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Abstract

Seedlings of three commercial native tree species were planted under heterogeneous light and nutrient conditions in primary
rainforest, secondary forest, and open pasture in Los Tuxtlas (Veracruz, Mexico). Management consisted of weeding around
seedlings, and watering during the dry period. The objective was to find those natural growth conditions that maximize height
growth in the first 2 years after transplantation from a nursery. Using stepwise multiple linear regression, the combined effect
of varying canopy openness, leaf nutrients, initial seedling height, and seed mass on the plant height at the end of the study
were analysed. The effect of the light environment differed clearly between species: the fruit species Pouteria sapota (Jacquin)
H.E. Moore & Stearn (Mamey) and Diospyros digyna Jacquin (Black Sapote) revealed an optimal canopy openness of 60 and
55%, respectively, while the timber species Cedrela odorata Linnaeus (Spanish Cedar) grew best under maximum openness.
Consequently, P. sapota and D. digyna are recommendable for an enrichment or shelterwood system in the forest, while C.
odorata is recommendable as a reforestation species in the open. For P. sapota and D. digyna, plant height variation at the end
of the study was also explained by the leaf zinc concentration, initial plant height, and in P. sapota by the seed mass and leaf
calcium/magnesium ratio (for C. odorata, seed mass and nutrients had not been measured). The regression model indicated
that considerable height increases are possible by optimizing these growth parameters within the encountered ranges. For P.
sapota, average height growth after 24 months in the field could be increased 2.5-fold, from 111 cm with average values to
280 cm with optimal values. For D. digyna, average height growth after 17 months could be increased 1.8-fold, from 78 to
138 cm. For C. odorata, the possible increase after 16 months was 2.7-fold, from 55 to 147 cm. © 2000 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Forest managers need to decide about the best
growth conditions for desired tree species. Light
and nutrients are two major factors that determine
tree growth. Plant physiologists have shown that plant
species are adapted either to high or low levels of
insolation (heliophytes and sciophytes, respectively;
see Barbour et al., 1987: 368371, Ashton and Berlyn,
1992). Shade-adapted plants (understory plants) fare
poorly or not at all in direct sunlight, and sun-adapted
plants (pioneers and canopy or overstory plants) do not
thrive in the shade. Some Asian timber species in the
genera Dipterocarpus, Shorea and Mesua require the
type of shade conditions characteristic of mature
forest for their early development (Ashton et al.,
1992). Dacryodes excelsa Vahl (Tabonuco) and other
timber species of Puerto Rican’s ‘Tabonuco forests’
rarely establish well in open conditions (Devoe, 1992).

Fertilization is often recommendable in the estab-
lishment phase of plantations in tropical humid
regions (Folster and Khanna, 1997). Growth of higher
plants depends in larger amounts on nine ‘macronu-
trient’ elements (N, P, K, Ca, Mg, S besides C, H, O)
and in lower amounts on eight ‘micronutrient’ ele-
ments (Fe, Mn, B, Mo, Cu, Zn, Cl, Co). Some plant
species need or at least benefit from some additional
elements (Na, F, I, Si, Ba, Se) (Brady, 1990, p. 14;
Strasburger et al., 1983, pp. 333-334).

In this study we selected three native tree species of
commercial interest in the Los Tuxtlas rainforest
(Veracruz, Mexico). Seeds were germinated in a sim-
ple nursery, and the seedlings transplanted into
weeded sites in 6 ha of primary and secondary forest,
as well as in pasture. After 2 years of field measure-
ments, we wanted to answer the following questions:

1. What is the optimal canopy openness above the
seedlings of the fruit trees Pouteria sapota
(Jacquin) H.E. Moore & Stearn and Diospyros
digyna Jacquin, as well as the timber species
Cedrela odorata Linnaeus?

2. What nutrients limit growth in Pouteria sapota
and Diospyros digyna in the field, and should
therefore possibly be added via fertilization?

3. Is initial seedling height, at the time of transplant-
ing into the field, important in determining later
height?

4. Given the relatively large seeds of Pouteria sapota
and Diospyros digyna, do seedlings from larger
seeds grow better?

5. Finally, employing predictions from regression
equations, to what degree could height growth be
increased by optimising growth parameters?

2. Site and species description

The approximately 90 kmx50 km geographic Los
Tuxtlas region is a slightly mountainous region of
volcanic origin in southern Veracruz near the Gulf
coast (Martin-Del Pozzo, 1997). Our study was carried
out at the ‘Los Tuxtlas’ tropical field station with its
surrounding 640 ha-reserve, owned by the Universi-
dad Nacional Auténoma de México (UNAM). The
UNAM reserve is located in proximity to the Volcan
de San Martin Tuxtla (1660 m altitude according to
Andrle, 1964), about 30 km from the city of Catemaco
on one side, and 4 km from the Gulf of Mexico on the
other side (95°04'-09'W, 18°34'-36/N). The reserve
ranges in altitude between 150 and 700 m. The area
has a mean annual temperature of 25°C and a mean
annual precipitation above 4000 mm (Bongers et al.,
1988). The humid climate has some seasonality with a
drier season from March to May, and a season of
storms from November to February (see Soto and
Gama, 1997). The vegetation represents ‘tropical
wet forest’ according to Holdridge (1947) and ‘tropi-
cal rainforest’ according to Richards et al. (1996). The
characteristics of the reserve vegetation are described
in Ibarra-Manriquez et al. (1997a). A floristic check-
list of 940 vascular plant species is found in Ibarra-
Manriquez and Sinaca (1995, 1996a, 1996b). Ibarra-
Manriquez et al. (1997b) discuss the plant species with
market potential.

The three species employed in this study were
Pouteria sapota (Mamey or Mamey Sapote, Sapota-
ceae), Diospyros digyna (Black Sapote, Ebenaceae),
and Cedrela odorata (Spanish Cedar, Meliaceae). The
genus Pouteria has been revised by Pennington (1990)
in the Flora Neotropica. Pouteria sapota is a canopy
tree, native to the evergreen and semi-evergreen tro-
pical forests from south Mexico to Nicaragua in 0-
500 m a.s.l. (Pennington, 1990). Good descriptions
about the ecology and horticulture of P. sapota are
found in Morton (1987) and in Oyen (1991); a Spanish
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summary is given in Le6n (1987). Pouteria sapota is
best known for its edible, avocado-sized fruits with
their sweet, orange-colored pulp (see economic ana-
lysis in Ricker et al., 1999). The pulp is mainly eaten
fresh, but also processed into ice-cream, yoghurt and
cakes. The seed oil is traditionally used medicinally
against hair-loss and in cosmetics. The timber is
heavy, but also locally employed. Pouteria sapota is
cultivated for its fruits from Florida to South America,
as well as in the Caribbean (Morton, 1987; Hoyos,
1989) and in SE Asia (Oyen, 1991).

