
How a Rainforest Functions

H E R E M A R K A B T. E str l lctural cornplexitv of tropical rai nl irrest provides
the infrastructure for one of the most intr icate ecological machines <tn
Earth. In the course of any given vcar, the world's divcrsc rainfirrests

capture more sunl ight per unit  area than any other n:rt trral e-colog4ical svstem.
A small  but highly signif icirnt f iact inn of ' t l -rat solar radiat iorr is in<:orporaterl
into complex molectt les, tr l t imatelv provicl ing energv an<l strtr t ' t rrre thut sup-
port the rainforest community. Tropical soi ls, much of t l tcrrr clel i<:rte ;rncl rnin-
eral-poor, are nonethcless efficientlv tzrpped for nrrtricnts bl, root s,vstenrs
aided, in most cases, by symbiotic l i rngi.  Deacl plant and anirnir l  t iss.c q. icklr.
decays and is recycled to the l iving comp()nents o{ ' thc ccosvstern. Thc torrer)-
t ial  downpours that characterizc the rainv season corr lcl  erodc alrcadv rninr:ral-
poor soi l ,  but forest vegetatior) has adapted tr> r lcluges urrcl rht. ir-  r ' fTl 'cts. l 'hcrc
is much to be learnecl l iom a studv ol plant ecology. As Alf i 'cr l  Rrrsscl \ \ ' i r l l i rce
(1895)  pu t  i t ,

To the student of natrrre the vcgctati.n ol' thc tr()pics will cvc' bc 'f su.pass-
ing intcrest, whethcr fbr the vari t : ty ol ' fbrms and stnrcrrrres rvhich i t  pre-
sents, for the boundless enerl ly with rvhich the l i fc ot pl:rrrts is tht rt ' in nran-
ifested, or for the help rvhich i t  gives us irr orrr search al lcl  rhc l i rws wlr iclr
have determined the pro<luction of srrch inf irr i tely var. ic<l orgrtrr isrns.

Productivity I"igtr I

Ecologists use thc term produdiuj!  to describc thc anr.rrrt  of 'solar ladia-
t ion, sunl ight, converted by plants into cor-nplex molccrr les such us sugars. Tht,
biochemical Process bv which thi.s energv transl irrrnntiorr is :rcconrpl i .slrerl  is. ol
course, photosynthesis. Plants capture rcd ancl blue wavclcntths ol sunl ight and
use the energy to spl i t  water molecules into their cornponcnt at()nls, hvcLogcrr
and oxygen. To do this, plants ut i l ize rhe green pigrnent chlorophvl l . ' fhe
reason plants look green is that chlorophyl l  reftects l ight at gr-e e n wzrve lengths,
while absorbing l ight irr  the blue and red porriorls of thc specrr-um. 

'rhe- 
es-

sence of photosynthesis is that energy-err l iched hvdr'ogt:n l i rrrrr wirter (:om-
bines with the simple, low-encrgy conrpoun<l carbon dioxir le (( iol ,  i rn :rtnx>
spheric gas) to form high-energy sugars and related c.nrp.r'rcls. -I'his 

proccss
provides the basis upon which virtual ly al l  l i fe t-rn Earth rr l t inratclv deperrds.
oxygen from water is given off as a bvproduct. Photosy-nthesis, .ccrrrri.g ,vcr

H O l l ' A

' : r t '  
Past three bi l l ion vears, has been respor

-pircre from one of virtualll' no free oxvgen I
() l 'al l  natural,  terrestr ial ecosvstems on

: ' l ){)t()s} l t thesis than tropical rainforests. A ht
:r)()re th:ut trvice as productir ,e as a hectare o
.r,{uin as procluct ive as a temperate fclrest, ar
lrr,rdrrct ive as savanll i l  and grassland (\Vhitta

!.cologists dist ingtr ish between eross prin
pr- irnarv procluct ivi ty (NPP). The former ref
.rrt t l t t 's is accornpl ished, u'hi le the latter rcl 'e
n) cxcc'ss <>l the respir ir torv necds of the plat
(.ul l()n (as plant t issuc) aclded to the plant,
r 'av of 'example, i f  vorr watch a f ield o( <rlrn g
.( 'e ing net primarv procluct ivi t .v. You don't  ac
t oln has usecl to maintain i tsclf  during i ts g
( 'nergv has been radiutt-d back to thc atrnos
\\ ' r ' r 'c [() f l_v ovcr the r:orDIield and photOgl ' tr l t
rrorr lr l  sct '  f i 'om the deep red irnage that Lrts t :
the  corn .  Th is  i s  the  energv  o f  resp i ra t i< ln .  Nr
is nrrrch casic.r to calctr late than gross prinrar
rncasurccl as casi lv as weighing biornass over

T-r 'opical r ir infbrests exhibit  hieh net prod
ol arrv terrestr ial cc<isvstcm. Estimatcs f l 'orn B
suggest t l rat rain{irrcsts ?irc about thrcc t irnes
(Srni l  l ! )79). Lt urlr l i t ion, rninf<rrt-srs hirvt:
t l tost '  o{ other ec<lst 'sterns, presumabh' duc t
l !)-9(i) .  Rir inf<)rcsts exl)cnd as rnuch as 50-t i0'
t ivi ty in maintenance. What this mciurs, ol t :
<lrrr: t ivi tv, the total r ir tc of 'photosynthcsis ( l lct
l csp i la t ion) ,  i s  vas t lv  h ig l re r  i r r  ra in lo res ts  thar
on thc pl:rrrct.

L Is ing  a  h igh lv  cornp lcx ,  n re<:han is t i<a l l v  b
the Terrestr ial Ecosvstcnr Moclcl ( ' IL,M), a tc
l l t t '  t : r r rg t '  in  NPP r r rn ( ) l rg  v r r r io r rs  rn : r jo r  t .<  r
(Ra ich  e t  a l .  199 l ) .  L l r rsurpr is ing ly ,  o l ' thc  t r
tharr h:r l f 'of i t  occrrrs irr  tropical and srrbtrol
Meun annr ra l  NPP t :s t i tn t r les  fo r  t rop ica l  e r ,
t<l 1,510 f{r irms pcl lnctcl r iquarerl  l ter vear.
g,/nt! /vr. The most proclrrct ivc fbrcsts rvcre r
Basin, part icularly thosc closc to thc r ivcr
palccl to thcsc f igrrres, South Atnerican shnr'
g/n-r!/vr :rncl savannas avcrascd 930 g/n2/
l i rrests are Iar rnore prorluct ivc than cither sa
scasolalh, correlat irrg wit l)  rnoistr lre avai lalt
sc:rsonal r l i f l 'erences in clorrdiness in trooica
l 1 ) ' l ) l ) .  ( . l o r r r l  t o v e r .  r r , h i t h  i r r t c r t c p t s  s i g n i t i c a
a mujor factor in re dtrcing rates of prodtrct ir , i
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r'e past three billion years, has been responsible for char.rging Earth,s atmo-.Phere from one ofvirtual lv,no f. ." o*ugJr ro rts presenr 2l% oxvgen.of all natural, terresrrial 
".oryr,"_r',,,, 

Eu.til, ;;;;;..;;1i..,", _or"P'otosvnthesis than tropical rai ' forests. A hectare (r0,000 m2) of rai ' rbrest is' ] l : l i : :nr" rwice as productive as a hecrare of norrhern.onrte.. , , ,r i ,rrest, half'lg:lln as productive as a temperate forest, and between fb.r ancl fi'e tinres aslrlodtrcrive as savanna and giasslancl (\lhittaf<er lg75)
.F'c'logists distinguishLret*n 

^g.o* p;i;u.u procructivity ((ipp) a'cl net
l ] : , : : l l i^ l : , tuct ivi t l '  

(NPP). The formei ref.ers to the totalam..nt ot ph.r '_\\ ' rrnesls accomprished, while the latter refers t .  the am.unt of carb' '  r ixedrn excess of the respiratorvlecds of the prant; in other w'rcrs, the arn.u't . f .ca.bon (as prant tissue) acitrecl^to the pranf for growth ;;;;;;;,;.ri.n. B'rr'a'of'example, if 1'or Iur.l 1 
fielcr .f corn gr.w fr.m seed to harvest, voll are\('cillg net prin'rarv prochrctivitv. You clon't altually knorv horv mur:h .rr;;;; ,;"t . ,r ' '  has.sed to maintain i tself  crtrr ing i ts,qrrwing seas()..  sr,ch re-rp,ratorv( ' .er{r 'has bcen radiated 

l1.k 
, : ,  t l . r . ,  ot-.r ir^.r.  us heat c'erg\,.  A.cl i r-1'orr\\'c.e ro flv .vcr the cornfielcr. ancr phot.grapir it *,ith a' i'ri.arcd c:uncra, vo.r". ld sec f i .m thc deep recl image that i .r , . ' . r |  r"n, is c.nt i ' rraly . .rrrr ing t i  rr-r 'l l tc c.rn'  This is the .r: .gy <>r'respirat i- ' .  N. 'na'v, 'ct prirrrar:y pr,crrrct i ' i tyis rnuch casicr to calcrr la.te-thar.r.  g..rrs p. i ,rru.o.proclrrct ivi tv, sincc Npl, carr bcrrrre.astrrcd as easi ly as weighing biomas.s over a periocl ol. t i rne.Tr.pical rainforests exhibif  high net proatrct ivi t ies, cssentiatv the higherst() l  : l ry terrestr ial cc.system. Estirnatcs fr.m Brazi l ia,,  g.nrrtn,, , i r  r , i r , i ' , r , i , rr ,r ."r,\uf{sest that rainforests are about threc t irnes rrsn,ir reTe). rn acrditi<,n, rai'r<,resrs n,,;; Jl'::",i|','.:il::;:,:l]"ii::':lili;

ii:r:: 
r'l'rhcr ccrsysrerr)s, presumabry crtre ro rcnlperar're srfcss (Korm.'ar.,I. lX)fi)- Rainf.resrs expenct a, mt,cl, aJbo_6i%,;i;;:;;;.:."1i,]],. l . l l '

t ivirv i '  mairrre'ance. wtlot rhis means, ,rr.,r:, i . l tt l t:Sf.,, l] 
pri"ro:y procluc-

rr.r,iivi*', thc t.,tar , at ' or phc,tosvnth"r'.'(,,., ;:i::;.i",liirf,ii.rl,i"l]lil.ill;
liiiilijill];is 

vastlv trighcr i' rainlbrcsts thar'r in virtuallv n''y.,,rr.',-?.,,sysrcnr

,  
t : I"g :r highly crmprcx, me<:hanist i<:ai ly basert comput(,r sir ' rrrat i . '  calredthe'rcrrestr ial I lc.svstcm Moclcl ( ' rr ,M;, i  t"or ' '  . f ' researchers has cst imatedtlrc r:rrgc in Npp ' i -r 'ng va.iorrs major ecosysrcn) tvpcs i '  s.rrth Arncrica(Ra ich  e t  a l .  lg9  I ) .  u r rs t r rp r is i , ,g ly ,  o i  , r r . i , r ,n r  Npp. f  rhc  c . r r r i r rc r r r ,  rx ) rct l ran  ha l f  o l  i t  occr r rs  i\ r,,a,, a n,, r,a r N pp .. u l"llli tl: i:'.lo1,j,:.]'il*I"l*.i' ffi ::T,:], i:,l;litr  l '510 grams pcr merer sq'arecl pcr ye,ar, r i ih u,,  o'era, , ,r ,J,rf . ' . ,r  r ,rzog,/, t '7y' '  Thc most pr,cl .ct ive fbre-sts were'clearlv those withirr thc ArrazonBasi ' '  part icur:rrrv ih.se cl.se t.  the r ivcr or rts rnaj()r tr ibrrtarics. a.nr-

l ] ,) :_"jr ,u, 
thesc f igures, South American shrublands had a Npp estimatc ot.95{'/ n' 7" arrcl sava'nas averagca gir' g/ nt:/yr'. obvi..sry, rr.,rnJI",,ii,-,rp,.nrlrr-csts are far more pr.ctuct ire tha' ei ihcr rnuurruo.r shr.blands. Npp varierrscas. 'al ly, c.rrelat ing with moist.re avairabi l i ty, ancr strongly infrtre'ce. rry,seasonal dif'ferences ir-r cloudiness in tropical eversreen lorests (Raich et al.l99l ) '  clo'd cover, which intercepts r igtr ' i r i ."rr,  arno. ' ts o's.rar racriat i . ' ,  isIr nrajor factor in redtrcing .ot", .ri p..rd,rctivitv.
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Considering the total global area covered by rainforests, these ecosvsten)s

are estimated to produce 49.4 billion t.ons of dry orgar-ric matter anr-ruall,v,

compared with 14.9 bi l l ion tons for temperate forests (r ' \ 'hi t taker 1975).1 In

the corrrse of one vear, a square meter of rainforest captttres abottt  28,140 ki lo-

calories of sunl ight. Of this total,  the plauts convert a nrinlt l t t t tn of 8,400 ki lo-

calories (about 357o) into new grorvth and reproduction, trsing the retnainder
fbr r-r-retabolic energ\'.

I t  is worth noting that as rainforests are cut and replaced by anthropogenic
(hun-ran created and control lecl) ecosystems (chapter 14), mrrch more NPP is

directed specifically toivard humans (in the form of agricultttre or pasturage)
and some is lost altogether (f ielcls and p:rsttrres are less plodtrct ive than fbr-

ests), making less energy avai lable for strpport ing overal l  global biorl ivelsitr ' .
One research team has estimated that almost 40%t of the rvorld's NPP has been
either co-opted by htrmans or lost due t<> human activi t ies of habitat conver-
sion (Vitousek et al.  1986). I t  is est imatecl that tropical forests store '{6% of the

world's living terrestrial carbon and I I Vo oI' the world's soil carbotr (Brown

ancl l . trgo 19{32). No other ecosystem itr  the $'orld st()res so tnttch carbon in the
form o( l iv ing bionrass.

Ec<rlosists express leaf density as a figure called leal area index (LAI), thc It-af
are:r above a square meter of forest floor. Irr a nrattrre ternperirte {brest suclt as

Htrbbarcl Brook in Nerv Hampshire, [-{I  is ncarly 6, Inezrni l tg t}rat the er;tr ira-
lent of 6 square rneters of leaves covcr ()ne square meter of firrest floclr. For

tropic:rl rainfcrrest at Balro Colorado Island in Panama, thc figtrrc is abotrt tl
(Lcigh 1975). Typical l t ' ,  LAI in thc humid tropics ranges fr 'orn:rbotrt  i r . l  (a

fbrest on poor soi l ,  Anr' .rzon Caatinga, ir t  Sarr ( lar los, \ 'eneztrela) to a higlr of '
10.F22.4 (a lush forcst on r ich soi l  at Darien, Pananta) (.Jorr lan l !)ul1ir).  ln

fbrests with extrerne high IAI, i t  is probable that the interrsitr 'ol 'shadinu is st,
great that rnanv, i f  not rt tost, understory leraves clo trot approach opti l t t trr t t  NPP

becatrse they are severelv light limitecl.
Tropical leaves also have greatcr biomass ttran temperatc z()ne le: l 'es. In the

tropics, ()nc hectare of driecl leaves weighs apploximatelr 'otre t<lt t ,  about twice
th:rt  ol ternperatc zone leaves (Leigh 1975). l . i t tcrf ir l l  \vi ls rnrAsr. lrc( l  i r t  ovcr
9,000 kg/ha/vr for tropical broacl leaf f i rrest compared wit lr .  j rrst over 4,(XX) l i rr

a warl l) ,  temperate broirdleaf fbrest, and 3,100 fbr a cold, tcrr)Pc-rntc nccdlclcaf
lbrest (Vogt et al.  1986). Becattse tropical fbrestsvarv- in prodtrct ivib' ,  so l t l t lst
leaf l i t ter anrounts. Lerrf l i t ter production on r ich tropical soi ls t--an cxcccd

twice th:rt  on nutr icnt poor soi ls (Jordan l9tt l la) .
The high prodrrct ivi ty of broadleaf tr-opical r ir inlorests is l i rci l i tated lrr '  :r

gnrrving season much longer than in the tctnperate zone. ( irowth in the trop
ics is not interrupted by a cold winter. Temperatttre hardlv varies, water is
rrsrral ly avai lable, and, because the vear is frost-frec, thcre is IX) t i l r te at which

al l  plants must become dormant, as thev do in nrrtch of ' thc temperate zouc i t l

winter. The dry season does, however, slow growth (sontct ir t tes drarnatical l-v),
and where i t  is severc most trees are deciduotrs, dropping le:tves :t t  t l te ()nset

ol dn' season and p;rorving new leaves lvith the onset ol rainv season.

IThis f iqrrre is now two decades old. The increasing loss ol rainl irrust nrrAns i t  is uD-
dorrbtcdlv srnaller todav.

(, ivcn the prolonged growing season t,
:rrg t<r conclucle t l-rat productivin'  ptr unit
:n the ternperate z()ne. In other words,
, .rusc there is rnore t irne to produce. Br
'r  opics tzrke exactlr '  (clr nearlr ' )  as lor-rg to
z,,rrt '? The Answel is poorl l 'knolvn, brrt  r
r lopieal trees seeln to grow much faster
t lr t '  tcrnperate zone. A studv by Kobe ( l
nl( rc:rsc i ts radius by' as mtrch as 15 t irnes
ri i t l r  specics such lrs red oak (Qtercus rub
rr lr t ' r t  correctecl fcrr ler-rsth of growing sea
,rn oldt:r of lnagnitude n)ore t lr iu) those
tion that per trcc- pr<>clrrct ivi t f  is consider

I 'rodrrct ivi tr , '  depends lrpon adequate

lr lrrs strf f icicnt am()l lnts of divcrsc rnincra
t 'sscnti :r ls, tropicl l  rainforest seenringlv I
t  t ' r- tainl l '  l i rni ts tht- {r()wth of 'plants belo'
' rr11 ic ient nr incrals, horvever. rai n [<rrests
In rnlrnv arcas u' i t l r in lhe Arncric:u'r tr<>1
lirctors that coulr l  l i rrr i t  productivi ty. Ho'
rr 'cl l  to nrrt l i t :rr t-poor soi ls.

Nutrient Cycling and the Soil Commu

Bt:r:arrse F,ar-th has rto signif icant inptrt
ol nrctcori tcs adrls trp t() vcrv l i t t lc),  at<
lt 'a<'<1rr ired, recvclcrl  b:rr:k to l iv ing t issuc.
cl ing is t l rc pro< ess by whiclr nr:rtcr ials rnt
(olnp()nents of 'an er:osystern. Rccvcl ing <
tion, :rrt<l de<:ornposit i<)n ()ccrlrs as 2I Ine
e rg\ ' .  (  i )nsi( lcr t l rat in a rninlorcst :r  unit  o
l ivi tv t :rn rnove in ont- of two rnir jor <l ire

1;art ol l i r , i rrg t issrre, as whcn a caterpi l l : rr
ol the leaf rurt i l  the leaf eventtr ir l l l '  drol
( 'ncrgy becorncs avai lable to the soi l  corr
('nerflv clircctly to rvtrat is terrned thc dc,
gr-cen rainfbrcst plus a dash o[ prrrc lor
rnir ior i tv ol the elrergv l ixc<l r irrr ing pho
c()r))p()scr l i rod rveb. I f  i t  wcre ot l lerwise,
rvr>rrlcl show lirr rnore leaf clarnager than tl
as potenti i r l  cnergv in leaf, bark, stcnl,  a
re le ascd bv a host of soi l  cornmunit l '  org:
thcir l iv ings l>elow r 'otrr rnuddy bo()ts on :

Frrngi and brctcria are the principal ;
r lranra cl l 'deconrposit ion that is one of t t
I t  is they who cont,t :r t  dead organic t issr
pounds that arc then reavai lable to the rc
is a support ing cast: sl irne rnolds, act inon

H( ) r
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t  , i \ ( 'n the prolonged growing season typical of the tropics, i t  rnav be telnpt-

- r(,  conclude that productivi tv prr unit  t imeis no greater in the tropics than
i lr( ' ten)perate z()ne. In other words, the tropics arc rrtore productive be-

, : . t '  there is more t ime to produce. But does a gram of plant t issue in t l-re
'  '1r ics take exactlv (or nearly) as long to produce as a gram in the temperate

rrt ' i  The answer is poorl l 'knorvn, but some clata suggest that at least sr>rne
' ,pit ' i r l  trees seem to srow much faster than ecological ly similar spt 'cies in
: (' t('rr)perate zone. A studv by Kobe (1995) docurnented that Ceooltia cat'r
: .(  rcrrse i ts lacl ius b1 :rs much as l5 t irnes in a year of growth. \ \ 'hen compared
., rtlr spe'cies strch as red oak (Quretrt rulna) and red maple (,$cr rultntm), and
, '  l r t ' rr  correctecl for lengtl-r of growine seas()n, tropical species studied grerv bv
:n ()rder clf  magnitr,rde more than t lrose from the tenrperatc z()ne, an indica-
' : ,  )rr thi l t  per tree procluct ivi tv is considerablv enhance cl in the tr<lpics.

