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Abstract We investigated biomass allocation and root

architecture of eight tropical species with different suc-

cessional status, as classified from the literature, along a

size gradient up to 5 m. We focused on belowground

development, which has received less attention than

aboveground traits. A discriminant analysis based upon a

combination of allocational and architectural traits clearly

distinguished functional types and classified species

according to successional status at a 100% success rate. For

a given plant diameter, the pioneer species presented

similar root biomass compared to the non-pioneer ones but

higher cumulative root length and a higher number of root

apices. A detailed study on the root system of a sub-sample

of three species showed that the most late-successional

species (Tabebuia rosea) had longer root internodes and a

higher proportion of root biomass allocated to the taproot

compared to the other two species (Hura crepitans and

Luehea seemannii). Most pioneer species showed a higher

leaf area ratio due to a higher specific leaf area (SLA). We

conclude that the functional differences between pioneer

and non-pioneer tree species found in natural forests were

maintained in open-grown plantation conditions.

Keywords Allocation � Allometry � Root architecture �
Successional status � Tropical plantation

Introduction

Studies done in natural forests suggest that there are hun-

dreds of potentially economically and ecologically

interesting native tropical tree species that can be used for

reforestation (Condit et al. 1993; Hooper et al. 2002).

However, native species are rarely used and only a small

number of introduced species (e.g. Tectona grandis,

Eucalyptus spp.) dominate most plantations in degraded

lands. The bias is in part due to the lack of existing

knowledge about how native trees survive, grow and

develop in a plantation setting (Condit et al. 1993; Piotto

et al. 2004). Most previous studies analysing survival,

establishment and growth patterns of native tropical spe-

cies (e.g. Condit et al. 1996a; Welden et al. 1991; Poorter

2006) have been conducted in forest conditions, which can

differ considerably from the environment characteristic of

open-grown plantations.

In the tropics, studies on survival, growth strategies and

structure of trees under different environmental conditions

have mainly concentrated on the aerial parts of the plant

(Aiba and Kohyama 1997; King et al. 1997; Sterck 1999;

Takahashi et al. 2001; Poorter et al. 2003). Noteworthy

exceptions are the papers by Kohyama and Grubb (1994)
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that examined above- and below-ground allocation of 14

warm-temperate rain forest species and that of Paz (2003)

for examining an even larger number of tropical species.

The first objective of our study was to characterise the

development and structure of eight native species of trop-

ical sapling trees (up to 5 m tall) growing in open, mixed

plantations. These species are characterised by different

abilities to colonize and regenerate in gaps in the nearby

forest. We particularly focused on the structure and

architecture of the belowground compartment, which has

received less attention than aboveground structures

although it can account for almost a half of total carbon

stored by plants (Sanford and Cuevas 1996).

The second objective of our study was to examine

whether morphological and allocational differences

between pioneer and non-pioneer species can be found

when plants grow under full sunlight conditions as in a

plantation setting. Successional status is usually associated

with different physiological and morphological traits

(Givnish 1988; Messier et al. 1999; Ellis et al. 2000). For

example, it has been shown that late-successional species

(which dominate late-successional stages and the under-

story of closed forest canopies) generally present lower

photosynthetic rates and lower leaf area ratios than shade-

intolerant pioneer species (Walters et al. 1993; Kitajima

1994). Poorter (1999) demonstrated that under low light,

morphological traits rather than physiological traits

explained growth differences between species, while under

high light, species-specific physiological traits played a

more important role. Moreover, since most studies have

been conducted with plants at the seedling stage (i.e. Kit-

ajima 1994; Reich et al. 1998; Paz 2003), and have shown

that allocation patterns and morphology change with plant

size (Delagrange et al. 2004; Claveau et al. 2005; Knee-

shaw et al. 2006), we sampled a range of tree heights

within each species.

Finally, our third objective was to compare the root

architecture among a sub-sample of three of the eight ori-

ginal species which covered a continuum of successional

status. There have been very few studies focusing on the

relationship between successional status and root archi-

tecture and soil exploitation efficiency (but see Bauhus and

Messier 1999). Recently, a study by Paz (2003) assessed

some root architectural traits for 55 species pertaining to

different functional types and found that, in general, late-

successional species developed thicker roots (lower spe-

cific root length (SRL) values) than early-successional

ones. Carbon allocation to storage or physical defense in

thicker roots has been invoked as a strategy of late-suc-

cessional species to survive under shade (Kobe 1997).

In summary, the basic questions addressed here are: (1)

What are the structural and allocational differences found

among eight tropical tree species which could potentially

be used for land restoration purposes? (2) Do species with

different successional status present structural and alloca-

tional functional differences when growing in open-grown

plantations? (3) Do these differences vary along the size

gradient investigated? and (4) Are there differences in root

architecture among tropical trees belonging to different

successional stages?