The genus Diospyros was treated taxonomically by
Pacheco (1981) in the Flora de Veracruz. Diospyros
digyna is a dioecious tree of tropical lowland forest,
native from south Mexico to Costa Rica, and in the
Carribean. The edible black pulp of the apple-sized
fruits combines well in taste with oranges, and is thus
often combined in deserts. The area of cultivation is
about the same as for Pouteria sapota. Leon (1987);
Morton (1987) and Ng (1991) are recommended as
references. The species has also some medicinal and
wood uses. The fruits of both P. sapota and D. digyna
are found in the markets in Mexico City.

Cedrela odorata is found in the a taxonomic treat-
ment by Pennington et al. (1981) in the Flora Neo-
tropica. The internationally known tropical timber
species is native from south Mexico to Argentina,
and in the Caribbean. It is cultivated in the lowland
tropics worldwide for its timber. The wood is maybe
best known from its use for cigar boxes, but finds
many other applications in furniture, doors, joinery
etc. There are also medicinal uses. Much has been
published about the species; here, the summaries in
Lamprecht (1989) and Lemmens et al. (1995) are
recommended.

3. Methods

Seeds of Pouteria sapota were collected in June
1994 from seven mother trees, and of Diospyros
digyna in December 1994 from six mother trees; thus
the seeds reflected somewhat local genetic diversity.
The well-known species Cedrela odorata served
mainly for comparison, and seeds were collected in
May 1995 from only one mother tree. The seeds were
germinated in a simple nursery in the research station.
The nursery was shaded by vegetation and a fine

plastic-grid. Commercial plastic bags of 20 cmx
30 cm size were punched with a nail for drainage,
and filled with about 1 kg of top soil (upper 10 cm)
without litter, from the nearby forest. One seed per bag
was slightly pushed into the surface. The relatively
large seeds of P. sapota and D. digyna were weighed
before planting them. The germination rate was 91.6%
for P. sapota (n=393 planted seeds), and 42.0% for D.
digyna (n=400). The tiny seeds of C. odorata were
neither weighed nor counted before their germination
in the nursery.

The seeds of Pouteria sapota were planted in the
nursery on 29-31 June 1994 and the seedlings trans-
planted into the field sites on 24-26 October 1994. The
seeds of Diospyros digyna were planted on 7-9
December 1994, and the seedlings transplanted on
18-20 May 1995. For C. odorata, seeds were planted
on 3—4 May 1995 and the transplantation was on
29-30 June 1995.

A total of 192 Pouteria sapota seedlings, 96 Dios-
pyros digyna seedlings, and 39 Cedrela odorata seed-
lings were transplanted from the nursery into 6 ha of
forest and pasture, located near the village of Lazaro
Cardenas but within the reserve area (not enough C.
odorata seeds germinated to have 48 seedlings). The
planting distance was approximately 10 m. The 6 ha
were subdivided into 24 quarter hectares of
50 mx 50 m for the leaf nutrient analysis. Each quarter
hectare had the following planting scheme when
looking from above:

P. sapota D. digyna  P. sapota

D. digyna P. sapota C. odorata  P. sapota

P. sapota D. digyna

C. odorata

P. sapota

D. digyna P. sapota P. sapota

The existing vegetation varied between mature
primary forest, several-year-old secondary forest,
and abandoned cattle pasture, thus providing a hetero-
genous light environment. Planting sites were pre-
pared by some weeding of existing vegetation but no
major disturbances were caused. Subsequent manage-
ment consisted of watering in the first year during the
dry months (10 times between 14 May and 9 June
1995; on 29 May and 31 May 1996), and weeding
around each seedling every few weeks. No fertiliza-
tion or pest management was carried out. A rust
fungus on D. digyna that started in the nursery
disappeared by itself after transplanting. Seedling
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height was measured monthly with a measurement
tape for 16-24 months (depending on the species).

Soil analysis was carried out to describe the soil’s
major characteristics and for classification. Soil sam-
ples were taken near the planted seedlings in the upper
20 cm within each of the 24 quarter hectares, and
mixed to obtain 24 composite samples. Our subse-
quent laboratory analysis gave the following results
(averagetstandard error, n=24): pH=5.240.04; total
nitrogen content=4.240.09 g/kg; carbon/nitrogen
ratio=10.610.28; available phosphorus=3.5+0.69
mg/kg; exchangeable potassium=0.46+0.051 cmol./
kg [centimols of positive charge /kg]; exchangeable
calcium=11.0%1.06 cmol./kg; exchangeable magne-
sium=4.54+0.53 cmol./kg; exchangeable aluminium
=0.0240.006 cmol /kg; effective cation exchange
capacity=16.3+1.59 cmol./kg. Three soil profile
analyses within the six hectares lead to the classifica-
tion as Mollic Andosol according to FAO (1994) and
as Vitric Hapludand according to USDA (1992).
Andosols, originated from volcanic ash, are generally
productive soils for plant growth (Van Wambeke,
1992, pp. 207, 211-212).

3.1. Light availability measurements

Light was quantified by means of hemispheric
photographs, as described by Rich (1989). Various
authors have used the method successfully to char-
acterize light environments in forests (e.g., Chan et al.,
1986; Chazdon and Field, 1987; Canham et al., 1990;
Rich, 1990; Whitmore et al., 1993; Zipperlen and
Press, 1996). Hemispheric photographs do not take
into account light quality (i.e., wave length composi-
tion), but rather characterize the light environment by
quantifying the canopy cover above a plant. An open-
ness of 0 corresponds to complete cover, and 1 to no
cover at all. Photographs were taken with a Pentax
camera and a Sigma F fisheye lens, using black-and-
white film (Kodak Tri X Pan, ASA 400). Photographs
were taken on a tripod vertically towards the sky, over
the apex of the seedling. One photograph was taken for
each seedling site of Pouteria sapota in January 1995,
and for all 336 seedling sites of the three species in
January 1996. The film was developed by a commer-
cial laboratory in Mexico City. The developed nega-
tives were mounted one by one on a light table with an
attached Canon video camera for digitization. The

video camera was connected to a Hitachi black-and-
white monitor and a computer with a video digitizer and
display adapter. The computer carried the software
‘Canopy’, developed and described by Rich (1989).