I ' rocltrct ivi t l '  depends trpon adequate l ight, rnoisturc, irnd c:rrbon cl ioxicle,
: , l rrs suff icie nt anr()unts of diverse rninerals f iom soi l .  In the { irst thrce <l l ' the se
( \ \e nt iel ls, tropical rainforest scenringlv fares well ,  thorrgh low l ight intensitv
( ( ' r ' tai l l lv l i rnits the growth of plants bel<lrv t lre c2rn()py. h'r t l rc f iu.rrth cat( 'g()ry,
.rr l l ic icnt nrinerir ls, holvevcr, r ir inforests arc oftcn (brrt  not alw:rvs) <leprir,cd.
Irr rrrarrv arei ls within thc r\mcrican tropics, soi ls are ol<1 arrd rnincr ' .r l  poor,
l .r( t()rs t lrnt could l imit procluct ivi ty. Howevcr, rainlbrcst trccs ha\.c i ldaptcd
rrt ' l l  to nutr i t-nt-Jtoor soi ls.

Nutrient Cycling and the Soil Community I' igtre 10

Bcr':rrrse Earth has no signif ican{ input of nlattcr l iorn space (a vear's r.vorth
ol nrctc<>rites adcls rr1-l  to vcry l i t t lc),  atoms prcsent in dcad t issuc nrust trc
n'acqtr irccl,  recvt ' led back to l iving t issue. Decornposit ion anrl subscqrxrnl recv-
t I ing is thc prot 'erss bv which rnatcrials nrovc bctween the l iving ;rnt l  nonl iving
(()rnp()ncnts ()f  :ur ecosvstcm. Rct:t 'c l ing occuls as a byprodtrct ol r leconrposi-
t ion, and decornposit ion occrlrs as a nleans by which organisms acquire en-
crgv. Oonsicler (hirt  in a rainf irrcst a unit  ol energv f ixed during the nct pr 'odur:-
t ivi tv can rnovc in onc of twcl rnajor cl irect i<lns: ci thcr i t  cirn lrc consrrrnecl as
pirrt  ()f  l iv ing t issrre, irs when a cirtcrpi l lar chews a lcaf, or i t  can rcrrr:r in as pirrt
ol th<' leal '  unti l  the l( 'al '  eventl lal ly clrops l ionr the tree, a( rvhi<'h t iutc thc
energy ber:ontes irvai lable to the soi l  cornrnunity. This latter r l i rcct ion nrovcs
('n( 'r l { ! 'dir tct lv to rvhat is tcrrned the deromposer lood welt A glante:rt :r  lush,
gtecn rain{irrcst plrrs a dash ol 'prrre logic is enough to show that tht 'r 'nst
nrajori ty of ' thc cncrgv f ixed <lrrr ing photosvnl lresis cvcntrral lr '  ( inters t l)e t lc-
cornposcr f  oocl web. I f  i t  wcr-e othe rwise, trees, shrubs, and othcr gret-n plants
worrlr l  shorv {hr lnore lcaf clam:rge than they do. Insteird, Inost cr)clgy t 'ctt taitrs
as p()tcnti i r l  enclgv in leal,  bark, stern, and root t issue, onlv to be eventual ly
rcleascd bv a host <lf  soi l  comnrunity organisms as they unprctcntiously rn:rke
their l iv ings below vour rnrrddy boots on and in the forest f loor.

Fungi and bacteria are the principal actors in t lr is ongoing and cssenti :r l
rh'aura ol decornp<-rsit ion that is one <lf  nature 

's 
most Fundalnental processes.

It  is thcl who convert r lcad organic t issue back into sinrple inorganic corn-
pounds t l)r l t  are then rcavai lable to the root svstems of plants. ()f  course there
is a strpport ing cast: sl i lne rnolds, act i l )omycetes, algae, and holdcs of irnirn:r ls
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( iaterpi l lars r :at ing
fal lcn leaf '

rangin€i from vtrltrrres to numcrous arthrop()ds, earthw()rms, and other Inver-
tebrates as well  as manv kinds ol 'protozoans al l  have varving r() les in the cont-
plex, hierarchical process of convert ir-rg a dead leaf ,  a dcad agouti ,  or pcccary
f i :ccs back to those m()st basic chemical elemenrs.

Knowledge of the structtrre and function of microbial <lecornp<lser conl l l lu-
nit ies in tropical rainf irrests is st i l l  rather nrdirnentarv. I t  is lvel l  rrnderstood
that l i rnei arer immcnsely abundant in thc tropics. An indivi<Lral Irrngal strand
is cal led a hypha, and a network of hvphae is cal lecl a rnl,cel i trnt.  ln sorne
tropic:rl ftrrests rnycclial rnesh seems to cover p:rrts of the Iirrest floor. f'he
creatr lres that rnake up the tropicir l  soi l  comrnunitv mav r ir . 'al  thc biodir. 'elsi t l '
fotrnd in the lea$ canopy. But there are rel;r t ivel l '  lew cletai led sttrcl ies that
makc estimates of such parameters as f irng:r l  biomass or patl)ways ol 'cncrel '
movcnlent arnong the constituent flora an<l fauna ()f'thc dccomposcr comnrtr-
nitv. Morc are needed. For an cxcrnplar,v sttrdv, see Lodge ( |  996).

Orgarrisrrrs Iaci l i tate a process cal le<l hurniJication,in which cornplex soi l  or-
ganic mattcr is rnaintained at thc interface betrveen the tree roots and soi l .
Hrrmus is important in f irrming col loids that cernent soi l  part icles, in helping
aerate thc soi l ,  in possessing a negativc net electr ical charge, an important aid
in retaining cri t ical minerals in thc soi l  (bv electrostat ic att lact ion), and in
overal l  conservation of nutr icnts (Lavel le et al.  1993). The soi l  i tsclf  rerprcscnts
a ternporary repository for essential rninerals such as nitrogen, calciunl,  nrag-
nesirtm, phosphonrs, ancl potassiurn. Each o{ these irncl othcr rnincr:r ls is rrcc-
essarv lbr biochernical reactions in organisms. ancl a short irge of artv onc of
them can signif icantlv l imit productivi tv. For example, phosphorrrs an<l nitro-
gen are inrportant in the structr.rre ol 'nncleic acicls (DNA and RNA) as rvcl l  as
proteins and other necessary molecules. Magnesium is an essential p:rrt  of ' the
chloroph,vl l  molecule, rvi thout rvhich photosvnthesis could not occrrr.

( lonsider horv an at()m is cvcled. Strppose a dead leal ' lal ls to the grorrn<l.
I l rside the leaf are bi l l ions of atoms, but rve wil l  select, fbr exantple, just one,
an atom of calcium. This calcium atom mav init ial lv pass through a rni l l ipecle

HO\V

:  ,  r ther invertebrate, only to be returned
.:\r( '  () l ' the death of the creature i tself .  Or
'. ̂ r lirngus. This same atom eventually will

, :rr l  birctcr ial species, each of which gains
: .  gt 'st ing, and thus decomposing the decea
::t  talci trm atom becomes part of the inc
:.,rst i rnmediatel l ' ,  other types of fungus (c
,.1r sro$,ing from within a tree root, take I
r( '  tr-ee, where the calcium atom may well
.  r  ornple te and wil l  now go around again.

\trtlicnt cycling is often termed biogeochz
t clrernicals moving continuously betwet
:r,rrr l iv ing) parts of an ecosystem. The mor
. \ tr()ngly inf luenced by temperature and
:r.rtr ' .  In thc tropics, both high temperatur

: ' ,rrnrl  ef l 'ects ()n the patterns of biogeoch
. l t75 ;  ( ]o l ley  l9 i l3 ) .

I  lcat st imulates evaporation. As plants v
' i r t '  plants and, thus, ret l l rning a great deal
: r t':r t-related pum ping process called transp
rp bv plants and transpired, returned to t l

' ropical heat. Nclwhere is this continuous I
, ,us than ak)ng the widcr stretches of the I
:rrt ' r l iateh' abovc thc big r ivcr tend to l te cl
, , \( ' r  ( l istant f  orest on eithcr of thc r ivcr b
shitc clotrds, lorrned by the conde nsing mc
.r l t '  l i teral l l '  watching thc f irrcst brcathc. I
prt 'cipitat ion fal l ing <xr the Anrazon Basin i
tr ' ()rn the mvriad vegel-at ion (Salat i  and Vrs

Sirr<e mirrerir ls irre always taken up thro
rr 'atcr is cssenti ir l  t()  the uptake of mineralr
rrr ixcd blcssing. Plants can lose to<> much
lr igh ternperatrrre. Many tropical plants ret
r losins thci l  stomat:r (openings on the lea
rlrrcing rvaxv leavcs.

Leaching

\{hter cart wash essential minerals and c
ccss cirlled leaching. Leaching can be esp
li'cquerrtt hear1, tlownpours. The protectiv
t orttuirts l ipid-soluble (but water- insoluble)
pcnoids that act to retard water loss and dis
(Htrbbel l  et al.  19tJ3, 1984). Drip t ips prol
\\'atef ftlnofl Such adaptations enable a ty1
essential ntrtr ients ancl adequate moisture.

Rainlal l  also leaches minerals f iom the
the deeper- soi l  layers. Clay part icles and I

p \ ^ \

:
In
I
il
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' 'ht ' r ' invertebrate, onlv to be returnecl to the l i t ter through el imination of
' .'(- ()r- the death of the creature itself. Or the atom may be taken up directly

., lur)gus. This same atom eventually will pass through several dozen fungal
: l racterial species, each of which gains a modicum of energv bv ingesting.

-t ' ' t  i rrg, and thus decomposing the deceased leaf (or mil l ipede). Within days
- r alcium atom becomes part of the inorganic components of the soil. Al-
'.r irnr.nediatell, other types of fungus (called mycorrhizae, see below), usu-
'. qrowing from within a tree root, take up the calcium and pass it along to
( n-ec, where the calcium atom may well end up in another leaf. The cycle

' ,  (  ) lnplete ancl wi l l  now go around again.
\rrtlier)t cvcling is often termed biogeochemical qclingto describe the process

: t  l re rnicals moving continuously betrveen the bios ( l iv ing) and the geos
:,,rr l i l ing) parts of an ecosystem. The movement of minerals in an ecosystem

. .tr()nsly inflrrenced bv temperature and rainfall, the major features of cli-
r . .r t( ' .  In the tropics, both high temperature and abunclant rainfal l  exert pro-
'  ' rrnrl  cl lects or) the patterns of biogeochemical cvcl ing (Gollev ct al.  1969.
' r 7 5 ;  ( b l l e v  1 9 8 3 ) .

I  I t 'at st irnulates evaporation. As plants warm thcy evaporate water, cool i trg
' : r <  p l a r t t s a n d , t h t r s , r e t u r n i n g a g r e a t c l e a l o f w a t e r t o t h e a t m o s p h e r e i n t h i s
:.( .f t-r'clatcd purnping process called transpiration. Vlater liom rainfall is taken
;p l l  plants ancl transpired, returned t() the atm()sphere, under the stress of

'ropicir l  hcat. Nowhere is this continuous process oF transpirat ion more obvi-
'u\ than along the wider stretches of the Amazon River. At rniddar,, skies irn-

:ncrl iatr ' lv abovc the big r iver tend to be clear and blue, but should vou look
,,r '<'r '  cl istant lorest on either of the r iver banks, you wil l  l ikelv sec big, pufly,
r. hitc clouds, Ibrmed by the condensing m()isture tr:rnspire d by thc forest; you
.t l t '  l i telalh'  watching the f irrest breathe. Indeed, approxinratel l '  50% of the
plt ' t ' ipi tat iorr Ial l ing on t lrc Arnazon Basin is direct ly recycled via transpirat ion
lr)rr) thc rnvriad vegetati()n (Salat i  and Vose 198,1).

.Since rnincrirls are alwavs taken up through root.s via rvater, the uptakc ol'
rrater is cssential to the uptake of minerals as well .  But er, 'aporation can be a
rrr ixerl  l ; lcssing. Plarrts ci.rn lose too rnuch water whcn sub-jectecl t() constant
)r ish tcrnpclaturc. Many tropical plants retard evap()rat ive water loss both by
t losinq their stomata (openings ()n the leaves for gas exchangc) and by pro-
r l trcing n'axv lcaves.

Leaching

\A/atcr can wash essential minerals and other chemicals fronr leaves, a pro-
cess cal lcd leathing. l ,eaching can be especial ly severe in areas subject t<r
frcrluent hcarry downpours. The protective waxy coating of tropical leavcs
r'ontains l ipid-soluble (but water- insoluble) secondary compounds such as ter-
perroids that act to retard water loss and discourage both herbivores and lirngi
(Hubbcl l  ct al.  19U3, 1984). Drip t ips probably reduce leaching by speeding
rvatcr nrnofl. Such adaptations enable a tvpical tropical leaf to retain both its
esscntial nutr ients and aclequate moisture.

Rairrlirll also leaches minerals from the soil, washing them rlorvnward into
the deepel st>i l  lavers. Olay part icles and humus have negative electrostat ic
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charges that attract minerals with positive charges such as calcitrrn ancl potas-
sium. Because water adds hydrogen atoms to the soil, which are also positivelv
charged, these abundant atoms can exchange with those of elements such as
calcium or potassium, which then wash to a deeper part of the soi l  or mat'nash
out of the soi l  entirely. Rainfal l  strongh' inf luences soi l  aciditv becarrse the
accumulation of hydrogen atoms, on either humns or clar ' ,  lorvers the pH, thus
raising the acidity of t l ' re soi l .  In the tropics, the combination of high temperir-
tures and healy rainfall can often result in much leaching and stronelr, acidic
soils. Typical Amazon soils are frequentlv mineral-poor, high in clar', acidic,
and low in avai lable phosphorus (. fordan 1982, 1985b), and the nutr ient-po()r
nature of the soi l  is a rnajor l imit ing factor to plant prodrrct ivi tv (L)hl ct al.
1990) . One estimate suggests that nearlr' 757o of the soils in tlrc Aurazon Basirr
are acidic and general ly infert i le (Nicholaides et al.  l9t l l -r).  Much wlrter n)()\ 'e-
ment occurs among the atmosphere, the soi l ,  and the orginisrrrs. Tropical
plants are adapted to be very st ingy about giving up mincrals. Oonseqrrentl l ' ,
one of the major differe nces between tropical and te rnperate lirrests is that in
tropical forests most of the rapidl,v cycl ine nrinerals arc in thc l iving plants, thc
biomass. Most of the calcitun, magnesium, :rnd potassir.rrn irr un Arnirzon rain-
forest. is located, not in the soi l ,  but in the l iving plant t issrrc (Richarrls 19713;

Jordan 1982; Salat i  and Vcrse 1984). For cxample, in a sturl l  perf irrnrecl near
San Carlos de Rio Negro in Venezucla, the distr ibutiorr ol calcirrr-n was as fbl-
lows:3.3Vo in leaves; 62.2% in wood;74.0(/o i tr  roots; 3. lol,  i t r  l i t t t :r  ancl hunrus;
and only 17.4Vo in soi l  (Herrera 1985). Another sttrclv con< lrrdecl that ( i( i%, t<r
80% of potassium, sodium, calcium, and nrirgnesiunr is in at:r- ial  parts of plants,
not in soi l  (Salat i  and \bse 1984). Horvelcr ' ,  t l r is sanrc stu(h'(:()r( luderl that
most nitrogen and phosphorus (somcrvherc around 70(/r,)  is irr  soi l ,  roots, i trr<l
l i t ter. I t  is not surprising that most tropical soi ls are <:onsiclclcr l  generalh ntrtr i-
ent-poor. In the temperatc z()ne, mincrals are rn()rc eqrralh'  cl ist l ibtrtcr l  be-
tween the vegetati()n and soil bank.

Mycorrhizae

Throughout the tropics as well  as nl()st ol thc tcrnpcr:t tc z()nc, thcre rs an
intimate, mutualistic associatiort betwecn tree roots anrl u cliverlsc grorrp ol'
fungi collectively termed mlcorrhizae. Many ol'these {irngi grorv clilccth' int<r
tree roots, using somc of thc plant 's phot<lsvnthatc as l i rocl.  In this lcgar<I,
the fungi would secnr to be parasit ic, much l ike thc athlete's- l ix)t  l i rngi that
many tropical visi tors conle t() expericnce betwe cn t lrei l  tot 's. Brrt t lxrtrgh the
fungi take food from the tree, thcy are esser)tial to thc trcc's rvcll:rre as thev
facilitate the uptake of' minerals fiorn the lirrest litter. Trt:cs dcpcnderrt on
mycorrhizae typically have poorly clcveloped root hairs; thc lirneal strands
substi tute for the missing root hairs (St. - fohn 1985). Most of the rnvcor-rhizal
fungi within rainforests are grouped together as vcsicrrl:rr.:rlbrrscular rrl'cor-
rhizae (VAM), meaning that they grow within tree roots. Sorne rrrvcorrhizae ,
part icularly those found i lr  poor soi ls (such as white sarrr l l '  soi ls) or- in dis-
turbed areas, grow outside ofthe tree roots and are rcfer|ed t() as ect()llll,cor-
rhizae. The extensive surface area of the lirngal rnyccliur-n is efficicnt in the

HO\\

' r l r take of both minerals and h'ater, as exp(

l!1S0, 1983). VAM are part icularl) ' i rnportz

1,lronrs, rvhich tencls to be of l imited avai l

l1l , !1). Thev may also have a role in direct r

rrr inelals f iom clead leaves into l iving trees
.o i l  ( . fanos  1983;  S t . . fohn 1985) ,  and they
.ir))()nf l  plants, thus inf luencing the biodive
\lvcorrhizae are also essential to certain ,

\rrccessional ecosvsterns, waterloggecl area

, ol lhizae may be less essential (Parker l9

l  I  l  1l t  e( tomvcorrhiz:.r l  f trngi,  which dominat

yrlovide their host plants with ir  conlpeti t i '
r  I  .odgc 1996) .

\',\M spores nrav be widely distribrrtcd
'1rinv rats ( l troerhiml.s spp.) an<l r ice r:rts (o

ntinfrrrcst at Cocha Cashu, in Mantt N:tt ior
r lrat \AM sp()res are rvel l  representecl in th

t ' t  a l .  1995) .  Thor rgh  tnos t  mycor r l t i znc  spr ,

lor>1, the zruth<>rs suggcst that lortg<l ist lnc
( i lnI ly f :rci l i t : l tcd bv tnammalian sporc tran

in the uptake ol minerals bv the Inajori ty c

lurrd species r ichness of 'rainfbrest Ir tal '  dcpr

ings of somc unprctcntious l i t t le roclctrts.

Rapid Recycling

There is often srrrprisingl,v l i t t lc a( 'ctt tnt
rainl ir lcst f loor, rnaking fbr a general l l ' th

t onif t :rr>rrs fbrcsts, fbr cxarnplc, which arc c
o[ '  soft,  { ir lk 'n nec<llcs, or t l tc broa<llcir l '  t ,

luver ol- lal lcn o:rk ir t tr l  r t t i rplc lcavcs have ir,

coutpirr isort,  ol i t 'n syrarsel l '  cot 'et 'ecl l l '  Ial lc

inleresting whcn votr kccp in rnind that

rainl irrcst. Thc solut ion to this seenring 1
rt:cycl ine of fal lcn parts occur rvi th rrrt tcl t  5
tclnpcr'2rtc forcsts. -f  trst as procluct ivi$ < ar

rrr l)(c( l  bl  thc frozcn st l i ls ol 'a n()rthcrl l  lv i l

r 'ont i |r trc unirbatcrl  throttghotrt the Vear. S

l ir lests, part i /-rularlv t l tosc on r icht 'r '  soi ls,

than onc ycar, :rnrl  lninerals eff icient. lv cor

p()()re r soils show rcdttcccl rates of clecornl
f irrests also r:ycle rni lrer:r ls very "t ighth'." T

nort l iv ing c()rnp()ncrl t  of the ecosystetrt  is ve

.Jordan 19U2, l9tt5a. l9tt5b). ()n( '  sttr(h'  csr

the total leal 'nratter ir t  att  Arnazon rait t fot
(K l ingc  c t  a l .  1975) .  l ,ea l ' l i t te r  docs  i rccu t

cialh during <h'y season (Hubbell ,  pers. cc
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. l )rake of both minerals and water. as experiments have dernonstrated (. |anos

l 'rs(),  1983). VAN{ are part icularly important in aidi lg in the uptake of phos-

; ' l r()nls, rvhich tends to be of l in 'r i ted avai labi l i tv in rainforest soi ls (\ ' i tousek

. !S+). They may also have a role in direct decomposit ion and cycl ing, movins

:r inerals f iom dead lear,es into l iving treesrvithout f i rst releasing thenr to the
.,, i1 (.Janos 1983; St.John 1985), and thev mav affect competit ive intel ir t t i t>ns

rnx)ng plants, thus inf luencing the biodiversity of a given torest (.Janos 1983) .
\ l rcorrhizae are also essential to certain epiphvtes sttch as orchids. In earh'
.u( cessional ecosvstems, u'aterloeged areas, and high elevation regions, mv-
,rrhizae may be less essential (Parker 1994), though i t  has bcen strggested

' lral cctomycorrhizal fungi, rvl-r ich dorninate at least in successional areas. ntav

;rrovicle their host plants with a competit ive advantage over VAM host plants

l .odge 1996) .
\'.A.M sporcs ma,v bc rvidely distributecl by certain rodent spccics sttch its

. lr i rrv r ir ls ( l)roerhimls spp.) and r ice rats ( Or,1zom1s spp.). A studv pcrlbrnred ir l

r  airrf i rrcst :r t  Cocha ( lashu, in Manrr National Park in Pcnt, dcnronstrated t l tat

rhat \AM spores are wcl l  representecl in t l re fcces of spinv anrl r i t 'c rats (. f :rnos

t 'r  :r l .  1995). Thotrgh nrost mvcorrhizac spre acl bv dircct infect ion f lor lr  r-()ot t()

r()()t .  the arrth()r 's suggest that long<list irnr:e r l ispcrsal ()f  \  lv l  tnav bc signi l i -

L antlr . ' faci l i tatcd l>y manrrnal i :ur spore transport.  Given that VANI arc essential
rrr the rrptake of nrinerals by the rnajori ty of rainlorest (r ' ( tc sp('cies, t l re health

.rrrr l  species r ichncss of rainl irrest nra,v dcpcnd, at lcnst in part.  ()t t  th( 'w:r l)dcr-

ings of 'sonre unprete nt ious l i t t l t :  rodetrts.

