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Abstract

There is a growing interest for the use of native tree species for tropical plantations. However, their silvicultural
requirements are generally unknown. Fifteen native tree species, seven early- and eight late-successional species, were
planted on an abandoned pasture located on a degraded Hydrandept volcanic soil in Amazonian Ecuador. The objective was
to study their survival, growth and foliar nutrient levels in relation to their successional status. The experiment consisted of a
random block design with three replicates, each one subdivided in 15 plots with one species per plot. Half of the plots
Ž . Ž .split-plot were fertilized with a slow-release fertilizer 16–10–10 . Height and basal diameter were measured every 6
months, for 2.5 yr. Foliar nutrients were estimated from samples taken once, at 2 yr. Soil analyses indicated that the soil was
poorer and denser in the plantation compared to the adjacent forest, with a large within-site heterogeneity. Early-successional
species had a significantly higher survival, growth and foliar nutrient concentrations than the late-successional species.
Fertilizer addition did not affect survival or growth. Among late-successional species, Caryodendron orinocense had by far
the highest survival. Four early-successional species had a high survival and good growth, with low coefficients of variation
in spite of soil heterogeneity: Erythrina poeppigiana, Pollalesta discolor, Heliocarpus americanus and Inga densiflora.
The better growth performances of early-successional species could be related to the relatively early stage of plantation. Our
results suggest that these species could be used advantageously to rapidly create a tree cover on a degraded soil. This study
highlights the importance of investigating the appropriate land use of degraded volcanic soils in the humid tropics. It also
underscores the high potential of some native tree species, and recommends that more studies be done on their silviculture,
as well as on the selection of those best adapted to degraded volcanic soils. q 1998 Elsevier Science B.V.
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1. Introduction

The annual deforestation rate in Ecuador has been
estimated at 1.8% of its natural forest cover between

) Corresponding author. Tel.: q1-514-868-3073; fax: q1-514-
868-3065; e-mail: rds_biodome@ville.montreal.qc.ca.

Ž .1981 and 1990 FAO, 1993 . In the Amazonian
Province of Morona Santiago, small landholders are

Žresponsible for most of the deforestation Rudel and
.Horowitz, 1993 . They came mainly from the An-

dean Highlands of southern Ecuador, and settled
predominantly on Hydrandepts, which are infertile

Žand waterlogged volcanic soils MAG-PRONAREG
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Table 1
Characteristics of the planted native tree species, screening trial, Macas, Amazonian Ecuador

aFamily Successional Nitrogen Uses
species status fixation

Asteraceae
bc Ž . Ž .P. discolor Early No Timber Peck, 1990; PREDESUR, 1979 , crates Peck et al., 1990 .
a Ž . Ž .Early Shading coffee plantations Tratado de Cooperacion Amazonica, 1994 . Fuelwood Duke and Vasquez, 1994 .

Boraginaceae
bc Ž .C. alliodora Early No Timber Boese, 1992; Chudnoff, 1984; Lamprecht, 1990; Peck, 1990 . Shading coffee and cacao plantations

Ž .Johnson and Morales, 1972; Mussak and Laarman, 1989; Tratado de Cooperacion Amazonica, 1994 . Forestry
Ž . Ž . Ž .pasture systems Bishop, 1982; Boese, 1992 . Forest enrichment Boese, 1992 . Agroforestry Beer et al., 1994 .

Euphorbiaceae
a ŽC. lechleri Early No Medicinal sap Boese, 1992; Marini-Bettolo and Scarpati, 1979; Hartwell, 1969; Ceron, 1995; Duke and´

.Vasquez, 1994 .
b Ž . Ž . Ž .C. orinocense Late No Edible seeds Reckin, 1982; Ceron, 1995 . Edible oil Reckin, 1982 . Timber Boese, 1992; Reckin, 1982 .´

Ž . Ž .Agroforestry Tratado de Cooperacion Amazonica, 1994 . Charcoal Reckin, 1982 .

Fabaceae – Faboideae
c c Ž .E. poeppigiana Early Yes Shading coffee and cacao plantations, agroforestry, fuelwood, living fences Russo, 1993 . Fodder

Ž . Ž .Pezo et al., 1993 . Artcraft Ceron, 1995 .´
bc bc Ž .P. pinnatum Late Yes Timber A.T.I.B.T., 1965; Boese, 1992; Chudnoff, 1984; Little and Dixon, 1969 . Forestry pasture systems

Ž . Ž . Ž .Boese, 1992 . Forest enrichment Boese, 1992 . Agroforestry Boese, 1992 .
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Fabaceae – Mimosoideae
c c Ž .I. densiflora Early Yes Edible pulp Bishop, 1982; Peck, 1990 .
a c cP. pteroclada Early Yes Timber .

Lauraceae
c Ž .Nectandra sp. Late No Timber Chudnoff, 1984 .
b Ž . Ž .N. membranacea Late No Timber Boese, 1992; Lorenzi, 1992 . Ornamental Lorenzi, 1992 .
c cO. floccifera Late No Timber .

Meliaceae
bc Ž .C. odorata Late No Timber Boese, 1992; Chudnoff, 1984; Lamprecht, 1990; Little and Dixon, 1969; Peck, 1990 . Shading coffee

Ž .plantations Mussak and Laarman, 1989; Tratado de Cooperacion Amazonica, 1994 . Forestry pasture systems
Ž . Ž .Boese, 1992 . Forest enrichment Boese, 1992; Lamprecht, 1990 .

Moraceae
c Ž . Ž .C. biflora Late No Timber Duke and Vasquez, 1994 . Edible latex Ceron, 1995 .´

Myristicaceae
c Ž . Ž .V. duckei Late No Timber Bennett and Alarcon, 1994; Chudnoff, 1984 . Hallucinogenic sap Bennett and Alarcon, 1994 . Firewood

Ž .Bennett and Alarcon, 1994 .

Tiliaceae
a cŽ .H. americanus Early No Artcraft Peck et al., 1990 . Crates .

a Neill and Palacios, 1989.
b W. Palacios, personal communication, 1993.
c P. Fernandez, personal communication, 1993.
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.and ORSTOM, 1983 . According to Canadas Cruz˜
Ž .1983 , these soils have a limited potential for agri-
culture because of a very high water retention capac-
ity and their susceptibility to leaching and erosion.
They should be left in their original state or devoted
to reforestation with some form of agro–silvo–pas-
toral management. Tree plantation is often consid-
ered as one of the best methods to improve degraded
soils, mainly through more efficient nutrient cycling
Ž .Hecht, 1982; Nair and Fernandez, 1984 .

