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. Prentiseofthestucly:Pioneerspeciesoftropicaltreesallocatewoodspecificgravity(SG)dilTerentlyacrosstheradius.Some
species exhibit relatively uniform, low SG wood, whereas many others exhibit linear increases in SG across the radius. Here,

we measured changes in SG across the radius of Sr;hi:olobiunt purtthlbu (Fabaceae Caesalpinioideae), a wide-ranging, neotro-

pical pioneer, used extensively in land reclamation and forest restoration in Brazil.
. Metlnds: Pith-to-bark radial wood col€s were extracted rvith increment borers from 42 trees at five sites, in Central and South

Arnerica. Cores were cut into 1-cm segments whose specific gravities were determined and analyzed via linear and nonlinear

regression. Wood specific gravity, very low initially at 0. I 5-0.20, doubled or tripled across the tree radius to 0.45-0.65 for large

adults.
. Ket result.s: Unlike linear increases in other tropical pioneers, the increascs in SchizolttbiLrttt were nonlinear (convex up). At

one site with even-aged trees. the magnitude ofthe radial increase was similar in all trees, despite a 4-fold difference in dianl

eter among trees, inrplying that the radial increases in Sr:hi:.olobiun were regulated by tree age. not by tree size

, ConclrLsiott.E: This unique pattern of devclopment should providc an extended period of growth u'hen SG is low, tacilitating

hyper-extension of the bole. at some risk of structural failure. Later in growth, the SG rate of increase accelerates, reinfbrcing

what was a prccarious bole. Overall, these results suggest a third model for xylen.r allocation in tropical trees, a model that may

be associated with monopodial stem devolopment and limited life span.

Key words: age-dopendence; pioneers; radial variationl S<:lti:.olobimn purtthtbtL, size-dependence; spcciflc gravity; successionl

wood allocation; wood density.

The diversity of tropical trees has captivated botanisls for
centuries. Woods ofdifterent species, not only difter in appear-
ance, but also in flnctional traits-density, porosity' and

strength-characteristics that relate to various plant functions
such as support and conduction. The specific gravity (SG) of
wood is a species' trait that integrates mechanical strength
properties and sometimes efliciency of conduction and resis-
tance to embolism (Chave et al., 2009; Zanne et al., 2010). In
addition, wherc light is limiting, growth rates and mortality
rates are often inversely related to species' wood specific gravities;

thus, fast growing pioneers exhibit low SG wood relative to
mature forest species (Kraft et al., 2010; Wright et a1., 2010).

The utility of SG as a functional trait presumes that it varies
less within a species than across species. This assumption has

generally proven true, as many species exhibit relatively uni-
form SG wood; thus species' specific gravities are regularly
used to estimate global carbon stocks of forests, and sometimes
to proiect species' demographic and successional traits (Feamside,

1997, van Gelder et al., 2006). However, very large linear
increases in SG across the diameter of a tree have been discov-
ered in some tropical species (Wiemann and Williamson' 1988'
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1989a; Amorim, 1991 ; Rueda and Williamson, 1992; Butterfield
et al., 1993; de Castro et al., 1993; Omolodun et a1., 1991;
Hernandez and Restrepo, 1995; Parolin,2002). Some pioneer
species of lowland wet fbrests exhibit linear increases of 200-
300f,lo (Wiemann and Williamson, 1989a).

The developmental model fbr such pioneers is a gradual tran-
sition fiom fast to slow growth in height, concomitant with thc
transition from low SG to high SG wood as a tree gains in stat-
ure and age. This tradeofT between wood SG and wood volume
translates into a functional tradeoff in tree strength and tree
size. It is most apparent as a linear increase in SG across the tree

radius. In a recent survey of tropical wet fbrest trees, 1 23 of 1 28

individuals showed a linear relationship of SG with radial dis-
tancc, whereas curvilinear changes in SG were rare and re-
garded as aberrant (Wiemann and Williamson, in press).

Here, we report that Schizolobium paraht'ba (Vell.) S. F.

Blake, arapidly growing pioneerofthe neotropics, exhibits sig-

nificant radial increases that are distinctly and consistently cur-
vilinear (convex up). This is the first report of large curvilinear
increases in radial SG in any tree species, tropical or otherwise.
Curvilinear increases in SG invoke an altemative growth model
in which the increases in wood SG are very slow early in devel-
opment and quite sharp as a tree matures.

MAIEzuALS AND METHODS

Study Species-schizoktbiunt pttrah.-bu is an important neotropical pioneer

(Record. 1925: Poorter, 1999) ranging from Mexico to southem Brazil. It is
characteristic of lowland. semideciduous tropical fbrest, being briefly decidu-

ous and flowering during the dry season (Marcati et al.' 2008). Scltiaolobitutt

has been plauted extensively in reforestation projects in aseasonal as well as

seasonal sites. from the Amazott Basil) south to Sdo Paulo' because it is tolerant
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oi mrld droughts. has low nutrient requirements. and grorvs quickly (Carvalho.