Materials and methods

Species selection, plantation establishment and early

measurements

The study was conducted in a reforested pasture located in

Sardinilla, in the Buena Vista region of Central Panama

(9�1903000N, 79�3800000W). Eight native species were ten-

tatively classified into two functional types, pioneers

(Luehea seemannii Triana & Planch. (Tiliaceae), Cordia

alliodora Ruiz & Pav. (Boraginaceae), and Antirrhoea

trichantha Hemsl. (Rubiaceae)) and non-pioneers (Enter-

olobium cyclocarpum (Jacq.) Griseb. (Leguminosae),

Cedrela odorata L. (Meliaceae), Tabebuia rosea Bertol.

(Bignoniaceae), Sterculia apetala (Jacq.) Karst. (Sterculi-

aceae) and Hura crepitans L. (Euphorbiaceae)). The

species classification was established based on (1) their

demographic score (from Condit et al. 1996a), (2) their

relative growth rate found at the seedling stage in the Barro

Colorado Island permanent plot (BCI) (R. Condit, personal

communication) (3) their dry seed mass (J. Wright, per-

sonal communication) and (4) a bibliographic analysis. We

assume that colonizer species would be those requiring

high light levels to germinate, having small seeds, high

growth and mortality rates, and a demographic score (d.s.)

[1. Luehea and Cordia present both a demographic score

(d.s.) of 1.8 and 2.5, respectively, high growth rates (at

seedling stage), the lowest (with Antirrhoea) seed dry

masses (\0.01 g) and have already been described as

pioneers in a number of studies (Welden et al. 1991; Condit

et al. 1996b; Menalled and Kelty 2001; Dalling et al. 1999;

Elias and Potvin 2003). Antirrhoea is a rare species in BCI,

where it is found mainly on the shore at the northern edge

of the Island (Croat 1978) and it has been relatively little

studied. However it is decidedly a pioneer species (S. Lao,

personal communication), characterised by very small

seeds (0.0005 g of dry mass, the lowest value of the eight

species studied). Kitajima et al. (2005) and Elias and Pot-

vin (2003) also described Antirrhoea as a pioneer species

typical of early-successional stages.

Four species (Cedrela, Sterculia, Tabebuia and Hura)

have been described in many studies as long-lived shade-

intolerant species but not pioneers (Welden et al. 1991;

Poorter and Hayashida-Oliver 2000; Kitajima 2002;
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Poorter et al. 2006). They are characterised by intermediate

growth rates at the seedling stage (see Wright et al. 2003)

(with the exception of Cedrela, which presents a high

growth rate, see Menalled and Kelty 2001) and by seed dry

masses above 0.01 g. From these four species, Tabebuia is

markedly the most shade tolerant with a d.s. \0 (Condit

et al. 1996a, b; Hooper et al. 2004; Kitajima 2002). En-

terolobium on the other hand is a common species in the

Panama Canal watershed yet it is characteristic of the dryer

forest on the Pacific slope of the isthmus and therefore it is

associated with a forest type that is more open than the wet

forest of Barro Colorado Island. Seed size of Enterelobium

would favour its classification in the non-pioneer group.

Seedlings were planted in June 1998 in eight

10 m 9 25 m plots. One seedling of each pioneer species

was randomly interspersed among the non-pioneer seed-

lings in each plot. It has been argued that native mixed

species plantations provide the best opportunity for a range

of services such as production, protection or restoration of

degraded areas (Piotto et al. 2004). Each plot contained 15

experimental seedlings spaced 3 m apart (about 3–4 pio-

neer trees per plot). Following planting, the only

intervention was the removal of grass twice a year around

each seedling (circle of 0.5 m diameter). Base-line data

were recorded at the onset of the first dry season, in January

1999. Height as well as branch number was recorded for

each living seedling. The same data were recorded at the

onset of the growing season in July every year thereafter

for three years.

Allometric and morphological measurements

In August 2001, intensive allometric measurements were

initiated. Saplings/trees from each of the eight species were

grouped in five size class categories based on their height.

The height range for each species in July 2001 was as

follows: Luehea (0.56–4.42 m), Cordia (1.9–3.32 m),

Sterculia (0.58–5.15 m), Antirrhoea (0.57–2.77 m), En-

terolobium (1.66–2.48 m), Cedrela (0.56–3.57 m),

Tabebuia (0.37–3.18 m) and Hura (0.76–4.85 m). Care

was taken to sample a similar height range from all species.

Differences in total height among individuals were caused

by differences in growth caused by micro-scale variations

in topography. All sampled individuals were healthy.