In Ecuador, plantations have been almost exclu-
sively established on the coast and in the Andes
Ž .Banco Interamericano de Desarollo, 1982 . Few
have been established in the Amazon Uplands and
Lowlands of the country. Approximately 85% of all
tropical plantations consist of three genera, Eucalyp-

Ž .tus, Pinus and Tectona Evans, 1982 , and not much
Ž .is known about native tree species. Butterfield 1995

identified many Costa Rican native tree species that
equalled or outperformed commonly planted exotic
species. The probability of finding native trees with
high silvicultural potential is even greater in the
Ecuadorian Amazon, in the Eastern Foothills of the
Andes, because its tree diversity is possibly the

Ž .highest in the world Valencia et al., 1994 . Our
knowledge of the silvicultural characteristics of Up-
per Amazon tree species is very scant, and almost
entirely of anecdotal nature, as opposed to the in-
creasing amount of experimental data available for
Central American tree species, mostly as a result of

Žresearch carried out in Costa Rica Espinoza and
Butterfield, 1989; Montagnini and Sancho, 1990,
1994; Gonzalez and Fisher, 1994; Fisher, 1995; But-

.terfield, 1995, 1996 . Some species or genera have a
wide distribution in Central and South America and
results may be transferable, at least in part, to South
America. However, many species are different and
their potential and silvicultural needs remain un-
known.

The fast growing characteristics of exotic species
are often linked to their early-successional status
Ž .Sawyer, 1993 . Early- and late-successional species

Žhave different physiological and growth traits Baz-
.zaz and Pickett, 1980 , and this is not often taken

into account in the selection and testing of tree
species. Our primary objective in this study was to
evaluate the survival, growth and foliar nutrients of
native Amazonian Upland tree species in relation to

their successional status, and to make recommenda-
tions as to which ones are best adapted to re-estab-
lish a tree cover on a degraded soil. A secondary
objective was to increase our knowledge of land-use
management of degraded volcanic soils in the humid
tropics. Volcanic soils have been studied mainly in
temperate regions, in countries such as Japan, New

Ž .Zealand and the United States Shoji et al., 1993 .

2. Description of the study site

The experimental site is at 1300 m of elevation
and is situated approximately 16 km north of the city
of Macas, the provincial capital of Morona Santiago,
and 40 km south of the Sangay volcano, on the

Ž X X .western side of the Upano river 2812 S, 78805 W .
Precipitation is high due to orographic effects and is
roughly constant year round, with an annual average
of 3000 mm. However, there can be important varia-
tions from one year to another, such as 4200 mm in

Ž1980–1981 and 1700 mm in 1987–1988 unpub-
.lished data from INECEL, 1980–1992 . The average

Žannual temperature is 228C unpublished data from
.Macas airport, 1990–1992 . Soils are Hydrandepts

Ž .Humic Andosols according to FAO–Unesco, 1974 ,
Žorder Inceptisol, now probably Hydrudands, order

.Andisols, according to the Soil Survey Staff, 1994
and can be described as loose, silty, per-humid, with
a low fertility and, in some cases, aluminum toxicity.
Parent material is a conglomerate of rocks of vol-
canic origin overlaid by a layer of volcanic ashes
Ž .MAG-PRONAREG and ORSTOM, 1983 . The bio-

Žclimatic zone is very humid sub-tropical Canadas˜
.Cruz, 1983 , which corresponds to the premontane

Ž .wet forest life zone Holdridge et al., 1971 . The
surrounding forest is a multilayered tropical rainfor-

Žest with a high biodiversity CLIRSEN and DINAF,
.1991 . According to a land-use map, most of the

surrounding area was dominated by forest in 1985,
with some small areas of human intervention in the

Ž .form of pastures CLIRSEN-INCRAE, 1987 . Apart
from cattle, the major agricultural species are tea,

Ž .naranjilla Solanum quitoense Lam. , sugar cane,
plantain, maize and manioc.

The experimental site was deforested more than
30 yr ago, possibly with a bulldozer, which could
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have removed the organic layer and contributed to
local problems of compaction. Irrigation channels
have been dug to prevent excessive water accumula-
tion. The field was used as a pasture for about 20 yr,
and then, from 1983 to 1989, after a superficial
ploughing with a small tractor, converted into a
sugar cane plantation for alcohol production. Neither
fertilizer nor mechanical harvesting was used during
this period. From 1989 until the beginning of the
experiment in 1993, successional trees were removed
as they appeared in order to maintain the pasture that
resulted from abandonment of the sugar cane field.
The dominant grass sown in the pasture was gra-

Ž Ž . .malote Axonopus scoparius Flugge Kuhlm , which¨
is the only grass showing good adaptation to Hy-

Ž .drandept soils Canadas Cruz, 1983 . A flora inven-˜
Žtory conducted by F. Serrano and A. Verdugo un-

.published data, 1994 showed that grasses were cov-
ering 89% of the experimental field. We confirmed

Ž .the presence of A. scoparius Flugge Kuhlm, An-¨
dropogon bicornis L., and Paspalum Õirgatum L.

Ž .Also frequent were Asteraceae 3.4% , Cyperaceae
Ž . Ž .2.8% and pteridophytes 1.6% .

3. Materials and methods

3.1. Tree species selection

Tree species selection was made on the basis of
three main criteria. Chosen trees had to be native
Ecuadorian species growing in the surrounding area
of the plantation within the same bioclimatic zone.
Seeds or wild plantlets had to be available for har-
vest during the collecting phase. Finally, we were
looking mainly for timber species, known locally or
internationally, or trees with other uses such as
nitrogen fixation, fuelwood, medicinal properties or
edible products. We were also interested in knowing
their successional status. A preliminary list of over
60 species was established, among which 15 species
were collected.

The early-successional species are: Cordia al-
Ž .liodora Ruiz and Pavon Oken, Croton lechleri´

Ž .Muell. Arg., Erythrina poeppigiana Walpers O.F.,¨
Cook, Heliocarpus americanus L., Inga densiflora
Bentham, Piptadenia pteroclada Bentham and Pol-

Ž .lalesta discolor Kunth Aristeguieta. The late-

successional species are: Caryodendron orinocense
Karsten, Cedrela odorata L., Clarisia biflora Ruiz
and Pavon, Nectandra sp., Nectandra membranacea´
Ž .Swartz Grisebach, Ocotea floccifera Mez. and

Ž .Sodiro, Platymiscium pinnatum Jacquin Dugand
and Virola duckei A.C. Smith. Known uses of these
species are listed in Table 1. Some are already used
in various agroforestry systems, such as C. odorata,
C. alliodora, E. poeppigiana, P. pinnatum and P.
discolor. C. alliodora, E. poeppigiana, and C. odor-
ata were interesting because they are known and
widely used in tropical America. Identifications were
confirmed by W. Palacios from the Herbario Na-

Ž .cional de Quito voucher specimens deposited .

3.2. Seedling production

Most seeds were collected in June 1993. Young
plantlets were collected for species for which the
seed production period had ended. Trees were found
in the surrounding area of the plantation site, and up
to 20 km away, mainly in pasture or forest remnants.
When possible, we tried to collect from a single
parent tree. C. odorata, C. alliodora, E. poeppi-
giana and P. pinnatum came from the CREA
Ž .Centro de Reconversion Economica del Austro´ ´
nursery, the two latter because the seed-collection
period had ended. A small tree nursery facility was
established near the plantation and selected species
were transplanted or sown in raised beds. The sow-
ing methods for each species were determined ac-
cording to their seed size and their specific needs for
humidity and light. Some species were planted in
small plastic bags. Information on seed collection
methods, sowing, and seedling requirements were
provided by the CREA staff.