The light environment was not manipulated by
management over the study period. For Pouteria
sapota, the 1995 measurements were compared with
the 1996 measurements to see how time-dependent
these are. In part of the pasture area, regrowth of
secondary vegetation had been considerable. Never-
theless, correlation between the two measurements
was high, resulting in a Pearson correlation coefficient
of 0.97 (n=188). This means that comparing plants
relative to each other, the openness had changed little
over the year.

3.2. Leaf nutrient analysis

Leaf nutrient concentrations can explain growth
variation and lead to recommendations about fertili-
zation, because they vary depending on the nutrient
availability in the soil and precipitation (see Marsch-
ner, 1990, p. 406). The leaf nutrient analysis for
calcium, iron, potassium, magnesium, nitrogen,
sodium, phosphorus, manganese, and zinc was carried
out for Pouteria sapota and Diospyros digyna, but not
for Cedrela odorata. The seedlings of C. odorata were
still small and taking off leaves would have damaged
them. Also, the major focus of the study was on the
former two species.

Leaf samples were collected in March 1996. The
leaves of Pouteria sapota and Diospyros digyna were
analysed separately. Two leaves were taken from each
seedling. Depending on the number of leaves, their
size, and healthiness, the 3/4th to 19/20th leaf was
chosen (counting from the seedling apex). To reduce
laboratory costs, the selected leaves from all seedlings
of a given species and quarter hectare were mixed. For
Pouteria sapota, there were eight seedlings per quarter
hectare (minus any dead ones), and the collected
leaves of these eight plants were combined into one
sample. For D. digyna, there were four seedlings per
quarter hectare (minus any dead ones). Each seedling
of a given quarter hectare was assigned a common
value, corresponding to that quarter hectare and spe-
cies. For this reason, in Fig. 1 always several points
have the same leaf zinc concentrations or calcium/
magnesium ratio at different heights.
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Collected leaves were put immediately into paper
bags, and stored in a box cooled with ice to minimize
respiration. That afternoon, they were washed with tap
water, put into a stove, and dried until crisp at 65°C
(deionised water was not available for washing). Then
they were taken to the laboratory of the Geology
Institute (UNAM) in Mexico City.

The leaves were milled in a steel mill. Calcination
was performed at 480°C in a stove, and the ash
uptaken in 0.5 M HCI (Pagel et al., 1982, p. 107).
Calcium, magnesium, iron, manganese, and zinc were
quantified by atomic absorption spectrophotometry.
Potassium and sodium were quantified by flame
photometry. Phosphorus was determined colorimetri-
cally with the blue ammonium molybdate method,
using ascorbic acid as reducing agent (Schlichting
et al., 1995, p. 128). Separately, total nitrogen was
determined by acid digestion, according to Kjeldahl
(Schlichting et al., 1995, p. 165).

The complete laboratory analysis for each of the 48
composite leaf samples (24 quarter-hectaresx2 spe-
cies) and each of the nine elements was carried out
twice to detect laboratory variation. Nested analysis of
variance was carried out to detect significant variation
of leaf nutrient concentrations among quarter hectares,
hectares and species, given variation (‘noise’) in the
laboratory methods (Y=p+0,+BhatBi/anatBianteé,
where Yis the observed value, u the parametric mean,
osp the treatment effect from distinct species, B the
random contribution, and ¢ is the error term; Sokal and
Rohlf, 1995, Chapter 10, with their BIOM 1988
statistics package and Rohlf and Sokal, 1995). The
analysis showed that variation of the laboratory meth-
ods was sufficiently small to detect an added variance
component in the leaf nutrient concentrations from
‘quarter-hectares’ (all elements) and from ‘hectares’
(all except Mn), as well as differences in the mean leaf
nutrient concentrations between species (for Ca, K,
Mg, N, Mn but not Na, P, Fe, Zn).

3.3. Stepwise multiple linear regression

Stepwise multiple linear regression, minimizing
least squares, was carried out with the SYSTAT 6.0
for Windows statistics package (1996 by SPSS Inc.,
Chicago, USA). Only those plants entered the analy-
sis, for which all data was available. The following
regression model was used to explain seedling

height of Pouteria sapota and Diospyros digyna in
October 1996 in the field: FINAL-HEIGHT=CON-
STANT + OPENNESS + OPENNESS’+INITIAL-
HEIGHT + SEED-MASS + LEAF-CA+LEAF-FE+
LEAF-K + LEAF-MG + LEAF-N + LEAF-NA +
LEAF-P + LEAF-MN+LEAF-ZN+LEAF-CA/MG+
LEAF-K/CA+ LEAF-K/MG+LEAF-K/(MG+CA)+
LEAF-ZN/MG+LEAF-ZN/N+LEAF-ZN/P+LEAF-
ZN/OPENNESS. For Cedrela odorata, the regression
model was FINAL-HEIGHT=CONSTANT+INI-
TIAL-HEIGHT+OPENNESS-+OPENNESS?. A lin-
ear multiple regression can include a quadratic term
(OPENNESSZ), and in this way allows to check a
curved regression line for a desired explanatory vari-
able, such as relative canopy openness (see Fig. 1).

For leaf nutrient concentrations, there are three
different ranges: a deficiency range, an adequate
range, and a toxic range (Marschner, 1990, p. 391).
In the deficiency range, there is an approximately
linear growth response to an increase of the nutrient
supply. In the adequate range, there is no response
anymore to an increase of the nutrient supply. Finally,
in the toxic range, growth is decreased with an
increase of the nutrient supply. The objective here
was to detect limiting nutrients in the first range,
where a concentration increase leads to an approxi-
mately linear growth response.

