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RADIAL WOOD ALLOCATION IN SCHIZOLOBIUM PARAHYBA'
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o Premise of the study: Pioneer species of tropical trees allocate wood specific gravity (SG) differently across the radius. 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 Schizolobium parahyba (Fabaceae-Caesalpinioideae). a wide-ranging, neotro-
pical pioneer, used extensively in land reclamation and forest restoration in Brazil.

o Methods: Pith-to-bark radial wood cores were extracted with increment borers from 42 trees at five sites, in Central and South
America. 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 0.15-0.20. doubled or tripled across the tree radius to 0.45-0.65 for large
adults.

«  Key results: Unlike linear increases in other tropical pioneers, the increases in Schizolobium were nonlinear (convex up). At
one site with even-aged trees, the magnitude of the radial increase was similar in all trees, despite a 4-fold difference in diam-
eter among trees, implying that the radial increases in Schizolobium were regulated by tree age. not by tree size.

« Conclusions: This unique pattern of development should provide an extended period of growth when SG is low, facilitating
hyper-extension of the bole, at some risk of structural failure. Later in growth. the SG rate of increase accelerates, reinforcing
what was a precarious bole. Overall. these results suggest a third model for xylem allocation in tropical trees, a model that may
be associated with monopodial stem development and limited life span.
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wood allocation; wood density.

The diversity of tropical trees has captivated botanists for
centuries. Woods of different species, not only differ in appear-
ance, but also in functional 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 efficiency of conduction and resis-
tance to embolism (Chave et al., 2009; Zanne et al., 2010). In
addition, where 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 al., 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 project species’ demographic and successional traits (Fearnside,
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,

I Manuscript received 26 October 2011; revision accepted 3 April 2012.

Field research in Costa Rica was supported by the Organization for
Tropical Studies, and in Brazil by the Brazilian Fulbright Association.
UNICAMP, CAPES, Jardim Botanico de Sdo Paulo, Companhia Vale do
Rio Déce. Biological Dynamics of Forest Fragments Project, and US Na-
tional Science Foundation grants to GBW (DEB-0639114 and DEB-1147434).
This is publication 593 in the Technical Series of the Biological Dynamics
of Forest Fragments Project BDFFP-INPA-SI.

5 Author for correspondence (e-mail: btwill @lsu.edu)

doi:10.3732/ajb. 1100516

1989a; Amorim, 1991; Rueda and Williamson, 1992; Butterfield
et al., 1993; de Castro et al., 1993; Omolodun et al., 1991
Hernandez and Restrepo, 1995; Parolin, 2002). Some pioneer
species of lowland wet forests exhibit linear increases of 200
300% (Wiemann and Williamson, 1989a).

The developmental model for such pioneers is a gradual tran-
sition from fast to slow growth in height, concomitant with the
transition from low SG to high SG wood as a tree gains in stat-
ure and age. This tradeoff 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 forest trees, 123 of 128
individuals showed a linear relationship of SG with radial dis-
tance, whereas curvilinear changes in SG were rare and re-
garded as aberrant (Wiemann and Williamson, in press).

Here, we report that Schizolobium parahyba (Vell.) S. F.
Blake, a rapidly growing pioneer of the 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 alternative growth model
in which the increases in wood SG are very slow early in devel-
opment and quite sharp as a tree matures.

MATERIALS AND METHODS

Study Species—Schizolobium parahyba is an important neotropical pioneer
(Record. 1925; Poorter. 1999) ranging from Mexico to southern Brazil. It is
characteristic of lowland, semideciduous tropical forest. being briefly decidu-
ous and flowering during the dry season (Marcati et al., 2008). Schizolobium
has been planted extensively in reforestation projects in aseasonal as well as
seasonal sites. from the Amazon Basin south to Sdo Paulo, because it is tolerant
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of mild droughts, has low nutrient requirements, and grows quickly (Carvalho.
1994: Rosales et al., 1999: Fredericksen and Pariona. 2002: Lisi et al., 2008:
Iwakiri et al.. 2010). Unlike many legumes used in reclamation projects. it does
not nodulate and fix nitrogen (Siviero et al.. 2008). Limited to high light envi-
ronments. it occurs naturally in large forest gaps and does not survive in the
shade (Poorter and Hayashida-Oliver. 2000). In anthropogenic landscapes. it
frequents ruderal habitats, abandoned pastures, and roadsides (Fredericksen
and Pariona. 2002).