3.3. Experimental design and plantation

An area of 150 m=150 m was weeded by ma-
chete in July 1993 and fenced to exclude cattle. In
August, glyphosate herbicide was applied at a dosage
of 6 l hay1. The experimental plantation was laid out
in an area of 124 m=24 m. A random block design
was used. It consisted of three blocks, each subdi-

Ž .vided into 15 plots 8 m=8 m , one plot per species.
In November 1993, 720 trees were planted, 48 per

Žspecies, 16 per plot, spaced 2 m apart within row
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.and between row . A granular slow-release fertilizer,
16–10–10 N–P–K plus micro-nutrients type 180
days, was applied on half of each plot. A dosage of
1.25 kg per 10 m2 was used, resulting in 20 g of

Ž .fertilizer per tree 1.50 g N, 0.87 g P, 1.66 g K in an
area of 1600 cm2 around it. A total of 29 plantlets of
N. membranacea were replaced one month after the
initial planting. No further replacements were done
after this date. Maintenance glyphosate herbicide
applications were made roughly three times per year,
always 2 to 3 weeks after a weeding by machete.

3.4. Soil analyses

Plantation soil samples were taken in November
1993 in the plots of three randomly selected species.
Samples consisted of the first 10 cm of soil, under
the litter layer. Sampling was done in the middle of
each of six split-plots in each of the three blocks, for
a total of 18 samples. A total of 12 forest soil

Žsamples were taken in 1995 Thibaudeau-Robitaille,
.1997 . The samples were brought to the Universidad

del Azuay, Cuenca, and dried at 708C. In the labora-
tory in Montreal, they were passed through a 2-mm´
sieve for all extractions, and ground and passed
through a 150-mm sieve for P extraction. Mineral N
Ž .NH and NO was extracted with KCl 2 M4 3
Ž .Maynard and Kalra, 1993 and analyzed by Flow

Ž .Injection Analysis Tecator FIAstar 5020 Analyser .
Ž .Exchangeable cations K, Ca, Mg, Mn and Al were

Žextracted with BaCl 0.1 M Hendershot et al.,2
.1993 and analyzed by atomic absorption. Exchange-

Žable P was extracted by the Bray II method Mc-
.Keague, 1978 , using NH F 0.03 NqHCl 0.1 N,4

and analyzed by spectrophotometer. The organic
matter content was estimated by loss on ignition in

Ž .the oven at 5508C for 2 h Grimshaw, 1989 . The pH
was determined by a glass electrode from a 1:2
soil:CaCl solution. Soil density was measured using2

samples taken in metal cans of known volume.

3.5. Growth parameters

Height and basal diameter were measured every 6
Ž .months. Height annual increment HAI and diame-

Ž .ter annual increment DAI were calculated in cm
yry1 and mm yry1 respectively. Tree form was
graded once, in May 1996, according to the follow-
ing criteria: 1, straight; 2, slightly crooked; 3,
crooked; 4, low bifurcation or low branches as large

Žas the main axis modified from Gonzalez and Fisher,
.1994 .

3.6. Foliar nutrients

In November 1995, leaf samples were taken in
each plot, one leaf from each tree, on an average of
9.8 surviving trees per species per block. Leaves
from within plots were pooled to provide three repli-

Ž .cates blocks for each species. For every species,

Table 2
Comparison of plantation and forest soil properties, screening trial, Macas, Amazonian Ecuador

Ž .Site NO -N NH -N P K Ca Mg Fe Mn Al ECEC pH CaCl Al O.M Dens.3 4 2
y3y1 y1mg kg cmol kg % g cm

Ž .Plantation ns18
Mean 2.39 79.27 0 0.20 1.50 0.27 0.01 0.04 0.27 2.30 4.81 10.92 30.60 0.33
S.D. 1.41 48.88 0 0.16 1.59 0.26 0.02 0.07 0.33 2.22 0.30 6.66 3.3 0.04
C.V. 59 62 0 79 106 96 120 146 122 96 6 61 11 12

Ž .Forest ns12
Mean 104.32 162.00 8.07 0.47 4.67 1.61 0.21 0.28 4.36 11.59 4.11 36.31 53.81 0.21
S.D. 28.22 38.26 3.59 0.07 0.57 0.38 0.12 0.12 1.63 1.81 0.15 12.34 7.23 0.08
C.V. 27 24 44 15 12 24 58 43 37 16 4 34 13 38

Ž .ECECsEffective cation exchange capacity sum of all cations: K, Ca, Mg, Fe, Mn, Al .
Ž . Ž .Al % s% of Al saturation percentage of Al relative to total cations .

Ž .Forest soil data are from Thibaudeau-Robitaille 1997 , and were taken in an adjacent, relatively undisturbed native forest.
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Table 3
Survival of planted native trees at 2.5 yr in a screening trial,
Macas, Amazonian Ecuador

Ž .Species Successional status Survival %

E. poeppigiana Early 97.9a
P. discolor Early 95.8a
I. densiflora Early 93.8a
C. orinocense Late 81.3a
H. americanus Early 75.0a
C. lechleri Early 58.3b
C. alliodora Early 54.2b
C. biflora Late 42.6b
P. pinnatum Late 33.3b
Nectandra sp. Late 29.2c
P. pteroclada Early 25.0c
V. duckei Late 19.1c
O. floccifera Late 16.7c
C. odorata Late 6.3c
N. membranacea Late 0c

Letters indicate significant differences from a frequency table
Ž .analysis using a log-linear model p-0.05 .

The absolute equivalent of 100% survival is 48 trees per species.

the first mature leaf was selected. Samples were
air-dried in the field. They were dried again at 608C
in the lab, ground to a fine powder, and sent for
analysis to the Ministry of Agriculture laboratory
Ž .Rock Forest, Quebec . Total N was determined by´

Ž .Kjeldahl digestion Baker and Thompson, 1992 , and
determination of P, K, Ca, Mg, Mn, Fe, Al, B, Cu
and Zn was made by Inductively Coupled Plasma
Ž . ŽICP Emission Spectroscopy Donohue and Aho,

.1992 .

Table 4
Contrast analysis between early- and late-successional species,
and between the effect of the presence or the absence of fertilizer
for survival after 2.5 yr, screening trial, Macas, Amazonian
Ecuador

Contrast Number of live trees

Successional status
Early 239a
Late 109c

Fertilization
No 181b
Yes 167b

Letters a, b, and c indicate respectively: a significant positive
contrast, no significant contrast, and a significant negative contrast
Ž .p-0.05 .

Table 5
ANOVA for height of native trees at 2.5 yr, screening trial,
Macas, Amazonian Ecuador

Source df F value P ) F

Block 2 5.11 0.0067
aSpecies 9 13.24 0.0001

Block=species 18 6.08 0.0001
Fertilizer 1 2.76 0.2383
Block=fertilizer 2 0.74 0.4770
Species=fertilizer 9 0.38 0.9286
Block=species=fertilizer 18 3.89 0.0001
Error 250

a Four species were removed from the analysis because of insuffi-
cient numbers. All N. membranacea died.
Data have been rank transformed to achieve normality.