Rapid Recycling

Tlrcre is often strrprisingl l ' l i t t lc accrrrnrr lat ion o1'deir<l k:nves ir t td rvoorl ott

r;r infolcst f loor, nr:rking l i rr  a gcnclal ly thin l i t ter lavcr. Unlike thc northcrtr

t  ort i lerotts fbrcsts, f i rr  exarnple, rvhich are <'ntkrwcd with a thick, sP()ngv carPc(
,rf  soft,  fal lcn ncedles, or the broarl leaf tenrperirtc forests wlrere lat ' t ' r ;r f i t :r '

lavcr of f  al lcn oak and maplc le avt--s h:n,e acctrnnrlatcrl ,  a rainf irrt 'st I ioor is, bv

t ornpalisorr, <>lten sparscly coverecl b1'fal lcn krirves. This bct 'otnes l)at t ictr lar ly

intelest ing when yotr kcep in rnincl that nrort:  and heirvicr leaves o<cttr i l l

rainforcst. Thc solut ion to this secnring paradox is thut decrxttposi{ iou alt t l

recycl ing of fal lcn parts ()cc\ l l  with much greater specd in rainl i)rests thirn in

lcrnl)er:rtc Iorests. Just as prodrrct ivi tr '  can l)e relat ivclv continu()rrs, rrnintcr '-
f  rrpted b1' thc frozcn soi ls of a northcrn wintcr, so can bi()geochernical cvcl ing
<orrl inrrt ' -  trnab:rtc<l throughoLrt thc yeirr.  Studics indicatc t lrat in t lopical lvet
l i rests, ptrt icularly t l rose on r icher soi ls, I i t ter is r leconrJ-rosccl total lv in less
l lran onc 1,ear,:rnd rninerals cff icientl l 'conservcd (. [orclan l9t]r5a). Fort 'sts orr

l)o()rer soi ls show reduced rates of 'decomposit ion ( l ,avel le ct al.  l {)93). Rain-
l i rrests also cvcle rninerals vcry "t ightl l ' ."  Thc rcsident t i rne o{ ' iu) at()rr) i l l  t l )e
nonliving component o{ ' the ccosystern is ver} brief (. f  ordan and Herlt :ra l  !)81 ;

f  ordan l1)82, 1985a, 1985b). One stud'y est ir lrated that apploxirnatclv l30%, of
the total leaf nratter in an Arnazon rainlbrest is annu:r l ly returncd to the soi l
(Kl inge et al.  1975). Leaf l i t ter does accunrtr late in tropical drr ' folcsts, cspe-
cial ly during dr,v season (Hubbell ,  pers. corn. l9B7).
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Rainforest Soil Types and Mineral Cycling FiEtres 28. 76

One should not be quick to ger-reral ize about tropical soi ls or about patterl)s
of nutl ient cycl ing in the tropics (Vitousek and Sanford l9U6). In some re-
gions, such as the eastern and central Amazon Basin, soils are verv old and
n.r ineral-poor (ol igotrophic), while in other regions, such irs volcanic areas of
( losta Rica or much of the Andes, soi ls are young and mineral-r ich (eutrophic)
(. fordan and Herrera l98l ).  Soi l  characterist ics varv resional ly because soi l  is
the product of several factors: cl imate, vegetation, topographic posit iotr,  par-
ent material,  and soi l  age (Jenny 1941, cited in Sol l ins et al.  1994) .  Because
these factors varv substantial ly througl-rout Central ancl Sr>rrth Arnerica, so do
soi l  tvpes. Even within a relat ivelv l imited region there can be high variabi l i ty
am()ng soi l  troes. For inst:rnce, a single day's r icle irr  sorrthe nr Bel ize rvi l l  take
vou fi-orn orange-red soil to clavey gray-brown soil. The grav-brown soil is
largely f i-om l imestone, common t l ' rroughout much of Bel izc.

In general, much of the soil throtrghout the hurnid tropics, ofien rcddish to
yel lowish in color, fal ls into one of threc classif icat ions: rr l t isols, oxisols, or
al l lsols. Ult isols are general ly well-weathered, meaning that mincrals have
been washed f iom (leached) the upper parts of thc soi ls. ()xisols, :r lso c:r l led
ferralsols or latasols, are dceply weathered, old, acidir: ,  and forurcl on well-
drained soi ls of humid rcgions; t l 'pical lv, these soi ls occrlr on old geologic
Ibrrr-rat i<lt ts such as the artcient ( luianan Shield. Oxisols are (()rnln() l l  through-
out thc global tropics and are tvpical ly heavi ly leachcd of nrincrals as wcl l  as
qtr i te acidic ([ ,ucas et al.  1993). Alf isols arc common in the srrbhurnid ancl
scrniarid tropics and are closer to a neutral pH (thotrgh st i l l  acidi<:),  with lcss
overal l  k:aching than typical oxisols. I t  is est irnated that rr l t isols, oxisols, and
alf isols, taken together, comprise abr>vtTlok of thc land strrf i tr :e in thc humid
tropics worldwide (t ,al 1990). This is general ly sirni lar to cst irnatcs rnade by
Vitrrrrsek iurd Sanford (1986), which suggested that 630/r, of rnoist tropical f trr-
csts iu'e atop soi ls of moderate t() v( 'rv lorv f-crt i l i ty. ln the Amuzon Birsin, ab()ut
7it%o of the area is classif ied:r.s h:rvirrg oxisols and ult isols (Niclrr>laidcs ct al.
l9tt l -r).

Not al l  tropical soi ls are old or hcavi ly wcathered or inlert ik:.  Vitorrsck and
Sarrl i rrd (1986) estimated that l57o of moist tropir:al lbrcsts : trc si trrated on
soi ls of ir t  least moderate f 'ert i l i t ,v. Inceptisols and entisols ar-c \ ' ()r. lng soi ls of
recetrt  origin, r ich in mincrals near the surface, with highcr pH (st i l l  acid, but
closer to r)eutral).  Soi ls generated f i-orn deposits during the f lood cvcle (al lu-
vial soi ls) or t iom recent volcanic activi ty typi l ,v thcsc catcgories ( l ,al  1990;
So l l ins  e t  a l .  1994)  .

Soi l  tvpt-s arc lrot absolute; in nrost areas soi l  tvpcs grirr l t '  i rr lo orrc arrother'
:r lortg:r continuurn. For exarnple. at [ ,a Sclva Biological Stat iorr in (]osta Rica
(a 1,500-ha r lature reserve o[prernontane rainlbrest),  i t  is t :st irnatccl t l -rat ap-
proxirnately one-third of the soi ls are fert i ' le inceptisols (sonre ol recent vol-
canic origin) and some Entisols of al luvial origin, while thc remaincler of thc
soi ls are older, more acidic, and less fert i le Ult isols (Parker lgg4).

Serniarid and arid regions in the tropics, because of 'cl i rn:rt ic dif l 'erences,
have sornervhat difl'erent soil tvpes from those of humid and semihumid re-
gions. Sorne of these soi ls are clark, heavi ly textured, ancl calcareous, some-

rirnes subject to salt  accumulation (Lal l9
, r l  burnirrg, and sontetimes animal grazin
i,n savanna soi ls, and the decomposer e
Irorr 'ever, can be part icularly abund:rnt
l 1 ) 9 3 ) .

The general pattern throughout much
hean'moisture input cause the formatir
lr 'hich are not taken up by plants), givin
tcnt is usuallV high, evident as you sl ip
\ lotrrrtain roads become more dangerorr
st 'ason because wet clav makes them sl ipp
croded f iom highland areirs durirrg thc la
t lrc r,vestcrn end of ' thc basin, forrr-r irre a f l :
sea lcvel.  N{trch of this surface, cal led t l
kaol init i<: clal ' ,  a substance devoicl of most
altuninurn, hydrogen, and oxy{en (Jordar
zonia, soi ls ure qrr i te sancly, though rernai

One extrcme situation, called lateri.zatit
ol ' intcnsivc erosion and heat act ing olt  s
rnoved arrd thc l>are soi l  is exposcd to e
bakc int() a l tr ickl ike substance, nrining

1;e<>ples arorrnrl  the rvorlr l  have long usecl
bui ldings irs i lnprcssive and as venerablc
(lanrbodia. Thotrgh laterization has bccr
the extlcrnt: del icacy <>f tropical soi ls and t
such a genelal izir t ion is trntnre. l ,atcrizati<
and drving of-the soi l  in the abscnce ol 'ar
(rvhich rrt i l ize ircrat ion chanrrels in thc so.
act t() break rr l t  soi l  uggrcgates ofbound cl
gates arc brrrken rrp irnrl  the soi l  t l tus subj
cnsrre (. fordan l()t t i>b). Irr Arnazonia, orr l l
r - i sk  o f  l l te l i za t ion  (N icho la ides  er  a l .  lg t l l

Nonetheless, cverr withotrt  t l re ext lcrtre
tropics rrsing intcusive agricult trre havc <t
soi l  lbrt i l i ty. Tlr is nccd rrot bc the case. NI
z<>niir  is, in f i r<:t ,  surprisinglv sirni lar to thi
States, rvhcrc succcssfir l  agrictr l ture is ror
l9f l i r) .  Soi l  i rr l i : r ' r i l i rv is 1;cncral ly conrm
(h- ion  197t3 ;  N icho la ides  e t  a l .  1985;  Uh l
supl)()r l  s<>rDr lorrD ()1' l i tni tecl zrgricult trrt
I i ' r ' t i le, the v w,i l l  slrpport corrt introrrs ctr l t iva
sistencc agl ictr l trrrer),  with crops such as nrz
irs snral l  hercls ol 'catt le (Ir ion l97tt).  \hr i t
be strcccssftr l  in achieving continuous farn
(N icho la ic les  e t  a l .  1985;  Da le  e  t  a l .  1994)
cussed f irr ther in chapters 7 ancl 14.

In p;r l ts ol the r\mazon Basin, white an
rvhich ar-e dcrivcd fiom the Brazilian ar

HO\
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t imessubjecttosaltaccumulation (Lal 1990). Bec:ruseof frequentoccurrences
of burning, and sometirnes animal grazing, l i t ter is thin and poorly developed
on savanna soi ls, and the decomposer ecosystem is more l imited. Terrnites,
however, c:rn be particularl) abundant in arid, grassy areas (Lavelle et al.
1 9 9 3 ) .

The ge neral pattern throughout much of the humid tropics is that heat and
heary moistule input cause the formation of oxides of iron and alumilum
(which are not taken up by plants), giving the soi l  i ts reddish color. ( l lav con-
tent is usually high, evident as you sl ip and sl icle ) 'our wav ()ver a wet trai l .
Mottntaitr roads become more danpJerous and often irnpassable dtrring rainv
season because rvet. clay makes them sl ippery. In the Amazon Basin, sediments
erodecl liorn highland areas during the late Tertiary period rvere deposited in
the wcstern enrl of the basin, forming a f lat sr lr face abotrt e50 nt (t320 (t) above
sea level. Nluch of ' this surface, cal led the Amazon Planalto, is made up of
kaol init ic cla\ ' ' ,  a strbstance devoicl ()f  m()st essential nrinerals but r iclr  in si l icou,
alumintrrn, hvdrogen, ancl oxvse n (Jorclan l9l35b). ln thc castern part ol 'Anra-
z<lnia, soi ls arc qtr i te suncly, thorrgh rcnraitr ing acidic and rtutr ierrt  poor.

()ttc extrenrc situation, callecl latrrizaliori, rcsults fiorn tht: combined effects
(){ ' i t l t { ' l ts ive erosion and heat act ing () l)  soi l .  I I  \cgetat i()n cover is total lv re-
nrovecl arrd thc bare soi l  is exposcd t() extremc downpotrrs and hcat, i l_ can
bake: into a brickl ike sul;stance, nrining i t  l i rr  f tr turc productivi ty. l iopical
pcoples arouud the world havc long used laterization to make bl icks trscd in
btr i lcl ings as ir t tpressive and as venerable as som(- of ' thc ancient tcrnplcs irr
(,ambodia. Though laterization has been widelv reportcd as dr:monstrarir lg
thc extlcrne dcl icacv of ' tropical soi ls and thus thc f ir t i l i tv of farnring strch soi ls,
srtch a ge rteral izat ion is utt tr tre. Laterization only occurs with repc:rtccl wctt ing
arrcl clrvi lrg t l f ' thc s<l i l  i t r  thc abscnce of any vegetativc covcr. The l()ss ()f  ro()ts
(which ut i l ize acration chiurnels in the soi l)  plus repeatct l  w(:tr i l )g arrcl drying
acl t<t bre:rk rrp soi l  aggrcgatcs ol 'botrnd clay part iclcs. ()nlv rvtt t :n thcse agglc-
gatcs arc hrokcn trp and the soi l  thus subject to cornpa(:t i()n, <kres latel izi t t ion
etrstrc (. f<rrdnn l{}85rb). Ir t  Anrazonia, only about 47o <>l t l tc soi ls cvcn nrn t lrc
r isk o{ ' l i r t t-r izat ion (Nictrolaiclcs e t al.  l9f l5).

Nonctheless, evcn withotrt  the extrernc of latcrizatior),  attempts to lalru the
tlopics trsirtg i l t tcnsive agricrr l turc havc ol icn lai lcd bcr::r trsc of quick l<>ss of
soi l  Iel t i l i t r ' .  

- Ihis 
nced not be the case. Much of ' the soi l  composit ion in Arna-

zonia is, in Iat: t ,  surprisingly sirni lar to that f<rund irr thc soutircastcrn LJnitecl
Statcs, rvhere srrccessltr l  agrictr l trrre is routinely practiced (Ni<:holaides et al.
19t35). Soi l  inlcrt i l i tv is general l l ,  c()rnrnon throtrghorrt tht '  funazon l lasin
( l l i on  197t3 ;  N icho la idcs  e t  a l .  1985;  Uh l  e t  a l .  1990) ,  thor rgh  nx)s r  s ( ) i l s  w i l l
suJ)p()rt  s<lntc fbrtn of l i rnited zrgricultule. \{ 'hclc Arnazoniirn soi ls irrc rnost
Icrt i le, thev * ' i l l  supp()rt  contintrorrs cult ivat ion by srnal l-scale farni lv rrtr i ts (srrb-
sistcl lce agricrr l ture), with crops such as maize, ban:rn:rs, swect p()tat()es, irs rvel l
as snral l  her<ls o1'catt le ( lr ion 1978). \ 'ar ious approaches l tave l teen shown tcr
bc sttccess{ul in achievins cor}t inuous farming of low-fer-t i l i tv Atr-razorrian soi ls
(Niclrolaides et al.  19i15; Dale ct al.  1994). Antazonian agriculture wil l  be cl is-
< ussed l irr ther in ch:rpters 7 and 14.

In parts of the Arnazon Basin, wl-r i te and sandy soi ls predorninate, most of
rr 'hicl t  arc derivecl f i 'om the Brazi l ian and Guianan Shielcls, both ancient,
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ero(lcd mountain ranges. Because these soils have eroded for hunclrecls of

nrillions of vears, they have lost their fertility alrd are extremely poor in min-

clal conterrt.. The paradox is that lusl-r broadleaf rairrforests grorv on these

infertile soils. I stress ot, and not in the soil because recycling occurs on the soil

s i r r tace .

Mineral Cycling on Oligotrophic Soil

Oligotrophic refers to "nutrient deprived." Poor soil forests can be located

on terra firme or on igapo floodplain (see below) . Forests on oligotrophic soils

are less lush and of smaller stature than forests on rich soils. Henrv Walter

Bates (1862) commented about forest on poor-soil igapo (which he spelled

"Ygupo") floodplain, comparinp; it with the forest on the rich-soil clelta: "The

lon lying areas of forest or Ygapos, which alte rnate everpvhere with the more

elevated districts, did not furnish the same luxttriant vegetation as they do in

the Delta region of the Amazons."
Irr forests with oligotrophic soil, up to 26% of the roots can be on the surf ace

rather than buried within the s<lil (Jordan 1985), and rool nats as thick as

several centimeters sometimes develop (Lavel le et al.  1993).1'his obvious nrat

(yotr can actually trip over it) of superficial roots, intimate ly associated with the

l i t tcr ccosystem, is rnuch reduced or entirely absent {rotn f orests on r ich, ett trr>

phic soil. Surface roots from the trees are quite obvious as they racliate from

the many boles and virtually cover the forest floor. A thin humus laver of

decgmposilg material also c<-rvers the forest floor, atr{ thus the rgot. mat of

surf ace roots, with the aid of mycorrhizal fungi, directly adsorbs availablc min-

erals (Lavel le et al.  1993). Carl F.Jordan and c() l lcagttcs have m:rde cxtcnsive

studies of Amazon forest nutr ietrt  conservation (Jordan and Kline 1972;Jor-

dan 1982, 1985a). Using radioactive calcium ancl phosphorus to tracc mineral

uptakc by vegetation, they found that99.9Vo of all calcitrm and phosphonrs was

aclsorbed (attached) to the ro()t mat by mycorrhizae plus root tissuc. The root

mar, which grows very quickly, literally grabs and holds the mitrcrals. For exam-

ple , in onc study l l1)m Vertezuela, the decomposit iort t>1'Ial len trees does t-t t>t

result in an,v substantial increase in nutr ient concentrat ion of leachate water,

suggesting strongly that nutr ients leached frorn fbl lerr vegetati()Ir  In()ve essel)-

t ial ly immediately back into l iving vegetation (tJhl et al.  1990).

Phosphortrs is seemingl,v problematic in Amazoniatr soi ls l lecattse i t  conr-

plexes wit l .r  i ron and alumitrum and, dtre to the high acidit l ' ,  is held in stable

c()mp()unds that makc i t  unavai lable fcrr uptake by plants (. fordon 1985b).

Incleed, it may be tlre nutrient most difficult fbr plants to procure (Vitorrsek

1984). Howeveq vesicular-arbuscular mycorrhizae apparently gre at ly e nhance

the uptake ol 'phosphorus (St.John 1985).

Microorganisms l iving within the root mat are essential in aiding the uptake

of available minerals. The Ibrest floor ftrnctions like a livir.rg sponge, prevent-

ing minerals from being washed from the svstem (.Jordan and Kline 1972;

Jordan and Herrera 1981;Jordan 1982).

Such a unique rapid recycling svstem rnay be one reason ftrr the present:e o1'

buttrcsses. The blt tress al lows the root to spread widely at t l re sttrface, where

it can reclaim minerals, without significantly reducing the anchorage of the

tree. This is probablv the tightest recycl:
of forest humus with i ts mycorrhizal fun*
stopped, and rhe ferr i l i ty is lost. Removz
result in the regrowth ofsavanna rather t
t ion of the t ight nutr ient cvcl ing svstem.

Though a dense surface root mat seer
need for rapid and eff icient recycl ing o
cral izat ion is not universal.  A research te
Iancl evergreen rainforest site in Rorain
nutr ient concentrat ior-r in the drv, sandy s
t l 'pes of adaptations described above. I
was the root biomass unusually high, but
r ich in nrrtr ient contcDt. Trees grerv rapic
leaf 'decomposit ion was also quite high,
nisrn, but whar intr igtred and baff led the
est showcd none of the presumecl adap
It ighly ol igotrophic soi ls, yet i t  seenred tc
()rrt  nrr(r ient l i rnitat ion (Thompson et al.
irn erx:rnrple of thc ncecl {br r:autior-r in g
and adaptations.