Seeds of Schizolobium, at 2.0 g oven dry weight. are unusually large for a
pioneer plant (Ibarra-Manriquez and Oyama, 1992: Souza and Vilio, 2001:
Daws et al.. 2007: Bentos et al., 2008) and for a wind-dispersed legume
(Oliveira and Pereira, 1984: Augspurger, 1986). The large seeds allow Schizolo-
bium to germinate and establish in pastures where grasses preclude establishment
of small-seeded pioneers. The seeds are a major component of Scarlet Macaw
diets in Mexico (Renton, 2006).

The wood of Schizolobium is light and is used in particle board, plywood,
and furniture (Carvalho. 1994, Bortoletto and Belini, 2003: Iwakiri et al.. 2010:
Siviero et al.. 2008). although its mechanical properties are relatively low
(Torelli and Gorisek, 1995). Despite extensive reports on its uses and properties
over the last century (e.g., Record. 1925. Marcati et al.. 2008). there is no men-
tion of radial variation in its wood, whose specific gravity (SG) is cited as 0.30
in the Amazon (Fearnside, 1997) and as 0.35 in Central America (Rosales et al..
1999). Rosales et al. (1999) did report a range in wood SG of 0.28-0.45. vari-
ability they attributed to site differences.

Wood sampling—Bark-to-pith wood samples were collected from five dif-
ferent sites in Costa Rica and Brazil. The largest dataset included 15 trees of
Schizolobium parahyba from a forestry trial near Porto Seguro in the Estacdo
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Ecolégica do Pau Brasil in the southern portion of the state of Bahia, Brazil
(6°44° S/39°25° W). Trees in the forestry trial constituted an even-aged co-
hort that was maintained free of interspecific. but not intraspecific. competition
(Fig. 1A). The second site was a nearby second growth stand at the same sta-
tion. These trees were not necessarily the same age. so we refer to them as un-
even-dged. although young second-growth stands often have even-aged cohorts
of pioneers (Williamson and Wiemann, 2010b). S. parahyba shared the stand
with a variety of other species, all about the same height (Fig. 1B). As there
were no small diameter S. parahyba trees in the second growth stand. the trees
exhibited little variation in diameter relative to the forestry trial (Fig. 1).

Trees of Schizolobium parahyba were sampled from a variety of second
growth patches at three other sites: (1) along the Golfito airstrip on the south-
west side of Costa Rica (8°39° N /83°11° W): (2) in Brazil near Linhares in the
Forest Reserve of the Companhia Vale do Rio Doce in the state of Espirito
Santo (19°07" S/40°03° W): and (3) in Ilha do Cardoso State Park in the state of
Sdo Paulo (25°04° S/47°55" W). The trees do not represent even-aged individu-
als or even a single, regenerating cohort.

Recent nomenclature (Barneby. 1996: Lewis, 2010) considers Schizolobium
parahyba to be a single species ranging from Central America through south-
eastern Brazil. although the species distribution is interrupted twice. first by the
Andes and again by dry forest between the Amazon Basin and the Brazil's
Matas Atlanticas (Barneby, 1996: Canchignia-Martinez et al., 2007). These
geographic disjunctions seem to be the basis for the two subspecies. one wide-
spread, Schizolobium parahyba var. parahyba and the other endemic to Ama-
zonia, Schizolobium parahyba var. amazonicum (Huber ex Ducke) Barneby
(Lewis, 2010). Beyond the range differences. there are few documented differ-
ences between the subspecies. Trees sampled for this study did not have floral
material available to collect with the wood samples. The forestry trial at Porto

Fig. 1. Schizolobium, a light-barked, 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 of trees about the same height in the forestry trial and the absence of small diameter Schizolobium in the

second growth stand.
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Seguro was labeled “S. amazonicum™. corresponding to the Amazonian sub-
species, although it was growing in the region of S. parahyba var. parahyba.
Seeds and diaspores from all five sites sampled here appeared the same,
consistent with the single species taxonomy. One modern genetic study sup-
ports a single species with disjunction of the subspecies across the Andes
(Canchignia-Martinez et al.. 2007).