3.7. Statistical analysis

Soil data were analyzed by analysis of variance.
Species survival and tree form were analyzed with a
frequency table analysis using a log-linear model,
and a contrast test was made to assess the effect of
the successional status and of the fertilizer. Height,

Table 6
Final height and diameter of early- and late-successional native
trees after 2.5 yr of growth, screening trial, Macas, Amazonian
Ecuador

Ž . Ž .Species Final height cm Final diameter mm

Mean S.D. C.V. Mean S.D. C.V.

Early-successional
C. alliodora 220.7ab 121.0 54.8 58.9abc 38.4 65.2
C. lechleri 336.9a 112.5 33.4 70.0ab 31.3 40.2
E. poeppigiana 374.7a 110.6 29.5 100.4ab 30.3 30.2
H. americanus 370.6a 75.6 20.4 108.1a 38.7 35.8
I. densiflora 200.1abc 63.4 31.7 54.1bcd 19.2 35.4
P. pteroclada 263.0 76.4 29.1 56.6 29.8 52.6
P. discolor 320.7a 98.7 30.8 72.9abc 24.1 33.1

Late-successional
C. orinocense 77.1c 26.1 33.9 21.4de 5.8 27.2
C. odorata 97.7 25.7 26.3 38.2 11.1 29.1
C. biflora 64.4c 41.2 63.9 14.8e 5.0 33.4
Nectandra sp. 105.9 22.0 20.8 23.0 5.8 25.3
O. floccifera 66.7c 39.4 59.0 14.6e 7.9 54.1
P. pinnatum 122.2bc 58.1 47.5 32.6cde 15.0 45.9
V. duckei 20.4 4.1 19.9 9.2 2.1 22.4

Letters indicate significant differences from a Tukey grouping
Ž .p-0.05 . P. pteroclada, C. odorata, Nectandra sp., and V.
duckei were removed from the ANOVA because of insufficient
number of survivors.
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diameter, HAI, DAI, fertilizer effect and foliar nutri-
ents were analyzed by analysis of variance, followed
by a Tukey means comparison test. Contrast tests
were used to assess the effect of successional status.

Ž .A MANOVA was used Wilk’s Lambda method to
test the block effects and species effects for the foliar

Žnutrients. SAS was used for all analyses SAS Insti-
.tute, 1992 .

4. Results

4.1. Soil characteristics

Nutrient concentrations are always lower in the
former pasture than in the forest, suggesting a gen-

Žeral degradation of the soil chemical properties Ta-
.ble 2 . Exchangeable K, Mg, and Ca are low. This

reflects in an effective cation exchange capacity
Ž .ECEC five times lower in the plantation compared
to the forested area. Moreover, there is a consider-
able spatial variation in nutrient concentrations in the

former pasture, compared to the forest, leading to
much higher soil heterogeneity. ANOVA analyses
could not detect any block effect for any element,
showing that this heterogeneity also exists within
each block. Available P could not be found in the
plantation soil, as opposed to the forest soil. NH is4

the dominant N form, and the NH rNO ratio is4 3
Ž .much higher in the plantation 33 than in the forest

Ž .1.5 .

4.2. Growth and surÕiÕal

There are significant differences in survival be-
Ž .tween species Table 3 . E. poeppigiana, P. discolor

and I. densiflora, all early-successional species, had
a survival above 90%. Among late-successional
species, only C. orinocense had a high survival, the
other species having survival rates inferior to 45%.
Almost all individuals of C. odorata died, and every
N. membranacea did. Most early-successional species
mortality stabilized during the first year in plantation
Ž .data not presented . In general, late-successional

Fig. 1. Mean total height of early-successional native tree species after 2.5 yr, at 0.5-yr intervals, in a screening trial, Macas, Amazonian
Ecuador. EpsE. poeppigiana; HasH. americanus; ClsC. lechleri; PdsP. discolor; PpsP. pteroclada; CasC. alliodora; Ids I.
densiflora.
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Fig. 2. Mean total height of late-successional native tree species after 2.5 yr, at 0.5-yr intervals, in a screening trial, Macas, Amazonian
Ecuador. PlasP. pinnatum; NspsNectandra sp.; CodsC. odorata; CorsC. orinocense; OfsO. floccifera; CbsC. biflora; VdsV.
duckei.

species mortality occurred during a longer period
Ž .over 1.5 yr . Early-successional species had a signif-
icantly higher survival than late-successional species
Ž .Table 4 . The fertilizer application did not affect

Ž .survival Table 4 .
The ANOVA model for growth parameters is

shown in Table 5. The greatest final height and basal
diameter were attained by early-successional species
E. poeppigiana, H. americanus, C. lechleri and P.

Ž .discolor Table 6 . These species began to increase

their growth rate 6 months after they were planted
Ž .Fig. 1 . P. pteroclada, C. alliodora and I. densi-
flora came second in terms of their mean height and
basal diameter. P. pteroclada and I. densiflora had a
longer period of establishment and their growth rate
began to increase only 1 yr after they were planted.
Among late-successional species, P. pinnatum
reached the greatest height, and C. odorata the
largest diameter. In general, late-successional species
began to accelerate their growth after 1 yr, indicating

Table 7
a Ž .Effect of the fertilizer 16–10–10, 180 days on the mean height, the mean basal diameter and the mean annual increment for both the

height and the basal diameter, for all native tree species combined at ages 0.5–2.5 yr, screening trial, Macas, Amazonian Ecuador

Ž .Treatment fertilizer 0.5 yr 1.0 yr 1.5 yr 2.0 yr 2.5 yr Mean annual increment

Ž .Mean height cm no 26.30a 62.07b 119.97a 170.62a 215.80a 79.53a
yes 31.45a 72.14a 146.13a 205.47a 256.35a 96.08a

Ž .Mean basal diameter mm no 6.60a 16.65a 33.01a 44.85a 55.59a 20.43a
yes 7.67a 18.95a 39.24a 53.25a 66.03a 24.53a

Ž .Letters indicate significant differences from a Tukey grouping p-0.05 .
a 2 Ž . 2A dosage of 1.25 kg per 10 m was used, resulting in 20 g of fertilizer per tree 1.50 g N, 0.87 g P, 1.66 g K in an area of 1600 cm
around it.
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Table 8
Frequency table analysis of native tree form at 2.5 yr, screening
trial, Macas, Amazonian Ecuador

Ž .Species n Tree form %

1 2 3 4

Early-successional
C. alliodora 26 q53.8 30.8 7.7 y7.7
C. lechleri 28 0 0 3.6 q96.4
E. poeppigiana 46 4.4 q52.2 q30.4 13.0
H. americanus 36 0 8.3 5.6 q86.1
I. densiflora 45 11.1 48.9 11.1 28.9
P. pteroclada 12 0 8.3 q66.7 25.0
P. discolor 46 26.1 34.8 6.5 32.6

