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I investigated the role of stem and root total nonstructural carbohydrate (TNC) 

reserves in seedling growth, survival, and stress tolerance in the shaded understory of a 

tropical moist forest in central Panama.  Seven woody species that ranged widely in 

seedling shade tolerance were selected for study: Aspidosperma cruenta and Lacmelia 

panamensis (Apocynaceae), Coussarea curvigemnia (Rubiaceae), Callichlamys latifolia 

and Tabebuia rosea (Bignoniaceae), Castilla elastica (Moraceae), and Platypodium 

elegans (Fabaceae).  Seedlings of each species were raised from seed in a shade house, 

transferred to common-gardens enclosed by wire fencing in the shaded forest understory 

(ca. 1% full sun), and then randomly assigned to one of three experimental treatments: 

extreme light reduction (ca. 0.06% of full sun for 2 months), complete defoliation at 0 

months, and control (no manipulation).  The goal of the light-reduction and defoliation 

stress treatments was to force seedlings into negative carbon balance, to determine the 

role of TNC reserves for seedling survival over the period of 1 year.   
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First-year survival of control seedlings—which I used as a quantitative index of 

shade tolerance—varied significantly among species, ranging from 96% in Aspidosperma 

to 19% in Tabebuia.  The light-reduction and defoliation treatments caused significant 

decreases in seedling survival.  Two-month survival after the stress treatments was 

positively correlated with 1st-year control seedling survival among species.  Seedlings of 

the two species with lowest 1st-year control seedling survival (Tabebuia and 

Platypodium) were unable to survive either stress treatment past 60 days.   

Pretreatment TNC concentrations and pool sizes in stems and roots differed 

significantly among species.  Stem concentrations were higher than root concentrations in 

all species, and comprised between 6 to 25% of the total stem biomass.  Variation in            

1st-year control seedling survival was positively related to pretreatment TNC pool size 

(combined stem and root pools) among species; but not to pretreatment stem or root TNC 

concentrations, total seedling biomass, or cotyledon biomass.  Survival of the stress 

treatment seedlings during the first 2 months (and from 2 months to 1 year) was also 

positively related to interspecific variation in TNC pool size.  Relative growth rates of 

control seedlings from 0 to 2 months were negatively related to TNC pool size among 

species, suggesting a tradeoff between carbon allocation to growth versus storage. 

My results highlight the importance of TNC reserves for seedling survival and 

stress tolerance in the shaded understory of tropical forests.  Allocation-based tradeoffs 

between seedling growth and storage provide a mechanistic basis for species differences 

in shade tolerance; and have likely played important roles in the evolution of life-history 

diversity and maintenance of tree-species diversity in species-rich tropical tree 

communities.  
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CHAPTER 1 
STRESS TOLERANCE ENHANCES SEEDLING SURVIVAL IN THE 

UNDERSTORY OF A TROPICAL FOREST: EXPERIMENTAL EVIDENCE 

Introduction 

Differential seedling survival among coexisting species has long been considered to 

play important roles in determining tree-species composition and diversity in tropical 

forests (Janzen 1970; Connell 1971; Hubbell 1979; Harms et al. 2000; Wright 2002).  

Seedling mortality is especially high in the shaded forest understory (Augspurger 

1984a,b; Osunkoya et al. 1992; Li et al. 1996) where light availability is low (ca. 1% of 

full sun) and variable in time and space (Chazdon and Fetcher 1984; Montgomery and 

Chazdon 2002; Montgomery 2004).  Under these conditions, low potential for 

photosynthetic carbon gain limits the ability of seedlings to maintain positive carbon 

balance, a prerequisite for survival in shade.  Diurnal and seasonal fluctuations in 

understory light availability (Chazdon and Fetcher 1984; Chazdon and Pearcy 1986) 

and/or deep shading of seedlings by fallen litter or understory foliage (Vázquez-Yánes et 

al. 1990; Wang and Augspurger 2004; Farris-Lopez et al. 2004; Montgomery 2004) 

further constrain carbon balance by forcing seedlings to cope with stressful periods, when 

light levels drops below the photosynthetic compensation point.  In addition to                        

light-limitation, seedlings risk mortality when tissues are lost or damaged by disease 

(Augspurger 1984a), herbivores (Osunkoya et al. 1992; Asquith et al. 1997; Kitajima 

2004), and physical disturbance (Clark and Clark 1989; Scariot 2000).  Identifying the 

extent and factors that contribute to species differences in their ability to cope with 
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stresses due to light limitation and tissue loss is essential for predicting and evaluating 

community-level patterns of seedling recruitment and relative species abundance. 

