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FOREWORD 

Jt ha s been estim.ated that mO~e than 109 C:U ~ le8 of tnlium would be p r oduced by the 

:
~',:; .~explosiveS ~equi~ed to e x cavate a se a- Ieve! canal acr055 th .. ISthmus of Central 

Most of the tritium released to the b,oenvironment would proba bly be ,n the 
of t r Itiated w ater and w ould be inco r porated in the hydro l ogical cycle . The stud Ies 

d:~;': in this p r elimina r y repo r t were encouraged and accelerated to provide 80me 
Iv instght mto the probable route" and rate s fo r the t rander of t ritIum within , 

e limin a tion irom, a t r opIcal forest eco'ystem that 13 sim,l"r (du r ing the wet season) 
'mo.' essential r espect s to those of eastern Panama and northwest .. r n Colombia . 

This is a preliminary report on a phase of the Rain Forest Project o f the Pue r to 
Nuclear Cente r on U. 5. At omic Ene rgy Commission, Contract No . AT( 4 0-1)- 1833 . 

, t lldie s were aided by Purchase Order No . 5 - 394 & from the Interoceanic Cana l 
survey a s arranged by Ba ttelle Memo r ia.l Ins t i tute , on U. 5. Atomic Energy 
prime C ontract No. AT(l&-I )-17 1, and by the direct participation of Battene 

M r. Hobart C r e ss and Mr. Richa r d Egen. The repo r t is based On Inst r ume nt 
by G . D r e w ry, J . Edmi sten, P . Murphy , H . Wallon, R. F . Smi t h , J . 

G. C intron, and others . Dr . HO \o" ard T . Odum, auth or of t he r eport, is presently 
'~i."d wil h Wilson Laboratory of Zoology. Uni versity of North Carolina, Chapel 

The da l a on water and hydrogen budgeu are to be 'ncluded in a chapter of the Rai" 
Book thaI is in preparation through the AEC Office of TechnIcal JnformatlOn. 
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PRELIMiNARY REPOR T 

HYDROGE:N BUOGET "NO COMPART!l.1E:NTS IN THE RAIN FOREST AT 
EL VERDE, Pt.:"ERTO RICO, PERTINENT TO CONSIDERATION 

OF TRITIUM METABOLISM 

ABSTRACT 

Fcorn d.na on rainfall, thro"ghfall, atemflow, "vapor,,! ion, IrarlSp'ralion, !",rco
lalion, photolynth".is, and <"spiralion £Corn the montane fo r e.! at El Verd~, Puerto 
Rico, a hydrogen compartmental diagram wIt h flow r ate. and comp"rlme.'tal ~Iora,u 
is p r epared (F.gure I). Thl$ diagram pcrrnit~ computation of Iran~lent phenomena lo r 
the flow of t ritium in a tropical fore.t .... "ming a knowl edg~ o f til", e xtent and the dura _ 
tion of the leacec Input. A mathematical model for Ir i lturn leans l e r , baled "pon th" 
diagram, is given in the Appendix. The .tory at EI Verde ,. found t o be somewhat com. 
parable to that of Panama during its wet .ea.on as thur rainfall and saturatiOn def'ciU 
are .. m,laT. 

INTRODUCTION 

If triti3t~d water is reteas~d into a tropical forest, it constitute. a rad,oac\lve 
tracer in a large volume of water, from rain and condensation, that flows i n and out of 
the fore.t and ita soil compon"nts. The wat e r flows involve t he inputs of rain which 
then puo out of the main flow system by sever a l e"l! routes: (I) a. interceplion and 
evaporation from leaves, (l) as surface runoff, (3) through subter r anean channels after 
percolation inlo Ihe ground, ( ~ ) through trans pi r ation of Ihe vegetation, (5) as rupiution 
of Ie, ... ". and animals after some of the hydrogen of the tran oplration stream i. caught 
by the grou photosynthetic proce.s, and (6) as long·term woody o lorage •. 

An)· dioc!180ionl and computation. oi t he kinetic. 
hydrogen u'jecl,on. requ're data on, (I) the she of Ihe 
in the varlOu. compartments of the fore.t syotem, and 
Iransport in Ihe flows be tween COR"lpartm"nt •. 

and r".idence t ,me of radioactive ' 
water and organic·matter .torIJ" 
(l) the normal rates 01 hydrogen 

Although a sev"ral year. ' record of each flu" LO deOlrabte 10 prOVIde data of max' 
imum a ccur a cy fo r pred iction, oome rnallnllude~ can be .ome .... ·bat te •• accurately pre 
dlcted {rom sliort · terR"l records, e s peci .. lly jor a forest wl1h repeaong regimes. WI'~ 
the ",udies underway 1tl the Rain Fo r es t ~t El V"rde, .ome add'tional measurements 
were made dunng s pring and lummer of 1966 to provide ".Ilmate s o{ Iii" flows and 
compartR"lents sliown 'n Figure I. As the record. are lor .liort period., llie accuracy 
is p r obably Ie •• than 25 percent in rnos' of t he me;ono "."mated. Howev"r, the budget 
synthes u made in F igure I doe. e . ta.bli.1i the relalLve orders of magnitude of the /1ow 
ra t e . for a system in wliicli the ex" eme lIow rate. dlffer br fLve orders of magn,tude: 

. of trl ' Th,,", som" defm,te conclus,on. about tli" consequence. of tagg,ng and relenl10" . 
. L. d w,1I Some add,tIonal data nO"· be'ng gat""re t,urn in thi s system are now po osibh· . 