Within each size category, we randomly selected one

individual per species for allometric and biomass mea-

surements. Sample size was thus five trees per species for a

total of forty saplings. Each of the experimental saplings

was harvested and the following traits were measured: (1)

diameter at 10 cm from the ground; (2) height; (3) number,

length and biomass of branches; and (4) trunk biomass. All

leaves from the saplings were harvested and dried to pro-

vide total leaf biomass. We used specific leaf area (SLA)

calculated from another study (Delagrange et al. 2008) to

scale up biomass of leaves to total leaf area per tree. SLA

values were obtained from fifteen to twenty-five leaves per

species where the leaf area had been measured with a leaf

area meter (Li-Cor 3100) before being dried and weighed.

Since Enterolobium was not considered in the Delagrange

study, SLA and LAR for this species were not available.

The root system of the experimental trees was manually

excavated and the following measurements were taken: (1)

biomass; (2) the number of root apices larger than 2 mm;

and (3) the cumulative length of roots larger than 2 mm.

Root architecture measurements

Root analysis was conducted on trees that were also three

years of age having been planted in 2001 in a field

immediately adjacent to the original plantation. The spac-

ing between individual trees was identical to the spacing in

the original plantation (3 m). Further details about this

second plantation can be found in Scherer-Lorenzen et al.

(2005). The root systems of three individuals of Luehea,

Hura and Tabebuia, three species representing a range of

successional status with Luehea being the pioneer species,

were carefully excavated by hand for root architecture

analysis in November 2004. The manual excavation

method in the heavy clay soils of our study site allowed for

the removal of roots more than 2 mm in diameter.

Although we did not sample fine roots, the distribution of

the coarse root system directly affects the extent and

location of fine roots and thus it has indeed significant

implications for the capacity of the plant to capture

resources (Oppelt et al. 2001). The complete root system

was then washed and the taproot was separated from other

roots. Each proximal root was then topologically described

following the protocol used by Ozier-Lafontaine et al.

(1999), the topological parameters altitude (a, the longest

path length from the root base to an external link) and

magnitude (l, total number of external links) described in

Fitter (1987) were calculated for each intact root. The

topological index (TI) was then calculated as the slope of

the linear regression between log(a) and log(l). High TI

values (close to 1) are associated with ‘‘herringbone’’ root

systems which are more efficient in exploiting soil but

more expensive to produce and maintain than dichotomous

branching patterns (see Fitter et al. 1991). Link length and

extreme diameters were measured for each root and order

and link number were recorded. Finally, all roots were

dried and weighed to calculate biomass.

Calculations and statistical analysis

Destructive measures of biomass were made only at the

end of the third year of growth.
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Biomass, measured in 2001 (Table 1), was used to cal-

culate the percent allocation to branches (branch weight

ratio, BWR = dry mass of branches/total plant dry bio-

mass), stem (stem weight ratio, LWR = stem dry mass/

total plant dry biomass), leaves (leaf weight ratio,

LWR = dry mass of leaves/total plant dry biomass) and

roots (root weight ratio, RWR = dry mass of roots/total

plant dry biomass). From the raw data, we calculated the

specific leaf area (SLA = leaf area/leaf dry mass) and the

ratio between plant leaf area and plant dry biomass (leaf

area ratio, LAR).

Classification of species within different functional

types was verified by a backward discriminant analysis

using measured allocational and structural traits. In the

discriminant analysis we excluded Enterolobium because

of the absence of information on leaves.

The percent biomass allocation was square-root trans-

formed and analysed by multivariate analysis of variance

(MANOVA) with Functional Group (pioneer vs. non-pio-

neer) and Species nested under each Group as the two main

effects. LAR and SLA were analysed independently by

ANOVA testing for the effects of functional group and

species nested under each group. LAR was square-root

transformed prior to the analysis to meet the normality

criterion. In all these analyses, we used tree height as a

covariate to take into account the effect of tree size on

allocational ratios and the interaction with functional

group.

Five allometric relationships were examined by log-log

linear regression to understand the architecture of the trees.

The first series of regressions came from classical studies

of architecture (e.g. Kohyama and Hotta 1990; Takahashi

et al. 2001), specifically (1) plant height vs. plant diameter;

(2) plant biomass vs. plant diameter; and (3) root biomass

vs. plant diameter. The data we collected on root systems

allowed estimation of two additional regressions similar to

those presented by Kohyama and Grubb (1994): (4) root

length vs. plant diameter and (5) number of root apices vs.

plant diameter.

For each of these relationships, differences in the slope

of the linear regression were tested for each functional type

(least square method) using Statgraphics Plus v.4.1 soft-

ware. When slopes of the two functional types were not

significantly different, differences between intercepts were

tested.

Finally, ANOVA was used to test differences among the

three species on root architecture parameters and a Bon-

ferroni corrected t-test was used for the a posteriori

comparison of treatments means. Significant differences

were considered if P \ 0.05.