199.1: Rosales et al.. i999: Fredericksen and Pariona. 2002: Lisi et al.. 2008:

hvakiri et aI..2010). Unlike many le-eumes used in recian.iation projects. it does

not nodulate and llx nitrogen (Siviero et al..2008). Limited to high lieht envi-

ronn.ients. it occuls naturally in large lorest gaps and docs tlot survive in the

shade (Poorter and Hayashida-Oliver. 2000). In anthropogenic landscapes. it
fiequents ruderal habitats. abandoned pastures. and roadsides (Fredericksen

ancl Pariona, 2002).
Seeds of Schi.rilobiun. at 2.0 g oven dry u'eight. arc unusually large fbr a

pioneer plant (lbarra-N'lanriquez and Oyana. 19921 Souza and V.1lio. 2001:

Daws et aI..2007: Bentos et al.,2008) and for a wind-dispersed legume
( Ol iveira and Pereira. I 9821: Augspurger. I 986). The large seeds al lou' Schr:o1o

bllrfl to germinate and establish in pastures where grasses preclude establishment
of srnall-seeded pioneers. The seeds are a major component of ScarLet Macaw
rlict. in Mexico (Rcnlon. ln06)

The wood of Schi:.olobium is light and ls used in particle board, pllwood.
and furniture (Carvalho. I 994. Bortoletto and Belini. 2003: hvakiri et al.. 20 I 0:

Siviero et aI..2008). although its nlechanical properties are relltively lorv
(Torclli and Gorisek. 1995). Despite ertensive reports on its uscs and properties

over the last century (e.g.. Record. 1925. Marcati et al.. 2008). there is no men-
tion ofradial variation in its wood. whose specific gravity (SG) is cited as 0.30
in the Anazon (Fearnside, 1997) and as 0.35 in Central America (Rosales et al..
I 999). Rosales et al. ( I 999) did ieport a range in u'ood SG of 0.28-0.'15, vari-
ability' they attributed to site dillerences.

Wood sampling-Bark-to-pith wood santples were collected tiorl five dif-
terent sites in Costa Rica and Brazil. The largest dataset included l5 trees of
Schi:.olrfiiun punthvbu fron a forestrl' trial near Porto Seguro in the Estag[o
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Ecol6gica do Pau Brasil in the southern portion ol the state ol Bahia. Brazil
(6'44' 5/39"25'w). Trees in the forestry trial constituted an even-aged co-
hort that was rnaintained liee of interspecific. but not intraspecific. competiti0n
(Flg. lA). The second site rvas a nearby second growth stxnd at lhc sailte sta-

tion. These trees were not nccessarily the same age, so \\'e tef'er to thent as un

even-a'ged. although young second growth stands often have even-aged cohorts
of pioneers (Wiliianrson and Wienann, 2010b). S. lturuht,btt shared the stand

with a varietv of other species, all about the sarne hdight (Fig. lB). As there

were no small dialneter S. purah,-bu trees in the second grot'th stand. the trees

exhibited lirtle variation in diameter relative to the fbrestr), trial (Fig. l).
Trees ol Sth.i.-olobiun pu'dttba were santpled from a vatiety of second

growth patches at three other sites: (l) along the Golfito airstrip on the south-
west side of Costa Rica (E"39' N / 83'11' w): (2) in Brazil near Linhares in the

Forest Reserve of the Companhia Vale do Rio D6ce in the state of Espirtto
Santo ( I 9'07' 5/40"03' W): and (3) in llha do Cardoso State Park in the state ol
Sdo Paulo (25"04' 3/47"5-5' W). The trees do not represent even-aged individu-
als or even a sin-ele. regenerating cohort.

Recelrt nomenclature (Barncby. 1996: Leu'is. 2010) considers Sc'hi:olobiunt
pttruh.t'ba to be a single species ran-eing from Central Arrerica throu-sh south

eastern tsrazil. although the species distributron is interrupted twice. nrst by the

Andes and again by dry fbrest between the Amazon Basin and the Brazil's
Matas Atlantlcas (Barneby. 1996: Canchignia Martinez et al.. 2007). These

geo-eraphic dis.lunctions seem to be the basis for the two subspecies, one wide-

splead. Sr'/rl:o1rlium partiltt'bu var. puruht,bu and the othcr endemic to Arna-
zonia, Schi:.olobiunt puruhtbu vat. untua.ortit:urrt (Huber ex Ducke) Bamebl,
(Lewis. 2010). Beyond the range difTerences. there are few docunented difl'er
ences between thc subspecies. Trees sampled for this study did not have floral
material available to collect with the wood samples. The forestry trial at Porto

Wtt-lteltsoN g1 ,11.-ft.4pv4t- wooD ALLocATIoN t\ ScHIZ,oLoBtuM

Fig. I. Scltirclobium, a lighrbarked, tall, pioneer species. growing near Porto Seguro, Brazil: (A) in a forestry trial; and (B) in a mixed species second
growth stand. Note the extreme diameter variation ol trees about the same height in the forestry trial and the absence of small diameter Sthi:.oktbiunt in the
second growth stand.
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Seguro was Iabeled "5. umuz.ottictun". corrcsponding to the Amazonian sub

species. although it was erorving in the region of S. puruhrhu vat. puruhtbu.
Seeds and diaspores tion all five sites sarnpled here appeared the same.

consistent with the sin-sle species taxonomy. One modern genetic study sup-

ports a single specics with disjunction of the subspecics across the Andes
(Canchrgnia Martinez et al., 2007).