Survival in light-limited habitats (shade tolerance) is contingent on the ability of 

seedlings to maintain positive carbon balance.  Some researchers have hypothesized that 

shade tolerance is achieved by morphological and physiological traits that maximize the 

rate of carbon capture in low light at the whole-plant level (Loach 1967; Givnish 1988; 

Woodward 1990; Walters and Reich 1996).  According to this hypothesis, fast rates of 

net carbon gain facilitate both high seedling growth rates and enhanced survival in shade, 

by allowing seedlings to quickly increase in size and out-compete slower growing 

neighbors (Walters and Reich 2000).   

In contrast, others researchers have hypothesized that fast growth in shade could 

have deleterious consequences on survival, because high carbon allocation to growth 

must occur at the expense of allocation to storage and defense (Kitajima 1994, 1996; 

Coley et al. 1985; Kobe et al. 1995; Kobe 1997; Veneklaas and Poorter 1999), thereby 

reducing seedling tolerance and/or resistance to biotic and abiotic stresses.  However, few 

studies have directly tested whether interspecific variation in seedling survival and 

growth in the shaded forest understory is linked to species-specific differences in seedling 

stress tolerance (e.g., Augspurger 1984a).  Quantifying the degree to which different 

species are able to tolerate and recover from abiotic and biotic stresses (especially those 

posed by light-limitation and tissue loss) could help to clarify the functional traits 

underlying seedling shade tolerance and life history diversity in the seedling community 

of species-rich tropical forests.   
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In this study, I examined seedling stress tolerance, growth, and survival among 

seven coexisting woody species in a tropical moist forest in central Panama.  The 

overarching goal of my study was to test whether interspecific variation in seedling shade 

tolerance, measured quantitatively as 1st-year seedling survival in the shaded understory 

(see also Augspurger 1984a,b; Kitajima 1994; Boot 1996), was linked to variation in 

survival and growth responses to stresses caused from light limitation and tissue loss.  I 

tested the following two hypotheses: (1) interspecific variation in 1st-year seedling 

survival in the shaded understory is positively correlated with the ability to survive stress 

due to light limitation and tissue loss; and (2) seedling growth is less affected by stress in 

species with higher 1st-year seedling survival.  To test these hypotheses, I conducted a     

1-year common-garden field experiment in the shaded understory (~ 1% full sun), using 

transplanted seedlings of an equivalent ontogenetic stage, defined by expansion of the 

first photosynthetic organs (leaves or cotyledons).  Growth and survival were monitored 

on seedlings assigned to one of three treatments: (1) extreme light reduction; (2) 

complete defoliation; (3) control (no manipulation).  The goal of the light-reduction 

treatment was to expose seedlings to light levels below those required for whole-plant 

carbon balance, while the purpose of the defoliation treatment was to force seedlings to 

rely on storage reserves after removal of photosynthetic leaves and cotyledons.   

Methods 

Study Site and Species 

The study was conducted on Buena Vista peninsula, an area of ca. 60-year-old 

secondary lowland tropical forest, located in the Barro Colorado Nature Monument 

(BCNM), Panama (9°10′ N, 79°51′ W).  The BCNM forest is semi-deciduous, with a 
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pronounced 4-month dry season that usually lasts from mid-December to mid-April.  

Annual rainfall on the BCNM averages 2,700 mm (Rand and Rand 1982). 

Seven woody species with sufficient seed availability were chosen for study (Table 

1-1).  All of the species are canopy trees as adults, except for Callichlamys latifolia 

(Bignoniaceae), which is a woody liana.  Species were selected to span a range of shade 

tolerance, which was quantified by estimating the percentage of seedlings surviving for 1 

year in experimental plots located in the shaded understory (Table 1-1).  Small-seeded, 

pioneer species that are generally unable to establish seedling populations in the shaded 

forest understory were deliberately excluded from the study. 

The seven species differ in seed mass (24 to 453 mg) and cotyledon functional 

morphology (Table 1-1).  Aspidosperma cruenta, Lacmelia panamensis, Castilla elastica, 

and Platypodium elegans have hypogeal cotyledons that remain below or just above the 

soil surface, and that function primarily for storage of seed reserves.  The three other 

species have epigeal cotyledons that become elevated above the ground after 

germination; Coussarea curvigemnia and Tabebuia rosea have foliaceous photosynthetic 

cotyledons, and Callichlamys latifolia has thick green cotyledons that function primarily 

for storage (Kitajima 2002).  For brevity, species are henceforth referred to by genus.   

Field and Laboratory Methods 

Depending on seed availability, 200 to 400 seedlings per species were raised from 

seed in a shade house on the BCNM, under a light level similar to that found in the forest 

understory (1.5% full sun, based on total daily photon flux density).  When possible, 

seeds were collected from at least 3 nonadjacent parent trees, to increase genetic diversity 

within each species.  Seedlings were raised in plastic trays containing a 1:1 mixture of 

forest soil and sand, until all seedlings reached an equivalent ontogenetic stage, defined 
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by the full expansion of the first photosynthetic organs (leaves or cotyledons, depending 

on the species; Table 1-1), at which time they were transplanted into the forest (described 

below).  Seedlings were transplanted at a standardized ontogenetic stage, rather than at a 

common chronological age, so that all species had initiated autotrophic growth by the 

onset of the study.  Because of interspecific variability in timing of seed dispersal, 

germination, and development, seedlings were transplanted over a 3-month period during 

the early-mid rainy season (May to July). 

