dispersers, however, appear to be uncommon.
Well-known examples include the timber species Cola lizae (Sterculiaceae) in Gabon,
where the only known disperser is the lowland gorilla (Gorilla gorilla gorilla; Tutin ef al.
1991), and Hymenaea courbaril (Caesalpiniaceae) in Costa Rica that is principally
dispersed by agoutis (Hallwachs 1993; Asquith ef al. 1999). Bond (1995), in his
investigation of plantextinction dueto pollinator or disperserfailure,found noclear case of
plant extinction as a result of the loss of its dispersers. One possible example, however, is
the regeneration failure of the tree Calvaria major as a result of the absence of obligatory
seed processing by its historical disperser, the dodo (Raphus cucullatus; Temple 1977).
While there is redundancy in vertebrate-mediated dispersal in most plants, this
does not imply that dispersal processes are not sensitive to logging. Large-seeded tree
species may depend on disperser species that are particularly susceptible to logging and
associated hunting practices. Moreover, the loss of anygiven disperser species may affect
a range of plant species. Hornbills, for example, disperse Guarea sp., Celtis mildbraedii,
Maesopsis eminii, Canarium schweinfurtii and at least 30 other tree species that are
exploited for timber (Whitney et al. 1998). Red howler monkeys disperse at least 86
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speciesofplantsinforestsofFrenchGuiana (PHOTO2.2;Julliot 1996).Manyplantspecies
on islands inthe South Pacific risk losingtheir principal dispensers because flying foxes
are an endangered group (Cox et al. 1991; Fujita and Turtle 1991). The redundancy
capacity of vertebrate-mediated dispersers in logged forests remains largely unknown,
however, as no studies have compared relative quantities of seeds dispersed between
loggedandunloggedforests(butseeGuarigataetal. 2000).
Thequalityofdispersal
Thequality ofdispersal mayalsobeaffected bychanges inthedisperserfauna because
disperserspeciesdiffer inthewaytheytreatanddepositseeds(Levey 1986;Loiselleand
Blake 1999). Passagethrough the digestive tract of onespecies might cuegermination,
while passage in another species might kill the majority of seeds (Traveset 1998).One
disperser might carryseedsfurther anddeposit seeds in morefavorable conditions than
another (Schupp 1993). Of the many animals that forage infruiting trees, very few may
actuallybegooddispersers(Howe1977).
Any change in the disperser assemblage is likely to influence dispersal quality,
even if the total quantity of seeds dispersed remains constant (Janzen and VazquezYanes 1991). Many species that are vulnerable to logging are considered high-quality
dispersers,eventhoughtheir dispersalqualities havenotactually beenmeasured.Thisis
particularly truefor large animals, asthey are capable oftransporting seedsfurther than
most small animals. Lower dispersal quality leads to fewer seeds surviving disperser
handling, fewer seeds leaving the vicinity of the parent tree, and more seeds being
depositedinclumpsratherthanbeingscattered(Howe1989).
We can conclude that changes of the vertebrate disperser fauna due to logging
maybeatthecostofbothquantityandqualityofseeddispersal.Theriskofpoordispersal
holds particularly truefor species commonly dispersed by highly frugivorous vertebrates
andlargemammals.Suchspecies commonlyarerelatively large-seeded. Inthefollowing
section, we attempt to evaluate the consequences of poorer dispersal for the natural
regenerationofthese'risk-species'.
2.6 Possibleconsequencesofpoordispersalfornatural regeneration
Several researchers have claimedthat it is criticalfor the preservation of naturaltropical
forests to maintain the animals that facilitate seed dispersal (e.g., Howe 1984; Pannell
1989; Chapman ef al. 1992). Poor dispersal should lead to decreased seedling
recruitment because fewer seeds reach suitable sites. Those that do still may suffer
distance-anddensity-dependent mortality.Thiswouldthreatenthe long-term persistence
of tree species that are unable to recruit under conspecific adults (Chapman and
Chapman 1995).Whileloggingcanreducethequantityandqualityofseeddispersal(see
above), changes in microenvironment after logging may offset lower dispersal rates
through enhanced germination andsurvivability of seeds (Oliver and Larson 1990).This
raisesthequestionofwhetherenhancedseedandseedlingsurvivalinlogged-overforests
counterbalancespoordispersalofriskspecies?
Logged-over forest often has higher individual seed and early seedling survival
becausemoregapenvironmentsareavailable. Riskspeciestendto belarge-seededand
shade-tolerant,andthesedowellingapedgesandsmallgaps(butnotinthecoreareaof
largegaps) (Kasenene and Murphy 1991; Hammond and Brown 1995;ZagtandWerger
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Photo 2.3 Roads constructed for timber extraction also provide access for commercial hunting,
affectingespeciallytheimportantvertebrateseeddispersers.
1998). Their poor performance in gap centers may be linked to their vulnerability to high
temperatures and water stress (Whitmore 1991; Brown and Whitmore 1992; Hammond
and Brown 1998). Reduced dispersal in logged forests may be counterbalanced if low
impact logging measures are applied (Mason and Putz 2001; Laurance 2001) - as
minimum disturbance to forest structure helpsto create small gap sizesthat are of benefit
to many risk species (Veenendaal ef al. 1996; Van der Meer et al. 1998). Seed and
seedling mortality dueto biotic sources may also be lower in logged-over forest. The drier
conditions under increased canopy openness tend to reduce fungal attack on seedlings.
Greater light availability also enhances the growth of seedlings, making them less
susceptible to diseases and predation than seedlings in understory conditions (Hammond
and Brown 1998; Hammond efal.1999).
How logging affects levels of post-dispersal seed predation is not well known
(Janzen and Vazquez-Yanes 1991). Rodents tend to become more common in loggedoverforest, andthe dense vegetation may also attract browsers (e.g., deer and elephants)
that hamper recruitment (Struhsaker 1996). Asquith efal.(1997)foundthat the removal of
larger mammals resulted in increased seed predation and seedling hervibory by rats on
small islands.
Notwithstanding, it is not clear what the net effect of logging is on seedling
recruitment (Guarigata and Pinard 1998). So far, there is no conclusive evidence of the
long-term sustainability of existing tropical natural regeneration systems (Whitmore 1990;
Grieser Johns 1997; N.R. de Graaf, personal communication). Not only mayforest growth
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be over-estimated (Bossel and Krieger 1991; Grieser Johns 1997), but it is also uncertain
whether natural regeneration and the recruitment of timber species is sufficient
(Frederickson and Mostacedo 2000). Stimulating the survival and growth of 'potential crop
trees' does not always increase short-term timber production (De Graaf ef al. 1999), nor
does it contribute to the population growth required for long-term production. While
seedling recruitment seems to be the bottleneck, little is known about the reproductive
ecologyand establishment requirements of mosttimber species (Bongers 1998).
Whichever way one looks at it, logging appears to give timber species a
comparative disadvantage due to the harvesting of seed sources (and the vulnerability of
some of their dispersal systems), which may result in low rates of seedling recruitment
relative to nontimber species (Bongers 1998). These disadvantages can be mitigated by
offering juveniles a selective advantage through silvicultural measures (refinement and
liberation), but these measures are expensive and might negatively affect food availability
for the disperser community.
Given our current knowledge, guidelines to ensure recruitment are limited. Sparing
the reproductive individuals of timber trees and protecting soils are essential requirements
for providing available seed material and establishment sites, but do not guarantee
recruitment. Trees may produce increased seed yields through higher availability of
resources (light, nutrients) and less intense predispersal seed predation - but only if they
survive habitat alteration due to logging and if there is sufficient pollination (Janzen and
Vazquez-Yanes 1991). Seeds of timber species, therefore, should be viewed as an
invaluable resource.Any measures that promote seed dispersal may contribute to a better
useofthisresource byenhancing netseedsurvival,andwillbe inmanagement's interest.
2.7 Conserving seed dispersal processes in logged forest
Managementoptions
The availability of vertebrate dispersers ina logged-over forest depends on the availability
of critical food resources, suitability of the habitat, and the hunting pressure. Forest
management guidelines to foster seed dispersers should therefore be aimed at ensuring
the year-round availability of thefood resources required by dispersers, minimizing habitat
alteration, and restricting the hunting of known dispersers. These approaches are being
tested and evaluated at a number of sites inthe tropics (Grieser Johns 2001; Fimbel eral.
2001; Donovan 2001) - including Fazenda 2 Mil, Manaus Brazil,where an extended form
ofthe CELOS silvicultural system isbeingapplied (De Graaf 1986; DeCamino 1998).
Protectingfoodavailability
Protecting the most important food plants - especially potential keystone food plants during all silvicultural operations can probably ensure food availability most effectively for
seed dispersers. One way to minimize the reduction of overall food availability to
dispersers isreduced-impact logging (Mason and Putz 2001; Laurance 2001).At Fazenda
2 Mil in Brazil, a 100% inventory of harvestable trees (and some other woody plants)
precedes every harvesting operation.Thefunction oftrees andotherwoody plants asfood
resources (and seed sources) aretaken into account when planning harvesting,liberation,
or refinement. Students conducted a literature and field survey to identify which food
plants are locally important for monkeys (N.R. De Graaf, personal communication). The
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goal of these efforts is to use careful planning to avoid endangering the food supply of
seeddispersers.
Minimizinghabitatalteration
Habitat alteration due to logging is unavoidable. It can, however, be limited by reducedimpact logging procedures (Hendrison 1990; Mason and Putz 2001; Laurance 2001).
Setting aside reserve areas canfurther mitigate the effects onfauna and corridors that are
left undisturbed (Marcot ef a/. 2001). Specific requirements of particular dispersers, if
known, can also be incorporated into management planning. At Fazenda 2 Mil, careful
planning and preparation of felling (including vine cutting and directional felling) and
skidding are standard procedures designed to minimize damage and habitat alteration.
The concession area also includes 10% of its area in reserves (N.R. De Graaf, personal
communication).
Controllinghunting
Hunting seed dispersers should be avoided or at least not exceed the sustainable harvest
(e.g., Robinson and Redford 1991). To achieve this, effective regulation is indispensable.
At the Fazenda 2 Mil concession, hunting and gathering animals that disperse seeds is
strictlyforbidden. Employees (many ofwhom are hunters) are informed about the reasons,
and the company sees to it that alternatives for wild meat are available (N.R. De Graaf,
personal communication).
Applying these criteria requires a basic knowledge about the reproductive ecology
oftimber tree species, including an understanding of which vertebrates are important seed
dispersers. Habitat and food requirements (or at least which plants are their most
important food resources) of these animals must also be known. For most forest areas,
such information still needs to be collected. Because the same plant species may have
different dispersers in different forests, and the same animals may have different sets of
importantfood species, itwould besafest to have such information atthe management (or
concession) level.
Researchpriorities
Very little is known about how silvicultural procedures influence seed dispersal and
seedling recruitment. Understanding where and how logging influences dispenser fauna and at what point natural regeneration might be jeopardized due to negative
environmental impacts on these animals - is basically a 'trial and error' matter (Janzen
and Vazquez-Yanes 1991). To address this paucity of information it is recommended that
researchfocus on several areas. First,there is a needfor research that actually measures
thefitness consequences ofseed dispersal.Such astudy could,for instance, compare the
fates ofentire cohorts ofseeds inareas withandwithout disperser(s).
Second, there is a clear need forfield studies of how silvicultural procedures affect
habitat suitability and year-round availability offood for seed dispersers. The identification
of keystonefood plantsfor dispersers would be indispensable. This information istestable
by comparing frugivore population levels between large forest patches (from which only
keystone foods are experimentally removed), untreated forest patches, andforest patches
with random experimental removal of food plants up to a comparable level of reduction
(Fimbelefa/. 2001).
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Third, we need to know how changes in disperser fauna influence the effectiveness of
seed dispersal. Seed/seedling distribution patterns, and seed/seedling survival rates
between forest patches with and without (or with fewer) individual dispersers could be
compared.Comparablelocationswithdifferent levelsofhuntingmightbesuitablesitesfor
such studies. Quantifying dispersal effectiveness of different species, determining what
proportions and absolute quantities of seed removed by different species are influenced
by the relative abundance of these species, and evaluating the effects of changes in
disperser fauna on dispersal effectiveness by modeling are other approaches needing
evaluation.Withsuchstudies,wecouldalsotrytoanswerthequestionsraisedbySchupp
(1993):Arethere dispersers that maximize boththe quantity and quality of dispersal? Is
quantity or quality more important for effective dispersal? How variable is the dispersal
qualityofadisperserfordifferentplantspecies?
Fourth, we still need to know much more about how silvicultural procedures
influencetheavailability of recruitmentsites- especiallyfortimber species.Wemustfirst
collect basic information on the reproductive ecology and establishment requirements of
these species and others of commercial, ecological, and social importance. More
theoreticalandempiricalstudiesarealsoneededonhowtheenvironmentinfluencesplant
survivalandgrowthinordertodeterminewhat levelsofseedlingstockingarerequiredfor
reachingthesustainedyieldsoftimberthatarecommonlyenvisioned.
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Table2.2 Roleofvertebrates inseeddispersalofthemost importanttimberspeciesforthreetropical
regions intermsof volumes exported by ITTO-membercountries during 1994-1996.
Species

Volume(103m 3 ) a

America
Cedrelaspp.(Meliaceae)
Swieteniaspp. (Meliaceae)
Hymenaeacourbaril(Leguminosae)
Tabebuiaspp. (Bignonaceae)
Araucaria angustifolia (Araucariaceae)
Diniziaexcelsa (Leguminosae)
Catostemmacommune (Bombacaceae)
Ocoteaspp.(Lauraceae)
Virolaspp. (Myristicaeae)
Bagassa guianensis (Moraceae)
Brosimumutile (Moraceae)
Carapa guianensis (Meliaceae)
Ochromalagopus (Bombacaceae)
Amburanaspp. (Leguminosae)
Trattinickiaspp. (Burseraceae)
Peltogyne pubescens (Leguminosae)
Platymiscium pinnatum (Leguminosae)
Vochysiaspp. (Vochysiaceae)
Bowdichia nitida (Leguminosae)
Eperuafalcata(Leguminosae)
Moraexcelsa (Leguminosae)
Cordiagoeldiana (Boraginaceae)
Aspidospermaspp. (Apocynaceae)
Pouteriaspp. (Sapotaceae)
Hyeronimaspp. (Euphorbiaceae)
Goupiaglabra (Goupiaceae)
Humiriabalsamifera(Humiriaceae)

1,767.1
1,217.5
926.3
502.9
240.0
171.4
164.0
119.8
107.7
82.9
75.7
71.7
64.0
58.3
28.0
25.4
22.9
16.0
11.4
6.9
6.4
5.7
3.4
2.9
2.0
0.3
0.1

Other species
Total

4,171.4
9,872.0

Roleofanimals

S
P

P

s
p
p
p
p
p
p

s
s
p
p

s
p

s
p

p
p
p
p

Percentageofvolume
Primarydispersalby animals
Only(potential) secondarydispersal by animals
Nodispersalbyanimals

33
23
42

Percentageofgenera
Primarydispersalbyanimals
Only(potential) secondarydispersal by animals
Nodispersal byanimals

59
11
26

Roundwood equivalents, calculatedwith 50%conversion efficiencyfor plywood and veneer,
and35%conversion efficiencyforsawnwood.
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Table2.2 Continued
Species
Africa
Aucoumea klaineana (Burseraceae)
Guibourtia arnoldiana(Leguminosae)
Triplochitonspp. (Sterculiaceae)
Mitragyna ciliata (Rubiaceae)
Entandophragmaspp.(Meliaceae)
Tieghemeliaspp. (Sapotaceae)
Dacryodesspp. (Burseraceae)
Ceibapentandra (Bombacaceae)
Chlorophora excelsa (Moraceae)
Khayaspp. (Meliaceae)
Baillonellatoxisperma (Sapotaceae)
Terminate spp. (Combretaceae)
Lophiraalata (Ochnacaeae)
Antiaris africana (Moraceae)
Pycnanthus angolensis (Myristicaceae)
Aningeriaspp. (Sapotaceae)
Erythropleum ivorense (Leguminosae)
Pterygota macrocarpa (Sterculiaceae)
Herietiautilis(Sterculiaceae)
Naucleadiderrichii (Rubiaceae)
Distemonanthus benthamianus (Leguminosae)
Piptadeniastrumafricanum (Leguminosae)
Afzeliaspp. (Leguminosae)
Gossweilerodendron balsamiferum(Legumosae)
Lovoatrichilioides (Meliaceae)
Pericopsis elata (Leguminosae)
Canariumschweinfurthii (Burseraceae)
Pterocarpus soyauxii (Leguminosae)
Distemonanthusspp. (Leguminosae)
Guarea cedrata (Meliaceae)
Otherspecies
Total

27

Volume (10 3 m 3 ) a

Roleofanimals b

6,620.8
3,087.2
2,936.8
2,167.2
2,050.8
1,314.3
1,255.0
1,201.7
1,181.1
805.9
789.1
759.1
483.2
435.8
302.5
227.8
153.0
131.8
111.8
97.5
94.1
87.8
68.2
60.6
54.9
49.7
49.5
46.1
42.0
38.8

P
S

P
P
S
P

s
p

s
s
p
p
p
p

s
s
p

-

s
p

s
s
s
p

p

567.1
27,271.2

Percentageofvolume
Primarydispersal byanimals
Only(potential) secondarydispersal byanimals
Nodispersal byanimals

47
26
27

Percentageofgenera
Primarydispersal byanimals
Only(potential) secondarydispersal byanimals
Nodispersal byanimals

43
37
20

Dispersal modes;-=nodispersal byvertebrates, P=primary dispersal byvertebrates, and
S =only(potential) secondarydispersal byvertebrates.
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Table2.2 Continued
Species

Volume (10 3 m 3 ) a

Asia
Shoreaspp. (Dipterocarpaceae)
Dipterocarpusspp. (Dipterocarpaceae)
Dryobalanopsspp. (Dipterocarpaceae)
Anisopteraspp. (Dipterocarpaceae)
Homaliumfoetidum (Samydaceae)
Koompassiaspp. (Leguminosae)
Tectona grandis (Verbenaceae)
Calophyllumspp. (Guttiferae)
Dactylocladus stenostachys (Crypteroniaceae)
Intsiaspp. (Leguminosae)
Pouteriaspp. (Sapotaceae)
Parashoreaspp. (Dipterocarpaceae)
Copaifera palustris (Leguminosae)
Syzygiumspp. (Myristicaceae)
Terminaliaspp.(Combretaceae)
Celtisspp.(Ulmaceae)
Palaquiumspp. (Sapotaceae)
Buchananiaspp. (Anacardiaceae)
Canariumspp. (Burseraceae)
Calophyllumspp. (Guttiferae)
Gonystrylus bancanus (Thymelaeaceae)
Pterocymbium beccarii (Sterculiaceae)
Heritiera simplicifolia (Sterculiaceae)
Dilleniaspp.(Dilleniaceae)
Pometiapinnata (Sapindaceae)
Hopeaspp. (Dipterocarpaceae)
Xyliaxylocarpa (Leguminosae)
Mastisciodendronspp. (Rubiaceae)
Agathisspp. (Araucariaceae)
Dyeracostulata (Apocynaceae)

14,559.5
4,531.1
3,511.9
1,966.6
863.0
815.9
698.0
674.0
594.8
573.4
504.0
439.1
388.6
358.4
332.3
310.9
302.4
277.4
244.3
234.4
231.3
213.9
208.9
200.9
196.7
182.7
179.5
172.0
171.4
170.0

Other species
Total

14,802.1
48,909.2

Roleofanimalsb

S
S
S
S

P

P
P
P
P
P
P
P
P
P
P
P
P
P

S
P
P

s
?

p
S

-

Percentageofvolume
Primarydispersal by animals
Only(potential)secondarydispersal byanimals
Nodispersal byanimals

18
74
8

Percentageofgenera
Primarydispersal byanimals
Only(potential) secondarydispersal by animals
Nodispersal byanimals

57
23
17

Principalsources:VanRoosmalen 1985,andHammondetal.1996forAmerica;HallandSwaine
1981, and Hawthorne 1985forAfrica;Soerianegara andLemmens 1993,Lemmensera/. 1995,
andSosef efal.1998forAsia.

3. Scatterhoarding rodents and tree regeneration
inFrenchGuiana

3.1. Introduction
Treeseedsthatdropdowntotherainforestfloor,eithernakedorembeddedinfruitpulp,
oftendisappearafterawhile.Manyauthors refertothis phenomenonasseedpredation,
implicitly assuming that the seed is destroyed by seedeaters such as rodents or
ungulates (Forget etal.1998). However, not all seed removal is by seedeaters. Many
speciesofanimals removeseedswhilefeedingonwhat isaroundseeds ratherthanon
the seeds themselves. Terrestrial birds, mammals and reptiles ingest seeds while
feeding on fallen fruit (e.g., Fragoso 1997; Erard and Sabatier 1988), tortoises ingest
seeds while feeding on dung of frugivorous mammals (B. Josseaume, personal
communication), and dung beetles take and bury seeds with dung (Shephard and
Chapman 1998; Feer 1999). All these animals may bring viable seeds into favourable
conditions.
Removaleven byseedeaters neednot bedetrimentaltoseeds.Somespeciesof
mammals and birds store important amounts of seed for later use in periods of food
scarcity by creating numerous spatially scattered caches with few seeds each, a
behaviour called'scatterhoarding' (Morris 1962).Severalanimals hoardseeds byhiding
theminshallowcachesinthesoil. Ifsuchseeds,forwhatever reason,happentoescape
consumption bythe hoarder,theymaybeinagoodpositiontogerminate andestablish.
Thus, even seedeaters may function as seed dispersers that enhance seed survival,
ratherthansimplybeingdetrimental.
Thischapter considersthe roleofscatterhoarding animals intree regeneration in
the Guianan rain forest. In this region, two important scatterhoarding animals are the
Redacouchy, Myoprocta exilis(Wagler 1831),andthe Red-rumped agouti, Dasyprocta
leporina(L 1758) (Dubost 1988), both caviomorph rodents. It has been hypothesised
that these rodents and their food plants are mutually dependent; the rodents would not
survive periods offood shortage without thefood provided by the trees, while the tree
species would not survive without the rodents dispersing their seed (Smythe 1978).
Whetherthe rodents are indeedobligate mutualistsfor certain species oftrees is highly
relevant for sustained management offorest ecosystems, since interdependence could
necessitateprotectionofanimalpopulations.
Assumingthat rodents bringseedstosafer sites,thefact remainsthattheydoso
in order to eat the seeds later. This paradox of seed predators functioning as seed
dispersers hasbeenthe basisofmuchresearch inFrenchGuiana.Ouraim isto review
evidenceofscatterhoardingrodentsbeingfavourabletoseeds,andtoidentify lacunasin
the existing knowledge. First, we will discuss the question of how important scatter-
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hoarding rodents actually are in terms of quantities of seeds removed and scatterhoarded, and what dispersal patterns they create. Secondly, we consider scatterhoardingfromtheviewpoint ofthe rodents onthe one hand andthetrees onthe other.
Toevaluatewhetherthe interaction between rodents andtrees ismutualistic,wewilltry
estimating the net contribution of scatterhoarding to regeneration by subtracting the
costs of scatterhoarding. Finally, we briefly discuss some evolutionary aspects of the
interactionbetweentreesandrodentsandpointoutsomedirectionsforfurtherresearch.
3.2 Patternsofseed removalanddispersal
Sabatier (1983) and Forget (1990) showed that the large seeds of the canopy tree
Vouacapoua americana (Caesalpiniaceae), a species that had often been assigned to
the 'unassisted dispersal' group, were removed by rodents once they had beenshed.
Later, similar results werefound inother tree and liana species that produce fruits with
largeedible seeds but noediblefruit pulp,such as Carapa procera (Meliaceae) (Forget
1996),Astrocaryumparamaca (Palmae) (Forget 1991) andL alba(Chrysobalanaceae)
(personal observation). Rodents also appeared to remove a great variety of other seed
species,amongwhich large seeds of bird-andmonkey-dispersed species, suchasthe
Myristicaceae (Forget and Milleron 1991) and Sapotaceae (Forget ef a/. 2001), as well
as large seeds of bat-dispersed species, such as the Lecythidaceae and Fabaceae
(Forget 1992,1993;personalobservation).
Seed removal by acouchies and agoutis is also important in terms of numbers.
Jansen and co-workers (unpublished data) laid out more than 100 batches of 10-50
large seeds andvideo-recorded animal activity during thefollowing day(s). In nearly all
cases, scatterhoarding rodents were the first seedeaters seen at the plots. Acouchies
accounted for almost 90% of cases of discovery, agoutis for less than 10%. Other
important seedeaters, especially in terms of seed quantities removed at a time, were
collaredpeccaris(Tayassu tajacu) andwhite-lipped peccaris(T. pecan"). Thesewildpigs
eat seeds onthe spot, crushing and killing all seeds butthe minute (Feer ef a/.2001).
Other seedeaters, such as spiny rats (Proechimys cuvieri and P. guianensis)and
Guianan squirrels {Sciurus aestuans) rarely removed seeds. The former both
scatterhoard (Forget 1991;Hoch and Adler 1997;Adler and Kestell 1998) and larderhoard seed (Guillotin 1982), while the latter scatterhoard seed in trees (personal
observation).
Removal experiments and video recordings have shown that acouchies and
agoutis eat few of the seeds in situ. Forget (1996) found that the percentage of C.
proceraseeds in experimental batches consumed in situ was approximately 10-20%,
and decreased during the season. Removal rates of seed species also differ between
years, depending on the absolute and relative seed availability and the relative food
value of seeds (Smallwood and Peters 1986). In lean years, all consumable seed
species are removed quickly, with strong competition for seeds between acouchies,
agoutisandpeccaries.Inyearsofhighproduction,theanimals concentrate onpreferred
species (e.g., FIGURE3.1). In1996,for instance,removalofC. procera seeds didnotset
off until production of the preferred species Licania alba had ceased completely
(unpublished data). Then, the animals became interested in taking even old and
germinatedseedsofC. procera.
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Figure3.1 Removalofthreescatterhoarded seedspecies. 50seeds perspecieswere placedat
theforest floor along atransect with 2m inter-spacing, and 6m between conspecific seeds (n=
50).Nouragues,May 1996,P.A. JansenandA.Siepel,unpublisheddata.

Forget (1990) laid out thread-marked V. americana seeds, and searched for them after
their disappearance. He discovered that agreat proportion (70%) was scatter-hoarded in
the direct surroundings, threadmarks protruding from the soil enabling relocation of the
buried seeds. Further experiments with threadmarks and video cameras showed that the
great majority of all seed species taken by acouchies or agoutis are scatterhoarded.
Both species typically cache seeds individually, scattered throughout the forest
surrounding aseed tree,at distances ranging from 0.5 upto 125m (Carapa seed cached
by an acouchy in 1999). Seeds are buried at depths from zero to 6 cm below the soil
surface and are always covered with leaves. Caches are often near or inobjects such as
palm cones, tree logs and trunks (Smythe 1978; Forget 1990; Vander Wall 1990), and
tangles of branches and lianas (personal observation). FIGURE 3.2 shows atypical layout
of caches of Licania alba seed after one week of video-recorded seed removal by an
acouchy from an artificial feeding plot. The missing seeds may have been stored beyond
the 50m search radius.

3.3 The animal perspective
Hoarded seeds seem to play a vital role in the life cycle of acouchies and agoutis. Most
hoarding is done during the wet season, when the majority of tree species fruit; i.e.
February to April and especially May to June in French Guiana (Forget 1996). The
exploitation of hoarded seeds especially occurs during the period of seed scarcity that
follows. The animal's dependence on hoarded supplies during this period seems very
strong. The seed proportion inthe agouti diet increases as fewer seeds are available. In
the leanest period of the year, seed matter even makes up almost 75% of the agouti
stomach content (Henry 1999).The rodents literally live ontheir reserves.
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Figure 3.2 Spacing pattern of Licaniaalbaseeds scatterhoarded by an acouchy. 52% of 139
thread-marked seeds taken from an artificial food source (origin) were relocated. Nouragues,
May 1996,P.A. JansenandA.Siepel,unpublisheddata.
Having sufficient hoarded seed available for use at the desired moment is an obligatory
yet complicated task, since the rodents are not unique in their interest for the seeds.
There is a constant threat of losing stored (and to-be-stored) seed reserves to food
competitors, seed perishing and seed germination. Given the vital importance of reliable
supplies, agoutis and acouchies face an enormous pressure to reduce these losses.
Therefore, it is imperative that they adopt a profitable strategy of seed caching and
cache management.
Selectivityandseedvalue
The amount of seeds scatterhoarders can store is limited not only by seed availability,
but also by the hoarder's time and energy budget, the availability of suitable storage
sites, and the needs of competing seedeaters. Inthe face ofthese limitations, it may pay
for animals to be selective in their choice of seed use. Caching efficiency might be
increased by caching the most valuable seeds first. Seed value roughly depends on
energy/nutrient content and storage life. For short-term hoarding, animals can simply
focus on the net energy content (accounting for handling costs). Nuthatches, for
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Table 3.1 Properties determining nutritional value and storage life of three seed species
scatterhoardedbyacouchiesandagoutis.SeedswerecollectedbelowparenttreesinNouraguesin
April1996.A.SiepelandP.A.Jansen,unpublisheddata
Species
Seed properties

Licaniaalba

Carapaprocera

Vouacapouaamericana

n = 25

n = 63

n = 50

Nutritionalvalue
28.3 ± 7.5

22.9 ±9.1

36.7 ± 10.5

dry weight (g)

9.6 ±2.6

7.5 ±3.0

16.3 ±4.8

fat(g) 1
protein (mg) 1

2.4

3.7

0.2

576

450

652

freshweight (g)

oligo-saccharids (mg)1

384

375

978

energy (kJ) 1

206

224

274

storage life
parasitism (%)

9

6

34

seed coattype

hard

Medium

soft

>10mo

2-5 wks

1-2 wks

timetillgermination
1

Chemicalanalysesweredoneinduploonamixtureofthreeuninfectedseeds.

example, prefer caching husked sunflower seeds to unhusked ones, since the former
yield more net energy, as no investment indehusking is required (Moreno and Carrascal
1995). Long-term hoarding demands a focus on seed value at the desired moment of
consumption rather than at time of hoarding. Nutritional content of cached seeds may
decrease due to germination (i.e. use of seed reserves by the plant), by insect
infestation, or by degradation of nutrients (Post 1992). Therefore, it may be attractive to
cache slowly germinating seeds with hard, protective endocarps, or with a high content
of secondary compounds that lengthen storage life (Hadj ef al. 1996; Dearing 1997).
Tannins, for instance, inhibit insect attack and, thus, help jays conserve acorn supplies
(Fleck andWoolfenden 1997).
Both acouchies and agoutis are highly selective in seed caching, for which they
have only their territory available. This is reflected by an enormous variation in removal
speed of laid-out seed and cache spacing by acouchies for different edible seed species
that are found in Guianan forests. Although these seed species differ in an infinite
number of aspects, we believe that the rodents select on long seed storage life and high
energetic content after storage, which conforms well to the importance of long-term
supplies in their life-cycles. The preference of L. alba and C. procera seeds over V.
americana seeds of comparable fresh weight (FIGURE3.1), for instance, can be explained
by differences in storage life and fat content (TABLE 3.1). Furthermore, acouchies clearly
select uninfested seeds for caching, as do Gray squirrels (Sciurus carolinensis; Steele ef
al. 1996) and Bluejays (Cyanocitta cristata; Dixon efal. 1997).
Cachespacingandcacherobbery
Rather than actively defending supplies against competitors (which may be effective
against other rodents, but not against peccaries and insects), scatterhoarders protect
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Figure 3.3 Proportion of Carapa proceraseed cachedwithin 30m from an artificial seed source
by at least one acouchy. Larger seed were taken beyond 30m more often than smaller ones
(Logistic regression on binary data:Wald=13.7, p<.0001). Nouragues, May 1995, P.A. Jansen,
P.M.ForgetandL.VanderVoort.
food against thieves through risk spreading or dilution. They anticipate the limited
foraging perseverance of their food competitors by making the density of cached seeds
so low that the average time needed for competitors to find a second cache after having
found one is too long to make further searching worthwhile. The threshold is at the socalled 'giving-up density' (Bowers ef a/. 1993).
Caching a certain amount of seed in lower densities requires a greater area and,
thus, agreater investment oftime and energy for bothtransportation and cache recovery
compared to caching in higher densities. Stapanian and Smith (1984) and Clarkson efa/.
(1986) reasoned that there is an optimum cache density at which the yield of remaining
caches per unit investment is maximal. This optimum density should be different for
seeds of different food value, high-value seeds being cached at lower densities than lowvalue seeds, since a greater yield merits greater investment in caching as well as in
searching byfood competitors (Stapanian and Smith 1984).
Larger seed species, which generally have higher food values, indeed tend to be
hidden further away and in lower densities than smaller seed species (Stapanian and
Smith 1984; Waite and Reeve 1993; Jokinen and Suhonen 1995; Vander Wall 1995b;
Forget ef a/. 1998; Leaver and Martin 1998). Acouchies were also found to discriminate
between high and lowfood values.When we supplied an acouchy with C.procera seeds
covering a wide range of fresh weights, the animal hid heavier seeds further away from
the source than lighter ones (FIGURE3.3).
Following the same line of optimality reasoning, we may also predict that the
optimal cache density will be lower under circumstances of fiercer competition with food
competitors, since competition determines how intensively food is sought-after. Food

Chapter 3

scarcity makes a given seed more valuable and will, thus, lower the optimal cache
density. Variation in localfruit availability between years (or areas) canthus lead to great
differences in cache densities between years (or areas). Other factors that influence
cache spacing include the characteristics of the habitat. Giving-up densities of potential
cache thieves may, for instance, be lower in habitats that they can explore more easily. If
rodents anticipate such factors, we may expect them to cache seeds at higher densities
in habitats that are poorly accessible to pigs, for example treefall gaps with tangles of
lianas and tree crowns.
Cacheproperties
The fact that seed are often cached near or in objects, such as logs, and that seeds with
hard endocarp are more common in soil near such objects than in the open (Kilty 1981)
has lead to the idea that the rodents use objects as visual landmarks to facilitate
relocation of cached seeds. This implies the involvement of spatial memory. Although
there is plenty of evidencefor use of spatial memory by birds (Krebs etal. 1996), there is
relatively little for rodents. Visual landmarks are used to remember the locations of
caches by some species of chipmunks (Vander Wall 1991;Vander Wall and Peterson
1996), squirrels (Jacobs and Liman 1991; MacDonald 1997), kangaroo rats (Jacobs
1992; Barkley and Jacobs 1998), and golden hamsters (Georgakopoulis and Etienne
1994), however not by deer mice (Peromyscus maniculatus) (Vander Wall 1993c).
Whether acouchies and agoutis use visual landmarks for the recovery of their caches
remains to bestudied.
An alternative explanation for preferential hiding of seeds near objects is the
favourable characteristics of substrates near objects. Some substrates may be easier to
dig into, or have better conservation properties. Seeds may, for instance, be less
susceptible to spoilage in dryer substrates such as moulded wood along tree logs and
accumulations of litter below palms (Vander Wall 1991). Dry substrates may also delay
germination and, consequently, the depletion of seed reserves. Moreover, food
competitors can have greater difficulty in finding seeds in dry substrates because these
blur olfactory cues (Vander Wall 1991, 1993c, 1995c; Jacobs 1992). The extra
investment needed for selecting these substrates would be merited by lower cache
losses.The same line of reasoning was followed byVander Wall (1993a), who predicted
that the depth at which seeds are buried increases with seed value. His idea was that
food competitors are more tenacious in looking for more valuable seeds, necessitating
better caching, while greater seed value at the same time permits hoarders to invest
more in hiding. We think that acouchies behave according to this model, as they bury
valuable seeds (e.g., L. alba) deeper (at up to 6cm) than less valuable ones (e.g., V.
americana, mostly hidden right below the surface) (unpublished data).
Cachemanagement
Most cached seeds disappear within afewweeks after caching. Forget (1990) found that
57% of 103 cached V. americana seeds at three sites disappeared during one month.
Likewise, we found that all of 77 C.procera seeds cached by (assumingly) one acouchy
were gone after one month. The proportion of initial caches left untouched, however, is
not a good predictor of the number of seeds surviving. We found that many of the
disappeared C. procera seeds had been re-cached. We think that most seeds are dug
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up by the same animals that hide them. However, but experiments with man-made
caches ofthread-marked seed have shown that animals also re-cache seeds stolen from
supplies of other individuals (P.A. Jansen and co-workers, unpublished data). We also
observed that seeds were re-cached more than once. This has also been observed in
the Sierre Nevada where Tamias amoenus chipmunks were found to re-cache pine
seeds upto four times (Vander Wall and Joyner 1998).
The continuous moving around of seeds seems part of an active management of
supplies. Re-arranging caches so shortly after their creation fits to the 'rapid
sequestering' strategy (Jenkins and Peters 1992). On discovery of a seed source, an
animal willfirst hide seeds provisionally, as quickly as possible. Only in second instance,
after the seed source has been depleted, the animal will optimise cache spacing. This
behaviour can be understood if we consider that the risk of losing seed to food
competitors will always be greater for exposed seeds than for stored seeds. Agoutis and
acouchies may, thus, seek a compromise between reducing the high short-term risk of
competitors taking exposed seeds and reducing the lower longer-term risk of food
competitors pilfering seed caches. Kangaroo rats (Jenkins and Peters 1992) and jays
(Waite and Reeve 1995) appear to behave inthe same way.
Another possible reason for rodents to open their caches every now and again is
to inspect seed condition. This enables the rodent to judge whether a seed is still good
enough to be conserved. Seeds with short remaining storage lives, such as germinated
or infested seeds, are better eaten. Re-caching may also refresh the animal's memory of
stored seeds.

