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Summary. Factors affecting seedling Virola surinuniensis
(Myristicaceac) survival and growth were investigated
on Barro Colorado Tsland, Panama. Seedlings planted
3 months after germination were monitored in treefall
gaps and understory using 2.25 ha irrigated and control
plots through the first dry season. During the dry season,
irrigated plants in gaps increased total leaf area signifi-
cantly more than did irrigated plants in the shaded un-
derstory. Over the same dry season, control plants in
gaps and in the shaded understory lost similar ameunts
of leaf arca. Seedlings in understory were suppressed
in stem height and biomass in both irrigated and control
plots; thesc measures were greater in gaps and greatest
in irrigated gaps (height). Roots were similar in length
in all treatments, but greater in biomass in gaps than
understory due to greater proliferation of secondary
roots in control and irrigated gaps than in control and
irrigated understory. This experiment demonstrates both
water and light limitation during the first dry season
after germination. V. surinamensis scedlings are capable
of survival and modest growth of leaf area in the deep
shade of the understory in moist locations; they are se-
verely disadvantaged in shaded understory subject 1o
drought, where most seeds fall and most seedlings cstab-
lish. The broken canopy of a gap allows shoot and con-
sequently root growth that permits seedlings to survive
seasonal drought.

Key words: Tropical ecology — Panama — Gap dynamics
— Seasonal drought — Virela surinuntensis

Trees of tropical moist and wet forests may be shade-
tolerant species that germinate and grow in the deep
shade of the understory or shade-intolerant species that
establish under the broken canopy of a treefall gap or
other forest clearing {e.g. Whitmore 1988). Seeds of Firo-
la surinamensis (Rol.) Warb. (Myristicaceae) germinate
readily, without dormancy, in either gaps or undcrstory,
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a classic shade-tolerant ‘persistent’ trec of the Barro
Colorado Island Forest, Panama. This species, however,
presents a paradox on Barro Colorado Island becausc
it is capable of persistence and even growth in the deep
shade of the understory, but it rarely survives long there
{Howe 1986). Seedlings of this species establish and sur-
vive as young juveniles during the wet months of the
year in gap, edge, and understory, but experience dispro-
portionate mortality in shaded understory during their
first dry season (Howe 1990). In the highly seasonal for-
cst of Barro Colorado Island, drought stress and mam-
malian herbivory interact to severely limit the persistence
of this species in the habit to which it is thought to
be adapted (Howe 1990). Under present conditions on
Barre Colorado lsland, this shade-tolerant specics ap-
pears to be at a severe disadvantage through the first
year unless it achieves accelerated growth in treefall
gaps.

The objective of this study is to explore factors that
influence survival of Virola surinamensis after weevil and
rodent depredations on sceds and establishing seedlings
pass. and without the complicating influences of mam-
malian herbivory which kills many seedlings during the
first year of lifc (Howe 1990). The potential survival
of seedlings of this species under different conditions
of canopy cover and water availability is not yet under-
stood. This paper concerns seedling response to canopy
closure and waler stress during the first dry scason after
germination and establishment. An irrigalion experi-
ment evaluates scedling survival and growth during sea-
sonal drought in gaps and in understory in both wet
and dry soils. We address the key questions presented
by carlier work concerning the adequacy of shade-toler-
ant designation for this specics: Can Virola surinanensis
both persist and grow in shaded understory in the ab-
sence of scasonal drought? The answer 1s ves to both.

Study site and methods

Experiments were conducted at the Smithsonian Tropical Research
Institute field station on Barro Colorado Island, Panama (909" N.