At each site. trees were sampled as they were encountered while walking
through the secondary forests or the forestry trial to obtain as broad a range of
sizes as existed at each site. Some preference was given to sampling larger di-
ameter trees as they more fully reveal radial variation in SG. Trees that were
leaning, crooked, or oddly shaped were excluded as their wood often reflects
past injury or abnormal stress.

Wood samples were extracted from each tree with a 12-mm diameter incre-
ment borer. and the extracted cores were examined to verify that they reached
the tree pith. Cores were then sealed individually in plastic tubes to prevent
damage and drying. before being transported to a nearby laboratory where they
were cut into I-cm segments measured from the pith after removal of the bark.
Most of the cores hit the pith on the first or second boring. For a few that did not
quite reach the pith, the radial distance assigned to the innermost I-cm piece
was estimated from convergence of the wood rays. Wood grain sometimes
shifted the cutting blade, resulting in pieces slightly longer or shorter than 1.0 cm.
so the green volume of each piece was measured accurately using water immer-
sion, as described elsewhere (Wiemann and Williamson, 1988, 1989a). The
pieces were then dried at 103°C to constant weight (24-48 hours) and subse-
quently weighed on a top-loading balance. Basic SG of each piece was calcu-
lated as ovendry weight/green volume/density of water (Williamson and
Wiemann, 2010a).

Statistical analysis of specific gravity increases—For each tree. the rela-
tionship of SG on radial distance was tested via two models: linear regression
and nonlinear regression using the reciprocal linear function from Statistix 9.0
(Analytical Software, Tallahassee, Florida, USA). Both linear and reciprocal
linear functions require estimation of only two parameters. In the linear model.
wood SG increases linearly with radial distance (r) measured from the pith.
such that

SG=a+b*r (Eq. 1)

where “a” is the intercept or SG at the pith and “b” is a positive slope. In the
reciprocal linear model, the SG is the multiplicative inverse of a linear function
of distance (or put another way. where 1/SG is a linear function of distance).
such that

SG=1/(j+k*1) (Eq. 2)

where “j" and “k™ are. like *a” and “b”, two constants estimated 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 mod-
els the same as Akaike's Information Criterion (AIC) when the number of pa-
rameters estimated is the same for both models. Also for the linear model, we
show the P-value for significance of a slope different from zero (b # 0). No
comparable P-value can be calculated directly for the reciprocal model. as there
is no least squares solution.

Size- vs. age-dependence of radial increase—For trees in the even-aged
stand (the forestry trial at Porto Seguro), the radial change was evaluated for
size- or age-dependence by converting the radial distance to proportional 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 of each core were scaled
from 0 to 1.00. Trees in the forestry trial, all the same age and about the same
height, were extremely variable in diameter, the result of intraspecific competi-
tion for light (Fig. 1A). If radial change in SG is determined by size (size-de-
pendence), even-aged trees of different 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 trees should be out of alignment due
to size differences but proportional scaling should tend to align them. Degree of
alignment for the even-aged trees was assessed visually in graphs and quantita-
tively by combining the entire dataset 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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RESULTS

Schizolobium parahyba from Porto Seguro exhibited SG in-
creases across the radius that were statistically significant by
linear regression in 20 of the 22 trees (Table 1). The two excep-
tions (Table 1, trees 157 and 164) had positive radial increases
in SG, but fell short of significance (P = 0.07 and P = 0.27, re-
spectively), possibly due to their small radii (7 and 4 c¢m, re-
spectively). Overall, the radial increases appeared curvilinear in
a convex or cup-shaped form as exemplified by trees 152 and
155 (Fig. 2), both with very good linear regressions 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 fact, the residual mean
square for the reciprocal linear model was less than that of the
linear model for each of the 22 trees (Table 1). The reciprocal
linear regressions produced convex curves for trees in the forest
trial and for trees in the second growth stand at Porto Seguro
(Fig. 3A and 3B).