Photo3.1 Red-rumpedagouti(Dasyproctaleporina), manipulatingaseed.PhotoTom Ruttink.
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3.4

The plant perspective

Scatterhoarding involves seed transportation, scattering, burial and change of the seed
micro- and macro-environment. This has several potential advantages to plants. This
chapter discusses how scatterhoarding would increase the chances of seeds surviving,
germinating and establishing ifthe rodents did not recover their caches.
Escapefrompredators,pestsandsiblingcompetition
The ultimate goal of scatterhoarding - i.e. reducing seed predation and spoilage combines well with the interest of the parent plant. There are various ways in which the
scatterhoarding may reduce seed mortality. First, transportation and scattering moves
seeds beyond the direct vicinity of both the parent plant and siblings. This decreases the
risk of competition between siblings. Furthermore, it decreases the risk of mortality due
to pathogens and pests associated with the parent plant (Janzen 1970; Connell 1971;
Hammond and Brown 1998). Most of all, however, it reduces the risk of (distance- and)
density-dependent mortality due to all kinds of predators and pests (Janzen 1970;
Connell 1971;Hammond and Brown 1998).
Intemperate areas, experimentally scatterhoarded seeds indeed disappear more
slowly at lower densities (Stapanian and Smith 1984; Clarckson ef al. 1986), showing
that the seeds suffer lower predation. Seed burial also reduces the risk of seeds being
discovered by predators or being attacked by pests. Experiments have shown that
buried seeds disappear at far lower rates than seeds laid out on the soil surface (Vander
Wall 1990; personal observation).
Facilitationofestablishmentandgrowth
The burying of seeds by scatterhoarding rodents facilitates seedling establishment
(Forget 1990, 1997a), and is even a prerequisite for germination in some rodentdispersed species (Vander Wall 1992). The reason is probably that the availability of
water for buried seed is more stable, preventing rot during moist periods and desiccation
during periods of drought (Forget 1990; Kollmann and Schill 1996). The latter is
especially important for recalcitrant seed species. Furthermore, roots of buried seed
penetrate the ground more easily, and emerging seedlings are rooted more firmly. An
unexplored idea is that burying by rodents might stimulate interaction with (endo-)
mycorrhizalfungi (Pirozynski and Malloch 1988).
An interesting hypothesis is that scatterhoarding favours seedling establishment
and growth by increasing the proportion of seeds infavourable microenvironments, such
as treefall gaps. Both buried seeds and seedlings of V. americana and C. procera, for
instance, perform better in canopy gaps than in understorey (Forget 1997a), as do other
large-seeded plant species (e.g., Kazuhiko et al. 1997). Scatterhoarding could, for
instance, be advantageous because a tendency of hiding seed near objects renders a
directed dispersal to light environments if such objects are correlated with canopy gaps.
Logs in the forest, however, are mainly in the understorey since most canopy openings
close within five years (Van der Meer and Bongers 1996). Alternatively, scatterhoarding
could be advantageous simply because a regular spacing of seeds increases the
number of independent chances of seeds hitting the patch-wise distributed canopy gaps.
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Thefateofnon-scatterhoardedseed
Compared to the various potential benefits that scatterhoarded seeds face, the fate of
seeds that remain below parent trees seems disastrous. Many studies at tropical sites
haveshownthat seeds below parenttrees suffer heavydensity-dependent insectattack
(Hammond and Brown 1998). Seeds of large-seeded species that were placed in
batches below typical parent trees usually died (if not removed) due to predation by
granivorous insectsandungulates (notablypeccaries).Forinstance,afteronemonth,C.
proceraseeds that had not been removed from experimental seed plots under adult
treesinParacouwereallinfested bymoth(n=20 adulttrees;Forget 1996).V. americana
seedsthat are not buriedareattacked by insects (Curculionids) and losetheir abilityto
germinate,especially indryconditions (Forget 1990).Almost no V.americana seedlings
establish when seeds are not dispersed, although some seedlings may survive in dry
years(Forget1997b).
Once seeds contain larvae, they have a lower chance of being removed and
hoarded, because agoutis and acouchies avoid caching such seed with short storage
lives. Peccaries, in contrast, do eat infested seed. Cafeteria experiments in which
acouchies were observed foraging on mixtures of infested and uninfested seeds of L
albashowedthat the animals are very skilled in distinguishing good and bad seeds by
smell.Allseedswere removedexceptforthe infested ones (P.A. JansenandA.Siepel,
unpublished data). Furthermore, infested seeds have lower chances of germinating. In
C.procera, for example, germination of infested seedswas 14%(n=96 seeds; Forget
1996),while97%ofseedsfreefrom infestationgerminated (n= 182;unpublisheddata).
Moreover, infested seeds that do germinate should make smaller, less vigorous
seedlingsduetoreserveconsumptionbyinsects.
Parent trees of C. proceraalong canopy gaps had quite high recruitment (from
surface seeds) belowthem insomeyears,includingseedlingsthat managedtoemerge
from infested seeds. This is in line with the idea that effects of invertebrate attack (of
bothseedsandseedlings) canbebuffered bylight availability, leading to establishment
ofseedsthatwouldotherwise havedied(HammondandBrown 1998).Suchbufferingof
infestation effects by light supports the idea that directional dispersal towards treefall
gaps, all other factors being equal, could already make dispersal by scatterhoarders
advantageoustotrees.
3.5 Mutual benefit?
It is beyond doubt that rodents benefit from scatterhoarding tree seeds.Acouchies and
agoutis activelychoosetoscatterhoard,becausethey needstoredseedstosupplement
theirdietduringalater periodoffoodscarcity(cf. Henry 1999).Whether scatterhoarding
is also beneficial to the tree species that passively undergo scatterhoarding is far less
clear. It is even questionable, since seedling recruitment conflicts with the interest of
individualacouchiesandagoutis.
Thecurrent ideathattherelationship betweenscatterhoarders andtrees mustbe
mutualistic islargelybasedthelogicthat netsurvivalbelowparenttrees isoftencloseto
zero,soanysurvival must comefrom scatterhoarded seeds.Theevidence, however, is
merely circumstantial, and does not rule out alternative possibilities for regeneration,
such as that establishment of non-scatterhoarded seeds occurs rarely (e.g., only in
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particular years), yet sufficiently often during a tree's life span. This chapter therefore
focusesonthe netbenefitofscatterhoardingforthe plants.Wewilldiscusswhetherand
how advantages for trees of having their seed scatterhoarded weigh up against the
exploitationofseedsuppliesbytherodents.
Thefateofscatterhoardedseed
To determine whether scatterhoarding indeed contributes to the fitness of the parent
plants we shall have to compare the probabilities of establishment between seeds that
are scatterhoarded and seeds that are not. However, determining the fate of
scatterhoarded seed is difficult. It requires that individual seeds be followed until they
either die orestablish.This isvery much complicated byactive management of cached
seedbythe rodents. Itismeaningfulthatthenetsurvival ofseedscatterhoarded byany
species hasbeenestimatedinsofewstudies(VanderWall 1994;1995a; 1995c;Vander
Wall and Joyner 1998),only on short distances, and onlyfor a limited part of the batch
that was followed. Tracking seeds managed by acouchies and agoutis is particularly
complicated because of the dense habitat and the large distances covered. The
repeatedly surveying of large areas for protruding threadmarks of buried seeds is
extremely labour-intensive. Tracing methods such as the spool-and-line method have
been effective for tracking acorns dispersed by Apodemus mice over short distances
(0.6 to 9.5m; Yasuda ef al. 1991), but appeared to be unsuitable for tracking seed
dispersed by acouchies (personal observation). The use of transmitters (Sone and
Kohno 1996) is also unpractical for following the fates of many seeds simultaneously.
Consequently, the comparison of seed fates remains a major challenge in this field of
research.
So far, attempts to follow naturally and artifically cached seed have shown that
acouchies, agoutis and peccaries are very efficient in (re)locating cached seeds. Most
naturally cached seeds disappear shortly after caching. Experiments with artificial
scatterhoarding, which control for exploitation by the scatterhoarding animal itself,
indicatedthatthechanceofcachedseeds beingdiscoveredbyvertebratecachethieves
is very high (P.A. Jansen, R. Brienen and P.M. Forget, unpublished data). These
findings, however, do not imply that survival is low, for two reasons. First, rodents are
known to re-cache seeds, which may again escape consumption. Second, the high
robberyriskforartificialcachesmaybeanartefactofseedmanipulation.
Planting experiments suggest that germinating seeds are even more vulnerable
to predation byscatterhoarders than seeds.Scatterhoarding rodents attack establishing
seedlingswhilemanagingorexploringtheirsupplies,andseemtouseemergingsprouts
as cues (unpublished data; N. Smythe, personal communication). Epigeal seedlings
(e.g., Leguminosae, Meliaceae, Myristicaceae) can be uprooted or severely damaged
whenrodents removetheseed,whilehypogealseedlings (e.g., Sapotaceae) areusually
killedasthecotyledons areeaten.Ifseedconsumption continuestilltheseed isentirely
and clearly empty, the net result of scatterhoarding must be estimated from the
proportionoffullyestablishedseedlings.
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Photo3.2Thecanopytree Vouacapoua americana (Caesalpinaceae) displays mastseeding:it
producesalargecropofodorous nutsonlyonceeveryfewyears.
Shortmemoriesandotherescaperoutes
Theoretically, rodents do best by hiding not a single seed more than they need, come
back to eat every single one of them, and leave no benefits whatsoever for the plant.
Howthen can scatterhoarding inany way be beneficial to plants? The most common line
of reasoning is that seeds escape consumption simply because the animals forget
caches, notably because memory capacity drops after scatterhoarding. Thus, the
hoarder becomes a naive searcher for caches. While some scatterhoarders, such as
Clarck's nutcracker (Nucifraga columbiana), remember caches for extremely long
periods of time (Balda and Kamil 1992), diurnal rodents indeed tend to rather depend on
short-term spatial memory for relocating caches (Jacobs 1992; MacDonald 1997).
Another possibility is that rodents play safe by always storing more seeds than
they will probably ever need, because they are unable to predict what part of the hidden
food will spoil or be stolen by food competitors, or how scarce food will be during the
following season. Storing too few seeds is lethal and, therefore, strongly selected
against. If animals habitually store food in excess, part of their supplies will normally be
left and may eventually germinate and establish.
Lastly, a high population turnover of rodents may help seeds to escape
consumption no matter the efficiency of rodents in depleting their caches. Both
acouchies and agoutis are short-lived and are important prey for many raptorial animals.
From one year to the next, Dubost (1988) recovered only five out of 16 marked agoutis
atthe same site (42%sitefidelity),four at new sites, while the remaining seven were not
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recovered. Of 22 marked acouchies Dubost recovered none at all (0% site fidelity). This
indicates that territories may frequently get vacant, and that the chances of a rodent not
depleting its hoards could therefore be high. A logical mechanism is that seeds escape
consumption because the animal dies before the depletion of its reserves. Seeds
escaping consumption because the animal abandons its territory and reserves seems
unlogical, given the strong dependence of these rodents on stored seed.
The way in which seeds escape consumption should be visible in the spatial
pattern of seedling recruitment. If seed survival and plant reproductive success were
determined by loss of memory or structural excess storage, scatterhoarding would yield
seedlings everywhere in every year. If, in contrast, local population fluctuations (due to
death and migration) or variation in seasonal food availability determined seed survival,
scatterhoarding would only yield seedlings once in several years. And if seed survival
mainly depended on mortality of the individual scatterhoarder, seedling recruitment
would be cohort- and territory-wise. The loss of seed crops in a number of years would
then bethe price paidfor one successful crop.

3.6 Evolutionary aspects
The interactions between scatterhoarding rodents and large-seeded trees have some
interesting evolutionary aspects. If the net effect of scatterhoarding for plants is were
negative, plants would be expected to have evolved mechanisms discouraging
scatterhoarding. Instead, examples of plants exist that seem to have done the opposite;
their fruit composition, seed size and phenology rather promote scatterhoarding (Vander
Wall 1990). Given the large proportion of seeds affected by scatterhoarding in these
plants,the reasoning that scatterhoarding must be beneficial andthat plants are adapted
to it is tempting. This has given rise to claims of coevolution of plants with
scatterhoarders, for instance of pinion pines with chipmunks (Vander Wall 1993b),
coevolution of black walnut with fox squirrels (Stapanian and Smith 1986). However, it is
impossible to prove that plants have evolved in response to interaction with
scatterhoarders. What can be done, however, is measuring direction and strength of
selective pressures that scatterhoarding and other factors impose on the reproductive
strategies ofthese plants.
Stimulatingscatterhoarding
The driving force behind a mutualistic interaction should be sought in the common
interest of plants and rodents in preventing other granivorous insects and mammals to
consume the seed.The continuous threat of seeds being infested by insects or eaten by
peccaries, thus becoming unattractive or unavailable for scatterhoarding, makes it
important for plants to minimise the time that elapses between seed shedding and the
moment at which a rodent removes theseed.
Theoretically, there are several possible ways by which plants could increase the
speed and proportion of seeds being scatterhoarded. Individual plants that produce
seeds in a way that is more attractive to scatterhoarding rodents could have their seeds
scatterhoarded in larger numbers and more quickly than other individuals. Consequently,
such individuals may be presented more heavily infuture generations than others of the
same species (Smith and Reichman 1984; Vander Wall 1990). Producing a greater
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number of seeds at atime,for example, could increase the chances of rodents finding
the seed source, and starting to frequent it for exploitation. However, the high rate at
which laid-out batches of seeds (simulating new seed sources) are discovered by
acouchiesandagoutis hasconvinced usthatthe number ofseeds availableatatimeis
ofonlylimitedimportancefordiscovery.
In contrast, the nutritional value of individual seeds appears all the more
important. Removalratesofseedspecieswithdifferent characteristicsdiffer enormously
(SECTION3.3). If plants producing high-valued seeds arefrequented with greater fidelity
than plants with less valuable seeds, producing more nutritious seeds with longer
storage life may berewardedwith reducedexposuretime to insects andwild boar,i.e.
reducedseedpredationbelowtheparent plant.Rodentsalsotendtohidemorevaluable
seedsmorecarefullythanfoodof lowervalue (StapanianandSmith 1986).Accordingly,
larger seed tend to be transported further and spaced apart wider than smaller seeds
(SECTION3.3; Stapanian and Smith 1984;Forget efal.1998),which might yield survival
advantages (SECTION 3.4). The idea that strong competition for rodents between
individuals and/or superior treatment of higher-valued seeds might have lead to
frequency-dependent selectionfor ever-larger andmore nutritious seeds isan intriguing
explanation for the prevalence of large seeds among plants dispersed by
scatterhoarders (VanderWall 1990;AnderssonandFrost1996).
Plants could also influence the proportion of seeds surviving by fruiting when
rodents are more likely to scatterhoard seeds. For instance, the proportion of seeds
scatterhoarded increases during the wet season for both C.procera(Forget 1996) and
V. americana (Forget 1990).Whenanindividualtreesheds seed late,whileseedsshed
laterare removed morequickly, itsseeds could have short-term survival advantages.A
general pattern is that plant species potentially dispersed by scatterhoarding rodents
tendtomatureduringonespecific season.Jackson (1981)foundthat seedfall oflargeseeded species in a Brazilian lower montane moist forest peaked in the wet season,
whereas small-seeded species were much less seasonal. In French Guiana, largeseeded species alsotend tofruit more or less synchronically inthe wet season.Could
this haveto dowith thefact that rodents scatterhoard more inthis season than inany
other? Or can the synchronous fruiting be explained by reduction of predation risk
because predators are satiated? Smythe (1970) has suggested such selection of
scatterhoardingrodentsonthefructificationoflarge-seededplantspecies.
Fruiting phenology mayalso influence rates of scatterhoarding. The phenologies
of rodent-dispersed species vary considerably. V. americana sheds numerous seeds
within a period of only two or three weeks, once every few years. C. proceraseed
shedding, incontrast, ismodest, spreads outovertwomonths,andoccurs nearlyevery
year (Forget 1997a). The advantage of peaked production could be that it causes
satiation, andstimulates rodents to hoard the excess of seeds.The implicit idea isthat
therodentswilleatagreater proportionoftheseedifthey havetheappetite.Spreading
production,alternatively, maybemoreinpacewiththe rateatwhichanimals areableto
store seeds, and could reduce the duration of seeds lying waiting to be hoarded. This
strategydemandsamotivationofthe rodenttostore seeds independent of appetite,for
instance, because of certain compounds that hamper instant digestion but lengthen
storagelife.
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Given that there are limits to the amount of nutrients a plant can allocate to reproduction,
plants face a trade-off between producing more nutritious seed and producing many
seed. However, it might beessential to produce seed in large numbers that are nutritious
at the same time. From this perspective, the phenomenon of mast fruiting may be a way
for rodent-dispersed plantsto escapefrom this limitation, bysaving upenergy during few
years by notfruiting, inorder to enable a more abundant fruiting inone subsequent year.
According to the 'disperser attraction hypothesis' (Barnett 1977), the function of
abundant fruiting is to attract seed dispersers, according to the 'predator satiation
hypothesis' (Janzen 1971), the function is to satiate seed predators. These hypotheses
are in fact complementary, with the former stressing the positive role and the latter
stressing the negative role of animals. Since scatterhoarding rodents play both roles,
both hypotheses may hold for the mast fruiters that havetheir seed scatterhoarded.
Monopolisingseedreserves
Ultimately, provisioning and dispersal conflict. The interests of rodents and plants
become completely opposite when it comes to exploitation of stored seed by the
scatterhoarder. Seedlings and rodents are in competition for the seed reserves. What
ways might plants haveto minimise damage due to cache exploitation?
The most obvious way for plants to anticipate cache exploitation by rodents is
through their timing and rate of germination. Certain plant species, such as C. procera
and V. americana, start establishing before the animal actually starts drawing upon its
seed supplies. The high mortality risk of establishing plants due to fungi in the wettest
months and due to drought in the driest months (Forget 1997a) may also be avoided in
this way. Repeated inspection and management of seed supplies by the rodents,
however, severely limits the chance of seedlings emerging unnoticed, especially when
shoots are used as cues.When digging upthe seed,the rodents often damage or uproot
the seedling (SECTION 3.4).

It may be useful for seedlings to speed up establishment and the transfer of seed
reserves into the seedling. The vulnerable phase of emergence can be rapid,and set on
when rooting and transferring seed reserves to roots are already well on their way. Other
than avoiding damage to the shoot, plants can also mitigate rodent-induced damage
(e.g., shoot cutting). Large seed reserves, transferred to the seedling, may function as a
risk hedge (e.g., Kazuhiko et al. 1997). This advantage of large seeds combines well
with having large seeds to stimulate scatterhoarding.
An alternative strategy, avoiding a race for seed reserves, may be to delay
germination till the next period of food scarcity, when no rodent will be managing old
seed reserves. L alba and Astrocaryum may do this. Delayed germination requires
increasing seed storage life, which happens to be attractive for scatterhoarding rodents
as well. Dispersability and seed survival may thus go hand in hand all the way to
establishment.
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Photo 3.3 Odorous nuts of Licaniaalba (Chrysobalanaceae) become available for dispersal
onlyafterthefruithasfallentotheforestfloorandhasdehisced bynaturalripening.
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4. Rodentschangeperishableseeds
intolong-termfoodsupplies

Seed-hoarding vertebrates areabletosurvive periods offood scarcity bycreating longterm supplies duringthe precedingfruiting season. It istherefore paradoxical thatthese
animals also stock up non-dormant seed species whose rapid germination depletes
seedreserves beforethe rodents needthem.Wefound that scatterhoarding acouchies
in French Guianan rainforest actively managed their stock of Carapa procera seeds as
to intervene in germination. By pruning the protruding germ, the rodents turned the
seeds into 'living dead'suitable for long-term storage. Because scatterhoarding rodents
and the Carapa seed type co-occur world-wide, the phenomenon of 'zombie seeds' is
hypothesisedtobewidespread.
4.1 Introduction
Seasonal fluctuations in fruit availability can cause enormous stress for animals that
depend on fruit and seed for food. Many granivorous vertebrates deal with these
fluctuations by hoarding seeds during periods offruit abundance, and draw uponthese
reserves during periods of scarcity (Vander Wall 1990). Seeds hoarded during fall, for
example, are essential for winter survival of hoarding animals in temperate regions
(Nilsson etal.1993;Wauters etal.1995),while seeds hoarded during the wet season
determine whether tropical seed hoarders survive the dry season (Henry 1999).
Because the time elapsing between caching seeds and actually needing them may be
as long as several months, seed storage life is an important criterion for the choice of
seed species for long-term supplies (Reichman 1988; Gendron and Reichman 1995;
Hadj-Chikhetal.1996).However,seed-hoarding mammalsalsostoreseedspecieswith
rapid germination, which transforms seed reserves into seedlings that have no food
value for granivores. Why would animals store such seeds if they could not preserve
themfor useduringtheleanseason?
Wesolvedthis riddle bystudying how Redacouchies (Myoprocta exilis) manage
their supply of Carapaprocera (Meliaceae) seed in a French Guianan rainforest.
Acouchies (FIGURE 4.2A) are common caviomorph rodents that 'scatterhoard' seeds by
burying them inwidely spaced,single-seeded soil or litter caches.Acouchies in French
Guiana store abundantly available seeds in the wet season - February to June - to
create supplies for the lean dry season - August to December. The peak of
scatterhoarding- ApriltoMay(Forgetefal. 2002)- coincideswithpeakseedproduction
by C. procera,a common canopy tree species, whose large (~20g) fatty (~50% of
endosperm dry weight) seeds are much sought after by granivorous mammals,
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Figure 4.1 Depletion of seed reserves by germinating Carapaprocera seedlings. Filled dots are small
seeds (12.3 ± 1.2g fresh mass), open dots are larger seeds (20.7 ± 1.7g). Seedlings were grown on
seed reserves only (perlite substrate without external nutrients). Greenhouse data,Wageningen, 1997.

especially acouchies (Jansen and Forget 2001). Carapaseeds, however, germinate
rapidly under the moist conditions inthe rainforest. Germinating seedlings fully deplete
the seed reserves within two months, regardless of seed size (FIGURE 4.1). Thus, no
seed reserves would be left by the time acouchies need their supplies, more than two
monthslater.
4.2 Experimentsand results
We monitored the fate of seeds cached by free-ranging acouchies during April September 1999atthe Nouraguesbiologicalstation,FrenchGuiana.Feedingplotsof49
thread-marked seeds were established in each of 11 acouchy home ranges. Acouchy
feeding behaviour and seed removal were recorded using video surveillance cameras.
Wesubsequently located 314acouchy-madecaches bysurveyingthesurrounding area
for thread-marks protruding from the soil (FIGURE 4.2D). We then monitored cache
depletionduring4months.
Wefoundthat mostseedswere recoveredshortly after caching (93%withinone
month), well before the lean season. Few of these seeds, however, were eaten. The
majority (c. 80%)wasstored again insecondary caches. Video observations offeeding
behaviour showed that acouchies extensively manipulate seeds before caching by
takingthem intotheirforepawsandsmoothingthe surfacewiththeirteeth (FIGURE4.2A).
Seeds recovered from caches to be re-cached were cleaned in the same way. Any
irregularitiessuchasprotrudingsprout,root and meristemwerepruned (FIGURE4.2B).
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Figure 4.2 Green Acouchy (Myoprocta pratti) manipulating a seed (a); Depleted acouchy-made cache
with severed Carapa procera shoot, root and meristem (b); Carapa procera 'zombie seed' with callus
(c);Thread-mark giving awaythe hideof acached seed (d).

We then experimentally tested whether pruning of seedling parts affected the seed's
ability to resprout. We let 100 Carapaseeds of known fresh mass germinate during
times varying from 0to 28 days, severed the seedling, incubated the treated seeds in
soil for times varying from 0 to 38 days, and then measured dry mass of seed parts.
Seeds resprouted after removal of sprout and/or root, but no resprouting occurred after
removalofthe entire germ (i.e.everything protrudingfrom theseed).Surprisingly, seed
remains ofthe latter formed callus atthe scar and then stayed alive and intact (FIGURE
4.2c), rather than dyingand spoiling. Dry mass of callus increased with incubation time
by c. 0.01 g day"1 (Linear regression: R^O.60, Fi,99=152), remaining negligible
compared to endosperm dry mass. ANOVA showed that endosperm biomass was
determined only by original seed fresh mass (Fi,96=47, PO.001) and seedling growth
time (Fi,96=17,PO.001), andnotaffected byincubationtime (Fi,96=0.2,P=0.666).While
dead seeds normally decay within a few weeks under the moist rainforest conditions,
endosperm biomassoftreatedseedschangedvery little.Wefoundendospermthathad
stillnotcompletelydecayedaftertenmonthsofburial.
Wealsotestedwhetherthestage ofgermination atcleaning affected resprouting
by experimentally removing the entire seedling at different stages of germination,from
first appearance of the radicle to leaf formation. We severed the seedling from 118
seeds at different germination stages. After two weeks of incubation in soil, 114seeds
(97%) had formed a callus (FIGURE 4.2C) and one seed had resprouted. Three seeds
were parasitized and spoiled. Seeds formed a callus regardless of germination stage.
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We conclude that removal of a germinating seedling will almost always turn seeds into
living dead - embryo-less seeds that stay physiologically active - with a dramatically
increased endosperm storage life. Because the seeds continue living without purpose or
physiological control bythe embryo we referto them as 'zombie seeds'.
Field data confirmed that the seed cleaning by acouchies turned germinating
seeds into zombies. We tracked 194 thread-marked seeds in acouchy-made caches
(FIGURE 4.2D) in the 2000 fruiting season and found that 76% of all seeds that were still
cached after two months - mostly in secondary or tertiary caches - were zombie seeds.
Of 86 seeds that were still cached after two months, 65 were zombies, 8% had become
seedlings, and 16%had not yet germinated.

4.3 Discussion
Our findings show that hoarding rodents such as acouchies are capable of turning
rapidly germinating and thus perishable Carapa seeds into a food with a long shelf life.
Acouchies actively manage their seed supplies by recovering stored seeds once these
germinate and prevent further seed reserve depletion. This type of management is an
attractive explanation for the phenomenon of repeated re-caching, extending the existing
idea of monitoring food quality and quantity (DeGange 1989). Similar seed manipulation
has been observed in Grey Squirrels (Sciurus carolinensis) that excise embryos of White
oak (Quercus alba) acorns to prevent autumn germination and assure an acorn food
supply during winter (Fox 1982). The difference is that acorns treated by squirrels are
killed but preserved by winter cold, while manipulated Carapa seeds are preserved alive
inan environment of rapid decay.
We hypothesise that the phenomenon of zombie seeds is not restricted to
Carapa and acouchies. Most forest ecosystems have scatterhoarding rodents as well as
plant species with persistent seed reserves and protruding embryos. Tropical forest
ecosystems, where life preservation of seeds is the only option, seem particularly rich in
such seed. Cryptocotylars and hypogeals make up 2 1 % of all species in tropical floras,
and are frequent in common tropical plant families such as Dichapetalaceae,
Legumunosae, Moraceae, Myristicaeae, and Sapindaceae (Garwood 1996). Rapid
germination is also a common feature, especially among the large-seeded species that
are interesting for hoarding animals (Rees 1996), and especially in tropical wet forests
(Farnsworth 2000).
At first glance, the characteristic of becoming zombies after seed pruning seems
a handicap to plants, since it may strongly reduce seed survival and, ultimately, plant
reproductive success. However, scatterhoarding animals are important dispersal vectors
for many large-seeded species (Vander Wall 1990; Jansen and Forget 2001). The
plants' capacity of becoming zombies may actually be the only reason why
scatterhoarding animals use these perishable seeds for long-term hoarding rather than
instant consumption, and thus the only reason why they disperse them. If only a
proportion of scatterhoarded seeds escapes the rodents' attention, dispersal success
may already besufficient (Jansen etal.2002).
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5. Theroleofseedsizeindispersal bya
scatterhoarding rodent

5.1 Introduction
Many species of birds and mammals hoard food from locally abundant, ephemeral
sources to conserve itfor future use (Vander Wall 1990). The hoarding strategies they
followcoverarangeboundedwithtwoextremes.'Larderhoarders'storetheirfoodinone
orfew caches, each containing muchfood. 'Scatterhoarders', incontrast, store food by
dispersing it in small amounts among many spatially separated caches. Where
larderhoarding requires active defence orsomeother mechanism to prevent robberyof
thefood bycompetitors,scatterhoarding relies onspreading the risk of robbery (Vander
Wall 1990). This chapter is about the long-term effects of scatterhoarding seeds inthe
upperlayerofsoil,asispractisedbyavarietyofgranivorousbirdsandmammals.
Scatterhoarding of seeds has potential advantages to plants. First, it involves transport
awayfromthe parent plant,anareathat isnotonlyoccupiedalready bythespecies,but
is also often hostile for seeds and seedlings because of pathogens and herbivores
associated with adult conspecifics (Janzen 1970; Hammond and Brown 1998). This
transport is the dispersal needed for the colonization of new sites. Secondly,
scatterhoarding takes seeds away from an area in which they are concentrated and
scatters them throughout the surrounding area, isolating individual seeds or small
groups of seeds from their siblings. Scattering increases the independence of fates
among individual seeds. It reduces the risk of density-dependent mortality, such as
consumption by wild pigs and oviposition by granivorous insects (Wilson and Janzen
1972). It also increases the probability of seeds hitting suitable sites if such sites are
patchilydistributed intheenvironment. Thirdly, burialofseeds inthetopsoil reducesthe
probability of other seedeaters finding and killing the seed (Stapanian and Smith 1984;
Vander Wall 1993) and often preserves seeds in better condition for germination and
establishment (VanderWall2002).
Themainreasonthattheadvantages ofscatterhoarding areconsidered potential
isthat scatterhoarding hasa price:scatterhoarding animals often recover mosthoarded
seeds for consumption. Thus, seeds must escape the hoarder in order to profit from
scatterhoarding. Forthe parent plant,scatterhoarding isadvantageous ifthe benefitsof
someseedssurvivingoutweighthecostsofallothers beingeaten,i.e.ifscatterhoarding
increasesthetotalnumberofseedsestablishing.
Many plant species seem to depend on scatterhoarding animals for seed
dispersal (Vander Wall 1990). These species, mostly trees, produce larger, more
nutritious seeds and in smaller numbers than most plants with other dispersal modes
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(Smith and Reichman 1984;VanderWall 1990; Leishmanef al.1995; Hammond etal.
1996). Also, large-seeded plants tend to be more seasonal in fruit production than
smaller-seeded species and synchronously mature fruit when scatterhoarding peaks
(e.g.,Smythe1970;Jackson 1981).Theseobservations haveleadtothehypothesisthat
theseplantspeciesareadaptedtoscatterhoarding:theirreproductive strategy hasbeen
shaped by scatterhoarding animals over evolutionary time (Smythe 1970; Smith and
Reichman 1984;Hallwachs1994).
Theadaptiveexplanation ofthescatterhoarding dispersalsyndrome isappealing.
Many experiments have shown that seed mass, a central characteristic of plant
reproductive strategy, is indeed heritable and sensitive to selection (e.g., Cober efal.
1997;Gjuric andSmith 1997;Malhotraetal.1997) and so isseed nutrient composition
(e.g., Brandle et al. 1993; Rebetzke et al. 1997). Yet the hypothesis of adaptation is
difficult to test. Fossil records can be used to determine whether seed size has
increased over evolutionary time (e.g., Eriksson et al. 2000). Vander Wall (2001), for
example, concludes from fossil records that tree genera currently dispersed by
scatterhoarding animals inthe temperate zone have indeed increased seed size since
the Paleocene (-60 million years ago). Still, whether such increases occurred in
response to scatterhoarding animals cannot bedetermined.What we can do, however,
istesttheunderlyingassumptionthatscatterhoardinganimalsimposeselectivepressure
onreproductive traits (inparticular, seedsize)throughtheir behaviour. Suchpressureis
aprerequisiteforselectiontowardstheproductionoflargerseeds.
Selection towardslargeseeds
There are several ways in which scatterhoarding animals could select for larger, more
nutritiousseeds,allofwhichassumeitismoreeconomicalforscatterhoarderstocreate
and manage a smaller supply of large, nutritious {i.e. high value) seeds rather than a
largesupplyofsmall,lessnutritiousseeds.
First, the likelihood of scatterhoarders encountering a seed may increase with
seed value, because animals may discover high-value seeds more easily or because
they may focus their foraging on known sources of high-value seeds. Secondly, highvalue seeds may have higher removal rates, because rodents prefer them. Such a
preference could give high-value seeds a greater probability of being harvested at all
(Waite and Reeve 1995). Thirdly, the decision of what to do with a seed after it is
harvested maydependonseedvalue.Scatterhoarding animals usuallyeatafewseeds
duringthe process of hoarding many others (Forget efal.2002). The seeds they store
may preferentially be high-value seeds, while low-value seeds are eaten (Hallwachs
1994). Fourthly, scatterhoarders may vary how they cache a seed, depending on its
value (Stapanian and Smith 1978, 1984;Clarkson ef al.1986). High-value seeds could
thusgetstoredinmorefavourable conditions thanlow-valueseeds (i.e.further away,in
lower densities, deeper or at better sites). Finally, the storage life of caches could
depend on seed value. Scatterhoarders could use their high-value seed caches at
slower rates than low-value caches, saving highest-value seeds for last. Alternatively,
high-valueseedscouldsimplybeusedatlowerratesbecausetheyhavebeencachedat
lowerdensitiesandgreaterdepthsandarethereforefoundlesseasily byboththecache
ownerandcachethieves(StapanianandSmith 1984;VanderWall 1993).Inbothcases,
theresultwouldbehighersurvivalfor high-valueseeds.
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Thisstudy
We conducted a field experiment to test possible selective pressures towards higher
seed value byscatterhoarders. We measured how seed value influenced the fate (death
or establishment) of seeds offered to the red acouchy (Myoprocta exilis; Wayler 1831), a
Neotropical rodent that scatterhoards seeds by burying them singly. A second aim was
to quantify survival probabilities of seeds harvested and cached by acouchies, because
direct proof for scatterhoarding being beneficial to plants is still remarkably scarce
(Jansen and Forget 2001).
We tested thefollowing hypotheses:
(1) Large seeds are more likely to be harvested by acouchies than small seeds.
(2) Large seeds are harvested by acouchies more quickly than small seeds.
(3) Large seeds harvested by acouchies have a higher probability than small seeds to be
cached rather than eaten.
(4) Large seeds are cached further away and in lower densities than small seeds.
(5) Large seeds are recovered from caches and consumed at lower rates than small
seeds.
(6) Large seeds have higher survival probabilities than small seeds.
5.2 Methods
Siteandspecies
We worked at the Nouragues biological station in the Nouragues Reserve, an
undisturbed lowland rainforest site in French Guiana, 100km south of the city of
Cayenne, at 4°02' Nand 52 c 42' W, and 100-150m above sea level.Annual precipitation
averages 2900mm, with peaks in December-January and April-July. The main fruiting
season isfrom February to May (Sabatier 1985). Bongers et al. (2001) give an extensive
description of the site.
To isolate the effect of seed value from other seed characteristics that may
influence preferences of animals, such as nutrient composition, secondary compounds,
digestibility and odour (Hurly and Robertson 1986), we took advantage of intraspecific
variation in fresh seed mass. Seed wet mass is a good measure of seed value. The
nutrient content of seeds is not proportional to seed mass, but larger seeds do contain a
larger absolute amount of nutrients and have proportionally less (inedible) seed-coat
(Grubb and Burslem 1998).
We used seeds of Carapa procera (Meliaceae), henceforth Carapa, a canopy
tree species reaching up to 25m height, occurring throughout the Neotropics. Carapa
produces up to 100 large (c. 10cm diameter), five-valved fruits that contain up to 20
large, fatty seeds (Forget 1996; Jansen and Forget 2001). Seeds are shed gradually in
February-July, but mostly in May, a period of intense seed-hoarding (Forget et al. 2002).
Fruits burst open upon hitting the ground, scattering seeds under the parent tree. Fresh
masses of ripe seeds at Nouragues span a more than 20-fold range (PHOTO 5.1), from
lessthan 3gto as much as 65g (mean = ~21g).
Carapa seeds are sought after by acouchies, especially in lean years (Forget
1996; Jansen and Forget 2001). The red acouchy, Myoprocta acouchy (Erxleben 1777),
isthe most common scatterhoarding animal in French Guiana. It is a caviomorph rodent,
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Photo 5.1 Seeds of the canopytree Carapaprocera (Meliaceae) cover a more than 20-fold range in
seed mass,which makes this species excellentfor use inseed size experiments.