Other Nutrient-Retention Adaptations

Son)e tr()picirl plants h:rvc root sysl.erns t
soi l  onto the stcms of ncighb<lr ing trces. 1
11.6 crn (2.5 in) in sevcnry-two hours (Sanfr
()n thc stcms ()f  ()thel trecs may be that
absorb nutr ients lcached frorn the trccs. a
This uniqur: s)sreln, t l rus far dcscribed on
quali ty Arnazon soi ls, results ir t  recvr. l ing z
so i l l

A sorrrervhat sirnilar pr()cess, callerT urres
Sclva in ( losta Rica (Parkcr 1994). Roth ep
c ia l l v  t l r t  rv ide  t  rowns < , f  cer ta in  pa lmi
catch litter as it falls frorn the canopv. T
a l l r r r t '  g ro r rn<[ .  < . r r r i ch ing  t l re  rn in r ra l  r ion t
the soi l  in thc irnrnediatc vicinity of the wz

.forclan :rncl his col lcagtres also learned r
in taking rrp nrrtr ients. Call ing thenr nutr i
that algae i lnd l ichens that cover the lea
trapping thc nutr ients ()n the leaf sr lr lace. ,

t l rese nutr icnts ale taken rrp l lv the r()ot m
( . fo rdan e t  a l .  1979) .

Nitrogen Fixation

Sorne plants, parr icularly those in rhe I
dantly represcnted in both biomass and
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tree. This is probablv the tightest recycling sysrem in narure. If the thin layer
of forest humus with its mycorrhizal fungi is destroyed, this recycling system is
stopped, and the fertility is lost. Removal of forest from rvhite sandy soils can
rcsult in the regrowth ofsavanna rather than rainforest because ofthe destruc-
t ion of the t ight nutr ient cycl ing svsrem.

Though a dense strrface root mat seems to be an obvious adaptation to the
need for rapid and efficient recycling on highly oligotrophic soils, the gen-
cralization is not universal. A research team working on Maraca Island, a low-
Iarrct evergreen rainforest site in Roraima, Brazil, found that in spite of low
nutrient concentration in the dry, sandy soil, the vege rarion clid not exhibir the
tvpes of adaptations described above. There was no surface root mat, nor
\ras thc root biotnass untrsuallv high, but the leaves were nonetheless relatively
rich in nutrient content. Trees grew rapidly and lirterfall was high. The rate of
Ieaf decor-np<'rsit ion was also quite high, indicating a rapid recycl ing mecha-
nism, but what intrigued and baffled the researchers rvas that this island for-
est showecl none of tbc presurned adaptations ol rainforests elsewhere on
highly oligotrophic soils, vet it seerned to be functioning efficiently and with-
out nutr ient l inr i tat ion (Thonrpson et al.  lgg2; Scott et al.  1992). The work is
an cxample of thc nced (br caution in gcneral izing about rainforest ecology
and :rdapt.at ions.

Other Nutrient-Retention Adaptations

Sorne tropical plants have root systems that grow vertically upward, from the
s<ril onto thc sterns of'neighboring trees. These apogeotropic roots grow as fast as
5.6 r:rn (2.5 in) in seventv-two hours (Sanford 1987) . The advantage of growing
on thc stcms of ()ther trecs may be that the roots can quickly and direct ly
absorb nutrients leached from the trees, as precipitation flows down the stem.
Tlr is rrniquc svstern, thus far describcd only fbr sornc plarl(s growing on poor-
qtral i ty Anrazon soi ls, results in re cycl ing uithout the minerals ever entering the
so i I I

A sr>rrrt:wlral sinrilar proccss, called arrested litter,has been documented at La
Selvir in ( losta Rica (P:rrker 1994). Both e piphvtes and understory planrs, espe-
cial ly the rvidc crowns of 'cer(ain palms (nicknamed "wastebasket plants"),
catt:h litter- as it falls from the canopy. The litter subsequently decomposes
above grotrnd, cnriching the mincral content of stemflow and thus fert i l iz ing
tht '  soi l  in the inrmcdiate vit : ini ty of the was(ebasket plant.

. forr lan antl  his col leagucs also learned that canopy leaves play a direct role
in taking up nutr ients. Call ing them t)utr ient scavengers,.)ordan pointed out
that algac and lichcns that cover the leaves adsorb nutrients from rainfall,
trapping the nrrtr ients on thc leaf surface. When the leaf dies and decomposes,
thcsc nrrtrients are taken up by the root ntat and returned to the canopy trees
( . f  o rdan e t  a l .  1979) .

Nitrogen Fixation

Sonrc plants, part icularly those in
clantlv represented in both biomass

the huge legume family, rvhich is abun-
and biodiversity throughout the global
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tlopics. can take up gaseous nitrogen directly from the atmosphere and con-
vclt  i t  t()  nitrate, a chernical form in which i t  can be used bv the plant. This

l)r()( e ss is termed nitrogen fxation. In legumes, nitrogen fixation occurs in mu-
trralistic association with bacteria called Mizobiumthar colonize nodules in the
pl:rnts'  root systems. I t  is not vet clear exactly horv much nit logen f ixat ion
()ccrlrs in tropical forests and other tropical ecosystems, but indications are
that i t  is far from inconsequential (Parker 1994). For example, one studv esti-
nrated that, on average, tl'rere is around 20 kg (40 lbs) of nitrogen fixed per
hectare per year throughout the Amazon Basin, which was considered a con-
servative estimate. An estimate of the total annual nitrogen input into the
.A.mazon Basin concluded that nitrogen f ixat ion accounts for <>r'er three t imes
the nitrogen input that comes from precipitat ion (Salat i  and Vose 198'1).

Certain epiphytic lichens convert gaseous nitrogen into rrsable form for
plants in a manner similar- to that of Ieguminous plants, which have nitrogen-
f ixing bacteria in their roots (Forman 1975). Between 1.5 and t l  kg o{ nitrogen
per hectare (1-7 lbs per acre) was supplied annually by canopy l ichens. These
nitroger-r-f ixing l ichens provide an important ancl direct way f<>r nitrogerr. vi tal
to most biochemical processes, to enter the rainforest. \'egetation. Othcr- stud-
ies have suggested that leaf:surface microbes and livt-'rworts nrlv facilitirte rrp-
take of Haseous nitrogen (Bentley and Carpenter l9t l0, l9tt4). Nitrogen f ixa-
t ion also ()ccurs in termites becarrse of the irct ivi t ies of microbcs irr tcr-rnite
guts (Prestwich ct al.  19t|0; Prestwich ancl Bentley l9l3 l) .  Becarrse of the abtrn-
dance of termites in the tropics, they may add a substantial :rmount of nitrogcn
to the soi l .

Blackwaters and Whitewaters Itigne.s 157, 162

\4rhitc, sandy soils are trstrally draine<l by blackwatcr-rivcrs, l;cst .secn ilt arc:ls
strch as the Rio Negro near Manaus, Brazi l ,  or Canaima Falls in s()uthcastern
Vcnezuela. The teal ike, dark, clear water is colored by tannins, phenolics, und
rclated t:ompr>ulrds, col lcct ively cal lecl humic matter. Blackwatels ar( '  n()t  c() lr-
f ine<l to the Neotropics but occur in many, places, including North Arnerica,
especial ly such habitats as boreal peatlands and conifcrous l i rrcsts drained by
mineral-poor, sandy soi ls (Meyer 1990). Part of thc hurnic r)rattel in black-
waters c()nsists <-;f defense compounds leached liom fallen leaves. I'll cliscrrss cle-
fense compoun<ls in cletai l  in chapter 6, but f<rr now I want to point ()ut that
leaves are costly to grow on such poor soils because it is not easy to firrd raw
materials to replacc a fal le n or injured leaf. Thcrelbrc, leaves orr pl:rnts gro*
ing on white, sandy soi ls tcnd to concentrate defense compounds that help
cliscr>urapJe herbivory. Leaf production can be less than half that in lirrcsts on
richer soi ls, and' leaf decomposit ion t ime can be in excess ol t lo vears (.Jordan
l9f35a). When the old leaf f inal ly does drop, the rainfal l  and nricrobi:r l  act iviq'
cventuir l ly lcach out the tannins and phenols, making the water dark, a kind ol
"tropical tannin-r- ich tea." This water is also very cleirr becatrse thcre is l i t t le
unbound sedirnent to drain into streams and r ivers. Galler,v { irrests ( igirpo frrr-
ests) bordering blackwater rivers are subject to seasonal floodine ancl their
ecologv is int imately t ied to the f looding, c) 'cle (chapter t t) .  Ecological rela-

t ionships among species inhabit ing bl:
rr ' lvs frorn those oI species in forests sitr

In contrast to white, sandy soi ls, soi ls
( .osra  R i t  a .  a r rd  mr rch  o f  rhe  Andes l \ lo
cral-r ich. These errtrophic soi ls are nlu
some up to 60 mil l ion years old, some n
l r rgh  ra in fa l l  and  tempera l r r res ,  thev  ca
ta in  the i r  t c r r i l i r v  i t  bas ic  s , , i l  cor rser . r .a t
rntrch secliment leaches bl rur-roff fron
dra in  r i ch  so i l s  a re  typ ica l l y  c lo t rc ly  a r rd  r
l l t i s  te rmi l ) ( ) logv  conf t rse  r .o r r .  Whi te rv :
soils; blackwaters do. \,!'hitewaters drain
soi ls, and the term .,white" refers to the c
as i t  is rvi t l r  sediment. S()me have srrgg
rnor  c  Ac(  r r ra tc  des< r ip t i v t .  te rm.

A dranratic 
"ru.npl" 

of the clifferenct
r ivers occrrrs at the confluence ol-the Ar
\ ' larr;rus, Brazi l .  The clear, dark Rio Negr
the white, sandv soi ls oI 'rhe ancicnt ClJia
u'ater Amazon, r ich in ntrtr ient lclacl,
thorrgh cl istant Andes. The re.sult ,  localh,
a  swi r l i r rg  rn : rc ls l ro rn  o f  sor rpy  browr r  . \n r :
t  lcar hlackwatcr from rhc Negro, a pt.oc,
rvherc l iom 15 ro 2!r km (g_i5 r l i ) .  rrnt
rernarkablc fcatur.c is that both soi l  n,ocs
in  thc  b lackwat ( . r  a l .cas .  r .a rz r .a  i r r  th t j  wh i

Rainforest Gaps and Tiee Demograph

Fore.st Oaps

R:rinlo|t 'st trecs arc not imrnortal,  an,
cr 'cnttral ly, dic. Somc renrain in placc, b,
o t l re ls  la l l  i r t rn rcd ia te lv  t , r  t l re  g r . r r r r r r l ,  son
sr t r  la t  t '  i l s  ( l ley  fa l l ,  some sr r i rpp i r rg  o f l  a l r
rclots in thc grounrl. A trce rnay blow d
w< ' i rkc r red  l ) \ '  l c rmi t ( .s .  cp iphr t t ,  l i ra r l ,  r , r .o
and dr<lp. Inclcecl,  onc of the nror.c cor
through rainforest is the srrcldcn sound ol.
:r rainfirrcst tree or significant part oi it 1
forr ' .st tr tp. lrr  gaps. l iglrt  i .s irrcrcuicd, r.arr.sirr
I i rrrn thosc insidc the shaded, cooler, closr
as well  as hrrrnicl i ty f luctuate rnore wiclc- ly .

( laps  ca l r  l rc  o f  a ln ros t  any  s izc ,  a l rd  c rc r
not vct agleed on a trr-rifbrrn range of ga
minimum area gap (Clark ancl Clark lg-9i
wet fbrests are characterized bv manv srnz
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tionships among species inhabiting blackwater forests are different in many

rvays frorn those olspecies in forests situated on richer soils (Janzen 197'1).

In contrast to white, sandv soils, soils in places such as Pnerto Rico, much of

costa Rica, and nuch of the Ancles Mountains are Dot mineral-poor but min-

eral-r ich. These eutrophic soi ls are much younger, mostly volcanic in origin,

sone rrp to 60 million years old, some tluch more recent. Though exposed to

high rainfall and temperatures, they can be farmed efficiently and rvill main-

tain their fert i l i ty i f  basic soi l  conservation practices are appl ied. Because so

rnuch secliment leaches by runoff from the land into the river, waters that

drain rich soils are typically cloudy ancl are called uhitanatrrs. Please do not let

this termirr<llog1, .onf..," you. \41-ritewater rir'ers do not clrairr wlrite, sarrdy

sgils; blacklvaters clo. Whitewaters drain nutrient- and sediment-rich Andean

soils. ancl the term "white" refers to the cloucly apPearance of the water, loaded

as it is rvith sediment. Some have strS;gested that "m()chawater" wotlld be a

rnore accurate descriptive term'

A rlr:rmatic example of the diff'erence between blackwater atrd whitewater

rivers occtrrs at the collfluence of the Amazon RiYer atrcl the Ri<l Negr<l near

)!{anaus, Brazi l .  Thc clear, dark Rio Negro, a major tr ibutary draining sonre of '

the white, sanclv soi ls of the ancient Guianan Shield, mcets the mrrdcly, rvhite-

water Amazon, r ich in nutr ient load, draining mostlv from t l-re yotrthful

though distant Andes. The resr.rlt, locally calletl the "rvedding of thc waters," is

a .*iiiing rnaelstrom of soupy brown Alnazotlian water awkwardlv lnixillg with

clcar blackwater tiour the Negro, a process that continues dorvtlriver ft>r- any-

rvherc f irrm l l-r  to 25 km (9-15 nri),  unti l  the nrixing is comPlete. Thc most

remarkable {'eature is that both soil t1'pcs sttpport inlpressil'c r-ainfirrcst, igaptr

in the blackwiltcr areas, varzea itr the whitewater areas. Scc also chapter t3'

Rainforest Gaps and Tree Demographics

l-ore.st Gaps f' igures 24. 27. 7(), 76

Rainf<lrcst trces are l l () t  im[lortal,  i rnd each and evcrv <lnc ol them n' i l l

cvet)tual ly cl ie. Somc rcn)ai l)  in pl irce, becoming clcad, decirying sr)a8s, aDd

orlrers fail intmc4iately t<t the groirnd, seme bringillg their r()ot systcms t() the

surlace its ttrey fall, s<:ln'rc st):rPping off along the trurlk ancl thtts leaving their

r(x)ts in the grouncl. A trce ma,v bl()w down by windthrow or topplc whcn

wcaket)cd bv termites, epiphyte load, or old age . Large l>ralrches can break ofl'

a'cl drop. inclcecl, o'e of the r.ore c()rnm(). sotrtrds hearcl when w:llkillg

througlt'r'ainfitrest is the strdcletr sotlnd of a lalling tree or large bratrch' \\then

a r l t i rr f i rrcst tree or signif icant part of i t  {al ls, i t  creates:r canopv openir lg. a

f orrst gup. hr gaps, I ighi is increased, causing rnicrocl inrat ic cotrdit ions to cl i f fer

frorn ihcrse inside the shadecl, cooler, closed canopy. Air and s()il te' tnPerirttrres

as rvell as hurliclitv fluctuate more widely in gaps than in forcst ttnderstorv'

(i.aps can be of almost anv size, ancl even thc ecologists who sttrd,v Saps have

,.,,_r, y"t agfeed olt a ultilbrm range of gap sizes, Particularly lvhat defines a

,rr i ,r i ,r-rt , ,r i  area gap (Clark ancl ( l lark 1992). The general Patterlr  is that most

1ct lgrests are characterize{ by maly small eaps and l'ew large gaps, wl'rere a
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large gap is defined as having an area in excess of300 or 400 m? (3,200-4,300
sq ft) (Denslow and Hartshorn 1994). Large gaps, few in number but with
much greater total area, can nonetheless comprise a large percentage of total
gap space within a forest. An emergent tree, should it fall, can take several
other trees with it, creating quite a large gap. Lianas, connecting several trees,
increase the probability of multiple tree falls. When one tree goes, its liana
connection to others can result in additional trees falling, or large branches
being pulled down (Putz 1984). Treefalls are often correlated with seasonality.
On Barro Colorado Island, tree falls peak around the middle of rainy season,
when soils as well as the trees themselves are very wet and strong, gusty winds
blorv (Brokaw 1982). At La Selva, most gaps occur inJune-July and November-

Januarl', the wettest months (Brandani et al. 1988, cited in Denslow and Hart-
shorn 1994). Landslides along steep slopes can open an entire swath offorest.
In the Stann Creek Valley in central Belize, hurricanes have periodicallv ler.
eled hundreds of acres of forest, a giant gap indeed. Gaps occur normally in all
rainforests. In Amazonia, for instance, it has been estimated that 4-6Vo of ttny
forest will be made up of recently formed gaps (Uhl 1988).

Hubbell  and Foster (1986a, 1986b) have censused over 600 gaps in the BCI
forest in Panama. They learned not only that large gaps are less contmon than
small gaps, but also that gap size and frequency change significantly as one
moves vertically, from forest floor to canopy. They assert that a typical gap is
shaped roughly l ike an inverted cone, a pattern result ing in expansion ofgap
area as one moves higher in the canopy, and adding yet another component
of structural complexity to an already complex forest. Since both horizontal
and vertical hetero6;eneity ofa forest are significantly increased by gaps, gaps
become a potential ly important consideration in explaining high biodiversity
(page 95) .

Simply because they admit light, gaps create opportunities lbr rapid growrh
and reproduction. Manl 'plant species ut i l ize gaps to spurt their grorvth, and at
least a few are dependent upon gaps (Brokaw 1985; Hubbell and Foster 1986a;
Murray 1988; Clark and Clark 1992). Of 105 canopy tree species studicd as
saplirrgs at La Selva, abowtTSVo are e stimated to depend at least in part on gaps
to complete their l i fe cycle (Hartshorn 1978).

(iaps create a diverse array of microclimates, affecting light, moisture, and
wind condit ions (Brokaw 1985). Measurements made at La Selva in Costa Rica
indicate that gaps of 275-335 sq m (3,000-3,600 sq ft) experience 8.6-23.37o
firll sunlight, compared with interior forest understory, which receives only
0.4-2.47o ful l  sunl ight (Denslow and Hartshorn 1994). Thus a large gap can
offer plants up to fifty times as much solar radiation as interior forest. Further,
i t  is "high<1uali ty" sunl ight, with wavelengths appropriate f irr  phorosynrhesis.
By contrast, the shaded forest understory is gener:rlly limited nor only in total
light intensity but in wavelengrhs from 400 to 700 nannomerers, thc recl arrd
blue wavelengths most utilized in photosynthesis (Fetcher et al. 1994) . Most
higlr-qual i ty solar radiat ion (61-77%;) withirr a shady rainforesr undersrorl  is
received in the form of short-duration sun flecks (Chazdon and Fetcher 19tt4) .
Thc total amount and quali ty of solar radiat ion is probably the single largest
limiting factor to plant growth inside tropical foreits, thus the importance of

gaps. This restr ict ion rnay be evident
have leaves that are unusrial ly colored:
ra r iegat ion .  and red  or  purp le  under :
t ion has been rnade that abaxial antho
red underside of some leaves, is physio
absorp t ion  o fscarce  I igh t  (Lee. i " t .  tg

Ju l ie  Dens lo r r  t  l98Ot  suggesrec l  rhar
catesories, depending upon how they r
gap spec ia l i s rs  whose seeds  requ i re  h i
and whose seecl l ings are not shade to
seeds gerrninate in shade but whose se,
size, arrd (3) understory special ists that

Since Denslor ' 's strrcly. orher resear
forcst tree sper. ies ()n the basis of their
clear that [hcre exist pioneer specics t
picture has becor-ne more complicatecl .s
category schema. Many, i f  not. nrost, sh
associat ion but rather dcrrronstrate hig
that they can srrr.vive and evcn slowly gri
of the forest interior, but st i l l  g.,r* ' i r . ,
( . la rk  lg92;  l )ens low : r r rd  Har rshor r r  l1 )
murntloln, (.onlnton at La Selva, is typi
toler ' :rnt of 'r ieep shade but rvi l l  nonethr
t ions prcvided bv gaps (Fetcher et al.  l {
shacle-intolcranr rcr luirc gaps Ior growtl
h : rs  hecn k r rown t l l r l  s lp l ing  t rccs  < , f  s . rn
the urrdelstorl , ,  .srrr:r l l  btrt  hc:r l thy,, contir
quat ( .  l iH l r t  b t ' r .o r r rcs  r rva i lab le  (R i t .har rh
nccessari lv rcqrr irc gaps brrt ut i l ize therr.

()nce in a gap, many trcc :rncl slrnrb s
puts, :rnd thus l i rr l ;cr Ir-uit  t .rops crea
kr r  I r r rg i r 'o res  to  d is l r t ' r . se  t l r t . i r . sc r .ds  ( l )
pagc  92) .