" 
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l 
• 



f" 
ptrrnit improvement of the eSllmat e s al t hough the magnitudes a T" not expected t o change 
greatly - A mathematIcal mod..! for trllIum t.ansfer b".ed on rigur" I is give n In the 

APpend ,x , 

t 
1 

The n ows ""d Compartments of HydrOllen in the Ram F ores t 

Figu r e I depicts the maIn compar t men t s of hydrogen storage In water and in the 
organIC compounds of le ave s , limbs, wood, and IHter. The inflow of wate r from ra in 
and condensation is p artly intercepted by th" canopy and pa rtly pass"s through the ,oil 
and drams away In t he olreams . The WInds carry a way Ih" evaporatIon f r om the nlln 
tupped On leaf surfaces, the evaporallon [rom the ground, and Ihe I ree's transpiration 
. t r eam, which pulh wat"r up through r ooto and out t he stomat a of the leaves . A small 
{raclion of Ih" transpiration ,Iream •• bound into photosyntheSIS, of wh ich a small part 
enters Into the long - l1me storage of the blolog.cal urucl u r e, the longes t storage b"ing 
in the woody trunks. 

To es timate the quantities o[ m atle r in the compa rtments a[ld the average rates of 
Oow , ITlany kinds of mea su r ements and calculations are involved. The nUITlerlcal values 
ill Figu r e I a re the r e.ult of these cOmpU l al10ns. F igure I th u s conSli t u tes both the con· 
ciu5ion and summa r y of this r epo rt. 

The flow rates we. e derived 3' foll"w. : 

Rainfall [o r J une, 1966, was II. 53 inches - similar to the annu al ave r age of 11.5 
inches. 

Condens a lion input was estimated from measurements in a ra in - shielded evapora 
tion pan . During one-th i rd of the nighu, t he water level inc r e "-sed by abou t O. I mm . If 
lit . pan . e pr esenu condensation on o ther surface., t hen the leaf· are a index, equal 10 7 
lor this forest (Oclum e t aJ, 1963), may be u'ed 10 "SUma!" total conden.ation on lolleaf 
ludaces and one g r ound surface. A sim.lar evapo r ation r ate was ob ser ved On t he fore.t 
noor on many nights, but .ince the 15 surfaces were not wet, exc ept when a ssociated 
.. ilh r ain, the net eHe ct of conde n suion - evapo r ation fro m surfaces \ no t transpiration) i. 
inward . 

From Soil ins a nd Drewrey's ",Ud"~,~~~ 
Ilken as th r oughfall and 58 percent a s i 

';';';';('; olZ pe r cen t of the rain w a s 
( by eva por a t ion . 

Runoff for June wa. derived from the weir reco rd s Ihat w e r e con ve rted to discharge 
. ~teo wlIh a caltbration cu r ve . 

T r .'nsp irati on rates we r e taken from the evapotrans piration ITleasuremenl5 In a 
li~n t cylInder ove r a I I - hour period The mea9urement~ w e r e ITlade during a period 
10010""''''g somewhat d r y wea ther while Ihe le~{ surfa ces we r e not damp, although the soil 
' Unalned damp (February 2 ol , 1~66. 1.3 mm transpiration). The .ale of photo~yn thetic 
I;"~ ti o" ""'as t aken iOdum, 1~62) to be 8 II c ar bon/m 2 /ll houu net du ring the d ay, and 
Ib" r ate of night respiration wa~ t"k"n to be the .ame value. Assummg that day re spi r
ltion is equal to night r e o pi ration, the total gross photosynthesis was 16 g ca r bon/m2 / 
~~y, and the toUI 24-hour respiration wa s the same value . A ~.milar figure Was ob taHIe<i ,.' " IIh the gian t cylinder on Jllne Z I -Z 3, 1966. An anlITlal metabolism r ate of O. 05 g c arbon 

, ;.., g d r y weight of animal tissue per hour w a s assumed (Odum, 1962) . 

• 



, 
F Rate of volume clepo.!tlon of wood was taken as 0 . 02 percent of the "" .. Ilng volume 1 (~1urphy, Rain Foresl Book). 

1 
Rate of In!", deposition of I. 2 g dr)' - matte r per day was taken from Ihe team ef-

; lor! on liner fall des l grled by Dr. WI ege rt (RaIn Forest BO<Ik). 

Rate of trunk run - down WaS found by Soil in. a nd D r e wry to be about I percent of 
total r ainfall. 