33-39cm length, and weighs 1.0-1.5kg (Emmons and Feer 1990). Acouchies store
seeds, their main food, by burying them in shallow caches in the topsoil. They are
perfect scatterhoarders, because they harvest seeds one by one and store them in
single-seeded caches. This behaviour led Morris (1962) to introduce the term
scatterhoarding. Acouchies, like agoutis (Dasyprocta), scatterhoard seeds and fruits
from many plant species and are therefore considered important seed-dispersers.
Acouchies are diurnal, with peak activity at dawn and dusk. They have territories of
about 1ha(Dubost1988).
Seedremoval
Between 19Apriland24May1999,duringthepeakhoardingseason,weestablished11
feeding plots of 60 x 60cm below or near reproductive Carapatrees. Plots were
separated by> 100m,the average acouchyterritory radius accordingto Dubost (1988),
toensurereplicationwithdifferent individuals.Oneachplot,weplaced49 Carapa seeds
that varied widely in fresh mass. Seed masses did not differ between plot samples
(Kruskal-Wallis test:^ 0 =14.0, P=0.18). Our samples had a higher average seed mass
than a random sample taken from the same population in 1995 (analysis of variance
(ANOVA): Fi,42o=31.4,P<0.001).Whilethis random samplewasskewed to larger seed
values (skewness g^O.68 with SE=0.08; kurtosis g2=1.02), our sample was
approximately normally distributed (g-i—0.17 with SE=1.11; g2=0.14). Seeds were
collected afew days before placementfromthe local population of reproductive Carapa
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(-25 trees). Seeds were weighed, thread-marked (see below), given a number for
identification and randomly assigned to positions in a 7 x 7 grid in each plot. Varying
seed value within plots enabled usto control for differences in detectability associated
with seed size and to account for differences between animals and sites. An animal
visitingaplotwouldsimultaneously encountertheentirerangeofseedvaluesandmake
itschoiceamongthem.
We used an automatic video system to observe selection and removal of seeds
without influence of our presence. We monitored visitation, seed selection and seed
removal at 3 frames s"1, using a surveillance camera (Philips VCM 6250/00T) and a
time-lapsevideo recorder (PanasonicAG-1070DC),mountedonatreeat-1.5 m.Plots
and video equipment were set up at night. Automatic recording took place in daylight
during the following 1.5 days, during which time practically all seeds were removed.
From the videotapes we recorded the identity of the animal taking each seed and the
seeds'orderof removal.Recordingswere notalways complete,dueto powerproblems.
Oneplotcompletelylackedrecordings,duetoadefect.
Seedfate
Acouchies carry seeds over largedistances and burythem with practically notrace.To
beable to retrieve seeds,we attached 1moffluorescent greenfishing-line with 8cmof
fluorescent pinkflaggingtapeattheend.Acouchies buriedthese markedseeds butnot
the lineorflagging. Flaggedlines protrudingfromthesoilmadecachedseedsvisibleup
to 10m.Numbersonthethreadmarksallowedustoidentifyseedswithoutdisturbingthe
cache. Marking seeds inthis way is not thought to influence caching behaviour (Forget
1990), but we cannot rule out the possibility that it influenced our estimate of survival.
We believe that any such influence would probably decrease survival, thereby
generatingconservativeestimatesofsurvival.
We searched for seeds immediately after plot depletion, 1.5 to 2 days after
establishment of the plots. We attempted to retrieve all seeds, but stopped after 12
hours of searching.We mapped all seed locations, using coordinates of labelled trees
(Poncy etal.2001).Sites ofcachedseeds were markedwith smalltags at eye-levelon
nearby saplings or palms. Flags of caches were covered with leaves to avoidtheir use
byotheranimalstofindcaches.
Wechecked caches at2,4,8, 16,32,64daysand4 months after installationof
the plot. We resurveyed the entire area at 32 and 64 days to relocate seeds that had
disappeared from caches, because such seeds are often recached rather than eaten
(Jansen and Forget 2001; Hoshizaki and Hulme 2002; Vander Wall 2002). Whether
recachingwasdonebythecacheowneror byacompeting acouchyoragouticouldnot
bedetermined, butthis is of no importancefrom the perspective of the seed.Likewise,
wecouldnotdeterminewhether cachesweredepleted byscatterhoarding rodents orby
peccaries(Tayassuspp.),unlessseedshadbeenrecached.
The seedfateswe distinguished were:still cached,eaten, (re)cached, mark lost
(i.e.thread mark separated from seed) and not found.We also noted germination and
looked for remains of seedlings around depleted caches. Both acouchies and agoutis
sever the epicotyl (including the meristem) when digging upgerminated seeds (Jansen
and Forget 2001). Seeds treated inthis way cannot form a new seedling, but they do
form scar tissue and stay alive for many months as 'zombies'. In this way, acouchies
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Photo 5.2 Video surveillance cameras were used to observe which animals removed individual
seedsfromthecafeteriaplots.
transform rapidly germinating Carapa seeds into a non-perishable food suitable for longterm storage. Since Carapa seeds normally germinate within a few weeks, we
considered seeds that disappeared from caches between day 64 and4 months asdead.
Analyses
Effects of seed mass were tested using regression techniques and ANCOVA, in which
we treated distance, masses and survival as continuous (co)variables and seed fate as a
categorical variable. Because the area surrounding plots was unlimited, we could not
calculate cache densities. Instead, we calculated 'cache isolation': the median distance
to caches from the plot of the seed's origin. This measure behaves as the inverse of
cache density and is less sensitive to neighbouring caches being overlooked (for
instance, because seeds losttheir thread mark) than nearest-neighbour distance.
Distances were log10-transformed to attain normality, except in quantile
regressions (see below). Survival time was log2-transformed to obtain time steps of
uniform size. Seed fresh mass was log10-transformed, unless stated otherwise, because
we assumed the importance for rodents of a given increase in mass would be greater in
light seeds than in heavy seeds.
Fates of seeds within plots were not independent, especially in the harvesting
phase, when one animal handled all seeds in a short timespan; what happened to one
seed had consequences for what happened to others in the same plot. We used plots,
not seeds, as experimental units for all situations in which strong dependence occurred.
We used regression techniques to deduce one value per plot describing the trend within
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Table 5.1 Fates of Carapa procera seeds harvested by Red Acouchies (Myoprocta exilis) in French Guiana. The
seed marked *hadestablished a seedling at4 months.

Plot
1

2

3

4

5

6

7

8

9

10

11

Total

40

23a

37

23

17

4

39

44

20

23

34

304

eaten

1

7

8

1

11

5

4

1

7

6

7

58

mark lost

1

1

2

1

12

11

1

2

0

0

0

31

notfound

7

18

2

24

9

4

5

2

10

4

8

93

49

49

49

49

49

24"

49

49

37b

33b'c

49

486

(a)Initialseed fate
cached

total (n)

(b)Initialfateofseeds recoveredfrom primary caches
re-cached

3

3

8

7

4

6

6

3

5

45

eaten

4

3

11

7

6

2

18

25

5

17

26

124

not found

32

16a

16

8

3

2

8

7

7

5

3

107

mark lost

1

2

1

4

6

6

5

1*

not recovered

1

25
1

3

total (n)

40

23

37

23

17

4

39

44

20

23

34

304

half-life (days)

5

3

6

5

21

23

6

18

4

22

23

9

1*

1

1

3

eaten

5

13

23

16

21

7

27

27

14

27

42

222

incomplete record

36

18a

21

16

8

2

17

19

16

5

5

163

no record

8

17

4

16

17

15

4

3

7

3

2

96

49

49

49

49

49

24 b

49

49

37b

36b

49

489

(c) Ultimate seed fate
'survived'

total (n)

1

a

includes one seedof unknown weight

b

not including 50 seeds thatwere taken bypeccaries or agoutis

c

not including three seedsthatwere removed later thanthefirst census

1

8

each plot: the regression coefficient p (or B) weighed by the inverse square of its
standarderror (SE),
"ti
where / is the plot number and n is the number of plots. These values were tested
against/}=0usingthef-statisticat a=0.05.Overalltrendswerecalculated asthemean
ofallplotvalues(G.Gort,Wageningen2000,personalcommunication).
Analyses of post-dispersal survival were done using logistic and Cox
proportional-hazard regression models, mostly on pooled data, because sample sizes
within plots were too small for plot-level analysis. There may have been some
dependence of post-dispersalseedfatewithinreplicates,butwefeelthatthisshouldnot
betoo problematic for post-dispersal trends, because theforaging decisions concerned
areseparatedintimeandwereprobablymadebymorethanoneanimal.
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Figure 5.1 Effect of seed fresh mass on treatment of 488 Carapaprocera seeds by Red acouchies
[Myoprocta exilis). Data from 11 plots are pooled. Mean values (± s.e.) of seed fresh mass for
different fates at one day after dispersal,and sample sizes. Seeds found eaten had lower masses (ftest: n=58, f57=-3.5, P=0.001) while seeds that were not found at all were heavier (f-test: n=93,
f92=4.7, PO.001) thanthe population mean.

Weusedquantile regression (Koenker and Bassett 1978)to investigate heteroscedastic
variation in errors. Quantile regression gives a more complete picture of the data
distribution than common (least-squares) regression and is more robust against the
influence of outliers. It can help recognize limiting factors and estimate their effect
(Scharf ef a/. 1998; Cade et al. 1999). We calculated regression quantiles using the
Least Absolute Deviation (LAD) quantile regression procedure in BLOSSOM
(Midcontinent Ecological Science Center 1998).The significance of quantile regression
factors was tested using rank-score tests, in which the statistic Tobse,ved was tested
against a distribution of T obtained from 5000 permutations (Slauson ef al. 1994). All
otheranalyseswereperformedwiththeSPSS 10.0.5statisticalpackage(SPSS1999).
5.3 Results
Allseedswereremovedwithin 1.5 days,exceptforthreeseeds,whichwere removed12 days later (TABLE5.1). Video recordings showed that 50 seeds were taken bywhitelipped peccaries (Tayassu pecan,25 seeds), collared peccaries {Tayassutajacu,13
seeds) and red-rumped agouti (12 seeds). These seeds were excluded from further
analyses.Wetreatedalloftheremaining489seedsasremovedbyacouchies,including
113withoutvideoproof.
Because all seeds were removed, HYPOTHESIS1was not confirmed: largeseeds
did not have a greater probability of beingtaken by acouchies. The exact sequence of
removal (HYPOTHESIS 2) was also independent of seed size (f-test on weighed linear
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Figure 5.2 Effect of seed fresh mass on the distance from the source of acouchy caches found one
day after dispersal (log™ scales). Pooled data (n=303) for 11 plots. Cache distance increased with
seed fresh mass (ANCOVA: mass Fi,29i=79, P<0.001; plot Fio,29i=16, P<0.001; model F1129i=22,
R2=0.45).The increaseis significant at the plot level.

regression coefficients for 10 plots: f9=0.55, P=0.593; does not include one plot lacking
video data). The exact sequence of removal was strongly related to the position of seeds
within the plot: edge, second row or centre (ANOVA: n=376, F2,373=37.0,P<0.001). Even
when we pooled data and controlled for position, there was no effect of seed size on
sequence of removal (ANCOVA: n=376, F1,372=0.15, P=0.70). The animals spent little
time selecting seeds (8 sec on average), usually taking thefirst seed they encountered.
Hoardingversusconsumption
We located 362 seeds the day after dispersal. The vast majority (84%) was cached;
relatively few seeds (16%) were eaten (TABLE 5.1). The probability of being cached
versus being eaten increased with seed mass at the population level, which confirms
HYPOTHESIS 3 (FIGURE 5.1; logistic regression: n=303 cached, 58 eaten, Wald=17.0,
P<0.001). The probability of being cached also depended on the order of removal: the
later seeds were taken from a plot, the lower the probability of being cached (n=226
cached, 46 eaten,Wald=3.9, P=0.049). Both effects, however, were not significant at the
plot level,dueto small numbers of eaten seeds.
Cachespacing
The distance at which we found acouchy caches immediately after dispersal was highly
variable, both within and among plots. The nearest cache was found <1m from the plot,
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Figure 5.3 Effect of cache isolation (median distance to other caches) on cache lifetime, i.e. the time
till a cache was found depleted (approximately on log2 scale). Pooled data (n=304) from 11 plots.
Mean values (± s.e.) of isolation for different cache lifetimes, and sample sizes. Cache isolation
positively affected the survival probability ofcaches.

thefurthest was 124maway. Cachedistance increased with seedsize,as predicted by
HYPOTHESIS 4 (f-test on weighed linear regression coefficients for 10 plots: t9=7.7,
P<0.001; does not includea plotthatwas largely depleted by peccaries and hence had
few caches). Most variation in cache distance, however, was not explained by seed
mass (FIGURE5.2).Therewasalsogreatvariation inspatial isolationofacouchycaches,
both within and among plots. Larger seeds were more widely spaced than smaller
seeds, in support of HYPOTHESIS 4. Both cache isolation (f-test on weighed linear
regression coefficients for 10 plots: f9=5.5, P<0.001; does not include plot depleted by
peccaries) andnearest-neighbour distance (f9=5.0,PO.001) increasedwithseedmass.
However, there was no positive effect of seed mass on cache isolation when we took
into account cache distance (f9=-1.9, PO.096), not even in the pooled data (multiple
regression: pdistance=0.81, F 1 , 30 o=883, P<0.001; p m a s s =-0.25, F1,30o= 10.9, P = 0 . 0 0 1 ; Model

F2,3oo=271, P<0.001, R2=0.75).Apparently, wider spacing was a direct result of further
dispersaloflargerseedswithoutanadditiveeffectofseedmass.
Cacheexploitation
The lifetime of caches was highly variable.While many caches were depleted within a
week, some were still intact 4 months after dispersal. Cache lifetime increased with
isolation (FIGURE5.3;Coxregression:n=295depleted,9censored,Wald=9.7,P=0.002).
Cachelifetimealsoincreasedwithcachedistancefromthesource(Wald=6.0,P=0.015),
but the distance to source did not explain variation additional to cache isolation. Seed
massdidnotaffectcachelifetime(Wald=1.0,P=0.32),contradicting HYPOTHESIS5.
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Figure 5.4 Fate pathways of 539 Carapa procera seeds placed in 11 plots in territories of different
Redacouchies.Pooleddatafrom 11 plots.

Recovery of seeds, however, did not necessarily lead to seed consumption. Many seeds
were recached or were not found again (TABLE 5.1). Larger seeds had a higher
probability of being recached rather than eaten (logistic regression: n=124 eaten, 45
recached, Wald=4.4, P=0.035). Consumed seeds were found much closer to the cache
site than recached seeds (means = 12m and 31m, respectively; ANOVA: F1167=25,
PO.001). This and the fact that the probability of losing seeds increased with distance,
due to our inability to search thoroughly at greater distances, suggests that most of the
seeds not found were actually recached at larger distances. Ifwe assume that lost seeds
were indeed recached, the probability of escaping immediate consumption increased
with seed mass more strongly (logistic regression: n=124 eaten, 151 recached or lost,
Wald=11.3, P=0.001). This result supports HYPOTHESIS 5.
Ultimateseedfate
During subsequent searches and monitoring, we found additional seeds, mostly in
caches at large distances. In total, we obtained complete or partial records of seed fate
for 393 seeds (80%). The remaining seeds lost their thread mark (35 seeds or 8%) or
were never found (61seeds or 12%).We were able to determine the ultimate fate of 235
seeds (TABLE 5.1). Of those, only one (0.5%) established a seedling. The remaining
seeds were eaten (95%), had been displaced after germination and probably became
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Figure 5.5 Change of mean mass of cached seeds over time (approximately on log2 scale). Pooled
datafrom 11 plots. Filled circles are seeds that werefound eaten at time t butstill cached at time M ,
hollow circles are seeds that were still cached. Seeds that were taken from caches but not found are
not shown. Numbers are sample sizes. Significance levels are of Mests of differences in mean mass
within pairs: *** = P<0.001, * = P<0.05, n.s. = not significant. Seed size increased the probability of
seeds remaining cached ratherthan beingeaten.

'zombies'(1%)orwerestillcachedwithoutepicotyl (4%).Probably,the latter seedshad
germinated and become 'zombies' without us noticing. Fates of all seeds are
summarizedinaseed-fatepathwaydiagram (FIGURE5.4;PriceandJenkins1986).
Acouchies and other granivorous mammals gradually ate cached seeds. Seeds
eatentended to be lighter thanthose kept instock (i.e.cached plus recached), butthe
difference wassignificant only duringthefirst 2weeks after dispersal (FIGURE5.5). The
more rapid consumption of small seeds caused agradual increase of the stock's mean
seed mass.The total proportion of seeds with unknown fate also increased over time,
because someseedswere lost everytime theywere handled.Lost seeds tended to be
heavier thanthe stock mean mass. Ifthose seeds were (re-)cached at great distances
(seeabove),theincreaseofthestockmeanmasswasevengreaterthanourestimate.
Overall, seed mass strongly affected the fate pathways of seeds and how long seeds
were kept in stock (FIGURE 5.6; f-test on weighed Cox regression coefficients from 11
plots: fio=-4i,P=o.oo2).The ultimate probability of survival increased with seed mass,as
posited by HYPOTHESIS6(logistic regression:n=8survived,480eatenor lost,Wald=4.1,
P=0.043).
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Figure 5.6 Effect ofseed size (log10 scale) on seed lifetime.Survival probability curves as afunction of
seed mass according tothe Cox regression model (seetextforfurther explanation).

5.4 Discussion
The belief that many large-seeded tree species depend on scatterhoarding for
regeneration has been largely based on the observation that scatterhoarding animals
weretheonlyvectorsformovementofseedsawayfromtheparenttree,whereallseeds
were killed by seed predators (Jansen and Forget 2001). There are few studies that
measure fate pathways of individual seeds (Chambers and MacMahon 1994; but see
Vander Wall 1994, 1995a, 1995c, 2002; Hoshizaki and Hulme 2002). Our study is the
first to determine ultimate seed fates of scatter-hoarded seeds in a tropical rainforest,
withaknowndispersalvectorandoverdistancesfarbeyond50m.
Wefounddirectevidencethat scatterhoarding granivores suchasacouchiescan
effectively disperse large-seeded trees. Almost 500 Carapa seeds removed by
acouchies resulted inoneestablished seedling.This mayseem unsubstantial,but0.2%
success is not trivial, given the large numbers of seed produced during a tree's
reproductive lifespan (Janzen 1971; Hallwachs 1994).Furthermore,caviomorphrodents
havehighratesofmortality(Dubost 1988;Hallwachs 1994)andthedeathofanacouchy
could greatly increase the survivorship of its cached seeds. This prediction could be
verified byexperimental removalofacouchiesfromtheirterritories afterscatterhoarding.
A more general idea of dispersal effectiveness requires estimations for more years,
includingbothyearswithhighandwithlowfoodavailability.

64

seedsizeanddispersalsuccess

Selectiontowardslargerseeds
Our results indicate that scatterhoarding can result in selection towards larger seeds: the
chance of surviving 4 months was negligible for small seeds compared to large ones.
Larger seeds were more likely to be cached by acouchies rather than eaten (FIGURE 5.1)
and were cached further away (FIGURE 5.2). Isolation of caches increased with cache
distance and translated into longer cache lifetimes (FIGURE 5.3). If removed from their
cache, larger seeds were also more likely to be re-cached than eaten. Overall, larger
seeds were consumed at a lower rate than small seeds (FIGURE 5.5), which resulted in a
higher net probability of survival and seedling establishment for large seeds (FIGURE 5.6).
Seed mass, however, did not affect speed and probability of harvest by acouchies.
As was hypothesized by Smith and Reichman (1984), preference for large seeds
by scatterhoarding animals could result in the evolution of larger-seeded crops by
providing better dispersal for large-seeded individuals than for small-seeded individuals
ofthe same species. Because we varied seed size within crops, our experiments provide
no evidence for acouchies discriminating among seed crops of different seed size.
Experiments by Hallwachs (1994) with agoutis in Costa Rica, however, did. Hallwachs
found that the proportion and absolute numbers of acorns cached (rather than eaten) by
agoutis was higher at large-seeded trees than at small-seeded trees, although the latter
had greater numbers of seeds. She also found that artificial seeds (pieces of coconut)
from large-seeded crops were cached further away than artificial seeds from smallseeded crops. Acouchies are likely to behave similarly, because they are closely related
to agoutis and remarkably alike in behaviour (Smythe 1978; Dubost 1988). Another
example comes from Waite and Reeve (1995), who found that scatterhoarding grey jays
discriminated among sources of different quality; the birds cached substantially more
raisins from a large-item source than from a small-item source when source types were
made available ondifferent days.
Selectivityinremoval
There are many examples of selectivity by scatterhoarding animals based on food value
(e.g., Smith and Follmer 1972; Bossema 1979; Reichman 1988; Jacobs 1992; Lucas et
al. 1993). The best support for the idea that acouchies should be selective comes from
Hallwachs (1994), who found that agoutis in Costa Rica preferred heavier seeds if a
range of seed masses was available. Why didn't the acouchies in our study discriminate
against small seeds during removal?
One possible explanation comes from models of optimal foraging, in which
animals maximize the net rate (Stephens and Krebs 1986) or efficiency (Waite and
Ydenberg 1994a, b) of hoarding,with time as the primary limiting factor. The risk of food
competitors claiming the food source, for example, increases with the time spent on
source depletion. According to these models, non-selectivity should occur if the
difference in rate of energy gain between large and small seeds is too small for
selectivity to pay off. In our study, the amount of time spent per unit food value could
have been almost constant because acouchies' investment in caching increased with
seed value. However, we think that time was not the primary limiting factor. Acouchies
used approximately one day to deplete a plot, usually interrupting their work for several
hours. The number of seeds removed by competitors was nevertheless quite modest.
Competition appeared unimportant at thetime-scale of plot depletion.
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A more plausible explanation of non-selectivity is that food availability is the limiting
factor. Having sufficient food stored is crucial for survival during the period of food
scarcity. Selectivity would limit the amount of stored food. Acouchies can afford the
luxury of being selective only once a sufficiently large food supply is cached. Perhaps
the animals in our study had to cache every Carapa seed they found to achieve an
adequate supply. We predict that acouchies will show selectivity when food is abundant.
Because speed of removal determines the probability of escaping seed predation by
peccaries and insects and the probability of being cached rather than eaten, such
selectivity would intensify selection towards larger seeds.
Hoardingversusconsumption
Scatterhoarding rodents often eat some seeds while storing many others (e.g.,
Hallwachs 1994; Peres and Baider 1997). We found that larger seeds were more likely
to be stored by acouchies than small ones and were more likely recached after recovery
from their original cache. Hallwachs (1994) also observed that the proportion of acorns
and of pieces of coconut cached by Costa Rican agoutis increased with size. All small
acorns were eaten. Large seeds seem more suitable for storage than smaller ones.
Large seeds may be more frequently cached than small seeds because they
have a longer storage life. Large seeds, for example, could be more persistent to
drought, which causes Carapa seeds to decay (Ferraz-Kossmann and De Tarso
Barbosa Sampaio 1996), due to lower relative permeability to water (lower ratio of
surface to volume). Likewise, lower relative water absorption could delay germination of
larger seeds. Large seeds might also be more easily managed, as larger reserves take
longer to be depleted by a seedling, giving animals more time to intervene and turn
seeds into 'zombies', which can be conserved for several months. An alternative
explanation is that a preference for larger seeds reduces the number of caches that
acouchies must remember and manage for a given mass of food. This explanation,
however, immediately begs the question of why acouchies never put more than one
seed ina cache.
Cachedistance
Our finding that larger seeds were cached at larger distances than small seeds and
further away from other seeds agrees with models of optimal cache spacing (Stapanian
and Smith 1978; Clarkson et al. 1986). These models predict that scatterhoarders hide
higher-value food in lower densities (i.e. further away) to compensate for the greater risk
of such food being robbed by competitors. Several field studies have confirmed that
larger seeds are cached at greater distances (Stapanian and Smith 1984; Hurly and
Robertson 1986; Hallwachs 1994; Jokinen and Suhonen 1995; Vander Wall 1995b;
Forget et al. 1998). Most of these studies, however, were based on interspecific variation
in seed size. Food value was thus confounded with other differences among species,
including nutrient composition, secondary compounds, digestibility, taste and odour
(Hurly and Robertson 1986). Our study controlled for extraneous variables by varying
seed value within species, as did two earlier studies: Hurly and Robertson (1986)
observed that whole groundnuts were cached by red squirrels further away than half
groundnuts, and Hallwachs (1994)foundthat the proportion of seeds cached beyond her
sight byagoutis increased with seed size.
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Table 5.2 Quantile regressions of cache distance on fresh weight for Carapa procera seeds scatterhoarded by
Red Acouchies (Myoprocta exilis). Data from 11 replicate plots were pooled (n=303). Estimates of poand (3i are
given for models y = Po+ Pi-x (A) and y = Po+ Pvlogiox (B) with y for cache distance (m) and x for seed fresh
weight (g). P-values for Ho: Pi =0 were obtained from 5000 permutations and rank-score tests (Slauson et al.,
1994). Model Bquantile regressions gave a better fitand are shown infigure 7.A third modely = Po+ Prx +p2-x2
did not produce abetter fitfor any ofthe quantiles.
Model

Quantile

T observed

P(P0

5m

-0.5

0.17

0.045

<0.001

lO*

-1.5

0.29

0.049

O.001

25,,,

-1.9

0.45

0.071

<0.001

50th

-3.4

0.81

0.076

<0.001

75th

10.8

0.70

0.021

<0.01

90 th

21.9

0.91

0.025

0.052

95*

26.6

1.33

0.055

<0.05

99th

12.9

3.10

0.095

0.091

5"

-9.1

9.6

0.043

<0.001

10"1

-12.1

12.6

0.045

<0.001

25th

-17.7

19.6

0.067

<0.001

50th

-24.4

29.4

0.072

<0.001

75*

-26.8

39.5

0.024

<0.005

90th

-16.3

44.5

0.028

<0.05

95th

-23.5

62.2

0.062

<0.05

99th

-97.3

135.0

0.114

0.06

Constraintson cachedistance?
The relationship between cache distance and seed mass was much weaker than
expected from cache optimization models. A large proportion of variation in cache
distance remained unexplained (FIGURE 5.2). What might explain this variation? The
untransformed data showed that the range of cache distances varied with seed mass:
the maximum distance increased with seed mass,while the minimum remained almost
constant. Moreover, the maximum distance seemed to have an optimum at ~29 g,
beyondwhich itdroppedoff again.Theresultingpolygonalshapeofthescatterdiagram
couldindicatelimitingfactors(Scharf etal.1998;Cadeefal. 1999).
We investigated this so-called 'envelope effect' (Goldberg and Scheiner 1993)
using quantile regression on pooled data for eight quantiles (Scharf etal. 1998). First,
wetested whether regression quantiles had an optimum by calculating the contribution
ofthe cubic andthe quadratic factortothe model.Bothwere significant for none ofthe
quantiles, implying that the apparent 'optimum' could simply be an artefact of low
numbers of extremely large seeds (stepwise regression with backward elimination of
factors).Wethen calculated quantile regressions of cache distance on seed mass and
onlogio-transformedseedmass (TABLE5.2). Regressioncoefficients (pi)weresignificant
at a <0.10 for all quantiles in both models, and increased witht, implying that most of
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Figure 5.7 Effect of seed fresh mass (log10 scale) on the distance from the source of acouchy caches
found one day after dispersal. Pooled data (n=303) for 11 plots. Plotted lines are significant quantile
regressions for 7values of% (see TABLE 5.2).

the variation in distance occurs in the upper quantiles. Quantile regressions with seed
mass logio-transformed gave the best fit (TABLE 5.2, FIGURE 5.7). Potential cache
distancewasclearlyfargreaterforlargeseedsthanforsmallseeds.
Theseresultssuggestthatcachedistance islimited bysomeconstraint relatedto
seed value, described by the upper regression quantiles. This constraint could
correspond to the investment at which the net benefit of seed caching is zero, as
suggested by Hurly and Robertson (1978). Cache spacing being governed by a
constraint is indisagreement withthe models of Stapanian and Smith (1978), Clarkson
et al. (1986) andTamuraet al. (1999),inwhich cachedistance isdistributed aroundan
optimum investment, depending on seed size, at which the net energy gain is
maximized. A similar 'envelope effect' appears in Hallwachs's (1994) data of agouti
cachedistanceversusacornsize.
Although our data do not provethat potential cache distance hadanoptimum at
25-30goffreshmassratherthancontinuously increasingwithseedmass,theideaofan
optimum seed massmakes sense.There must beaseed mass beyondwhich handling
and transport become increasingly difficult and expensive for acouchies. Selection by
acouchieswill not bedirectionaltowards ever-larger seeds but, instead,should stabilize
atanoptimum.Studiesincludingvery largeseedsintestsamplesareneededtotestthis
possibility.
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Cacheisolation
That large seeds were indeed more likely to be cached far away from other seeds
agrees with optimal cache-spacing models (Stapanian and Smith 1978; Clarkson ef a/.
1986). However, we found no additive effect of seed mass on dispersal distance. Thus,
large seeds were not spaced out more widely than small seeds with the same dispersal
distance. We conclude that the two-dimensional cache-spacing pattern is a result of
variation in one-dimensional dispersal distance and dispersal direction. Cache isolation
and cache density, in other words, are by-products of dispersal, rather than
characteristics directly manipulated by acouchies.
Escapefromaclassictrade-off
The fact that acouchies carried larger seeds further than small seeds is logical from the
point of view of foraging theory. However, the result of larger seeds having better
dispersal than small seeds is in disagreement with the classic theory of a size-number
trade-off between dispersability and vigour (Smith and Fretwell 1974). This theory
assumes that the allocation of nutrients to reproduction is limited and that plants must
find an optimal balance between producing large seeds and producing many seeds.
Reasoning that small seeds have a higher probability of being effectively dispersed, a
need for effective dispersal would select against producing large seeds. Our findings
suggest that dispersability in species dispersed by scatterhoarding animals selects
towards the production of large seeds. Scatterhoarding enables these plant species to
produce larger seeds than species with other dispersal modes.
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6. Seedmassandmastseedingenhance
dispersal byscatterhoarding rodents