Seedlings of all species were transplanted into four 7 x 7 m2 common-gardens 

located in the shaded forest understory on Buena Vista Peninsula.  Each garden was 

separated by at least 50 m from the nearest adjacent garden, and enclosed by 1 m tall 

fencing to exclude large herbivores.  For each species, equal numbers of seedlings were 

transplanted into 1 x 1 m2 cells in four equally sized, stratified sections in each garden 

(50 to 100 total seedlings garden-1 species-1).  All vegetation < 1.5 m tall was removed 

from each garden before seedling transplantation, and all seedlings were positioned a 

minimum of 25 cm apart. When necessary, leaf litter was also removed to avoid burial of 

seedlings.  Seedlings dying within the first 2 weeks after transplantation were replaced  

(< 10 seedlings total).   

Seedlings were randomly assigned to one of three treatments 2 weeks after 

transplantation: (1) defoliation; (2) light reduction; (3) control (no manipulation).  For the 

defoliation treatment, all leaves and photosynthetic cotyledons (if present) were clipped 

at the base of the petiole; cotyledons were retained on all of the species with hypogeal 

storage cotyledons (Table 1-1).  For the light-reduction treatment, cylindrical wire cages 

covered with 90% shade cloth were placed over individual seedlings.  Shade cage 
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dimensions ranged from 6 x 12 cm (height x diameter) to 15 x 30 cm (depending on 

initial seedling size); and were constructed to be large enough so as not to hinder growth 

over a 2-month period, after which the shade cages were removed.     

Light transmission was measured inside and outside of the shade cages with Li-Cor 

quantum sensors during the early-mid rainy season.  Percent light transmission 

underneath the cages, and within each common-garden, was determined using both 

instantaneous and continuous total daily photon flux density (PFD) measurements. 

Instantaneous PFD measurements were taken inside and outside of shade cages at 8 to 15 

stratified positions in each garden under mid-day, cloudy sky conditions.  Continuous 

PFD was measured by placing a single censor in the middle of each common-garden for 

2 days.  To calculate % light transmission, measurements within the forest were 

referenced to a sensor placed in completely open sky on a laboratory rooftop.  Mean light 

reduction (+ 1 SD) by the shade cages was 89 (+ 2)%.  Mean light levels outside of the 

shade cages, as determined from the instantaneous PFD measurements, ranged among 

gardens from 0.38 to 0.68% (overall mean = 0.55%); mean light levels from the 

continuous PFD measurements taken over 2 full days in each garden were higher, and 

ranged among gardens from 0.68 to 1.44% of full sun (overall mean = 1%).  Seedlings 

inside the shade cages thus experienced only ca. 0.06% of full sun over the 2-month 

light-reduction treatment. 

To estimate pre- and post-treatment biomass, I harvested randomly selected      

sub-samples of seedlings from each common-garden.  For the pretreatment samples, 6 to 

12 seedlings per species were harvested from each common-garden just prior to 

treatment.  Post-treatment samples were harvested 2 months (coinciding with the end of 
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the light-reduction treatment) and 1 year after treatment; samples sizes at these harvests 

ranged from 2 to 32 total seedlings per species x treatment combination, depending on 

species-specific differences in survival.  Seedlings were harvested by carefully 

excavating the root system with a small trowel.  Roots, stems, leaves, and cotyledons 

were separated within 12 hours after harvesting, and then oven dried at 100ºC for 1 hour.  

All samples were then dried for an additional 48 hours at 60ºC before weighing.  Leaf 

and cotyledon area (for epigeal cotyledons only) were measured before drying using a   

Li-Cor leaf area meter. 

Seedling survival was measured by conducting censuses every week for the first 2 

months, and then every 2 weeks from 2 months to 1 year.  Missing seedlings were treated 

as dead.  Seedlings killed by branch fall and locally heavy herbivory (e.g., outbreak of 

stem cutting insects in one common-garden) were excluded from the study.     