The rate of flow of w"le r di.appear,ng below the top 3 inches of day was taken as 

,!Ie difference bel""een the total f llnoff and the .urface runoff On the as"umptlon that bo t h 
/10 ..... 0 were a t s teady - ~t"-te COndl\lOn~. High rat es of soil absorp!1on "'ere documen ted 
by Dr . Edmisten (Rain F orest Book). These rates we r <) aboul 4 mmlmin (mean of 36 
menu , ,,m,,n !S at the gianI - cylinder ~ite) when the water level wa s between 0 . 0 and 7.0 
em above the clay layer , 

The Slor age quantities ..... ere obtain~d a s follow", 

Dry w eig ht. per unit area of t he ground, ob t a ined f r om 5!udtes in . tmtlar forest. 
,t Sabana, are given a s' leaves, 8 12 g/m2, tree stems and !trnb" S,2.37 glm2., animals, 
4 glm2.; litter "nd fine surhee rool8 down to day, 3,S37 glm2 (Odum, Abbot, Goll e y, 
~lander, a nd W,ls on, R a in For c~t Book). 

Wate r in the upp",. 10,1 compa rtment w,," es l imated from a bulk-denS Ity value o f 
1. 05 glec (Edmisten) and a value o! 47 p"rcenl o f weI su r face sOlI as water (Smtih, 

';-~";l;;c!~~~);, The foUow lng water contents, e x pressed as grams of water per 
n were a s s",ned: t ... ", leaves, Z. 9; Ire e stems and 1,mb., n. 7; hUer 

lurface roots, 8 from Ro •• y's (R"i" Forest Book) measurements; and antmals, 5. O. 
Conversiona used were: 7 percent of oq;antc dry matter as hydrogen; 50 percent of dry 
organ ic matter as carbon; and I mm of w ater depth as 1000 g/m2 . 

E XPERlJI.lENTAL METHODS 

DIffe r ent procedures w"re used t o e.timate e,\eh of the component proce.~es of 
... ater movement at El Verde during the spring and summe r of 1966, These proc~dure 8 

Ire described in the followi ng sec t lOns, Many m"asurcments ..... ere mad" in a giant 
cylinder which co""ued of a cyhode r ical, plastic wall surrounding the experimental 
fore . t plot. This eyltnd~r, along ..... ith lome a,,"octated eqUIpment and construction, i, 
~i.gramm~d in Figure 2.. 

,E,ecipHation and Fr action Re aching Ground 

[ 

.. tA Electrically r ecord"'g, t IppIng - bucket g~ges h"d been r ecording 0," a weathe r 
vWer about 10 0 meter" from the giant·cylinder s ite, The percentage 0 penetr alIOl'lof 
".ter throu gh the forest "'as obl~ined from two ga ges there, one located a t 92 feet , 

~ "on ~bo ... e the forest, ~nd the other located under the canopy and r eceiv ing r ainth r ough . 
llte• e data were studied ~nd arc reported by Sollins and Drewry, 101 the 'p r tng of 1966 
~gage was placed above the g,ant cyltnde r on top of the 72.-fool w alk - up to"·er. The 
"'put of rain on this gage is recorded in the c1im~le chapter "f the R,un F Or e$! Book. 
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TABLE l EVAPORATION NSAR THE FOREST FLOOR 
WITH AN EPIC EVAPORIMETER. 19&5 

Date Ch.ange per Day/a) 

Ju"e - O. 10 
JUrl " , +0.50 
June J - 0 . 10 

June \7 - ZO o. 0 

June ZO-17 0.0 

June " O. 0 
June " +0 . 40, 
June " - O. 05 
June " +0.20 

July , +0.90 
July 2 +0. 60 
July 3 +0. 10 

July 0,-11 O. 43/6 days 
or +0 . 07 

July 11-1 4 0.0 

,., • " <"' pC .,,;"n; . "<0<,<1<" .. ,,.,". 

The most critl<:al number in the ca1<:ulation is th.e percent th.rough.fall in wh.ich. . ain 
th.e broad leaves and then dr ips th.r ough. to th.e ground. Two sets of me"surements 
rains of "arying intensity were m"de by Soli ins and Drewry from several months of 

.~:;::: The throughfall of 41. 6 percent detern1\ned by this work from tipping-bucket 
.~ iFigure 4) approximates the 43 percent reported by Clegg (l963).n another ~tudy 

Verde. In this previous study, cans Were plac"d in <:leaTlngs "nd cOITlpared with 
cans placed under the ca"opy. The average value in the pres"nt study WaS obtained 

oUmITlirlg the products of the individual percentages "nd rainfalls and then dlviding by. 
Of the IZ rains stud ied, the throughfall v".ied from 25 to 80 percent. 

and Drewry found a higher through/all of 73 percent from mea.u.eITlents taken 
a d,ffe.ent c"nopy position, whe r e the canopy ..... as appar ently iess . 