The ecology ol '  gap-depenrlent pionee
Brokarv ( l9t i2, 1985) srrrdicd regcnt,rat ic
gaps on Barro ( loloraclo lsland. pioneci
snral l  sce-ds, usually dispersecl by birds o
per io< ls .  f  r r  a r ro t l r t , r  s t r r<11. ,  Rr .okar r .  (  l t ) t J7
cies and learned that t_he thrce rnakc up
erati<rn behavior. ()ne specics, ' l 'wnn 

nti t
rapidfy, growing up ro 7 n (22.7 ft) per
i r rg  t l rc  f i r s r  l car  r> l  rhc  gap.  A l i c r  rh : r i .  i r  r
ably dtre ro comperir i<_rn with other indi
tnstt lr t i .s, invarled nrostlv dtrr ing the f irst v
surv iv t '  :u ld  en ter  la rgc  gaps  c lu r ing  the
!{rcw r)rore slt . lvly (4.g rrr I  l t i  l iJ p",:  u.o,
Mirttrtia (rg'ntcil, which grew the most sl,
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caps .  Th is  res t r i c t .

**;***f*r*Htffi *#**#rrh,r*#,t ion has been mad
red undersid" 

"r, 
jj:i::5i.al anthocvan i n, tn'. pig- J,', ."rp1".,0," for theabsorpon.i,;'..'il,F,;:1ili;'1,'"1,ifilllf lT;$ilfiT::*::]iliIJulie .Denslow ( r ged) r.,SS..;;il;' ;;i;

;:ffi ::::,1,*;*-:r::T;;6i-:,.!!J:i::f{;:;:*'iii,g*a n d, w h ose," "n i i " r,. ".i" i: i:il[: ileiJ,Trui"ffi Ujf ai:i:,1:: UiSseeds germinate in"shade f,r, *fr.r. *Jli;size, and (3) unclerstory specialists ,nu, ,..f1t".quire 
gaps to grow to mature

since Densrow's stutiy, oth". ;;;;;l'".."|j.'^tl_i.q"t.e 
gaps at ar.

:;,J;:,;T,.;:::,:Hi11igJffi iAl:i':Jj:"#*:1.:"*"l,.ll;
nxlr*i'"nuf r1i;1r:i[:::r;ffi,$,::,':r',."::;*:
il:?:'#il*ilii:"j":.:::::i::::'t_,';;;'ilfi;?:::T jl::::sl
or rhc foresr in,".i,r.ol-1 

evcn.slowlv giow r,,r.1.. ,,rl,i""pii*ilil:jffiil#
c, ark, ee2 ; o;;;';lj',:.:1,fl :XL d H:#lllli,il, {*1,,:j,:;: ;;imacntktba, cor)'on at La Selva, i. ,ypi.ri,.r ,rru.,i r...r-i; 

"* 
,,.,. n,rn,,r , lcranr  , f  r reep srraac,brr r  r i i i " " "J , [ . t : : , ; . , *  rapicry in  h igh r ishr  concr i_l r ( ) r rs  l ) ro ' id( ' t l  bv saps (Fer t . l rcr  cr  

" i  
i6 ; ' .b" ly  speciJs inr , '1 . " , . " " , , ,0 , . , " , ) ,

illlf# ?i::lli ;L;:il,l;U:f:* J*::r'r1,,., i,,n r.,. -u n y ycars i,
r tr e tr rr rrc rs r o r y, s rn ar r b i r t l i ",,l:t :; ";, " r, Jr.ir',.;T:;trflTfi: Til'j i% :q.:rtc litr;ht becornes avairabre tr..rrl..ir'irii"zl. t.Jlrr.,.yil"H1,Xl do nc,rneccssl r r i ly  rcqrr i r t ,gaps brr r  , , , i i l r "  , r , "_ , i " . i() rr ce i n u g^p,,,r,,,, y lrce anrl rt,.u b .p".:i.: :ffi 

tffi:ll':;i:5:T;..;,1.
9.r1, 

and rhrrs largcr f iuit crops ...; i . ;;;

i:;:tfj:"*' 
to 'ri.p.... their seecrs d;.,';i':J."lli.",J:l'i, ffilt";,lT;

1lr<' e.orogv of gap-dcpc'rrcnt pirnet 'r  spccies rs generary we, .nderstood.Brok:rw t I t rHZ, I gS*.., i., r,i i".t r.g.1..,".",,"" Ii,Jsaps. on Bar.c, cc, rc,raL" r,ri,.L 
-3r; 

;;,;"H.;:"li:?J?' :iliTi."l,J:ismall seeds' 's.a,y disp.erscd by birds 
". rI,r,'""a capabre of rontr; ao.rrru.,.ypcriocls. In anorhent,,ay,,BrokiwiuirA io.,r*n .nly:l th."" pio,.,".. rp"_

::::,:|,.r,ff :#,[ilJi: 
.n*",,,ur" ui' i .L,,,r,,,,r or whar he car recr regen-

rapir l l l ,  growirrg , ,0 , , ,  ,ott t t ' t '  

' l ' renta 
mirn,tthtt ' rb1>tn t t ,r"" i . . i  

" ; ; ; ; :* ". . ,ing rrr. ilsr;";:;'il#J# l?:;:,iii:i,t;,ilTn'. species onrv cor,,nizecr dur-
il!.I^ill: 

to cc,rnpetiti,ir with other inclividuals 
successlully invade, presum-

:.::, r, :, i n'a dc d n r o s tr f du ri n g u, " o..i r,".".Ti,J :ilE i ?ii.,ill;l J,"T1,Jsurvrve and enrer large gaps d_uring ,n" .".."a ,nd third year. This .t..i".grew more slorvrv (4'g m I io rt] p..'y"".r"irr] n' ,rr*o. The third .,rl.r.,i'st wasfuIiconio orgcnt?o, which grew ,fr.'_"i, ,f,r*fy-"f ,fr" three (2.5 m [g.2 ft] pe.
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vear) but \vas still successfully invading the gap up to seven vears fcrllowing gap
Iirr-rrrat ion. Brokaw's study reveals how the three species trt i l ize dif lerent
gr()\\'th patterns to reproduce successfullywithin gaps. Such subtle dist.inctiol-rs
rnav hclp explain the apparent coexistence of so many dif ferent species within
r:r i  rr l i rrest ecosystems.

I'orest Demographics

How long do rainfbrest trees survive? How long does it take fbr a canoPv
qiant to grow from seedling to aclult? Does most growth occur i t t  rainv or drv
se:rson? How do short-term clirnatic fluctuations influencc forest dynatnics?

\\'hat fbrces determine the probable strrvivorship of any eiven tree? Thcse and
many other questions comprise the study of rainforest clcmosraphics. To an-
swer t .hese questions i t  is necessarv to init iate lone-term, detai led sttrdies <tf

specif ic tracts of forest, monitoring the fate of l i teral ly each tree . Stucl ies of ' this

nature have been ongoing at [ ,a Selva in (]osta Rica (Olirrk and ( l lark 1992;
McDadc et al.  1994) and Barro Colorado Island in Panama (Htrbbel l  ancl Fos-

ter 1990, 1992; Condit e t  al.  1992). What fol lorvs is a summan'o( ' thest 'cxhatts-
t ive , contintr ing efforts.

La Sehru: the Li/e Historie.s of 
'lrees

The total inventory of vascular plants knowrt t() ()ccur at La Sclva rt()w tot:rls
1,45r[3 spet: ies, the vast majori tv of thcm present in lolv trt turbct 's, i l 'not otrtr ight
rare. Srrppose you happcned to bc onc of ' these Plalrts, sa1'a l) i l t lcryx fanam?n-
srs, :r  common cncrgcnt tree that Iavors al l trvi :r l  soi ls. I f ' lorrgevitv is vottr gttal,

r '<rrr 'd be lar bctter o{f being:r Grcat Basin brist le<:oIre pitrc ( l ' inu.s longrmtrt),
atop the cold, windswcpt \Atr i te Motrntains of thc rvcstcrn ( ireat Rasin [)cset-t .

\ \rere yorr a brist leconc pinc, you could irnt ir : ipatt- '  l iv ing In()rc th:ur 4,(XX) r 'car-s.
Tropical trees show no <:ornparirblc longcvit l ' .  Et 'ologists discttss I irr t 'st t t t l ' t r-

ovcr, which, though strbject to sl ightl ,v cl i f l -cr ing definit ions arn()ng rcseitrt :h-
rrs, general ly rneans thc avcrage t irne that a 14ivcn t lcc (r lcf inecl wit l t i rr  a cer-
tain sizc rangc) wil l  strrvive in a part ictr lnr sp()t.  S(), i f '1r lr  nrnrlorrt lvsclctt  artv
placc on a rain{brest f loor artd imaginc ! 'ott  are now ir 1). lnnantensis, rvhich is

al lcast l0 crn (abotrt 4 in) in di irmeter, how long bel irre v()rr arc sontelxrw
(l( 'str()ycd or cl ic? The answer, l i rr  La Selva, is ktrorvtr:  The r:rte ol ' local cl isttrr-

banr:e is srrfficiently high that thc entirc lirrest is estir-natcd t() turn over appr()x-
in ra tc ly  cvcry  I  l8  p lus  o r  minus  27  vears  (H: r r tshorn  1978) ,  a r r t l  6% o f ' the

prim:rly fbrest is in young gaps at any ol le t irne (Olark 1994) .  One stttdv, l iorrt
f  970 to l9i l2, indicatcd an annrral m<>rtal i ty rate <t l '2.037o l irr- tr-et 's anrl  

' l ianas

greater than 10 cm diameter ( l , ieberrnan ct al. ,  ci ted in (] lark 1994). ()veral l ,

a<lrr l t  survivorship of more than 100-200 )-ears sccn)s rarc f irr  srtbt:atrop\ ' : t t- td

carx)pv tre es at La Selva (( l lark 1994) .  Flst irnatcs f iom other l i rrests arc sirni lar.

. \ t  ( locha ( lashtr in Penr, a forest on r ich soi ls, rnortal i ty rate ol adrt l l  trccs
(>10 cm cl iameter) was 1.58% per year, irnplving i ln a\reri lge l i fb of '( i3.3 years

(()t 'nt11'and Terborgh 1990). At Siur Carlos de Rio Nesr() in Arn:rzotr iatr Venc-

zrrela, r i lean annual rnortal i t t ,rates fcrr trees qreatel ' than l0 crl ]  diatncter

breast height (dbh) rvas 1.2% (IJhl etaj
as to create small  gaps ( large gaps were
or tne lorest area was in gap phase at an,t
i r l  was  l . l3qo  lo r  adr r l i  r iees ,  w i rh  a  r
(Rank in -De-Merona er  a l .  1990) .  Keep
adu l t  t rees  w i th  a  min imr rm s ize  o f  m ' . ,
lives many years before attaining such a
I ing  ro  death .  can  be  cons idera i l y  longr
tha t .  i r r  genera l .  the  la rger  u  , r " . 'g . " * ' ,
ably lif'e span from thai point o.,iua.d.
55 cm clbh, turnover t ime increases to Z
. 

It is even tougher, however, to be a s<
Any re-cently germinated seedling stands
b1'a fal l ing branch, or a single f. i r i t ,  o, *
a fallen palm fioncl or some other leaf.
herbivore. For Diptcryx panamcnsis, seel
m.onths experienced a i6o/r, mortality rt
Olark I987). Of course many seeds ne
strov<.d bv a widc diversiry ol. ieerl  prcrlar
tal i ty rares are consisrentiy highest in juv,
deed, decl ining steacl i ly u, thJ plu,. l t ,  lg.
cxar r rp lc ,  i r r  a  s t r rdy  o f  s ix  t ree  spec ies ,  h ig
per vear, occurred in the srnal lest saptinl
rates were rnrrch lower fbr intermecliate t<;
probably morc than Ib0 years for growtt
(Clark and Clark lg92), which, *hen c., . , .
ol  i rclult  trces, indir:atcs that f tr l ly adult tr t

l ' o l  rnos t  o f  a  l rec 's  l i l b  cyc l r . ,  i i gh ,  i . , ,
of yorrng trees irr shaded 

-intcririr 
fbrcst

l ightcd, ()pel l  areas. Trees srrch as Ditt tr t
g rowl l l  i r r  k rw I igh t  r .o r rd i t io r rs  l , r r t  a rc  capt
qr r i ck l l  i r r  : r  gap.  For  t l r i s  rcas( ) l t .  g r . . ,w th  r
during the tvpical life cyclc of'a tre.e. G,aos
an\ t{tvel l  tn.e rnight experien<.c scveral
gaps) alternatirrg with pcriods of extreme I

fPYt .  
As  wou ld  l re  expec tcd .  mosr  r rop ica

lcve ls  o l  shar lc  l ( ) le ran( .c ,  w i th  a r r  a ( .compal
ity: 

.th_c 
ability to sun,ive very low light lcvei

rapicl ly in gaps (Denslow and Hartsiorn l{
Thc cxistcncc oI 'emcrgcnt trees has lonl

tic of rainfirrests. Of what possible benefii
energy t() sr()w above the rnajority of othe
availabi l i ty is cerrainly a possibi l i ty. But in a
specics, these species showed signif icantl l
nonen lerg( ' r ) l  r rees  (C lark  and C lark  I992)
tected fi'orn being clarnagecl bv other fallinp
above the rest.
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bre ast height (dbh) was 1 2% (Uhl et al. 1988a) . Mosr rrees died in such a way
as to create small gaps (large gaps were much rarer), and approximately 4-6Vo
of the forest area was in gap phase at any given time. At Manaus. Brazil, mortal-
ity was 1.13% for adult trees, with a turnover time of from 82 to 89 years
(Rankin-De-Merona et al. 1990). Keep in mind these turnover rates are for
adult trees with a minimum size of more than 10 cm diameter. A tree often
lives manv vears before attaining such a diameter, so the total age, from seed-
ling to death, can be considerably longer. In the Manaus study it was learned
that, in g;eneral, the larger a tree grew to be in diameter, the longer its prob-
ably life span frorn that point onward. In other words, for rrees as large as
55 cm dbh, trlrnover time increases to 204 years.

It is even tougher, howeveq to be a seedling or sapling than an adult tree.
Any recently germinated seedling stands a fairly high chance of being smashed
by a falling branch, or a single frtrit, or whole tree, or perhaps buried beneath
a fallen palrn frond or some other leaf. Or. it could be the next meal for a
herbivore. For Diptnlx pannnensil sccdlings ranging in age from 7 to 59
rn()rrths experiencecl a l6Vo mortality rate frorn litter fall alone (Clark and
Clark I9tt7) .  Of course manv sccds never germinate becausc they are de-
str()ycd by a wide dive rsity of seecl predators as lvell as fungal pathogens. Mor-
tal i tv rates are consiste nt l l 'hiehest in. juveni le planrs, sometimes very high in-
dccd, clecl ining steacl i l ,v as the plar)ts agc (Dcnslow and Hartshorn 1994). For
exanrple, in a study ofsix tree species, highest mortality rates, from 37o to l97o
per year, occurred in thc smallest sapl ings (Clark and Clark 1992). Mortal i ty
rates were mrrch lower Ibr intermediate to large juveni le sizes. In al l ,  i t  requires
probably rnorc than ll'r0 ycars for growth fiom small sapling stage to canopy
(Olark and (; lark 1992), which, when considering the esrimared morral i ty rares
of aclult  trees, irrdicates that frr l ly adult trees do n()r persisr al l  that long.

For nrost ol a tree's life cycle, light is a strongll'limiting f'actor. Growth rates
of voung trees i l l  shaded interior forest are vcry mr.rch less than in more
liglrtccl, open areas. Trecs such as Diptnlx panamensis show extremely slow
growth in krw l ight condit ions but irre capable of growing tal ler and widervery
quicklf in a gap. For this rcasot), growth rates tend t() fluctuate several times
during the typical l i { 'c cycle of a tree. Gaps open, close, and can reopen, so that
any given tree rnight experience several periods of rapid growth (when in
gaps) alternating with pe r iods of 'extremc slow growth (under ful ly closed can-
opy). As would be expected, m()st tropical f<rrest trees and shrubs show high
levels of shadc tolerance, with an accompanving high degree ofgrowth plastic-
ity: thc abilitv to survivc very low light levels of the forest understory and grow
rapidly in gaps (Denslow and Hartshorn 1994).

Thc existcnce of emergent trees lras long been recognized as a characteris-
tic of rainfbrests. Of what possible benefit is it to a rree to invest additional
encrgy to srow above the rnajority of other rrees in the canopy? Added light
availabilitv is certainly a possibility. But in a La Selva studv of five emergenr tree
species, these species showed significantl; lower adult mortality rat.es than
nor)enrergent trees (Clark and Clark 1992). Perhaps emergenrs are more pro-
tected fi'r>m being darnaged by other falling trees, given that their crowns rise
above the rest.
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IJarnt (rlorndo Island: The Dlnamics of Drought

I l t 'uinnirrg in 1980, a 50-ha (123.5-acre) permanent plot rvas establ ished at
B( .1. , \ l l  free-standing woody plants that were at least I  cm dbh were identi f ied
to spt 'r ' ies, measured, and mapped. Censuses were done in 1982, 1985, ancl
I t)90. Over the three censuses, 310 species were recorded in the plot,  rvi th data
on 30[r.620 individual stems (Condit et al.  1992) .  In the brief t i rnefiame of this
studr', weather was an unexpectedlv strong factor. An unusually protracted drv
season coincident with a strong El Nino (see chapter 1) brought a se\,er(,
clrought to BCI in 1983.

Mortalitv rates were strongly elevatecl in the years immediatelv {irllowine the
drought. From 1982 to 1985, trees with diameters in excess of U cm experi-
enced a m()rtalitv rate of 3.04Vo per year, nearly three times highe r- than mea-
sured before the major drought (Clark 1994). Compared wirh m()rral ir) ,  dur-
ing the interval 1985-1990, annualized forestwide morral i t l ,  I iom 1982 to l9f l5
was elevated 10.57o in shrubs, 18.6% in understory trees, l-9.3% in strbcanopv
trees, :rnd 31.8% in caltopy trees. For trees with dbh greater than l6 cn), mor-
tal i ty was elevated ful ly 507o (Condit et al.  1992). Thc incrcased dcath r-ate
among vegetation species was attr ibuted to the drought, and appr()xinr:rtch
two-thirds ol the species in the plotexperienced elevatcd m()rt2rl i tv frorrr 19t32
to  1985.

Those plants sr.rrviving the drought tenclccl str()ngly t() sh(xv elcvatecl gr()wth
rates. For example, growth of trees ol '  l6- i ]2 crn was rnorc thalt  60% Iustcl
in l9fJ2-l ! l l i5 than in 1985-1990. Whilc this rcstr l t  rnight be surprisine at f i rst,
i t  is real ly to be cxpectcd. The cleatlr  of 'so rnany trees permitted rnut:h nr<>rc
l ight into thc forest (the gap el lcct) and rccluced r()ot c()tnpeti t iorr l iu watcr
and nrrtr icnts an)ong plants. Though total gap area on the pkrt ini t ialh'  in-
creased al icr the drought, i t  hacl rcturned to i ts preclrotrght lcvcl b1' 1991,
an indication of how rapidly the surviving plants responded to the irrf l rrx of '
l ight.

Manv spccies' populat ions expcrienced changes irr abundance durins thc
period ol the study, 40% ofthem changing by rnole than t092 in the f i lst three
vcars of the ccnsus (Hubbell  and Foster 1992). Ten specicswelc lost t l r>rn thc
pkrtand nine species miglated into the plotf iorn l9tt2 to l1)90. Noncthclcss,
there was remarkable constancy in the numbcr ol 'spccies arrcl rrrrrnber ol ' in-
cl ividuals within thc plot at any given t imc: 1982 = 301 sp., 4,032 irrd.;  l9i l5 =

303 sp . ,4 ,021 ind . ;  1990 =  300 sp . ,4 ,107 ind .  \ , ! ' ha t  happencd is  tha t  the
clrought ki l le<l rnany trces but crcated opportunit ics lor lcldit ional growth
such that the deceased plants wcre verv quickly replaced. 