At each site. trees wcre sarnpled as they were encountcred while walking

through the secondary fbrests or the lbrestry trial to obtain as bload a ran-{e of
sizes as existed at each site. Sorne preference was given to sampling larger di-
ameter trees as they more fully rcvcal radial variation in SG. Ttecs that were

lerning. crooked. or oddly shaped were excluded as thcir wood often reflects
past iniury or abnornral stress.

Wood sarnples were extracted from each tree with a l2-mtn dianleter incre-

ment borer, and the extracted cores werc eramined to verii-v that they reached

the tree pilh. Cores were then sealed rndividually in plastic tubes to prevent

dama-ee and drying. before being transported to a nearby laboratory where they

were cut into l-cm segments measured fiottt thc pith after rentoval of the bark

Most of the cores hit the pith on the first or second boring. For a few that dld not
quite reach the pith, the radial distance assigned to lhe innernrost 1-cm piece

rvas estinratetl fronr convergence of thc wood rays. Wood graitr somctimcs
shifted the cutting blade, resulting in pieces sli-shtly- longer or shorter than 1.0 cm.

so the -qreen volume ofeach piece was nieasured accurately using w:tter inrllet
sion. as describecl elsewherc (Wiemann and Williamson. 1988. 1989a). The
pieces were then dried at 103"C to constant weight (2'l-'18 hours) and subse-

quently werghed on a top-ioadin-s balance. Basic SG of cach piece was calcrL-

lated as overtdry weighVgreen volume/density of u'ater (Williamson and

Wienrann. 20 l0a).

Statistical analysis of speciJic gra'rity increases-For each tree. the rela-

tionship of SG on radial distance was tested via two models: linclt re,qression

and nonlinear regression using the reciprocal iincar llnction fiom Statistix 9 0

(Analytical Software. Tallahassee. Florida. USA). Both linear and reciprocal

linear functions require estimation ol only two paralrleters. In the linear model.

woocl SG incteases linearly with radial distance (r) measured flom the pith.

such that

(Eq. 1)

RESULTS

Schi:oktbium porolrybct fiom Porto Seguro exhibited SG in-
creases across the radius that were statistically significant by
linear regression in 20 of thc 22 trees (Table I ). The two excep-
tions (Table 1, trees 157 and 164) had positive radial increases
in SG. but f'ell short of significance (P = 0.07 and P = 0.21 , te-
spectively), possibly due to their small radii (7 and zl cm, re-
spectively). Overall, the radial increases appeared curvilinear in
a convex or cup-shaped fbrm as exemplified by trees 152 and
155 (Fig. 2). both with very good linear regrcssions and even

better nonlinear fits. The reciprocal linear functions provided
improved fits as evidenced graphically (Fig. 2) and by reduced
residual mean squares (Table 1). In f'act, the residual mean
square lbr the reciprocal linear model was less than that of the

linear model for each of the 22 irees (Table I ). The reciprocal
linear regressions produced convex curves tbr trees in the fbrest
trial and fbr trecs in the second growth stand at Porto Seguro
(Fig. 3,A and 3B).

The reciprocal linear l-unction is characterized by the two co-
efficients "j" and "k". At thc pith (r = 0), the wood specific
gravity is given by SG = l/i, so'J" is the inverse of "a" in the

linear function. A value olj = 5.911 at the pith indicates an initial
SG of l/5 or 0.20 (Table l). The coefficient "k" reflects how
Iast the SG increases with radial distance, similar to "b" in the

linear function. As the value of'the term "(j + kxrl" decreases
proportionally with radial distance, SG increases with accelera-
tion as it is the multiplicative, not the additive, inverse of "(a +
b*r)". The result is a convex lbrm that more closely fits the ac-

tual data than does the linear model for Schiz"olobium (Fig. 2).
These coeflicients "i" and "k" (Table 1) are strongly, but not
perfectly, coruelated with coefficients "a" and "b" fiom the lin-
ear function SC = a + b*r across the 22 trees at Porto Seguro
(R = -0.93 fbr "a" and "j"; R = -0.94 for "b" and "k").