The planning of a sITlaU weir wa~ done by Me. Larry i-Ltll of the institute of Tropi
Forestry of the U. S. Department o f AgrIcultUre. U8 ing plans provided by th" USDA 

ct ai, 196Z). a standard I-foot H flume was constructed and mounted on a con
piat form ",ithin the forest ~nd below the giant cylinder (FIgure 5). Mr. Richa rd 
of Battel l e MeITlor1~1 lllstlt11te arranged a Stevens water - level .ecorder for 

i 
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i"diealing he'l>nt or w;>t .. r In lh~ we,r d'Jr'ng "lbstantial runoff, and for slight runC>/i 
, . . ' ~ 

trough was arranged to <ira'" wate, ,,,to a covered barrel . rhl~ barrel was checked 
daily by Me. Alejo P,nto who measured ti'" waler that accumulated dUring the day. A 
sr."w" in Figllrc 2, a 6-inch trench WaS Cllt i"to the g,ound to a depth of about 3 inche: 1 
around the giant cylinde r. The trench .1voided ma'n rocks and passed ""det and arOUnd ' 
rna." roots . A 6-,nch galvanIzed "un" stnp was placed as an o"tude trench wall . n.. 
strIp was contInued as a w:I.\l arollnd the top of the cylinder and thus cut oul any <unoU 
from farther uph ill. Cern",,! was uded to form a trench floor and to seal the t'n wall 

firmly 10 the ground. The trench from the two ~idcs of the cylinder was brought togeth.
r 

so as to d'scharge water Into a tIn flume l eadIng down to t he we,r . As construc ted, the 
system could catch any water running off the ~urface Qr running through the hlter and 
uppe r root layers. W~ter that penetrated more than 3 inches Into the ground "nd paned 
into the red cL.y, wa~ considered as water draining into the g r ound. The float recorda 
during heavy discharges were converted into water discharge data ~sing calibratlon tabl.~ 
from the The~c calibration values are grapncd in Figure 6. Th. 
WelT in June, 1<)66, are induded in Figure 7. 

Ev apot r an s pi ration 

The evapotranspiration in the giant cylinder was measured by the change in gram. 
per cubic meter of water vapor in the air from the time it entered th" giant cylinder &t 
the top unu l it passed out through the large fan at the ground level 5 ITlin"te~ latcr . 
Details of th" procedures lor m"asuring and calculating the hunlldlty in the flow are 
g iven in a Rain Forest Book chapter . The cylinder melhod estimates the total re.p;rati~n 
but undere8!imat~s the photosynthesis of the cro"'·n when air i~ lost upward in eddie. . 
Thus, the r espiration rale may be used as an estimate of photosynthesis since the two 
proc" •• es must be equal o"er the long range. Seleclion of r ecords to include some data 
after perlods of no rain gives e~llmates of transpiration of the vegetation a s there ar~ no 
wet ~urfaces due to tecent rain. Somewhat larger values found just after a raill indicate 
s ome direct evaporation ~nd the pos6ible 6timulation of transpiration . Two record. a r e 
given in FIgures 8 and 9 . 

Photosynthetic Fixation and Respiration 

Th" water passing through the transpiration stream to th" leave. i, mair>ly tranS" 
pired, bllt" small fraClion IS fixed into organic matter by net photosynthesi. in the 
VanOU3 compa.rtments of the. forest. Some of t he.e compar tments are large with slight 
inputs so that the turnover I1me IS l arge, whe r eas other compar tments are very smail 
or have massive flows sO that turnover tI me is mea.u.cd 'n m'nutes. EstimatiOn of 
maximum po.uble retention of radionuclides entering with water thus d ependS in part 
on the size of the Comp.Htment. and in pa r t On th" flow rate. . Some magnitudes for rOO
p,ratlon and for gros8 photosynthe~,s, WIth i ts temporary deposition as net organIC 
ga,n . a r e indicated in t he flow circuit of F Igu r e 1. 

As co""red in two chapters of the Rain Forest 8ook, much of the gross phOto-
. howe"" r , synthesis of a day \':a~ used t he follOWIng night li' respiration. The respiratwn, _ 

. I ~,. . ·.m3 decont 
i"eludes part of earll"r storages . For examp e, In t"e Itte r, m lcroorganl 

. S 'cd . d had been posed leave9 Ihat "'"ere grown months carlle r . ome o . t e ecompostnll ", 00 05 1 
synthesl7.ed hundreds of ycars ea.rher. N'sht respirauon ,[\ the gIant cyltnde r W35 . al 
g carbon/mZ/hr (mean of 5 days in 1966) . The to\;,1 p!Ioto$ynthesis i s a. ~ umed to eq" 

this. 