T9°51" W) during the wet scason of 1986 and the dry scason of
1987, The island harbors = 1300 species of vascular plants, includ-
ing =400 specics of trees (Croat 1978). A moist seasonal climate
resulls in average annual preeipitation of 2,600 m with 2.500 be-
tween April and December. Seasonal drought between December
and April is potentially severe due to a drop in soil moisture at
a depth of 5em drom >45% 1o 27% by weight (Dietrich et al.
1982), corresponding to a drop in soil water potentials from 0.0
to —1.60 MPa (Wright and Cornejo 1991). Desiccation is a polen-
tial threat to tree seedlings. mosi of which germinate in the carly
wet season (Garwood 1983) and may or may not achicve significant
growth by the onset of their first dry season. Firofa surinamensis
15, in this respeet, a typical tree thal germinates readily without
dormancy within 1 -3 weeks afler fruit fall, which occurs from
March through August with a population peak in June, July. or
catly August (Howe 1983). Seedlings exhaust parental endosperm
within 12 weeks of germination (Howe ct al. 1985). and are there-
fore independent of parental provisioning 4 28 weeks before the
onset of their first dry scason.

This study made use of an irrigation cxperiment in which water
from: Gatun Lake was pumped to a sprinkler system that aug-
nienied soil moisture in two 2.25 ha cxperimental plots (Wright
and Corngjo 1991). The system of 160 sprinklers. distribuied in
a hoxagonal array at 13.3 m intervals, delivered 675 metric tons
ol water (o cach plol per week during the dry season. V. suringmen-
sty survival and growth in these plots were compared with those
in the control plots. Water application maintained soil water poten-
tials at or slightly above field capacity (—0.04 MPa), whereas soil
water potentials dropped (—1.60 M¥Pa) in adjacent plots, Water
augmentation during the study period lasted from 15 December
1986 10 16 April 1987, The frrigation project is in forest thought
to have been free from extensive human disturbance for a least
300 years {Piperno 1990).

Vireda surinamensis sceds were collected from ten maternal par-
ents on Barre Colorado Tsland, weighed, randomly mixed with
respect io mother, and planted in forest soil in 15 cm peat pots
ina screenhouse protected from inscet seed predators and manma-
lian herbivores, On Octeber 16, 3 months after germination, seed-
lings were planted into 12 treefall saps and 12 randomly located
siies in the shaded understory in cach of the four plots. Only one
seedling was planted in each gap and wnderstory site. These 96
scedlings were planted in peat pots with the bottoms removed.
and were protecied from browsing mammals by 1.5 m tall eylinder
of pouliry mesh open al the top. [nsect herbivory en plants more
than 6 weeks old was negligible (<1 5% of leaf arca).

Treefall or branchfall gaps ranged from 7-216 m? {(mean -k
95% conlidence interval =45+ 13 m”). This is typical of gap sizes
found in old forest on Burro Colorado [sland (median —=47 m?:
Brokaw 1982} Canopy closure was explicitly characterized with
high-conirast hemispherical photographs taken with a 2.8 7 8 mm
fisheye iens placed 1 m above the ground on 24 October 1986.
Canopy openness was determined froni the photographs using the
automated computer program of Becker et al. {1990). Canopy
openness was the proportion of the canopy open to the sky (pre-
sented as %o skylight). Howe (1990) found that Canopy openncss
measured | m above the ground provided a more accurate measure
of light levels experienced by seedlings than just gap sive: cap
size wus not significantly correlated with plant growth measure-
ments because ef ground level shading from regenerating vegeta-
tion.

The condition of cach plant was evaluated at planting on 16
October 1986, at the end of ihe wet season on 17 December 1986,
and near the end of the dry scason on 18 April 1987, Plang height
and the fength of each leaf were measured 1o the nearest 0.5 em.
Regressions ol leaf length on leaf arca (R?2=0.95) were used to
estimate the total leal arca for cach seedling. The initial sample
of 90 scedlings was reduced over time by branches or snimals
that dislodged cages, gaps that opened over seedlings that were
originally shaded, and by mortality of caged seedlings, All scedlings
that survived until 18 April 1987 (n=73) were included in analyses
of growth (height and leaf arca).