Results

Biomass allocation

The measured allocational traits calculated from the dif-

ferent biomass measurements (Table 1) were pooled

together in a discriminant analysis to determine if the trait

differences could distinguish between the two functional

types, pioneer and non-pioneer. The discriminant analysis

was highly significant (Chi-square = 38.72, df = 4,

P \ 0.0001). The traits retained to distinguish the func-

tional types were root, stem and branch weight ratios

(RWR, SWR, BWR) and the leaf area ratio. Amongst the

35 observations used to fit the model 100% were correctly

classified by the discriminant function. Pioneer species

present a positive canonical score (c.s. [ 0) and non-pio-

neers a negative one. Examination of the c.s. revealed that

Antirrhoea was the species which presented the combina-

tion of traits most typical of pioneer species (c.s. = 2.73),

while Tabebuia was the species presenting the most late-

successional specific traits (c.s. = -2.75) (Fig. 1).

Biomass partitioning was analysed by MANOVA to test

for differences between Functional Group and Species

nested under each Group. The effect of the Functional

Group was found to be almost statistically different

Table 1 Total plant leaf area and dry mass values (mean and sampled range) of the different plant compartments for the eight studied species

Species Stem biomass (Kg) Branch biomass (Kg) Leaf biomass (Kg) Root biomass (Kg) Leaf area (m2)

Luehea seemannii 2.47 (0.12–8.49) 4.79 (0.06–20.47) 3.33 (0.02–15.44) 2.65 (0.075–11.34) 39.93 (0.25–185.1)

Cordia alliodora 4.37 (0.81–12.71) 1.76 (0.36–4.81) 1.4 (0.21–4.65) 2.14 (0.52–5.03) 17.19 (2.6–57.2)

Antirrhoea trichantha 0.83 (0.023–1.7) 0.67 (0.004–1.6) 0.41 (0.004–1.02) 0.52 (0.02–1.16) 6.08 (0.06–15.2)

Enterolobium cyclocarpum 0.72 (0.28–1.2) 0.21 (0.05–0.4) 0.15 (0.09–0.26) 0.73 (0.26–1.17) NA

Cedrela odorata 2.35 (0.41–4.17) 1.08 (0–3.41) 0.64 (0.06–1.67) 2.65 (0.19–8.09) 5.52 (0.5–14.4)

Tabebuia rosea 1.08 (0.01–3.73) 0.22 (0–1.02) 0.26 (0.001–1.02) 0.63 (0.004–2.25) 1.88 (0.007–7.2)

Sterculia apetala 10.3 (0.18–22.43) 3.56 (0–9.89) 1.66 (0.01–5.29) 5.03 (0.16–11.5) 17.83 (0.10–56.9)

Hura crepitans 8.71 (0.27–30.6) 4.33 (0–18.83) 1.7 (0.014 –6.28) 3.97 (0.13–14.9) 14.75 (0.13–54.5)

Leaf area was not available (NA) for Enterolobium cyclocarpum
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(P = 0.08) with Pillai’s Trace (Olson 1976) equal to

0.8943. The effect of Species nested under each group was

statistically different (P \ 0.05) with Pillai’s Trace equal

to 1.460. All eight species had different patterns of biomass

allocation (Fig. 2). Tree size significantly affected all all-

ocational ratios (SWR, BWR, RWR and LWR), but

interactions with functional types were only present for the

branch weight ratio and the leaf area ratio (Fig. 3; Table 2).

For BWR the differences between the two groups

decreased with tree height, while differences between

groups for LAR were greater for bigger trees (Fig. 3).

Within each functional group, significant variation exists

among different species for all the ratios (Fig. 2; Table 2).

Pioneer species such as Antirrhoea and Luehea had the

greatest biomass allocation to branches (23 and 29%,

respectively), while Cedrela and Enterolobium, both non-

pioneer species, were the species which invested the most

in roots (34 and 39%).

Non-pioneer species had significantly thicker leaves

than pioneer species, with mean SLA of 84.1 and

130.6 cm2/g, respectively. Across species, SLA ranged

from 71 cm2/g for Tabebuia to 148 cm2/g for Antirrhoea

(Fig. 2e), but the effect of species within each group was

not statistically significant. Both functional types presented

similar leaf weight ratios, but LAR was, in general, higher

for the pioneer species (Fig. 2f). Thus, across species LAR

ranged from 6.4 to 8.8 cm2/g for non-pioneer species and

from 8.4 to 18.1 cm2/g for pioneer species. However

ANOVA did not detect significant differences between

functional types once the effect of tree size was removed.

Allometric relationships

Within the size gradient studied, tree diameter was a good

predictor of species height, belowground biomass and total

plant biomass (Figs. 4, 5; Table 2). When the species were

grouped by their colonizing status, pioneer species showed

greater height and biomass for a given diameter (P \ 0.05,

regression intercepts) (Fig. 4a, b). Differences between

functional types were more evident when cumulative root

length or the number of root apices was related to diameter

(Fig. 5b, c). Differences in the allometric relationships

among groups were mainly due to differences in intercept

and not to differences in slope (Table 3).