Statistical Analyses 

Differences in survival among species and treatments were analyzed using                 

semi-parametric proportional hazards modeling (i.e., Cox regression; Fox 2001).  Cox 

regression was selected over alternative parametric tests because it does not assume 

a particular probability distribution for survival times (the non-parametric component of 

the model; Fox 2001), which varied widely among species and treatments.  Seedlings 

harvested for biomass measurements and those that survived beyond the final survival 

census were ‘right-censored’ in the analysis.  I then used the Kaplan-Meier approach to 

estimate the proportion of seedlings surviving over time for each species x treatment 

combination.  Differences between Kaplan-Meier estimates among species and among 

treatments within species were analyzed using log-rank tests, which tests for 

heterogeneity in survival times among groups by comparing observed versus expected 
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number of deaths between each mortality event (Fox 2001).  Percent survival was 

estimated from 0 to 2 months (i.e., the time of shade cage removal), 2 months to 1 year 

(stress treatments only), and from 0 to 1 year (control treatment only) from the Kaplan-

Meier survival curves.  Survival data were pooled across common-gardens for all 

analyses and garden was included as a main factor in the Cox regression model. 

Differences among species and treatments in total seedling biomass at 2 months 

and 1 year were analyzed using ANOVA.  In both analyses, common-garden means were 

used as replicates for each species x treatment combination (n = 1–4 per species x 

treatment combination; Appendix A).  Because all seedlings had died before the                     

2-month harvest for some species x treatment combinations, I used two separate ANOVA 

models to analyze seedling biomass.  In the first model (“saturated model”), I tested for 

species, treatment, and species x treatment interaction effects on biomass, but only 

included data for the species that had living seedlings present in all treatments at the time 

of harvest (n = 5 species at 2 months; n = 4 species at 1 year).  In the second model 

(“Reduced main factor model”), I included data for all 7 species and tested for the main 

effects of species and treatment on biomass, but excluded species x interaction terms.  

Data from the 1-year harvest were log10-transformed before analysis to improve 

normality and homogeneity of variance.   

Simple least squares linear regression was used to test for correlations between 

interspecific variation in seedling survival, growth, and size.  Relative growth rates 

(RGR) of total seedling biomass, stem height, and leaf area were estimated using the 

following formula:  

RGR (wk-1) = [ln (X2) – ln (X1)] / time  
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where X2 = mean size at time 2; X1 = mean size at time 1; and time = number of 
weeks between times 1 and 2. 

 
RGR for LACP from 0 to 2 months could not be calculated due to missing pretreatment 

biomass samples.  Leaf and cotyledon mass were included in all RGR calculations.  

Cotyledon area was included in all leaf area calculations for species with photosynthetic 

cotyledons (Coussarea and Tabebuia).  All statistical analyses were performed using 

JMP software (SAS Institute, 1997).  

Results 

Seedling Survival  

Seedling survival differed substantially among species and treatments (Table 1-2; 

Figure 1-1).  First-year survival of control seedlings differed significantly among species 

(P < 0.0001 for log-rank test of survival time distributions), and ranged from 19 to 96% 

at the end of one year (Figure 1-1; Table 1-1).  For control seedlings, survival from 0 to 1 

year was positively correlated with survival from 0 to 2 months among species                           

(P < 0.0001, r2 = 0.96, n = 7), when mortality was generally highest for most species.  

Thus, species maintained their survival ranks from 2 months to 1 year.  Survival also 

differed significantly among common-gardens (Table 1-2), and was generally higher in 

gardens with higher light levels, even though the range in light levels among gardens was 

small (0.6–1.4% full sun).    

Defoliation and light reduction significantly reduced survival in all species                

(Figure 1-1; P < 0.0001 for log rank tests), and there was a significant interaction 

between species and treatment on survival times (Table 1-2).  Species that had high 

survival in the light-reduction treatment also had high survival in the defoliation 

treatment (P = 0.0001, r2 = 0.94, n = 7 for proportional survival from 0 – 2 months).  For 
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some species (Aspidosperma, Coussarea, Callichlamys) defoliation had a larger overall 

impact on survival than light reduction, while others showed similar survival in the two 

stress treatments (Figure 1-1).   

The impact of the stress treatments on seedling survival varied widely among 

species (Figure 1-1).  Survival in the stress treatments from 0 to 2 months was positively 

correlated with 1st-year control seedling survival among species (Figure 1-2).  Two-

month survival for the three species with highest 1st-year survival exceeded 85% in both 

stress treatments.  In contrast, of the four species with the lowest 1st-year survival of 

control seedlings, three had reached 100% seedling mortality in one or both of the stress 

treatments before 60 days.  There were no significant relationships between seedling 

survival and seed mass or pretreatment cotyledon mass among species for any treatment 

(P > 0.2 for all regressions), even though the species with the largest seed size 

(Aspidosperma) had the highest survival in all treatments at 2 months, and the smallest-

seeded species (Tabebuia) the lowest survival after defoliation and the second lowest 

survival after light reduction.   