The eight terms LEAF-CA/MG to LEAF-ZN/OPEN-
NESS were included to detect interactions for the three
elements calcium, magnesium, and zinc, which were or
tended to be significant by themselves (the terms were
recommended by Jorge D. Etchevers B., Colegio de
Postgraduados, Montecillo, Mexico). Some interac-
tions, such as between calcium and potassium, are
well-known (Prevot and Ollagnier, 1960, p. 266). On
some soilsitis known that zinc deficiency is partly due to
solar impact (Finck, 1982, p. 98), so that the leaf-zinc/
openness ratio was of interest. Finally, a number of
studies report an interaction and optimal ratio between
zinc and phosphorus (Timmer and Teng, 1990; Tomar
et al., 1994; Karimian, 1995).

The coefficient of (multiple) determination R? was
calculated as the explained sum of squares divided by
the total sum of squares, and adjusted for the number
of predictors p (including the constant; SYSTAT,
1996, p. 264): R*qi=R’—(1-R>)(p—1)/(n—p). To
obtain confidence intervals for the predicted average
final-height, standard errors (SEy) had to be calcu-
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lated, multiplied with the #(,_,-value, and subtracted
and added to the predicted average final-height. To
calculate the standard error of the predicted average-
height at specified values of the independent variables
(X, to X;), the following formula was employed (Sokal
and Rohlf, 1995, p. 629): SEy=[syl[l/n+c1(X;—
Xiave) +nXo—Xoave) +- . . +ouXi—Xiave) +2¢12
X1—Xiavg) X2 =Xoavg)t - - + 201X — Xiavg) (Xy—
Xiavg) + - -+ + 2023(Xz — Xoavg) (X3 — X3avg) + - .- +
260 1iXi—1 =X Dave) Xe—Xiave)]™>. I this for-
mula, k is the number of independent variables in a
model with a constant (six for Pouteria sapota in
Table 2), X;ayg is the average value of the i’s inde-
pendent variable, and the c;;’s are the Gaussian multi-
pliers. The SYSTAT 6.0 software provides in its output
the unexplained standard deviation sy (called there
‘standard error of estimate’), but not the Gaussian
multipliers. The BIOM 1988 statistics package pro-
vided a variance-covariance matrix in its routine
MULREG, when recalculating the final regression
model (Table 2) with this software. The numbers of
this matrix were multiplied with (n—1) to obtain the
sum-of-squares & sum-of-products matrix. This
matrix was inverted with the Mathematica software
(1991 by Wolfram Research Inc., Champaign, IL,
USA) to obtain in this way the matrix of the Gaussian
multipliers (see Sokal and Rohlf, 1995, p. 631).

In the case of Pouteria sapota and Diospyros
digyna, the above formula for the standard error
had to be employed even for average values, for which
one can usually calculate the standard error as sy/n">.
The reason was that at average openness (for Pouteria
sapota 0.305), the term OPENNESS? has to be the
value of this average-openness squared (0.305°=
0.0930), which however deviates from the average
OPENNESS? for the data set (0.1534).

For Cedrela odorata, the final regression model
included only one independent variable (Table 2),
and the above formula for the standard error simplified
(Sokal and Rohlf, 1995, p. 471): SE,=[syl[l/
n+(X,—X, Avg)2/2x2]0‘5, where sz is the sum of
squares of the X;-variable.

4. Results

The input data for the regression is summarised in
Table 1. The table includes for the three species the

averages, standard errors and ranges for the final
height, relative canopy openness, initial seedling
height, seed mass, and for the leaf nutrients as well
as for the leaf nutrient interaction terms. The regres-
sion results for the three species are summarised in
Table 2. The final regression equation is given for each
species on the left, and can be used to calculate the
expected seedling height in dependence of the
explaining variables (see below). The next column
gives the standard error for each regression coefficient.
This data is followed in the third column by the
standard coefficient (also called standard partial
regression coefficients, b-primes or beta weights).
The final column in Table 2 gives the two-tailed
probability that the regression coefficient is zero.
Almost all regression coefficients are highly signifi-
cant, i.e., different from zero.

The standard coefficients give the rate of change in
standard-deviation units of seedling height per one
standard deviation unit of the corresponding X-vari-
able (Sokal and Rohlf, 1995, pp. 613 and 614). When
the number of data points is the same for the X- and Y-
variables (as here), then the standard coefficients can
also be interpreted as the change in standard-error-of-
the-mean units, instead standard-deviation units. For
example, for leaf-zinc in Pouteria sapota, the regres-
sion coefficient is 3.961 (Table 2), the standard error of
the input data is 0.47, and the standard error of the
seedling height is 4.55 (Table 1), so that the standard
coefficient in Table 2 is 0.41 [(3.961)(0.47)/4.55]. The
standard coefficients help to interpret the impact of the
X-variables on the Y-variable. For example, an in-
crease of leaf-zinc by one standard error (0.47 mg/
kg) leads to an expected seedling height increase that
is 0.41-times the standard error of final height
(4.55 cm), i.e., 1.9 cm. The variables in Table 2 are
ordered by decreasing standard coefficients (subse-
quently to the constant).

Fig. 1 shows the regression results graphically,
providing the prediction for one variable at a time
while all other variables are held constant at their
average values; the surrounding data points show
the remaining unexplained variation (‘error’). For
Pouteria sapota, Table 2 and Fig. 1 show that height
after 24 months is significantly explained by the
leaf zinc concentration, leaf calcium-magnesium
ratio, relative canopy openness, initial seedling
height (at 0 months in the field), and mass of the
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Measured final height and growth parameters of the planted tree seedlings (averagetstandard error [minimum to maximum])

Pouteria sapota (n=137)

Diospyros digyna (n=172)

Cedrela odorata (n=18)

FINAL-HEIGHT (cm)
Months in the field
OPENNESS
INITIAL-HEIGHT (cm)
SEED-MASS (g)
LEAF-CA (mg/g)
LEAF-FE (mg/g)
LEAF-K (mg/g)
LEAF-MG (mg/g)
LEAF-N (mg/g)
LEAF-NA (mg/g)
LEAF-P (mg/g)
LEAF-MN (mg/kg)
LEAF-ZN (mg/kg)
LEAF-CA/MG (g/g)
LEAF-K/CA (g/g)
LEAF-K/MG (g/g)
LEAF-K/(MG+CA)
LEAF-ZN/MG (g/kg)
LEAF-ZN/N (g/kg)
LEAF-ZN/P (g/kg)
LEAF-ZN/OPENNESS*