' I 'hc 
s1>cc<l of thc

replaccment process was zr strrprise to the resear(:hers (Orxrdit  e t  al.  1992).
' fhe 

analvsis of the BCI data suggests two rnajor and impoltant conclusior)s:
first, that the lbrest is highly responsive to short-term flucttrations catrsed bv
cl irnate and that the fbrest as a whole remains intact, thorrgh rnanl '  spt.cics
trnderso populat ion changes; and second, that the forest rnav be undergoirrq
ir longer-term change in species composit ion. This lattcr conclusion is baserl
<rn the thct that therc has been a decline of approximately 149(, in annunl
precipitat ion over the past seven decades, dlopping from 2.7 rn (U.9 It)  rotal in
1925 t<r 2.1 m (7.9 ft)  in 1995. The researchcrs hypothesize l i r tur-e local ext inc-

rrons of20_30 species, each ofwhich r
.l.u.l:Pi suggesring u to,,1;u".rrl .f,,
lhe 

l9-83 drought, rare species declin,rng, of course, that not onlv might tspecies richness rnight be i.a".i i l ," f,
. Th" BCI srudy f,", a._"rr"#a ,'ihr th  a  c l imar ic  d r t i r rs  p" . i . ,a  ; ; , i ; ;summarize:

Ale lhere stabilizing forces in tropic:
thenr against pertuibation, .u;;;^;
ities? The Bairo Colorad" I;;;
overall structure 

"f 
tl" fo."rt fr,r,,,rl

work her_e: remorthe roresr ;. ; ;i:"1i':'"1','f"" fi,':.:;
c t  a l .  I992)

The BCI strrrll, has :ll.so aclclecl valtr:rblc isrty, and rhus wc shal l  revisit  rhi; . ; , ; l i ;  i ,

Disturbance and Ecological Successio

,  
As  yor r  l r i t \ .e rse  thc  Ncot rop ics  vou r

f ryrstrv habirar u.s rvcl l  as,r , .u.  i , l  * i , , . i ,  r l iheight., In marry places, pl; ; ; ; , : ; ; ; ' ; r ' r : ,
a well-sharpcncrl- rn:rchctc f  . i r i ,r f  fr f  . , i .ra l l . . sp i r rd ly  r re ( ,s  and f i .a rh t . ry?n | ; ; ;_ ' ' ;
ta r rg led  r r r i rss .  (  j l r rn r r . . , r  t rug , :_ i . f r : " ' t ' '  I tlo r i r rg  h i rb i t .  , . , rn ,p" i . .  lo r  so la r  rad ia t ion

;;f:il:':jj,i]li;"fl,l' s.''r. r;r, rgrerr a,
rainr.rcsr, 

";J, ;;;';;1l"r* #*;illJ
blrr rce is  set ,mirrg ly cver.pvhere.

, . ._ ,1:1." , *  
r l r r .  r . ighreerrr i  : r r r r l  r r inerccnrhrorests wcre I 'cl led so fhat thc land .c,,; iJ;ture. .{ppro>rinratelv 85% .,f rf,. 

"Jg-iroi ,.1,fo1, l r .nrcsrea. l ,  rgr ic , , t t , , , . . .  (  ) r .  past  r r rc  i l rmir l  lB(X)s Folkrwing , f r "  , , f rn .ar , , " , . , i
l a rn t i r rg  l l l ( )vcd  lo  th1 ,  1n1,1r " . , . , , ,  , , " , . ] r ,  ,a natural way b1 l ,ariou.s trec and shrrrb srewccl their claim (,,' rhc New a;,;ffil;;
one <>f the f irst authorr ro commcnt :rboutment dynamics,,ow .oi l"a 

". ,r iogi l ; ;Distrrrbcd latrr l ,  whethe.,r,r t ; : i ; ;  ;r ; ;near origirrsl  state (prior t , ,  ai i tu.frur,."f  t t,orrcr l)cless rorrglr ly pr.edict able r. , ; . ; ; . ; ; ;herh i rceor rs  f ie ld  l< . i i  r rnc l i s r r r rbec l  ever r tua la pr()cess 'f species r_eplacemerrt. S,,:;;rnan) lactors, incltrding .hurr.".  Wh;;; IL
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t ions of 20-30 species, each of which requires a high level of moisture. Another
reason for sllggesting a long-term change in species composition is that after
the 1983 drought, rare species clecl ined more than common species, suggest-
ing, of course, that not onlv rnight the cornmunity be changing, but plant
species r ichness might be in decl ine (Condit et al.  1992).

The BCI study has demonstratecl the dynamics of change as they relate to
both a cl imatic drying period and short-tern acute drought. The researchers
summarize:

Are there stabilizing forces in tropical forest comrnunities that might buffer
them against perturbations caused by cl imate change or other human activ-
ities? The Barro Colorado Island forest suffered a severe drought, yer rhe
overall st.ructrlre of the forest bounced back. The re is a regulating force at
rvork here: remove a tree and a tree grows back. But this force only preserves
the forest as a forest, not the diversity of tree species i t  corrtains. (( iondit
e t  a l .  1992)

The B(ll study has also added valuable insight into lbrces that affect biodiver-
sit,v, ancl thus we shall revisit this stucly in the following chapter.

Disturbance and Ecological Succession

As vou traverse thc Neotropics vou will undoubtcdly notice rnuch open,
bnrshy habitat as rvell as areas in which plants erorv densely but not vet to ftrrest
hcight. In many placcs, plant cover is so dense as to be impenctrable without
a r.vell-sharpened machete. Living blankcts of vines envel<>pc thorny bnrsh as
tall, spinclly trees and leatherv palms push aggressively uprvard abt-rve the
tangled mass. Olurnps of hugeJeaved plants, named hcl iconias for their sun-
Ioving habit,  c()mpctc {or solar radiat ion against scores o1' legumcs and other
Iast-growing plants. This sunny, tangled assemblage o{ 'competing plants is the
habit ir t  we cal) c()rrect lv cal l  'Jtrngle."Jungles arc representative ol disttrrbed
rainforest, and, to the trained eye, evidencc ofvarying clegrces of f i rrest disttrr-
bance is secrningly cverpvhere.

Duling the cighteenth and ninetcenth centuries, eastern North Anrt:r ican
Iorests iverc felled so that the land coulcl be converted to agrit:ulture and pas-
trrre. Approximately U5% of the original New Englancl Iofest was cut ar)d in usc
Ir>r hornestead, agriculture, or pastr lre :rt  any given t imc during thc early to
mid-lU00s. Fol lowing the abandonment of agricultural lancl as largc-scalc
farnring rnoved t<l the midwcsten) states, the open lzrnds were rccolonized in
a natural wav by various tree and shrub species and so forests gr:rclrralh re-
nervetl  thcir claim on the New England lanclscape. Henry David Thorearr rvas
onc of the first authors to comnlcnt about this pr()cess of vegetatiorr replace-
nlent dynamics! n()w cal lecl ecological snccession.

Disttrrbed larrd, whether tropical or not, gradually re turns to i ts original or
near original state (prior to disturbance) through a sornervhat traphazard but
nonetheless roughly predictable succession of variorts species over t i lne. An
herbaceotrs field left undisturbed ever-rtually becomes woodv forest throtrgh

a pr()cess of species replacement. Succession is complex and affected by
many factors, inclr.rding chance. What is fr.rudamentallv itrvolved is that eirch
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species is adapted somewhat differently to such factors as light, temperature
fluctuation, and growth rate, and thus species with effective dispersal or long
seed lives that grow guickly in high light tend to invade first, followed b1'
slo$er-growing but more competitive species. In the tropics, because of
greater richness ofspecies, variable levels o1'soil fertilitv, and differing levels of
usaffe, successional patterns demonstrate complex and differing patterns from
site to site (Ewel 1980; Buschbacher et al.  1988).

Succession does not have to be initiated by human activity, as nature regu-
larly disturbs ecological systems. Many species are adapted to exploit disturbed
areas; some species, in fact, cannot grow unless they colonize a disturbed site.
And disturbed sites are anything but uncommon. Healy rainfalls, hurricanes,
fires, lightning strikes, and high winds destroy individual canopy trees and
create Ibrest gaps, sometimes leveling whole forest tracts. Isolated branches,
often densely laden with epiphytes, can break offand crash down through the
canopy. Natural disturbances within a forest open areas to sunlight, and a
whole series of plant species are provided a fortuitous opportunit l  to grow
much more rapidly.

Many native peoples in tropical America have skillfully exploited the ten-
dency of the land to rettrrn to its original state following disturbance and have
adapted their agricultural practices to follow nature's pattern (chapter 7).

general ly bar<. soi l .  Most lorest gaps
arrd trees as wel.l as 

"rt,". 
,,rla.,?.'t'Lv
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bare soil. Soon th,
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'fhe 
Junglc-Early Sutcession in the

Neotropics

The dictionary defir"rition ofjungle is "land overgrown with tangled vegeta-
tion, especially in the tropics" (Oxford, American Dictionary, 1980). This defini-
tion, though descriptively accurate, does not say what a jungle is ecologically.

.fungles represent large areas where rainforest has been opened because of
some disturbance event that has initiated an ecological succession. Bare land
is quickly colonized by herbaceous vegetation. Seeds dormant in the soil n<>w
gcrminate. Within Amazonia, a typical square me ter of soi l  is est inrated to
contain 500-1,000 seeds (Uhl 19UU).In addit ion to the soi l  seed bank. new
seeds are brought in by wind and animals. Soon vines, shrubs, and quick-
g;rowing palms and trees are all competing for a place in the sun. Thc eff'ect of
this intensive, ongoing competition for light and soil nutrients is the "tangled

ve[ietation" of the definition above.

.Just as in rainforests, high species r ichness is true ofsuccessional areas, and
species composition is highly variable from site to site (Bazzaz. antd Pickett
1980). It is nonetheless possible, however, to provide a basic description and
p()int out some of the most conspicuous and common plants seen during trop-
ical succes.sion (Ewel 1983). Though successions on r ich soi ls usuall l ,result in
the eventual redevelopment of forest, on poor soil, repeated elimination of
rainlbrest and depletion of soil fertility can sometimes result in conversion of
the ecosystem to savanna rather than forest.

Gap openings provide conditions conducive to the growth of seedlings and
saplings, and large gaps are colonized by shade-intolerant species. However,
gaps, especially small ones, do not follorv the outline of ecological succession
prcsentcd below, which is based on vegetation development beginning with

Figures )5, 65, 66, 67, 68
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generally bare soil. Most forest gaps have resident seedling and sapling shrubs
and trees as well as other understory plants (see below).

Herbaceous rveeds, grasses, and sedges ofmanl' species are first to colonize
bare soil. Soon these are joined by shrubs, r'ines, and woody vegetation, whose
seeds may have been present all along but require longer to germinate and
grow. Large epiphvtes are almost entirely absent from early successional areas.
Plant biornass usually increases rapidly as plants compete against one another.
In one Panamanian study, biomass increased from 15.3 to 57.6 dry tons per
hectare from year 2 to year 6 (Bazzaz and Pickett 1980). This rapid growth
reduces soil erosion as vegetation blankets and secures the soil. Studies in
Veracruz, Mexico, have shorvn that young ( l0 months and 7 years old) succes-
sional areas take up nutrients as efficiently as mature rainforest (Williams-

Linera 1983). Young successional f ields actual ly have more nutr ients per unit
biornass than closed canopy forests. In Amazonia, succession on abandoned
pastures does not result in signif icant deple t ion of soi l  nutr ient. stocks, though
the re are major cliffercnces between nutrient stocks in mature {brest and those
in  d is tu rhed a lcas .  Succcss iona l  s i les  havc  l r igher  n r r t r ien t  concent ra t ions  in
the ir biomass than is the case in mature fore sts. and there are rnore extractable
soil nutrients on successional sitcs; thtrs successional sites have a lower propor-
tion of total site nutrients stored in bionass than does mature forest (Busch-

bacher et al.  1988). Because of the density of competing plants, the leaf area
indcx mav reach that of a closed canopy fbre st within &-10 years, although the
vegetation is st i l l  relat ively krw growing, and the species cornposit ion at that
tirr-re is not at all similar to what it will be as the site retrlrns to {brest. With such
a high |.AI, high competition among plants fbr access to light woulcl be ex-
pected. Bv the t ime the site is about l5 years from the onset of succession, the
grt>und condit ions can be similar to th()se in closed canopv forcst, though,
agairr,  t l ' re spccies ccrnrposit ion is not the sarne. In only l l  monthsfr-om burn-
ing, study plots underwcnt a succession such that vegetation attained a height
of 5 nr ( l6.4 f t)  and corrsistcd of dcnsc rnixture of vines, shrubs, large herbs,
and srnal l  trces (Ewel ct al.  l9tt2).

Some rnajor alcl  sornc subtle physiological changes occur in plants that l ive
in early succcssional, highJight environments (Fetcher et al.  1994). Photo-
synthcsis rates in carly successional spccies are much higher in {ul l  sun than in
partial or {irll shadc; these plants are obviously adaptcd to grow quickl,v. Some
early successional plants that can grow in both shade and sun develop signifi-
cantly thicker leaves in lul l  sun. Sorne sttrdies indicate that stomatal densit ies
increase when a species is grown in ful l  sun versus part ial  or ful l  shade. In-
creased st()n)ata perrnit increased rates of'gas exchange, necessary when pho-
tosynthesis rate is clevated. L-r addition, successional species tend to allocate
considerablc cnergy t() root production, an aid in rapid uptake ol soi l  nutr i-
ents, which are then used to the utnlost eff iciency (Uhl et al.  1990).

Drrrirrg early strccession, many plant spccies called colonizers tend to be small
in stature, grow fast, and produce many-seeded fruits. In later succession, most
plants tend to be larger, grow more slorvly, and have fewer seeds per fruit.
These plants, often callecl equilibrium species, an'e adapted to persist in the closed
car)opy (Opler et al.  1980) .  While this overview is general ly i l luminating, these
two broad categories are probably irrsufficient to describe the true complexity
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:  \ i r(  (  (  \ \ i (  )r).  Because of physiological plast ici t ,v in variorrs l iglrt  reeirnens, cl is-
'  : : (  r r , ,n \  be t leen success iona l  ca tegor ies  b lu r  (Fe tcher  e t  a l .  1994) .

\rrt  r  t ' .sion to an equil ibr- iun forest requires man\' \ 'ears ancl in sorne places,
;)( ( .ru\( of disturbance freqtrencv, ma1'real lv never be attained. Dennis l inight

l l t7.rt .  in his sttrdv on Barro Coloraclo Island in Panama, found thirt  plant
.pt t  i t 's cl iversity of successional areas increased rapicl lv dtrr ing the f i lst 15 r 'eat 's
,rf  srrccession. Diversity continued to increase, thougl-r less lapicl lr ' ,  unti l  65
rt'ars. F<'rllowing that, diversitv still increased, though quite slon'lr'. lfuright con-
clucled t l-rat,  after 130 1'ears of succession, the { irrest was st i l l  changine. He rvas
c()r-rect, though he unclerestimated the actrral age of ' the sit t ' .  Htrbbel l  and
Foster ( l !) i l6a, 1986b, 1986c) note that frrrcst at BCll  is actual lv l>enveer.r 500
and 600 ) 'ears old, and they agree with Ihight that i t  is not vet in eqrr i l ibr irrm.
Thev conclude that though init ial  srrccession is rapid, lactols srrch irs chance.
cl irnirt ic changes, periocl ic drorrght, and biological uncertt intv f iorn intct '-
erct i()ns irmong compe t ing tree species act t() prevent estzrbl ishmcnt o{ 'a stablc
eqrri l ibr ium (Hubbell  and Foster l9t l6c, 19901 ( londit et al.  l1) l)2). This rneans
that B(l I  remains in a dvnarnic state, c() l) l inlr ing to change. Srrclr a conri i-
t ion is pr-obabl-v the nornr for- tr-opical rainforcsts. The Rio Nlanrr f loodplain
f irrest in Am:rzonian Penr shows pcrhaps a verv long tcrrn srr< <'t 'ssion:r l  pirt tct n.
Pioneer tree species such as Oecropia (see belorv) clonrin;rtc the earh' succes-
sion, to be followed by large, statllc'sque liirrr.r irnd Oednla. Tlrcsc alc cventrralll'
rcplaced b1' slow-growing elnergent trees such as lJrosinutn zlrtcl Oeihu, rnost ol
rvhich have been present esscntial lv sirtce lhc successiort bcgan. Tlre overal l
pattct 'n of 'sur:cession at I \ , I i i r)r . l  rnay rcrlrr i lc us rnru'h as ( j(X) r 'ears (Foster '
l  !) !x)b).

Rcgenr:rati on Path,zuays in Amazonin

Bv norv i t  shorrld be appirrcnt that cl istrrrbances thirt  ini t iatc ccological suc-
cessiorts r iurge f i 'orn snral l  st ' i r le to large scale in a continrrrrrn-l ikc pattern. In
addit ion, disturbance el ' f  ccts irnd subseqrrenl rcf{cnerl l t i ()n patterns l l rc
stronglv int luenced bv cltrrat iou of thr distrrrt)ancc zrs lvel l  as <t is(rrrbart<c f l 'e-
quenc\ '  (  Uhl et al.  1990). E,xtensive stucl ics in Arn:rzoni:r con<lrr< ted l l '  ( lhr- istt l -

pher Uhl :rnd col leagrres (Uhl :rncl . fordart 198,1; l- lhl  et al.  l l ) t i l f la; I- . lhl  ct al.
1990) have clernonstrated dif le r-ences betwcen regen('r 'ut i()n l)attclns in snral l-
scale and large-scalc cl istur-bances. Srnal l  scale is defincd as a r l istrrrb:ulcc : lrea
o{'0.01-10 ha (0.025-211 aclcs), areas tvpical ol ' rnost trce fal l  gaps. Lirrgt:  scale
is  l - l (X) ,000 km? (3 t t , : l l 0  sq  rn i ) ,  w i th  < ' : r r rs i t l  l : r c to ls  be ing  p l i r rc ipa l l v  f looc ls
ar)cl f i lcs. These scales are roughly anzrlagous to htrnran cl istrr lbances catrst 'r l  bv
slash-irncl-burn agrictr l t tr lc (srnal l  scale, scc ch:rpter 7) ancl c<lnver-siorr of ' f  orest
to pastrrre ( large scale, see chapter 14).

Fol lrxving cl isturbance, recovery and regenelut i()n citn occrrr f i 'orn thc f ir l -
lowins possible regeneration pathways: ( l )  f iom seedli l ) f ls ancl sapl ines al-
readv present in the l i )r 'est understorr,  ( tcrrrrerl  thc "aclvalrte lc{rcnerati( t l"
patl l rvav); (2) frorn vegetative spr'outing f iorn stern bascs:rrt<t, /ol loots (rvhich
rernain af ier trees are cl istrrrbed); (3) fronr recolonizzrt ion bv gt 'rrninit t iort o(
seecls alreadv present in soi l  (cal lecl the "seed bank"); ( ' l )  t iorn thc al l i r ' : r l  ol
new seeds brought by wincl or aninrzrl  dispersal (Uhl et al.  1990).

In cases of srtral l_scale cl isturbance
inares throughorrt rhe S"",."pi.r .  i"
a , l ld  20  seer l l i t rgs  a r rd  snra l l  rup t i , ,u .  f 'uoo t . ,  most  o f . r th  j c l r  a , ,n  par . i . r  f , , ,  ,
st()r\ ' .  These acc()unt Ibr ix.er gigit  o
after qap f irrrnarion (Uhl et zr l  lgUg:
sproutirre, is also common in manv trt
c a r r  r . e s r r l l  i r r  t l r t . < l t . r t h  o l . r r r r c l e r s t o r \  I
bl f i rc. Rescnerari . '  i , -r  l" ,- f f ;  g;; ; ' i r ;
ine  p lus  ser l t ina t ion  o l  secc ls  i r r  the
nrechanisnrs.

,  
( . r i t i t  l r l  t ( )  r ( . r { ( , l l ( , r .a t io r r  i s  r l r t .  Dr t ,s tp l r r s  t I r e  a d d < . r l  r l i s t r . i b , , , i , , , , , , t  r . . . I i .  i , , l

or l tv. aninral <l isper.sr:rs). F.u.ther, o,tgerl l l l l l : l te and thc scerl l intJs nlrrst sur\,1
Statiorr has irrr l icatcclr; ,r ,rr. j ,r f .  t tr" . l . . ,r f
s ( ,nera t t ( )n  f io rn  sccd  (S i ln rar r  l9 t )6 ) .
l .ol  rur<icrslarrr l ing lr_r:c sltccics r ichrrc
f  t r r ther  i r r  t l r c  ncx t  , .1 ,np t . . .

I i i rc i t t : lnrnonia

\\, ,hi lc rrrrr i l l . ( ,  standi l) l t  i rr  a l i>r.cst ru'ulchirrrr i rr  rvorrr ler rhc ir i iorst,  ,1"1,,; . ,  ,
y.,1i n t i  r1e,sr (.1rr(.  h i  ng f i  r<, arrd 1r,, , . , ,  i , le r1.,
a t o t t t t r l  l ( , l l t _ t  ( ' l t o l e l t  l r l r l  t e t t  , r , , , r . . 1 , , , ,
r i l t ( ' ( l  s i l l Jq ( .s l i l t t r  t l l : r l  l i r r  I l r r .  l ) i t s t  l i . \ \ .  t l r (r:r l ,  largc-sc:r le distrrrbarrc,,  i i . ru. i fr . ,r .
I9 t t l J ;  L lh l  c t  a l .  lg tX) ) .  Ther .e  i s  , , , ,  , ,b , , ,
arrr l  c,astcr.n Arntrzoni l t  soi ls, artr l  srrrr l i t ,s
lhe_ r t1 . r1 r t ' r  R i r ,  ) , J1 .g1  , ,  r , r r r1 r l .1 , i11g , . , r ,1 i , , .  l t
i l t i t (  ( l l i l  i l i i . l  t l r < .  P : r . t  ( ; . 0 ( X )  \ 1 , 1 i l . s  t 1 r , . . . ,  1 , , , ,
l lcr1raps _clrr l i  ng l tc.r ior ls,r l ' , ,*t . , ,r .1".1 . l , l r .[ Jh l  c r  a l .  t988b;  L rh t  c r  a l .  Igg f t ) .  . i t r c .  