Effects of Defoliation and Light Reduction on Seedling Biomass and Growth  

Total seedling biomass at 2 months differed significantly among species and 

treatments (Figure 1-3a; Table 1-3).  The effect of the stress treatments on seedling 

biomass varied widely among species (Figure 1-3a) and there was a significant 

interaction between species and treatment on biomass at 2 months, but not at 1 year 

(Table 1-3).  Whole-seedling relative growth rate (RGR) from 0 to 2 months also varied 

widely among species and treatments (Figure 1-3b).  Control seedling RGR ranged 2.5 

fold between species and was highest for Tabebuia (which had the lowest 1st-year control 

seedling survival) and lowest for Aspidosperma (highest 1st-year survival), but there was 
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no significant correlation between control seedling survival and RGR among species (P > 

0.4, r2 =  0.16, n = 6).  Two-month survival of control seedlings was, however, negatively 

correlated to both stem height and leaf area RGR among species (P = 0.01, r2 = 0.77 for 

stem height; P = 0.03, r2 = 0.68 for log10 leaf area).      

Light reduction had a noticeable effect on RGR, which varied 5.5 fold among 

species at the end of 2-month treatment (Figure 1-3b).  RGR in the light-reduction 

treatment was less affected (relative to the control treatment) for species with higher            

1st-year control seedling survival: RGR was reduced by 0.013 to 0.015 wk-1 for the two 

species with higher 1st-year survival (Aspidosperma and Coussarea) compared to 0.042 

to 0.050 wk-1 in the three species with lower 1st-year survival (Callichlamys, Castilla, and 

Tabebuia; no Platypodium seedlings survived the light-reduction treatment).  As with 

control seedlings, whole-seedling RGR was not a good correlate of survival among 

species in the light-reduction treatment (P > 0.7, r2 = 0.04, n = 5).  However, the three 

species with the lowest survival exhibited the highest whole-seedling RGR in the control 

treatment, and among species, survival in the light-reduction treatment was negatively 

correlated to height RGR of control seedlings (P = 0.06, r2 = 0.59, n = 6).  Whole-

seedling RGR during the light-reduction treatment was highest for the three smallest-

seeded species, all of which had epigeal cotyledons (Figure 1-3b; Table 1-1). 

RGR following defoliation was greater for species that were able to produce new 

leaves (Figure 1-3b,c).  Four of the seven species, including the three species with highest 

1st-year control seedling survival, were able to develop new and fully expanded leaves 

within 2 months (Figure 1-3c).  Furthermore, species with relatively higher 1st-year 

survival produced more new leaf area following defoliation than was produced by control 
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seedlings over the same 2-month period (Figure 1-5): leaf production for Aspidosperma, 

the species with the highest 1st-year survival, was six times greater than in controls.  In 

contrast, leaf production in Castilla, which had the lowest 1st-year survival among the 

species that produced new leaves, was lower relative to controls.  It is also worth noting 

that leaf production following defoliation was not restricted to species with relatively 

large seed mass or hypogeal storage cotyledons.  Coussarea, despite having the second 

smallest seed mass and photosynthetic epigeal cotyledons (Table 1-1), was able to 

recover more leaf area relative to control seedlings following defoliation than Castilla 

(Figure 1-5), which had three-fold higher seed mass and hypogeal cotyledons.   

Stress treatments had significant negative effects on total seedling biomass at 1 

year (Table 1-3).  RGR from 2 months to 1 year varied widely among species and 

treatments (Figure 1-6).  The three species with the highest 1st-year control seedling 

survival (Aspidosperma, Lacmelia, Coussarea) experienced greater reduction in RGR by 

stress relative to controls, while the species with the lowest 1st-year survival 

(Callichlamys, Castilla) showed overcompensation of RGR.  

Discussion    

Stress Tolerance as a Component of Seedling Survival in Shade 

My results support the hypothesis that enhanced seedling survival in the shaded 

understory is related to the ability of species to tolerate stress.  Among species, survival 

in both the defoliation and light-reduction treatments was strongly related to interspecific 

variation in 1st-year control seedlings survival (i.e., shade tolerance).  The ability to 

tolerate stress also varied widely among species: the two species with the lowest 1st-year 

survival reached 100% mortality in both stress treatments before 60 days, while the three 

species with the highest 1st-year survival showed substantial tolerance to both treatments 
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(> 85% survival).  The stress tolerance of the latter three species was considerable given 

the severity of the experimental stresses imposed upon them: only 0.06% of full sun for 2 

months or complete defoliation.  These results support the notion that shade tolerance is 

dependent upon functional traits that both allow seedlings to maintain a positive carbon 

balance in low light, and to survive through and recover from periods when they 

experience negative carbon balance due to stress.    

Survival following the defoliation and light-reduction treatments was highly 

correlated among species, indicating that the most stress tolerant species are able to cope 

with a wide range of biotic and abiotic hazards.  Earlier studies have also shown negative 

interspecific correlations between 1st-year survival of tropical tree seedlings and 

susceptibility to pathogens in shade (Augspurger and Kelly 1983; Augspurger 1984a,b).  