6.1 Introduction
Scatterhoarding rodents and birds can play an important role in the seed-to-seedling
phaseof plants, bothasconsumers anddispersers of seeds (Chambers and MacMahon
1994; Price and Jenkins 1986). Evidence has recently accumulated that the net
contribution of scatterhoarding to seedling recruitment in large-seeded plant species is
positive(VanderWall2001andreferencestherein).Theadvantagestoseedsoftransport
awayfromthe parent plant, scattering over a large surface,and burial inthetopsoil,can
outweighthedisadvantageofaproportionofthembeingeatenduringthecachingprocess
or after recovery from the caches. We have examples from all over the world of tree
species exclusively depending on scatterhoarding rodents or birds for seed dispersal,
including English Oak (Quercusrobur) being dispersed by European Jay (Garrulus
glandarius) inEurope(Bossema1979),Japanese HorseChestnut (Aesculus turbinata) by
Large Japanese Field Mouse (Apodemus speciosus) in Asia (Hoshizaki ef al. 1999),
Beilschemedia bancroftii by White-tailed rat (Uromys caudimaculatus) in Australia
(Theimer 2001), Black Walnut (Juglans nigra)by Fox squirrels (Sciurus niger)in North
America (StapanianandSmith 1978),andBrazilnut (Bertholletia excelsa) byRed-rumped
Agouti(Dasyproctaleporina) inSouthAmerica(Peresetal. 1997).
Scatterhoarder-dispersedtreespeciesstandoutbyaseedproductionstrategythat
isremarkablydifferentfromthatoffunctionalgroupswithotherdispersalmodesinatleast
twoways.Thefirst is large-seediness:seeds may beseveral orders of magnitude larger
than those produced by tree species dispersed by wind or fruit-eating animals (e.g.,
Leishmanetal.1995;Westoby etal.1996).The second is mast seeding.Populationsof
many scatterhoarder-dispersed tree species synchronously alternate abundant and
reduced seed crops (Herrera etal.1998; Vander Wall 2001). Nut-bearing tree species,
whicharetypicallyscatterhoarded,tendtoproducelargeseedcropsatintervalsoftwoto
five years,with largeand small nutcrops differing insize by 2or 3 orders of magnitude
(Vander Wall 2001).The evolutionary significance of both seed mass and mast seeding
are poorly understood and subject to debate.Westudied seedfate ina Neotropicaltree
species dispersed by scatterhoarding animals to simultaneously investigate the role of
seedmassandmastseedingforseedpredationanddispersal.
Seedmassvariesamongplantspecies bytenordersofmagnitude (Harper 1977).
Thequestion ofwhysome species produce somuch larger seedsthan others has been
addressed by many authors (e.g., Foster and Janson 1985; Grubb 1998; Kelly 1995;
Westoby et al. 1992, 1996). Most consider seed mass as an evolutionary compromise
betweenplantfecundityanddispersabilityontheonehand,selectingforsmallseeds,and
seedvigorontheother,selectingforlargeseeds.Variation arises becausespeciesdiffer
widely in the array of traits, habitat characteristics and evolutionary constraints that
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determinewhatseedmassisbest.Thatdispersabilitydecreasesasseedsgetlarger,due
to a lower ability or willingness of dispersal vectors to carry seeds, is one of the central
paradigms in the seed mass debate (e.g., Baker 1972; Hedge ef al. 1991;Howe and
Westley 1986; Jordano 1995; Levey 1987; Mack 1993; Stanton 1984; Westoby ef al.
1996).The more important dispersal is,the more a plantspecies would be limited inthe
size and, thus, the vigor of seeds it can produce. Moreover, because they are more
interesting prey to seedeaters, large seeds would also suffer higher predation prior to
dispersal(Janzen1969,1971).
Scatterhoarder-dispersedtreespecieschallengethegeneralityofthisidea(Jansen
efal. 2002). Inthesespecies,large-seedinessseemstostimulate ratherthandiscourage
dispersal byscatterhoarding animals.Severalempiricalstudies have nowshownthatthe
probability of dispersal by scatterhoarding animals (Bossema 1979; Forget ef al. 1998;
Hallwachs 1994) and dispersal quality (Vander Wall 2003; but see Brewer 2001) may
increasewithseedsize.Largeseedshaveahighervigorandshouldtherefore morelikely
germinateandestablishaseedlingoncecached.However,largeseedsmayalsobemore
likely recovered from caches as more valuable food items are more intensively sought
after(StapanianandSmith1978)andpossiblymoreeasilydiscovered(VanderWall1993)
by foraging animals. Scatterhoarders might recover and eat the largest seeds first to
preventthesemorevaluableitemsfrombeingstolen(SmithandReichman1984).
Almostasmanypapers haveaddressedtheevolutionary ecologyof mastseeding
(e.g., Herrera ef al.1998; Ims 1990a; Kelly 1994; Koenig ef al.1994;Silvertown 1982).
With the pollination efficiency hypothesis (Janzen 1967;Smith ef al.1990),the predator
satiation hypothesis (Janzen 1970; Silvertown 1982) is the best-known functional
explanation for the phenomenon (Kelly 1994). This hypothesis proposes that mast
seeding is an evolutionary response to intense seed predation. By storing resources
during some years, mast-seeding species can produce huge crops in other years (Sork
1993),whichswamplocalseedeaterswithfoodandallowseedstoescape predationand
successfully establish. Low seed crops inthe intermittent years may prevent seedeaters
fromadaptingtheir population levels(Janzen 1970).Plantsproducing largeseedcropsin
synchronywithalikearepredictedtoexperiencelesspre-enpost-dispersalseedmortality
and have disproportionally higher seedling recruitment than plants that produce nonsynchronous seed crops (Ims 1990b;Janzen 1970).A lower percentage of predation in
highseedyearsisatypicaltestforthepredatorsatiationhypothesis(Kelly1994).
Most empiricaltests of predator satiation focus on pre-dispersalseed predation thelossofseedsbeforeadispersalagenthasmanipulated it(Janzen 1971).Themajority
considersseedharvestingbyseedeatersaspre-dispersalseedpredation,backingupthis
assumption with observations of seed consumption (e.g., Boucher 1981;Kelly 1994). In
many nut-bearing species, however, these seedeaters also function as seeddispersers.
More strongly, seedling establishment requires that these animals harvest and
subsequently scatterhoard seeds, and relies on the animals imperfectly recovering their
caches. Thus, the function of predator satiation would be to stimulate scatterhoarding
seedeaters acting more as dispersers and less as predators of the seeds they harvest.
The animals store seeds far in excess of what they can ever recover and eat, thus
allowing manydispersed seedstogerminateandestablish (VanderWall2001).Although
nomorethanaspecialcaseofthepredator satiation hypothesis,thiseffect issometimes
referredtoasthe'animaldispersalhypothesis'(Kelly 1994;VanderWall 2003).
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An alternative hypothesis that has received far less support is the 'large seed size
hypothesis', which is based on the observation that inter-mast intervals of oaks tend to
increase with seed mass (Sork 1993). It proposes that selection towards larger seeds
indirectly increase the contrast between high and low seed years, because the production
of large seeds requires accumulation of resources during a longer period of time (Kelly
1994; Sork 1993). Thus, mast-fruiting species store resources during some years in order
to produce large-seeded crops in others. So far, the large seed size hypothesis has been
related to habitat requirements and seedling vigor selecting for large seeds (Sork 1993
and references therein),while 'seed predation'was assumed to select against large seeds
(Janzen 1969; Sork 1993).As explained above, dispersal by scatterhoarding animals may
also select for large seeds, and we are especially interested in the combined effect of
seed mass and seed abundance on scatterhoarding. As a matter of fact, Kelly (1994) put
forward that the large seed size hypothesis cannot alone explain mast seeding. It implicitly
requires some other factor to determine a minimum number of seeds per crop, with
predator satiation as again the best candidate. The two factors combined could explain
why nut-bearing seeds are large and numerous at the same time, and could reinforce
each other (Kelly 1994; Sork 1993).
Both seed mass and seed abundance are aspects of seed economical value. The
seed nutritional content represents the absolute value, whereas seed scarcity sets the
value of seeds as perceived by seedeating animals. The scarcer seeds are, the more
valuable seed items will become. It is plausible that seed mass and seed abundance
aspects interact. Foraging theory predicts that scatterhoaders will preferentially harvest
the most valuable seeds,i.e. the largest, most nutritious seeds. However, animals may not
afford this luxury when seed is scarce and they need every single seed they can find to
build sufficient stock for surviving. Thus, seed abundance could enhance the positive
effect of seed mass on dispersal success. Large seeds having greater dispersal success
makes sense in the light of foraging theory (Stephens and Krebs 1986), because large
seeds of the same species have a higher nutritional value (Grubb and Burslem 1998).
Optimal cache spacing theory (Clarkson ef al. 1986; Stapanian and Smith 1978) argues
that scatterhoarders can increase the net energy benefit of caching, given fixed handling
costs, byfocussing on large seeds. However, a higher nutritional value may also increase
the motivation of food competitors to search for caches. Scatterhoarders must anticipate
by better caching, i.e. further away and in lower densities, reducing the probability of
cache robbery. It isthis better caching of large seeds that can subsequently translate into
a greater probability of large seeds not being recovered and escaping consumption
(CHAPTER 5). Thus, large seeds can acquire a greater ultimate probability of seedling
establishment, eventhoughthey arethe most valuable seedsto seedeaters.
The prediction of greater dispersal success under fruit abundance, however, is to
some degree contra-intuitive. Foraging theory predicts that the per-capita probability of
seeds being harvested and scatterhoarded is maximal under seed scarcity. Likewise, the
quality of scatterhoarding (i.e. distance, density and depth of caches) should also be
higher under food scarcity, as scatterhoarders anticipate the high motivation of food
competitors to search for scarce seeds. What does make sense is that seed abundance
should increase the probability of cached seeds escaping consumption and establishing a
seedling. Cached seeds are not likely recovered as long as non-cached seeds are plenty,
and caches aresoabundant that the per capita probability of ultimately being recovered is
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low. Thus, seeds only have a greater probability of establishing under seed abundance if
the benefit of low cache recovery under seed abundance outweighs the benefit of good
scatterhoarding under seed scarcity.
Thisstudy
We tested the idea of large-seediness and synchronized mast seeding being adaptations
reducing seed predation and enhancing effective seed dispersal. Moreover, we tested the
idea that seed mass and mast seeding interact positively. We studied the effectiveness of
seed dispersal by scatterhoarding rodents in a Neotropical rainforest by tracking the fates
of individual seeds of varying seed mass in two years of seed scarcity and three years of
seed abundance. Henceforth, we shall refer to these as 'poor years' and 'rich years',
respectively (cf. Kelly 1994). We evaluate the community-wide availability of large seeds,
rather than the availability of a single masting species. Seed fate is influenced by the
availability of other seed species (Hoshizaki and Humle 2002), and nut-bearing species
need not produce large crops in synchrony with other species (Vander Wall 2001). The
present study compares the success of seeds that are produced in and out of synchrony
with community-wide seed set. Kelly (1994) advocated this approach as one of the most
promising.
Successful dispersal by scatterhoarding animals has three key elements: (i) seeds
aretaken away from below the parent rapidly, before they deteriorate (e.g., due to insects
orfungi), germinate inthewrong place,or befound by non-hoarding granivores; (ii) seeds
are subsequently scatterhoarded. The further away from the parent and the lower the
density, the better; (iii) cached seeds are left undisturbed by seedeaters as soon as
germination sets off, until seedling establishment and complete depletion of seed
reserves. Being harvested (i) is important because the per capita probability of recruitment
inthe direct vicinity of the parent tree isextremely low. Parent and siblings already occupy
the place andthe riskof parent-associated ordensity-dependent mortality is high.
Dispersal before germination (i) and rest after germination (iii) are important
because rodents cut protruding germs when handling germinated seeds. This treatment
not only sets back germination but can also destroy the seed's ability of sprouting
(CHAPTER 4). Dispersal and isolation from conspecifics (ii)are needed toget away from the
vicinity of the parent tree, increase the likelihood of colonizing new sites, and reduce
density-dependent seed predation, especially by naive foragers searching for cached
seeds (Stapanian and Smith 1978). Dispersal by scatterhoarders (ii) comes with burial,
which enhances successful seedling establishment (VanderWall 1990).
The setof hypotheses thatwe tested,shown in TABLE6.1, summarizes asfollows:
(1)Seed mass increases dispersal effectiveness: itenhances dispersal inall phases;
(2) Seed abundance increases dispersal effectiveness: high survival of cached seeds
outweighs negative effects offood abundance inallother dispersal phases,and;
(3) Seed abundance reinforces the positive effect of seed mass on dispersal
effectiveness. All predictions in TABLE 6.1 are based onoptimal foraging and optimal cache
spacing predictions: (a) rodents preferentially harvest and stock the most nutritious seeds;
(b) rodents spend a more effort on caching such seeds; (c) seed abundance increases
rodent selectivity, and;(d)seed abundance decreases theeffort rodents spend on caching
and cache management.
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Table 6.1 Hypotheses on theeffect ofseed mass,seedabundance antheir interaction on different
phases of seed dispersal andseedling establishment. See SECTION6.1 forexplanation.

Indicator

effect of abundance
effect of mass
richvs leanyears
large vssmall seeds
(a)
(b)

interaction
effect ofseed mass
(c)

1

seed harvesting

slower harvesting

faster harvesting

greater inrich years

2

caching | harvest

less caching

more caching

greater inrich years

3

1 stdispersal |caching

lower dispersal

further dispersal

greater inlean years

4

cache recovery

slower recovery

slower recovery

greater in lean years

5

re-caching |recovery

less re-caching

more re-caching

greater in rich years

6

2nddispersal | re-caching

lower dispersal

further dispersal

greater in lean years

7

seedling establishment

more establishment

more establishment

greater inrich years

6.2 Methods
Site and species
This study was carried out at the Nouragues biological station, an undisturbed tropical
lowland rainforest site in French Guiana, 100km south of Cayenne, at 4°02' N and 52°42'
W, and 100-150m above sea level.Annual precipitation averages 2900mm, with peaks in
December-January and April-July. The main fruiting season is from February to May
(Sabatier 1985). Bongers etal. (2001) give anextensive description ofthesite.
The tree species used in this study was Carapa procera (Meliaceae), henceforth
Carapa, a lower canopy tree of ~30m maximum height that is frequent in parts of the
Guianas and the Amazon. Trees produce globoid 5-valved dry fruits, each containing up
to 20 large, fatty seeds of 21g average fresh mass (Jansen and Forget 2001). In April May, during the wet season,fruits dehisce inthe tree or burst when falling on the ground,
and seeds scatter over the forest floor. Seeds that are not removed from below parent
trees are subject to infestation by Hypsipila moths. Carapa tends to 'putative masting'
(sensu Kelly 1994), meaning that seed crops vary greatly between years, but there is no
strong bimodality in crop sizes. In our study period, rich crops of Carapa coincided with
seed set of the two other important large-seeded, rodent-dispersed species in the study
area: Vouacapoua americana (Caesalpiniaceae) and Licania alba (Chrysobalanaceae),
which have normal masting (sensu Kelly 1994). Thus, community-wide availability of nuts
showed aclear dichotomy of poor and richyears.
Carapa is an ideal species for our study, for three reasons. First, horizontal seed
dispersal is exclusively byterrestrial scatterhoarding rodents,which greatly facilitates seed
tracking. Second, fresh masses of ripe seeds span a more than 20-fold range, from less
than 3g to more than 60g.This allows us to vary seed mass within a single species, thus
avoiding confounding factors that make comparative studies of seed mass difficult to

74

Seedmassand mastseeding

Table 6.2 Datacollectedfor thisstudy.
Rich years

No. of seed plots
No. of recordings
No. of seeds
Plotsize
Harvestingand hoarding
Primarycachesurvival
Ultimateseedfate

Leanyears

Total

1996

1998

2000

Total

1997

1999

Total

36
5
900
25

5
4
245
49

10
10
490
49

51
19
1,635

30
29
725
25

11
11
539
49

41
40
1,264

92
59
2,899

+

+

-

-

+
+
+

1,635
490
490

+
+

+
+
+

1,264
1,264
539

2,899
1,754
1,029

-

interpret (Hurly and Robertson 1987). Third, although seed production by the Carapa
population varies greatly between years,the species produces at least some seeds every
year. Thus, we had the same fresh seeds available in both rich and poor years. The
drawback ofthe latter isthat we aretesting hypotheses onthe advantage of mast seeding
usinga non-masting speciesforwhich thisadvantage may be non-existing.We solvedthis
problem in our analyses by playing apart general trends in scatterhoarder responses on
the one hand, and effects of Carapa characteristics, such as rapid germination and rapid
decay ofexposed seeds, onthe other (seeanalysis section).
The principal dispersers of Carapa and other large-seeded plant species in French
Guiana are the Red acouchy (Myoprocta acouchy) and the Red-rumped agouti
(Dasyprocta leporina). Both scatterhoarding rodents harvest seeds one by one and bury
them in spatially scattered single-seeded caches in litter or topsoil (Forget 1990, 1996;
Jansen et al. 2002; Jansen and Forget 2001; Morris 1962; Smythe 1978). The cached
seeds are drawn upon as food reserves in the period of low fruiting following hoarding
(Henry 1999), but some seeds are never used and establish seedlings. Important
seedeating mammals without dispersal function are Collared peccary (Pecari tajacu) and
White-lipped peccary (Tayassu pecari) that instantly consume seeds they encounter,
crushing and killing all large seeds. Peccary herds also search for cached seeds (Kiltie
1981),which isbelievedtoforce rodentsto space out seeds as much as possible.
Experiments
The fieldwork was carried during the wet seasons of 1996-2000. This period included
three rich seed years (1996, 1998 and 2000) and two poor seed years (1997 and 1999).
Rich years had more or less abundant fruiting of Carapa, mast seeding Vouacapoua
americana and Licania alba, and fruiting by many other species. Poor years had modest
fruiting of Carapaandfew other species, but not Vouacapoua and Licania. The data come
from 87 experimental seed plots that we established in the understorey throughout the
Nouragues area, roughly half of them in rich years, half of them in poor years (TABLE 6.2)
during 21/4 months (Early April to Mid June). This period is characterized by intense
hoarding activity (Forget 1996; Forget et al. 2002). At all plots we monitored removal and
scatterhoarding, at a subset of them we also measured cache survival and ultimate seed
fate. Thus, we obtained data on seed harvesting and scatterhoarding for 87 plots (ca.
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2,654 seeds over 4 years), cache survival for 51 plots (1,754 seeds over 3 years), and
ultimate seed fate for 21 plots (ca. 1,029 seeds over 2 years). The amount of seeds per
plot varied between years, but the overall structure of the data collected was roughly
balanced between poor and rich years (TABLE 6.2). All plots were established between
early April and early June, which covers the period of maximum hoarding activity as well
asthe period offruit production bytypical rodent-dispersed species.
Each seed plot consisted of 25 (in 1996-1998) or 49 (in 1998-2000) fresh seeds in
a 5x5 or 7x7 grid, respectively, with 9-12cm between seeds. 75 plots (2,354 seeds) each
contained a large continuous range of seed fresh mass, on average 8-40g or a half order
of magnitude. The mass range was created by stratified seed collection from the local
Carapa population. In this way, we controlled for any effect of seed mass on the
probability of discovery: an animal visiting a seed plot discovered all seed masses at the
same time and had to choose. The 1997 sample also included 4 plots (100 seeds) with a
single seed mass, and 8 plots (200 seeds) with two contrasting seed masses. All seeds
were thread-marked (cf. Forget 1990) with 1m fluorescent green fishing line attached to
the seed by piercing. Thread-marks enabled retrieval of cached seeds, as the rodents
bury the seeds but leave the threadmarks protruding from the soil. To further facilitate
tracking of dispersed seeds, we added 10cm of pink-fluorescent flagging tape (Forestry
suppliers) attheendthethread in 1999 and 2000. Seeds were numbered individually bya
barcode on the end of the thread or by a number on the flagging. We chose to accept
possible side effects of piercing, such as more rapid infestation or germination, assuming
that such effects would be independent of the target variables of seed mass and seed
abundance.
A subset of plots was video-observed for several hours up to several days
(depending on the speed of seed removal and available power). This subset also included
four seed plots from 1998 for which we have no further seed fate data. We used a
monochrome CCD video surveillance camera (Philips VCM 6250/00T) in a waterproof
housing (VT VHL-2EC) and a 12V time lapse video recorder (Panasonic AG-1070 DC),
powered by a 12V car battery. We mounted the camera on atree at -1.5 m, and hung up
the recorder 2-3m away in awaterproof bag and netting. Recording was either continuous
at 4 frames s"1 or non-continuous at 16 frames s"1triggered by a passive infrared sensor
detecting movement (ASIM IR207). Date andexacttime were also recorded. In 1996and
1997, we also recorded at night, lighting the plots with an infrared lamp (Dennard
880M20).Whenthe recordings showed that nocturnal seed removal (e.g., bypaca, Agouti
paca, or spiny rats, Proecimys spp.) was rare,we decided to invest all power in recording
diurnal seedremoval.
Seed harvesting
We measured the rate of seed harvesting by monitoring removal of individual seeds from
plots. This was done at approximately 1,2,4, 8, 16, 32, 64 and 128 days (corresponding
to a 2"-scale), sometimes with additional days in between. When video data were
available, we determined the identity of animals removing individual seeds, as well as the
exact time and order of seed removal during thefirst time.We also usedthe video data to
estimate how much time long it took for seed plots to be discovered (i.e. first visited) by
Red acouchy (Myoprocta exilis), Red-rumped agouti (Dasyprocta leporina), peccaries
(Tayassu tajassu and T.pecan) and Guianan redsquirrels (Sciurus aesthuans).
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If seed removal was slow, seed germination, infestation by insects and/or infestation by
fungi occurred, in any order. Since these likely affected the attractiveness of seeds for
mammals, we also recorded these intermediate events. Moreover, rodents sever the
seedling when harvesting germinated seeds, which turns seeds into 'zombies'; seeds that
are still alive, i.e. physiologically active, but technically dead because they lost their ability
to sprout (CHAPTER4). We calculated (1)time tillgermination; (2)time tillvisible infestation;
(3) time till fungal attack; and (4) time till removal.We timed parasitism,fungal attack and
removal at the middle of a monitoring interval. Time of germination was estimated by
considering the germination stage. Data were right-censored at the end of monitoring if a
giveneventwas notobserved.
Scatterhoarding
We studied scatterhoarding at two third of the experimental plots by thoroughly surveying
a circular areaforthread-marked seeds.At half ofthe plotswe searched 10morfurther, at
a quarter of them 25m orfurther. Beyond this radius, we often did directional searching to
include largedispersal distances. Searching was done once at least 75%oftheseeds had
been removed or one week had elapsed. For each seed retrieved,we recorded whether it
was consumed or scatterhoarded, and measured distance and direction from the source.
For each seed we calculated the median distance to neighboring caches from the same
plot, and used this value as a measure of cache isolation {i.e. the inverse of density).
Median neighbor distance is strongly correlated to nearest neighbor distance, but more
robustto caches being overlooked,for examplewhen thethreadmark isbitten off.
We retrieved only 55% of harvested seeds. We have several reasons to think that
these samples were biased against large seeds, cached at greater dispersal distances.
We recorded several dispersal events over distances greater than 100m, suggesting that
many seeds will have been dispersed beyond our search radius. Seeds that were indeed
dispersed beyond our search radius were more likely cached than eaten, as seed
consumption tended to beclose to the plots. Most consumed seeds were found at or near
tothecafeteria plot. Moreover, among seeds retrieved beyond 10m shortly after dispersal,
consumed seeds were rare. Finally, non-retrieved seeds tended to be heavier than seeds
found cached, which suggests that large seeds were more likely dispersed beyond our
search radiusthan smallseeds.
Cachesurvivalandseedlingestablishment
We measured cache lifetime by monitoring caches at least at 2, 4, 8, 16, 32 and 64 days
after seed removal (corresponding to a 2n-scale). We also recorded germination by
checking for seedlings emerging from caches and severed sprouts next to depleted
caches. In 1999 and 2000, we also measured the ultimate fate of seeds bytracking them
until they had died, had established a seedling, or had become 'zombies'. We attempted
to relocateseedsthat hadbeen removedfrom caches and recordtheir status by repeating
the area survey at 32 and 64 days. As with removal, we timed parasitism, fungal attack
and recovery at the middle of a monitoring interval, and estimated time of germination by
considering the germination stage. In2000,we also dug upall cached seeds remaining at
the endof monitoring and recorded their status.
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Statistical analyses

Our seed fate study yielded complicated data on seed fate pathways from seed to
established seedling or death. We used the counting process notation (Andersen ef al.
1993) to record successions of events - such as germination, harvesting, caching, cache
recovery, re-caching and consumption - that happened for individual seeds. We then split
these 'event histories' into six seed fate processes: (A) seed harvesting from cafeteria
plots, (B) seed caching versus consumption after harvest, (C) primary dispersal distance
given caching, (D) seed harvesting from caches, (E) seed re-caching versus consumption
after cache depletion, and (F) secondary dispersal distance given re-caching. Processes
D-F include primary, secondary and tertiary caches. For each seed fate process, we
analyzed the explanatory value two main effects - seed mass and seed abundance - and
time. To play these effects apart, we developed statistical models for each partial fate, in
which we accounted for event history and other confounding factors. The fitted models
quantify the direct contribution of seed mass and seed abundance to seed fate in the
different life phases.
Descriptive statistics

Typically, seed fate data are series of events - 'failures' - that happen after the elapse of
time - 'failure time'. We used different survival analysis techniques to analyze the failure
times in our study: time-till-discovery of plots, time-till-harvest of seeds from plots, and
time-till-recovery of seeds from caches. An attractive characteristic of survival analyses is
that they allow for the inclusion of censored cases: cases inwhich the event of interest is
not recorded during the observation time. Although we do not know the exact failure time
of such cases, we do know that the failure time exceeded the observation time, and
including this information is crucial. Events were defined as selection of a seed by a
granivorous mammal (or first visitation of a plot), regardless of the subsequently fate.
Video recordings yielded exact failure times. Other failure times were set between the last
census time atwhich an event had notyettaken place andthefirst census time atwhich it
had. Because our monitoring schedule became increasingly course over time, failure
timeswere lessaccurate as events happened longerafter plot establishment.
We described seed harvesting from plots (A), including the discovery of plots, and
seed recovery from caches (D) using the Kaplan Meier (KM) estimate of survival.The KMestimate isaproduct of survival probabilities:

t,<t

'Vi)

inwhich risthe number of seeds at risk (waiting for an event to happen) and d isthe total
number of events that happened at time tj.The resulting survival curve is a step function
that ranges from 1 to 0 with a drop at each event. We show 100 x (1-S«M(t)), the
cumulative percentage of individuals for which the event took place.The Mantel-Haenszel
or log-rank test was used to statistically compare survival curves between rich and poor
years.We usedthemedian failuretime- the time atwhich the SKM(f)equaled 0.5 (i.e., the
seeds' 'half-life') - as indicator of the speed at which events took place, as a function of
seed mass in richand poor years.
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Post-harvest seed fate (B) and post-recovery seed fate (D) were binary data: seeds were
either eaten or (re-)cached. We used logistic regression to analyze alternative fates as a
function of seed mass in rich and poor years. The logistic model describes the probability
P(X)of aseed having fate DasanS-shaped function ranging between 0to 1:

P(X) =P(D =l\Xl,X2,....,Xk) = - — ^

m

in which Pi is the coefficient of covariate Xj, and a is the coefficient describing the
background variation.The adjusted odds ratio, epi, indicates the effect on P(X) of one unit
increase of variable Xj adjusted for the other covariates. We used the Wald statistic - the
square of the coefficient estimate divided by its standard error, which isdistributed as %2 for significance testing. The processes C and F (primary and secondary dispersal
distance) were described using linear regression.
Cache distance and seed fresh mass were ln(x+1)-transformed in all analyses.
Thus, we consider the relative increase in dispersal distance and seed mass rather than
theabsolute increase.Analyses weredone using SPSS 10.0.5(SPSS 1999).
Model fitting
Many factors other than seed mass and seed abundance potentially influenced the fate of
seeds in each process. These include differences in experimental set-up as well as
differences inevent history, i.e.what happened to seeds in previous processes or during a
process. Generalization of the results and evaluation of ultimate cumulative effects
required that weaccountedthesefactors.Therefore,westatistically modeledthe effects of
the main factors seed mass, seed abundance and their interaction, while incorporating
other variablesthat likely influenced seedfate.
We accounted for six such possible effects: (a) seasonal effects. The experiments
covered a4 months season during which seed availability tends to decline, while the lean
season is approaching.Therefore,thetime atwhich a process started likely influenced the
foraging behavior of seedeaters and therefore seed fate.We defined time as the number
of days elapsed between start of a process and April 7th. This is the earliest date our
sample, aswell as the approximate time atwhich both nut production and scatterhoarding
start off (cf.Forget 1996, 2002); (b) dispersal distance. Far-dispersed seeds are in lower
densities and thus less prone to density-dependent mortality regardless their size; (c)
experimental layout. Differences in site and the number of seeds between plots likely
influenced the rate of seed harvesting and the fate of harvested seeds. Because our setup was not completely balanced, we had to control for these effects; (d) species-specific
effects. Carapa's early germination andthe vulnerability of exposed seeds to insect attack
and desiccation likely influence seed fate. We must control for these internal effects to
quantify the general, external trends; (e) search bias. Retrieval of seeds after dispersal is
never complete. This is the more problematic when the retrieved seeds are not random
subset of the total population; (f) inter-dependence of seed fates. We treated seeds as
experimental units, reasoning that the seed plots inour study are more numerous than the
seeds within every plot. However, the harvesting rate and fate of seeds within the same
plotwere likely correlated.Therefore,we hadto make sure that the observed effects were
notdueto deviant plotsor animals.
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Models were fitted using a stepwise backward elimination procedure with Akaike's (1978)
Bayesian Information Criterion (BIC). According to this criterion, the 'best model' m has
the lowest value of

BICm=-2Ln(LJ + \n(n)km,
where Lm is the sample log-likelihood for the mth of M alternative models and kmis the
number of independent parameters estimated for the m,h model. The term ln(n) is a
penalty for over-parameterization, that increases with sample size. Seed removal and
cache recovery (the processes A and D) were analyzed using the Cox proportional
hazards model (Cox regression). The Cox model iswrittenas:

h(t,X) =h(t,XuX2,....,Xk)=mj-h0(t)-ep'x'+p^+

+p x

'\

inwhich h0(t)isthe baseline hazard:the probability of harvesting / recovery overtime for a
seed with all variables set to zero. The exponential is the proportional increase of this
probability by the explanatory variables X,. The coefficients Pidescribe the contribution of
each individualvariable.As inlogistic regression,theeffect ofone unit increase of variable
X| adjusted for the other covariates, is described by ePi, the hazard ratio. We used the
Wald statistic for significance testing. The parameter GJj in the Cox model is a frailty term,
describing an unobservable random effect shared by seeds from the same plot. By adding
this frailty to the fitted model for seed harvesting, we checked whether and how interdependence of seed fates within plots affected the parameters of our fitted models. The
frailty approach is commonly used in pharmaceutical trails to correct for possible effects of
kinship in laboratory animals. Post-harvesting and post-recovery seed fate (the processes
B and E) were analyzed using logistic regression models (see above). We accounted for
the search bias (see below) by treating non-retrieved seeds as seeds cached beyond the
search radius,giventhatthe search radius exceeded 10m(process B)or 5m (process D).
Table6.3 Numbersof Carapa seedsharvestedbyseed-eating mammals inrichandpoor years,and
theirsubsequentfate(primaryseedfateinFIGURE6.1).

Species

No. of seeds

Pooryears
Acouchy
Agouti
Peccary
Unknown

727
33
124
315

Total harvested
Richyears
Acouchy
Agouti
Peccary
Unknown
Total harvested

(58%)
(3%)
(10%)
(25%)

1199

157
0
0
1112
1269

(10%)
(0%)
(0%)
(68%)

eaten (%)

Primaryseedfate
cachec (%)

75
5
124
67

(10%)
(15%)
(100%)
(21%)

376
2

271

12

(52%)
(6%)

276
26

121

(38%)

127

(40%)

(23%)

499

(42%)

429

(36%)

(8%)

117

(75%)

28

(18%)

160
172

unknown (%)

-

(38%)
(79%)

-

-

-

(14%)

306

(28%)

(14%)

423

(33%)

646
674

(58%)
(53%)
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Weaddedafrailtyforrandomploteffects (seeabove)tothefittedmodeltocheckwhether
andhowinter-dependenceofseedfateswithinplotsaffectedtheparametersforthepostharvesting fate model. Finally, primary and secondary cache distance (the processesC
and F)wereagainanalyzed usingCox regression, inwhichwetreatedcachefindingsas
events anddistance-to-source asfailure time (timeelapsedwhilewalkingfrom sourceto
cache).Including non-retrieved seedsascasescensoredatthesearch radiusallowedus
toaccountforthesearchbias.Thefurtherprocedurewasthesameasforseedharvesting
andcacherecovery.ModelfittingwasdoneusingR1.5.0 (lhakaandGentleman1996).
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Figure 6.2 Effect of seed abundance on (a) discovery of seed plots by scatterhoarding rodents, (b)
removal of seeds from plots, (c) recovery of seeds from primary caches and (d) recovery of seeds
from secondary caches. Plots are inverse Kaplan Meier survival curves for lean years (upper lines)
and rich years (lower lines). Dashed lines indicate median survival time. Note the difference in time
scale between graphs.
Figure 6.1 (Opposite page) Seed fate pathways diagrams (sensu Price and Jenkins 1986) for rich
years (upper part) and poor years (lower part). The boxes indicate seed fates, arrows indicate
successional transitions of seeds between fates, starting at the plot. Numbers are numbers of seeds,
percentages are adjusted proportions of the original sample (seeds at plot). T h e black boxes contain
seeds that have successfully established seedlings. The shaded area contains all seeds that did
certainly not establish. The fates 'not found' (seeds that w e lost track of after removal / recovery) and
'censored' (seeds that were not removed / recovered within the monitoring period) represent
incomplete ate records. Note that secondary and tertiary seed fates (survival of first and second order
caches) were measured on sub-samples.
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Figure 6.3 (opposite page, left column) Effect of seed mass and seed abundance on seed removal
and scatterhoarding.
(a) Rate of seed removal as a function of seed mass (log10-scale) in lean years (filled dots, n=813
seeds) and rich years (open dots, n=1617 seeds). Dot size varies with sample size from 1 to 136
seeds. The rate of seed removal - calculated as the number of seeds removed divided by the total
exposure time of all seeds - is the inverse of mean removal time. The minimum rate was set to 0.01
day"1. Trend lines are weighted linear regression estimates of the removal rate for lean years
(continuous line,F 1i5 =11.5,P=0.002) and richyears (broken line,F135=6.0t P=0.019).
(b) Total proportion of seeds removed as a function of seed mass (log10-scale). Symbols as in (a).
Trend lines are logistic regression estimates of the removal probability, for lean years (continuous line,
X2i=43.1, P<0.001) andrich years (broken line,x 2 i=59.8, P<0.001).
(c) Proportion of retrieved seeds in primary caches rather than eaten as a function of seed mass
(log10-scale) in lean years (filled dots,n=597 seeds) and rich years (open dots,n=585 seeds). Dot size
varies with sample size from 1to 75 seeds. The trend line is the logistic regression estimate of the
caching probability as afunction of seed mass inlean years (continuous line,x 2 i=7.5, P=0.006). There
was no significant relationship with seed mass inrichyears (P=0.083).
(d) Average cache distance as afunction of seed mass (log-io-scales) in lean years (filled dots, n=418
seeds) and rich years (open dots, n=414 seeds). Dot size varies with sample size from 1to 52seeds.
Trend lines are linear regression estimates of cache distance for lean years (continuous line,
Fi.4i6=70.9,P<0.001) and richyears (broken line,F1i410=39.3,P<0.001).
Figure 6.6 (opposite page, right column) Effect of seed mass and seed abundance on primary cache
depletionandsecondarycaching.
(a) Rate of cache recovery (see FIGURE 6.3A) as a function of seed mass (logio-scale) in lean years
(filled dots, n=498 seeds) and rich years (open dots, n=201 seeds). Dot size varies with sample size
from 1to 72 seeds.Weighted linear regressions of the removal rateon seed masswere not significant
ineither lean years (P=0.78) or richyears (P=0.403).
(b) Total proportion of seeds recovered from primary caches as afunction of seed mass (log10-scale).
Symbols as in FIGURE 6.3A. Thetrend lines isthe logistic regression estimate ofthe removal probability
in lean years (continuous line, x 2 i=13.0, P<0.001). There was no significant relationship with seed
mass inrichyears (P=0.392).
(c) Proportion of retrieved seeds in secondary caches rather than eaten as a function of seed mass
(log10-scale) in lean years (filled dots, n=204 seeds) and rich years (open dots, n=78 seeds). Dot size
varies with sample sizefrom 1to 27 seeds.The trend line isthe logistic regression estimates ofthe recaching probability in lean years (x2i=3.2, P=0.075). There was no significant relationship with seed
mass inrichyears (P=0.28).
(d) Average cache distance as a function of seed mass (log-io-scales) in lean years (filled dots, n=58
seeds) and rich years (open dots, n=46 seeds). Dot size varies with sample size from 1to 10 seeds.
The trend line isthe linear regression estimates of cache distance and rich years (F,44=6.4,P=0.015).
Therewas nosignificant relationship with seed mass inpoor years (P=0.21).
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Results

The seed plots were discovered by seed-eating mammals very rapidly, indicating that
seed removal was not detection-limited. In terms of daytime (time between 6:00 and
18:30), the median time till the first visit recorded on video was only 3:36 hours (n=59).
Acouchies were more than ten times quicker in discovering the seeds than agoutis,
peccaries and squirrels (pairwise log-rank tests: n=59, L/i>73, PO.0001) and accounted
for 94%of allfirst visits.Acouchies were always earlier than agoutis. Overall, discovery of
plots by scatterhoarding rodents was quicker in poor years than in rich years (FIGURE 6.1A;
Log-rank test: l/i=7.02, P=0.008). Video-recordings showed that subsequent harvesting
was also primarily by scatterhoarding rodents, particularly acouchies (TABLE 6.3). In poor
years, acouchies accounted for 82% of video-recorded harvesting, in rich years for even
100%. Intervals between acouchy removal events were mostly short and regular,
indicating that early depletion of plots was mostly by a single individual. Seed harvesting
by (collared) peccaries was concentrated at six plots visited by small herds. Agoutis were
recorded harvesting seeds at as few as three plots (3%). Nocturnal activity at the plots
was negligible.
The recorded fates of almost 3,000 Carapa seeds in rich and poor years are
visualized in FIGURE 6 . 1 A and 6.1B, respectively. Most seeds were harvested (i.e. selected
bymammals for consumption or caching) within the observation times, but harvesting was
more exhaustive in poor years (95%) than in rich years (78%). The speed of seed
harvesting, however, differed dramatically between rich and poor years (FIGURE 6.2B;
Logrank test: 1^=1777, PO.001). While the median removal time was more than 16 days
in the three rich years (mean hazard rate h0(t) = 0.05 day"1), it was less than 16 hours in
the two poor ones (h0(t) = 0.92 day"1). The harvesting speed of seeds also increased with
seed mass, especially in rich years (FIGURE 6.3A) and so did the proportion of seeds
harvested (FIGURE 6.3B). There was a tendency of seeds greater than 40g fresh mass to
be less rapidly and less likely harvested, but this was not significant. Previous studies of
scatterhoarding at the same study site (Forget 1996) found that Carapa seed harvesting
rates increased over the course of the season. Inour study, harvesting rates did so in rich
years but not in poor years. They converged towards the end of the fruiting season
(FIGURE 6.4).