293

On 2t May 1987, four randomly chosen scedlings from gaps
and four from the understory were excavated rom cach plot. Shoot
and root biomass were determined afler oven drying to constant
mass al 50° C,

Analyses were performed using SYSTAT (Wilkinson 1986).
Logarithmic transformations made means independent of vari-
ances, and arcsine-square root transformations normalized binomi-
al data. Where possible, dry scason growth was analyzed by analy-
ses of covariance, using December measurements as (he covariale
to factor in differences in growth duc (o canopy closure before
the irrigation experiment began. Summary statistics are presented
with untransformed means and 95% confidence intervals.

Results
Physical variables

Hemispherical photographs indicated Canopy openness
of 1.5-5.7% (2.940.4%) skylight in gaps and 0.1-1.3%
(0.4+£0.1%) skylight in understory. Canopy opcnness
values for gap and understory sites did not overlap. Gap
and understory designations explained 74% of the vari-
ance in canopy openness indices, Thercfore., analyscs of
dry season growth were simplified by using the categori-
cal variable of canopy closure, gap and understory, with-
out a great loss of detail. Soil remained saturated in
irrigation  plots  with  seil  water potential  above
—0.04 MPa, but was dry and cracked in control plots
(soil waler potential —1.60 MPa). Dry season gravimet-
ri¢ soil water content averaged 42.542.4% in irrigated
and 27.741.0% in control plots (unpublished data).

Survival

Canopy closure and irrigation were important factors
in survival. More than 90% of the scediings in rrigated
and non-irrigated gaps and in irrigated understory sur-
vived as seedlings through the dry season: 67% survived
in non-irrigated understory (Table 1). Drought during
the first dry season made a difference in the undersiory,
but not in the gaps. Because so few irrigated or gap
ptants died, expected cell values are too small for multi-
way contingency analysis,

Growth

Seed weight, height, and total leaf area did not differ
significantly among sites or treatments at planting. By
mid December 1986, before the onset of the dry season,

Table 1. Survival of Virofa surinamensis scedlings planted at 3
months of age in October 1986 and counted at the end of the
dry scason

[Dead

Habitat Treatment Alive

Gap Irrigated 18 1
Control 20 2

Understory Irrigated 19 2
Conirol 16 8
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Fig. 1a, b. Mean total leaf arca a and mean stem height b of
irrigated-gap (¥}, control-gap {©), irrigated-understory (¥}, and
control-undersiory (@), plants. Measurements were taken: at the
time of transplanting, 16 October 1987; at the cnd of the wet
seasort, 17 December 1987; and at the end of the dry season, 18
April 1987, lrrigation began on December 15 at the start of the
dry scason

37 scedlings alive in gaps exceeded 42 plants in the shade
in leaf arca (Fig. la; 205.0+20cm? versus 1269+
11.0cm?; t=6.71, P<0.001) and in hcight (Fig. 1b;
15.74+ 1.0 cm versus 12.540.6 cm; t=5.42, P<0.001).
This corresponds to a 61% increase in lcal arca and
a 26% increase in height between October and December
for scediings planted in gaps.

Leaf area measured in April showed by far the most
rapid gain in irrigated gaps (Fig. 1a). Total leaf arcas
increased over mid December measurements in both irri-
gated-understory and irrigated-gap sites and decreased
in size in control-gup and control-understory sites. Dry
season growth in leaf arca was analyzed by analysis of
covariance with the logarithm of total leaf area in De-
cember as the covariate. The homogeneity of slopes as-
sumption of the ANCOVA was valid (#>0.5), and the
analysis of covariance model was tested with the covar-
late, the main effects {canopy closure and water status)
and their interaction, and the nested plot effect as predic-
tors. The nested plot effect was not significant (£>0.25).
Therefore, the mean square error for the nesled plot
effect was pooled with the overall experimental crror
{Sokal and Rohlf 1981, pp. 285 286).