99.3+4.55 [25.0 to 306.0]
24

0.30540.0210 [0.052 to 0.864]
29.940.81 [7.0 to 53.0]
40.240.82 [14.8 to 60.2]
8.24+0.087 [6.70 to 10.83]
0.37£0.019 [0.10 to 1.05]
8.02+0.213 [2.96 to 12.87]
3.05+0.056 [2.01 to 4.40]
20.740.20 [17.3 to 26.9]
1.0740.032 [0.47 to 1.68]
1.1240.016 [0.80 to 1.45]
36+0.8 [20 to 58]
13.440.47 [6.9 to 28.7]
2.840.05 [2.0 to 3.9]
1.0140.035 [0.35 to 1.84]
2.940.12 [0.8 to 5.8]
0.74£0.027 [0.25 to 1.38]
4.440.12 [2.2 to 8.0]
0.66+0.026 [0.34 to 1.55]
1240.4 [6 to 24]

88+5.8 [8 to 273]

60.74+3.99 [7.0 to 158.0]

17

0.2634-0.0262 [0.037 to 0.862]
12.840.39 [5.7 to 20.4]
2.14+0.04 [1.4 to 2.8]
12.8240.191 [8.43 to 16.13]
0.2540.019 [0.06 to 0.67]
11.05+0.243 [6.45 to 16.35]
2.244-0.068 [0.37 to 3.05]
18.840.32 [14.8 to 23.0]
0.8840.041 [0.32 to 1.66]
1.1440.018 [0.83 to 1.46]
14444.6 [89 to 260]
14.0£0.53 [6.6 to 21.5]
6.940.76 [4.0 to 43.6]
0.8940.035 [0.47 to 1.94]
5.74+0.48 [2.1 to 27.9]
0.7640.028 [0.38 to 1.58]
6.840.40 [3.2 to 22.2]
0.7340.022 [0.39 to 1.05]
134+0.5 [5 to 20]

103+8.8 [10 to 335]

59.4+11.88 [8.0 to 200.0]
16

0.29140.0593 [0.068 to 0.776]
5.940.67 [1.7 to 11.1]
not measured

not measured

not measured

not measured

not measured

not measured

not measured

not measured

not measured

not measured

not measured

not measured

not measured

not measured

not measured

not measured

not measured

not measured

“mg/kg at a relative canopy openness of 1.

Table 2

Results of the stepwise multiple linear regression for the planted tree seedlings

Regression equation

Standard error

Standard coefficient

Probability (two-tailed)

Pouteria sapota®
FINAL-HEIGHT=

—172.3 31.378 0 0.00000
+(3.961) (LEAF-ZN) 0.73757 0.41 0.00000
+(31.87) (LEAF-CA/MG) 8.8706 0.34 0.00046
-+(242.5) (OPENNESS) 73.330 0.00122
—(200.4) (OPENNESS?) 79.317 0.32 0.01270
+(1.444) (INITIAL-HEIGHT) 0.40804 0.26 0.00056
+(1.065) (SEED-MASS) 0.39469 0.19 0.00789
Diospyros digyna®
FINAL-HEIGHT=
—55.57 17.922 0 0.00282
+(380.9) (OPENNESS) 45.595 0.00000
—(346.8) (OPENNESS?) 53.833 0.56 0.00000
+(2.455) (LEAF-ZN) 0.70258 0.33 0.00085
+(1.764) (INITIAL-HEIGHT) 0.86417 0.17 0.04517
Cedrela odorata®
FINAL-HEIGHT=
(188.9) (OPENNESS) 17.637 0.93 0.00000

# After 24 months, adjusted R’= 0.43, n=137 seedlings, unexplained standard deviation=40.23.

® After 17 months, adjusted R2:0.57, n=72 seedlings, unexplained standard deviation=22.29.

¢ After 16 months, R2:0.87, n=18 seedlings, unexplained standard deviation=28.47; leaf nutrients and seed mass were not measured for
this species.
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Fig. 1. Results of the stepwise multiple linear regression for the planted tree seedlings. For Pouteria sapota, five variables explained
significantly height differences after 24 months in the field (see Table 2). In the case of Diospyros digyna, three variables were significant at 17

months, and for Cedrela odorata one variable at 16 months. In each

graph, the prediction is for one variable at a time, while the other variables

are held constant at their average value. The surrounding data points show the remaining unexplained variation.

planted seed. The other leaf nutrient concentrations
were not significant. Table 3 uses the regression
equations from Table 2 and input parameters
from Table 1 to calculate how much average height

growth could be improved by optimizing the growth
conditions. With all growth parameters being at their
average values in the regression equation, the pre-
dicted average height for Pouteria sapota after 24
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Table 3

Predicted average height (95% confidence intervals) under average and optimised growth parameters, employing the regression equations

from Table 2

Average parameters Optimised parameters Ratio
Pouteria sapota (at 24 months) 111 cm (104-119)* 280 cm (224-336)° 2.5
Diospyros digyna (at 17 months) 78 cm (70-85)° 138 cm (116-160)° 1.8
Cedrela odorata (at 16 months) 55 cm (41-69)° 147 cm (115—178)f 2.7

? LEAF-ZN=13.4 mg/kg, LEAF-CA/MG=2.8, OPENNESS=0.305, INITIAL-HEIGHT=29.9 cm, SEED-MASS=40.2 g (average values

as given in Table 1), standard error=3.71, n=137.

® LEAF-ZN=28.7 mg/kg, LEAF-CA/MG=3.9, OPENNESS=0.605, INITIAL-HEIGHT=53.0 cm, SEED-MASS=60.2 g (maximum
values as given in Table 1, except that openness is optimised as explained in text), standard error=28.32, n=137.

¢ OPENNESS=0.263, LEAF-ZN=14.0 mg/kg, INITIAL-HEIGHT=12.8 c¢m, standard error=3.69, n=72.

d OPENNESS=0.549, LEAF-ZN=21.5 mg/kg, INITIAL-HEIGHT=20.4 cm, standard error=11.10, n=72.