Root architecture

The root TI ranged from 0.80 for Luehea (a pioneer spe-

cies) to 0.90 for Tabebuia but differences were not

statistically significant (P \ 0.05) (Fig. 7a). The diameter

at the base of the proximal roots was a good predictor of

the total root link number with a correlation coefficient of

0.72, 0.84 and 0.53 for Luehea, Hura and Tabebuia,

respectively. For a given root diameter, both Luehea and

Hura presented a higher link number (Fig. 6) and consid-

erably shorter second-order internode length (Fig. 7b) than

Tabebuia, our most shade-tolerant species. Allocation to

taproot dramatically changed between species, ranging

from 60% of total root weight for Tabebuia to 10 and 15%

for Luehea and Hura, respectively (Fig. 7c).

Discussion

Structural and allocational differences among tropical

tree species in an open-grown plantation

Over the last ten years a large number of studies have

examined structural and allocation relationships for tropi-

cal tree species (e.g. King 1991; Kohyama and Grubb

1994; King et al. 1997; Coomes and Grubb 1998; Sterck

1999; Takahashi et al. 2001; Menalled and Kelty 2001).

Efforts have also been made to relate architectural char-

acteristics to ecological characteristics (Kohyama and

Hotta 1990; Coomes and Grubb 1998). For example, it is

well known that early-successional species tend to increase

their allocation to height growth when growing in shade

(Takahashi et al. 2001; Sterck 1999; King et al. 1997),

while late-successional ones tend to reduce or even stop

their height growth in order to maintain high LWR and

Fig. 1 Average canonical scores estimated by discriminant analysis

for the seven of the eight species of saplings studied. Species

abbreviations are: Ls (Luehea seemannii), Co (Cordia alliodora), Sa

(Sterculia apetala), At (Antirrhoea trichantha), Co (Cedrela odora-
ta), Tr (Tabebuia rosea) and Hc (Hura crepitans). Enterolobium
cyclocarpum was excluded from the analysis because of the absence

of information on leaves
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LAR and minimise construction costs in light-limited

environments (Takahashi et al. 2001; Sterck 1999; King

et al. 1997; Delagrange et al. 2004). Biomass allocation in

trees thus appears to be relatively plastic. In this study we

found that pioneer species were taller than non-pioneer

long-lived shade intolerant species for a given diameter.

These results agreed with the findings of King (1991) and

Poorter et al. (2003) and thus with the hypothesis that

pioneer species must give priority to height growth to reach

the canopy as soon as possible to avoid competition for

light. Bohlman and O’Brien (2006) recently pointed out

that the differences in size between functional types were

only present in the early stages of plant development (up to

10 cm dbh) which covers the range of dbh of the present

study.

Tree diameter was a good predictor of both total plant

and belowground biomass. It has been suggested that plant

biomass is more strongly correlated with secondary

(diameter) than primary growth (height) (Chave et al.

2001). Yet we found a very strong correlation between

Fig. 2 Biomass allocation to

(a) trunk, (b) branches, (c)

leaves and (d) roots, specific

leaf area (SLA) (e) and leaf area

ratio (LAR) (f) for the eight

target species. For each species

data is the mean of five

individuals and bars indicate

standard error. Species are

abbreviated as in Fig. 1 with the

addition of Ec (Enterolobium
cyclocarpum)
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height and biomass at this early life-stage (data not show).

Few studies have accounted for belowground development

in tropical trees because root sampling is generally difficult

and very time consuming (Oppelt et al. 2001). However, in

the context of C storage, prediction of biomass allocation

belowground must be considered since it can represent

between 18 and 46% of total plant biomass (Sanford and

Cuevas 1996) (between 22 and 40% in our study,

depending on the species). In this study, and elsewhere,

aboveground plant traits (i.e. diameter, height) were found

to correctly predict belowground biomass and thus C

storage in roots (Thies and Cunningham 1996; Curt and

Prévosto 2003). Within each allometric relationship, dif-

ferences among species and groups were mainly found in

the intercepts (as in Kohyama and Grubb 1994), probably

because the height range investigated was not sufficient to

test for differences among slopes (Coomes and Grubb

1998).