The reciprocal linear function is characterized by the two co-
efficients *j”" and “k”. At the pith (r = 0). the wood specific
gravity is given by SG = 1/j. so “j” is the inverse of “a” in the
linear function. A value of j = 5.00 at the pith indicates an initial
SG of 1/5 or 0.20 (Table 1). The coefficient “k” reflects how
fast the SG increases with radial distance, similar to “b”" in the
linear function. As the value of the term “(j + k*r)” 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 form that more closely fits the ac-
tual data than does the linear model for Schizolobium (Fig. 2).
These coefficients “9” and “k” (Table 1) are strongly, but not
perfectly, correlated with coefficients “a” and “b” from the lin-
ear function SG = a + b*r across the 22 trees at Porto Seguro
(R =-0.93 for “a” and “j”"; R = —0.94 for “b” and “k”).

There are two simple ways to combine the data from the 22
trees to characterize radial change in Schizolobium parahyba at
Porto Seguro. First, the coefficients can be averaged across
trees. These results are shown for even-aged and uneven-aged
trees separately and for all 22 trees combined (Table 1). Alter-
natively, the individual pieces combined into one dataset can be
analyzed for 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 different radial distances (Fig. 3A). For even-
aged trees, the all-pieces regressions were greatly improved
when SG is regressed on proportional distance instead of true
distance (Fig. 3, Table 1). This improvement is evident through
reduced RMS for even-aged (0.0035 to 0.0017) but not for un-
even-aged trees (0.0013 to 0.0017) (Table 1). The all-picces
regressions weight pieces equally, so larger trees, having more
1-cm radial pieces, are more heavily weighted.

The forestry-trial trees provided an opportunity for 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-
pendence is supported graphically for the trees as the radial
changes are more similar to one another after the transforma-
tion of true distance (Fig. 3A) to proportional distance (Fig. 3C).
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Tamir 1. Results of linear regression and reciprocal linear regression of radial increases in SG for 15 even-aged trees in the forestry trial and 7 uneven-
aged trees from a nearby secondary forest for Schizolobium parahyba. N = number of 1-cm pieces in each radial core. Coefficients “a” and “b” for the
linear regression with the significance value (P). followed by coefficients j” and k™ for the reciprocal linear function. The reciprocal linear function
is a better fit than the linear function because it has a smaller residual mean square (RMS) for each tree. Below the data for individual regressions.
the all-pieces regression shows the coefficients of the overall regressions of pieces of all trees, on true distance and on proportional distance. for the
even-aged trees, uneven-aged trees and both groups combined. Finally. the tree mean +SE regression coefficients are presented.

Linear function SG = a + b*r

Reciprocal linear function SG = 1/(j + k*r)