.cverr. i l ' i rr f icqucl l t ,  acl( ls u", , , ,r .r ,1r,, ,  , l i r , , ,
la in f i r r .cs ts ,  : r  r l i rnc r rs i r
rr ivcr.si tv .r. r rre r.cni < >, ::1,,11:i,'lllll:J'l l

Ilesi I i c rt t pas I t t ).?r_A Lt.s.to n .fiLt trt A rtut.
l \ l ( )s l  s l l l ( l ( . l t t s  o l  \ t ,o l16 l l i c i r l  e t . r> | r11 \

t . s t t ' r l  r r r . t . : r s ' l  . \ r r r : r z . r r i : r  t , , i r . ,  t , . . . , , ,  . i , i , ' , ,ter 1.1) \4'hut lrappcrrs rrherr , ,alr l .  p;r; , , ; .
lcf{eta I l(  ) l t  r( ,c()\ ,( ,1. :rrrd r. t ,estalt l is l i  i i  Iorcs
eln Arnazonia in([ i( .at(]  thut .u<.."r. i .r ,rnl
lcestabl ish rncnt of.  l i rr .est (I l rrschbaclr<rr e,t

Each of t l rc si tes in the Anrazoni:r, . t  , , , , . tntrseri  l i rr .c:t t t lc pasrrrrc. Sites rangeci i , , ' "S"
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In cases of small-scale disturbance, the advance regeneration parhway dom-
inrl tes throughout the Ne()tropics. In Amazonia, there are usuallv between 10
.rncl 20 seedlings and snral l  sapl ines (<2 m tal l)  in everv square meter of forest
tkror, most of 'rvhich can persist f i rr  verl ' long periods in the darkened under-
\t()r\'. These account for over 95Vo of all trees more than I m tall four t'ears
a(icl  eirp fbrr.nation (Uhl et al.  l9l l8a; L. lhl et al.  1990). The seconcl pathway,
\ l)r ' ()ut i l lg, is also conrmon itr  manV tree species i tr  srnal l  gaps. Large-scale eaps
t an rc-srt l t  in the cleath of understorl ,  trees, destroved by immersi<>n in f lood or
bl frre. Regcneration in large gaps is from ir combination of vegetative sprout-
irru pltrs germination of seeds in the soi l ,  plus import of seeds bv dispersal
rnechat t i snrs .

( lr i t ical to reseneration is the presence ofviable seeds in the soi l  seed bed
pltrs the added cl istr ibrrt iol  o{ seeds irrto disturbed sites (carr ie cl eithe r by wind
or bv aninral r l ispersels). Further, oncc the seeds are so loca(ed, thev rnust
scrrninutc and the seerl l ings must slrrvivc. Reserarch :rt  Clocha Cashu Biological
Stat ion has inditated solne of the c'cological complexit ies that accompanl 're-
gerrer:rt ion { i '<>rn seed (Si lrnan l99ti) .  This stuclv h:rs signi{ icant irnpl icat ions
fir l  t tnderstatr<l ing trcc sPecics r ichness in Arnazonia arrd wil l  be t l iscusscd
f  u r thcr  in  thc  nex t  chaptc r .

I;ire in rlnann.irt

Whilc rr lr  i rrc stnndirrg in a f trrest ex1;erierrr: i rre 100% relat ive hunridit l ,
rvatcl-r ing i tr  rvonrlcr lhc interrst:  delr.rgc ol thc p<lrr ine rain, thc thought of ' t l re
t 'ain{irrest catt:hirtg { i le arrd brrrnirrg seerns at bcst a fanci l i r l  notiorr.  rvVell ,  st ick
:rr<lt t t t<l kxtg ctrt>trt lh anrl ' rrrtr  r lav charrge v()rrr nri ld. Evi<le1r' t :  hirs:tr:r :rr lrrr-
latt 'd strgqcsti l rg thnt f i r l  the past I i ' \ \ ' thorrsand vears, the nr()st irr)p()rt2lnt natu-
t 'al ,  larsc-scalc r l isttrrbarrcc l 'uctor throrrglxrtrt  Amazoniu has lrccn f irc (LI lr l
l98 f t ;  Uh l  c t : r l .  l { ) lX) ) . ' l ' l r c re  i s : rn  abund i rncc  o f  ch i r l c<>a l  r -cs i< l r re  in  ccn t ra l
: 'nt l  t 'asterrt  r \r trazort ia soi ls, i rnd strtdirs { iorn t lre Vcnczuelan Arnazon:r ' long
lhc tr l t1;t ' t  l t io Ncgr<l t ' r trpl<lvirrg radiocnrtrt>n t lat ing ol ' thc sccl irnc'nts indicatc
that <lrrr ing tht 'past ( i ,(XX) r 'cars t lrcre lxn'e trccrr scveral nrajor f i rcs, <>cctrrr- ing

Pcrtaps cltrr irrs pct ' ior ls o{ 'extcnrl t ' t l  drt ' trcss (Absv l9lJ1-r; Sanlirrcl  t ' t  al .  l ! ) f l l ' r ;
[ ]hl  et al.  l9l l t lb; Lthl et :r l .  1990). 

-I 'hc 
rcal i ty ol ' larsc-scalc Anrazoniau f ircs,

t ' r . 'errr i l  inf ie<1rtetrt ,  ndds vct anothcr t l isttrrbancc dirncnsion t() t l rc (h'nanrics ()f '

lairrf i l 'csts, ' . r  dirncnsion that rrrav help us to explain horv the high t lec l t io-
diversi(v o{ t l rc t t :gir in calne t() bc- arrr l  is rnainttr ined.

Rrsi I i r n I I )us I u res-A Less on I n t n tl trtzon irt

N{ost strrr lcnts of Neotlopical ec<l logy i trc ; t \{ ; l re of '  the f:rct that laree lor-
csted lrrc:rs ol Anraz<inia h:n'c bccn ctrt  i rnd converted t() pasture (sec chap-
ter l4). \ \ 'hat happcnsrvltett  catt lc pastules arc aband<tned? f)ocs the natural
vL-ge t:rtion re('ovcr :urcl rt:cstirl>lish a fbr-est? Studies liom Par:r, Brazil, in east-
ern Autazonia indir:ate that successional patterus do norrnal ly restr l t  in the
rccstabl ishr.ncnt of for-erst (I l rrsclr l ;achcr et al.  l9lJu; Uhl et al.  1988c).

L, irc: l i  ol  the sitcs in thc Arnazonian studv had been cut:rnd burned and ther)
used f ir l  catt le p:rstule. Sites rarrgerl  in age (f iom abirndonrnent) f iom two to
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eigl.rt  r .cars and, depending upon the site, had received either l ight, medium,

or hean rrse for up to thirteen years. Vegetation composit ion, structure, and

bioniass ticctrmulatiott were carefully documented. In areas strbject to light

u\( ' .  : l r(  (  ession was qtt i te rapid, with a biomass accumulation of about l0 tons

pt'r- hectare annually, or 80 tons after eight years' Tree species richness rvas

liieh. \\'ith many forest species invading the sites' Moderately grazed Pastures
al.o tecovered rapidly when abandoned, but biomass accumrtlat ion was onlv

about half  what i t  was on l ightly grazed sites, and tree species r ichness was

kxver as well. Heavily grazed sites remained essentialh' in grasses and herba-

ceous species, with few trees invading and a biomass accumtl lat ion of onlv

about 0.6 ton annually per hectare. The conclusion drawn fron-r this sttldy was

that most Amazonian lands subjected to light or moderate grazile can recover

to forest. Only in areas sr,rbject to intensive grazi l)g for lor lg periods, areirs lhal

were est.imated to represent less than 10o/o of all pastureland in northertt Para,

was there a probabilitv that forest recovery might not ()cclrr. Nonetheless, the

authors caution that even the recovered successiolral si tes c()ntaint:d neither

the exact physiognomy nor cxAct spccies composit ion of the orisinal rrncl is-

turbed sites' Moreover, heary, contintled disturbance clearlv affected the stlc-

cessional patrern negatively (Uhl et al.  l9U8c). The subject of pirsttrrc rcgcncr-

at ion wil l  be revisited in chapter 14.

A fusilient Rainfore.st-A Lesson from Tikal f  i g t n  6 l

Tikal, a great city of the classic pcriocl of Mayan civilization, proviclcs an

example of how rainf i trest car) returt) after people abandotr ar) i l rca that has

been largely defbre sted and used for agriculture and rlrl)anizatiott. Located orr

the flat Pet6n regior-r of'tvestcrn Gttatemala, Tikal was fbtrndcd arottltd 600 n-r;.

and flourished from about A.D. 200 until it rvas mvsteriouslt' abalrdonccl

around the ycar 900. Anthrgpologists arc still l2r li<>m aflreeme l)t ovcr thc ()dd

total abandonment o[ the cl:rssic city and the sttbscqucnt d( ' ter iorat ion of '

Mayan societr (well  in advance of the Spanish conqtrcst).  At i ts peak, Tikal

served as a major trade center. Maizc (corn), beans, sqtrash, chi le pcppers,

tomatocs, pumpkins, gourds, papaya, ancl avocado wcre brorrght lionr small,

widely scattered farms to bc sold in the btrsv markets of thc citr ' .

An cst irnated p<-rpulat ion of 50,000 l ived in l ' ikal,  which spread over an area

of 123 km2 (47 sq mi), protected by t:arthworks and nr()ats. As is the t: tse ir . t

ci t ies todav, Tikal rvas sttrrortnded bv clertselv populated srtbttrbs. Furthcr ' ,  thc

socicty practiced sophist icated intensive agricult t trc ([ , i rFay l97ir;  Flannerv

1982; Hammond 19U2, and see page 182). The majestic, pyramidJike temples,

cxcar".rted relat ivelv rccently ir t  this (el l tury, now serve ls si let l t  menrorials

rvhere tourists come to see what rcmains and to reflect on the Past. 
'Ihis long-

rleceased civilization had developed a calendar equ:rlh' accurate as toclav's, a

colnplex rvri t ing syste ln that st i l l  has not beetr ett t i relv deciphered, and a rnath-

ematical sopl 'r ist icat ion that inclucled the cottcept ol '  zero. The sieht ()f  the

Great Plaza and Temple I,  the Temple of the GiantJagttar, enshrotrded in the

cool, early mot'uitrg tropical mist,  romantical lv trat lsP()rts the rrt ir l t l 's eve back

to the brief time when Tikal lvas the Paris, the [.ondon, the New York Citv of

Mesoamerica.

Toclav Tikal is isolated, surrounded,
citv itself had to be rediscovered and t
enveloped i t .  This metropolis was l i teral
is. i ts once t ' rorvdecl plazas. thororrghl
phvteJaden milk trees (Brosinun i l ic,
chicle trees, to natne but a few. From ar
spider and howler monkevs cavort in th
th rough the  p icn ic  g ror rnds .  amus ing  rc' fotrcarrs 

and parrots pul l  truits from tr
centrirl avellues leading to and from the
, r l  Ternp lc  l l .  r rv i r rg  to  spo,  nes l ing  orar
Mv po in t  i s  tha t  th is  ( )nce  grea l  me l rop
square rniles, was abandoned and subser
rvas one of the largest Ibrest gaps in the
siven hundreds ofyears, the gap closed.

Thorrgh manv areas of rainfbrest ( i .e.,
i lc, Tikal demonstrates that, at least on rn
ical srrccession can restore rainfbrest, e,
Tikal is second-grorvth fbrest, and in sorn<
rvhat it probably was before Mayans con,
theless. i t  is rrowdivt 'rsc, impressive fcrrest
: r l l v  r r . f  l t ' t  r i vc  o f  the  reg ion .

Rcccnt studies suggcsr that Tikal is nor
erzrt ion. ' Ihe 

Darien of southern panarnz
diverse rainf<rrest, was srrbject t() cxtensiv
pol lcn and scdiment prof i les l iom the r
scape was historical ly planted with corn ar
set b). humans. Only after the Spanish c
al lowirrg strccession to occur. Thus the lu
that cl t ' I ines thc Darien today is only abou
1994). I t 's a strccessioni l l  forest, st i l l  rcgr<t

The occtrrrencc ot disturbed areas an<
always bcen trtre of'rainfbrests, and filanv s
h ig l r  b i , rd ivc rs i rv  o f  r i r i r r l i r r t ' s t  ( re t .s  as  wt , l l
part bv l iequerrt and ir.regular disturbanc
it possible f<rr a range of'diffbrently adapt
cr()gel leous condit ions cr.eatecl b1, the distr
topic rvi l l  be discussed in the next chapter

Some Examples of Widespread Succes

Helircrt ia

Anr ( ) r rg  the  l r rOs l  co l l sp i ( .u ( )Us  tena l l l s
conias (Heliconia spp., family Helicaniace;
gate, padclle-shaped leaves (bananas are c
colorl i r l  led, orange, or yel low bracts surr
( rn  sonre  spec ies .  b rac ts  a re  remin iscen(  o
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l-oday Tikal is isolated, surrounded, enclosed really, bv lush rainforest. The
citv itself had to be rediscovered and excavated, so much had the rainforest
envelopecl it. This metropolis rvas literally under rainforest, ancl much of it still
is, its once crowded plazas, thoroughfares, and temples overgrown by epi-
phyteJaden milk trees (Brosimum alicastrum), figs, palms, mahoganys, and
chicle trees, to name but a few From atop the sacred temples, one can watch
spicler and howler monkeys cavort in the treetops. Agoutis and coatis shuffle
through the picnic grounds, amusing tourists while searching for food scraps.
-foucans 

:rnd parrots pull fruits from trees growing along what was once the
central avenues leading to and from the city. Birdwatchers search the tall comb
<rf Temple II, trying to spot nesting orange-breasted falcons (Falco deirolr.ucus).
\Iv point is that this once great metropolis of 50,000 Mayans, covering many
square miles, lvas abandoned and subsequently reclaimed by rainforest. Tikal
\vas one of the largest forest gaps in the historl' of the funerican tropics, but,
qiven hundrcds ofyears, the gap closecl.

Thorrgh man,v areas of rainforest (i.e., those on white, sandy soils) are frag-
i le, Tikal demonstrates that, at least nn rnore fert i le soi ls, the process of ecolog-
ical succession can restore rainfilrest, even after prof<rund alteration. All of
Tikal is second-growth forest, and in some re spects it is certainly dill'ercnt {iom
n'hat it probablv was befbre Mayans converted it to city and farmland. None-
tltelcss, it is now diverse, impressive fcrrest, with a biodiversity th:rt seems gener-
al ly rcl lect ivc ol the regron.

Recent studies suggest that Tikal is not an isolated case ofrainforest regen-
( 'r 'at i()n. The Darien of southern Pananta, a remote region that is today r ich,
cliverse rainfbrest, was subiect t-o cxtcnsive human disturbance. A stucly oI'the
pollen anrl sedinrent pr<>files Iiom the region reveal that rnuch of the land-
scapc was historically planted with corn and sr.rbject to fiequent fires, probably
se t by' hurnarrs. Only after the Spanish conquest was the region abandoned,
alkrwing srrccession to occur. Thus the lush and secmingly prist ine rainforcst
t lrat dcf incs the Darien today is only about 350 years old (Bush and Colinvaux
l!)94) .  I t 's a strccessional forest, st i l l  regrowing.

l 'he occrrrrence of disturbed areas and gaps of various sizes has probably
:rlrvavs becrr tme of rainforests, and manv species have adapte d to this lact. The
high biodiversity of rainf<rrest trees as well as other taxa mav be caused in large

l)art b! ' frequent and irregular disturbances of varying magnitudes that make
it possible lbr a rangc of difl'erently adapted species to coexist within the het-
rrogeneolls conrlitions created by the disturbance regime. Much more on this
rooic wil l  bc discussed in the next chaoter.

Some Examples of Widespread Successional Plants

Heliconitt l'igures 27, 49

Amor-tg the most conspicuor.rs tenants of successional areas are the heli-
t  onias (Flel ironia spp., famih' Helicaniaceae), recognized by their huge, elon-
girte, paddle-shaped leaves (bananas are closely related) and their dist inct ivc,
t okrrfill red, orange, or yellow bracts surrounding the inconspicuous flowers
irr sorne species, bracts are reminiscent of lobster claws, hence the common
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n2une ' ,1()bsrer-clawed" hel iconia). Though some hel iconias grorv well  in

shacle. mcrst qrow best u'here light is abundant, in open fields' along roadsides'

firrcst erlecs, ancl stream banki. They grorv quickly, clrtmps spreadir.rg bt' rtn-

,1.,.g.,r,,,ii1 rhizomes. Named for Mt. Helicon in ancient Greek m1-thology (the

h,,, i ic of the mr.rses), these plar.rts are al l  Neotropical in origin'  rvi th approxi-

r'arelv 150 species clistribuied throughout Central and South America (L.t-

schert ancl Beese 1983).

Colorful,  conspicuous bracts srlrrounding the smaller f lolvers attract hrrm-

rningbird pol l inaiors, especial ly a eroup cal led the hermits (page 262)'  most of

,rhiJil harle lor.rg, dorvrc'rved biils permitting them to dip deeplv itrto the

rwcnr,v yellow-greenish florvers within the bracts (Stiles 1975). \4'l-ren sevcral

species'o[ 5el i . . ia occ*r together, they tend to f lower at cl i f fere.t t imes, a

probablc evolut ionarv ..rp,r*. to comPetit ion for pol l inators such as the lrer-

rnits (Sti les 19711, 1977). 
-Sweet, 

son'rewhat st ickl ' r tectar oozcs f igrn the t irry

l lorvers into the cupl ike bracts whcre i t  is sometimes di l tr ted rvith rait lwarter '

Heliconias prc,clirce green fruits that ripen atrd become bltre-black i' ap-

proxirnarely threc m,,, , t l t . .  ! .ach ( i tr i t  con(ains th|ee large' harcl seeds' Birds

are attracted to hel iconia f iui ts and are important in the plant 's seed r l ispersal '

At L:r Selva in costa Rica, Sti les (1983) reports that [vent,v-eight species of

birds have been observecl taking thc l iui ts of 'ortc hcl iconi:r species. The birds

digest t l -re pulp brrt  rcgtrrgitate the seed whole. Hcl iconia seeds havc :r six- t<r

." i i"r ' rr , , ,r ,r ih . l ,rrrr-tr , t , . t '  pcriorl  prior to gcrl l l i l rat iot l ,  whiclr :rssttrcs that the

seeds wil l  germit late at the onset of rainy seAson'

Piper l;tgurt bb

I'iper (Pi?tr sPp., ttrrnily Piperaccae ) is commott in sttccessiotral areirs as rvell

as l i rrcst , . ,rr , l .r . . i , r .y, lvi th abtlut 500 spccies occtrrr ing irr thc Americ:ul tr()Pics

(Fleming 1983). Most are sht 'ubs, brrt  sonle specics Srorv as herbs, attd sonre

,,." ,-uii t.ecs. 
'Ihe Sparrish rrantc, (ktttlefu <t (hndellillos, mealrs "c:rtrdlt:" :rnd

rcf i ' rs to thc plant 's r i ist inct ive f lowcrs, which are densclv packcd olr 2l l l  crect

stalk. Whcn irnl-r)aturc, the l lowcr stalk clroops, btt t  i t  be<:ontes st i l lel tcd arl<i

stands f ir l lv upright when thc f lowers are r ipe for pol l i l rat ion. Pipe-r f l_crwers are

apparenrl i  pcrl l i , ratcd by r.arry species rf  bees, beetlcs, art<l f l ' t r i t  l l ies; their

p,r l l i , tr , t i , r i ,  .r . . ,n, i , , .p., . i f ic. On the other ha.d, seed dispersal is highl,v spe-

cif ic. Srnal l  fnt i ts { irr tr t  ot l  the spikc at ld are ca(en, atxl thc scetls stt l lse<lttctt t lv

rlispersed bv onc group of bats in the genus carollia, callcd "piperphiles." scv-

erai species .f  piper ' lav ()ccr.rr .n a givc. si te, btt t  evidettcc st lgf lests that t l lcv

d., n,rt  al l  f l<xver at the saII)c t irne ; thus, l ike hel icorl i i ls, corl)Pcti t iol) anx)IUi

thcrn firr p()llill:.ttors is reclttcccl:rs wcll zrs the probabilitv of accidental hvbricl-

i z i r l i< ;u  (F lenr ine  1985a,  1985b) .

