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Abstract

The tabonuco forests of Puerto Rico support a diverse population of tree species valued for timber, fuel, food,
wildlife food and cover, and erosion control among other uses. Tree basal area growth data spanning 39 years are
available on 15 species from eight permanent plots in the Luquillo Experimental Forest. The complexity of the
rain forest challenges current forest stand modeling techniques. As a starting point individual tree basal area growth
is modeled using the Chapman-Richards function constrained for hypothetical maximum tree size. In addition to
initial tree diameter or basal area, significant explanatory variables are crown class, topographic position and
degree of ground incline. Plots illustrate the differing growth patterns of the 15 tropical mixed/moist forest species.
Two species exhibit exceptional growth. Buchenavia capitata (Vahl) Eichl. has basal area growth peaking at 87
cm? year-. The Manilkara bidentata (A. DC.) A. Chev. data show growth rates in excess of 60 cm? year-’ and
the Chapman-Richards function indicates growth potential to a peak of 122 cm? year-*.

Keywords: Tabonuco; Chapman-Richards function; Periodic annual increment; Crown class, Topographic postion; Degree of
ground incline

1. Introduction

Stand dynamics within tropica mixed/moist
forests are the most complex in the world. Stud-
ies in the tropics of the eastern hemisphere have
led to diverse and generaly discouraging conclu-
sons concerning growth prediction. Lowe (1966,
1973 ) concluded that differences in growth rates
are only partly due to contemporary influences
because trees develop a ‘pecking order’ while till
young. Gerrard ( 1968) saw little practica po-
tentid for the individud tree approach to growth
prediction in gands containing a diverdty of
species and age classes. Mervart ( 1969, 1972)

' Tel. 504-580-4547, Fax. 504-589-3961.

concluded that the process of growth was suffi-
ciently random to frugtrate any attempt to inter-
pret it in determinigtic terms, and that the pos-
ghility of reducing the eror of increment
edimates via regresson andyds of the girth-in-
crement relaionship was quite limited.

In the neo-tropics an early study by Wads-
worth (1953 ), relaing tree growth to prior tree
Sze, crown vigor, and surrounding stand den-
sty, found only a wesak correlation. However, a
more recent study by Wadsworth et a. (1989)
points to a number of tree increment indicators
with potentid for accurately predicting individ-
ual tree breast height diameter (dbh) or basa
area (ba) growth. The best indicators were crown
diameter (cd) and cd/dbh retio in conjunction
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with initia dbh or ba. Unfortunately, most trop-
ical tree datasets do not contain crown diameter,
but based on the work of Wadsworth e d. this
variable should be included in future inventory
and measurement work. In the present work
crown diameter at the beginning of the growth
period was not available. The objective of this
study was to investigete other explanatory vari-
ables and condtruct equations for predicting tree

basa area growth for 15 of the more commer-
cdly and ecologicdly important species of ta-
bonuco forests in Puerto Rico. These equations
should provide a starting point for more detailed
investigations of stand and forest growth. It is
believed that these 15 species should display
smilar, though not exact, growth patterns el se-
where in the tropics.

HUMACAO
A

KILOMETERS

5 10 15

67°00'W

66°00'W

— - ——18° 30'N

Fig. 1. Location of selected long term growth plots within the Luquillo Experimental Forest in northeastern Puerto Rico. Dashed

line in inset represents forest boundary.



Tablel
Descriptive dtatistics on study sites within the Luquillo Ex-
perimental  Forest, Puerto Rico

Site” Average Prevailing Mean
elevation aspect dope
(m) (deg.)

! 440 S80E 31

2 500 N75E 37

3 550 NSSE 35

5 450 N8OE 22

6 640 N70E 16

7 480 N65SE 25

8 470 S65E 39

9 200 N60E 3

“Site 4 was destroyed during road construction.