Tree No. N a b P RMS j k RMS
Even-aged
150 23 0.20 0.010 0.0001 0.0012 4.54 =0.11 0.0009
151 16 0.18 0.011 0.0002 0.0016 542 -0.18 0.0010
152 11 0.19 0.026 0.0004 0.0026 4.81 -0.28 0.0011
155 14 0.15 0.017 0.0002 0.0021 5.96 —-0.27 0.0012
154 18 0.21 0.012 0.0002 0.0029 4.63 -0.14 0.0020
155 23 0.19 0.010 0.0001 0.0018 4.96 -0.12 0.0009
156 18 0.20 0.013 0.0001 0.0017 4.58 -0.14 0.0011
157 7 0.21 0.027 0.07 0.0036 478 -0.36 0.0027
158 6 0.21 0.053 0.03 0.0042 4.32 —0.47 0.0017
159 7 0.22 0.032 0.04 0.0037 4.52 -0.37 0.0021
160 14 0.22 0.014 0.0001 0.0018 4.30 -0.15 0.0015
161 20 0.22 0.008 0.0001 0.0014 4.50 —=0.11 0.0010
162 11 0.21 0.014 0.002 0.0012 4.67 -0.19 0.0008
163 7 0.24 0.022 0.02 0.0011 4.08 -0.24 0.0007
164 4 0.26 0.034 0.27 0.0023 4.07 -0.42 0.0018
Uneven-aged
165 18 0.20 0.010 0.0001 0.0006 4.64 -0.12 0.0004
166 14 0.16 0.020 0.0001 0.0028 5.49 -0.26 0.0012
167 18 0.20 0.011 0.0001 0.0006 4.59 -0.13 0.0004
168 12 0.19 0.011 0.001 0.0009 497 -0.16 0.0008
169 22 0.20 0.012 0.0001 0.0008 4.38 -0.11 0.0007
170 13 0.17 0.011 0.0001 0.0005 5.92 -0.20 0.0003
171 15 0.21 0.013 0.0001 0.0007 4.36 -0.14 0.0006
All-Pieces Regressions
Even-aged 199 0.24 0.008 0.0001 0.0036 4.01 -0.08 0.0035
Uneven-aged 112 0.19 0.012 0.0001 0.0013 4.54 -0.12 0.0013
All Trees 311 0.22 0.010 0.0001 0.0029 4.18 -0.10 0.0028
All-Pieces. Proportional Distance
Even-aged 199 0.20 0.20 0.0001 0.0022 532 —245 0.0017
Uneven-aged 112 0.19 0.20 0.0001 0.0019 4.76 —2.35 0.0017
All Trees 311 0.20 0.20 0.0001 0.0021 473 -241 0.0017
Tree Means = SE
Even-aged 15 0.21 +£0.006 0.020 £ 0.003 4.68 £0.13 -0.24+£0.03
Uneven-aged 7 0.19 +£0.008 0.012 £0.001 4.88+0.20 -0.16 £0.02
All Trees 22 0.20 +0.005 0.018 £ 0.002 474 £0.11 -0.21 £ 0.02
ANOVA: even/uneven-aged P=0.16 P=0.13 P=039 P=0.13
Fo0=2.55 Fa0 =435 Fii0=0.76 Fi 5y= 2.55

Furthermore, the all-pieces regression of SG on proportional
distance was a much better fit than the all-pieces regression on
true distance (Table 1), again suggesting that proportional dis-
tances aligned SG values better than true distances.
Schizolobium parahyba from the other three sites also exhib-
ited large radial increases in SG as evidenced by 20 highly sig-
nificant results for linear regressions and for reciprocal linear
regressions (Table 2). The best-fit 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 of 4 trees at Ilha do Car-
doso, 5 of 8 trees at Linhares, but only 3 of 8§ trees at Golfito.
These differences in best-fit models were not reflected in site
differences in the coefficients of the two models. as there were
no significant differences among the three sites for “a”
(ANOVA, F5 17y=0.14, P = 0.87) or *b” (F (5, 17y = 0.98, P =
0.39) of the linear model, nor for *j” (F 5,17, =1.25, P=0.31) or
“k (F5. 17y =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 coefficient “a” for
the linear model (F , 47,=4.76, P=0.003, df =4, PROC MIXED,
SAS 9.1 (SAS Institute, Inc., Cary, North Carolina, USA)).
Pair-wise comparisons of LSMeans with the Tukey-Kramer ad-
justment for multiple comparisons showed that the Porto Se-
guro forestry trial had an intercept significantly larger than
either Golfito (r = 3.29, df = 1, P = 0.02) or Linhares (r = 3.58,
df=1, P =0.008). There was no significant variation in coeffi-
cient “b” among the five sites (F 437, = 1.48, P =0.23). The re-
ciprocal linear model showed parallel results in comparisons of
the coefficients. Coefficient “j exhibited significant variation
among the five sites (Fi437 = 4.12, P = 0.007) and pairwise
comparisons of LSMeans showed a difference between the
Porto Seguro forestry trial and Linhares (r = 3.88. df = 1, P =
0.004), but not Porto Seguro forestry trial and Golfito. Coeffi-
cient “k” did not show significant variation among sites (F 37, =
0.63, P = 0.65). The Porto Seguro forestry trial and Linhares
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Fig. 2. Wood specific gravity (SG) across the radius of two Schizolo-

bium trees from the forestry trial near Porto Seguro, Brazil. Points repre-
sent actual data and lines are linear and reciprocal linear regressions for
tree #152 (solid squares and lines) and for tree #155 (open circles and dot-
ted lines).