, 
I 
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r~s" on Sm~lIcr Streams 

There is a va. t d,Herence It, 5tream flow between the Good stage followi,,!: heavy 
;. "in and the Ir.ckle observed after ~ever31 days of no ",Iln . Whereas slage .ecords were 
~. 01 obtained on the main Sonadora River dllrlng the period, a wate r- level float record 1. :'5 arranged by Mr. George Drewry on a permane nt collectHlg brook located downh ill 
~!rom t he gIant-cylInder site at arl elevat.on of 390 feet. ThIS rel .. t;"" record prov.ded 
' .. IOme idea o! the regime '" the intermediate size streams that are kept permanently 

f. jlowing b)' ground - wate. cont r ibution s. durlng dry peYlods: A view of the float tr ansduce r 
li iJ .hown in Flgure 10 and the r ecord 15 summar12,,,d In F,sure 1 1. 

; The stage could not be calibrated wllh volume dIscharge beca.use of the large flow. 

[ deep w,thin the boulders and gravels of the s trea.m bed, but the t,me consta nt was ob~ 
-(ainabl" for th,. compa.rtment. 

Grnwth 

The ra t e of Incorporation of wood wao obtained from Ire e ~lrUnk"ncr "ment ",udies 
J. ,y Mr. Peler Murphy as reporled In dela.l in Ihe Ra,n Forest Book. The I"crelnenU 
,:.,ere measured WIth alum.num vernier tapes on 1:50 trees of five prIncipal .pec",. ane\ 

computed as ba sal a.rea. i"creasc. The ratIo of ne w basal area 10 .""sting basal arca 
,~rovldes Ihe perce"t of the wood rna •• thai is ren"wed and/or added each year. From 
·!he means, One may eUimate the rate of fix a tion of o,..; .. nic hyd r oge" 10 tree trunk. 
~ .inc e the basal area of t he forest IS known'" s"veral plou. 

·Litter Fall 
, 

The l earn effort in collecljn~ litter fall i. summarized by R. Weige r!. Since 
""jther the opl ical density nor th" litter cover chnnge. much, the litter and leave8 must 

be in a s teady state. Thus, the leaf fall provid". r ates of nux of org""ic hydrogen i"IO 
e.. l itter and into leaf nor age. 

Soil Moisture and Densuy 

Data on soil moiHl.Ire reported In the Rain Fores, Book were determ.ned by oven 
~r\"ing SOli for 48 hours at abo"t 105 C. The se data w",re used to e~ t imate water storage 
" .urface soil zOneS. Soil bulk density wa~ found by Dr. J . Edmisten. 

RESU L T S 

Various measureme,," were made 10 ",.tim~t" flow and stor"ge of water and, in 
I..\"'oot every caoe, the resulting dat~ estab\tsh orders of rnag,"tude and indIcate the kind 
O{;U\) · ycar study that could eHabll.h mOre a ccu rate meanS . 

The very large now of ra.n waler i. dh·ided ..... lIh much of it being lost 'mmedlately 
"'"vapo rallon from the canopy surfaces or passed instantly out of s igh t i,no the porous 

, I 
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, 
surface s truc t ure . In the hcaviest rains th"re ;. enough surface wat". to cauSe runoff 
Or to establish a head for ciuVlng the water deeper ",to the ground. Th.e runo!! volume 
IS occasionally large . 

The flows oi water by transpiration and by ground evaporation 'He r elatively, 
steady. The ground r"maIllS mOtH and ree .. ;ve. <:ond",,5a1,on on many nighls. "'...u 

Even 
emerge as 
wood. 

smaller .are the flows of water Into th .. photosynthetlc process, most of "'kiCk 
metaboh c water, WIth a very IH'Y amOU[1! bound ,n long·!lJ""c storage s of 

DJSCUSSION 

Behavior of Tritiated Water in the For".! System 

An e " aminatl on of Ihe r " le. of flow and t he storages mainta,ned "' the fo r est 
sys tem gives basi. for discussion of the behavior of a charge of I"ha led water int roduc.d 
.nto the torest system . The mai" w ate r compartments a r e t he su r face .oil zone and the 
tree leaves and hmbs. Except for extended dry spelh of a week o r two, the wa te r nowl 
a re , On the average, t urned over daily. Thus, there i. little opportunity for tritium re 
l ention.n the.e compar tments for mOre than a fe w days beyolld the Ume of aC I IVe .nput 
of radioactive water. 

The o rganic matter compartments incorporate hydrogen from wate r in pho!o
.ynthes i . and some water is deposited into long-time storages of woo d. The tUrnOv~r 
of the leaf and litter compartme nu i. longer, .0 Ihat Z years might be require d 10 dis 
charge accumulations . However, the .npu t o f tracer would have t o be maintaIned for 
many day~ before the compart ment could a ccum ulate an a pp r eciable fra ction of the t ra,u 
concentratioll . The wood compartment with its very long s tor age time constitute. a 
sink, but the concent r ation relati"e to t he whole l og would be very .mall .ince the 
annual wood - deposition rate is about a tenth of an inch . 