¢ OPENNESS=0.291, standard error=6.71, n=18.
fOPENNESS:0.776, standard error=14.90, n=18.

months in the field is 111 cm [—172.3+(3.961)(13.4)
+ (31.87)(2.8) + (242.5)(0.305) — (200.4)(0.305%) +
(1.444)(29.9)+(1.065)(40.2). The 95% confidence
interval is 104-119 cm [111.3+(3.71)(1.978)]. This
compares to an actual average height of 99.3 cm in the
field (Table 1).

Next, one can see what is the predicted height when
optimizing the growth parameters. The openness is
optimised by taking the first derivative of the predic-
tion equation, setting it equal to zero, and solving for
the openness: dHEIGHT/dOPENNESS=242.5—(2)
(200.4)(OPENNESS)=0 =OPENNESS=0.605. The
optimal canopy openness for Pouteria sapota plants
over their first 24 months is 60.5%. All other variables
are optimised by maximizing them within the mea-
sured range of the input data. Extrapolation linearly
into new ranges is not recommendable, because a
linear plant response is not empirically confirmed.
Employing the optimal openness and maximum mea-
sured values for the other variables (Table 1), the
predicted average height of P. sapota after 24 months
in the field is 280 cm. The 95% confidence interval is
224-336 cm. This compares to an actual height of
306 cm for the largest individual (statistically an out-
lier), and 229 cm of the second-largest in the field.
Thus, the calculated optimised average height seems
not to be unrealistically ‘out of range’.

The predicted average height with optimal values
for the growth parameters is 2.5-times the predicted
average height with average values for the growth
parameters (280/111). In conclusion, by optimizing
the growth parameters ‘leaf zinc concentration’, ‘leaf

calcium/magnesium ratio’, ‘relative canopy open-
ness’, ‘initial seedling height’, and ‘seed mass’, one
should have been able to increase height growth 2.5-
fold during the first 24 months in the field.

The same sequence of calculations and comparisons
can be carried out for the other two species. The
canopy openness, leaf zinc concentration, and initial
seedling height (at 0 months in the field) were sig-
nificant for Diospyros digyna in explaining height
after 17 months, but the mass of the planted seed
was not significant (Table 2, Fig. 1). The predicted
average height for Diospyros digyna after 17 months is
78 cm (Table 3). This compares to an actual average
height in the field of 60.7 cm with heterogeneous
values for the growth parameters (Table 1).

Optimizing the relative canopy openness for Dios-
pyros digyna in the same way as for Pouteria sapota,
results in 54.9%. This is a little bit lower than the
60.5% for Pouteria sapota. Also, Fig. 1 shows that the
optimum is more pronounced for D. digyna, while P.
sapota accepts relatively well openness values that
exceed the optimum. Using the optimal openness
together with the maximum values for the leaf zinc
concentration and initial seedling height (Table 1), the
predicted average height of Diospyros digyna after 17
months in the field is 138 cm (Table 3). This compares
to the maximum height of an individual in the field of
158.0 cm (Table 1). The predicted average height with
optimal values for the growth parameters is 1.8-times
the predicted average height when using the average
values for the growth parameters (Table 3). By opti-
mizing the growth parameters ‘relative canopy open-



72 M. Ricker et al./Forest Ecology and Management 139 (2000) 63-77

ness’, ‘leaf zinc concentration’, and ‘initial seedling
height’, one should have been able to increase
height growth 1.8-fold during the first 17 months in
the field.

For Cedrela odorata seedlings, neither leaf nutrient
analysis nor seed mass measurements were carried
out. Thus, the only growth parameters tested were
canopy openness and initial seedling height. The
quadratic term (OPENNESS?) resulted to be not sig-
nificant, so that height after 16 months was linearly
dependent on canopy openness (Fig. 1). Initial seed-
ling height was not significant (note in Table 3 that
they were still very small at O months). The average
value for the relative canopy openness in the field was
0.291 (Table 1). This results in a predicted average
height of 55 cm after 16 months in the field (Table 3).
This compares to an actual average height of 59 cm in
the field (Table 1). Since the quadratic term has fallen
out, the optimal relative canopy openness would be 1,
i.e. complete openness. However, the maximum
observed openness was 0.776 (Table 1). Because
the range between 0.776 and 1 was not tested empiri-
cally, 0.776 was used as the maximum openness. The
predicted average height with this maximum openness
for Cedrela odorata after 16 months in the field is
147 cm (Table 3). This compares to the maximum
height of an individual in the field of 200.0 cm
(Table 1). The predicted average height with max-
imum openness is 2.7-times the height when using
average openness. By maximizing relative canopy
openness, one should have been able to increase height
growth 2.7-fold during the first 16 months in the field.

5. Discussion

Returning to the questions posed in the introduc-
tion, these can be answered as follows:

1. The optimal canopy openness above the seedlings
of Pouteria sapota and Diospyros digyna was 60
and 55%, respectively. For Cedrela odorata it was
above 78% and might be 100%.

2. Natural variation in the leaf-zinc concentration
explained growth variation in Pouteria sapota and
Diospyros digyna in these plantings (leaf nutrients
were not measured for Cedrela odorata). In
addition, in P. sapota a higher leaf calcium/

magnesium ratio explained larger plant height
after 24 months. Consequently, zinc and calcium
fertilisation may be recommendable.

3. For both Pouteria sapota and Diospyros digyna,
initial seedling height (at O months in the field)
explained significantly final seedling height (at 24
and 17 months, respectively). Initial seedling
height was not significant in Cedrela odorata.

4. Larger seeds explained larger plant height after 24
months for Pouteria sapota, but not for Diospyros
digyna (seeds were not measured for Cedrela
odorata).

5. The regression equations (Table 2) revealed that
by optimising the tested growth parameters within
the encountered ranges, the average height of
Pouteria sapota after 24 months in the field could
be increased 2.5-fold, from 111 cm with average
values to 280 cm with optimal values. For
Diospyros digyna, average height after 17 months
could be increased 1.8-fold, from 78 to 138 cm.
For Cedrela odorata the possible increase after 16
months is 2.7-fold, from 55 to 147 cm.