Years differed strikingly in pre-dispersal seed losses. In rich years, many seeds
(24%) were infested and/or germinated while waiting to be harvested (FIGURE 6.1A), even
though these processes occurred at fairly low rates. In poor years, in contrast, infestation
and germination were zero. Germinated and infested seeds effectively lost prospects of
establishment. Germinated seeds were still harvested and cached, but only after rodents
pruned the protruding embryo, which changes these seeds into 'zombies' (CHAPTER 4).
Germinated seeds that remained at the plots often got infested by insects and never
established a seedling. Because germination and infestation played a role only in rich
years, they enlarged the difference between poor and rich years. They also enlarged the
difference between large and small seeds, because large seeds were harvested more
rapidly and thus less likely affected. Remarkably, the germination rate of unharvested
seeds never reached 50%, while Carapa normally germinates within 3-4 weeks after
shedding. This suggests that non-dispersed seeds in our experiments suffered from
desiccation, to which recalcitrant Carapa seeds are known to be sensitive (Connor ef al.
1998; Ferraz-Kossmann and De Tarso Barbosa Sampaio 1996). Endosperm decay of
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Figure 6.4 Effect of season and seed abundance on the speed of seed harvesting from cafeteria
plots. Plotted isthe hazard rate h(t)of seed harvesting throughout the fruiting season for rich years
(open dots) and poor years (filled dots). Each dot represents a 25- or 49-seed cafeteria plot. The
regressionlinesdiffer significantly inslopebetweenpoor(continuousline)andrichyears(brokenline)
(GeneralFactorialModeloflog-transformedhazardrate:F386=71.8,P<0.001, R2=70%).
desiccated seeds is not visible from the outside, and was therefore not recorded by us. It
seems fairto assume that Carapaseeds lost attractiveness to scatterhoarders asthey laid
exposed for a longerperiod.
To play apart the effects of seed mass and seed abundance from effects of
covariates,we carried out an integrated Cox regression analysis of seed harvesting (TABLE
6.4). The baseline hazards show aclear effect of seed abundance, supporting HYPOTHESIS
1A: harvesting was more rapid in poor years and at the poorer site (FIGURE 6.5A). The
slower depletion of 49-seed plots compared to 25-seed plots in rich years also indicates
satiation (TABLE 6.4). The effect of seed mass was also significant, in agreement with
HYPOTHESIS 1B, and was stronger in rich years than in poor, in agreement with HYPOTHESIS
1c (TABLE 6.4). To make sure that these results were not dueto inter-dependence of seed
fates within plots, we looked how the hazard ratios were affected by inclusion of a frailty
for plots in the models. The hazard ratios increased rather than decreased (results not
shown), indicating that the effects were not an artifact of deviant behavior by particular
seed harvesting individuals.
Post-harvestseedfate
We relocated 55% of almost 2,500 seeds that were eventually harvested. Most of these
were cached - all in single-seeded caches. The principal removal agents - acouchies ate as few as 8-10% of the seeds they harvested (TABLE 6.3). The remaining seeds
removed bythese animals were found in single-seeded caches (52-75%), or not retrieved
(38-18%). For reasons explained in the methods section and below, many of the latter
seeds may in fact have been dispersed beyond our search area. In poor years, seed
predation by mammals was greater (21%) than in rich years (6%), particularly due to
peccaries that competed with acouchies for resources. In rich years, pre-dispersal
germination and infestation severely reduced the probability of harvested seeds being
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scatterhoarded: few parasitised seeds (7%), moldered seeds (13%), and germinated
seeds (14%) werefoundcached.
Overall, the proportion of harvested seeds that we found cached was greater in
poor years (39%) than in rich (25%) (FIGURE 6.1). However, the proportion of seeds found
eaten by mammals was also greater in poor years (21%) than in rich years (11%). The
key is in the unknown fate non-retrieved seeds, many of which will in fact have been
cached. Searching was more effective inpoor years dueto the stricter timing (immediately
after the rapid depletion of plots) compared to rich years (after partial depletion of plots).
Richyearstherefore had more non-retrieved seeds.Thetotal percentage ofseeds cached
may have beenfairly similar between rich and poor years (approximately 45-50%), in spite
ofthedifferences inseed harvesting speed and pre-dispersal losses. Seeds found cached
tended to be slightly heavier than seeds found eaten, on average 2g (f-test: fi352=3.86,
P<0.001) and discrimination against small seeds seemed stronger in rich years than in
poor (FIGURE 6.3c). Non-retrieved (far-cached) seeds were inturn 1.4g heavier than seeds
found cached (f-test correctedfor unequalvariances: f227i=5.28, P<0.001).

Table 6.4 Effect of seed mass and seed abundance on the dynamics of Carapa proceraseed
harvesting.Cox regression models of(a)time-to-removal of seedsfrom experimental cafeteriaplots,
and (b) time-to-recovery from natural primary caches. Data shown are hazard ratios, showing the
effect ofoneunitincrease inthevariableontheharvesting rate.Incaseofthebinarycovariates,the
ratio is between two groups. Models were obtained by backward deletion of variables using BICat
K=2,andseparateeffectsofseedmassandseedabundancefromeffectsofexperimentalset-upand
lossofseedqualityinthestudyspecies.Richandpooryearswereanalyzedseparately,andstratified
bysitebecausehazardfunctionswerenotproportional.
(A) Seed removal rate

Maineffects
Seedfreshmass
Season
Distanceto source
Covariates 1
Plotsize
Germination
Parasitism
Fungalattack
Gnawing
Test statistics
Waldstatistic
d.o.f.
n2
1

(B) Cache recoveryrate

Leanyears

Richyears

Leanyear

Richyear

1.20 NS
0.95 ***
n/a

1.58***
1.17"*
n/a

n.s.
0.97 ***
0.84 NS

2.11NS
1.02*
0.75

n.s.
n/a
0.01 NS
n/a
0.153NS

2.34 ***
n/a
0.38 ***
0.633NS
0.289NS

n.s.
n.s.
n.s.
n/a
n/a

n.s.
2.52 **
n.s.
n.s.
n.s.

36.5 ***
4
1198(66)

241 ***

60.8 ***
2
315(3)

40.8 ***
4
142 (55)

6
1270 (365)

Plotsizewasafixedcovariatewithvalues0(49seeds =reference)and 1(25seeds),theother
variablesweretime-dependentcovariateswithvalues0(notaffected=reference)and 1(affected).
2
Samplesizesaresubdividedinuncensoredand, betweenbrackets,censoredcases.
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Figure6.5 Effectof seedabundance onratesof seedhandling bygranivorous mammals.Baseline
hazardsforseedharvesting (a),primarycachedistance(b),seedrecoveryfromprimarycaches(c),
and secondary cache distance (d), belonging to the Cox proportional hazard models intables 6.4
and6.6.Continuouslinesindicaterichyears,brokenlinesindicatepooryears.
We fitted a logistic regression model of post-harvesting seed fate to again play apart the
effects of seed mass and seed abundance from effects of covariates (TABLE 6.5). A clear
positive effect of seed mass emerged, in agreement with HYPOTHESIS 2B. However, there
was no significant effect of seed abundance, nor an interaction of abundance and mass,
contrary to HYPOTHESES 2A AND2C. Seeds were significantly less likely cached towards the
end of the season in poor years but not in rich years (effect cancelled out by the
interactionterm). Other resultswere agreater likelihood of caching for seeds insmall seed
plots and seeds in the poor site. Inclusion of a frailty for plots in the models increased
rather than decreased the odds ratios (results not shown), indicating that the effects were
notdueto inter-dependence of seedfateswithin plots.
Dispersaldistance
The 922 primary seed caches that we found - 900 intact and 22 non-viable seeds - were
at distances from 0.5m up to as far as 124m from the source. The median dispersal
distance was greater in poor years than in rich years. Also, larger seeds were dispersed
further, and this was stronger in poor years than in rich years (FIGURE 6.3D). Seeds were
cached in different directions, which meant that further dispersal translated into a greater
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Table 6.5 Effect of seed mass and seed abundance on the fate of Carapaprocera seeds handled by
seedeating mammals in French Guiana. Logistic regression models of the probability being (re-)
cached for (a) seeds harvested from experimental cafeteria plots, and for (b) seeds recovered from
natural primary caches. In each case, the left model uses only retrieved seeds, the model right
assumes that non-retrieved seeds were also cached. Data shown are odds ratios, showing the effect
of one unit increase in the variable on the probability of caching. Models were obtained by backward
deletion ofvariables using BIC atK=2.
(a) Caching probability
Only findings
Incl. censors
intercept
Main effects
seed abundance
seedfresh mass
season
abundance x mass
abundance x season
Covariates
Plot size
Site
Exposure time
Parasitism
Germination
Fungal attack
Stock time

(b) Re-caching probability
All caches
Primary caches

3.71 *

1.71 NS

0.04*

0.05*

0.18***
1.86 ***
0.93 ***
n.s.
1.09 ***

0.11 ***
2.23 ***
0.93 ***
n.s.
1.10***

0.22 Ns
3.17"
0.98 Ns
n.s.
1.06**

0.13*
3.51 **
0.96 ***
n.s.
1.06***

3.60 ***
1.27 NS
0.89 ***
0.34 Ns
n.s.
n.s.
n/a

6.23 ***
2.35 ***
0.91 ***
0.18**
n.s.
0.19*
n/a

n.s.
1.71 Ns
n.s.
n.s.
3.29*
n/a
0.97 Ns

3.04 NS
2.05*
n.s.
n.s.
3.52*
n/a
n.s.

isolation of caches. The median neighbor distance, our measure for cache isolation,
increased linearly with cache distance, and did so more strongly in poor years than in rich
years, and more so at the Grand Plateau than at the Petit Plateau (General Factorial
analysis, untransformed data: F3,839=2294, P<0.001, ^3^=89%), indicating more efficient
scattering under food scarcity. There was no additive effect of seed mass on cache
isolation, indicating that density reduction was a side effect of dispersal (Jansen et al.
2002).
The fact that non-retrieved seeds were larger while cache distance increased with
seed mass suggests that many non-retrieved seeds had been dispersed beyond our
search radius than small seeds. It is likelythat they were cached, as it makes no sense to
carry seeds far to eat them. Indeed, consumption of seeds immediately after harvesting
(i.e. within 5 days after the last sighting at the plot) tended to occur much closer to the
source than caching: most consumed seeds (75%) were at or right next to the cafeteria
plot. Moreover, among seeds found away from plots, consumed seeds were also much
closer than cached seeds (Log rank test: l/i=26.3, P<0.001). Beyond 10m, as few as 5%
of the 321 retrieved seeds were eaten, including seeds from rapidly recovered caches.
Thus, our results likely underestimate the effect of seed mass on scatterhoarding and
dispersal distance.
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Table 6.6 Effect of seed mass andseed abundance on scatterhoarding. Coxregression models of
distance-to-source for(a)primary caches and(b)secondary caches. Cache findings were treated as
'events' and cache distance was treated as'time-to-event'. Non-retrieved seeds were censored atthe
search radius. Data shown are hazard ratios. Germination, parasitism andfungal attack were not
significant, nor were interactions. Models were obtained by backward deletion ofvariables using BIC.
(a) Primary cache distance

Main effects
Seed abundance
Seed fresh mass
Season
Covariates
Site
Plot size
Test statistics
Wald
d.o.f.
n1

(b) Secondary cache distance

Lean years

Rich years

Both years

n/a
0.41 ***
n.s.

n/a
0.48 ***
n.s.

3.84 ***
0.28*
1.02*

0.32 ***
n.s.

n.s.
2.81***

0.40*
n.s.

183 " *
2
498 (344)

105 ***
2
421 (161)

41 ***
4
98 (247)

1

Sample sizes are subdivided inuncensored and, between brackets, censored cases. Seeds that
were re-cached inthe primary cache were not treated as secondary caches.

We fitted aCox model to analyze dispersal distance taking into account set-up, season
and seed quality aswell as seeds that were likely cached beyond the search radius. Here,
we treated cache findings asevents and distance-to-source as failure time, and censored
non-recovered seeds atthe search radius. Dispersal distance significantly increased with
seed mass and was significantly larger inpoor years, inagreement with HYPOTHESES3B
AND 3A, respectively (TABLE 6.6A). There was, however, nosignificant interaction, which
disagrees with HYPOTHESIS3C.

Survival of scatterhoarded seeds
We followed thefate of primary 616 caches of intact seeds inthree years. Most were
recovered bymammals within the(variable) observation period, butmore sointhepoor
years (94%) than inthe rich year (73%). Cache recovery was slower in the rich year than
in the poor years (FIGURE 6.2C). Thelifetime of primary caches, however, showed no
relationship with seed mass (FIGURE 6.4A). Ifanything,theproportion ofseeds recovered
even increased with seed mass, particularly inpoor years (FIGURE 6.4B), which isopposite
to ourpredictions. Seeds in'surviving' primary caches did notdiffer inmean seed mass
from the original population ineither the rich (one-sample f-test: f-ij53=0.22; P=0.82) or the
poor years (fi,25=- 0.69; P=0.50), suggesting that 'survivors' were arandom subset ofthe
caches.
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The effect of seed abundance on cache survival was also significant in the fitted Cox
model (TABLE 6.4B), supporting HYPOTHESIS 4A. The baseline hazards (FIGURE 6.5B) show

the same effect ofseed abundance asthose forseed harvesting (FIGURE 6.5A), with more
rapid harvesting in poor years andatthe poorer site (Grand Plateau). Thehazard ratios
further increasedoverthecourseofthe season inleanyears,whilethey decreased inrich
years. Negative effects of seed mass and positive effects of cache distance on cache
lifetime were notsignificant, andthere wasno interaction between seed abundanceand
seed mass, which disagrees with HYPOTHESES 4 BAND 4C. Germination significantly
enhanced cache recovery, indicating that sproutswere usedascues.Secondary dispersal
We retrieved 53%of 536 seeds recovered from primary caches. Many were in
secondary caches rather than eaten. The proportion of retrieved seeds re-cached was
greater in rich years (59%) than in poor years (28%)(FIGURE 6.4C), andincreased with
seed mass (FIGURE 6.4C). Seeds found re-cached tendedtobeslightly heavier than seeds
found eaten, on average 1.6g (unequal variance f-test:fc53.5=2.06,P=0.041), and nonretrieved seeds were inturn heavier than cached seeds, again suggesting that many were
cached atgreater distances. The fitted logistic regression model (TABLE 6.5B)showed that
the positive effect of seed mass on the probability of being re-cached was significant,
confirming HYPOTHESIS 5B. However, there wasno significant effect of seed abundance,
nor an interaction of abundance andmass, which disagrees with HYPOTHESES 5AAND5C.
Moreover, as in post-removal caching, seeds were significantly less likely re-cached
towards theendof the season in poor years but not in rich years. Finally, germinated
seedswere more likely re-cached than non-germinated seeds, suggesting that rodentsdid
not considerthese 'zombie'seedsanylessvaluable than untreated seeds.
The 105secondary seed caches - including 17 known zombies - were found at
dispersal distances up to 114m from primary caches. Larger seeds were re-dispersed
further, butthis effect was significant only inrich years (FIGURE 6.4D). Secondary dispersal
moved seeds significantly further away from seed plots (f-test: fi03=6.75, P<0.001),
increasing thenetdispersal distance by13.5m onaverage.The furthest secondary cache
that wefound wasasfaras 160m from theoriginal source. Thefitted Coxmodel, taking
into account censored cases, showed that secondary dispersal distance,just like primary
dispersal distance, significantly increased with seed mass andwassignificantly larger in
poor years (TABLE 6.6B), in agreement with HYPOTHESES 6BAND6A, respectively. There
was, however, nosignificant interaction between seed mass andseed abundance, which
disagrees with HYPOTHESIS 6C.
We monitored thesurvival of 98 secondary caches - including 16zombies - for
variable lengths of time, inonepoor year (1999) andonerich year (2000). The patterns
were similar to those for primary seed caches (FIGURE 6.2D). Recorded depletion was
greater inthe pooryear (80%)than intherichyear (40%).Cache recoverywas more rapid
in the poor year (median survival time 24 days) than in the rich (45 days) andthe
proportion of caches depleted after onemonth wasalso greater inthe poor year(84%)
than intherich (30%). Weretrieved 57%of53seeds recovered from secondary caches,
some ofwhich (40%) were intertiary caches.Theproportion ofretrieved seeds eaten was
greater in poor years (74%) than in poor years (21%). Seeds found re-cached were also
heavier (25.1g, n=12)than seeds found eaten (21.Og, n=19;f-test: f2g=2.05, P=0.049).
Inclusion of these caches did not alter the logistic model of re-caching (TABLE 6.6B),
suggesting that theywere nottreated differently.

Chapter6
Richyear
(2000)

91
Ultimatefate

potential recruits

germination
146 (74%)

\

——, ">

sV-

V
\\

Pooryears
(1997 + 1999)

eaten
32 (16%)
zombie2°caches
69 (35%)

failures
162 (82%)

zombienotfound
61 (31%)

Ultimatefate

Figure6.7 Seedfatepathwaysdiagramsfor primarycachesof intact Carapa seeds,inrichyears(a)
andpooryears(b),adjustedfor 'zombies'toevaluatethenumberofsuccessfulseeds.Dataareasin
FIGURE 6.1, withthe additional assumptions that (i) half of the recorded primary caches were infact
secondarycacheswithzombies,that(ii)95%ofrecordedsecondarycachesand non-retrievedseeds
werealsozombies,andthat(iii)thesepercentages holdfor pooryearsastheydofor rich.Wedidnot
changethe pathways ofconsumed seeds,because itdoes not matterfor recruitment whetherseeds
areconsumedbeforeoraftergermination.SeeFIGURE6.1 forfurtherexplanation.
Seedlingestablishment
Since no seedlings established at the cafeteria plots, all recruitment came from intact
seeds that germinated and established in caches. We recorded germination from only
18% of caches in the rich year (n=230 intact seeds) and no more than 3% in the poor
years (/7=468). We probably missed many germination events because our census
schedule became coarser over time. Most observed germination events (71%, n=55) were
interrupted by rodents that dug up germinating seeds and severed the germ, thus
precluding further germination. We found most of these 'zombie' seeds re-cached,
sometimes at the same spot. At the end of our observations, we had 6 established
seedlings (0.7%) in the rich year and as few as 1established seedling (0.1%) in the two
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Table6.7Averageseedmassfordifferentseedfates,inthecourseofthescatterhoardingprocess.
Givenareaverageseedfresh masses(g),withsample sizes(between brackets).Thecategory'not
retrieved'includesmanyseedsthatwere(re-)cachedbeyondoursearchradius.
plot

1st caches

2nd caches

3rd caches

21.5(1644)

23.9 (201) f

23.2 (47) f

-

censored *
harvested *

18.6(366) t
22.3(1278)

24.0 (58)
23.8 (143)

23.0 (33)
23.7 (14)

-

eaten **
(re-)cached **
not retrieved **

20.1 (172)
21.7(423)
23.3 (680)

22.1 (32)
23.2 (47)
25.4 (60)

19.2 (3)
26.2 (7)
22.7 (4)

-

established ***

-

27.4 (6)

-

-

22.4(1264)

23.1 (419) t

24.3 (51) f

23.5 (5) t

censored *
harvested *

19.2(65) t
22.6(1199)

21.8(26)
23.2 (393)

25.9 (8)
24.0 (43)

22.8(1)
23.7 (4)

eaten **
(re-)cached **
not retrieved **

20.3(271)
22.6 (499)
24.1 (392)

22.3 (146)
24.0 (58)
23.7(159)

21.3(16)
23.5 (5)
26.1 (22)

21.6(2)

established ***

-

28.4(1)

-

-

Rich years
all seeds

Poor years
all seeds

24.8 (3)

*Subsetofallseeds;**subsetofallharvestedseeds;***subsetofallcensoredseeds;f (subsetof)
cachedseedsinthepreviouscolumn; t Seedsthatwerenotharvestedfromthecafeteriaplots.
poor years, all from primary caches. The corresponding per-capita probability of
establishment for seeds in primary caches was 13 times greater in rich years (3.0% of
197) than in poor (0.2% of 419) (G-test: Gacij=8.12; PO.005), which is in line with
HYPOTHESIS 7A.

For a fair comparison of recruitment success, however, we must also consider
potential recruitment from seeds that were still cached intact. To find out whether
censored caches contained viable seeds that could still produce seedlings, we dug up all
remaining caches at the end of our study in 2000. Surprisingly, many more seeds were
'zombies' than only those that we had seen germinating and subsequently displaced.
Censored primary caches contained 44% zombies (n=54), and censored higher order
caches even 95%(n=40). Giventheir event histories, most ofthese seeds had germinated
in primary caches - without us noticing - and be taken out by rodents and re-cached as
zombies at the same spot. This made clear that our cache survival monitoring had not
recorded all germination and zombie-treatment events. Rodents had apparently taken
seeds out of caches and put them back again, without us noticing that the cache had
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actuallybeenretrieved.Ifweassumethattheseobservationsalsoholdforpooryears,we
can redraw the seed fate diagrams for primary caches (FIGURE 6.7). Assuming that no
secondarycachessurvive,the maximum per-capita probabilityof recruitment is4V2 times
higherinrichyearsthaninpoor,stillsupporting HYPOTHESIS7A.
TABLE 6.7 shows howdiscrimination against small seeds during the processes of
harvesting and caching changed the average seed mass of seeds over time. The most
important differences in size are between harvested and non-harvested seeds from the
cafeteria plots,andbetweenconsumedseedsontheonehandand(re-)cachedandnonretrieved seeds on the other. In other words, rodent feeding decisions based on seed
seeing(smelling)orhandlingdependonseedsize.Theestablishedseedlingswerea nonrandom subset of the seeds that were originally laid out. They were much larger, which
agreeswith HYPOTHESIS 7B. Duetothesmallsamplesizes,wecannot determinewhether
the difference in seed mass was greater in rich yearsthan in poor. The stronger overall
trend of disfavoring small seeds throughout the scatterhoarding process in rich years,
however, supports HYPOTHESIS7C. That the overall effect of seed mass was stronger in
richyearsisthemoreimportantbecausetheseyearsyieldedmostseedlings.
6.4 Discussion
Most published studies of seeddispersal bywild animals rely on assumptions aboutthe
identity of animals dispersing seeds (but see Hallwachs 1994; Jansen etal.2002;Beck
andTerborgh 2002).Videomonitoringenabled usto identify whichmammalspecieswas
responsible forthe harvesting of each individual seed.Wefoundthat acouchies - rather
thanagoutisorotherrodents- weretheprincipalvectordispersingliveCarapaseedaway
from the parent neighborhood, accounting for an estimated 90% of seed harvest. This
rodentscatterhoardedatleasttwothirdoftheharvestedseedsintosingle-seededcaches.
The majority remained within 25m from the source, but some seeds were dispersed
further than 100m away, which is beyond the acouchy home range size postulated by
Dubost (1988). Subsequent re-caching of recovered seeds could even further increase
dispersal distance.Thefurthest seed that wefound was eaten at 160mfrom itssource.
This is muchfurther than previously documented for Carapa (Forget 1996)or anyother
seedspeciesdispersedbyscatterhoarding rodents.Wethinkthatscatterhoardingrodents
pilfering each other's caches may transport seeds across several different, overlapping
territories.
Scatterhoarding clearly increased the probability of seed survival and seedling
establishment in Carapa. Eventhoughthe majority ofcachedseedswere recoveredand
consumed by rodents and other seedeaters, several seedlings established fromcaches.
Non-dispersed Carapa seeds, in contrast, were never successful. None of 215 seeds
germinating at the plots established a seedling. These results confirm conclusions from
previousstudiesonlarge-seededspecies.Newlyestablished Carapaprocera and Licania
alba seedlings inunderstorey generallycomefromburiedseeds (CHAPTER8;unpublished
data). Similar conclusions have been drawn for Vouacapoua americana (Forget 1990),
Hymeneacourbaril(Hallwachs 1986),Bertholletiaexcelsa (PeresandBaider 1997).Burial
ofseedsbyrodentshasbeenshowntopromotegerminationandestablishment inseveral
rainforesttreespecies(Asquithefal. 1999;Smythe1989;Sork1987).
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Itwas important for Carapa seeds that scatterhoarding took place rapidly. Long exposure
on the forest floor increased parasitism and fungal attack, which made seeds unattractive
for rodents to cache.Aging itself also seemed to negatively affect seedquality and reduce
the interest of rodents, who seem to ignore old seeds if fresh seeds are available.
Reduced odor, drying out (Ferraz-Kossmann and De Tarso Barbosa Sampaio 1996) and
spoilage may result in lower attractiveness of old seeds in case of Carapa. Also, the
longer seeds laid waiting to be harvested, the more likely was premature germination.
Because rodents always pruned the embryo while handling germinated Carapa seeds,
changing seeds into 'zombies' (CHAPTER 4), this effectively ruled out establishment.
Manipulation of the germinability of seeds has also been observed in other
scatterhoarding rodents (e.g., Steele ef al. 2001). Finally, being handled by animals
became more risky as time passed by; seeds were less likely (re-) cached as the end of
the fruiting season approached, indicating that animals started to draw upon their
reserves.A similar seasonal effect has been observed in Tamiaschipmunks (Vander Wall
2002).
Given the locations of our plots,the seed removal patterns are representative only
for adult trees in closed forest. Seedling establishment from non-scatterhoarded seeds,
however, is definitely possible below Carapa trees standing in or along tree fall gaps
(CHAPTER 8). Here, debris facilitates rooting of germinating seeds and light availability
reduces the dependence of seedlings on seed reserves, compensating for the negative
effects of high seed parasitism (Hammond and Brown 1998). These situations, however,
are uncommon innatural forest.
The survival of caches was low, which is logical as rodents store seeds to
postpone not abandon consumption. Whether acouchies also remember the locations of
their caches, like Grey squirrels (Jacobs and Liman 1991), is not known. Our observations
suggest that rodents used emerging sprouts as cues to find cached seeds, as was
observed for agoutis by (Smythe 1978). Many germinated seeds were dug up, pruned and
put back at the very same spot, which suggests that the rodents actively managed their
cachesto intervene ingermination. Noneofthe pruned seeds,which have astorage life of
several months (CHAPTER 4), were seen dug upagain.
In our study, only primary caches produced seedlings. The higher order caches
mostly contained 'zombies' that would notgerminate again.This suggeststhat the survival
of primary caches is a good measure of establishment in Carapa, and that it is not
essential to follow the fate of recovered seeds into secondary or even higher order
caches. Measuring Carapa seed dispersal isstrenuous because of long-distance caching,
but measuring post-dispersal survival is much easier compared to species with slow
germination or dormancy whose seeds can be recovered and re-cached several times
before they germinate (e.g., Vander Wall and Joyner 1998; Vander Wall 2002; Xiao
unpublished).
Although several rodents at our study site scatterhoard seeds, Carapa dispersal
was primarily by a single one of them,the Red acouchy. Ifthis pattern is general, Carapa
isvulnerable for dispersal failure. Unlike agouti and other terrestrial rodents, Red acouchy
in French Guiana inhabits only undisturbed forest areas (Dubost 1988), suggesting that
Carapa will less effectively disperse indisturbed forest. However, Carapa is a widespread
species that occurs in areas where acouchies are absent and other species - including
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agoutis - disperse the seeds. This suggests that the species is not strictly dependent on
acouchies,andthat other speciestake over dispersalwhere acouchies fail.
Mast seeding
We found enormous differences in seed fate between years of seed abundance (rich or
'mast' years) and years of seed scarcity (poor or 'non-mast' years), especially in the early
phases (FIGURE 6.1). Scatterhoarding of Carapaseeds appeared better in poor years, with
more rapid and more exhaustive seed harvesting and further dispersal. However, the
proportion of seeds that finally got scatterhoarded was comparable between rich and poor
years. A much better survival of seed caches in rich years subsequently outweighed the
advantage of rapid harvesting in poor years. In other words, rich years yielded a
comparable amount of caches per seed but significantly more seedlings per cache. The
per capita probability of Carapa seeds establishing a seedling was at least 414 times
higher in rich years than in poor years. So, even though a putative masting species itself,
Carapa benefits most from the years in which it produces large crops together with
masting nut-bearers such as Licania alba and Vouacapoua americana that rely on the
same dispersal agents. These findings also show that low seed removal rates are not
necessarily indicativefor poordispersal or low recruitment.
These results support the predator satiation hypothesis for mast seeding (Salisbury
1942; Janzen 1971), even though our study did not include predation on developing
seeds. Satiation was most apparent for seed-eating mammals, which caused less
predation inrichyears, both during harvest and after scatterhoarding. Predation by insects
occurred only in rich years,which seems to argue against insect saturation.This apparent
inverse contrast between rich and poor years, however, is probably an artifact of
mammals overruling insects in poor years: rodents harvested and buriedthe seeds before
insects could even get to them. That the insect population was indeed saturated with
seeds to lay their eggs on is suggested by the low percentage of seeds parasitised even
after several weeks of exposure. Insect saturation remains important because parasitism
would notonly affect the resources for future seedlings, but also reduced the probability of
dispersal by rodentsto almostzero.
Carapa seeds can escape rodent predation by germinating and transferring seed
reserves into seedlings, which are unpalatable food to rodents. Keeping this idea in mind,
we propose that rich years yielded more seedlings for two reasons. Caches were more
abundant, and the rodents were unable to timely manage the numerous seeds that
germinated simultaneously. And, the perceived value of individual seeds was lower, and
the rodents were less motivated to intervene in germination. Clearly, both are satiation
effects. The lower recovery rates of caches in rich years provide greater windows of
opportunity for cached seeds togerminate andestablish.
We found that seeds were harvested less rapidly and buried less far in rich years
than in poor. This agrees withthe basic optimal foraging principle of animals investing less
in food items of a lower perceived value (Stapanian and Smith 1978). However, seeds
from 49-seed plots were dispersed further than those from 25-seed plots, which supports
the hypothesis that large seed crops stimulates scatterhoarders to cache seeds further in
order to achieve the same low density of caches (Stapanian and Smith 1978). In other
words, dispersal distance increases with crop size, but is reduced by ambient seed
abundance.
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Table 6.8 Population-level studies of scatterhoarding and mast-seeding in nut-bearing plants. A 12year study by Gurnel (1993) was not included because it did not provide removal data at the species
level. Indicated is how scatterhoarding animals treated seeds in years of seed abundance compared
to years of seed scarcity. The contrast between rich and poor years in the study by Hoshizaki and
Hulme (2002) was arbitrary,which mayexplainwhythis study isdeviant.

tree species

disperser

Beilschmiedia bancroftii
Carapa procera
Aesculus turbinate
Quercusrobur
Pinus lambertiana
Pinus jeffreyi
Pinus ponderosa

rat
Australia
acouchy
French Guiana
woodmouse Japan
woodmouse Brittany
chipmunk
Nevada, US
chipmunk
Nevada, US
chipmunk
Nevada, US

site

seed
sample No of years
(poor-rich)
mass (g)
size
51
21
19
3.5
0.29
0.15
0.06

120
2899
300
<2000
1440
1440
1440

1-1
2-3
1-2
1-1
1-2
1-2
1-2

removal
rate
slower
slower
variable
slower
equal
equal
equal

Table 6.9 Intra-specific seed fate studies of scatterhoarding and seed mass in nut-bearing plants.
Studies marked with * used peanut fruits and coconut pieces as artificial nuts. Indicated is how
scatterhoarding animalstreated large seeds incomparison to small ones.

tree species

disperser

site

Arachis hypogaea *
Quercus serrata
Quercusoleoides
Quercus robur
Astrocaryum mexicanum
Cocosnucifera *
Carapa procera
Beilschmiedia bancroftii

Squirrel
rats
Agouti
Jays
mouse
Agouti
Acouchy
rats

Canada
China
Costa Rica
Netherlands
Belize
Costa Rica
French Guiana
Australia

seed mass (g)
(contrast)

sample
size

0.8/1.5
0.8/1.5
2.3-5
0.5-7.5
5.8/14.3
0.5 - 30
2-56
28-85

120
800
>1104
700
320
?
2899
147

removal
rate

equal

faster
faster
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Table6.8Continued.
scatterhoarding
cache
%
removed cached distance

%

equal
equal
equal
equal
equal
equal
equal

cachesurvival
recovery
%
%
rate recovered recached

seedlings
source
(ratio)

equal
equal
higher
?

shorter
shorter
?
?

slower
slower
?
?

equal
lower
equal
?

?
lower
higher
?