Late-successional
C. orinocense 39 10.3 33.3 7.7 48.7
C. odorata 3 66.7 0 0 33.3
C. biflora 20 0 45.0 q30.0 25.0
Nectandra sp. 14 14.3 35.7 0 50.0
O. floccifera 8 q75.0 25.0 0 0
P. pinnatum 16 12.5 q68.7 6.3 12.5
V. duckei 9 q55.6 44.4 0 0

Tree forms, expressed in % of the surviving individuals, are
characterized according to the following criteria: 1, straight; 2,
slightly crooked; 3, crooked; 4, low bifurcation or low branches as

Ž .large as the main axis modified from Gonzalez and Fisher, 1994 .
Ž .In each tree form class, values marked with a q are signifi-

cantly higher within each species considered separately, as well as
Ž .for all the species within a form class considered together.
Ž .Values marked with a y are significantly lower.

a longer establishment period than early-successional
Ž .species Fig. 2 . C. alliodora, C. biflora, O. floc-

cifera and P. pinnatum were characterized by high
coefficients of variation in their growth parameters,
indicating a strong response to the heterogeneity of
the soil conditions. Contrasts between early- and
late-successional species were highly significant for
both mean height and mean basal diameter at all

Ž .times all contrasts, ps0.0001, results not shown .
The application of the fertilizer seems to have stimu-
lated mean height and basal diameter growth at all
times, all species taken together, but with no statisti-

Ž .cally significant result Table 7 .
The early-successional species C. alliodora and

E. poeppigiana, and the late-successional species O.
floccifera, P. pinnatum and V. duckei had a straight

Ž .trunk Table 8 . C. lechleri, and H. americanus had
low bifurcations or branches as large as the main
axis, and P. pteroclada and C. biflora were crooked.
Contrast analysis showed that there is no significant
difference between early- and late-successional

Ž .species as to the tree form results not shown .

4.3. Foliar nutrients

Two species had the most nutrient-poor leaves:
the early-successional I. densiflora and the late-

Table 9
Foliar nutrient concentrations of early- and late-successional native tree species, screening trial, Macas, Amazonian Ecuador

Species N K P Ca Mg B Zn Fe Mn Cu Al
y1 y1Ž . Ž .mg g dry matter mg kg dry matter

Early-successional
C. alliodora 27.8abc 20.0ab 2.3ab 25.4a 7.1a 26.3a 49.7abc 42.3abc 46.0ef 11.4abcd 20.5abc
C. lechleri 31.6a 17.9abc 2.6a 12.5ab 4.0bc 17.0ab 30.0bc 85.7abc 555.3a 9.1bcd 21.9abc
E. poeppigiana 34.8a 16.3abcd 2.3ab 10.7abcd 4.1bc 19.3ab 35.7abc 116.3ab 128.7bcd 10.4abcd 22.6abc
H. americanus 30.1a 19.4abc 2.6a 10.4abcd 4.7b 19.3ab 96.7a 80.3abc 377.3ab 16.9ab 27.1ab
I. densiflora 25.3abc 7.9d 0.9d 0.1d 1.6d 15.3ab 16.3de 45.7abc 247.3abc 5.7d 7.0c
P. pteroclada 28.7ab 9.5cd 2.2ab 14.7abc 3.0bcd 37.7a 17.7de 117.7a 125.7cd 10.4abcd 23.4abc
P. discolor 26.3abc 24.9a 2.5ab 9.4abcd 3.9bc 28.7a 58.0ab 75.7abc 570.3a 18.9a 17.6abc

Late-successional
C. orinocense 20.4bcd 19.0abc 2.0abc 13.3ab 4.5bc 16.7ab 12.7e 41.0bc 77.7def 6.2cd 13.1c
C. biflora 18.9cd 16.0abcd 1.6bcd 8.5bcd 2.5cd 20.3ab 16.7de 48.3abc 66.7def 6.8cd 13.5bc
O. floccifera 14.0d 12.9bcd 1.2cd 4.0cd 1.7d 9.7b 12.0e 38.7c 21.0f 7.4cd 45.8a
P. pinnatum 27.4abc 12.7bcd 2.1ab 9.8abcd 3.2bcd 25.7a 21.7cd 68.7abc 88.0de 15.1abc 35.6a

Ž .Letters indicate significant differences from a Tukey grouping p-0.05 .
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Table 10
Ž .Contrast between early- and late-successional native tree species for foliar nutrient concentrations measured after 2 yr of growth p-0.05 ,

screening trial, Macas, Amazonian Ecuador

Foliar nutrients F value P)F Mean early-successional Mean late-successional Result
y 1( ( ) )Macronutrients mg g dry matter

N 59.2 0.0001 29.3 20.4 Early)Late
K 1.3 0.2704 16.6 13.4 EarlysLate
P 15.2 0.0009 2.2 1.7 Early)Late
Ca 4.6 0.0448 11.9 9.9 Early)Late
Mg 18.0 0.0004 4.1 2.9 Early)Late

y 1( ( ) )Micronutrients mg kg dry matter
B 4.0 0.0603 23.4 16.1 EarlysLate
Zn 130.0 0.0001 43.4 17.3 Early)Late
Fe 11.5 0.0029 80.5 49.4 Early)Late
Mn 109.6 0.0001 293.0 84.8 Early)Late
Cu 7.0 0.0152 11.8 8.4 Early)Late
Al 0.6 0.4458 20.0 34.5 EarlysLate

Ž .successional O. floccifera Table 9 . Among N-fix-
ing species, E. poeppigiana had the highest foliar N
content, the other N-fixers also had high values but
they were not statistically different from other species
Ž .I. densiflora, P. pteroclada and P. pinnatum . No
species had particularly high levels of Al in their

Ž .leaves Table 9 . Contrast analysis revealed that
early-successional species had significantly higher
foliar nutrient concentrations than late-successional
species, except for K, B and Al, and accumulated

Ž .significantly more Zn and Mn Table 10 .

5. Discussion

5.1. Soil characteristics

Measured soil characteristics tend to confirm the
classification of the plantation soil in the great group

Žof the Hydrandepts U.S. Department of Agriculture,
. Ž1988 Humic Andosols according to FAO–Unesco,
.1974 , as corroborated by a soil-map of the Province

Žof Morona Santiago MAG-PRONAREG and
.ORSTOM, 1983 . Among important features of these

volcanic soils are their high organic matter content,
their low-bulk density, and the high P adsorption
ŽMohr et al., 1972; Uehara and Gillman, 1981; Oades

.et al., 1989 . The soil at our site contained twice as
much organic matter than an other related volcanic

Ž .soil in Costa Rica Ewel et al., 1991 . The high
organic matter content of many volcanic soils is

apparently due to the presence of non-crystalline
clays that stabilize C compounds, protecting them

Žfrom degradation by enzymes and organisms Oades
.et al., 1989 . The organic matter content was signifi-

cantly lower when compared to that of the original
Ž .forest, with an average loss of 40% Table 2 . Simi-

lar losses are generally reported for soils under tradi-
tional agriculture, whether they are volcanic or not in

Ž .origin. Wada 1985 estimated for a volcanic soil,
from a comparable climate, that it had lost half of its

Ž .C content under cultivation. Ewel et al. 1991 have
shown that the organic matter content of the surface
horizon of a Dystrandept had declined about 30%
after 4.5 yr of monoculture. In contrast, the presence
of a grass cover often leads to an accumulation of
organic carbon. Increases in the soil carbon stock
after the establishment of a pasture were measured in

ŽBrazilian Ultisols from the Amazon basin Moraes
.de et al., 1996; Neill et al., 1996 . The decline of

organic matter on our 30-yr old pasture site shows an
opposite trend.