In concert, these results suggest that the traits conferring stress tolerance may be broad 

spectrum, potentially allowing seedlings to cope with other stresses caused by drought 

(Engelbrecht and Kursar 2003; Khurana and Singh 2004), nutrient limitation (Gunatilleke 

et al. 1997), and physical/mechanical damage due to litterfall (Clark and Clark 1989; 

Scariot 2000). 

Seedling Tolerance to Defoliation: The Importance of Storage Reserves  

The goal of the defoliation treatment was to force seedlings to temporarily rely on 

storage reserves for maintenance of a positive carbon balance and subsequent leaf tissue 

recovery.  My results show that post-defoliation seedling survival was dependent on both 

the capacity of a species to develop and fully expand new leaves, and the relative degree 

of leaf area recovery among species.  Total leaf area and relative leaf area recovery was 

most impacted in species with lower 1st-year control seedling survival, confirming my 

initial hypothesis.  The three species that were unable to develop new leaves did not 
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survive past 60 days, while survival among the other four species was highest for species 

with greater leaf area recovery.  For example, leaf area production in Aspidosperma, the 

species with the highest post-defoliation survival over the first 2 months, was 64 times 

greater than in Castilla (relative to leaf production in control seedlings), which had 50% 

lower survival.   

Recovery of photosynthetic tissue lost to herbivores, disease, or disturbance is 

ultimately dependent on the amount of carbon reserves within remaining vegetative 

tissues and storage cotyledons at the time of tissue loss.  In this study, three of the four 

species that were able to develop new leaves following defoliation had hypogeal storage 

cotyledons, consistent with the idea that large seed reserves may enhance seedling 

recovery following tissue damage (Harms and Dalling 1997; Green and Juniper 2004).  

Leaf area recovery, however, was not restricted to species with this particular cotyledon 

functional morphology.  Coussarea, which had epigeal photosynthetic cotyledons, as 

well as other epigeal-photosynthetic species in this forest, are also capable of substantial 

leaf area recovery following complete defoliation (Kitajima 2004).  For species with 

epigeal cotyledons, storage reserves within stem and roots in the form of total 

nonstructural carbohydrate (TNC), provide the carbon source necessary for tissue 

recovery following damage (McPherson and Williams 1998; Canham et al. 1999; 

Hoffman et al. 2004).  TNC reserves in stems and roots may play particularly important 

roles in seedling survival after seedlings have depleted seed reserves, or when storage 

cotyledons are prematurely lost to herbivores or disease (Kitajima 2004; Chapter 2).   

Seedling Tolerance to Temporal Variation in Understory Light Availability  

The seven species varied widely in their ability to survive through drastic 

reductions in light availability in the shaded understory.  Three of the species showed 
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substantial tolerance to light reduction, with > 92% survival during the 2-month 

treatment.  Platypodium suffered the highest mortality during the first 2 months (all 

seedlings died before 55 days).  The low survival of this species was influenced by 

damping-off disease (Augspurger 1983, 1984a,b), confirming the idea that fungal attack 

can limit seedling establishment in deeply shaded habitats (e.g., Grime 1965).  Reduction 

in light availability also increased variability among species in seedling growth rates.  

These results support the notion that small-scale heterogeneity in light availability, even 

in the closed forest understory, can have dramatic impacts on seedling growth, survival, 

and recruitment processes in tropical forests (Montgomery and Chazdon 2002; Wang and 

Augspurger 2004; Montgomery 2004).   

Interspecific variation in 2-month seedling survival in both the light-reduction and 

control treatments was not related to whole-seedling RGR.  However, species that 

maintained high RGR in the control treatment also tended to have the lowest survival in 

the light-reduction treatment, suggesting that the overall carbon balance of species that 

normally exhibit fast growth rates may be most affected by temporal reductions in light 

availability in the shaded understory.  Post-light reduction RGR from 2 months to 1 year, 

following removal of the shade cages at 2-months, was higher relative to control 

seedlings for species with lower 1st-year control seedling survival.  This result suggests 

that overcompensation of RGR during seedling recovery from stress can have negative 

consequences on survival, potentially because increased allocation to traits that maximize 

growth rates come at the cost of allocation to traits such as defense and storage that 

enhance survival (Kitajima 1994; 1996; Kobe 1997).  The functional mechanisms that 
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allow seedlings to acclimate to short-term deficits and increases in light availability in the 

shaded understory deserve future study. 

 



 

Table 1-1.  Seed and seedling characteristics of the study species.   