The main effects, canopy closure and waler status,
are difficult to interpret because there is a significant
interaction of canopy closure and water status on dry
season scedling growth (Table 2). A posteriori analyses
were used to test the null hypothesis that canopy closure
did not affect dry season growth for cach level of water
status. The null hypothesis could not be rejected for
the control treatment
(F 1,62=024, P=0.63). Thc null hypothesis was re-
jected for the irrigated treatment (F 1.62=21.77, P<
0.0005). Theretore, during the dry season, canopy clo-
surc dees affect total leaf arca within the irrigated plots
but canopy closure does not affect total leaf area within
the control plots. Overall, irrigated plants in gaps in-
creased total leaf arca signmificantly more tiian did irrigat-
ed plants in the shaded understory. Over the same dry
season, control plants in gaps and in the shaded under-
story lost similar amounts of leal arca (Fig. 1a).

The intcraction between canopy closure and water
status is also demonstrated by plotting the residuals

Table 2. Analysis of covariance for Virole surinamensis leal area
April as a function of leat area in December, canopy status (gap
ot understory) and walter status (irrigated or control). Leat arca
measurements were analyzed with logarithm transformations

Source R? SS DI MS I

Total leal arca 0.76 6.06 i 6.06  55.12%%*
in Becember

Canopy status 1,28 1 1.28  1i.60%%F

Waler stalus 4.70 1 470 42.76%%*

Plot 006 2 .03 0.30

Canopy status x 1.12 1 113 10,29
waler status

Canopy stalus x 0.30 2 0.1 1.37
water status x plot

Error 6.1 62 0.11

= P01 FFF = <0001
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Fig. 2. Residuals { tstandard error) from regression of the log
of 1otal leaf area in April and log of total feaf arca in December
in irrigated and control plots in gaps and understory. There is
an acress treatment effect of waler status but not of canopy closure

from the regression of the log of total leaf area in April
on the log of total leaf area in December in rrigated
and control plots in gaps and in understory sites (Fig. 2).
Irrigated plots have larger residuals than do control
plots. There is an effect of water status across all treat-
ments, but there is no global effect of canopy closure.
During the first dry season, gaps have a positive effect
on seedling growth only when irrigated (Fig. 2).

Stem height taken in April indicated substantial
growth in irrigated and control gaps, as well as in deep
shade of irrigated plots (Fig. 1b, Table 3). Stem heights
increascd over planting heights (11.7 £0.4 em) in all but
dry understory, where a decrease was recorded. Dry sca-
son growih in stem height was analyzed by analysis of
covariance using the logarithm of stem height in De-
cember as the covariate. The homogeneity of slopes as-
sumptions of the ANCOVA was valid (7> 0.5). Habitat
significantly affected stem height of scedlings (P < 0.001;



Table 3. Analysis of covariance lfor Virola surinamensis stem height
in Aprit 45 a function of stem height in December, canopy status
{gap and understory) and water status {irrigated and control). Stem
heights were analyzed with logarithm transformations

Seurce R? SS BE MS I

Stem height 086 1.73 1 172 116.20%==
in December

Canopy status 0.61 1 0.61 41,14 %%

Waler status 0.35 1 0.35 4.37

Plot 016 2 0.08 54%%

Canopy status x 0.06 1 0.06 0.99
water status

Canopy status x 0.12 2 0.06 3.83%
wiater status x plot

Error 092 62 0.02

*=P<0.05; FF=P<0.01; FFF = P < .00
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Fig. 3a, b. Root a and shoot b biomasses at the end of the first
dry scason for young Virele surincmensis seedlings planted in irri-
gated and control plets in gaps and understory. Posi-hoe Tukey
tests show significantly different means (P <{1.05). as indicated by
different saperscripts. See Table 3 for analyses of variance. Each
sample size s 8