The low bulk density of our soil is typical of the
suborder Andepts. It is in the lower range of similar

Žvalues found in volcanic soils of Japan Wada and
. ŽAomine, 1973 , Costa Rica and Colombia Motavalli

. y3et al., 1995 . A bulk density of less than 0.85 g cm
has indeed been adopted as one of the diagnostic
properties of soils in which amorphous material

Ždominates in the exchange complex U.S. Depart-
.ment of Agriculture, 1988 . Its low value is related
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to the high content of humus, to the low bulk density
of volcanic glass, and it also reflects a high porosity
Ž .Wada, 1985 . There is a significant increase in the
bulk density of the field compared to that of the

Ž .forest Thibaudeau-Robitaille, 1997 . This could be
explained by a loss in the porosity as well as the
decline in organic matter, both factors influencing
plant growth.

NH -N is always the dominant N form, but NO -N4 3

is much more prevalent in the forest soil than in the
plantation. This could be due to higher denitrification
in the plantation, linked to waterlogged conditions
Ž .Runge, 1983 , to a slower nitrification, as well as to
increased leaching. The lower value of NH -N in the4

plantation could be related to the reduction in the
retention capacity of Andepts for this form under

Ž .leaching conditions Wada, 1985 .
In spite of the relatively high cation exchange

Žcapacity of the forest soil Thibaudeau-Robitaille,
.1997 , that of the soil of the experimental plantation

is much lower, with a high coefficient of variation
Ž .Table 2 . Deforestation seems to have caused leach-
ing of the cations. The loss of organic matter has
probably played a role, because it influences greatly

Ž .the CEC of variable-charge soils Oades et al., 1989 .
K, Ca and Mg concentrations in the forest soil are

higher than values reported for a typical Hydrandept
Ž .U.S. Department of Agriculture, 1976 . More than
half of these cations have been lost in the plantation
when compared to the forest. Whereas the forest soil
could be considered as having good reserves in these

Ž .cations Cochrane and Sanchez, 1982 , the plantation
soil is in the low range, and close to being deficient
for Mg. Although the supply of bases of Hydran-
depts is in general quite low, regular inputs of fresh

Žbasic ash may help to maintain it in some cases U.S.
.Department of Agriculture, 1988 . Fe values from

the plantation soil could be considered deficient, as
the critical level is between 0.11–0.21 cmol kgy1

Ž .Bandy and Sanchez, 1986 . Al is not present at
toxic levels, which has been defined as over 60% of

Ž .total cations Cochrane and Sanchez, 1982 . Finally,
the low cation exchange capacity normally results in

Ž .a lower pH than what we observed. Wada 1985
states that variable-charge soils have cation exchange
sites that show a very high selectivity for Hq, there-
fore they show no strong acidity, despite their low
base saturation.

Soils with amorphous sesquioxydes of Fe and Al
Žadsorb the largest quantities of P Uehara and Gill-

.man, 1981 . Our data are concordant with this state-
ment, because no available P was detected in the
plantation soil. The presence of organic matter di-

Ž .minishes the P sorbed Oades et al., 1989 , as can be
assessed from data of available P in the forest soil,
where an average of 8 mg kgy1 was measured.
Because the general critical level of available level
of P extracted by the Bray II method is around 10

y1 Žmg kg for most crops Cochrane and Sanchez,
.1982 , we can conclude that soils in our study area,

forested or not, are P-deficient.

5.2. Successional status Õs. plantation success

Tree species could be easily discriminated based
on their successional status. Early-successional trees
had a better survival, grew more in height and in
basal diameter, and had generally higher foliar nutri-
ent concentrations than late-successional trees. It is
generally assumed that early-successional trees have
many physiological characteristics enabling them to

Ž .perform better in open high light intensity and
Ž .disturbed habitats Bazzaz, 1996 . On the other hand,

late-successional trees seem to display physiological
features that increase their chances to establish and
survive in shaded habitats, such as the forest under-
storey. This could change during the course of their
life span, and they may eventually benefit from a gap
opening and adapt to the conditions of higher light
intensity found in the canopy. As juveniles though,
they usually show a limited adaptation to high light

Ž .levels Bazzaz, 1996 . This is in agreement with
what we observed in open field conditions.

5.2.1. SurÕiÕal
Most of our tree species had never been studied in

an experimental plantation, most of which are estab-
lished on other soil types such as Ultisols or Oxisols.
It is therefore difficult to compare our results, except
for the more commonly used E. poeppigiana, C.
alliodora, and C. odorata. In general, species sur-
vival was very variable on our site, and much lower
than similar experiments conducted in Costa Rica,

Žespecially for late-successional species Espinoza and
Butterfield, 1989; Gonzalez and Fisher, 1994; But-

.terfield, 1995 . The significantly lower survival of
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late-successional species has not been observed in
the above-mentioned experiments. For example, all
specimens of the late-successional N. membranacea
died in our study, whereas the same species had an
average survival of 90% in an experiment conducted

Ž .by Butterfield 1995 . Site conditions appeared to
have played an important role in the survival of our
species, but the sampling intensity did not allow us
to detect physical and chemical microvariations of
the experimental field, which could be associated to
the survival and growth of trees. One exception was
the high survival rate of C. orinocense, in spite of its
successional status. Most early-successional trees
showed a strong ability to establish themselves in a
degraded and heterogeneous open habitat, giving
them an edge over late-successional trees. C. al-
liodora had a lower survival, most probably because
it requires soils with better physical and chemical
properties, and was thus not appropriate for our

Ždegraded and highly heterogeneous site Bergmann
.et al., 1994; Kapp and Beer, 1995 . C. lechleri and

P. pteroclada also do not seem to be reliable early-
successional species for plantation in these condi-
tions. Fertilization did not significantly affect the
survival, suggesting that the added nutrients did not
play a significant role in the establishment of the
trees.

5.2.2. Growth
Early-successional species had an average height

increment above 70 cm yry1 and an average basal
diameter increment above 20 mm yry1. Most late-
successional species, except V. duckei and N. mem-
branacea, had an average height increment between
20–40 cm yry1 and an average basal diameter incre-
ment between 5–15 mm yry1. V. duckei had the
lowest growth, and all individuals of N. mem-
branacea died. Higher values were reported for plan-
tation trees in Costa Rica, for species from both

Žsuccessional statuses Espinoza and Butterfield, 1989;
.Gonzalez and Fisher, 1994; Butterfield, 1995 . Height

increment values of our early-successional species
are in the lower range of representative reported
v a lu e s o f 1 0 0 – 4 0 0 c m p e r y e a r
Ž .UnescorPNUMArFAO, 1978 . However, our study
area has poor volcanic soils and is located at 1300 m
of elevation.