The results confirm that species differ in their light
demands, and that there can be excessive light levels
for tree seedlings of some species. For example, in a
10-year-old secondary forest in Veracruz (Mexico),
Cordia alliodora (Ruiz & Pavon) Chamisso, Swietenia
macrophylla King, and Brosimum alicastrum Swartz
also showed highest growth rates at 68% rather than
100% light transmission into the understory (Ramos
and del Amo, 1992). Our result that Cedrela odorata is
a strong light-demander is a confirmation of what is
known from the literature (Pennington et al., 1981,
p- 376).

It should be noted that a relative canopy openness of
over 50% is rarely found in natural evergreen rain
forest. Values of less than 5% full light have been
reported for the understory (Chazdon and Fetcher,
1984; Ashton, 1992). Considerable manipulation of
a primary forest’s canopy is necessary to reach values
of around 60%. This dependence of seedlings on light
levels that are reached only in large gaps, explains why
under natural conditions species such as Pouteria
sapota and Diospyros digyna are rare (often less than
1 tree per hectare). On the other hand, it provides a
justification to argue that under management that
minimises the obstacles of establishment under a
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favorable light environment, enrichment plantings are
expected to prosper.

Variation in the leaf zinc concentrations explained
variation in height growth of the seedlings of Pouteria
sapota and Diospyros digyna. Zinc deficiency is not
unusual. In Citrus trees, zinc deficiency is the most
common deficiency after nitrogen deficiency. In inten-
sive management it has also been observed in coffee
plantations in Brazil, Costa Rica, and India (Pagel
et al., 1982, pp. 215-218). There are other examples
where studies showed that zinc fertilization increased
plant growth: in cotton plants, zinc fertilization
slightly increased growth and improved cotton quality
(Li et al., 1991). In banana, combined application of
zinc with copper and boron lead to maximum yield per
hectare (Ghanta and Mitra, 1993). And in tomato, the
combined fertilisation with zinc, manganese, iron, and
boron resulted in maximum yield (Bose and Tripathi,
1996).

Zinc acts either as a metal component on enzymes
(alcohol dehydrogenase, Cu—Zn superoxide dismu-
tase, carbonic anhydrase, RNA polymerase), or as a
regulatory cofactor of a number of enzymes (Marsch-
ner, 1990, pp. 300-301). In zinc-deficient wheat,
leaves show a decreased chlorophyll concentration
and an increased accumulation of sugars; net photo-
synthesis is decreased (Sharma et al., 1992).

Interesting was the finding that the leaf calcium/
magnesium ratio significantly explained variation in
height growth of Pouteria sapota. This leads to two
conclusions. First, fertilisation with calcium is
expected to have a positive effect. Calcium deficiency
is known from fruit tree plantations, and is relatively
common in tropical soils (Schachtschabel et al., 1982,
p- 211). In the plant, calcium stabilizes cell mem-
branes by bridging phosphate and carboxylate groups
of phospholipids and proteins (Marschner, 1990,
p. 249).

Second, fertilisation with magnesium without fer-
tilizing calcium is expected to have a negative effect.
Interaction between calcium and magnesium has also
been reported by Spiers (1993a) in blueberrry and by
Spiers (1993b) in raspberry. In contrast to calcium,
which is an activator of only a few enzymes, magne-
sium increases the activity of many enzymes (Marsch-
ner, 1990, p. 249). Magnesium is the central atom of
the chlorophyll molecule, but this role involves only
about 30% of the total plant magnesium content, and a

high proportion is involved in the regulation of cellular
pH and the cation-anion balance (Marschner, 1990,
p- 236). Calcium and magnesium can compete on
binding sites (Marschner, 1990, p. 250), which might
explain the antagonism found in our work.

According to ‘Liebig’s minimum law’, there is only
one limiting nutrient element at a time, and first one
needs to fertilize this nutrient element before another
becomes limiting (Finck, 1982, p. 229). In our work,
zinc could be considered to be this limiting nutrient.
However, this concept should not be taken too rigor-
ously. The importance of antagonisms, synergisms,
and a balanced equilibrium between nutrients has long
been known from fertilisation experiments (Prevot and
Ollagnier, 1960). It is confirmed here by our finding of
the calcium/magnesium ratio being a limiting factor in
addition to zinc in Pouteria sapota.

Initial seedling height, at the time of transplanting,
explained significantly the seedling height of Pouteria
sapota after 24 months and of Diospyros digyna after
17 months. Larger height at establishment provides a
long-lasting positive effect on growth. In P. sapota, the
regression equation (Table 2) showed that an addi-
tional centimeter of initial seedling height is expected
to lead to an additional 1.444 cm after 24 months. The
effect was stronger in P. sapota (standard coefficient
0.26 in Table 2) than in D. digyna (0.17), and not
significant in Cedrela odorata. These differences
between species are probably due to the larger varia-
tion of absolute initial seedling height in P. sapota
(range 7-53 cm, Table 1), compared to D. digyna (6—
20 cm) and C. odorata (2—11 cm).

In Pouteria sapota, large seeds favored height
growth after germination. In the literature we found
two studies that report correlation between seed mass
and seedling growth for Douglas Fir at 2 years age (St.
Clair and Adams, 1991) and for two oak species at 6
months age (Bonfil, 1998). From this result, one can
draw three types of conclusions for management: first,
for establishing plantings one could obtain a large pool
of seeds and select the largest ones. Second, one could
try to breed varieties with larger seeds. Third, one
could interpret the effect of large seeds to be a type of
initial fertilization, and rather than using large seeds
one could fertilize at the time of planting, which is a
common technique in tree production.

It is interesting that in Pouteria sapota, both seed
mass and initial seedling height were statistically
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significant; the Pearson correlation coefficient for the
data between seed mass and initial seedling height in
P. sapota was 0.38, which statistically is highly sig-
nificant (n=137). Larger seeds are not only expected
to lead to larger seedlings at the time of transplanta-
tion, which leads by itself to a larger height, but they
contribute additionally to an increased height after 24
months. An additional gram of seed mass is expected
to lead to an additional 1.065 cm of height after 24
months (Table 2), on top of the effect achieved by the
larger initial seedling height.