Thus, the hazard of s tor;Ilg and keeping much tr llium in the fo r est i. great only if 
the input to the b iological .yuem i8 a hig h level of tracer maInta Ined fo r a long, s teady 
pe riod . For forest8 on h.lh and moun tains, the wat~r flux i~ all downward, a nd there 
'Cems to be no means fo r holding such htgh tracer levels In t he face of t he ra'" flows . 

The fact tha t high 3 peci!ic actIvities a r e pOBs ib l " in wood t"lng5 migh t be con5idered 
a s a benehcial tool for widespread fo r est ry ~tudy at £1 Verde and e lsewhe r e . 

S.nce In sea s onal fo . "SlS as in t he Dar ien, Panama, some flow s 8101' for .. rno"thl, 
s torage mIght be held for the d r y season befo r e flu xe 8 in and out are resumed. 

Comparison WIth USGS Study for Puerto R.ICO 

't II r e ~ 
lIogar t . Arnow, and Crook8 (l964 ) place the El Verde s Ite in perspective wI . 

f the r&1" ga r d to c()ndltion $ thaI change with alti t ude. Thes e autho r s found 3'1 pe r cent a . 
r unning off for the whole of Puerto R.ICO. but fu r the d r aInag"s from the h Ig h m"unt~lnUf 

I (IS InC 
zOnes t he percelltages were ITluch higher, being 75 percent where the rain was 

• 



fro"' Rio Toro Ne gro and 85 percent where the rain wa,. 21\ Inches from Rio Hicaco. 
'!beo" hIgher runoffs reflect the lack of e"apotranspira!>on wah", the hIgh, c\oud 
Ihrouded fores t s as well a s the greater percentages that d ri p through the lea"". when 
the leaves stay we t. The EI Verde .'\e wah 29 percent runoff durIng ~ we t month. repre 
,ent" a montane situation. The altitudinal range in Puerto R,co provides a scale fo r 
olner areas of Ihe mOIst tropics whose s ... ,uration defic its and rainfalls COver Ihe same 

range. 

Like Puerto Rico, the Isthmus of Panama also rece'veS 'rade - wlnd aIr ;o,ndde"elops 
rainfalls of 80 to ZOO 'nche. mainly Over an altitudinal range from sea level to 5000 feet. 

~ . . -
'" FIgure 12 the ,aturallOn deflclts for Panama dUrlng wet and dry se a sons arc compa red 
•. itn thooe of Puerto Rico. The regIme in Ihc lower mountains of Puerto Rico and Ihe 
regime in Pan.~m<\, during the wet season, itre comparitb!e in their lendency for evapor
ation . Evaporallon rates from pans in Panama are 76 to 200 mm per month. Th"3<! 
utes are correlated WIth saturation deficils in Figure 13 . Annual evapor a tion from a 
low - alti t ude area in Puerto Rico (San Juanl is given as 2115 mIT! or about 173 mm per 
month and Ihis i s wilhi" the Panama rang e. From Figure I, daily evapotr1l"spiranon 
Irom the EI Verd" forest is 1.3 mm . Stanh'lI (1965) suggests tha t pan records are a 
lIood approximatIon to potential evapot ranspi r alion. 

In other words, the hydrollen and v.:ater budget estllnat"s from the EI Verde ~ite 
are likely to resemble those of Ihe moist fo r ests of Panama for the wet season, e'pecial
Iy in the ranBe from sea le"el 10 1500 fee t , The runoffs within the cloud shrouded 
eleva tions arc likely to be higher as indicated in th., USGS data from Puerto Rico, as 
.ho ..... n in Figure 14. 

Comparison with a Temperate Fore81 

From lemperate-forest data given by Ovington (1962) a diagram like that for the 

o Ve rde rain foreH is prepared as Figure 15. Generally the temperate-for est nu",ben 
tim"" may be similar. Net wood 

I 
for storag" and flux <Ire smaller, but the l urnover 

. ~epo.ition rates are considerably gr"ate .. 

. ' .. "'" "~m the literature 011 temperate ..... <ltersheds A useful table revie ..... ,ng w.~ter "u v l'" P"P"'" 0, 0"'.''0, "96,,. 

I 

t 

CONCLUSION 

The hydroB~n budget in the water and organic compartment. of Ihe tropical rain 
foreot are characte rized by .apid turl10ver except ,n lts wood y .Iorages .. These woody 
'Iorages arC slowly elllered and slowly discharged so thaI la r ge <l.uantllle5 of t r acer 
~·o\lld become fi.'{ed only if the input of Irace r 10 'he syst"rn .... ere ma,nta,ned for a lon& 
tim e . A ~hort e x posnre 10 hIgh levels 01 triti"led wat"r ..... ould "esult ,n a very th'n but 
hIgh-activity growth rirl!< throllshout the forest. Und.,r ordmary uses .t o whIch wood.8 
P~t, such a thIn increment would b~ dilut ... d by ordmary ,,",o.od. An esumate of Ih" aLtual 

q"~o.tit .es can be ,ompllt,.d from Figu r ~ A- I In the App"nd,x. 