represented the extremes in the intercepts (coefficient *j”) in the
regressions based on means of the regression coefficients from
each site (Fig. 4).

DISCUSSION

Extreme radial increases in tropical trees were first docu-
mented for one species, Ochroma pyramidale (Cav. ex Lam.)
Urban, almost forty years ago (Whitmore, 1973). The number
of internationally published studies on radial variation in tropi-
cal trees has increased by about twenty and the number of spe-
cies studied has advanced to about 100 (Amorim, 1991; Rueda
and Williamson, 1992: Butterfield et al., 1993: de Castro et al..
1993; Omolodun et al., 1991; Hernandez and Restrepo. 1995;
Williamson et al., 1998: Parolin, 2002; Woodcock, 2000;
Woodcock et al., 2000; Nock et al., 2009; Veldsquez et al.,
2009; Wiemann and Williamson, 1988, 1989a, 1989b, in press:
Williamson and Wiemann, 2010b, 2011). While some of these
species exhibit radial increases in SG in excess of 100%, no
case has been documented of a curvilinear radial increase, as
shown here for Schizolobium parahyba.

Characterizing curvilinear 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 function
than the linear function, but the pattern of residuals for a few
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 significant,
while the quadratic term was included in most cases, but not all.
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One problem with the inclusion of the quadratic term was the
tendency for the curve to be somewhat “J” shaped, because the
second order polynomial characterizes a parabola. Raw data for
some trees exhibited a small dip just away from the pith (see
Fig. 2), so the parabola fit them, but many trees exhibited SG
that increased monotonically with radial distance. Furthermore,
the coefficients of the quadratic equation were difficult to inter-
pret biologically, as the signs of the second-order term changed
from tree to tree. Another common model, the exponential
function (SG = ae"), worked reasonably well in characterizing
curvilinear changes in Schizolobium, 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
forests, 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 montane and dry forest species, SG is rela-
tively uniform across the radius (Model I). Production of lower
SG wood usually allows faster growth because for any given
biomass, SG should be inversely proportional to wood volume.
The volume/SG tradeoff, in itself, does not result in a loss of
mechanical support as the increased volume could be allocated
to greater diameter if height were fixed. However, models as-
suming greater diameters at a fixed height (Anten and Schieving.
2009: Larjavaara and Muller-Landau, 2010) fail to recognize
that the SG/volume tradeoff is accompanied by a diameter/
height tradeoff, i.e.. the extra wood volume generated by a
lower SG is not allocated just 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 tradeoff swaps mechanical strength for size. In
Model I, SG is uniform across the tree radius, so species with
low SG wood attain size more rapidly than trees with high SG
but at a cost of reduced mechanical support. The reduced sup-
port 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 uniform
SG across the radius (Fig. 4). The most prevalent pattern 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
from the pith. Developmentally, relative growth rate is likely to
be highest early in life, gradually. but steadily diminishing as
higher SG of new xylem implies reduced volumetric gains.

In the case of Schizolobium, 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 monopodial 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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Fig. 3.

Wood specific gravity across the true radial distance as modeled by the reciprocal linear regression for Schizolobium parahyba: (A) for 15 trees

from the forestry trial; (B) for 7 trees from the nearby second growth stand: and (C) for the 15 trees from the forestry trial replotted as a function of pro-
portional radial distance. The latter (C) aligns the curves better than true distance (A).