There are two sintple ways to combine the data liom the 22
trees 10 characterize radial change in Schi<tlobium parahtba al
Porto Seguro. First. the coefficients can be averaged across

trees. These results are shown fbr even-aged and uneven-aged
trees separately and for all 22 trees combined (Table l). Alter-
natively, the individual pieces combined into one dataset can be

analyzed fbr a best fit by linear and reciprocal linear regres-
sions. The linear all-pieces regressions exhibited reduced coef'-

ficients of determination (data not shown), suggesting added
variability when the regression dataset included more than one
tree (Table 1). This statistical contradiction-decreased fit with
larger sample size-results from different trees accelerating up-
ward in SG at diff'erent radial distances (Fig. 3A). For even-
aged trees. the all-pieces regressions were greatly improved
when SG is regressed on propoltional distance instead of true
distance (Fig. 3, Table 1). This improvement is evident through
reduced RMS fbr even-aged (0.0035 to 0.0017) but not fbr un-
even-aged trees (0.0013 to 0.0017) (Table l). The all-pieces
regressions weight pieces equally, so larger trees. having more
1-cm radial pieces. are more heavily weighted.

The forestry-trial trees provided an oppoltullity fbr additional
analysis with regard to size- vs. age-dependence of the radial
increases in SG. Despite large differences in radius (4-23 cm)'
the even-aged trees seem to start around a common SG (0. 16-

0.26) and all accelerate to a higher SG (0.37-0'57), suggesting

that the radial changes are age-dependent (Fig. 3A). Age-de-
pcndence is supported graphically lbr the trees as the radial
changes are more similar to one another after the transfbrma-
tion of true distance (Fig. 3,A) to propofiional distance (Fig. 3C).
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SG=a+b*r

where "a" is the intercept or SG at the pith and "b" is a positive slope. [n the

reciprocal linear model. the SG is the multiplicatrve inverse of a linear function
of distance (or put another way. where l/SG is a linear function of distance).

such that

SG =l / (i+k * r) (.Eq.2)

u'hcre 'J" and "k" arc. like "a" and "b". two constants estinlated from the data-

set.

For each tree, the two models were compared through their residual mean

squares (RMS), where a lower RMS implies a better fit. RMS values rank nod
els the same as Akaike's Infornation Criterion (AIC) when the number of pa

rameters estimaled is the salne for both models. Also for the linear model. we

show the P-value for significance of a slope different from zero (b + 0). No
cornparable P-value can be calculated directly fbr the reciprocal model. as there
js no least squarcs solution.

Sre- vs. age-dependence of radial hrcrease-For trees in the even-aged

stand (the fbrestry trial at Porto Seguro). the radial change was evaluated for

size- or age-dependence by converting the radial distance to proponional dis

tance (dividing the distance from pith to a segment by the pith to-bark dis-

tance). As a result. the radial distances of all pieces ol'each core were scaled

liorn 0 to 1.00. Trees in the forestry trial. all the same age and about the sanre

height. were extremely variable in diameter, the rcsult of intraspecific competi-
tion for light (Fig. 1A). If radial change in SG is determilred by size (size-de-

pendence), even-aged h'ees of dif'ferent diameters should exhibit individual
curves of SG on true distance that would be aligned: so proportional scaling

would tend to disalign them somewhat. In contrast, if SG is determined by age

(age-dependence). the curves of even-aged trecs should be out of alignment due

to size differences but proportional scaling should tend to align them. Degree of
alignment tbr the even-aged trees was assessed visually in graphs and quantita-

tively by combining the entire daiaset with all pieces and computing the linear

and reciprocal linear regressions on true distance and then repeating both re-
gressions on proportional distance.
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T,r,rll l. Results of linear- regression and reciprocal linear legression of radial increases in SG lbr I 5 even-aged trees in the fbrestry trial and 7 uneven-

aged trees lrom a nearby iecondary lorest ior Sc/rl.:a ltlitutt ptuttln,bu. N - number of I -cm pieces in each radial core. Coefficients "a" and "b" lor the

li-near regression with the significancc value (P), lbllowed by coefficients'J" and "k" fbrthe reciprocal lineal function. The reciprocal linear lunction

is a better fit than the linearlfunction because it has a snaller residual mean square (RMS) fbr each tree. Below the data for individual regressions.

the all-pieces regression shows thc coefficients of the overall regressions of pieces of all trees. on true distance and on proportional distancc. fbr the

even,aged trees, uneven-aged trees and both groups combined. Finally. the tree mean tSE regression coefficients are presented.

Tree No N RMS ] K RMS

Even aged

150
l5l
l-52

r53
t)+
155

t56
157

158

159

160

l6l
162

163

t61
Uneven-aged

165

166

t67
168

169

110
t] 1.