Table 3). Because the nested plot effect is significant,
the associated main effect, water status, was cvaluated
against the nested piot effect and was found not to be
significant (Table 3). The test for the interactions of can-
opy closure and waler status lacks powcer becausc the
nested effect of plot was substantial (Table 3). The nested
plot effect scems to be duc to irrigated-understory plants
in one plot with stem heights indistinguishable to control
plot heights,

Measures of shoot and root biomass showed signifi-
cant differences between gap and understory treatments,
bul not between water {reatments (Fig. 3). Shoots and
roots in gaps are clearly heavier than those in under-
story., regardless of water treatment (Table 4). Because
a covariate of root and stem biomass in December is
impossible, the analysis is biased toward the canopy clo-
surc cffects which atfected plant for a longer period of
time than the water status experiment.

Mecasures of root-to-shoot biomass ratios were anu-
lyzed by analysis of variance where the response variable
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Table 4, Analysis of variance for Virola surinamensis root and shoot
biomass as functions of canopy status (gap or understory) and
water status (irrigated or control). Biomass meuasurements were
analyrzed with logarithm transformations

Source Shoot biomass Root biomass

R? DF MS F r? D1 MS F

Canopy 0.68 1 275 56.69%% (.57 1 0.83 36.43%*
status

Water | 016 324 1 001 051
status

Canopy x 1 0.04 0380 1 000 012
wiler

Error 28 0.05 28 0.02
= P<(.01

Table 5. Analysis of variance Tor Virela surinamensis rootishoot
biomass ratios as functions of canopy status (gap or understory)
and water status (rrigated or control). Root-to-shoot ratios were
analyzed with arcsine squarc root transformations

Source R?2 SS df - MS F

Canopy status 0.54 0.02 1 0.02 2.07

Water status 0.12 1 0.12 15.56%*

Plot 0.01 2 0.07 0.81

Cunopy status x 0.02 1 0.02 0.98
water status

Canopy status x 0.04 2 0.02 2.56%
waler status x plot

tirror 018 23 0.01

*=P<0.05 = P<0.001

Table 6, Numbcr of secondary roots and length of primary roots
of Virola surinamensis seedlings planted at 3 months of age in
October 1986 and measured at the end of the first dry season
in May 1987, Means are accompanied by 93% confidence intervals
for sumple of 8 in each treatment

Reot length

Treatment Secondary

roots (N) {cm)
Irrigated in gaps 32.0+4.6° 17.1+2.18
Irrigated in understory 18.143.6° 13.9+1.9%
Not irrigated in gaps 26.8+3.8° 16.54£2.37
Not irrigated in understory 16.6+3.1° 144+34%

* Means in g column that bear different superscripts are significant-
ly different at the P<0.05 ievel as determined by the post-hoc
Tukey test

was thec angular transformation of the root-io-shoot ra-
tio. Root-to-shoot ratios were affected by water status
but not by canopy closure (Table ). Trrigated plants had
significantly lower root-lo-shoot ratios than did control
plants. The test for the canopy closure-water status inter-
action lacks power because the nested effect of plot was
substantial (Table 5). The nested plot effect is duc to
4 irrigated-shade plants in one plot with root-to-shoot
ratios indistinguishable to control plot ratios.
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Excavation revealed obvious morphological difter-
ences among roots in gap and understory sites. Primary
root lengths did not differ significantly among treat-
ments, but roots in gaps had significantly greater
numbers of secondary roots than those in understory
(Table 6).

Discussion

Forest dynamic studies have stressed the rele of gaps
as a determinant in population dynamics and forest
structure. Whitmore (1988) proposed the dichotomous
pioncer/climax paradigm based on light requirements to
distinguish species with different average life histories.
Studies on Barre Colorado Islund support this frame-
work; gaps influence distributions of pioneer, shade tol-
crant and generalist tree species (Brokaw 1983a, b,
Brokaw and Scheiner 1989; Hubbell and Foster 19864,
b}. Studics on gaps are becoming more refined, incorpor-
ating the idea that “forests are notl just swiss cheese”
(Licherman et al. 1989), vet few studics have combined
the influence of gaps with other abiotic and biotic factors
that influence success of a seedling in the forest. Both
waler status and canopy closure are investigated n this
ficld experiment with Firola surinamensis seedlings.