Schizolobium does exhibit risk-reducing architecture when it
is young. It has a monopodial form 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, Schizolobium is highly vul-
nerable 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, Brazil, Schizolobium reached 15 m tall in
four years, triple the height of Ceiba pentandra (L.) Gaertn., a
well known pioneer with linear increases in SG (Wiemann and
Williamson, 1989a; Rossi et al., 2003). Maximum height in a
Bolivian forest was recorded at 35 m, somewhat taller than
other co-occurring pioneers (Rozendaal et al., 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
in Schizolobium, then tree size will be limited by growth rate,
not time. For example, the self-thinning trees in the forestry
trial grew more slowly than the second growth trees at the other
four sites (Fig. 4). As SG cannot continue to rise indefinitely,
growth of a Model III species may be limited to some maxi-
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 fast-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-
bium parahyba compare to SG of other tropical trees? For
graphical comparison (Fig. 4), we show its radial increase with
the radial SG patterns of four common pioneers: Two from
tropical-dry forests characteristic of Model I, Enterolobium
cyvclocarpum (Jacq.) Griseb. and Pseudobombax septinatum
(Jacq.) Dugand; and two from tropical-wet forests characteris-
tic of Model 1, Ochroma pyramidale and Trema micrantha (L.)
Blume (data from Wiemann and Williamson, 1988, 1989a,
1989b). In general, growth rates of trees can be predicted from
wood SG (Wright et al., 2010). but only if they have similar
growth models, as illustrated for Enterolobium vs. Pseudobom-
bax (Model I) or for Ochroma vs. Trema (Model 1I).

Allocation of resources from rapid height growth when
young to production of stronger wood as a place in the canopy
is attained may have evolved in response by some shade-intol-
erant tropical trees to intense competition for light. Survival of
young trees depends primarily on obtaining adequate light. but
older trees require stems constructed strongly enough to sup-
port greater mass and larger crowns. Concentration of dense
wood at a great distance from the neutral axis of a stem (the



1016 AMERICAN JOURNAL OF BOTANY [Vol. 99

Tasir 2. Results of linear regression and reciprocal linear regression of radial increases in SG for trees at three sites, Ilha do Cardoso, Linhares, and
Golfito. Coefficients “a™ and “b™ for the linear regression with the significance value (P), followed by coefficients “j” and “k™ for the reciprocal linear
function. Arrows point to the best-fit model, determined by the smallest residual mean square (RMS). Below the data for individual trees, the all-pieces
regression shows the coefficients of the overall regressions of pieces of all trees on true distance for trees at the three sites. Finally, the tree mean (£SE;

SE) regression coefficients for each site are presented.

Linear function SG = a + b*r

Reciprocal function SG = 1/(j + k*r)