In our study, LAR varied considerably between trees

and species within each functional group, but pioneer tree

species tended to present higher LAR values than non-

pioneer ones. This was due to species differences in SLA

since, as reported above, biomass allocation to leaves

varied little (see Fig. 1). This particular difference in leaf

morphology between functional types is critical since it

provides contrasting nitrogen and water-use efficiencies

and different leaf life spans (Terwilliger et al. 2001; Onoda

et al. 2004). In a parallel study conducted in the same

experimental site we found a positive relationship between

SLA and leaf photosynthetic nitrogen use efficiency

(PNUE) (Delagrange et al. 2008) and Kitajima (1994) and

Walters et al. (1993), among others, have reported higher

photosynthetic rates and SLA values for pioneer species

than for non-pioneers when growing under high light

conditions. SLA is known to well predict photosynthetic

capacity under high light conditions and particularly at

Fig. 3 Relationship between tree height, (x-axis) and (a) Branch

Weight Ratio (BWR) and (b) Leaf Area Ratio (LAR) (y-axis)

between functional types. Solid line indicates non-pioneer species and

broken line indicates pioneer ones

Table 2 Summary of MANOVA results of the stem weight, branch

weight, leaf weight and root weight ratios and ANOVA for LAR. In

both analyses tree height was used as covariable

Source SS df F P value

Stem weight ratio

Group 0.000906 1 0.04 0.8516

Species (Group) 0.142541 6 2.26 0.0645

Height 0.098342 1 9.35 0.0047

Height 9 Group 0.001195 1 0.11 0.7384

Error 0.315528 30

Branch weight ratio

Group 0.278809 1 15.36 0.0078

Species (Group) 0.108941 6 2.67 0.0338

Height 0.305430 1 44.95 0.0000

Height 9 Group 0.081025 1 11.92 0.0017

Error 0.203866 30

Leaf weight ratio

Group 0.001351 1 0.31 0.5981

Species (Group) 0.026200 6 1.22 0.3213

Height 0.064194 1 18.01 0.0002

Height 9 Group 0.012414 1 3.48 0.0718

Error 0.106945 30

Root Weight Ratio

Group 0.000054 1 0.00 0.9525

Species (Group) 0.083525 6 3.52 0.0093

Height 0.021205 1 5.36 0.0276

Height 9 Group 0.005187 1 1.31 0.2611

Error 0.118634 30

Leaf Area Ratio

Group 0.05254 1 0.08 0.7862

Species (Group) 3.20725 5 1.68 0.1743

Height 7.50039 1 19.67 0.0001

Height 9 Group 1.88254 1 4.94 0.0352

Error 9.91498 26

The main factors included in the analyses were the functional type

(pioneer or non pioneer) and the species nested under these groups
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fertile sites (Craven et al. 2007). In agreement with

Veneklaas and Poorter (1998) we believe that in our

plantation site physiological differences (e.g. higher pho-

tosynthetic rates and PNUE in pioneer species) rather than

allocational differences between functional types may

predominate. However we found that, when the different

allocation traits we measured were combined in a dis-

criminant analysis, species were efficiently separated into

two groups based on their successional status.

Much research has been recently devoted to functional

group classification, and the use of quantitative method has

been advocated as an objective way to group species (Ellis

et al. 2000; Diaz and Cabido 2001; Lavorel and Garnier

2002; Paz 2003; Poorter et al. 2003, 2006). In our study,

the combination of RWR, SWR, BWR and LAR (rather

than a specific trait per se) very effectively separated spe-

cies into two groups. Our data thus support the importance

of multiple-trait trade-offs (above- and belowground) to

differentiate species strategies.

Several recent papers have reported that tree size affects

aboveground biomass distribution and the need to consider

these effects when analysing such traits (Veneklaas and

Poorter 1998; Menalled and Kelty 2001; Delagrange et al.

2004). Furthermore, both Delagrange et al. (2004) and

Claveau et al. (2005) found that the effects of tree size

varied according to the availability of resource, in this case

light. In the present study, most allocational ratios were

strongly influenced by tree size.

Moreover we found that the ontogenetic effects on

biomass distribution traits vary among functional types (in

agreement with Kneeshaw et al. 2006): pioneer species

allocated more to branches when small and increased LAR

with size. The assumption of higher allocation to branches

Fig. 4 Relationship between diameter (x-axis), height and plant

biomass (y-axis) for the eight target species. Variables were log

transformed. Solid line indicates non-pioneer species and broken line
indicates pioneer ones

Fig. 5 Relationship between diameter (x-axis), root biomass, root

length and root apices (y-axis) for the eight target species. Variables

were log transformed. Solid line indicates non-pioneer species and

broken line indicates pioneer ones
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in pioneer species during early development needs to be

made cautiously because other factors such as leaf size or

petiole length can greatly influence branchiness and crown

construction (King and Maindonald 1999). In our study,

pioneer species were characterised by relatively small

leaves while non-pioneers ones have large compound

leaves (Tabebuia, Enterolobium, Cedrela) or long petioles

(up to 10–13 cm, Hura). Differences in leaf size between

species could thus also explain why the non-pioneer spe-

cies start branching at higher size, since first branch height

has been found to be positively related to leaf size (and/or

petiole length) (King 1998). The interaction between size

and functional types for BWR and LAR could alternatively

be explained by the presence of an aboveground foraging

strategy in pioneer species which would consist in estab-

lishing rapidly their branching system to then increase their

LAR and maximize light capture and growth. Thus under

favourable growing conditions (without seasonal drought

periods) pioneer species such as Luehea or Cordia are

probably the most appropriate for rapid land restoration

purposes (e.g. Condit et al. 1993). However in sites with

restricted water availability or on poor soils the use of more

conservative non-pioneer species (with lower LAR and

thus lower evaporative demands) or nitrogen-fixing spe-

cies, such as Enterolobium, seems more appropriate

(Craven et al. 2007).