, 
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FURTHER STUDIES 

Some calculatlOns used It, t his rill'ort ,nvol ... e only a month s record, although lIli.' 
month is believed to be r easonably represenlative. Runoff, evaporallOn, and condo 

n.~_ 

l i on measu r ements should be recordild for a year . The throughfall d ;'tta from EI Verd ' 
need further ven!>eat,on since Ihe long - tllne records are from onl y t wo Slles. Some e 

'ndependent check, USillg a gravimetric Iy,irnel"r, of Ihe wate r dra""ng into the !oil 
might be deslrable. To conf'rm the predicted behav'or of tritium in the forest eco _ 
system, a tritium-tracer experiment i s being conducted at EI Verde. 
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FIGURE I. HYDRQCiEN BUDGET IN THE RAIN FOREST AT EL VERDE:, 
PUERTO RICO 
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FIGURE 2. MAP OF THE GIANT CYLINDER SITE INCLUDING THE TREES, THE 
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FIGURE 3. EXAMPLES OF DAILY EVAPORATION RECORDS FROM THE EPIC PAN RECORDER ON 
THE FOREST FLOOR 
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FIGURE 4 . RAINFALL AND THROUGHFALL AT A STATION UNDER A MANILKARA 
BlDENTATA TREE WITHL'< T H E RAIN F OREST AT EL VERDE 

From Sollin~ and Drewry (Chapter in rain-fores t -book manus cript). 

The produc t s of the percent throughfall and the r a in f o r that month 
whe n summed and divided by the tot",l rain (137 . 7 inche s ) give a n 
<lverage throughfaU for the year of 4\. 6 pc.cent. 
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FIGURE 5, VIEW OF \VErn AT THE GIANT CYLINDER SITE 
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For da taU. see chapter in the rain-loren-book manu.,;:ript. 
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FIGURE !o. VIEW OF THE F L OAT TRANSDUCER ON THE PERMANENT
FLOWING BROOK BELOW THE CYLINDER SITE 
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FIGURE !l . DWRNAL PATTERNS OF SATURATION DEFICITS CALCULATED 
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APPENDIX A 

MATHEM."'-T1CAL FORMUL"'-T10N OF THE HYDROGEN BUDGET MODEJ 
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APPENDIX A 

,-L"'THEHATICAL FOR.MUL"'TION OF THE HYDROGEN BUDGET MODEL 

Sanford G. Bloom 

A simple m"th~mal1cal formulation for the transfer of trit,um 10 a trop,cal foreS! 
,~nbe denved from H. T. Odum's hydrogen compartmental diagram fo r the £1 Verde 
"ain F orest. Figure A_I II based On Odum's dlagram and i s the basi s fo r the pr esent 

"",thematic,,] formul ation. A minor feedback "'as otmtted from his compartme ntal d,a -
1I,a'" so tha t an ana l ytical solution could be obtained more easily . The quanllties <:On 
«rned in this feedback are "cry small and the r"su.ln should not b" sign,ficantly affected f this om; •• ion, 

H il is a •• umed that the hydrogen flo ..... ing w to a cornpartrncr>t i. compl etely ITl)xed 
~th the hydro!:"" within the cOITlpartmenl, the follow i ng ""'t~rial balance Can be w nlten 
"10' "~ch compartment: 

~ 
" , 

:A~ 

' " 
In - Out ; Accumulation t Radlo~cl1ve Decay 

Fi i. the hydrogen flow rate from Cornp~rtrnent " gH/ml/day 

Xin is the tritium concentration of the hyd r ogen flow into Com
pa rtment i, gH3/(gH3t ~Hl ) 

X, '. 'he concentr~t1on of tritium wi thin Compartment' 

Ai ,. ' he hydrog~n capacity of Comp~rtrnen' i, ~H/rn2 

'i. time, d~ys 

AD i. the radioactive decay rate for lrHmmor 1.549 x 10-4 (days) -I 

and i i. a ."hocript u5ed to denote each cOInpartment and has the follOWing 

"".ILles: 

• 0 " leaf .urf~ce. 

, • , " water in bner - root laye r 

, • , i. water '" wood 

• 3 is water In clay 

(A - I) 



A-Z 

Flow Rates, gH/mlday 

Capacit",s, gH/rnZ 

'" j 

P) 
Wate,. In Litter - Root Lay,,.. 

1860 

• I 143.55 I 
j 

v 'PO' (2) 

Water In Wood 

<0, 

143.55 

") 
Water In L..aves 

m 

'" 
'a~or 

0.55 

,» v 

Leaves 

" 
O. 109 I l 

0,084 0 . 02 I 

! , 
v ',,0' (&) '" Litler W~, 

W '66 

j j 
Vapor V"por 

Leaf Su .. facu 

343.45 

! 
(3) 

Water In Clay 

;SS 

~ 343.45 

Run-Of! 

0.336 

'S) 
Animah 

Z 

j 
Vapor 

FIGURE A - I . HYDROGEN MODEL FOR EL VERDE RAIN FOREST 

I 

, 



: 4 IS water In leave. 