Species Family Code Cotyledon function Seed mass
(position) n Mean (%) SE (mg)2

Aspidosperma cruenta Apocynaceae ASPC Storage (hypogeal) 111 96.6 1.9 453
Lacmelia panamensis Apocynaceae LACP Storage (hypogeal) 78 91.8 3.5 244
Cousarrea curvigemnia Rubiaceae COUC Photosynthesis (epigeal) 107 89.1 3.4 97
Callichlamys latifolia Bignoniaceae CALL Storage (epigeal) 55 79.9 6.1 198
Castilla elastica Moraceae CASE Storage (hypogeal) 101 57.6 5.6 314
Platypodium elegans Fabaceae PLAE Storage (hypogeal) 46 37.9 8.7 332
Tabebuia rosea Bignoniaceae TABR Photosynthesis (epigeal) 71 19.3 5.9 24
1Survival data from this study (= 1 year survival of control treatment seedlings in the shaded forest understory)
2Estimated from 6 to 37 dried seeds per species, after removing seed coats

1st-year survival in shade1

 17
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Table 1-2.  Proportional hazards (Cox regression) survival time analysis of seedling 
survival over 1 year.  P = significance from Wald’s χ2 test statistic. 

 

able 1-3.  Analysis of variance for total seedling biomass 2 months and 1 year after 

Variable

Variable df Wald χ2 P
Species 6 806.9 <0.0001
Treatment 2 389.3 <0.0001
Species x Treatment 12 73.2 <0.0001
Garden 3 93.7 <0.0001

 
T

treatment.   
2-month biomass 1-year biomass

 

df F P df F P
Saturated model1

        Species 4 96.1 <0.0001 3 65.2 <0.0001
        Treatment 2 23.9 <0.0001 2 15.3 <0.0001
        Species x Treatment 8 2.2 0.04 6 0.7 0.62
        Error 57 45

Reduced main factor model
         Species 6 65.3 <0.0001 6 48.4 <0.0001
         Treatment 2 24.9 <0.0001 2 16.4 <0.0001
         Error 67 56
1The following species were removed from the saturated models because of 100%  
  mortality in some treatments (see Methods): Platypodium and Tabebuia 
  (2-month analysis); Platypodium , Tabebuia , Callichlamys (1-year analysis). 
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Figure 1-1.  Effects of light reduction and defoliation on 1st-year seedling survival.  The proportion of   seedlings surviving was 
estimated by the Kaplan-Meier method.  Species are shown in order of 1st-year survival of control seedlings as summarized 
in Table 1-1. 
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Figure 1-2.  Two-month survival of stress treatment seedlings plotted against 1st-year 
survival of control treatment seedlings.  Each point is a species mean.  Dashed 
and solid lines show the best-fit linear regressions for the light-reduction and 
defoliation treatments, respectively.     
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Figure 1-3.  Effects of light reduction and defoliation on seedling size and growth 2 
months after treatment.  A) Total seedling biomass.  B) Relative growth rate 
(RGR) from 0 to 2 months.  C) Leaf area.  Vertical bars = +1 SD; n = 1–4 
common-garden replicates per bar (see Methods; Table A-1).  Species are 
ordered from highest to lowest 1st-year control seedling survival (Table 1-1).  
Arrows in C) indicate complete lack of new leaf growth.  RGR was not 
calculated for LACP due to missing pretreatment biomass data; otherwise, a 
missing bar indicates that no seedlings survived a treatment past 2 months. 
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Figure 1-4.  Leaf area recovery 2 months after defoliation.  Data are shown for 3 of the 4 
species that developed new leaves following defoliation; leaf area recovery 
was not calculated for LACP due to missing pretreatment data.  Vertical                
bars = +1 SD; n = 4 common-garden replicates for each species.  Leaf area 
recovery index = (AH - AC)/AC, where AH = leaf area of defoliated seedlings at 
2 months, and AC = leaf area production in control seedlings from 0 to 2 
months. 
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Figure 1-5.  Effects of light reduction and defoliation on relative growth rate (RGR) from 
2 months to 1 year.  Shade cages for the light-reduction treatment were 
removed at 2 months.  Vertical bars = +1 SD; n = 2–4 replicates per bar 
(Appendix A).  

 

 



 

CHAPTER 2 
CARBON ALLOCATION TO STORAGE IN TROPICAL FOREST SEEDLINGS: 

EFFECTS ON GROWTH, SURVIVAL AND STRESS TOLERANCE  

 Introduction  

For many tropical trees, successful recruitment into the canopy hinges on survival 

and long-term persistence of seedlings in the shaded forest understory (e.g., Welden et al. 

1991; Connell and Green 2000).  Survival in the understory is dependent on the ability of 

seedlings to both maintain positive net carbon balance under light-limited conditions and 

cope with a host of additional biotic and abiotic stresses (reviewed in Moles and Westoby 

2004; Chapter 1).  The capacity of coexisting species to cope with light-limitation and 

other stresses during seedling establishment ultimately influences patterns of adult tree 

distributions, species composition, and coexistence (Janzen 1970; Connell 1971; Hubbell 

1979; Harms et al. 2000). 