C. alliodora has a broad distribution and is widely
cultivated, which is somewhat helpful in evaluating
growth in comparison with other sites. This species
is known to be site dependant, growing poorly on
infertile and waterlogged locations, such as some

Žparts of our site Somarriba and Beer, 1987; Lam-
precht, 1990; Bergmann et al., 1994; Kapp and Beer,

. y11995 . The average HAI of 84 cm yr we obtained
is much lower than the general growth observed for
that species during the first years, which has been

y1 Žstated as being between 100 to 280 cm yr John-
son and Morales, 1972; Vega, 1977; Kapp and Beer,

. Ž1995 . The strongest HAI we obtained 132 cm
y1 .yr is still in the lower range of other reported

growth values. Annual diameter increment for C.
alliodora has been defined as being between 21–35
mm yry1 on good sites, and 6–10 on poor sites
Ž .Vega, 1977 . Our results reflect our high soil het-
erogeneity, the DAI varying from 7.0 to 37 mm
yry1. These few comparisons support the observa-
tion that our edaphic conditions are very heteroge-
neous, and that growth performances were in general
rather low to average for most species. Still, the
better growth obtained by early-successional over
late-successional species also supports the use of
early-successional species to rapidly create a tree
cover. Those species with a low coefficient of varia-
tion should be preferred, since this indicates that they
can maintain good growth performances in spite of
edaphic heterogeneity. These species are E. poeppi-
giana, H. americanus, I. densiflora, and P. dis-
color. An indication of their rapid life cycle, and
therefore growth, is the fact that they begin to flower

Ž .at an early age Richards, 1996 . We observed flow-
ering in P. discolor, I. densiflora, H. americanus
and C. lechleri in our plantation.

Leaf yellowing, possibly linked to photoinhibi-
tion, was observed for many of the late-successional
trees, such as V. duckei, O. floccifera, C. biflora and

Ž .Nectandra sp. Woodward 1996 reported photo-
inhibition on seedlings of V. elongata, established in
open plots, in an experiment conducted in the Ama-
zonian Ecuador. The sensitivity to high light envi-
ronment, known to cause photoinhibition in many
shade-tolerant species, could be accentuated when

Žother stresses are present Bjorkman, 1981; Lovelock¨
.et al., 1994 . The open habitat certainly experiences

stronger variations in term of humidity and tempera-
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ture, which could affect negatively trees of late
successional status, combined with the excess of

Ž .light itself. Castro et al. 1995 showed that chronic
photoinhibition is more likely to occur for seedlings
of tropical trees when availability of mineral nutri-
ents is limiting. We can hypothesize that the ob-
served soil degradation, especially in terms of low
porosity, poor drainage and low nutrient levels, must
have played a role in the poor performances of
late-successional species. However, the late-succes-
sional trees are still growing, albeit slowly. Because
the differences between early- and late-successional
trees tend to become less marked as they get older
Ž .Richards, 1996 , late-successional species could
outgrow early-successional species with time. Among
these, C. orinocense and Nectandra sp. seem
promising. P. pinnatum had superior growth, but it
was more variable.

There was no interaction species= fertilizer in
Ž .any of the ANOVAs for the final height Table 5 ,

the basal diameter, the HAI or the DAI, indicating
that species did not react differently to the fertilizer.
Whether they were early- or late-successional did not

Ž .change the conclusions. Hernandez 1996 conducted
another fertilizer experiment on an adjacent site in
the same pasture and reached the same conclusions.
He compared the effect of the same fertilizer as in
this paper and a 14–14–14 N–P–K 70 days release

Ž .fertilizer 20 g per tree: 1.41 g N, 1.22 g P, 2.32 g K
on the growth and biomass of the same 15 tree

Ž .species during 6 months. Harcombe 1977 demon-
strated that fertilization of a moderately fertile Incep-
tisol did not stimulate the growth of Cecropia ob-

Ž .tusifolia, an early-successional tree. Bazzaz 1996
suggests that the availability of a nutrient resource
may be more relevant to the plant response than the
added quantity. This could indicate that a substantial
part of the added fertilizer was adsorbed in our soil.
An other possibility could be that the planted trees
are relatively independent of the added P, and possi-
bly the N nutrient status, being associated with myc-
orrhiza. Their presence was observed on all species

Ž .in our plantation C. Vasseur, unpublished results .

5.2.3. Foliar nutrients
Foliar nutrient measurements are useful to charac-

terize the nutritional status of the planted trees in
relation to soil nutrients. Differences between species

and successional status are also expected. The foliar
nutrient concentrations we measured were generally
higher than those obtained elsewhere, such as by

Ž .Reich et al. 1995 on species growing on a poor
Ž .Amazonian soil, and Montagnini et al. 1995 on

indigenous tree species established on a Brazilian
Oxisol. The higher foliar nutrient concentrations of
early-successional trees is in agreement with Golley

Ž .et al. 1975 , who related this fact to their rapid
growth performances. In comparison with results of

Ž .Bergmann et al. 1994 for the early-successional
species C. alliodora planted on different sites, we
obtained results typical of healthy plants for P, Mg,
Fe and Al, and of chlorotic plants for Mn and Cu.
Trees of one block had below the critical level of N
and K, the trees of the other two blocks had levels
above. On the whole, this species did not seem to
have major nutrient deficiencies on our site, in spite
of the low soil ECEC. Generalizations for the other
species of our study are difficult to make, because so
few foliar nutrient characterization studies have been
done on tropical native trees.

The foliar N of nitrogen-fixing species was gener-
ally higher than values obtained by Reich et al.
Ž . Ž .1995 and Montagnini et al. 1995 , although a
Tukey grouping revealed that it was not different
from the values obtained for our other early-succes-
sional species. Early- and late-successional species
did not differ in terms of foliar K and B, although
early-successional species were close to having sig-

Ž .nificantly more B ps0.06 than late-successional
Ž .species Table 10 . For B, this pattern could be

related to its limited availability, as it has been
reported to be deficient in volcanic soils of Ecuador
Ž .Tollenaar, 1966 . Finally, none of the studied species
showed a high concentration of Al, as is sometimes

Ž .reported Woolhouse, 1983; Reich et al., 1995 , nor
did successional status matter. Aluminum was also

Žnot present in toxic concentrations in the soil Table
.2 .

5.3. Recommendations for planting on degraded Õol-
canic soils

Ž .As reported in Sanchez et al. 1985 , trees can
improve soil conditions in many ways, especially
from the moment they form a closed canopy. There-
fore, there is a clear advantage in choosing species
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that will achieve canopy closure as rapidly as possi-
ble. This study demonstrates the clear advantage of
early-successional over late-successional species for
that purpose. The best species will have good growth
performances, with a low coefficient of variation,
and a high survival in spite of soil heterogeneity.
Four species were clearly superior in that respect: E.
poeppigiana, P. discolor, H. americanus and I.