Variation in root allocation and architecture

A limitation of existing data on tropical tree biomass

allocation and morphology is that most studies only con-

sider the aboveground components of trees (but see

Kohyama and Grubb 1994). In our study, root biomass was

measured and was found to vary widely among species

without a clear trend between the two functional types

(Fig. 5). However the number of root apices as well as

cumulative root length differed significantly between

functional types, the pioneer species having, on average,

more root apices and root length at a given plant size. In

other words, morphological rather than allocational dif-

ferences were found belowground between functional

types, with pioneer species presenting a more branched and

thinner root system (higher specific root length) than non-

pioneer species. These results agree with those published

by other authors (Reich et al. 1998; Huante et al. 1992; Paz

2003), although this study was carried out on a broader

plant size gradient and on roots larger than 2 mm. The

thicker root system of non-pioneer species supports the

hypothesis that allocation to storage or defence is favoured

in these species at the expense of soil exploration (Kobe

1997; Canham et al. 1999). Investment in soil exploration

would in contrast be needed by pioneer species to com-

pensate higher aboveground development (i.e. SLA,

allocation to branches) and hence to balance light inter-

ception and belowground acquisition (Reich et al. 1998).

Several authors have reported that nutrient uptake potential

was more likely related to the number of active apices than

to root mass per se (Andrew and Newman 1973; Caldwell

and Richards 1986).

Root architecture was studied in greater detail in a subset

of three species. We obtained a TI close to 1 for the three

species. Such a TI is characteristic of herringbone-like root

Table 3 F-Ratio and P-value of the difference in slope steepness and intercept among the two functional types (pioneer (P) versus non-pioneer

(NP)) for the various allometric regressions and R-squared value of the regressions for each functional type

Slope Intercept R2

Relationship F-Ratio P-value F-Ratio P-value P NP

Height versus diameter 1.31 0.2598 11.10 0.0020 0.80 0.95

Plant biomass versus diameter 0.29 0.5967 8.40 0.0063 0.93 0.94

Root biomass versus diameter 0.01 0.9213 1.19 0.2832 0.91 0.88

Root length versus diameter 1.07 0.3086 81.25 0.0000 0.95 0.84

Root apices versus diameter 1.60 0.2141 45.98 0.0000 0.82 0.68

Fig. 6 Relationship between diameter at the base of primordial roots

(x-axis) and link number (y-axis) for Luehea seemannii (white
squares), Hura crepitans (grey squares) and Tabebuia rosea (black
squares). Regression lines are presented for each species
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systems which present high soil exploitation efficiency

levels (Fitter 1987). Little is known about how root topol-

ogy changes among species belonging to different

successional stages and more research is needed. Caution is

also required when comparing the data from this study with

the existing literature since we studied only coarse roots

(d [ 2 mm). Different results might have been obtained if

the complete root system had been studied (Oppelt et al.

2001). Unfortunately the soils at the research site have a

very high clay content making it impossible to extract fine

roots without significant damage.

Although we had a small number of replicates per spe-

cies (sampling was difficult and very time consuming)

differences in root architectural traits were found among

the three species when roots were examined in greater

detail. Firstly, Tabebuia presented a less branched root

system with longer internode lengths than Luehea, a pio-

neer species, or Hura, a species considered as

‘‘intermediate’’ in terms of shade tolerance (Ellis et al.

2000; Poorter et al. 2006). Taproot allocation was also

dramatically different among the three species, being three

times higher in Tabebuia than in Hura or Luehea. Overall,

the analyses revealed two different strategies of soil

exploration. Species like Tabebuia may preferentially

invest in storage and would produce few roots with long

links to increase their soil exploitation efficiency (Fitter

et al. 1991). In contrast Hura and Luehea present more

branched roots and allocate much less to taproot, presum-

ably to increase belowground surface for resource capture.

Globally, the results agree with previous studies that have

analysed variation of root architecture between species

from different successional stages in the tropics (Paz 2003)

and in the boreal forest (Bauhus and Messier 1999; Gau-

cher et al. 2005). However, very little is still known about

the relationship between species successional status and

root development (particularly under natural conditions)

and more research would be needed to confirm these results

and better understand the interaction between above- and

belowground resource capture strategies.