?
4.5-13
2
?

equal
lower
equal

equal
equal
longer

slower
slower
slower

lower
lower
lower

lower
lower
lower

14.6
4.1
2.2

Theimer 2001
Thisstudy
Hoshizaki&Hulme2002
Crawley&Long 1995
VanderWall 2002/2003
VanderWall2002/2003
VanderWall2002/2003

Table 6.9Continued.

scatterhoard ng

%

%

removed

equal
higher
higher
higher
variable

cachesurvival
seedling Source
%
recovered recruitment

cached

cache
distance

recovery
rate

higher
equal
higher

further
further
further

lower

lower

higher

equal
higher
higher
variable

closer
further
further
variable

higher

higher

lower

equal

higher

higher

Hurly& Robertson 1987
Xiao, unpublished
Hallwachs 1994
Bossema 1979
Brewer 2001
Hallwachs 1994
thisstudy
Theimer2003

Seedmassand mastseeding
Seed fate studies that compare scatterhoarding between years of contrasting seed
abundance are few, and some include few years and small samples. Yet, the patterns of
seed fate that emerged are remarkably similar (TABLE 6.8). Several studies found that
seed harvestingwasslower under seed abundance. However, noneofthe studiesfound a
difference between years in the proportion of seeds that was ultimately harvested, while
the proportion of seeds cached also tended to be similar. The effect of seed abundance of
cache distancewas variable between studies.
Thus, seed abundance affected the rate of seed removal but not the extent of
scatterhoarding. Moreover, all studies found slower cache recovery and most greater
survival of cached seeds in rich years. The overall pattern is that seeds in rich years are
more likelytoestablish seedlings.
The only other tropical study by Theimer (2001) matches our results best. Theimer
found no difference in the percentage of seeds harvested by White-tailed rats (Uromys
cudimaculatus), although harvesting was much slower inthe mast year than the non-mast
year. Although Theimer saw no seeds germinating let alone establishing, cache lifetimes
were longer inthe mast-year (49 versus 8 days). Vander Wall's (2002) conclusions - the
value of cached seeds in rich years is lower, pilfering rates are lower, seeds are handled
by rodents less often, resulting in higher seed survival compared to poor years - apply to
acouchies and Carapa in Guianan rainforest as well as they applied to chipmunks and
Pinus in Nevada's drywoodland.
Seedmass
Several papers have now studied how seed size influenced the effectiveness of
scatterhoarding rodents, mostly by inter-specific comparison (e.g., Stapanian and Smith
1984; Clarkson et al. 1986; Vander Wall 1995; 2003; Forget et al. 1998). TABLE 6.9 lists
studies that varied seed size within species like we did. Within-species comparisons are
especially suitable for the evaluation of the seed size selection hypothesis, because they
control for other factors than seed mass, such as nutrient composition, digestibility and
defense (Hurlyand Robertson 1987).The drawback, however, isthe more limited range in
seed size of within-species studies. Because our study species is highly variable in seed
size,we were stillableto cover a20-fold within-species rangeof seedfresh mass.
We found that seed dispersal and survival were positively related to seed mass in
all stages of the scatterhoarding process, confirming most predictions (TABLE 6.1) which
were in turn based on optimal foraging theory (Stephens and Krebs 1986) and optimal
cache spacing models (Stapanian and Smith 1978). Scatterhoarding rodents clearly
discriminated between seeds based on seed size. Large seeds were harvested more
rapidly and scatterhoarded more often than small seeds, and they were cached further
away, which translated into greater isolation from sibling caches. Seed mass did not
directly affect cache survival, but because more distant, isolated caches have longer
lifetimes (Stapanian and Smith 1984; Clarkson et al. 1986), large seeds ultimately had a
greater probability of surviving and establishing a seedling. All seedlings recorded in this
study came from large seeds. These findings support the seed size selection hypothesis
(Smith and Reichman 1984), which explains the comparatively large seed mass in tree
species dispersed by scatterhoarding animals as an evolutionary response to selection by
these animals favoring larger, more nutritious seeds above smaller, less nutritious ones.
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Discrimination against small seeds during seed harvest and scatterhoarding has been
found in most intra-specific seed fate studies (TABLE 6.9), but not all. Theimer (2003), for
example, found a tendency of discrimination against both the smallest and the largest
seeds, while some other studies did not find selectivity during harvest at all (see
paragraph below for a possible explanation). All studies found a greater likelihood of
caching and a greater dispersal distance for larger seeds, except for Brewer and Webb
(2001), who found the inverse. A possible explanation is that the large seeds in Brewer's
study were heavy (14.3g) and big (61mm length) compared to Spiny pocket mouse
dimensions (55g). They may have been beyond the point at which seed manipulation
becomes increasingly difficult and expensive, pushing down the net benefit of
scatterhoarding (CHAPTER 7). In our study the largest seeds were also doing worse than
the intermediate ones. The studies are too few and too variable to distinguish common
trends in the probability of seedling establishment. The study by Xiao (unpublished)
matches our results best.
Seedmassandseedabundance
No published studies of seed mass and scatterhoarding consider how disperser selectivity
is affected by seed scarcity (but see Vander Wall 2002 and 2003 combined). It is,
however, likelythat selectivity istemporally variable, and especially affected bythe degree
of seed scarcity perceived by foragers. Jansen et al. (2002) argued that rodents cannot
afford being selective under strong seed scarcity, because they then need all seeds to
build up sufficient reserves. If indeed scatterhoarders become selective once they have
secured sufficient supplies for surviving the forthcoming dry season or winter, differences
in the background seed availability may explain why some studies found discrimination
against small seeds during seed harvest (Stapanian and Smith 1984; Clarkson et al. 1986;
Hallwachs 1994; Vander Wall 1995; Brewer and Webb 2001; Vander Wall 2003) whereas
others did not (Theimer 2003; Xiao, unpublished). These findings underline that the
circumstances under which seed fate experiments are carried out greatly influence the
outcome,which must certainly betaken into account when comparing experiments.
There are limits to the reproductive effort any individual can make dueto nutritional
and physical constraints. Smith and Fretwell (1974) hypothesised that these limits imply
that seed sizeand seed number aretraded-off, andthat plant species mustfind an optimal
balance between producing big seeds and producing many. Ourfindings suggest that nutbearing trees can maximise scatterhoarding and minimise seed predation by producing
large crops simultaneously with other nut-bearing trees in the population. At the same
time,they must produce pretty big seeds to maximise the chance of scatterhoarding rather
than instant consumption, and this is even more the case under seed abundance, when
competition for dispersers is fierce. Mast seeding, the production of large synchronous
crops of large seeds in alternation with several small crops, seems a perfect solution.
Rather thantrading off seed sizeandseed number within crops,mast-seeding treestradeoff resources between consecutive crops, displaying large and large-seeded crops in
some years atthe costof crops inother years.
How mast seeding in nut-bearing species may relate to seed dispersal and seed
predation by granivorous animals is shown schematically in FIGURE 6.8. The diagram
which isanadaptation of the more general model presented by (Sork 1993). Itdiffers from
Sork's model in that it acknowledges the role of seed size and seed abundance to
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Figure 6.8 A model for the effects of seed mass and mast seeding on scatterhoarding and its
effectivenessasdispersalmode.SeeSECTION6.5forexplanation.
encourage dispersal. Moreover, it relates mast seeding only to the two alternative
functions - predation and dispersal - ofthe community of seed-eating animals, and not to
pollination effectiveness requiring massive and synchronous flowering or habitat
conditions requiring large seeds. The underlying hypotheses indicated in the diagram are
optimal foraging theory (Stephens and Krebs 1986) and optimal cache spacing theory
(Clarkson et al. 1986; Stapanian and Smith 1978), the predator satiation hypothesis
(Janzen 1974), andtheanimal dispersal hypothesis (Kelly 1994).
Conclusions
Our results supported most of the hypotheses on seed mass and seed abundance (TABLE
6.1), indicating that the seed production strategy of scatterhoarder-dispersed trees can be
explained by optimal foraging theory (Stephens and Krebs 1986) and optimal cache
spacing models (Clarkson ef al. 1986; Stapanian and Smith 1978). The effectiveness of
dispersal by scatterhoarding animals was governed by the seed value perceived by the
animals, which was based both on seed nutritional content and ambient seed abundance.
Larger, more nutritious seeds of Carapa hada higher probability of establishing a seedling
than smaller ones, and Carapa seeds produced in years of seed abundance were more
likely to establish a seedling than seeds produced in years of seed scarcity. Large seeds
shed in richyears did best.
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7. Stabilisingselectiononseedsize
byaseed-dispersing rodent

A classic trade-off in plant evolutionary ecology is that between seed vigour and
dispensability: seed and seedling vigour select for ever-larger seeds, while dispersal
effectiveness selectsforever-smaller ones(HoweandVandeKerckhove 1981;Smithand
Fretwell 1984; Hedge et al. 1991;Kelly 1995). Recent studies, however, suggest that
scatterhoarding animals provide better dispersal to larger seeds than to smaller ones
(Hallwachs 1994; Forget efal.1998;Jansen etal. 2002;VanderWall2002). It hasbeen
hypothesised that scatterhoarding animals have driven the evolution of large-seediness
characteristic for nut-bearing plant species (Smith and Reichman 1984; Vander Wall
2001). Here we show that seed dispersal by scatterhoarding Red Acouchies in French
Guianan rainforest favours intermediate-sized seeds rather than ever-smaller or everlarger seeds. Video surveillance of seed harvesting from cafeteria experiments and
tracking of dispersed seeds showed that intermediate-sized seeds were more rapidly
removed, more likely cached, and further dispersed than smaller or larger seeds. We
proposethatscatterhoarding animalscausestabilisingselection onseedsize intheplant
speciestheydisperse.
7.1 Introduction
Seedmassvariesamongplantspeciesbyasmuchastenordersofmagnitude(Harperef
al. 1970). Many of the largest-seeded plant species are dispersed by scatterhoarding
animals such as rodents and corvid birds, which store numerous seeds in spatially
scattered soilsurfacecaches.Aproportionofthecachedseedsareeventually recovered
andconsumed,butthe remaining onesareoften inmicrositesthanenhance germination
and establishment (Vander Wall 1990). Recent intra-specific studies, controlling for
variation in traits other than seed mass, have found that scatterhoarding rates and
dispersaldistance increasewithseedmass(Hallwachs 1994;Jansenefal. 2002;butsee
Brewer 2001). These findings are opposite to the established idea that dispersal
effectiveness decreases as seeds get larger, mainly based on wind-dispersed and
frugivore-dispersed species (Jordano 1995;HoweandWestley 1996), but are consistent
with optimal foraging theory (MacArthur and Pianka 1966) and optimal cache spacing
theory (Stapanian and Smith 1978). Greater food value makes larger seeds more
attractivetoseedeatersandleadstogreaterinvestmentin caching.
Clearly, however, evendispersal byscatterhoarding animals cannot increasewith
seed mass infinitely: there are limits to the size and mass of seeds that any
scatterhoarding animalcancarrygiven itsownmouthwidthandbodymass.TheDouble
Coconut(Lodoiceamaldavica, Palmae),forexample,hasahugefoodvalue,butno
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existing rodent can effectively disperse the 20-kg seed. For each animal species, a
threshold seed size must exist beyondwhich manipulation becomes increasingly difficult
and expensive. We therefore hypothesised that an optimum seed size exists for seed
dispersal by a given scatterhoarding animal species, and selection pressure by these
animalsshouldbestabilisingtowardsthisoptimum,ratherthandirectionaltoever-smaller
or-largerseeds.
7.2 Results
We studied seed dispersal by the Red Acouchy (Myoprocta exilis),a scatterhoarding
rodent of ca. 1kg body mass that is common in the Guianas and Amazon, at the
Nouragues rainforest reserve in French Guiana, 100km south of Cayenne (4°02'N,
52°42'W).Weestablished cafeteria plotsof individually numbered,thread-markedseeds.
We used seeds from a single tree species with highly variable seed size, so we could
widelyvaryseedmasswithin plotswhilecontrollingforseedchemicalcomposition(Hurly
andRobertson 1987).Wethenmonitoredharvestingofindividualseedsbyacouchieswith
video surveillance cameras. Acouchies accounted for 94%of all recorded seed removal
(757 seeds). We found that the seeds most often removed by acouchies were the
intermediate-sized (optimum at 27g; FIGURE7.1A). The speedof seed harvestingshowed
anidentical pattern(notshown).Subsequently,wedidareasurveystoretrieve harvested
seeds, usingthreadmarks protruding from thesoilto locate buried seeds.Wefoundthat
the harvested seeds most likely to be retrieved in caches were again the intermediatesized(optimum at 22g; FIGURE7.1B). Smallandlargeseedswere most likelyeatenornot
retrieved. Lastly, we found that intermediate-sized seeds had the furthest dispersal
(FIGURE7.1c).The bestquantile regression modelsforx=0.25, T=0.50, T=0.90 and T=0.99
hadoptimabetween26and35gseedmass.
Overall, acouchy selectivity narrowed the distribution of seed mass in the
experimental seed cohort (FIGURE 7.2). Selection against smaller seeds was strong and
significant during all stages of scatterhoarding, indicating that scatterhoarders
preferentially harvestseeds ofgreaterfoodvalueand investmore incachingsuchseeds
(StapanianandSmith 1978).Largeseedswereselectedagainst inthecachingphasebut
notduringharvesting.Thisisconsistentwiththe ideathattheanimals prefer larger,more
nutritious seeds, butthat seed handling andthustransport becomes increasingly difficult
aboveacertainseedsize.Selection against largeseeds isthe more important for plants
because the largest seeds are also the most expensive to produce (Smith and Fretwell
1984).
7.3 Discussion
Lossesduringplant life history aregreatest intheseed-to-seedling phase (Harper 1977).
In large-seeded plants, whose seeds are sensitive to predation by non-mutualist
seedeaters and are likely killed below the parent plant if not removed by a disperser,
scatterhoarding can greatly enhance seed survival. The probability of seeds escaping
predation increases as scatterhoarding animals cache seeds at greater distances,which
translateslinearlyintolowerseeddensities(Jansenefal. 2002)andthuslowerexpected
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Figure 7.2 Narrowing of the seed size distribution in response to acouchy preferences. The shaded
area infigures a-d shows the initial distribution of seed mass inthe experiment per 5g-category, the
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density-dependent mortality (Stapanian and Smith 1978). Our study shows that acouchies
give the most favourable treatment to intermediate-sized seeds, rather than ever-smaller
or ever-larger seeds as previously believed, resulting in a fitness advantage for
intermediate-sized seeds. Because seed mass is a variable and heritable trait (Majonnier
1998) selectivity of scatterhoarding seed dispersers likely causes stabilising selection on
seedsize intheirfood plants.
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Appendix: Methods
Cafeteria experiments
The data presented in this paper come from 25 cafeteria plots, established during the
fruiting seasons (April-June) of 1997-2000, each containing a grid of 25 or 49 seeds of
Carapa procera (Meliaceae). This lower canopy tree, common in the Guianas and the
Amazon, shows exceptional variation inseed mass between andwithin individuals, largely
duetovariation inthe degree offertilisation ofthe20-ovulefruits.We usedthis variation to
create experimental seed batches that ranged infresh mass as widely as possible: from 6
to 44g on average per plot, with 1and 57g as extreme values. Our study animals are the
principal dispersers of Carapa at the study site (Forget 1996, Jansen et al.2002). Seeds
were individually numbered andthread-markedwith 1mfluorescent fishing line and 8cm of
pink fluorescent flagging tape. We used a battery-powered surveillance camera (Philips
VCM 6250/00T) and time-lapse video recorder (Panasonic AG-1070 DC) to monitor
harvesting of individual seeds without disturbing the animals. We recorded whether and
when seeds were removed by acouchies during c. 600 total daytime hours of potential
activity (24 ± 18 hours cafeteria"1). Subsequently, we retrieved dispersed seeds by
searchingfor thread-marks. Even when seeds are cached,these remain visible protruding
from the soil. We surveyed at least a 25m-radius area around plots, and did nonexhaustive searching beyond that radius. We recorded whether and how far from the
source seedswere cached.
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Dataanalysisandtesting
Datawereanalysedbycomparingthefitofahierarchicalsetoflogisticmodelswithupper
boundM(Huismanefal.1993)andalinearrelationship.Themostcomplex modelwasa
4-parameterasymmetricresponsecurve,
„a+bx

y = M-

c+dx

e
e
\ +ea+bx \+ec

withoppositesignsforbandd(asymmetric response).Reducedmodelswereobtainedby
setting d=-b (Gaussian response curve),d=0 (increase to amaximum <M),c=0 andd=0
(increase to maximum M), and all parameters to 0 except a (no response). Under
stabilising selection, models with an optimum (the first two) should give a better fit than
any other models. Models were fitted to binary data through maximum likelihood
estimation(Hemerikefa/.2002)usingthenlmprocedureinR1.5.0 (lhakaandGentleman
1996),with M=1.TheAkaikeInformationCriterion(AIC;Akaike 1974)wasusedtoidentify
thebestmodel.Therelationship betweendispersal distance andseedsizewasanalysed
with non-linear quantile regression (Koenker and Park 1984), an iterative least squares
technique for the exploration of heteroscedastic errors. We fitted the five hierarchical
modelstothe 10th,25th, 50th, 75th, 90th and 99th quantiles, using the nlrq procedure inR
with M=125,the maximum dispersal distance observed for Carapa seeds (Jansen efal.
2002).Thefitted regression quantiles describe the distance range withinwhich acertain
proportion of cached seeds was found. The upper quantiles approximate the maximum
dispersaldistance,andindicate limitingfactors(Scharf efal.1998;Cadeefal.1999).The
criterionforidentifyingthebestmodelwasaminimumvalueof
SSQjm)
n—lm

givennobservationsandmparameters(EfronandTibshirani1993).
Whether acouchy selectivity throughout the scatterhoarding process significantly
narrowedtheseedsizedistributionwasevaluated bycomparingtheobservedseedmass
ateachof99percentilestothedistributionofseedmassatthesepercentilesamong1000
random samples, drawn from the original size distribution. One-sided test values at
a=0.05wereobtainedbycalculatingthe90%envelopeateachpercentile.Thetestvalues
arehighlyconservative becausethesetofmostextremevaluestowhichwecompareour
sample cancomefrom different random samples at every percentile. Inother words,we
set off all-round performance against the highest performance at each part of the
distribution.

8. Predator escape,gap colonisation andthe
recruitment pattern ofthree rodent-dispersed
rainforest tree species

8.1 Introduction
Mostseedplantsintropicalrainforestinvestenormousamountsofresourcesinstructures
enhancingseeddispersal.Whyseeddispersalisapparentlysoimportantisaquestionstill
intriguing many researchers Wangand Smith (2002).The best-established idea isseeds
must moveawayfromtheir parentandsiblingstoavoiddistance-and density-dependent
mortality; the so-called 'escape hypothesis' or 'compensatory mortality hypothesis'
(Connell 1971;Janzen 1970). Seeds in clumps, for example, can have a greater rate
and/or probability of attack by herbivores than isolated seeds (Clark and Clark 1984;
Hammond and Brown 1998; Hammond ef al. 1999; Howe 1989; Stapanian and Smith
1984). Also,seedlingsinclumpsandnearadultscanbemorelikelyinfestedbypathogens
(Augspurger 1983a, 1993b; Augspurger and Kelly 1984). A second well-established
explanation, which we shall call the 'gap colonisation hypothesis', is the requirement of
gapsforseedlingrecruitment,becauselightisthemajorfactor limitinggrowthandsurvival
inmanytropicalrainforestplantspecies(HammondandBrown 1998;Schuppefal. 1989).
Evenseedlings ofspeciesthat arecapableofsurviving under low light conditions canbe
regardedas'waiting'forcanopygapstobecreated.Gapsareunpredictably distributedin
spaceandtime,anddispersal increasesthe probability ofseeds hitting (present or nearfuture)gaps,becauseitscattersseedsoveralargersurface(Augspurger1983a).
Both the escape hypothesis and the gap colonisation hypothesis have been
confirmed byseveralexperimentalfieldstudies,whichcomparecontrastsselectedforthe
particular purposeoftestingwithmaximumcontrolforotherfactors(ClarkandClark1984;
Hammond and Brown 1998). Determining the importance of these mechanisms in real
forest,however, requiresthestudyofseedling recruitment innaturalsituations. Here,gap
presence isnegativelycorrelatedtoadultproximity,simply becausegapshostfeweradult
treesthan non-gaps bydefinition.Also,the expected number of gap locations increases
withdistance-to-adult becausethearea aroundanadulttree increases exponentiallywith
itsradius,and,thus,sowillthepercapitaprobabilityofseedsencounteringagapoftheir
own (Augspurger 1983a). Few studies have attempted to quantify spatial seedling
recruitment distributions (Ribbens ef al. 1994) and even fewer have considered light
availability and adult proximity simultaneously (e.g., Augspurger 1983a). Weighing the
importance of light availability and isolation, Hammond and Brown (1998) have
hypothesised that gap presence is more important for regeneration than adult proximity,
andthose positive light effects counterbalance negative distance or density effects. The
underlying idea is that higher photosynthesis makes plants in high light conditions less
dependent on seed reserves and enables them to cope with attack by herbivores and
diseases(butseeHammondefal. 1999).
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Table 8.1 Characteristics ofthestudytree species. Seed sampleswere collected below parent trees
inNouragues inApril 1996(adaptedfrom Jansen and Forget 2001).

Properties
Seed production
Regularity
Period
Seed output
Seednutritional value
n
Freshweight (g)
Dryweight (g)
Fat(g) 1
Protein (mg) 1
Oligo-saccharids (mg)1
Energy (kJ) 1
Seedstorage life
Parasitism (%)
Seed coattype
Time till germination
1

Licania

Species
Carapa

Vouacapoua

Irregular, synchronous
March-May
400 (max 1200)

Annual
April-June
500 (max 2250)

Irregular, synchronous
April-May
600 (max 1600)

25
28.3± 7.5
9.6 ±2.6
2.4
576
384
206

63
22.9 ±9.1
7.5 ± 3.0
3.7
450
375
224

50
36.7 ±10.5
16.3 ±4.8
0.2
652
978
274

9
hard
>10mo

6
Medium
2-5 wks

34
soft
1-2wks

Chemical analyses were done induploon a mixture ofthree uninfected seeds.

We studied the spatial pattern of natural seedling recruitment in three large-seeded
canopy tree species in a French Guianan rainforest. The species have in common their
dispersal exclusively by acouchies and agoutis, but differ in the extent of seed dispersal
(Jansen and Forget 2001). If adults and gaps have a strong effect on recruitment in these
species, the survival of seeds and seedlings should show a significantly positive
relationship with gap proximity and adult distance. Moreover, the range of seed dispersal
should visibly reduce the contribution of adult-dependent mortality. We compared the
distribution of young and old seedlings with random distributions and seed shadows and
tested three hypotheses: (1) Seedling recruitment is negatively related to the proximity of
reproductive conspecifics (i.e. the escape hypothesis). The relationship affects species
with poorer dispersal more strongly. (2) Seedling recruitment is positively related to the
proximity of canopy gaps (i.e. the gap colonisation hypothesis). (3) Light availability is
more importantfor seedling recruitment thanthe proximity of reproductive conspecifics.

8.2 Methods
Site and species
Data were collected in the Nouragues reserve, an undisturbed lowland rainforest site in
French Guiana, 100km south of Cayenne, at 4°02' Nand 52°42'W, and 100-150m above
sea level. Annual precipitation averages 2900mm, with peaks in December-January and
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April-July. Bongers et al. (2001) give an extensive description of the site. Our sampling
site was at the so-called 'petit plateau', a relatively flat and homogenous part of the area.
Previous studies have produced a detailed knowledge of the spatial distribution of canopy
gaps and trees >10cm dbh in this area (Van der Meer and Bongers 1996, unpublished
data).
The study species were three nut-bearing canopy trees common inthe Nouragues
area: Carapa procera (Meliaceae), Licania alba (Chrysobalanaceae) and Vouacapoua
americana (Caesalpiniaceae). Species characteristics are given in TABLE 8.1. Carapa and
Vouacapoua seedlings are known to perform better intreefall gaps (Forget ef al. 1999).All
species are dispersed by the Red acouchy (Myoprocta acouchy, Erxleben 1777) and the
Red-rumped agouti (Dasyprocta leporina, L 1758). These scatterhoarding rodents, which
measure 33-39cm and 49-64cm length, respectively, and 1.0-1.5kg and 3.0-5.9kg
(Emmons and Feer 1990), store seeds, their main food, by burying them in shallow
caches in the topsoil, one seed per cache. Acouchies and agoutis produce a seed
distribution that is remarkably over-dispersed and predictable compared to seed
distributions from other dispersal modes, and is also well-documented (Forget 1990;
Jansen and Forget 2001;Jansen et al. 2002; P.A. Jansen, unpublished data). The tree
species differ inthe range of dispersal and their vulnerability to predator attack. Nutritional
value, mechanical protection against granivorous insects, time-to-germination, rate of
seed removal, and dispersal distance are all lowest in Vouacapoua and highest in Licania
(Jansen and Forget 2001).
Spatialdistributions
We measured the spatial distribution of two age classes of seedlings with respect to
reproductive adult trees and treefall gaps inthe surrounding area. Thus, we treated adult
trees as the centres of zones with low expected recruitment under HYPOTHESIS 1, and
treefall gaps as the foci of seedling recruitment under HYPOTHESIS 2. We then tested for
segregation and aggregation by comparing distance distributions with the seed shadow
(i.e. the range of seed dispersal) and the random distribution. Under HYPOTHESIS 1, we
expected that the distance-to-adult be as follows: older seedlings > young seedlings >
seed shadow, and older seedlings > random distribution. Under HYPOTHESIS 2, we
expected the distance-to-gap be as follows: older seedlings < young seedlings < random
distribution.
Seed distributions (seed shadows) were obtained from existing studies of seed
scatterhoarding in Nouragues that mapped positions of seeds after dispersal from
experimental feeding plots (Forget 1990; Jansen et al. 2002; CHAPTER 6). We used the
distance-to-source of primary caches, and censored all seeds that were removed but not
found cached atthe radius of our search area.Thus, we assumed that rodents only travel
beyondthat distance to cache seeds, notto eatthem.Our experiencefrom thefield isthat
consumption of seeds immediately upon harvest tendsto be insitu, and rarely >10m away
from the source (CHAPTER 6). A second assumption is that subsequent management and
exploitation of caches will only thin the seed shadow, not alter the distribution. Thus, we
ignore net expansion ofthe seed shadow asa result of re-caching ofviable seeds (Vander
Wall 2003;VanderWall andJoyner 1998). For Carapa,we know that this issafe, because
recruitment comes from primary caches (CHAPTER 6), but for a slow-germinating species
as Licania,we knowthat re-cachingwill likelyfurther expand theseed shadow.
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Licania and Carapa seedlingssmallerthan 1mweresurveyed ina200x200m (4ha)area
in August 1999, Vouacapoua seedlings were inventoried in a 250x20 (0.5ha) area in
November 1992.Seedlings werecategorised byage,whichwe estimated bysize,shoot
number, leaf number and weariness, and the presence and condition of below-ground
seed remains. InLicania, young seedlings includedthe cohorts from fruiting years 1996
and1998,oldseedlingsthecohorts1995andearlier.InCarapa, youngseedlingsincluded
the cohortsfrom 1997-1999,oldseedlingsthe cohorts 1996 andearlier. In Vouacapoua,
young seedlings grouped individuals from the 1992 cohort, old seedlings the earlier
cohorts.In Vouacapoua, 66%ofallseedlingswerelocatedinonepatchthatcoveredonly
0.5%ofthesampling area,andwhichwas locatedfar awayfrom anyparent tree orgap.
We doubted whether this concentration was natural, and decided to exclude these
individualsfromfurtheranalyses.
Adult trees were mapped in a ~400x400m (15.4ha) area enclosing the seedling
plotsin 1993and 1999.Whichindividualswerereproductivewasdetermined bychecking
for fruits andfruit remains intree crowns and below trees (during thefruiting season of
2000, a mast year, for Vouacapoua and Licania, and several times between 1995 and
2000for Carapa). Reproduction occurredfrom 17cm dhbwith probability (1 + e 8 4 - 0 3 4 *
DBH 1
)" in Carapa (logistic regression: n=122, Wald=28.0, PO.001), from 26cm with
probability (1 + e38 " ° 12*DBH)"1 in Vouacapoua (n=76, Wald=19.1, PO.001), and from
16cm with probability (1 + e 30 " 013 x DBH)"1 in Ucania (n=146, Wald=31.7, PO.001).
However,theseedoutputofsmallreproductive individualswasoftensomodestthattheir
role as seed source and focus of predators and pests was doubtful. Therefore, we
includedallindividuals >35cmdbhineachspecies,supplementedwithallLicania >26cm
dbhthatweactuallysawproducingseed,andallCarapa >30cmwithayearlyseedoutput
>100seeds.
The occurrence and size of treefall gaps was recorded in the same 16ha area
between 1990 and 1997 (Vander Meer and Bongers 1996).We included only thegaps
whosesurface sensu Brokaw(1982)exceeded3.5m2.Thisistheareawithout leaflayers
between sky and soil surface. Gap area was then measured as the polygon surface
betweenthestembasesofalltreecrowns borderingthecanopygap(Runkle 1981).Gap
mappingwas incomplete alongthe north-eastern side of the seedling plot, but this zone
hadnoadditionallargecanopygapsclosetothecentral4ha.
Therelativefrequencyofseedlings nearadulttreesstandingalongtreefallgapsis
of particular interestforourstudy. Under HYPOTHESIS3, negativeeffects ofadult proximity
and seed and seedling density in these situations should be counteracted by light
availability, resulting inhighrecruitment from seedsthatwere never removedfrom below
adulttreesandfromseedscachedintheimmediatevicinity. Ourseedlingsamplingarea,
however, includednoCarapa seedsourcesalongtreefallgaps.Therefore,weadditionally
counted seedlings below three such Carapatrees elsewhere in the 16ha area, and
comparedthenumberswithsimilar-sizedindividualsinthe4ha.
Analyses
Spatial clumping of adult trees and of seedlings was analysed using Ripley's K-function
(Ripley 1978): K(t) =A"1•E(d). Here,XisthedensityofpointsandE(d) isthenumberof
neighbours within distance dfrom each point.We calculated K(d) for 100 distances d,
and transformed it to L{d) =^K{d)/n -d . This formula has an expectation of 0 under
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complete spatial randomness, and is thus easier to interpret. We obtained 95% and 99%
confidence envelopes by calculating L(d) for each of 1,000 random patterns of n points,
and then determined the 0.5%, 2.5%, 97.5% and 99.5% quantile of L(d)for the same 100
values of d. Since random patterns includethe same edge effects asthe original data, we
did not applyfurther edge corrections.
We calculated the distance to the nearest conspecific seed source for all seedlings
as well as for 10,000 random points within the sampling area. Similarly, we calculated the
distance-to-gap of seedlings and random points as the distance to the nearest gap edge
(sensu Runkle 1981) of each gap age category. Seedlings and random points located
within gaps were given negative distances.We first analysed nearest-neighbour distances
using a non-parametric approach resembling Hamill and Wright's (1986) technique. We
calculated Kaplan-Meier distribution curves to show the frequency of individuals beyond a
given nearest-neighbour distance.We testedfor differences between curves usingthelogrank statistic

£/=i>,(A-£,-)
1=1

in which D, is the number of individuals found at distance / from the source, E, is the
expected number of individuals at distance ; (calculated from the number of individuals
beyond distance /-1 and at each distance interval in the sample), and w, is a weighing
factor. For our tests of HYPOTHESIS 1 (survival near adults is disproportionally lower), we
used the Breslow (or generalised Wilcoxon) statistic. Here, wt weighs the differences D,E-,bythe number of individuals beyond distance;'. Hence,the Breslow test weighs findings
near adulttrees more heavilythanfindings atgreater distances. For HYPOTHESIS2 (survival
away from gaps is disproportionally lower), we used the Mantel-Cox Log-rank statistic, in
which iv, =1, emphasising the tail of the distribution, i.e. differences in frequency away
from gaps.
Subsequently, we used multiple logistic regression to analyse seedling occurrence
as a function of distance to seed sources, different categories of treefall gap, and their
interaction, as in Frost and Rydin (2000). We used the 10,000 random points mentioned
above as zero values, and increased the distance-to-gap to setthe minimum value to zero
(seedlings ingaps have negative distances).
Mapping and calculation of distances to adults and gaps were done in ARCINFO.
Ripley's K functions were calculated using the S+SPATIALSTATS 1.5 module in S-PLUS
2000 (MathSoft 1999).Other statistical analyseswere done inSPSS 10.0.5 (SPSS 1999).

8.3 Results
Spatial distributions of adult trees inthe 16ha and of seedlings against the background of
seed sources and gaps inthe sample plots are shown in FIGURE 8.1A-C and FIGURE8.1D-F,
respectively. The seed sources in the 16ha area were randomly distributed, with only
some weak clumping in Carapa at scales <100m (FIGURE 8.2). Hence, the distribution of
adulttrees inour study area was sufficiently random to not botherabout cumulative effects
of adult proximity, and usethe distancetothesingle nearest seed source asestimate of
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Figure 8.1 (Opposite page) Spatial distribution of seed sources and seedlings of three rodentdispersed tree species at Nouragues, French Guiana, (a-c) Maps of individuals >10cm dbh in a
400x400m (16ha) area. Dot size varies with tree dbh. Filled dots were classified as reproductive
adults, open dots represent non-reproductive trees. Spatial distribution of seedlings in three rodentdispersed tree species, (d-f) Maps of seedlings in the 200x200m (4ha) core area in August 1999
(Carapa procera and Licania alba), and in a 25x200m (0.5ha) subset in August 1992 (Vouacapoua
americana). Filled dots represent young individuals, open dots represent older individuals <100cm tall
(see text for definition of age categories). Large open dots are reproductive conspecifics. Polygons
represent canopygaps sensu Runkle (1985) categorised byage:datingfrom 1996-1997 (dark), 19931995,1990-1992, and before 1989(light).The white area represents closed forest.

adult proximity. The clumping of seedlings differed between species with the extent of
seed dispersal. Young seedlings were strongly clumped at scale 10-40m in the poordispersed Vouacapoua (FIGURE 8.3A), weakly clumped at scale ~35m in Carapa (FIGURE
8.3B), andrandomlydistributed in thewell-dispersedLicania (FIGURE8.3C).
The Kaplan Meier distributions of seedling's distance-to-the-nearest adult as well
as the seed shadows and the random distributions are shown in FIGURE 8.4. The
differences betweenthe distributions become smaller as dispersal increases goingfrom
Vouacapoua (Breslowtest: U3=729, PO.001), to Carapa (L/3=681, P<0.001) and Licania
(L/3=211, P<0.001). Under HYPOTHESIS 1, we expected that the distribution would shift to
the rightgoingfrom seedshadowtoyoungseedlingsto oldseedlings, andthat this shift
would be strongest in the species with the poorest dispersal. The results showed this
pattern, with the greatest shift in Vouacapoua and no shift at all in Licania. The seed
shadow of Licania was even beyondthe random distribution indicating that thisspecies'
dispersedseedspotentiallycoveredtheentireavailablearea.Thisimpliesthatdispersalis
moreextensivethannecessaryunderthegivendensityofadulttrees.In Vouacapoua, the
poorest disperser, young seedlings were located further from the nearest adult than
expected from the seed shadow (Pair-wise Breslow log-rank test: L/=15.84, P<0.001),
older seedlings were locatedfurther away from adults than younger seedlings, although
not significantly (L/=2.12, P=0.14). Moreover, the distribution of older seedlings
approached randomness (l/=1.39, P=0.24). However, the seed shadow and seedling
distributions were not significantly different in the better dispersers Carapa and Licania.
Under HYPOTHESIS1,wealsoexpectthedistributionofseedlings bemoretotherightthan
the randomdistribution (cf.HamillandWright 1986),especially atshort distance-to-adult.
Noneofthespecies,however, showsthis pattern.We conclude that distance-dependent
mortality is reflected only inthe spatial pattern of seedlings in Vouacapoua. The spatial
patternofCarapaandLicaniaseedlingswithrespecttoadultsis random.
UnderHYPOTHESIS2, weexpectedthatlowsurvivalunderlowlightconditionswould
producealowfrequency ofseedlings at largedistancesfrom canopygapsrelative tothe
availability ofspace.TheKaplan Meierdistributions ofdistance-to-the-nearest treefallgap
(FIGURE 8.4D-F) should move to the left going from random to young seedlings to old
seedlings due to disproportionate thinning of the tail of the distribution. None of the
species,however,showedthepredictedpattern.Oldseedlingswereclosertotreefallgaps
than young ones, although not significantly, in Vouacapoua (Mantel-Cox Log-rank test:
L/2=2.03, P=0.15), and Carapa (L/2=0.67, P=0.41) but not in Licania(L/2=1.80, P=0.18).
Noneofdistributionsofold seedlingsdifferedfromtherandomdistribution.
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Figure 8.2 Second-order neighbour analyses of the spatial distribution of reproductive trees in
Vouacapoua (a),Carapa (b),andLicania (c).Thefunction L(d) isatransformationof Ripley's K, with
expectation 0 under complete randomness (see method section). Broken and dotted lines indicate
95% and 99%confidence envelopes, respectively. Positive departures of L(d) indicate aggregation,
negativedeparturesindicatesegregationofindividualsatthescaleofdistanced.