All-Pieces Regressions
hven-aged
Uneven-a-eed
All Trees

All Pieces. Proportional Distance
Even-aged
Uneven-a,Eed

All Trees
Tree Means t SE

Even-aged
Uneven-aged
All Trees

ANOVA: even/uneven-aged

23 0.20
16 0.18
ll 0.19
t4 0. 15

l8 0.21

23 0.19
18 0.20
1 0.21

6 0.21

1 0.22
l,+ 0.22
20 0.22
I I 0.21

7 0.24
4 0.26

0.20
0. l6
0.20
0. I9
0.20
0.tl
0.21

0.24
0. l9
0.22

0.010 0.0001

0.01 I 0.0002
0.026 0.0004
0.017 0.0002
0.012 0.0002
0.0 l 0 0.0001
0 013 0.0001

0.02'7 0.07
0.053 0.03
0.032 0.0,+

0.014 0.0001
0.008 0.0001

0.0 14 0.002
0.022 0.02
0.034 0.21

0.0 l0 0.0001

0.020 0.0001
0.01r 0.000r
0.011 0.001

0.01 2 0.0001

0.01l 0.0001

0.013 0.0001

0.r r 0.0009

-0.18 0.0010

-0.28 0.001 l
-0.27 0.001 2

-0. 14 0.0020

-0.12 0.0009

-0. 14 0.001 r

-0.36 0.0021

-0.+7 0.0017

-0.37 0.0021

-0.15 0.0015

-0.r 1 0.00rt)

-0. I 9 0.0008

-0.21 0.0007

-0.12 0.00 18

0.0012
0.001 6

0.0026
0.0021
0.0029
0.0018
0.00 l7
0.0036
0.0042
0.0037
0.001ti
0.0014
0.00 12

0.0011
0.0023

4.54
</f

4.81
5.96
4.63
1.96
4.58
4.'78
4.32
4.52
4.30
4.50
1.6'7
4.08
4.07

l8
11

l8
12

22
t3
15

199

112

3ll

t99 0.20
I 12 0.19
31 1 0.20

l5
1

22

0.20 0.0001

0.20 0.0001

0.20 0.0001

0.0006 4.64
0.0028 5.49
0.0006 4.59
0.0009 4.97
0.0008 4.38
0.0005 5.12
0.0007 4.36

0.0036
0.001 3
0.0029

0.0Q22
0.0019
0002t

4.01
4.54
4.18

5.72
4.76
4.73

4.68 + 0. l3
4.88 r 0.20
4.14 + 0.lt

P = 0.39
F,11, = 0.76

-0.12
-0.26
-0.13
-0.16
-0.1 I

0.20

-0. 1,1

0.08

-0.12
-0.10

I 1<

-2.41

-0.24 t 0.03

-0.r610.02
0.21 + 0,02

P=0. I 3
F - )55

0.008
0.012
0.010

0.0001
0.000 r

0.0001

0.000'+
0.00 l2
0.0004
0.00ti8
0.0007
0.0003
0.0006

0.003s
0.00 l3
0.0028

0.00 17

0.00 17

0.0017

0.2r + 0.006 0.020 + 0.003
0.19 r 0.008 0.012 r 0.001

0.20 r 0.005 0.018 r 0.002
P=0.16 P=0.t3

r'_,=t.55 I _ =4.35

Furthermore, the all-pieces regression of SG on propofiional
distance was a much better ltt than the all-pieces regression on
true distance (Table 1), again suggesting that propofiional dis-
tances aligned SG values better than true distances.

Schiz,olobiLtm porah.t-bcL frorn the other three sites also exhib-
ited large radial increases in SG as evidenced by 20 highly sig-
nificant results fbr linear re-{ressions and for reciprocal linear
regressions (Table 2). The besrfit model (indicated by the ar-

rows in Table 2) was reciprocal linear in 11 of the 20 trees and
linear in 9 of 20 trees, determined by the lowest RMS. How-
ever, best-fit models were not split evenly among the three sites,
as reciprocal linear proved best in 3 ol 4 trees at Ilha do Car-
doso. 5 of 8 trees at Linhares, but only 3 of 8 trees at Golfito.
These differences in bestfit models were not reflected in site
differences in the coefflcients of the two models, as there were
no signilicant differences among the three sites for "a"
(ANOVA, Fp. n) = 0.14, P = 0.87) or "b" (F12. 17) = 0.98' P =
0.39) of the linear model, nor fbr "j" (Fr:. nt= 1.25,P = 0.31) or
"k" (F,r nr = 0. 10, P = 0.90) of the reciprocal linear model

When the two Porto Seguro collections are included with the
other three sites, an analysis of variance across all five sites re-
vealed significant variation in the intercept coetficient "a" fbr
the linearmodel(Fi4n =4.J6, P= 0.003, dl= 4, PROC MIXED,
SAS 9.1 (SAS Institute, Inc., Cary, North Carolina, USA).
Pair-wise comparisons of LSMeans with the Tukey-Kramer ad-
justment fbr multiple comparisons showed that the Porto Se-
guro forestry trial had an intercept signilicantly larger than
either Golfito (t = 3.29. df = 1, p = 0.02) or Linhares (r = 3.58,
df = l, P = 0.008). There was no significant variation in coeffi-
cient "b" among the five sites (Fr+.:;t = I .48, P = 0.23). The re-
ciprocal linear model showed parallel results in comparisons of
the coefficients. Coetficient'J" exhibited significant variation
among the live sites (Fr+.nt = 4.12, P = 0.007) and pairwise
comparisons of LSMeans showed a difference between the
Porto Seguro tbrestry trial and Linhares (/ = 3.88, df = 1, P =
0.004), but not Porto Seguro fbrestry trial and Golfito. Coeffi-
cient "k" did not show significant variation among sites (Fr+.y) =
0.63. P = 0.65). The Porto Seguro lbrestry trial and Linhares
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F-ig. 2. Wood spccific gravity (SG) across the radius of two Sr'/ri:o/o-
blulr trees from the lorestry trial near Porto Scguro, Brazil. Points ropre-
sent actual data and lines are linear and reciprocal linear regressions for
tree #152 (solid squares and lines) and fbr tree #l-55 (open circles and dor
ted lincs).