')Iinosrts and Othff I'egunes

,\ long roadsiders ancl in wet pastures and f ielcls throttghotrt the Neotropics

qrtxr. mirnosas, spreadine, spincl lv shrubs ir t ld trees. Mitt tosas ate legtttnes

(lur. i l '  Lesumi.os:rey, pein: ips the rnost diverse tarni lv ol tropical plants. Vir-

HC

t tral lv al l  terrestr ial habitats in the trol
g l l rnes .  inc l r rd i r rg  r ro l  on l r  m imosas bur  i
trees such as Sonanea setnarT, Calliandra s
(l4rich gar,e Brazi l  i ts name). The colo
rlative ()f Nladagascar. has been u,idely
zonian rainfrrrests tvpical lv contain more
larni ly (KIinge et al.  1975). Lesumes have
contained in ch'r 'pods. Marrv legJuntes ha
ltlanL Mirnosa prrdica,, have leaves that clr
t  k rse  rvher r  ro r rched.

tr'lintosa pigra, an abunclant species, ha
bec;rusc i t  f  lowcrs early in the r:r inv seasc
lx  l> r 'es .  b t ' r 'o l r rc  I l i r t te r rec l  poc ls  t t - l i  cm
sti f l '  hai ls. Stcms and leaf stalks (petiole
l to r  scs  o l  r ' : r t t l t . .  Fxp t , r  i r .nen ls  w i th  c i rp t  i v
r lcer, :rnd tapir show that thesc creatr lre:
b:rsis o{ 'o<lor alonc. (. f  anzen I gtt3b) .  ( i iver
to scc rvhv illinnsa pigz thrilcs in opcrr
scccls are spread bv road c()nstnlct i()n el
r l :utt 'c '  ol ' lhis species akrng ro: ldsides.

( )rrnpirt.t

As a srorrp, <.ccropias (Oecropia spp., ta
conspir:rrorrs gcncra ol trccs in the Ncotr<:
arcas ot lalgc l iglrt  g:rps ()r sec<lndarv grcr
crrrpius art well  ;rr lapterl  to sr()w qtr ir-kly r,
ie s irr  Srrr ir l rrn have revenlerl  th:rt  scecls rcr
t 'e:trs. r 'earh' to gcrrnina(e whelr a gap is cr
brrt ralt ' .  An avcragt 'ol 73 per squarc met
Sur i r ra rn  (Ho l th r r i j zcn  i r r rd  Boerboorn  Ig8 i
se'ccls prcscrrt,  r :ccr-opias solnctirnes c() l l lpl
()r '  ()pen :r lca. Tht 'v l ine nrarlsicles and ar
s t rc t r r l  ba l rks .

Occrrrpius alc east ' to rccognize. They arr
bool ikt '  r ' i rrgs surrr lrn<l ing a gra] '  tnrnk. T
ancl palntatc, sorncwhat resen-rbl ing a par
horsc t 'hcs(rrut lcavcs. l ,eaves arc whit ish
rlarrrascrl .  l )r ic<l,  shrivclerl  cecropia lcaver
arc a c() l l )nlon roadsicle fcalurc in t trc Ir
l()()ts. l )ut ( lre trees do nt>t f i rrnr l trr t tresses

Oer:ro1>ias ale t ' l ler: t ive colorr izers. In adr
n'ait  in thc soi l ,  orrcc gclrninated, cecropia
ir year' .  Nick Brrrkirrv recorded . l .g rn (16 ft l
single cccropia. ' fhcv 

arc seneral lv short- l i ,
vcals. ir l thorrslr I lubbell  (pers. cornrn. lgl i
l l r t '  < rtrropr (. i  t  tuft i t t  l l rrrgzlr ( .an persisl  l t( .



H O W  A  R . { I N F O R E S T  F U N C T I O N S  -  7 I

/

t t l : r l lv  a l l  terrestr ia l  habi tats in tL-  ._^- :
lrurnes, including ,-,o,,rj,1:1t,:^ 

the tropics are, abundandy populated by le-
rrees such as Sarnanea safly 

-t1"..ur but acacias (
r r'hich gave Brazir ir, lo'' 

conona'o *ii;;;o'o''n 
spp' )' beans' peas' and

rrarive of Madagascar, ;ut.'' 
Th' '"j;;;,;i:';:":'and 

caesalpinia brasitiensis

r <,n r an ra i n ro..,,.,r0,.u,1,: :n *::I tTd::"f i:."J"3#:;',: ::ffi :::iii["1',?J::':,:1'J;ei'],:?nun::tlll]:liTJTiffi ;ff;
t  ontained in dry pods.

ll::11:f ',#::p'ai*,,'y:llf :ffi *t#x'i::.rif:'."ff#T[:t}nT
, 

Mimo.sa pigra, an abr

ffi':':T ;'.. :':'jili,[tT :fr .f x-,'. .. ": ii :?T] o^o' "' n owe rs a' d i s u n u s u a,
;:i31tj:,1ffi ;:xiiNt$i:;",.*:lli*:*ili:*iqff 

'iqli
l* : ;*ii i*"pi{iil i=:1iff .:n.;:ir iffi *# ;**hi
I::-): *"' ui ,,,,,1,,l#i:r[:ii :;l.* iI:liil:^,I ;ll;,;#l;Liril
;;ll ii,.. ;?.'il:, l. fflJ::il;*:f' .d il.'r, acc,^,,*i n g r.,.'ir," or,,,n-

(.n'nltirrr

,,,,ilhi:i:?i:'i;:11 ( t )eoopiaspp', fami rv Moraceac) 
".:::' ::;: :1",,

:rrc's .l laree Iig6t ,," 

tt""t in the Neotr.pi.s. (,'er:r.pt". ,r..,..'"i"iraantly ;n;:r*ffi;t$r,fllil#il rJ:liJtrliiir-**il*
i:,:,:,, ii 1li:il:':li;';l.li'il:f.ml,, (recr,,1,ia *.1:.r.'n.1,'n,,y,ni,,g
l: :l;; I I Ii i I lllf;f y u ".', ;;; ;; ; ;..'i ;:::,i.:' il :.::T :: :j:il ii"",i :o, ope,, :rrea nrev',;: T:l:::il::.,';,:T'il:,:ll co'cr a u"*ry nr,ona,,,,ed nercr
st .eanr ba'ks.  

' -qr"r \ rL)  dr t ( r  are abtrndant a long fcrrcst  edgcs ancl

.  
Oecr-opias are casl , t (r,'<,rikt' .i,,f,-,".,..,i1Jfi:ffi:,lHl;:Tij:,1::,::ol',urr tr.cs with r,arn_

;llll,Jr'.,11l::i,:'i:L*l"ii:;:.,.ll.,:',jijitrili#j,1T|,":::i]:fr ,.Til::l;
r lurrrascd. Driercl,  shrir,<
.r'( rr ( ()rrr(,r, r,,,,,l.i,l.1el..l.fft"r]i' 

lcaves that nr," ar"fi,i';l;;;,i'l;. ,...,.)ors, b.r ,n" ,.".....i,,,i,i;*ll.rlii,*rrropics. S.,,n. ...i..,pias trave stiltea
Occropias are efl.ectir

rr 'air in rhc-s. i l ,  .nce ger'c 
c.olonizers' I 'addit ion., l  

l" : , : ' ,  ma'v seeds lvi 'g in,r 'ear-. Nick Br'kaw ;.).ll1t:91 "'.1"^R1o' grow.q'icklv,'rp i. zlilr"(i ,r) ,,,Irf ; jil jilihil#;+*T:ild ji, jir,;lillii,i:J:l jimi:rih;
r r t' c :r r r <,pv i:,,.. p;;;' ; ; ; ; ;i,T "Tl:l, 

t::Jl 
r.:i l::J ::,;n**:l [l* il
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\p( 'ci( ' \ .  ( .ccropias are moclerate in size, rarely exceeding 18'3 m (60 ft)  in

l , .r ,ahr. thotrgtr Hubbell  (pers' comm' 1987) has measured emergent cecro-

pi.rs {(l nr (lil ft) talt. They are intolerant of shade ' their success hinging on

ih.ir abilin. ro grow quickly above the myriad 'ines and herbs cornpeting with

rht'nr for rpu..f To this entl, cecropias, like many pioneer tree species' have a

ver. simple branching partern (Bizzazand Picketr 1980) and leaves that hang

looselv do*rr*a.d. Vir-tes attempting to grow over a developing cecropia can

easilv te blown off by wind, though I have seen many small cecropias that we re

r ' i t re -covered(seebe low) .Cecrop iashaveho l lowstemsthatareeasy tosever
rr.irh a machete. I've watched Mayan boys effortlessly chop dorvn 5-m-tall cecro-

pias. Hollow stems may be an adaptation for rapid growth in re-sponse 1o com-

ietition for light, u. ih.y permii the, tree to devote energv to growing tall

iather than to the prodttction of wood'

Cecropias have ieparate male and female trees and are well aclapterl for

.rrars.ep.od.,ctive efiorts. A single female tree can produce over 900'000 seeds

every time it fruits, and it can iruit often! Flowers hang i' fingerlike catkins,

w i theachf lowerbaseho ld ing fbur long,wh i t i shCatk ins .Research inMex ico
(Estrada et al.  I984) showed ihat forty-eight a' imal species, incltrdirtg lealcut-

iing a.rtr, iguanas. birds, and mammals, made direct ttse of cecropia obtusifolia.

A 6tal of ihirty-three bird species fiom ten families, inclu4i.g somc Nort6

American migrants, feecl on cecropia flowers or fnrit (page 137)' I have lie-

quently stopp"ed by a blooming cecropia to enjoy the bird show Such trccs

i.,r,.tio' foi iropical birds as fast-foocl restaurants. Mammals from bats t() nron-

keys eat the fruit, and sloths gorge (in slow motion) on rhc leavcs. one North

A-".i.un migrant bird, the worm-eating warbler (Helmitherrts ucrmit'orus), spr:-

cial izes in searching for arthropod prey in drierl  leal clusters, oltetr those ol

cecropias (Greenberg 1987b)'

Estiada ancl his coresearchers aPtly describcd cecropias:

Apparently, Cecropim obtusifolia has tradecl long life ' hcaq' iuvcsttnc-ttt itr it

few seeds, and the resultirig high qualiry of seed dispersal, fi>r '.r strt>rt lilt"

high fecundity, a large inu.it-.ttt i' the pro4uctiort o{-th.*sittrtls .( scecls'

extende4 seecl dorm"ancy, a.cl the abilitl' t() attract a very di'erst' clispersal

coterie that maximizes the number of seeds capable 1;f L-a;11;11i7i119 a vefY

specific habitat. cetropia seed's ability to "wait" for thc right conditions is

probab lyanadapta t i< r r . r to therareandrandc ln roccur rencc , i r r thc fb rcs t ,o f
gaps.rf  , , , i table iurg. size and l ight concl i t ions sulhcienr to tr iggcr gcrnrina-

tion and facilitate raPid growth'

cecropias have obviously prof i ted from human activi t ies, as cutt i l rg the Iorest

provides exactly the conditions they require '

one f ina lno teoncecrop ias :Bewareof theants ,espec ia l l y i l yor - rcu t the t rec
down. Biting ants (Aztecaspp.) live inside the stetn. These ants fced or) Irecti'lr'

uroduced aithe leafaxils ofthe cecropia, on strtlcttlres called extraJktroL ntrtut'

irs. I will describe these on page 131, but for no\{ note that these iltlts s()tlle-

t inesPro tec t thececr<rp ia inaun iquervav .Manvcecrop iasare . f i .eeo l ' r ' i t tes t l r
.fipni,.. once they've reached fair size, which is good lbr rhem since such

hange.ron could signif icantly shade the cecropia'Janzei l  (1969a) observed

Lhat. lzteca ants cl ip vi les arter-npting
thc ants bv providing both roon and
Drutlral ism (page 127). Horvever, sorr
indeed, r ' ine covered, and the ants see
not the main leaf 'surfaces (Andrade z

The KrQok, ,\ilk Cotton, or C.eiha 7).

Onc o{ '  the conrrn<inest, rnost rvidc
trees is the cciba or kapok tree (Crj l
sacrerl  trc.e of thc N{avan pcoples. Ma1
bv l ising rrp a rnvthical ceiba rvhose
s()rnetimes lcf i  standing rvhen srrrrorrrr
<>f '( lentral America, t l te look of ' todav's
hr  a  lo r re  c< , ih : r .

The cciba is a su1>crbkroking trce. I
gray t lrrnk of i t ' rr  as<'crtdirrg 1-r0 rn (16,
tened <:rolrr.  I  eates :trc colnporrncl,  v
f ingcrs fr-orn :r long st ir lk. Thc nrujor I
tnrnk and arc usually covt 'rcd with epi l
thc trce.

( lcibas probabll 'or iginatcd in the Ar
t() \4'cst Afi ica (Bakcl l9u3). Thev have
so tr>cl irv t l rcv ale r l istr ibuted thr.otr.qhor

( le ibas  rc r lu i le  h igh  l ighr  in rens i tv  I
f i rrest t 'dgt:s, r ' ivcr bnnks, arrr l  r l isturbc
thcr" exhibit  rapicl urorvth, up to 3 nt (
thcr, :rrt '  dcci<luous, clr 'opl l i rre t lreir le:tv
anrl vint:s stal ld ()tr t  drarrr:rt i r .alh,,  si lhotr,

Lcul 'r l rop prc<'rrdcs I lorvcring, ancl thr
thei l  pol l inutors. Tlrc f ivc,peraled f lowr
cat ' lv cverr ing. Their high visibi l i tv arrcl
f lvirru- trrarnrnrr ls. Orr>ss-pol l inatiorr is l i rc
eaclr night, thrrs leclrr ir ing tw() t() thr.eo
its f lowt:r irrg. F' l<lwt 'rs closc in the rnt:
birds. arrr l  rnarnrnals seekirru ne<.(trr visi ,
A singlc ct: iba rn:rv f lowe r onh,everv f ivt
ol pr-oclrrcine 5(X)-4,(XX) fr-uits, cach rvir
A single trce can thercf irre proclucc ahr
I l<>wering (Bakcr l9tt3). Secds arc conra
trcc. Each set 'r l  is srrrnxrnclt ' r l  by si lkl ' ,  r
t l rc niurrc "kapok trrc" arrr l  : l ls<> "si lk-co
cl ispersing thr. sct.ds. Krpok f iber.s arc ,
l l latt l 'css(.s. rrPholstcr '1,,  ancl l i fe prescrvt
leaves wherr i t  f lorvers, wirrcl  cnn mor.e
the parcnt. Seecls cirn lern:t in clorrn:rnt I
rvhcn t 'xposed r() hish l ighr. l ,arge gap
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tltat Azteco ants clip lines atternpting to entwine cecropias. The plant rewards
the ants bv providing both room and board, a probable case ofevolut ionary
rr-nrtual ism (page 127). Horveveq some cecropias hosting abundant ants are,
indeed, vine covered, and the : lnts seem to patrol only the stem and leaf nodes,
not the tnain leaf 'surfaces (Andlade and Carauta 1982).

The Kapok, Silk Cotton, or Ceibu'free

One o{' the comrnonest, m()st widespread, and most. majestic Neotropical
trees is the ceiba or kapok tree (Ceiba pentandrn, familv Bombacaceae), the
sacrcd trec of thc Mavan peoples. Mavans bel ieve that souls ascend to heaven
bv rising lrp a m)'thical ceiba whose branches are heaven itself. (leibas are
s<tnretinres le{i standing whcn surrouncling forest is fellecl. Throughout mucl'r
of (lcntr-al Arncrica, the look of today's tropics is a cattle pastrlre watched over
bv a lone ccibir.

The cciba is :r  sup<'rt>looking tree. From its huttressed roots r ises a sm()oth
slav trunk ol icn asccnding !10 nr (164 { i)  befbre spreacl ing into:r wide f lat-
tertcd crcrrvn. l .eul 'es arc compouncl, with l ive to cight leaflets clangl ing I ike
f ingers f iom :r long stalk. Thc rnajor branches radi:rtc horizontal ly f iorn thc
tnrnk :rncl arc rrsual lv r:or '( :rcd rvith epiphl ' tes. Many I ianas typical ly haug frorr
thc  t rce .

( lcibas pr 'obably r>riginatcrl  in thc Anrerican tropics lr tr t  dispersed nattrral ly
to \ \ 'est Afi ica (Bakcr 19133). Thev have be en planted in Sorrthcast Asia as wcl l ,
so todal '  thcy are cl istr ibutcd throtrghout thc world's tropics.

Oeibas rcqrr ire high l ight intensitv t() gr(xv :rnd are m()st comnl()n along
fi lrcst educs, r ' ivel bzrnks, irrrcl  cl isturl>erl  :rreirs. Like rnost succcssional trees,
thcl exhibit  rapid erowth, up t() 3 nr (10 ft)  annuir l lv. Drrr ing the drv sel lson
thev art:  r lccicl trorrs, r lropping thcir lcaves. \4'hen lcafless, lnasses o( 'cpiplt l ' tes
and vines starrd orrt  clrunratical ly, si lhouctterl  against thc sk1.

l-t'af clr'op 1;r'eccdes florvcrirrg, arrcl thus thc flowcrs are rvcll exposccl t() birts,
thci l  pol l inators. ' I 'hc f ivc-petaled f lowcrs are whitc or pink, opening during
t 'ar ly cvcrr irrg. Thcir high visibi l i tv and sotrr odor probably'  help attract the
f lvinq rnatrt tnals. ( iross-pol l inirt iorr is Iaci l i tatcd since onl l  a f 'cw f lr>wels open
cach rr ight, thtrs rcr lrr ir ing t\ ,v() t() thrce weeks fbr the entire trec to cornplcte
its I lo* 'erins. Flowt-rs closc in t lrc nrorning, but many insects, hrrrnnring-
birr ls, arr<l rt tarnrn:r ls sceking ncctur r. ' is i t  thc retrnant { lowers (Tbleckr 1977).
A sirrglc cciba nrat '  f lor,vcr onlt 'cvcn' f ivc t() tcn ycars, but cach trec is capablc
o( prorl trcirrg 1100-4,(XX) I i ' rr i ts, cach with approxinratcly 200 or nrore scerls.
A sirrglc trec c:ul thcrt: f i>re pnrclucc about t100,(.)00 seeds during ol lc Vear ()f

f lowering (Baker l !) f t3). Seecls are contained in oval f iui ts, which opcn ()n the
(rec. F-:rch scetl  is srrrroun<lccl bv si lk1, c()t t()t l l ike f ibcrs cal lecl kapok (hence
(hc narne "kirpok trce" anrl  also "si lk-cotton t lee"). These f ibers aid in wind-
rlispersing the scerls. Krpok {ibers arc conu-nercially valuable as stutfing for
rnatl lcsses, upholstcrv, and l i f 'e preservers (Baker 1983). Since the tree l ' . rcks
leaves whcn it florvcrs, wincl can rnorc c{ficiently blolv the seecls awa}' lrom
the pnr-cnt. Seerls can rcrn:r in clt>r-rnatrt  frrr a substantial period, gerrninating
rvhen exposed to high light. l,:rrge gaps are ideal lbr ceiba, and the tree is



7 4  _  C H A P T E R  3

considerecl successional, though it mav persist iDdefinitelv once established in

the canopy.
Ceiba leaves are extensivell'parasitized and grazed by insects' Leaf drop may

serve nor only to advertise the howers and aid in wind-dispersing the seeds but

also to help periodically rid the tree of its insect burden'

Nortvenomous chunk-hcaded snake

Evolutionary Patterns
the Tropics

r ( ) r . ( )c , t ( ;Ar .  evo lu t ion  is  the  pro ,
look, f i rnct ion, and act. The arct i

.lJ grasslands, and deserts all are r
crobes that reprt-sent varying soluticlns
terns by different environments throur
irrrd l i [c frrrrns change too. or hct.onre
selves :rre often influential in causing e.
was addcd ro (he atntosphere by phot,
ago. The tropical rainlbrest has long I
t ' r 'olrrt iolr" becarrse of irs cxtraorcl inarv
r t ' l a t  ionsh ips  a lnong i rs  n r< ,mbers .

How Evolution Works

A Primer on ltlutural Selection

()n Novcrnber 24, l t i59, the Brit isher
liftv-first year, published perhaps rhe mo
subject ol biologl,. This work, which borr
riarr titlc On the Oigin of Species lry Means
F-auoured Races in the Struggte for Life, ltas t
rl ,\pet:ies, or rhe alrigrn.

ln Origirt OJ Species, Darwin argued th
t l r ro r rg l rou t  t l r c  h is ro r .v  o f  l i fe  o r r  Ear . th  a r
al l  share common al lcestors with those t
cics are not irr)mutable but rather are ch
evolve from previ<lus ancestors, ultimate
appearal lce ol ' l i fe on the planet. Darwin t
brarrchirrg brrsh with a ctrmmon base, wh
ing l ineage. The process of 'how the bush
time hc cal led "descent with modil icat ior

Darwin further argued that it is the ph
each species that imposes the condit ions r
Calling his theory natural seledion, and m:
tion used in the process of plant and anirr

I