Ž .densiflora Table 11 . E. poeppigiana is well-known
as an agroforestry tree for its N-fixing qualities
Ž .Russo, 1993 . Indeed, it had the highest foliar N
content of all species tested and it produced an
abundant litter. P. discolor is a very common pio-
neer species in the Eastern Foothills of the Andes,
between 300–1600 m elevation, in a region charac-

Ž .terized by high rainfall Diaz, 1994 . Its growth form
Ž .was quite variable Table 8 , which is in contrast

with the straight trunks we observed in naturally
regenerating stands. It had the highest foliar K con-
tent and also produced an abundant litter. This species

is very well adapted to these humid soils, even when
degraded, and should be promoted to re-establish
tree cover. Its wood is very popular, especially to

Ž .build fruit crates Peck et al., 1990 . H. americanus
demonstrated very good growth performances, but its
wood is less valuable. Plantation trees were very
branched, as opposed to trees established naturally in
a secondary forest nearby. Its major advantage would
lie in the fact that it forms a dense canopy quite
rapidly, and that its leaves are relatively rich in N, P,
K, and Mg, and could contribute to soil enrichment.
This species was defoliated repeatedly by leaf-cut-
ting ants. I. densiflora grew more slowly, and its
leaves had the lowest N content among N-fixers, and
were also very poor in other nutrients. It produces an
abundant and tough litter which degrades slowly,
which may compensate for its relative poverty, and
is probably quite efficient for reducing the impact of
rain on soils. This species branches low and irregu-
larly. Some specimens were flowering at 2.5 yr. Its

Table 11
Native tree species performance and recommendations, results of screening trial, Macas, Amazonian Ecuador

Species Survival Mean HAI Mean DAI Susceptibility to Recommendations
y1 y1Ž . Ž . Ž .% cm yr mm yr leaf-cutting ants

Early-successional
C. alliodora B 84.3ab 22.3abc No 3
C. lechleri B 131.2a 30.4ab qq 3
E. poeppigiana A 138.3a 37.3ab No 1
H. americanus A 142.8a 41.8a qqq 1
I. densiflora A 72.2abc 19.9bcd No 1
P. pteroclada C 98.6 21.4 No 5
P. discolor A 120.9ab 27.2abc No 1

Late-successional
)C. orinocense A 19.5c 5.7de q 2

C. odorata C 35.6 14.2 No 5
C. biflora B 19.2c 4.5e No 4
Nectandra sp. C 37.1 8.4 qqq 5
N. membranacea C No 5
O. floccifera C 24.2c 5.4e q 5
P. pinnatum B 41.6bc 11.2cde No 4
V. duckei C 4.1 1.5 No 5

Survival classes: A)75%; 30%-B-75%; C-30%.
Ž .Lower case letters indicate significant differences from a Tukey grouping p-0.05 ; when letters are lacking, species were removed from

ANOVA because of insufficient surviving individuals.
) Mostly during the seedling stage.
Recommendation codes: 1, excellent survival and excellent growth; 2, excellent survival and average growth; 3, average survival and
excellent growth; 4, average survival and average growth; and 5, poor survival andror poor growth
Susceptibility to leaf-cutting ants: No, no observed defoliation; q, minor or rare defoliation; qq, moderate and occasional defoliation;
qqq, heavy and frequent defoliation.
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Ž .pods produce an edible pulp Bishop, 1982 and are
sold on local markets. C. alliodora did not grow
reliably, and is clearly not an appropriate choice to
establish a tree cover on our site. C. lechleri grew
very well and was characterized by a very branched
habit, but its low average survival is a problem.
There is no information on silvicultural requirements
of that species, although it produces a highly valu-

Žable medicinal sap Marini-Bettolo and Scarpati,
.1979 . Finally, the main disadvantage of P. ptero-

clada is its low survival.
The objective of planting late-successional trees

lies mainly in their more valuable wood, of higher
Ž .density Budowski, 1965 . Because their growth per-

formances were inferior to early-successional species,
the goal would be to select species that could survive
in an open field characterized by heterogeneous and
degraded conditions. C. orinocense had a survival
rate over 80%, and had a low growth coefficient of
variation, indicating that it could probably thrive in

Ž .different sites. Woodward 1996 also reported a lack
of significant difference in growth between seedlings
of that species established on compacted soil com-
pared to undisturbed soil. C. orinocense is consid-
ered as a very valuable species, due to the high
protein, carbohydrate and oil content of its seeds
Ž .Reckin, 1982 . Little is known about its silvicultural
requirements. Next would be C. biflora and P.
pinnatum, which had average survival and growth
Ž .Table 11 . P. pinnatum overcame some initial
photoinhibition, and the surviving plants seem to do
quite well. This species deserves more investigation,
because it had the best growth among late-succes-
sional species, and seems to adapt after an initial
establishment shock. The remaining species, C.
odorata, Nectandra sp., O. floccifera and V. duckei
cannot be recommended in similar conditions, due to
poor survival and generally poor or variable growth
Ž .Table 11 . C. odorata is clearly not adapted to this
site, as stated before. The general leaf yellowing
observed in many of these trees, would suggest that

Žplanting them under an established canopy artificial
.or natural might be a better strategy.

6. Conclusion

The volcanic soil of this study site showed obvi-
ous signs of degradation, such as a lower organic

matter content, a lower ECEC and a higher bulk
density. The available phosphorus was deficient in
both cleared and forest soils. Soil physical and chem-
ical properties were very heterogeneous in the cleared
areas. These results stress the importance of better
understanding the appropriate land use for volcanic
soils in the humid tropics. Knowledge of past land
use can be a very important factor for making planta-
tion recommendations. Although volcanic soils cover

Ž .only 0.84% of the world’s land area Leamy, 1984 ,
they are often located in densely populated regions.
Moreover, not much is known about these soils in

Ž .the tropics Shoji et al., 1993 , where physical and
chemical conditions vary according to the intensity
and age of the natural weathering, and the anthropic
land use.

The early-successional species were better suited
than late-successional species for rapidly creating a
tree cover, both in terms of survival and growth. The
higher foliar nutrient concentrations of early-succes-
sional trees seems to reflect in their growth perfor-
mances. Early-successional species have the capacity
of providing products earlier in their life cycle,
whether it is timber, nitrogen fixation, fruits, medici-
nal sap, etc. Native tree species showed a definite
potential in our study. It is difficult to make an
accurate interpretation of survival and growth fail-
ures after one study on a degraded site, because of
the lack of knowledge of the silvicultural require-
ments of most of these species. However, the ubiqui-
tousness of volcanic soils over a large area may
make our results generalizable to much of the East-
ern Foothills of the Andes. Other similar studies
should be made to increase our understanding of
how to grow and establish tropical native tree species,
and to determine which ones are best adapted to
degraded soils. This is especially true for the Amazo-
nian Uplands of Ecuador, considered as a plant
biodiversity hotspot.
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