represented the extremes in the intercepts (coetlicient "j") in the
regressions based on means of the rcgression coetllcients fiom
each site (Fig. 4).

DISCUSSION

Extreme radial increases in tropical trees were first docu-
mcnted fbr one spccies, Ochroma ptrantidale (Cav. ex Lam.)
llrban, almost lbrty years ago (Whitmore, 1973). The number
of intemationally published studies on radial variation in tropi-
cal trccs has increased by about twenty and the number of spe-

cies studied has advanced to about 1 00 (Amorim, 1 991 ; Rueda
and Williamson, 1992; Butterfield et al., 1993; de Castro et al.,
1993: Omolodun et al.. l99t; Hernandez and Restrepo, 1995;

Williamson et al.. 1998; Parolin. 20021 Woodcock, 2000;
Woodcock et al., 2000; Nock et al., 2009: Vel6squez et al.,
2009; Wiemann and Williamson, I 988, 1989a, I 989b, in press;

Williamson and Wiemann, 2010b, 201 I ). While some of these

species exhibit radial increases in SG in excess of 1007o, no
case has been documented of a curvilinear radial increase, as

shown here tor Schizolobittm parahtba.

Characterizing cumilinear radial increases-Any of a

number of nonlinear functions can describe the convex increase
in SG in Schizolobium. We experimented with several and
chose the reciprocal linear function because its parameters are

relatively easy to interpret and compare. The pattern of RMS
values was usually better with the reciprocal linear f'unction
than the linear function, but the pattern of residuals for a f'ew

trees showed a linear best fit whereas several others suggested
a need for a function even more curved than reciprocal linear
model (data not shown).

Another logical option is the extension of the linear function
to second and third order polynomials. When we tested these

polynomials, the cubic term was never statistically si-enificant,
whilc the quadratic term was included in most cases, but not all.

One problem with the inclusion of the quadratic term was the
tendcncy fbr the curve 1o be somewhat "J" shaped, because the
second order polynomial characterizes a parabola. Raw data lbr
some trees exhibited a srnall dip just away fiom the pith (see

Fig. 2), so the parabola fit them. but many trees exhibited SG

that increased monotonically with radial distance. Furthermore,
the coelficients of the quadratic equation were diffioult to intcr-
pret biologically, as the signs of the second-order term changed
fiom trce to tree. Another common model, the exponential
tunction (SG = aeb'), worked reasonably well in characterizing
curvilinear chan-ees in Schizolobitua, but not quite as well as the
reciprocal linear function. As yet, we have no a priori biological
basis to justify one model vs. another.

Pioneer wood allocation models-Pioneers in closed canopy
forcsts, temperate or tropical. generally exhibit low SG wood
relative to nonpioneer species (Williamson, 1975; Wright et al.,
2007). Here we ask how SG varies across the radius in pioneers.
For many tropical montanc and dry forest species, SG is rela-
tive ly uniform across the radius (Model I). Production of lower
SG wood usually allows faster growth because lbr lny given
biomass, SG should be inversely proportional to wood volume.
The volume/SG tradeoff, in itself, does not result in a loss of
mechanical suppoft as the increased volume could be allocatcd
to greater diameter if height were fixed. However, models as-

suming greater diameters at a fixed height (Anten and Schieving,
2009; Lariavaara and Muller-Landau, 2010) fail to recognize
that the Sc/volume tradeoff is accompanied by a diameter/
height tradeoff, i.e., the extra wood volume generated by a

tower SG is not allocated.iust to thicken the same column, but
rather to increase all column dimensions (King, 1991: King
et al., 2006). Because the increased volume is allocated to stat-
ure. not just diameter, pioneer boles are less stiff and more
prone to snapping than comparable boles of higher SG wood.
The SG/volume tradeof f swaps mechanical strength fbr size. In
Model I, SG is unifbrm across the tree radius, so species with
low SG wood attain size more rapidly than trecs with high SG

but at a cost of reduced mechanical suppol't. The reduced sup-
porl remains the same as the pioneer tree grows as long as its
form and its SG remain the same.