2. Study sites

The availability of many hundreds of repest-
edly measured trees from eght stes (nine origi-
naly established, Ste 4 destroyed during road
congruction) within a 20 km? area of the Lu-
quillo Experimenta Forest in Puerto Rico (Fig.
1) presented an opportunity to model individua
tree growth. Sites are briefly described in Table
1. Laitude is 18 ° N and the elevation of the for-
ests dtudied range from 200 to 640 m above sea
level. The dimate, frost-free with rainfal rang-
ing from 250 to 450 cm annudly, is classfied as
subtropical wet and rain forest life zones (sensu
Holdridge, 1967). Sails are acid clays and loams,
mogily ultisols and inceptisols. The tabonuco
forests (so-caled because the tabonuco tree
(Dacryodes excelsa VVahl) is the most prominent
species) used are both primary and late second-
ary, reaching 30 m in height.

3. Data

Permanent remeasurement plots were estab-
lished in the Luquillo Experimentd Forest in
1943. Diameter and crown class (dominant, co-
dominant, intermediate, and suppressed) of dl
trees were measured (as well as other variables)
and for each plot topography (ridge, dlope, bot-
tom), aspect (recorded as azimuth), and incline
(greatest downward dlant, degrees from horizon-
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tal) were noted. Trees were remeasured for dbh
in 1947, 1952, 1958, 1965, 1976, and 1982, re-
aulting in 39 years of growth measurement. From
the pool of data 15 pecies had sufficient num-
bers and size range for modeling tree basal area
growth. These species were: (1) Dacryodes ex-
celsa Vahl; (2) Tabebuia heterophylla (DC.)
Britton; (3) Ormosia krugii Urban; (4) Buch-
enavia capitata (Vahl) Eichl; (5) Manilkara bi-
dentata (A. DC. ) A. Chev.; (6) Matayba dom-
ingensis (DC. ) Radlk.; ( 7 ) Didymopanax
morototoni (Aubl.) Decne. & Planch.; (8) Cec-
ropia peltata L.; (9) Inga fastuosa (L.) Willd.,;
( 10) Homalium rucemosum Jacq.; ( 11) Slo-
anea berteriana Choisy; ( 12) Linociera domin-
gensis (Lam. ) Knobl.; ( 13) Tetragastris bal-
samifera (Sw. ) Kuntze; ( 14) Byrsonima coriacea
(Sw.) DC.; ( 15) Guarea guidonia (L. ) Sleumer.
The tree data are summarized in Table 2.

4. Methods

If one wishes to obtain an accurate assessment
of growth pattern over time, the tree should be
measured at short intervals. Therefore | com-
puted periodic annual increments (PAI) for each
timeinterva inthe data. That is, | Sarted & in-
terva 1943- 1947 and for each tree with a diam-
ger a both time periods | computed a periodic
annual basal area increment (ba growth divided
by number of years). | then computed PA1 for
the intervals 1947-1952, 1952-1958, 1958-
1965, 1965-1976, and 1976-1982. If for a tree a
measurement was not made at a measurement
period then the PA1 was coded as missing for the
intervals involved.

Because of its widespread use and familiarity,
| settled on the Chapman-Richards growth func-
tion to express periodic annual basal area growth.
Under this model (Pienaar and Turnbull, 1973 )
the growth rate of an organism is expressed as
the difference between congtructive metabolism
(anabalic growth) and destructive metabolism
(catabolic growth). This function, congrained to
equa zero at theoreticd maximum tree sze
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Table 2

Mean sample tree diameters (cm) ( + SD) of 15 species in a moist tropica forest in Puerto Rico for seven time periods