Conclusions

We found that pioneer species were taller than non-pioneer

ones for a given diameter at the sapling stage. Species and

functional types were shown to differ in several below-

ground (i.e. branchiness, root length, allocation to taproot)

and aboveground (SLA, LAR, BWR) traits. Discriminant

analysis based on a combination of allocational data con-

firmed the classification of trees into two groups: pioneers

and non-pioneer as suggested from studies done in natural

forests. Allocation traits significantly varied with tree size.

Pioneer species allocated more to branches than non-pio-

neer ones when small and increased LAR more

dramatically with size. Belowground, the pioneer species

presented similar root biomass compared to the non-pio-

neer species, but higher cumulative root length and a

higher number of root apices. Since both groups of species

are characterised by different physiologies and growing

patterns, the selection of pioneer versus non-pioneer long-

lived shade intolerant species for restoration purposes may

Fig. 7 a Topological index for L. seemannii, H. crepitans and T.
rosea. For each species data is the mean of ten roots and bars indicate

standard error. b Internode length for first-order (black) and second-

order roots (grey). Values represented are means and standard error.

The number of sampled roots per species varies between 10 and 70. c
Percentage of root biomass allocated to taproot. For each species data

is the mean of three root systems and bars indicate standard error
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depend on the environmental conditions (especially the

frequency of seasonal drought) at the plantation site.
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rain forest tree species differing in adult stature and shade

tolerance. Ecology 84:602–608

Poorter L, Bongers L, Bongers F (2006) Architecture of 54 moist-

forest tree species: traits, trade-offs, and functional groups.

Ecology 87:1289–1301

Reich PB, Tjoelker MG, Walters MB, Vanderklein DW, Buschena C

(1998) Close association of RGR, leaf and root morphology,

seed mass and shade tolerance in seedlings of nine boreal tree

species grown in high and low light. Funct Ecol 12:327–338

Sanford RL, Cuevas E (1996) Root growth and rhizosphere interac-

tions in tropical forests. In: Mulkey S, Chazdon RL, Smith AP

(eds) Tropical Forest plant ecophysiology. Chapman and Hall,

New York, pp 268–300

Scherer-Lorenzen M, Potvin C, Koricheva J, Schmid B, Hector A,

Bornik Z, Reynolds G, Schulze ED (2005) The design of

experimental tree plantations for functional biodiversity

research. In: Scherer-Lorenzen M, Korner Ch, Schulze ED

(eds) Forest diversity and function: temperate and Boreal

systems. Ecological Studies 176. Springer, Berlin, pp 347–376

Sterck FJ (1999) Crown development in tropical rain forest trees in

gaps and understorey. Plant Ecol 143:89–98

Takahashi K, Seino T, Kohyama T (2001) Responses to canopy

openings in architectural development of saplings in eight

deciduous broad-leaved tree species. Can J For Res 31:1336–1347

Terwilliger VJ, Kitajima K, Le Roux-Swarthout DJ, Mulkey S, Wright

SJ (2001) Intrinsic water-use efficiency and heterotrophic invest-

ment in tropical leaf growth of two Neotropical pioneer tree

species as estimated from d13C values. New Phytol 152:267–281

Thies WG, Cunningham PG (1996) Estimating large-root biomass

from stump and breast-height diameters for Douglas-fir in

western Oregon. Can J For Res 26:237–243

Veneklaas EJ, Poorter L (1998) Carbon partitioning strategies of

tropical tree seedlings in contrasting light environments. In:

Lambers H, Poorter H, Van Vuuren MMI (eds) Inherent variation

in plant growth. Physiological mechanisms and ecological conse-

quences. Backhuys Publishers, Leiden, pp 337–361

Walters MB, Kruger EL, Reich PB (1993) Growth, biomass

distribution and CO2 exchange of northern hardwood seedlings

in high and low light: relationships with successional status and

shade tolerance. Oecologia 94:7–16

Welden CW, Hewett SW, Hubbell SP, Foster RB (1991) Sapling

survival, growth, and recruitment: relationship to canopy height

in a neotropical forest. Ecology 72:35–50

Wright SJ, Muller-Landau H, Condit R, Hubbell SP (2003)

Gap-dependent recruitment, realized vital rates, and size distri-

butions of tropical trees. Ecology 84:3174–3185

596 Trees (2008) 22:585–596

123


	Root architecture and allocation patterns of eight native tropical species with different successional status used in open-grown mixed plantations in Panama
	Abstract
	Introduction
	Materials and methods
	Species selection, plantation establishment and early measurements
	Allometric and morphological measurements
	Root architecture measurements
	Calculations and statistical analysis

	Results
	Biomass allocation
	Allometric relationships
	Root architecture

	Discussion
	Structural and allocational differences among tropical tree species in an open-grown plantation
	Variation in root allocation and architecture

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