In contrast, many tropical pioneers do not exhibit unifbrm
SG across the radius (Fig. a). The most prevalent pattem is SG

that increases more or less linearly across the radius (Model II).
Initially, these trees produce very low SG wood, sometimes
leaving parenchyma cells undifferentiated in the xylem
(McDonald et al., 1995; Wiemann and Williamson, in press).

Then, as new xylem is added, support increases because in-
creasingly higher SG wood is produced in cylinders further
tiom the pith. Devclopmentally, relative growth rate is likely to
be highest early in lif'e, gradually, but steadily diminishing as

higher SG of new xylem implies reduced volumetric gains.
In the case of Scltilolobium, the unique feature of the SG

increase is its convex upward, curvilinear shape (Model III).
SG increases at less than a linear rate early in development,
but accelerates as the tree grows. Given the wood volume/
SG tradeoff, Model III trees can be expected to grow very
quickly in height, but at much greater risk of structural fail-
ure than pioneers with linear increases in SG. Specific adap-
tations in tree architecture such as rnonopodial stems and

symmetrical form may partially offset the risk of stem col-
lapse or bending failure. Later in development, these adapta-

tions may be unnecessary after SG has accelerated and stabilized
tree structure.
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Schizolobittm does exhibit risk-reducing architecture when it
is young. It has a monopodial fbrm during early growth with
large compound leaves, 1-2 m long, originating around a single
bole, hence the English common names, "Mexican Fern Tree"
and "Brazilian Fern Tree". Even so, Schizolobiwn is highly vul-
nerablc to wind damage, especially during the first three years
of growth (Rondon. 2002). Growth is very rapid with plantation
seedlings reaching 20 m tall and 20 cm dbh in only 60 mo when
widely spaced (Rosales et al., 1999; Rondon, 2002). In a growth
trial outside Manaus. Braztl. Schi:olobium reached l5 m tall in
fbur years. triple the height of Ceibu pentandrd (L.) Gaertn., a
well known pioneer with linear increases in SG (Wiemann and
Williamson. 1989a; Rossi et al., 2003). Maximum height in a

Bolivian fbrest was recorded at 35 m, somewhat taller than
other co-occurring pioneers (Rozendaal et a1., 2006). Large
Schizolobium trees exhibit a branched, open crown, not a

monopodium.
Given that radial variation in SG is a function of age, not size

rn SchizoLobiurn. then tree size will be limited by growth rate.
not time. For example, the selt'-thinning trees in the fbrestry
trial grew more slowly than the second growth trees at the other
fbur sites (Fig. a). As SG cannot continue to rise indefinitely.
growth of a Model III species may be limited to some nraxi-
mum age by the accelerating SG (Fig. 2). In general, fast-grown
individuals will reach large diameters while slow-grown trees
reach only small diameters, but all will accelerate SG on the
same time schedule. Slow-grown individuals will never catch

up to the diameters of last-grown trees, regardless of time, be-
cause the radial shift in SG occurs regardless of size. Presum-
ably, reproduction completely replaces growth at some age.

Schizolobium appears to be one of the short-lived tropical pio-
neers (sensu Finegan, 1996) as it disappears from successional
sequences in about 20 yr (Pena-Claros. 2003).

How does the nonlinear radial increase in SG of Schizolo-
bittm parcLhybd compare to SG of other tropical trees? For
graphical comparison (Fig. a), we show its radial increase with
the radial SG patterns of fbur common pioneers: Two from
tropical-dry forests characteristic of Model I, Enterolobitrnt
clclocttrptutt (Jacq.) Griseb. and PseudobontbcLx septinanrilI
(Jacq.) Dugand; and two fiom tropical-wet fbrests characteris-
tic of Model II, Ochroma ptrcLntidale andTrema micrantha (L.'1

Blume (data liom Wiernann and Williamson, 1988, 1989a,
I 989b). In general, growth rates of trees can be predicted fioni
wood SG (Wright et al.,2010). but only if they have similar
growth models, as illustrated lor Enterolobium vs. Pseudobom-
ba.r (Model I) or fbr Ochronn vs. Trema (Mode I II).

Allocation of resources fiom rapid height growth when
young to production of stronger wood as a place in thc canopy
is attained may have evolved in response by some shade-intol-
erant tropical frees to iniense competition fbr light. Survival of
young trees depends primarily on obtaining adequate li-sht, but
older trees require stems constructed strongly enough to sup-
port greater mass and larger crowns. Concentration of dense
wood at a great distance f'rom the neutral axis of a stem (the
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Trrr.r, 2. Results of linear regression and reciprocal linear regression of radial increascs in SG fbr trees at three sites, Ilha do Cardoso, Linhares. and

Golfito. Coefficienrs "a" and "b" fbr the linear regression with the significance value (P), fbllowed by coefficients'J" and "k" for the reciprocal linear

lunction. Alows poinr to the bestfit model, detcrmined by the smallest residual mean square (RMS). Below the data lor individual trees, the all-pieces

regression shows the coefficients of the ovcrall regressions of pieces o1'all trees on true distance for trees at the three sites. Finally, the trce mean (+SE,

SE) regression coefficients for each site are presented.