Species 1943 1947 1952 1958 1965 1976 1982
£ sb n % SO . x SO n x SO p % SD £ SD f SD p
Dacryodes excelsa Vahl 192 126 101 272 193 214 294 198 112 252 131 329 336 194 211 351 16.0, 138 37.7 17.3 359
Tabebuia heterophylla (DC.) Britton 67 13 5 113 33 37 150 40 35 158 49 280 173 50 170 221 67 231 234 7.4 287
Ormosia krugii Utban 115 6.7 8 149 8.7 37 189 93 37 20.7 85 107 24.2 9.2 61 292 9.2 63 31.6 9.7 110
Buchenavia capitata (Vahl) Eichl. 222 129 6 287 151 16 359 153 13 285 147 45 339 153 20 414 199 24 441 19.2 50
Manilkara bidentata (A. DC.) A. Chev. 115 4.6 47 131 5.9 58 154 6.3 56 17.9 6.7 115 223 83 54 30.0 9.6 35 29.1 10.3 119
Matayba domingensis (DC.) Radlk. 0 120 57 58 151 6.0 57 172 59 142 204 73 30 242 6.8 63 26.0 7.1 142
Didymopanax morototoni ( Aubl.) Decne. 187 79 7 130 6.0 30 149 6.2 27 173 5.7 121 203 59 75 235 6.9 76 253 8.3 123
& Planch.

Cecropia peltata L. 178 145 3 182 174 11 207 160 12 200 74 60 289 122 22 306 108 25 320 125 61
Inga fastuosa (L.) Willd. 17.0 53 3 128 33 8 15.6 42 5 175 71 62 18.3 6.2 39 26.6 93 53 284 99 65
Homalium racemosum Jacq. 61 = I 179 125 10 194 123 10 176 9.3 38 18.7 6.1 10 26.2 9.4 26 31.8 155 42
Sloanea berteriana Choisy 12.6 79 14 153 9.8 20 184 101 17 20.0 105 40 197 78 16 24.7 9.6 17 27.6 151 44
Linociera domingensis (Lam.) Knobl. 73 4.6 4 9.5 2.8 12 116 29 9 152 53 41 180 =~ 1 232 85 19 235 75 43
Tetragastris balsamifera (Sw. ) Kuntze 197 127 15 214 131 15 237 13.0 15 259 134 16 27.5 15.0 13 378 . I 33.0 147 16
Byrsonima coriacea (Sw.) DC. 5.9 10 4 6.9 19 4 - - 0 13.0 30 19 16.1 29 14 25.0 85 15 299 103 22
Guarea guidonia (L. ) Sleumer o- 0 129 2.3 2 181 59 10 227 6.4 10 32.7 79 8 33.2 10.7 10

v1¢

612112 (S661) &L awaSpuvy puv (80)027 15340, / 10So.4404 “'q
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Asymptotic tree basal area, regression coeffkients and associated tit statistics from growth models for 15 speciesin amoist

tropical forest in Puerto Rico

Species A b b, by by bs R? RMSE
Eq. (1)

Tabebuia  heterophylla 3849  0.31983 0.89421 013 842
Manilkara  bidentata 31416 0.30372  0.93193 0.64 853
|. fastuosa 3849  0.645 14 0.95038 0.12 13.70
L. domingensis 5027  0.27013 0.89684 0.40 5.74
Eq. (2)

Dacryodes excelsa 31416 594762 0.28608  -0.28976 0.35 12.30
0. krugii 5027 045568 0.81041  -0.06587 0.34 1027
Matayba  domingensis 2828 178329 057596  -0.20575 0.36 7.31
Tetragastris  balsamifera 7854 451702 043270  -0.45533 0.69 817
Eq. (3)

Buchenavia  capitata 17672 129601 0.72459  -3.01103 054071 0.50262 051 2218
Didymopanax ~ morototoni 2828 053916 0.67774 0.23697 -0.76755 -0.99593 0.13 892
C. peltata 5027  3.78875 0.28512 1.98154 = 245468 0.46728 0.30 1791
H. racemosum 7854 037467 0.72026  -1.31511 2.22638 2.93882 0.50 10.20
S.  berteriana 11310  0.13564 0.77037 2.32871 -0.60188 046750 0.31 10.46
Byrsonima  coriacea 2828 0.70093 0.56782 0.90109 0.60853 00" 044 525
G. guidonia 13274 0.69385 0.65432 - 0.24530 0.30781 1.14116 0.32 19.84

Note: A isasymptote value (cm?); b;’s are regression coefficients; R? is the variation explained in the dependent variable, cal-
cuaed as 1 = 3 (y;=9)/2 (3:—7); and RMSE is root mean square error (cm’).
“There were no trees occurring in a bottom type topography for this species.