Distance to gap and distance to adult may interact. Particularly adult trees standing along
treefall gaps should have higher seedling recruitment intheir immediate vicinity than adult
trees standing in closed forest, if light availability indeed overrules density-dependent
mortality (HYPOTHESIS 3). Moreover, it makes sense that seedlings be clustered around
gaps of a particular age class rather than gaps in general: young seedlings might be
associated with recent gaps, and older seedlings with older gaps. Therefore, we did
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Figure 8.3 Second-order analyses of the spatial distribution of seedlings <1m height in
Vouacapoua (a),Carapa (b), andLicania (c).SeeFIGURE8.2forexplanation.
logistic regression analyses of seedling occurrence as afunction of distance to adults and
distance to different age classes of gaps (TABLE 8.2). Young seedlings were associated
with adults in Vouacapoua, to a lesser extent in Carapa, and segregated in Licania, which
is in line with our predictions. However, they were associated with (young) gaps only in
Licania, the best disperser. Significant association of old seedlings with (old) gaps was
only found in Carapa. However, we found no significant interaction of distance-to-gap and
distance-to-adult for any ofthe species.
Incase of Carapa,the latter might bedue tothe fact that none of the seed sources
inthe 4ha were standing along recent treefall gaps. Therefore, we compared the number
ofseedlings below adulttrees betweenthree trees inclosedforest within the4ha area and
three trees standing along treefall gaps elsewhere in the 16ha area. The difference was
tremendous (t test: f2.04~7-3, P=0.017): while 2, 1, and 0 seedlings were found below
adults in closed forest, as many as 36, 38 and 54 seedlings <1m were counted below the
adults along treefall gaps. A similar comparison for Licania showed no significant
difference in numbers of seedlings below adults along gaps (4, 3, and 0 seedlings) and
below adults in closed forest (1,0, and 0). The majority of the Carapa seedlings below
adult trees came from the 1998, a year in which abundant fruiting of several nut-bearing
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Figure 8.4 Spatial distribution ofseedlings with respect to reproductive conspecifics (a-c) andtreefall gap
edges (d-f). Kaplan-Meier curves, showing the proportion of individuals further than a given distance, are
plotted for young seedlings (black step functions), old seedlings (grey step functions), and random points
(dotted lines). The thick lines (a-c) show the seed shadows as the proportion of seeds dispersed beyond
a given distancefrom their original source. Characters indicate significant differences in pairwise Breslow
(a-c) and Mantel-Cox logrank tests (d-f) at a=0.05.

tree species saturated the seedeaters inthe Nouragues area (CHAPTER6). Carapa seed
removal by rodents inthat year was slow: seeds accumulated below seed sources and
suffered heavy attack by granivorous insects. Still, many of those along treefall gaps
germinated andestablished.Licania seeds inthat sameyear, incontrast, were removed
rapidly and did not accumulate below adult trees. Moreover, no post-shedding predation
byinsectsseemedtooccur.Withoutaccumulation,therecanbenocontrast.
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Table 8.2 Effect of distance to the nearest conspecific adult and gap on the probability of finding a
seedling. Logistic regressions with seedlings versus 10,000 randomly generated non-occurrences.
Figures are regression coefficients times 103. Positive values indicate association, negative values
indicate segregation.There were nosignificant interactions ofgap andadult proximity.

Distanceto nearest
gap 1996-1997
gap 1993-1995
gap 1989-1992
gap prior 1989
conspecific adult
NagelkerkeR*(%)

Licania
Young
Old

Carapa
Young
Old

-22**
-11 N.S.
-9 N.S.
12 N.S.
24**

-12 N.S.
-22 N.S.
-2N.S.
-22N.S.
-32*

33*
4 N.S.
-40*
-56*
-10N.S.

-

-

25N.S.
-30N.S.
-76 ***

-8N.S.
-48N.S.
-25N.S.

2.9

4.5

7.0

1.3

2.9

-9N.S.
1N.S.
2N.S.
16N.S.
-1N.S.
0.6

Vouacapoua
Young
Old

Significance values:*** P<0.001,** P<0.01, *P<0.05, N.S. notsignificant.

8.4 Discussion
Both the escape hypothesis and the gap colonisation hypothesis have been positively
tested in experimental studies for many tree species. Seeds and seedlings had greater
survivalincanopygapsthaninclosedforest(e.g.,Augspurger 1984;Howe1990),greater
survival away from reproductive conspecifics than underneath them (e.g., Augspurger
1983a, 1983b; Condit et al. 1994), and greater survival in isolation than in clumps of
conspecific seeds or seedlings (e.g., Clark and Clark 1984). However, significant
responses to experimentally created contrasts do not tell us how important these
processesareforthenaturalspatialpatternofseedlings inwhichthemajorityofsituations
falls between these contrasts. Several studies, for example, report reduced survival at
distances <5mfrom adult trees, but in most forests the area covered bythis situation is
negligiblecomparedtotheareaavailableatdistances>5m.
Anapproachthatdoespermit inferencesaboutthe importanceoftheseprocesses
istocomparethenaturalspatialpatternof plantsindifferent lifestages,asinAugspurger
(1983a) andthis study. If distance- and density-dependent mortality and light-dependent
survivalwere importantforearlysurvivalofseedsandseedlings,distinctshiftsawayfrom
adultsandtowardsgapsshouldbevisibleinthedistributions ofseedsandseedlings.Our
study compared the distribution of seeds, young seedlings and old seedlings for three
rodent-dispersedtreespeciesthatdiffered intheir extent ofseeddispersal,andtherefore
theexpectedstrengthofdensity-dependent effect.
Our resultsgavesupporttothe ideathat dispersal helpsseedstoavoidseedand
seedling mortality associated withthe proximity of conspecifics (escape hypothesis).The
poorestdisperser, Vouacapoua, showedashiftawayfromseedsourcesgoingfromseeds
toyoungseedlingstooldseedlings.Thefrequencyofseedlings,however, neverbecame
lower than expected from a random distribution. Distance-dependent mortality, at most,
randomisedthedistributionof Vouacapoua seedlings.Incontrast,seedlingdistributionsof
the better dispersers - Carapa and Licania - never differed from a random distribution.
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Photo 8.1 Canopy gaps arevery rich in lightcompared to understorey habitat.

Apparently low numbers of seedlings close to adults in these species were a sampling
effectthatdisappearsifoneaccountsfortheavailabilityofareaatdifferent distancesfrom
adult trees. This indicates that scatterhoarding by acouchies and agoutis can be an
effective way to create a near-random distribution of seedlings in the forest. Transport
away from the parent plant translates linearly into lower densities of seeds and thus
seedlings. In Carapa and especially Licania, the scale of seed dispersal and scattering
was apparently sufficient to avoid mortality associated with the proximity of reproductive
conspecifics.Thescaleofseeddispersalin Vouacapoua, the less preferredspecies,was
not.Theeffectiveness ofseeddispersalbyscatterhoarding rodents playsacrucialrolefor
theexpressionofdistance-dependentmortality.
Noneofthespeciesshowedcleareffects ofgapproximity, indicatingthatseedling
survivalwasnotstronglyaffected bylightavailability.Apparently,the largeseedreserves
permit seedlings emerging from forgotten caches to establish themselves and survive
evenunder lowlightconditionsforseveralyears.Highsurvival underlowlight isaknown
feature of large-seeded species (Saverimuttu and Westoby 1996; Walters and Reich
2000),butsinceallstudyspeciesdobetteringaps,thelackofameasurableeffectofgap
proximity was still unexpected. Rodents do not seem to disperse seeds into exposed
situations such as recent gaps proportional to the availability gap area (P.A. Jansen,
unpublished data), possibly because of higher predation risk in high light habitat.
Recruitment,however,wasveryabundant belowCarapaadulttreesstandingalongrecent
treefall gaps but almost lacking below comparable adult trees surrounded by closed
canopy. This demonstrates that seed and seedling survival can be quite high even right
belowadulttreesifatreefallgapispresent,whichisinlinewith HYPOTHESIS3(Hammond
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and Brown 1998). High light conditions favoured establishment of seedlings, even though
insects heavily predated upon the clustered and exposed seeds. Seedlings can mitigate
losses of seed reserves to insects by high photosynthesis (Hammond and Brown 1998).
Note that seedling recruitment below adult plants does not necessarily contribute to
parental lifetime reproductive success, because parent-offspring conflicts may be at the
cost offuture seed production.
Our study assumed that seedlings come exclusively from seeds that are dispersed
by scatterhoarding rodents. The high numbers of seedlings below Carapa trees along
treefall gaps also show that recruitment from non-scatterhoarded seeds is also possible.
Both burial and scattering of seeds by scatterhoarders are believed to reduce seed
predation (Stapanian and Smith 1978; Vander Wall 1993). High light availability permitted
Carapa seeds to germinate and establish in spite of high insect infestation.This supports
the hypothesis that light availability is more important for reducing seed and seedling
mortality than adult and sibling proximity (Hammond and Brown 1998). Nonetheless,
scatterhoarding remains important for extending area, for increasing the probability of
seeds hitting a gap or a site that will become a gap in the near future, and for helping
seeds to escape seed predation and establish seedlings under low light situations. The
same large seed reserves that persuade rodents to act as dispersers permit seedling
survival inshadefor a longtime,waitingfor gapstoarise.
Differences in food value seem to be the key factor for the species' ability to
escape distance-related mortality. While many of the starchy, recalcitrant Vouacapoua
seeds germinate before they can be removed from below parent trees (but see Forget
1990),the oily, slowly germinating Licania seeds are highly sought after byacouchies and
agoutis that rapidly harvest all intact seeds from below parent trees to cache them. The
removal rate of Carapa seeds is very much dependent on ambient food availability
(CHAPTER 6). When many seeds are available including the preferred Licania, even the
fatty Carapa seeds may accumulate below parent trees. The starchy, rapidly germinating
seeds of Vouacapoua have relatively low value for acouchies and agoutis. By
consequence, the animals harvest few of the seeds and spend little effort per seed in
caching. Most seeds remain close to the parent tree in fairly high densities, yet the
numbers of seedlingsfound near adult trees are low. In Vouacapoua, distance-or densitydependent mortality seems to shape the distribution of seedlings as predicted by the
escape hypothesis (Connell 1971;Janzen 1970). In contrast, Licania's highly nutritional,
slowly germinating seeds are valuable to acouchies and agoutis. They put great effort in
rapid harvesting and scatterhoarding the seeds in widely spaced caches to prevent
discovery and use by food competitors. The resulting distribution of seedlings emerging
from forgotten caches is completely random with respect to adult trees, with no sign of
density-dependent mortality. Carapa seeds, finally, are sought after by rodents in the
absence ofthe preferred Licania seeds. The investment in harvesting and scatterhoarding
the seeds is intermediate between Vouacapoua and Licania, and so is the distribution of
seedlings with respect to adult trees and gaps. In the presence of Licania seeds, Carapa
seeds accumulate below parent trees where they are subject to density-dependent
mortalityfactorsthat kill allexcept under high light conditions.Thus,the nutritional value of
seed species and the availability of more attractive seed species determine the extent of
seed dispersal by scatterhoarding rodents, and thereby the extent of seed and seedling
escapefrom predators and pathogens.
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Photo 8.2 Young Licania alba seedling, established from aseed cached along branches in a treefall
gap byascatterhoarding rodent.
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9. Synthesis

There isagreat needofstudies ofseeddispersalthat link seed production andseedling
establishment,especiallyforanimal-dispersed plantspecies(WangandSmith2002).This
study filled this need for a nut-bearing tree species - the Neotropical rainforest tree
Carapa procera - dispersed byscatterhoarding animals. Itwasamongthefirst intropical
foresttotrackseedsfromsourcetoseedlingestablishment(cf. ChambersandMacMahon
1994; Vander Wall 1990). This study used video monitoring to identify which animal
species were responsible for the harvesting ofeach individual seed,where other studies
of seed dispersal by wild animals rely on assumptions about the identity of animals
dispersing seeds (but see Hallwachs 1994; Beck andTerborgh 2002). Ifound that cavilikerodents werethe principal dispersers of nutsawayfrom the parent neighborhood,as
expected. However,dispersalwasparticularly bytheRedAcouchyMyoprocta exilis, asin
Forget (1990), ratherthan bythe well-known agouti (Dasyprocta sp.) that is identifiedas
principaldisperserinmostotherNeotropicalstudiesofscatterhoarding (e.g.,Asquithefal.
1999;Hallwachs 1986,1994;Meritt1985;Peresefal. 1997;Smythe1978).
9.1 Dispersal effectiveness
Thetracking of dispersed seeds- using simplethread-mark techniques (Forget 1990) showed that most ofthe seeds harvested by rodents were scatterhoarded, i.e.buried in
spatiallyscatteredsingle-seededsoilsurfacecaches (CHAPTER5-7).Mostseedsremained
within 25mfromthe source, but somewere dispersed further than 100maway, whichis
muchfurtherthanreportedinotherstudiesofscatterhoarding byrodents.Scatterhoarding
brought seeds into more favourable conditions; seeds were distributed over a wide
surface,therebygetting moreisolatedfrom conspecifics,theywere buriedoutof reachof
insect predators, and they were concealed for seed-eating mammals. Most seeds were
recovered from caches, but subsequent seed tracking revealed that many recovered
seedswerenotconsumedbutre-cached,asintemperatestudiesofscatterhoarding(e.g.,
Vander Wall 1995; 2003; Vander Wall and Joyner 1998a). Re-caching could further
increasethedistanceofseedstothesourceandtoconspecificseeds.Asmallproportion
of the cached seeds ultimately germinated and established seedlings. This shows that
scatterhoarding, even though performed by granivorous animals, was an effective
dispersalmodeforourstudyspecies.
The recognition that granivorous animals can be dispersers of seed rather than
simply predators is fairly recent, and still growing. Even today, however, many authors
equal seed removal to seed predation. They back upthis assumption with the fact that
some seeds were found eaten, and they ignore the possibility of scatterhoarding, or
trivialise the likelihood of seedling establishment from cached seeds. And they can,
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because the idea of scatterhoarding being an effective dispersal mode has heavily relied
on circumstantial evidence (CHAPTER 3). Because it isdifficult and time-consuming to track
seeds, very few studies have actually determined the ultimate fates of scatterhoarded
seeds (e.g., Vander Wall 1994; 2002; Vander Wall and Joyner 1998). All, including this
study, however, indicate that scatterhoarding provides effective dispersal and yield
seedling establishment. Scatterhoarding can be a mutualism, benefiting both the tree that
needs seed dispersal andtheanimalthat cannot survive without seed supplies. Therefore,
seed removal, especially of large seeds, should not be equalled to predation without
verification.

i.2 Necessity of scatterhoarding
While some of the scatterhoarded seeds germinated and established seedlings, nonscatterhoarded seeds in the seed fate experiments all died from Hypsipila moth
infestation, desiccation, or peccaries visiting seed trees (CHAPTER 6). The vicinities of
parent trees functioned as zones of disproportionate mortality as described by (Janzen
1970) that seeds had to escape. Because rodents were the only vector of seed dispersal,
most if not all seedlings of C. procera and other nut-bearing species found scattered
throughout the forest (CHAPTER 8) must come from seeds cached by rodents. A recent
study by (Asquith et al. 1999) showed that seedling recruitment in the large-seeded tree
species Hymenea courbaril was dramatically lower in habitats without agoutis - the
exclusive seed disperser (Hallwachs 1986) - than in places with this scatterhoarding
rodent. Given the necessity of movement for the colonisation of new habitat and for
migration in the face of climatic change over geological time, scatterhoarding is essential
forthe long-term subsistence ofthesetree species.
However, I also found that seeds accumulating below adult trees standing in or
alongtreefall gaps did haveagood chanceto establish andsurvive (CHAPTER 8). High light
availability in these situations compensated for losses of seed reserves to insect larvae
(cf. Hammond and Brown 1998). The contribution of these seedlings to the population
may seem unimportant given the low proportion of reproductive individuals standing in or
along treefall gaps. But if one takes into account the high dynamics of the Guianan
rainforest (Vander Meer 1995;Van der Meerand Bongers 1996), anygiventree likely has
one or more treefall gaps occurring in the immediate neighbourhood during its total
reproductive life span. This provides windows of opportunity for in-situ replacement.
Asquith et al. (1999), for example, also found at least some Hymenea courbaril seedlings
below adulttrees on islands without dispensers. This implies that nut-bearing species need
not necessarily failto reproduce intheabsence of scatterhoarding rodents.
The question remains whether scatterhoarding rodents are essential for the
regeneration of nut-bearing trees in disturbed forest, notably logged-over forest that is
supposed to recover by natural regeneration. In CHAPTER2,1reviewed the potential effects
of logging ondispersal success and,ultimately, natural regeneration intropical forest. One
of the problems identified was that very little is known about the robustness of local
regeneration to qualitative and quantitative alteration of animal-mediated dispersal. One
cannot rule out the possibility that timber extraction and the subsequent uncontrolled
hunting have a strong negative impact on regeneration of vertebrate-dispersed plants,
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including many timber species. I argued that, under current knowledge, forest
management systems should better includeeffective protection ofthedisperser fauna.Is
thisalsotrueforthescatterhoardinganimalsinoursystem?
Large seed dispersers are usually reduced in numbers in such forests due to
uncontrolledhuntingorhabitatdisturbance (CHAPTER2).Acouchies,themaindispersersof
C. procera, for example,are absent indisturbed forest in French Guiana (Dubost 1988).
Add tothis that seed sources are likely reduced in number dueto logging ofthe largest
individuals, fewer nuts will be dispersed. Whether and how poorer dispersal affects
regeneration, however, will also depend on the compensatory effects of higher light
availability (canopy disturbance) and lower population levelsof seed predating mammals
that are also hunted (CHAPTER 2). High light availability may result in high seedling
recruitment from non-dispersed seeds below parent trees (CHAPTER 8), especially in
absence of predation by peccaries, and in increased survival and growth of established
seedlings. Finally,seedling recruitmentwilldependonscatterhoarder behaviour,whichin
turn is influenced by the ambient food abundance (CHAPTER 6). Dispersal might be
reduced but nevertheless moreeffective dueto increased cachesurvival,ifthe available
food saturates the few available scatterhoarders at an earlier point. This suggests that
recruitment of C.procera and other nut-bearing trees in managedforest need not beat
riskevenifdispersershavebecomescarce.
9.3 Dispersalquality
Likepreviousstudiesofscatterhoarding(e.g.,Forget 1990),Ifoundthatmanyseedswere
cachedalonglogs,atthebaseofbigtrees,inlitterpilesbelowpalms,andinthedisturbed
soil of treefall mounds and armadillo burrows. It has been suggested that agoutis and
acouchies usethese objects as mnemonics, like many other scatterhoarding speciesdo
(e.g., Barkley and Jacobs 1998; Bossema 1979). CHAPTER 3 proposed the alternative
explanationthattheseplaces havesubstrates- suchasmoulderedwoodandleaves- in
whichcachethieveslesseasilydetectcaches.AnartificialexperimentinwhichIsimulated
seed caches in different substrates (not reported in this thesis) supported this idea.
Caches in mouldered wood or other loose substrates had lower pilferage rates than
caches in clayey soil, the prominent substrate. Further artificial caching experiments
showed that digging traces were the primary cue for cache thieves, far more important
than cache content. Mammals explored artificial caches containing worthless seeds or
evennothingatallwiththesameenthusiasmashigh-valuecaches.Iproposethatrodents
prefer caching seeds in places / substrates that allow burial with little disturbance asto
minimisecacherobbery.Seedcachinginsuchplacesmayalsobecheaperforanimalsin
terms of energy expenditure. This implies that there are different qualities of places to
cacheseeds,onwhichIwillelaborateinthenextsection.
I reasoned that recent gaps would be a particularly suitable environment for
caching seeds because logs, branches and liana tangles obstruct peccaries, which are
considered important cache robbers (Kiltie 1981). Also, treefall gaps are rich in leaf
accumulations and decaying wood, substrates that, as explained above, allow safe
caching.Artificial caches created inrecent treefall gaps indeed hadgreater survivalthan
artificialcachesinunderstorey. However, cachesurvivaldidnotdiffer betweenoldtreefall
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gaps and open understorey (unpublished data). This suggested that cache robbers
avoided the high light environment. That acouchies and agoutis did so was also
suggested by the fact that natural caches in our seed fate experiments were rarely in
recent treefall gaps (unpublished data). A plausible explanation is a higher risk of
predation, for example by the bush master Lachesis muta.This snake feeds on small
mammalsincludingacouchiesandagoutis,andprefershighlightconditionsforroosting.
Lightavailabilityisalimitingfactorforgrowthandsurvivalinnut-bearingspeciesas
in any other, yet cached seeds as well as established seedlings were mostly found in
understorey habitat (CHAPTER 8; unpublished data). The benefit of scatterhoarding is
apparentlynotindirectionaldispersaltowardsexistinggaps,butratherinspatialscattering
over a wide area. The over-dispersion of cached seeds maximises the probability that
seedlingsarepresentwheneverandwhereveracanopygaparises.Itmaynotbefarfrom
ideal dispersal,which produces seedlings at the spatial scale of treefall gapoccurrence.
Anticipatingfuturegapsrequiresthatseedlings bevigorousenoughtosurvive inthedark
understorey conditions for several years. Large seeds are often interpreted as an
adaptation for this (e.g., Leishman and Westoby 1994), and I found in greenhouse
experiments with C. procera and V. americana(unpublished data) that seed size
translates into seedlings with greater leaf area and a greater capacity to survive heavy
damage or herbivory. Especially V.americana have high survival rates in understorey
habitat, more so than C.procera(Forget 1997). The large seed size in nut species is
suited not only for dispersal by scatterhoarding rodents, but also for the conditions into
whichdispersalbringsseeds.
9.4 Escapeofcachedseeds
Nutscanescape consumption byscatterhoarders byestablishing seedlings andbecome
unattractive asfood. However, the roadto establishment - germination - isdangerous,
because the rodents actively managetheir supplies. Ifoundthat C.procera seeds were
especially prone to recovery at emergence of the sprout (CHAPTER 5-6). Rodents used
these sprouts either ascuesfor cache retrieval,or asa signal of seed reserves leaking
away. Ifoundthat they actively intervened ingermination by severing sprout, roots and
meristem (CHAPTER 4), and that they subsequently re-cached most of these seeds
(CHAPTER 6). Seeds that received this treatment were unable to germinate again but
stayedaliveinsecondarycachesforseveralmonths,longenoughtoserveasfoodduring
the dry season.The animals thus changed rapidly germinating andtherefore perishable
seedsintolong-termfoodsupplies.
BecausescatterhoardingrodentsandtheCarapagerminationtypeco-occurworldwide, Ihypothesised that the phenomenon of 'zombie seeds' iswidespread (CHAPTER4).
Butifthezombie phenomenonwerewidespread,thenwhy havestudiesofseeddamage
and seedling herbivory never reported it? A plausible explanation is that these studies
focus on damage to seeds by granivores prior to germination, and/or on damage to
sprouts byherbivoresandmechanicalcausesaftergermination.Theytestwhetherseeds
germinate after experimental damage and/or whether seedlings resprout after
experimental removaloftheshoot(AnderssonandFrost 1996;Dallingetal. 1997;Harms
and Dalling 1997; Hoshizaki ef al.1997), but never test the resprouting ability of seeds
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afterremovaloftheentireseedling.Atfirstglance,thecharacteristicofbecomingzombies
after seedling removal seems a handicap that may strongly reduce seed survival and,
ultimately, plantreproductivesuccess.However,the'handicap'ofbecomingzombiesmay
actually bethe only reason why scatterhoarding animals usethese perishable seedsfor
long-term hoardingratherthaninstantconsumption.Ifonlyaproportionofscatterhoarded
seedsescapetherodents'attention,dispersalsuccessmayalreadybesufficient.
By scattering caches over a wide area, acouchies made it more difficult for food
competitorstofindanddepletethesupplies (CHAPTER5),aspredicted by(Stapanianand
Smith 1978). Negative density dependence of cache depletion by naive foragers was
even more clearly shown when C.procera seedswere experimentally scatterhoarded in
different densitiestotestfor relateddifferences incachesurvivaltime(unpublisheddata).
However, the scattering turned against the acouchies when caches became numerous
andtheanimalssimply losttrack oftheseeds.Thishappenedespecially inyearsofseed
abundance.MostcachedC. procera seedsescapeconsumptionbecausetheirdispersers
areapparentlyunabletotimelyinterveneintherapidgermination (CHAPTER6).
Theothermechanismsofcachesurvivaldescribed inCHAPTER3- notablymemory
loss over time and high scatterhoarder mortality - may still be important in slowly
germinating nut species, such as Licaniaalbaand various palm species. Yet, even in
these species the same game begins once cached seeds germinate and emerging
sprouts give away their hide. If acouchies recognise C.procera seeds bytheir sprouts,
they likely recognise other palatable seed species by their sprouts as well. Thus,
reasoning that it is dangerous for palatable seeds to germinate when seeds are sought
after, one may expect that germination time of nut species be tuned to ambient seed
availabilityandhavetheirsproutsbeswallowedupinthecrowdofseeds.
9.5 Seedsize
Seedsofscatterhoarder-dispersedtreespeciescanbeseveralordersofmagnitudelarger
than those produced by tree species dispersed by wind or fruit-eating animals (e.g.,
Leishman ef al. 1995; Westoby ef al. 1996) (FIGURE 9.1). Smith and Reichman (1984)
hypothesised that this large-seediness has evolved in response to preferences of
scatterhoarding animals.Thisstudyusedthe20-foldvariation inseedmassofC. procera
to study the effect of seed size on scatterhoarding, without confounding variables, and
found that larger seeds were indeed given a more favourable treatment than smaller
seeds. Large seeds were more likely removed and scatterhoarded, dispersed further
away,andcachedinlowerdensities (CHAPTERS5and6).Theresultwasthat largeseeds
weremorelikelytoestablishseedlingsthansmallseeds.
Several empirical studies have now shown that the effectiveness of dispersal by
scatterhoarding animals canincreasewithseedsize (e.g.,VanderWall2003;thisstudy).
Superior dispersal for larger seeds is in line with optimal foraging theory: greater food
valuemakeslargerseedsmoreattractivetoseedeatersandmeritsagreater expenditure
incaching.Thefindings, however, are oppositetotheestablished ideathat dispersability
decreasesasseedsgetlarger (e.g.,Baker 1972;Stanton 1984;HoweandWestley1986;
Levey 1987; Hedge ef al. 1991;Mack 1993;Jordano 1995;Westoby ef al.1996). Nutbearingplantschallengetheparadigmthatdispersabilityistraded-offagainstvigour.
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Figure 9.1 Average seed mass (log-scale) for different dispersal modes in two floras. After Leishman
etal. (1995).

Clearly, even dispersal by scatterhoarding animals cannot increase with seed mass
infinitely: there are limits tothe size and mass of seeds that any scatterhoarding animal
can carry given its own mouth width and body mass. I therefore hypothesised that an
optimumseedsizeexistsforseeddispersal byanygivenscatterhoarding animalspecies.
Closer consideration of scatterhoarding by specifically acouchies revealed that these
animals indeedgavethemostfavourabletreatmenttointermediate-sized seeds(CHAPTER
7).AcorrespondingtrendwasfoundforWhite-tailedratsinAustralia (Theimer2003).This
suggeststhat selectivity of scatterhoarding animals leadsto stabilising selection onseed
sizeratherthandirectionalselectiontowardsever-largerseeds.
9.6 Predationversusdispersal
There is great disagreement in the existing literature on the effect of seed size on the
probabilityofseedpredation(instantseedconsumption)andscatterhoarding(delayedand
incomplete seed consumption) by granivorous vertebrates, particularly rodents. The
majority of published studies of seed predation andseedsize reportthat seed predation
increases with seed size (e.g., Crawley 1992; Hulme 1998; Janzen 1971; references
therein). Incontrast,this dissertation and other recent studies showthat large seedsare
more likely cached by scatterhoarding animals thansmall seeds (CHAPTERS5and 6and
referencestherein). But,there isalsoonestudy (Brewer2001)thatfoundthe inversefor
palmseedscatterhoarding byspiny pocketmice.Moreover, large C.procera seedswere
favoured only up to a certain point beyond which seed caching became increasingly
difficult (CHAPTER7). Theimer (2003) alsofound a similar tendency of intermediate-sized
seeds being favoured by scatterhoarding White-tailed rats in Australian rainforest. How
canthesecontrastingresultsbeexplained?
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Onepossibility isthatthesuitability ofseedsfor consumption byscatterhoarding animals
andthe suitability for scatterhoarding (delayed consumption) are notdependent onseed
size in the same manner. Seed sizes suitable for scatterhoarding likely are a limited
subset of the seed sizes that are suitable for consumption.This would imply that some
seed sizes are both dispersed and predated upon by a given granivore, whereas other
sizes experience onlyseed predation. CHAPTER 7suggestedthat therearetwothreshold
sizesfor scatterhoarding: a size belowwhich seeds are unattractive for scatterhoarding,
because the costs of hoarding are greater than the benefits, and a seed size beyond
whichscatterhoarding isphysically impossible. Moreover,therewasanintermediateseed
sizeatwhichscatterhoardingwasmostlikelyandprovidedthefurthestdispersal.Wecan
now subdivide the range of seed size into three zones inwhich scatterhoarders havea
differentimpact:
(1) Seeds smaller than the threshold size for scatterhoarding experience only seed
predation. As seed attractiveness as food increases with seed size, so will seed
predation. This may be the range of seed sizes in studies of small seeds that find
higherpredationforlargerseeds(e.g.,Crawley 1992; Hulme1998).
(2) Beyond the size at which seeds become suitable for scatterhoarding, seeds
experience both dispersal and predation. Up to the optimum seed size for
scatterhoarding,the likelihood of seed dispersal (instead of predation) increases with
seedsize.Thisistherangeofseedsizesofstudies ofscatterhoarding thatfindbetter
dispersal for larger seeds (e.g., Bossema 1979; Forget et al. 1998; Hallwachs 1994;
VanderWall2003;CHAPTER5-6).
(3) Finally, beyond the optimum seed size for scatterhoarding, the likelihood of seed
predation (instead of dispersal) again increases with seed size. Beyond the point at
whichseedsbecometoolargetobescatterhoarded,seedsevenexperienceonlyseed
predation,justlikesmallseeds.Thismaybetherangeofseedsizesinstudiesoflarge
seedsthat find higher predation for larger seeds (e.g., Alcantara ef al. 2000; Brewer
2001).
Seed predation has a tremendous impact on the survival and distribution of seeds
(Crawley 1992)andthedegreeofseedpredation isclearlyinfluenced byseedsize.Ifthe
idea outlined above holds,therewould betwo regimes of selection on seed size dueto
seed predation by a given scatterhoarding species. For seeds that are too small to be
scatterhoarded,selection isdirectionaltowardssmallerseeds.Thiswillbeuptoapointat
whichseedsbecometoosmalltoserveasfood,forinstancebecausetheydonotpermita
sufficiently highrateoffoodintake,andarenolongeraffectedbythescatterhoarderatall.
For larger seeds, in contrast, selection is stabilising towards an optimum seed size for
scatterhoarding, as suggested in CHAPTER7. These two different regimes may perhaps
explain the dichotomy in seed size that exists between plant species dispersed by
scatterhoardinganimalsandspeciesdispersedbyvariousothermodes(FIGURE9.1).
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9.7 Cachespacing
I found that the average distance at which rodents cached seeds increased with seed
mass (CHAPTERS5-6) or rather with seed value (CHAPTER 7). This result was in line with
optimalcachespacingtheory(Clarksonetal. 1986;StapanianandSmith1978),predicting
thatscatterhoardersspendmoreeffort oncachingmorevaluable items,themostvaluable
items in our study being the intermediate-sized seeds. However, optimal cache spacing
theoryspecifically predictsthatanoptimum cachedensityexistsforeachseedvalue,and
thusacorrespondingoptimumtransportdistanceandenergyexpenditure.
I found nosupport for this idea. Ratherthanjust the average dispersal distance,
the range of dispersal distance increased with seed value, resulting in a so-called
envelopeeffect (Cadeetat. 1999;Scharfefal. 1998) (CHAPTERS5-7). Inotherwords,lowvalue caches were always found within a narrow range of few meters from thesource,
whereas high-value cacheswerefound at distances rangingfromfew meters uptomore
than 100.Ialsofoundthattheisolationofcacheswasaby-productofdispersaldistance,
with noadditionalvariation explained byseed mass (CHAPTER5). Inotherwords,givena
certaindispersaldistance,morevaluableseedswereisolatedfromothercachesnotmore
than were less valuable seeds. These findings suggest that another mechanism be
operating.
Apossible alternative explanationforthesepatterns isthat animalsselectcaching
sites based ontheir quality as hiding place, ratherthan ontheir density. Sitequalitymay
for instance be connected to more or less concealing substrate (SECTION 9.3).
Scatterhoarding animals are known to select cache sites asto reduce the probability of
robbery bycachethieves (VanderWall 1990;referencestherein).Steven(citedinVander
Wall1990),forexample,showedthatmarshtits(Paruspalustrls) learnedtoavoidcaching
seeds in a particular substrate from which the experimenter systematically removed
seeds. Now suppose that there are different qualities of caching sites, as suggested in
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SECTION9.3, and that high-value seeds require more careful hiding -

i.e. a safer hiding
place - for cache thieves than low-value seeds, as in optimal cache spacing theory
(Clarkson et al. 1986; Stapanian and Smith 1978). While any quality sites will do for
caching low-value seeds, high-value seeds require high quality sites,which are alimited
subsetofallavailablesites.Now,whiledensityisafunctionofdispersaldistance (alower
densityrequiresfurtherdispersal),sitequalityisstochastic.Thismeansthat itmaytakean
acouchyseveralminutesofwalkingtofindasitethatmeetsitsqualitydemand,butitmay
all the same take only seconds, if a suitable site happens to be available right nearthe
source. The range of possible searchtimes, reflecting the uncertainty margin, increases
withthedesired minimum sitequality andthuswithseedvalue. Suchstochasticity might
produce the heteroscedastic variation in cache distance observed in CHAPTERS 5-7. A
corresponding testable hypothesis is that high-value seeds, given a certain distance or
density,arecachedinhigher-qualitysites(substrates)thanlow-valueseeds.
Of course no animal can uphold a high site quality demand forever.
Scatterhoarders mustgetridofseedsbeforethecostsofsearchingandcachingoutweigh
the expected benefits. This might imply that an animal that is unsuccessful in cache
findingwillgraduallyloweritssitequalitydemandovertime,andwillultimatelyevencache
seedsinlow-qualitysitesifithasnotbeensuccessfulinfindinganybetter. Notonlymustit
doso becausetheseed does notallow agreater investment, it also canafford doingso
because dispersal away from the source provides additional protection against cache
thieves, as it increases the isolation from other seeds (CHAPTER 5). Cache density or
isolation, however, is not actively manipulated by the scatterhoarder. A corresponding
testable hypothesis isthat (high-value) caches inthecoreoftheseeddistribution (FIGURE
7.1c)areathigher-qualitysitesthancachesneartheedge (FIGURE9.2).Moreover,aseed
may be cached further away as scatterhoarding takes place later because suitable
cachingsitesinthevicinitygraduallybecomedepleted (SECTION 9.4). Thefurtherdispersal
of seeds in larger cafeteria plots (CHAPTER6; unpublished data) supports this idea.This
would implythat trees canto some degree increase dispersal distance not only byseed
valuebutalsobyseednumber,biggercropsrequiringagreaterareaforstorage.
9.8 Speciesspecificity
CHAPTER7 introduced the ideathat anoptimum seedsizeexistsfor scatterhoarding bya
givenspecies,whichI furtherelaborated uponinSECTION 9.6. Whichsizeisoptimalshould
bespecies-specific, andbedependent on,amongst others,thedimensions oftheanimal
species.Bodysizeandmouthwidthsdeterminebeyondwhichseedsizethehandlingand
scatterhoarding of seeds becomes too difficult for an animal and ultimately impossible.
Agoutis,forexample,areabletocarrylargerseedsthanthesmalleracouchies.Moreover,
thesizeatwhichseedsarebigenoughtobeattractivefor hoardingwilldependonanimal
dimensions as well. Thus, the optimum seed size for a nut-bearing plant species will
dependonthescatterhoardingspecieswithwhichitinteracts.
Most nut-bearing species, however, do not interact with a single scatterhoarding
species butwithseveral,whichdiffer inbodysizeandtheir responsestoseedsize.Nuts
in Guianan rainforest, for example, are scatterhoarded by agoutis, acouchies and spiny
rats,whichweigh,onaverage,4.0, 1.3 and0.5kg,respectively. And acorns in European
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forests are scatterhoarded byjays (Bossema 1979) and woodmice (Den Ouden2000),
weighing 145-185g and 20-30g, respectively. Moreover, seed species interact with
different sets of scatterhoarder species throughout their area. C. procera, for example,
occurs throughout the Amazon rainforest, with different rodent communities, but also in
WesternAfrica,wherelargerodentsareabsent.Finally,seedspeciesinteractwithvarying
setsofanimalspeciesoverevolutionarytime(VanderWall2001).
Smithand Reichman(1984) hypothesised that the large-seedinessof nut-bearing
trees hasevolved inresponseto preferences ofscatterhoarding animals,and myresults
supported a major underlying assumption. But how can plants adapt to scatterhoarding
animals if there are several optimum seed sizes that also vary in time and space? A
theoretical possibility iscoevolution of seed sizewith disperser assemblage. Ifthistakes
place, it should be visible in a species as widespread as C. procera. Its African
populations should then have markedly smaller seeds than Neotropical ones. And the
speciesshouldalsodisplaygeographicalvariation inseedsizewithinthe Neotropics,with
thelargestaverageseedsizeproducedinplaceswhereacouchiesareabsentandagoutis
aretheprincipaldispensers.
Another possible way to cope with the unpredictability of dispersers is through
generalism. By maintaining a certain amount of variation in seed size, species can
increase the likelihood of having at least some seeds in the size range suitable for
scatterhoarding bytheavailable dispersers. Bytargeting different dispersers,thespecies
islesslikelyto becomeevolutionary 'trapped'(sensu Schlaepfer etal. 2002).Theamount
ofseedsizevariationinthewidelydistributedC. procera isindeedhuge,whichwaswhyI
chosethis species inthefirst place. Most other nut-bearing tree species display far less
variation.Thequestionariseswhethernut-bearingtreespecieswithwidevariationinseed
masstendtohaveawiderdistributionareawithmorevariation indisperserassemblages
thanspecieswithlittlevariation.
9.9 Mastseeding
CHAPTER6testedtheideathat mastseedingstimulatesscatterhoarding seedeaterstoact
more as dispersers and less as predators of the seeds they harvest, in line with the
predator satiation hypothesis (Janzen 1974) and earlier ideas of predator swamping in
animal ecology (e.g., Kruuk 1972). My seed fate experiments covered five consecutive
years that varied in seed abundance: Three years had abundant fruiting, two had fruit
scarcity. Ifound that cached seeds were indeed more likely to escape consumption by
rodents and peccaries and to establish seedlings in years of seed abundance.
Scatterhoarding rodentswere moreeffective dispersers,andthe granivore communityas
awholewerelessheavyseedpredatorsunderseedabundancethanunderseedscarcity.
I alsofoundthatdispersalquality increasedwithcropsize (CHAPTER6;unpublisheddata),
whichagreeswiththe ideathat seeds must bestoredfurther away asthe area nearthe
sourcegetsfilledupwithcaches(Clarksonetal. 1986;SECTION9.5).
I also found that seed abundance strongly influenced scatterhoarder selectivity.
Saturation in years of seed abundance made the animals highly selective, whereas
hunger made the perfect sauce for low-value seeds in poor years (CHAPTER 6). This
impliedthatseedselectionwasdeterminednotonlybyseednutritionalcontentbutalsoby
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Figure 9.3 General model for mast seeding in nut-bearing plants. The arrows indicate hypothetical
causal relationships. See text and CHAPTER 6for further explanation.