Linear function SG = a + b"r Reciprocal tunction SG = l/(l + k=r)
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pith, in a symmetrical tree) may be an ideal means fbr con-
structing a strong, rigid stem fiom a given amount of material.
Such a construction is also evident in arborescent palms of the

wet tropics. Rich (1987) reported that the basic SC of inner
stem tissue was 0.1 in lriartea giguntell Wendl. ex Buffet and

0.3 in Welfia georgii Wendl. ex Burret, but the basic SG of
outer tissue in both species was 1.0.

While structural stability of wood may increase during de-

velopment in species with increasing wood SG, structural risk
may also vary. As a tree -qrows. it experiences difl'erent struc-
tural risks. In the understory, risk comes lrom falling debris
such as palm leaves and dead branches. In the middle strata,

risk is reduced fiom debris but enhanced by falling trees. Fi-
nally, in the canopy risk is reduced fiom falling debris and fall-
ing trees, but heightened by wind throw. Additionally, vine and

epiphyte loads may alter structural risk during growth. Total
structural risk at any time is the sum of several f-actors, and this
sum may vafy as the tree develops. It also may vafy as sur-
rounding vegetation changes. For example, species growing in
pure successional stands in which tree heights are relatively
even experience little risk fiom falling debris. Consequently,
lower SG fbr an extended period in Model III trees may not

entail greater risk, even though a tree is structurally less stable,
if growth tbrm helps mediate danger, as is the case of branchless,
monopodial stems of Schizolobium. Unfbrtunately, little data
are available on the sources of tree mortality at dift'erent sizes

and under different growing conditions to make comparisons.
Discussion of wood SG, growth rates, structural stability,

and risk presents an incompletc snapshot of a species' life-
history as other functional traits contribute to success. Schizoltt-
bium has large seeds that allow it to establish quickly, even
where ground cover and/or litter are relatively thick' For ex-
ample, it recruits into managed pastures and airport grass

strips in Costa Rica and southeastern Brazil, sites where po-

tential small-seeded competitors, such as Cecropia species,
are unable to establish. The added endosperm of the large
seeds also fbsters rapid growth in its first year, unlike small-
seeded species. In forestry trials Schizolobi.rllt seedlings
reached 3 m in height after one year, l3 m after two years and
l8 m in height afier five years (Rosales et al., 1999; Rondon,
2002). Therefore, speculation on growth rates based solely on
wood SG may be misleading, as seed size may give Schizolo-
bium a competitive edge over other pioneers, even those with
lower wood SG. Its large seeds clearly facilitate its establishment
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Fig. 4. Specific gravity trends for Model I (dotted lines), Model II
(dashed lines), and Model III (solid lines). Straight lines are the linear re

gressions of SG on radial distance tor Ocltronu ptntmidule = OP and

Tretnu nticrtnthtL = TM for Model I, and Psettdoborttbux septenatunt =PS
and EnteroLobiurtt t:ttlot'uryntm = EC for Model 11. from Costa Rica (Wi
ernann and Williamson 1988, 1989a, 1989b). Curved lines are Sr;lizolo-
bium from one fbrestry triat = T, and four second growth sites: Ilha do

Cardoso, Brazil = C; Golfito, Costa Rica - G; Porto Seguro, Brazil = S; and

Linhares, Brazil - L.

in restoration projects on intensively used, denuded areas
(Siviero et al., 2008).

Forest ecologists have long recognized that wood SG is
associated with other plant attributes and that lower SG
woods characterize early successional or pioneer species and
higher SG woods, more mature or climax species (Budowski,
1965; Daubenmire, 1974; Williamson, 1975: Swaine and
Whitmore, 1988). In the last {ive years, wood SG has be-
come increasingly topical as plant biologists searched for
meaningl'ul lunctional traits and attempted to unfbld its eco-
logical and evolutionary signiflcance, especially in species-
rich tropical forests where species life-history traits are

relatively unstudied (Muller-Landau, 2004; Chave et al.,
2006,2009; King et al., 2006; van Gelder et al., 2006; Wright
et aI.,2007; Swenson and Enquist,2007,2008; Poorter et al.,
2006). Wood SG has been associated with other functional
traits such as growth rate, shade tolerance. maximum size,
iongevity, and light-compensation point, and tied as well,
although less directly, to reproductive traits such as first age
of reproduction, f'ecundity, seed size, seeds per fiuit, and
fruit size (Wright et a1.,2007 Poorter et al., 2008). In many
of these studies, wood SG has proven more predictive than
other functional traits of demographic and successional char-
acteristics. SG might prove even more usetul if it were char-
acterized by variation during ontogeny rather than just a

single species' average. Obviously, many species can share
a single mean SG value but still exhibit different SG devel-
opmental patterns, as show n here for Sc/r lr o I o b i um p a ra h t- b a.
Analysis of wood during development helps define dilferent
life-history strategies within the framework now character-
ized as pioneers.
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