(Shifley and Brand, 1984), is
AX/At=b, (X?*—X[A—)) (1)

where 4X/4t is PAI, X is tree basd area ( cm? ), ¢
istime (for thisstudy 4t isaways 1 year), A is
asymptotic tree basdl aeathe point where basal
area growth equals zero, and b, and b, are equa
tion coefficents. This function is usudly pre-
sented as a differentid equation; however, the
discrete nature of the data makes a difference
equation more  appropriate.

Additiond varigbles available for modding
were crown class (CC) (Smith, 1962 ) , degree of
incline (INCL), topography (TOPO), and as-
pect. | ran a series of multiple nonlinear regres-
sonsusing initid basd areaand various combi-
nations of the above variables to predict PAL |
found that CC (coded as: 1, dominant; 2, co-
dominant; 3, intermediate; 4, suppressed) and
the interaction of INCL with the class variable
TOPO improved the prediction for some spe-

cies, Therefore, two additional modds were
formulated

AX/At=b, (X = X/A-")exp(b;CC)  (2)
AX/At=b (X = X/A—"))exp[ (bs
+bal, +bs1,)INCL/100] ( 3)

where INCL is degrees from the horizontd (i.e.
in the range O-90) and I, = 1if TOPO isclassi-
lied as dope else 1, =0 and L= 1if TOPO is
classfied as bottom dse I, =0. If both [, and I,
equa zero then we are left with b; which isthe
effect of ridge topography. The coefficient b4
measures the differential effect between ridge and
dope topography and bs measures the differen-
tid effect between ridge and bottom topography.
If inclinkis measured in percent, then values can
be converted to degrees for usein Eqg. (3) with
the formula degrees = cotan (percent/ 100).
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Fig. 2. Comparative growth rate curves of 15 species in a mixed/moist tropica forest in Puerto Rico. Species were grouped into
(A) small, (B) medium, (C) large, and (D) very large tree sizes. Solid lines show extent of actual data, dashed lines are

extrapolations.

5. Results and discussion

The data from each species were fitted to the
three equations via nonlinear least squares and
resduals were examined for departures from
regresson assumptions. The most appropriate
equation for a given species was determined from
the residual analyses as well as the variation ex-
plained in the dependent variable (R?). The
equation giving the highes R 2 was not necessar-
ily judged as best though in most cases (13 of
15) this held true. Table 3 lists asymptote values
(F.H. Wadsworth, Internationa Ingitute of

et i Bl de e i S

Tropica Forestry, USDA Forest Service, Rio
Piedras, Puerto Rico, personad communication,
1994), equation coefficients, and lit datigtics.
Four species (1. fastuosa, L. domingensis, Man-
ilkara bidentata, and Tabebuia heterophylla) did
best under Eq. (1 ), the standard Chapman-
Richards function. Additiona varigbles did not
improve predictions. For four species (Dac-
ryodes excelsa, M. domingensis, 0. krugii, Tetra-
gastris balsamifera), the addition of CC pro-
vided sufficient improvement to warrant
incdluson. Findly, for the remaining seven spe-
cies, the TOPO by INCL interaction contributed
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Fig. 3. lllugtration of growth rate response across crown class. Species is Tetragastris balsamifera in a moist tropical forest in
Puerto Rico. Solid lines show extent of actual data, dashed lines are extrapolations.