, • , .. carbohydrate. in leave. 

, .. .. carbohydr ates '" litter 

• , ., .. carbohydrate~ in wood 

, • 8 .. ,,3.rbohydrate' in anim"ls . 

The COncentrallon of tritium in the water On led .u rface . , . taken a. a knov.!n 
.ouree term. S,,,ce the lear surfaces have pra.ctically no capacity for hydroKcn ("etO 
capacity 1S indIcated by Odum'. d.a~ram), the tritium concentranon .n the water f rom 
tnt .utface s would be the Sa ITl e as the concentration '" the water ra.nlng Or condenSing 
"to the .",rfaces . With Xu as the .""tee t e rm, Equation (A-I) has the follow)ng o"lution 
hleh can be v" rtfl ed by d,fferentia t ion: 

Xi '" exp -(70..D t -'l\ K, t_' ( F )[ F 
Al A1 (A-l) 

K, i. the In111al Intium concentrat,on ,n Compartm"n! 1. 

It Xo ;s lak"n "'8 a puh" equlv"hnl 10 One SH3 day at zerO ti me and dl other 
gH 3 tgH ! 

milial conc"ntr"1I0nl ar~ zero, Equation (A-Z) has th~ following ~xpanded form: 

x, • 

x, • 

X, • 

l 

[ 
exp(-:q,) 

"2 - al 

b l b3 [ 
"xph'_1 t) , " xp(-all) 1 a 3 - a I ., - ., 
[ "xp(-alt) cxp(-azt) 

b l bZb4 , 
("'4-"'1)("'2- . , ) (a 4 - "'2) la l -

~ xpl-alt) , 

e x p(-a " t) ."l , 
" ) ). , - ".oj) (",Z 

,,"p(-all) 
b l bZb4 bS [ 

)', "1 11"4- a l)(aZ - all (a 5 - 012) ( 01 4 aZ) (a l - aZ ) 

.,) 1 " " Pi- a 5t ) 

as) (a2 - as) (al 

, 



• 
_____________ e~':'cc(-~·:,~'C'~ __________ ___ 

• e x p{ -ast) 

(a6 - as) ("4 - a s) (aZ - as ) (al - as) 

• exp(-a6t) 

1 (as - a6 ) ("4 - a6 ) ("2: - "6) (at - "6) 
(A - 3) 

where 

"i " :>CD + bi 

The e x p re s sions for X7 and Xs are identical to t he expression for X6 e xcept the cor 
r esponding values of "-7 a nd b7 o r as and h8 r eplace a 6 and b6. 

The c xpres.io tls for Xl through Xs have been eva l uated <l"d the re sult. are shown 
In Figure .'\-2. The values of F and A , a~ well a. the d .. .,ved v a lues of a and b which 
were used to "va l uate the expression s , arc given in Table A-I. In using Figure A-2, 

, 

, 
3 

., 
5 

6 , 
8 

TABLE A -I. VALUES OF CONSTANTS USED IN THE H Y DROGEN I\IODE L 

F A 

'" 1860 

143,55 'OJ 
343 .4 5 '" 
143 . 55 m 

0,50, ;; 

0 . 084 247 

0 . 021 366 

0 . 336 , 

• 
o. 264 1333 

0,35611 0l 

0 . 8853353 

0.5544020 

0.0098040 

0.00049498 

0,000l12277 

0 . 1681549 

0 .2640 

0 . 356Z 

0.88'iZ 

0.5542 

0 .009649 

0.0003401 

0 .0000573 8 

0. 1680 
, 
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FIGURE A-2. RESPONSE OF HYDROGEN MODEL TO A UNIT PULSE OF TRITIUM 



any convenient u"'t~ may be used fo~ tnt.um concent~ation pro'"lded the ~am" Unit. are 
used in all compa ~trnenU. Also. If the pulse concentration of Xo i . no! umty but m unit 
the resulting values of XI th,.o<>gh Xs are merely the product of m and the v"lue. fr om 

3C,H3day 
F.gure A-2. For example, tf the ptllse concentra!)on of Xo IS t hcn the COr _ 

gH 
r e sponding values for XI through Xs at 20 days are approx,mately 4 x 10 - 3, I x 

b x 10- 3 , Z x 10- 3 , l x 10- 3 . 9 x 10. 5 , Z x 10. 5 , and 2 x 10 . 3 C.H3 
gH 

10·2 , 

From Flgur ~ A _2, it can be seen that the Int>urn concentra t ,ons .n Ihe water com. 
partment s are initially h i gh btl! decay ,-cry rapidly. The tntium concent r ations In Ihe 
other comp",.tmenU a r e not very h Igh but Ihey decay v e ry slowly and are therdore the 
items of COncern for long period. o f t,me. The slow decay r ales of th ese lane,. com_ 
partment. a r c due to Ihe slow hydrogen flow, and Iherefore the low elimination rate, 
from the compartments. 