This irrigation experiment demonstrates that Firola
surinanensis seedlings are capable of persistence and
cven modest growth in wel soils in deep shade. This
1s consistent with the view that the species is, as expected
{(Croal 1978; sce Whitmore 1988), shade-tolerant
member of late successional or primary forest. Most in-
triguing is the interaction between canopy closure and
waler status. During the dry season, we show growth
advantage to scedlings in gaps only when 1rrigated. Mea-
sures of height, leafl arca, shoot and root biomass, and
root morphology clearly mdicate that yearlings of this
species are water-limited as well as light limited in the
seasonal forest of Barro Colorado Island. Seasonal
drought interacts with canopy cover to place young sced-
lings of this species at a disadvantage in shaded under-
story.

Light gap studies usually omit the effects of canapy
closure on root growth. This study revealed that root
structure may be critical to the survival of a scedling
during its first year of growth. Roots in gaps have a
greater hiomass and a greater number of lateral roots.
Greater fine root biomass under light gap openings in
old forest s predicted on the basis of greater nutricnt
availability in recently formed gaps (Collins et al. 1985),
but in onc case nol demonstrated (Sanford 1989). Our
results, however, suggest that the greater number of fine
roots may result from a higher demand for water in
gaps coupled with a laster rate ol growth in gaps during
moist conditions. Irrigated plants had a lower root-to-
shoot ratio than nen-irrigated plants. Figure 1a suggests
that this is from a loss of leat area in non-irrigated
plants. Control plants lost shoot biomass during the dry
season due to desiccation. Water stress and the resulting
reduction in leaf area may be critical to the survival
of the scedlings, especially for non-irrigated understory

seedlings which lost equal amount of leaf area as non-
irrigated gap scedlings and cxperienced the lowest sur-
vival of all treatments (Table 1), These results explain
the high drought mortality of defoliated Virola suring-
mensis seediings reported by Howe (1990}, Howe (1990)
found that size of Virola suringinensis seedlings is impor-
tant to root development. Therefore, first year seedlings
that experience defoliation from herbivory may have
suppressed root development and a greater chance of
death from desiccation during the dry scason.

Evidence reported here indicates that Virola suring-
mensis yearlings arc vulnerable 1o scasonal drought un-
less situated in a treefall gap. As a shade-tolerant tree
capable of germination and modest growth in deep shade
of moist understory, a gap advantage for this species
is really an ¢stablishment advantage that permits sced-
lings to grow large cnough -- and develop root systems
cxtensive enough — 10 survive the first dry season. More
water may also be available in larger gaps than in under-
story soils (Becker et al. 1988), bul this effect is not likely
in gaps as small as those used here. As suggested by
Howe (1990), the advantage in sive of seedlings in gaps
permits these plants to survive when smaller conspecifics
in the shaded understory cannot. This study indicates
that drought stress may be most critical in seedlings and
merits future research.

These results suggest why this species is historically
more common ot hillsides and in steep ravines on Barro
Colerado Island than in the dryer soils of flat tableland ;
Virola suringmensis occurs in an average density of 4.8
stems > dbh/ha in forest on level ground (Hubbell and
Foster 1983; pers. comm.) and 15.2/ha on hillsides and
ravine slopes {(Howe and Fisher, unpublished). Recent
studies have shown thatl soils on steep slopes maintain
higher water potentials than those of flat land on Barro
Colorado Island, due to greater shading and drainage
from the tableland itself (Becker et al. 1988). Other
things being cqual, it s ¢lear that scedlings of this species
should Tarc better in seasonal forest if they establish
in rare new gaps (1-3% of forest arca; Brokaw 1982;
Hubbell and Foster 19864) or in moist soils of hilisides
and ravines.
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