Tree Number N a b P RMS ] k RMS
Cardoso
60 11 0.12 0.020 0.0001 0.0002 « 6.56 -0.35 0.0003
23 20 0.17 0.013 0.0001 0.0014 — 5.19 -0.16 0.0008
24 14 0.14 0.024 0.0001 0.0009 - 5.50 =0i27 0.0006
59 17 0:23 0.009 0.0001 0.0013 - 4.27 -0.10 0.0012
Linhares
48 40 0.16 0.006 0.0001 0.0016 — 5.53 -0.09 0.0010
50 26 0.17 0.009 0.0001 0.0005 - 5.04 —-0.10 0.0002
X1 16 0.12 0.009 0.0001 0.0002 «— ¢:00 -0.22 0.0003
X2 10 0.13 0.017 0.0001 0.0003 — 6.80 -0.38 0.0002
X3 9 0.12 0.023 0.0001 0.0001 — 6.74 —0.44 0.0003
X4B 31 0.18 0.006 0.0001 0.0003 — 4.92 -0.07 0.0002
X5 20 0.14 0.013 0.0001 0.0014 - 5.81 -0.18 0.0010
X7B 19 0.16 0.010 0.0001 0.0002 « 5.44 -0.14 0.0060
Golfito
i 20 0.10 0.019 0.0001 0.0010 — 5.81 -0.20 0.0012
197 29 0.08 0.016 0.0001 0.0016 «— 5.52 ~0:13 0.0035
178 17 0.10 0.027 0.0001 0.0009 — 5.31 -0.22 0.0017
179 23 0.24 0.007 0.0001 0.0010 &« 3.88 —-0.06 0.0011
180 11 0.13 0.014 0.0001 0.0005 = 6.89 -0.34 0.0003
181 9 0.17 0.028 0.0026 0.0022 - 5.19 -0.35 0.0014
182 17 0.26 0.005 0.0002 0.0004 - 399 -0.05 0.0003
183 20 0.12 0.015 0.0001 0.0007 — 5.25 -0.14 0.0015
All-Pieces Regressions
Cardoso 62 0.18 0.014 0.0001 0.0019 4.79 —-0.14 0.0020
Linhares 170 0.18 0.006 0.0001 0.0016 4.90 -0.07 0.0019
Golfito 146 0.17 0.013 0.0001 0.0034 4.52 —-0.10 0.0043
All-Pieces, Proportional Distance
Cardoso 62 0.17 0.224 0.0001 0.0020 5.20 -2.85 0.0017
Linhares 170 0.15 0.214 0.0001 0.0018 5.56 =303 0.0017
Golfito 146 0.15 0.294 0.0001 0.0034 510 -3.00 0.0037
Tree Means + SE
Cardoso 4 0.16 £0.023 0.016 £0.003 5.38 £0.47 -0.22£0.06
Linhares 8 0.15 £0.008 0.012 £0.002 5.92£0.30 -0.20£0.05
Golfito 8 0.15+0.024 0.016 +0.003 5.20£0.36 —0.19 £0.04

pith, in a symmetrical tree) may be an ideal means for con-
structing a strong, rigid stem from a given amount of material.
Such a construction is also evident in arborescent palms of the
wet tropics. Rich (1987) reported that the basic SG of inner
stem tissue was 0.1 in Iriartea gigantea Wendl. ex Burret 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 grows, it experiences different struc-
tural risks. In the understory, risk comes from falling debris
such as palm leaves and dead branches. In the middle strata,
risk is reduced from debris but enhanced by falling trees. Fi-
nally. in the canopy risk is reduced from 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 factors, and this
sum may vary as the tree develops. It also may vary as sur-
rounding vegetation changes. For example, species growing in
pure successional stands in which tree heights are relatively
even experience little risk from falling debris. Consequently,
lower SG for an extended period in Model III trees may not

entail greater risk, even though a tree is structurally less stable,
if growth form helps mediate danger, as is the case of branchless,
monopodial stems of Schizolobium. Unfortunately, little data
are available on the sources of tree mortality at different sizes
and under different growing conditions to make comparisons.
Discussion of wood SG, growth rates, structural stability,
and risk presents an incomplete snapshot of a species’ life-
history as other functional traits contribute to success. Schizolo-
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 fosters rapid growth in its first year, unlike small-
seeded species. In forestry trials Schizolobium seedlings
reached 3 m in height after one year, 13 m after two years and
18 m in height after 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 T (dotted lines), Model 11

(dashed lines), and Model I1I (solid lines). Straight lines are the linear re-
gressions of SG on radial distance for Ochroma pyramidale = OP and
Trema micrantha = TM for Model 1, and Pseudobombax septenatum = PS
and Enterolobium cyclocarpum = EC for Model II. from Costa Rica (Wi-
emann and Williamson 1988, 1989a. 1989b). Curved lines are Schizolo-
bium from one forestry trial = 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 five years, wood SG has be-
come increasingly topical as plant biologists searched for
meaningful functional traits and attempted to unfold its eco-
logical and evolutionary significance, 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 al., 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,
longevity, and light-compensation point, and tied as well,
although less directly, to reproductive traits such as first age
of reproduction, fecundity, seed size. seeds per fruit, and
fruit size (Wright et al., 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 useful 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 shown here for Schizolobium parahyba.
Analysis of wood during development helps define different
life-history strategies within the framework now character-
ized as pioneers.
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