seed scarcity. Seed abundance not only increased the discrimination by rodents on seed
sizewithin species, but also the discrimination among species. For example, Eugenia and
Sapotaceae seeds were rapidly harvested and scatterhoarded in 1997, a year of food
scarcity, but were completely ignored in 1998, a year with abundant fruiting of preferred
species such as C.procera and L, alba (unpublished data). These findings underline that
the circumstances underwhich seedfate experiments are carried out greatly influence the
outcome,which must certainly betaken into account when comparing experiments.
There are limitsto the reproductive effort any individual can make dueto nutritional
and physical constraints. Smith and Fretwell (1974) hypothesised that these limits imply
that seedsizeandseed number aretraded-off, andthat plant species mustfindan optimal
balance between producing big seeds and producing many. Myfindings suggest that nutbearing trees can maximise scatterhoarding and minimise seed predation by producing
large crops simultaneously with other nut-bearing trees in the population (CHAPTER 6). At
the same time, they must produce pretty big seeds to maximise the chance of
scatterhoarding rather than instant consumption (CHAPTERS 5-7). And the necessity of
producing high-value seeds is even greater under seed abundance, when competition for
dispersers isfierce (see above). Mast seeding, the production of large synchronous crops
of large seeds in alternation with several small crops, seems a perfect solution. Rather
than trading off seed size and seed number within crops, mast-seeding trees trade-off
resources between consecutive crops, displaying large and large-seeded crops in some
years atthe cost of crops inother years.
How mast seeding innut-bearing trees isrelatedto seed dispersal and predation is
summarized in FIGURE 9.3. The diagram is based on the earlier, more general model by
Sork (1993). Seed abundance swamps the local community of seedeaters with food.
Scatterhoarding animals respond to seed abundance by acting as seed dispersers more
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and less as seed predators (CHAPTER 6). Moreover, large seed size stimulates
scatterhoarding, and more so under seed abundance (CHAPTER 5-6). And synchronisation
of high-production years among the population, by responding to the same physiological
trigger, makes it impossible for seed-eating mammals to adapt their population levels to
the peaks of seed availability. The idea of mast-seeding trees trading-off resources
between consecutive crops could be tested by comparing post-fruiting mortality between
masting and non-masting species.

9.10 Perspectives
The field of seed dispersal is at the point of breakthrough. New methods have become
available to facilitate or avoid the tracking of seeds that has hampered studies of ultimate
seed fate to date (Wang and Smith 2002). The most powerful of these are perhaps the
various molecular techniques that allow us to evaluate dispersal success at different
spatio-temporal scales, from continental dispersal over geological time (McCauley 1995)
to local dispersal from seed source to growth site (Godoy and Jordano 2001).
Scatterhoarder-dispersed plant species are particularly suitable for the latter, more
detailed studies. Not only can dispersed seeds be matched with mother trees by endocarp
nuclear DNA, which is 100% maternal and highly variable, enabling usto uncouple pollen
and seed dispersal (Godoy and Jordano 2001). Even established seedlings, the
successful offspring, can be matched because we can extract endocarp nuclear DNA from
the remains of the buried seed from which these seedling established.We can thus trace
back the dispersal process, avoiding the many difficulties of tracking a seed cohort that
shrinks overtime sostronglythat huge sample sizes are required,as inthe experiments in
this dissertation.These techniques may greatly help to investigate the effects of seed size
and seed number on the probability of seedling establishment. One could, for example,
use the seed remains of established seedlings to estimate their original seed size, and
evaluate whether a particular size established further than others. Or one could compare
the size distribution of seeds produced by agiven tree with that of its successful offspring,
and evaluatewhether the latter are a non-random subset of allavailableseed.
To really understand seed dispersal by scatterhoarding animals, it remains
essential to study the process itself. Here too, new techniques shall make life easier or at
least more exciting. The detailed study of foraging behaviour has come within reach of
many researchers now compact digital consumer cameras have become available,
including advanced functions such as night vision, time-lapse mode, time indication and
external triggering. Monitoring seed removal with this equipment will be much easier and
cheaperthanwiththe bulky surveillance equipment that Iused.
A promising new technique are large-scale telemetry systems such as installed at
Barro Colorado Island (BCI), Panama. This permanent multi-receiver system makes it
possible to simultaneously track- in realtime- the movements of large numbers of radiotagged animals. But why not radio-track seeds tagged with transmitters that switch on
when they move? Simultaneously radio-tracking seeds and dispensers (agoutis at BCI)
couldsolve unanswered questions such aswhether caches are pilfered bytheir owners or
bycachethieves, depending onthe places where theywere made.
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This dissertation studies the dispersal and predation of large seeds by scatterhoarding
animals.Seeddispersal isthemovement ofseedsawayfrom the parent plant,whereas,
seedpredation isthekillingofseedsbyanimalsthatfeedonthem.Scatterhoarding isthe
hiding of food in numerous spatially scattered caches with little food each, with seed
dispersalasaby-product.Animalsthathideseedsdosotocreatefoodreservesthatthey
candraw uponinsubsequent periodsoffood scarcity,suchaswinters intheTemperate
Zoneandthedryseasoninmanytropicalforests.
I studied scatterhoarding of nut-bearing tree species by large cavi-like rodents in
the undisturbed tropical rainforest of Nouragues, French Guiana, South America. These
rodents- agoutisandacouchies- hideseeds,onebyone,inshallowsoilsurfacecaches
with a single seed each. The scatterhoarding takes seeds away from the parent trees,
isolates them from conspecific seeds, protects them against granivorous insects and
vertebrates, and plantsthem inthe soil. Potentially, thistreatment isfavourable for seed
survival and seedling establishment, but only if the scatterhoarder, for whatever reason,
does not recover the seed for consumption. The big question is whether the seed
dispersal partofscatterhoarding counterbalances theseed predation part, andhowplant
traitssuchasseedsize,cropsizeandfruitingphenologyinfluencethisbalance.
I linked seed production and seedling establishment - dispersal success - by
trackingthousandsofseeds individuallyoverthecourseofthescatterhoarding process.I
used video surveillance to record which animal species removed individually numbered
andthread-marked seedsfrom cafeteria plots. Subsequently, Itracked the seeds tosee
what happened to them. Threadmarks protruding from the soil gave away the hide of
buriedseeds. Ivariedseedsize but notspecieswithinthecafeteria plots,anddidthisin
several consecutive years that differed in seed abundance, to see how scatterhoarding
wasaffectedbyseedsizeandseedabundance.
Mystudyhadthreegoals.Thefirstwastodeterminewhetherscatterhoarding isan
effective dispersal mode, yielding established seedlings. This study is needed to take
awaythedoubt aboutthe roleof scatterhoarding rodents intheforest ecosystem,asthe
ideaofeffective dispersal bytheseanimals heavily reliesoncircumstantial evidence.The
second was to determine whether nut-bearing trees depend on scatterhoarding for
regeneration.Thiswasneededtofindoutwhethertherecruitmentofthesespecieswould
be at risk in managed forests where the fauna is not protected. The third goal was to
determine how seed size and seed abundance influence the dispersal effectiveness of
scatterhoarding. This was intended to test the idea that feeding responses and
preferencesofscatterhoarding rodents hadcausedtheevolutionoflargeseedsandmast
seedinginnut-bearingtrees.
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After a generalintroduction (CHAPTER1),thedissertationstartswithageneralreviewabout
seed dispersal in rainforest ecosystems and on the potential effects of logging on
dispersal success and, ultimately, natural regeneration (CHAPTER2). Oneofthe problems
identified is that very little is known about the robustness of local regeneration to
qualitativeandquantitative alteration ofanimal-mediated dispersal.Timber extractionand
uncontrolled hunting following road building may have a strong negative impact on
regeneration of vertebrate-dispersed plants, including many timber species. It is argued
that, under current knowledge, sustainable forest management should include effective
protectionofthe disperserfauna.
CHAPTER3 introduces the dispersal system studied inthis thesis with a review of
seed dispersal by scatterhoarding animals, and many examples from three nut-bearing
treespecies inGuiananrainforest.Thischapterexplainswhatscatterhoarding is,whyitis
important for animals, and why it is though to be important for certain plant species,
especially for large-seeded trees. It aims to present a state-of-the-art, identifying the
lacunasinpresentknowledgeandoutliningsomehypothesesthatneedtobetested.
The remainder of this thesis is devoted to actually testing some of the plant-centred
hypotheses introduced in CHAPTER 3, using one of the three tree species, C. procera,
whose seeds are much sought after by scatterhoarding rodents. CHAPTER 4 asks the
question ofwhyscatterhoarding rodentswould beinterested inhidingtheseseeds atall:
Rapidseedgermination characteristicfor C.procera likely depletes seed reserves before
the rodents need them. The results of a series of experiments show that the rodents
activelyinterveneingerminationbyremovingtheembryo,therebycreatingseedreserves
with sufficient storage life to serve asfood supply for the dry season.Thus,the rodents
changeperishableseedsintoreliablelong-termsupplies.
The nextthreechapters present resultsfromtheseedfatetrackingexperimentsin
which Iusedvideocamerasandthreadmarkstofollowthefateof C.procera nuts.Allare
abouttheconsequences of rodentfeeding preferencesfor seed predation,dispersaland,
ultimately, seedling establishment. Plant species that depend onscatterhoarding animals
forseeddispersal havecomparatively largeseeds.Anintriguinghypothesistoexplainthis
isthat large-seedinesshas evolvedasa result of selectivity by scatterhoarding animals,
which would preferentially scatterhoard large seeds. CHAPTER 5 is a test of the major
assumption underlying that idea: rodent scatterhoarding behaviour favours large seeds
over small ones. Ifollowed thefate of seeds that greatly varied inseed mass yet not in
species.The probability ofestablishing was negligiblefor smallseeds comparedto large
ones,suggestingthat scatterhoarders indeedcauseselectiontowards largeseeds.Thus,
nut-bearing plant species challenge the paradigm that dispersability istraded-off against
vigour.Thedistribution patternofcacheswasstronglydependentonseedsize,butnotin
thewaypredictedbyexistingtheories.Quantileregressionanalysesshowedthatnotonly
the average dispersal distance increased with seed mass, but so did the range of
dispersal distances. The results also show that seedling establishment from
scatterhoarded seeds indeed occurred, even under the food scarcity during which the
experimenttookplace.
A spectacular phenomenon shared by many plant species with dispersal by
scatterhoarding animals ismastfruiting: thealternationofyearswithmodestornofruiting
with years of abundant andsynchronous fruiting. CHAPTER 6tests one of the oldest and
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best-established functional explanations for mast seeding, the so-called 'predator
satiation' hypothesis. It argues that massive fruiting in masting years overwhelms seed
predators soseedsurvival canberelatively high,while intermediateyearsofpoorfruiting
prevent seed predators from reaching a population levelthat fits the food abundance in
masting years. Icompare rates of scatterhoarding and cache exploitation betweenthree
years of poor and two of abundant fruiting. I also test the hypothesis emerging from
CHAPTER5thatseedmassaffectsdispersalmorestronglyinrichyearsthaninpooryears.
The results demonstrate that reproductive success in rich years is indeed much higher,
eventhough the rates of scatterhoarding are much lower, andthat scatterhoarding also
favours largeseedsmore inrichyears. Largeseeds inlargecrops produced underseed
abundancehavethehighestprobabilityofseedlingestablishmentfromcaches.
Thetwo previous chapters testedthe ideathat thescatterhoarding behaviour of rodents
would favour larger seeds. Reasoning that there must be a seed mass or size beyond
whichrodentscannolongercarryseeds,CHAPTER7testswhetherscatterhoardingfavours
some intermediate seed size rather than ever-larger seeds. The results show that
acouchies indeed give the mostfavourable treatment to intermediate-sized seeds rather
than the largest available. This suggests that scatterhoarding animals cause stabilising
selectiononseedsizeratherthandirectionalselectiontoever-largerseeds.
CHAPTER 8 considers the result of dispersal, the spatial pattern of successfully
established seedlings. For three nut-bearing tree species, as introduced in CHAPTER 3,
whichdifferintheextentofscatterhoarding.Icomparetheseedshadowsanddistributions
of young and old seedlings with respect to reproductive conspecifics and treefall gaps.
Threeideasaretested.Thefirst- theescapehypothesis- predictsdisproportionateseed
andseedling mortality near reproductive conspecifics. Onlythe poorly dispersed species
showed the predicted pattern. Dispersal in the two better-dispersed species seemed
effective in avoiding these effects. The second - the gap colonisation hypothesis predicts disproportionate seedling survival near and intreefall gaps. This effect was not
found in any of the species, probably because the large seeds enable seedling survival
independent indeepshade.That noneofthespecieswasmorecommoninlightgapsis
probablyalsobecausescatterhoarding animals avoided highlight habitats.Thethirdidea
- that lightavailability ismoreimportantforseedlingsurvivalthandistancetoreproductive
conspecifics - predictsthat seedlings mayevenestablish near reproductive conspecifics
evenonlythereisenoughlightavailabletocompensateforseedreservelossestoinsects.
This prediction was confirmed for C. procera. I conclude that scatterhoarding is an
effectivewayforseedstoescapeparent-relatedmortalitybutnottoreachexistingcanopy
gaps.Rather,thescatteringofseedsandthelongevityoftheselarge-seededseedlingsin
deep shade increasethe likelihood that a seedling is present wherever andwhenever a
treefallgaparises.
CHAPTER 9 is a synthesis

of the findings, including some results of experiments not
reported inthis dissertation. It is concluded that scatterhoarding is an effective dispersal
mode for nut-bearing plant species, which can yield reasonable numbers of established
seedlings(cf. QUESTION1).IalsoconcludethatC. proceradependsonscatterhoardingfor
long-termsubsistenceintheforestecosystem.However,seedlingrecruitmentinmanaged
forest seems not at immediate risk if scatterhoarding rodents become scarce, especially
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becausethe morefrequent high lightconditions increase seedand seedling survival(cf.
QUESTION 2).

The likelihood and quality of dispersal by scatterhoarding animals increases with
seed size (cf. QUESTION 3), but only up to a certain size beyond which seeds become
difficult to manipulate, resulting in an optimum seed size for dispersal by a given
scatterhoarding species. The optimum size and the seed size range suitable for
scatterhoarding are likely scatterhoarder-specific, depending on body and mouth size.
Because nut-bearing plantspecies interactwithdifferent assemblages of scatterhoarding
species inspaceandtime,adaptationofnut-bearingtreestoscatterhoarding canonlybe
diffuse. Iproposethat maintainingvariation inseedsize may increasethe likelihoodthat
seedsaresuitablefordispersalbyanyscatterhoardingspecies.
The scatter diagrams of dispersal distance asafunction of seed size showed an
envelope effect, contrarytothe expectations ofexistingcachespacing models. Ipropose
thealternative explanationthatthe patterns resultfrom differences inthequality ofcache
sites that animals use for caching different-sized seeds. I present some results from
artificialcachingexperimentssuggestingthatcachequalitydiffers betweensubstratetype,
loosesubstrates beingmostconcealingandeasiesttodigin.This mayalsoexplainwhy
the rodents cache manyseeds along logs and inpalm coneswheresuchsubstrates are
frequentlyfound.
My findings suggest that nut-bearing trees can maximise scatterhoarding and
minimise seed predation by producing large crops simultaneously with other nut-bearing
trees in the population, but at the same time, they must produce pretty big seeds to
maximise the chance of scatterhoarding rather than instant consumption. Ievaluate how
treescandosowithinthelimitstotheirreproductive effort dueto nutritionalandphysical
constraints,andconcludethatmastseeding,theproductionoflargesynchronouscropsin
alternation with several small crops, isthe perfect solution. Rather than trading off seed
size and seed number within crops, mast-seeding trees trade-off resources between
consecutive crops,displaying large and large-seeded crops insomeyears atthe costof
cropsinotheryears.

Samenvatting

Dit proefschrift gaat over deverspreidingen predatie vangrotezaden door hamsterende
dieren. Zaadverspreiding zorgt ervoor dat zaden de directe omgeving van deouderplant
verlaten en mogelijk nieuwe plekken kunnen koloniseren. Zaadpredatie daarentegen is
het doden van zaden door dieren die ze opeten. Het type hamsteren waarop dit
proefschrift betrekking heeft ishetverstoppenvanzadenoptalloze plekken,her ender,
met zaadverspreiding als resultaat. Het doel van dit gedrag is het creeren van
voedselreserves waarvan die dieren leven in periodes van voedselschaarste, zoals de
winteringematigdestrekenenhetdrogeseizoeninveeltropischebossen.
Ik onderzocht het hamsteren van nootdragende boomsoorten door grote, cavia-achtige
knaagdieren in het ongestoorde tropische regenbos van Nouragues in Frans Guyana,
Zuid-Amerika. Dezeknaagdieren,agoutisenacouchies,verstoppenzadeneenvooreen,
inondiepe kuiltjes, elk met een enkelzaad. Door het hamsteren komenzaden wegvan
hun ouderboom, raken ze geisoleerd van zaden van dezelfde soort, worden ze
beschermdtegenzaadetende insectenengewerveldedieren,enwordenzegeplant inde
bodem.Dezebehandelingisinpotentiegunstigvoordekansdatzadenoverlevenenzich
vestigenalszaailing,maaralleenalshetdierdatdezadenverstoptzeomeenofandere
reden niet opgraaft om op te eten. De grote vraag is of de zaadverspreiding door
hamsterendedierenopweegttegendezaadpredatie,enhoedezebalanswordtbeTnvloed
dooreigenschappenvandeplant,zoalszaadgrootte,hetaantalgeproduceerdezaden,en
defenologie.
Mijnonderzoeklegdeeenverbindingtussenzaadproductie endevestigingvanzaailingen
- succesvolle zaadverspreiding - door het individueel volgen van duizenden zaden
gedurende het verspreidingsproces. Met videocamera's registreerde ik welke dieren de
individueel genummerde en met draadjes gemerkte zaden weghaalden van uitgelegde
cafetaria plots. Daarna volgde ik de zaden om te zien wat er met ze gebeurde, daarbij
geholpen door uitdegrandstekende dradendieverriedenwaarzadenverstopt lagen.Ik
varieerdedezaadgrootte (maar nietdezaadsoort) binnendecafetaria plots,endeeddat
in opeenvolgende jaren die sterk verschilden in de hoeveelheid zaden die in het bos
voorhandenwas.ZokonikzienhoehethamsterenwerdbeTnvloeddoorzaadgrootteenbeschikbaarheid.
Mijn onderzoek had drie doelen. Het eerste was te bepalen of hamsteren een effectief
zaadverspreidingsmechanismewas,werkelijk resulterend ingevestigdezaailingen.Datis
nodig om de twijfels weg te nemen over de rol van hamsterende knaagdieren in het
bosecosysteem.Hetideedatdezedierenzaadverspreiderszijnleundetotnutoesterkop
indirectebewijsvoering.
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Het tweede doel was te bepalen of nootdragende boomsoorten afhankelijk zijn van
hamsterendedierenvoorhunregeneratie.Zokunnenwetewetenkomenofdeverjonging
van deze boomsoorten gevaar loopt in beheerde bossen waar de fauna niet wordt
beschermd. Het derde doel was te bepalen hoe zaadgrootte en zaadhoeveelheid de
effectiviteit van hamsteren als zaadverspreidingsmechanisme bei'nvloeden. Ik wilde
toetsenoffoerageergedrag envoedselvoorkeur vanhamsterende dierenverantwoordelijk
kunnenzijnvoordeevolutievangrotezadenenhetfenomeenvanmastbijnootdragende
boomsoorten.
Naeen algemene inleiding (HOOFDSTUK 1) begint dit proefschrift met een literatuurstudie
overzaadverspreiding intropischregenbosenoverdemogelijkeeffectenvanhoutkapop
verspreidingssucces en, uiteindelijk, op natuurlijke regeneratie (HOOFDSTUK 2). Aan de
hand van literatuur wordt geconststeerd dat er nauwelijks iets bekend is over de
gevoeligheidvannatuurlijkeverjonging voorkwalitatieveenkwantitatieveveranderingvan
zaadverspreidingdoordieren.Houtkapenongecontroleerdejachtdieplaatsvindtvanafde
voor houtafvoer aangelegde wegen kunnen negatieve gevolgen hebben voor de
verjonging van dierverspreide plantensoorten, en daarmee ook voor veel commercieel
interessante boomsoorten. Daarom zou, gegeven de huidige kennis, effectieve
bescherming van zaadverspreiders een vast onderdeel moeten zijn van duurzame
bosbeheersystemen.
HOOFDSTUK3 introduceert hetverspreidingssysteemdat indit proefschrift centraalstaat zaadverspreiding door hamsterende dieren - middels een literatuurstudie. De meeste
voorbeelden komen van drie nootdragende boomsoorten uit het regenbos van Frans
Guyana.Hethoofdstuklegtuitwatverspreid hamsteren is,waaromhetbelangrijk isvoor
dieren, en waarom er gedacht wordt dat het eveneens belangrijk is voor bepaalde
plantensoorten,inhetbijzondergrootzadigebomen.Hethoofdstuk presenteertdehuidige
standvankennis,engeeftaanwaardelacunesliggenenwelkehypothesen nogmoeten
wordengetoetst.

De volgende hoofdstukken zijn gewijd aan het toetsen van enkele van de
plantgecentreerde hypothesen uit HOOFDSTUK 3, gebruikmakend van een van de drie
boomsoorten: Carapa procera. Dezadenvandeze soortzijn erggewild bij hamsterende
knaagdieren. HOOFDSTUK 4 stelt de vraag waarom hamsterende dieren uberhaupt
ge'fnteresseerd zijn in het verstoppen van deze zaden. Immers, de snelle kieming die
karakteristiek isvoor Carapa zadenverbruiktallezaadreserves ruimvoordat dedierenze
nodig hebben.Uiteenserie experimentenblijkt datde knaagdieren de kieming afbreken
door hetembryovandezadente verwijderen.Zoontstaan 'zombies'dievoldoende lang
houdbaarzijnomtekunnendienenalsvoedsel inhetdrogeseizoen.DeknaagdierenZo
veranderenzobederfelijkezadeninbetrouwbaarvoedselvoordelangetermijn.
De HOOFDSTUKKEN5TOT7presenterenresultatenvandezaadverspreidingsexperimenten
waarbijikvideocamera'sendraadmerkengebruikteomCarapaprocera noteninruimteen
tijdte kunnen volgen.Alledrie gaan ze over de consequenties van voedselvoorkeur van
de knaagdieren voor zaadpredatie, zaadverspreiding en uiteindelijk de vestiging van
zaailingen. Plantensoorten die voor verspreiding afhankelijk zijnvan hamsterende dieren
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hebben verhoudingsgewijs grote zaden. Een intrigerende hypothese die dit verklaart stelt
dat grootzadigheid is geevolueerd als resultaat van selectiviteit van hamsterende dieren
die bijvoorkeur grote zaden gebruiken voor hunvoedselvoorraden. HOOFDSTUK 5toets de
belangrijkste aanname achter dat idee: het hamstergedrag van knaagdieren bevoordeelt
grote zaden boven kleinere. Ik onderzocht wat er gebeurde met zaden die sterk
uiteenliepen qua gewicht maar wel van dezelfde soort waren. De kans om een zaailing te
vestigen was verwaarloosbaar voor kleine zaden in vergelijking met grotere. Dit
suggereert dat hamsteren inderdaad selectie naar grotere zaden kan veroorzaken, en
betekent dat het gevestigde idee dat het verspreidingsvermogen en de levenskracht van
zaden altijdten kostevanelkaargaan niet geldtvoor nootdragende boomsoorten.
Hetverspreidingspatroon vanverstopte zadenwerd ook sterk be'fnvloeddoor zaadgrootte,
maar niet op de manier zoals voorspeld door bestaande theorieen. Uit kwantielregressie
analyse bleek dat niet alleen de gemiddelde verspreidingsafstand toenam met
zaadgrootte, maar vooral ook de reikwijdte van de verspreiding. De resultaten lieten
tenslotte zien dat sommige gehamsterde zaden inderdaad overleefden en een zaailing
vestigden,ondanks hetfeit dat hetexperiment plaatsvond onder voedselschaarste.
Een spectaculair fenomeen dat wordt gedeeld door veel plantensoorten met
zaadverspreiding door hamsterende dieren is mast. Jaren met weinig of geen
zaadproductie worden afgewisseld met jaren waarin alle individuen tegelijkertijd grote
hoeveelheden zaad produceren. HOOFDSTUK 6 toetst een van de oudste en meest
bekende functionele verklaringen voor mast, die van het 'overspoelen' van natuurlijke
vijanden. Het idee is dat massale zaadproductie in mastjaren zaadpredatoren overstelpt
met voedsel, meer dan ze ooit kunnen opeten, zodat veel zaden aan vraat kunnen
ontkomen, terwijl tussenliggende jaren met weinig zaden voorkomen dat de
zaadpredatoren een overeenkomstig hoog populatieniveau bereiken. Ik maakte een
vergelijking van desnelheidwaarmeezaden werdengehamsterdende snelheid waarmee
verstopte zaden werden geexploiteerd tussen drie jaren met veel voedsel en twee jaren
met weinig. Ook toetste ik de hypothese - opgeworpen in HOOFDSTUK 5 - dat zaadgewicht
in rijke jaren meer invloed heeft op zaadverspreiding dan in magere. De resultaten laten
zien dat het reproductief succes in rijkejaren inderdaad veelhoger is,ondanks hetfeit dat
het hamsteren dan in een veel lager tempo verloopt, en dat grotere zaden in rijke jaren
nog sterker worden bevoordeeld dan in magere. Grote zaden die temidden van overvloed
worden geproduceerd hebben de grootste kans op succesvolle verspreiding en het
vestigen vaneenzaailing.
De twee voorgaande hoofdstukken toetsten het idee dat het hamstergedrag van
knaagdieren grote zaden bevoordeelde. Redenerend dat er een zaadgrootte of -gewicht
moet zijn waarboven knaagdieren de zaden eenvoudigweg niet meer kunnen dragen,
onderzoekt HOOFDSTUK 7 of er een optimale zaadgrootte is voor verspreiding door
hamsterende dieren. De resultaten laten zien dat acouchies inderdaad de meest gunstige
behandeling gaven aan middelgrote zaden in plaats van aan grootste of kleinste
beschikbare zaden. Hamsterende dieren lijken stabiliserende selectie op zaadgrootte te
veroorzaken in plaats van gerichte selectie naar almaar grotere (of kleinere) zaden, zoals
tot nutoewerd gedacht.
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HOOFDSTUK8onderzoekt het resultaat van zaadverspreiding, het ruimtelijke patroon van
succesvolle, gevestigde zaailingen. Hierbij vergelijk ik drie notendragende boomsoorten,
ge'fntroduceerdin HOOFDSTUK3,dieverschillen indematewaarinzewordengehamsterd.
Ikvergelijk deverspreiding vanzaden,jonge zaailingen enoude zaailingenten opzichte
van ouderbomen en open plekken, om drie ideeen te toetsen. Het eerste - de
zogenaamdeontsnappingshypothese - stelt datzaden enzaailingen inde nabijheidvan
ouderbomenlijdenonderdisproportionelesterfte.Alleendeslechtstverspreideboomsoort
liet het voorspelde patroon zien. Zaadverspreiding bij de twee andere soorten leek
effectief inhetvermijdenvandergelijke(dichtheidsafhankelijke)sterfte.

Hettweede- dekolonisatiehypothese - steltdatzadenenzaailingen indenabijheidvan
openplekkendisproportioneel hogereoverlevingskansen hebben.Diteffectwas bijgeen
van de soorten zichtbaar, waarschijnlijk omdat de grote zaden overleving onder sterk
beschaduwde omstandigheden mogelijk maken. Dat geen van de soorten vooral werd
gevonden in open plekken is waarschijnlijk het gevolg van het mijden van dergelijke
geexponeerdeplekkendoordeknaagdieren.
Het derde idee- dat de beschikbaarheid van licht belangrijker isvoor de overlevingvan
zaailingen dandeafstandtot ouderbomen- voorspelt datzaailingen zichzelfs palonder
ouderbomen kunnenvestigen mitsermaarvoldoende licht beschikbaar isomtekunnen
compenserenvoordeverliezenvanreservesaanzaadetendeinsecten.Dezevoorspelling
werd bevestigd voor Carapa.Ik concludeer dat hamsteren voor zaden een effectieve
manier is om te ontkomen aan sterfte die is gerelateerd aan de nabijheid van
soortgenoten, maar niet om bestaande open plekken te bereiken. Wei vergroten het
uitspreiden van de zaden en het uithoudingsvermogen van grootzadige zaailingen in
diepe schaduw de kans dater eenzaailing staatwaar enwanneer ook een nieuweplek
ontstaat.
HOOFDSTUK 9 is een synthese van alle bevindingen, inclusief enkele resultaten van
experimentendienietineenafzonderlijk hoofdstukzijnbeschreven.Deconclusieluidtdat
hamsteren een effectief zaadverspreidingsmechanisme is voor nootdragende
plantensoorten, en dat het aanzienlijke aantallen gevestigde zaailingen kan opleveren
(VRAAG1).Ookconcludeer ikdatC. procera afhankelijk isvanhamsterenvoor hetlangetermijnvoortbestaan inhet bosecosysteem.Echter, denatuurlijkeverjonging inbeheerde
bossen lijkt niet onmiddellijk gevaar te lopen indien hamsterende knaagdieren schaars
worden, vooral omdat de grotere beschikbaarheid van lichte plekken in het bos de
overlevingvanzadenenzaailingenzalbevorderen (VRAAG2).

Dekansomverspreidtewordenendekwaliteitvanzaadverspreiding door hamsterende
knaagdieren neemttoe met zaadgrootte, totdat een grootte wordt bereikt waarbij zaden
moeilijkerhanteerbaarworden,resulterendineenoptimalezaadgroottevoorverspreiding
door elke hamsterende diersoort (VRAAG 3). De optimale grootte en de verzameling
zaadgrootten die geschikt zijn omte worden gehamsterd zijn waarschijnlijk dierspecifiek
en afhankelijk van lichaams- en mondomvang. Omdat nootdragende plantensoorten in
ruimte en tijd met verschillende soorten hamsterende dieren te maken hebben, kan de
aanpassing van bomenaan hamsteren alleen diffuus zijn. Het behouden van variatie in
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zaadgrootte kan de kans vergroten dat bomenzaden produceren die geschikt zijnvoor
verspreidingdoorverschillendehamsterendediersoorten.
De puntenwolken waarin de verspreidingsafstand was uitgezet tegen zaadgrootte lieten
eenzogenaamdenvelop-effect zien,datnietstrookte metdeverwachtingen opbasisvan
bestaande modeller)voorverspreid hamsteren.Ikkommetdealternatieve verklaringdat
de gevonden patronen voortkomen uit verschillen in de kwaliteit van plekken die dieren
gebruiken voor het verstoppen van zaden van verschillende voedingswaarde. De
resultaten van experimenten waarin zaden kunstmatig werden verstopt, op allerlei
verschillende manieren, suggereren dat de kwaliteit van plekken vooral wordt bepaald
door het substraat: los materiaal,zoals vermolmd hout, is het meest verhullend en het
makkelijkstom inte graven. Dit istevens een alternatieve verklaring voor hetfeit datde
knaagdieren relatief veel zaden verstoppen langs liggende boomstammen en in de
bladkegelsonderpalmen,waarlossubstraatvoorhandenis.
Mijnbevindingensuggererendat nootdragendebomenhamsteren kunnenmaximaliseren
en zaadpredatie kunnen minimaliseren door grote hoeveelheden zaden te produceren,
gelijktijdig met andere nootdragende boomsoorten in de populatie. Tegelijkertijd echter
moeten de geproduceerde zaden ook groot zijn om de kans op effectief hamsteren te
vergroten. Ik ga na hoe bomen beide kunnen doen binnen de grenzen van hun
reproductieve vermogen, gegeven beperkte hulpbronnen, en concludeer dat mast - het
produceren van grote synchrone hoeveelheden zaden in afwisseling met enkele kleine
hoeveelheden - de perfecte oplossing is. In plaats van zaadgrootte en de hoeveelheid
zaden binnenjaren tegen elkaar af te wegen, ruilen mastende soorten de hulpbronnen
van het enejaar uit tegen die van andere, en produceren ze grote hoeveelheden grote
zadeninhetenejaartenkostevandeproductieinanderejaren.
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