enough explanatory power to justify its use.
Plots illugtrating comparative growth rates of
these species are given in Fig. 2. Species were
grouped by their asymptote vaues as (A) smal,
(B) medium, (C) large, and (D) very large. For
species under EQ. (2) the dominant crown class
was used. This shows the best response for those
species. For the eight Sites the overall average de-
gree of incline was close to 30 so this value was
used for INCL in Eq. (3) coupled with dope to-
pography (I; =1, I, = 0). Keegp in mind that for
the seven species under Eqg. (3) plotted in Fig. 2,
the curves shown are one of many possible re-
sponses. The growth rate of each species is shown
by a solid line followed by a dashed line which
shows the extent of the actual data and extrapo-
lation to the asymptote, respectively. One gen-
ed trend that is immediately obvious is that the
maximum growth rate range from group A to
group D steadily increases. For group A maxi-
mum rates range from 14 to 3 1 cm?® year- !, for
group B from 16 to 42 ecm? year-, for group C
from 29 to 87 cm? year- !, and for group D from
37 to 122 cm?® year- ' . All species exhibit unique

growth rate patterns, none of the 15 species over-
lap (except for 0. krugii and H. racemosum for
tree basal area size less than 800 cm?). For five
of the species, namely H. racemosum, L. domin-
gensis, G. guidonia, S. berteriana, and Manil-
kara bidentata, the growth rates from the avail-
able data had not pesked. The dashed line
portions of the growth rate curves of these five
speciesin Fig. 2 are an extensive extrapolation
beyond the range of the data and represent the
least squares best ‘guess of the growth rate trend
to the asymptote. The fitted equations for these
five species should be used with caution.

The species Buchenavia capitata had the best
growth from actua data, peaking a 87 cm?
year-*. Buchenavia capitata iS a large, Spreading
timber tree that occurs throughout the Carib-
bean idands, Panama and South America from
Venezuda to French Guiana, Brazil, and Bo-
livia. The wood is reported to be of good qudity,
moderately heavy (Specific gravity 0.6 1), and
strong (Little and Wadsworth, 1964). The tree
is dso used for shade. Based on this growth and-
yss and its ecologicd and commercid impor-
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Fig. 4. lllugtration of growth rate response surfaces by topo-
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and Management 73 (1995) 211-219

tance, this species has much to recommend it.

The species Manilkara bidentata shows the
highest growth potentid. Actud data exhibit
growth rates in excess of 60 cm? year- ! and the
fitted function extrgpolates growth to a pesk of
122 ¢cm? year- ' . Additiona research is needed,
with data from older and larger trees, to see if
this growth rate can actudly be obtained. How-
ever, these initid results are very encouraging.
Little and Wadsworth ( 1964) report this species
as dow growing, which seems contrary to the re-
allts of this dtudy. Manilkara bidentata occurs
throughout the Caribbean, Panama, and north-
ern South America from the Guianas and Vene
zudla to Peru and Northern Brazil. The wood is
very hard, heavy (specific gravity 0.82), and ex-
tremely strong. The milky sap of this speciesis
the source of balata gum, and the species is aso
used for shade.

As mentioned, four species showed significant
trends with crown class. Tetragastris balsamifera
isplotted in Fig. 3 to demondtrate the response
curve by crown class. The family of curves show
the substantid effect on growth going from one
canopy position to another. The response sur-
faces of C. peltata are shown in Fig. 4 to depict
the wide range of responses possible for those
Species sengitive to topographic position and the
amount of ground incline. In ridge and bottom
topography increasing ground incline greatly im-
proves PAI. However, other species have differ-
ent response surface shapes molded by the oc-
currence of poditive and negative b, through b,
coefficients. For example, H. racemosum has a
negative b, coefficient so increasing degree of
ground incline in ridge topography would result
in decreasing PAI. Each of the seven species un-
der Eq. (3) has a unique set of response surfaces.

6. Conclusions

From this study of the growth rate trends of 15
tropicd species within a mixed/moist forest, one
can see the effects on growth from the complex
mix of physography and stand dynamics. | will
leave it to tropica ecologists and foresters to in-
vedigate why some species ae sendtive to

bbb A A b i s
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ground inclination and topography and others
more to canopy pogition. Ultimately crown di-
ameter may be the best indicator of growth, ac-
cording to Wadsworth et d. (1989), and this
should be investigated more fully. The Chap-
man-Richards modd provides aflexible frame-
work for investigating species growth, capable of
incorporating  many  independent  variables.
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