Considerable height variation remained unex-
plained in all species: the proportion of the unex-
plained sum of squares (1—R?) was 0.57 for Pouteria
sapota, 0.43 for Diospyros digyna, and 0.13 for
Cedrela odorata. In C. odorata, the effect of canopy
openness is stronger than in the other two species
(standard coefficient=0.93 in Table 2); this causes the
coefficient of determination R* to be large even with-
out taking leaf nutrients into account. In P. sapota and
D. digyna, a higher coefficient of determination R
could probably be achieved by analysing leaf nutrient
data per plant, rather than mixing leafs from all plants
of a given species per quarter hectare; the laboratory
costs would of course be higher. Furthermore, height
variation in the first 2 years may be due to genetic
variation between seedlings, which could best be
analysed in the future by developing and planting
different clones in varying environmental conditions
(see Kolb and Steiner, 1989).

An additional important factor for explaining height
growth variation in all species could be water avail-
ability. Water availability for seedlings was not mea-
sured in our study. However, height measurements
were carried out monthly, and the plants’ relative
monthly height growth can be correlated statistically
with the corresponding monthly precipitation and
monthly average of the daily minimum and maximum
temperatures. Carrying out these nine correlation
analyses, only two resulted to be statistically signifi-
cant: For Pouteria sapota, the seedling’s relative
monthly height growth was correlated with minimum
daily temperature (r=0.636, n=24), and to a lesser
extent with the daily maximum temperature. The
seedlings of this species seem to grow better at higher
temperature. Precipitation was not significantly cor-
related with relative growth for any of the three species
(note that precipitation was not significantly corre-

lated with temperature; also note that we watered in a
few dry weeks). There are certainly measurable effects
on seedling development resulting from strong differ-
ences in water availability between seedlings, and
from prolonged dry periods (Fisher et al., 1991).

How much annual growth is effected by these
differences in tropical forest with high precipitation
remains to be studied in more detail (Burslem, 1996).
Wright (1991) in a study of seven shrub species on
Barro Colorado Island (Panama; 2,600 mm mean
annual precipitation) concluded that his results were
consistent with the hypothesis that ‘water stress con-
straints the timing of growth while only rarely limiting
total annual growth’.

To compare the growth potential between the three
species, one can calculate the expected annual height
increment in the first year under optimal conditions via
interpolation. Pouteria sapota is expected to have in
the first year an average increment of 113 cm
[(279.7—53.0)(12/24)], Diospyros digyna 83 cm
[(137.8—20.4)(12/17)], and Cedrela odorata 106 cm
[(146.6—5.9)(12/16)]. Note that the leaf nutrients for
C. odorata could not be optimised for this calculus,
because they were not included in the regression.
Nevertheless, it shows that P. sapota grows compar-
ably fast and may be able to compete with the popular
timber species C. odorata with its lighter wood, while
D. digyna grows slower.

The question rises what variables should be man-
aged to achieve the greatest possible impact on height
growth. This question can be considered from a
statistical and from an economic viewpoint. From a
statistical viewpoint, one can look on the standard
coefficients for each independent variable in Table 2.
Subsequently to the constant, the independent vari-
ables are ordered according to decreasing standard
coefficient. As explained above in the results, the
standard coefficients indicate how many standard
errors does the seedling height change with a one-
standard-error-change of the independent variable. In
the case of Pouteria sapota, the zinc concentration and
the calcium/magnesium ratio have the greatest impact,
while in Diospyros digyna the relative canopy open-
ness has the greatest impact. The differences between
standard coefficients are notable but not huge, ranging
from 0.17 for initial seedling height of D. digyna
to 0.93 for relative canopy openness for Cedrela
odorata.
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From an economic viewpoint, one has to consider
what management is cost-effective and practical.
Managing the light environment via partial cuttings
of an existing canopy is quick and cheap. Fertilizing
with soil fertilizers or foliar sprays is also relatively
quick and cheap. A disadvantage of these two actions
is that they may have an impact on the forest environ-
ment that conservationists could oppose. However,
compared to conversion of an existing forest to cattle
pasture, the proposed management impact remains
rather moderate.

In contrast, selection and breeding of large seeds
and large seedlings do not have an obvious manage-
ment impact on the forest site, but may be costlier and
could only be a long-term goal. Furthermore, the first
priority for selection in fruit species is generally for
tasty fruit varieties, and only subsequently for seed
and seedling size; this is an important consideration
for Pouteria sapota, which presents much variation of
fruit quality.

Finally the question comes up, what these results for
seedlings and young trees mean for later ages, i.e.,
how does growth in the first 2 years correlate with later
growth? One way to gain more insight into this
problem is to analyse the correlation between the first
year and second year height increment in Pouteria
sapota. The Pearson correlation coefficient in this case
is 0.71, which statistically is highly significant
(n=137). Apparently, there was a strong trend that
a plant that was large after 1 year, was again a large
plant after 2 years. In general, one would expect a
plant that grows well in the first 2 years to continue its
good performance in subsequent years, if the environ-
mental conditions don’t change.

Optimizing management from a biological view-
point may include not only maximizing height growth,
but also maximizing survivorship and minimizing pest
attacks. Survivorship was 83% after 24 months for
Pouteria sapota, 86% after 17 months for Diospyros
digyna, and 46% after 16 months for Cedrela odorata.
A relatively uniform mortality of less than 20% for P.
sapota and D. digyna after planting and during the first
2 years can be accounted for with acceptable effort by
initial overstocking. More problematic was the 54%
mortality of C. odorata after 16 months, which on this
site was clearly a more delicate species. Of this
species, 39 seedlings were planted, of which 21 died
and 18 survived. Was mortality predominant on

obscure sites with low canopy openness, where growth
was also low? Canopy openness had been measured
for all 39 seedlings, including those ending up dead, so
that two groups could be formed: The dead C. odorata
seedlings had an average canopy openness of 0.156
(Standard Error=0.0450, n=21), while the surviving
C. odorata seedlings had an average canopy openness
of 0.291 (0.0486, 18). In a single-classification ana-
lysis-of-variance, these averages are significantly dif-
ferent at the 5% level. Management that promotes
growth (here maximum openness for C. odorata)
apparently promotes also survivorship.

In conclusion, considerable height growth increases
can be expected from optimizing growth parameters
such as canopy openness, nutrient supply, initial seed-
ling height and seed mass. Given their distinct light
requirements, Pouteria sapota and Diospyros digyna
are recommendable for an enrichment or shelterwood
system, while Cedrela odorata is recommendable as a
reforestation species in the open.
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