What are the mechanisms that allow seedlings to maintain carbon balance and 

tolerate stresses in the shaded understory?  Some have hypothesized that enhanced 

survival in shade (shade tolerance) is characterized by morphological and physiological 

traits that maximize the rate of net carbon capture in low light at the whole-plant level 

(Loach 1967; Givnish 1988), thereby increasing seedling size and competitive ability 

under low light conditions.  However, maintenance of a positive carbon balance is not 

necessarily dependent on maximization of carbon gain, especially if seedlings experience 

stress caused from tissue loss or temporal fluctuations in resource availability, both of 

which may severely constrain seedling establishment in tropical forests (Augspurger 
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1984b; Clark and Clark 1989; Asquith et al. 1997; Scariot 2000; Montgomery and 

Chazdon 2002; Engelbrecht and Kursar 2003; Khurana and Singh 2004; Kitajima 2004; 

Wang and Augspurger 2004).  An alternative hypothesis is that high survival is achieved 

through traits that allow seedlings to maintain a positive carbon balance necessary for 

long-term persistence in the understory, and which allow seedlings to cope with and 

recover from biotic and abiotic stress (Kitajima 1994, 1996).  Several studies from both 

temperate and tropical forests provide strong support for this latter hypothesis, by 

showing that: (1) interspecific variation in low light seedling and sapling survival can be 

explained through tradeoffs between fast growth rates and high survival (Kitajima 1994; 

Kobe et al. 1995; Pacala et al. 1996; Veneklaas and Poorter 1998; Walters and Reich 

1999; Kobe 1999); (2) species with seedlings that grow quickly in low light also do so in 

high light (Osunkoya et al. 1994; Grubb et al. 1996; Poorter 1999), suggesting that fast 

growth rate is not necessarily an adaptive strategy for increased survival in shade.  

Collectively, these studies suggest that species do not change growth ranks between low 

and high light environments and that ecological tradeoffs between growth and survival 

may contribute to niche partitioning across the forest light gradient.  Functional traits that 

enhance seedling tolerance to stress and that contribute to growth-survival tradeoffs may 

therefore constitute an important, but previously little-explored aspect of seedling 

regeneration and diversity in tropical forests.  

Carbon allocation to storage has been proposed as one mechanism that allows 

species to tolerate low light and other stresses in the shaded forest understory (Kitajima 

1994, 1996; Kobe et al. 1995; Kobe 1997).  Energy reserves, in the form of total 

nonstructural carbohydrate (TNC, total of starch and soluble sugars), enhance recovery of 
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tissue lost to consumers and disturbance (McPherson and Williams 1998; Canham et al. 

1999; Kabeya and Sakai 2003).  TNC reserves can also aid in the maintenance of positive 

carbon balance during periods when light is limited (Bloom et al. 1985) and may be 

especially important for seedling survival in the shaded understory of tropical forests 

where light availability can be both extremely low (0.2% full sun) and highly dynamic in 

time and space (Chazdon and Pearcy 1986; Montgomery and Chazdon 2002; 

Montgomery 2004).  In the tropics, TNC reserves have previously been shown to vary as 

a function of seasonality and light availability in adult trees (Bullock 1992; Marenco et 

al. 2001; Newell et al. 2002), aid in seasonal leaf flush and reproduction of understory 

shrubs and palms (Tissue and Wright 1995; Cunningham 1997; Marquis et al. 1997), and 

facilitate tissue resprouting of woody plants after fire disturbance in savanna-forest 

ecosystems (Hoffman et al. 2003, 2004).  Despite the many important roles of TNC, 

apparently no study has quantified interspecific variation in seedling TNC storage in the 

understory of a tropical forest, and the ecological role of TNC in determining species-

specific susceptibility to stress-induced mortality and the associated consequences for 

community-level patterns of seedling establishment remains unknown. 

In this study, I examine the role of TNC reserves in the growth, survival, and stress 

tolerance of seven coexisting woody species in a tropical moist forest in central Panama.  

I chose species that spanned a wide range of seedling shade tolerance, which as in 

previous studies (Augspurger 1984a,b; Kitajima 1994; Boot 1996), was measured as             

1st-year seedling survival in the shaded understory.  To quantify interspecific variation in 

TNC storage, I measured TNC concentrations and pool sizes in both stems and roots at 

standardized ontogenetic stages – the time at which all species fully expanded their first 
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photosynthetic organ (cotyledons or leaves) and 2 months after leaf or cotyledon 

expansion.  I focused on TNC in stems and roots, and not in cotyledons and leaves, 

because stem and root reserves function as more permanent and stable sites for long-term 

carbohydrate storage; cotyledon reserves tend to be short-lived and most important for 

seedlings before they have initiated autotrophic growth, while reserves in leaf tissue 

represent both short-term and temporally dynamic storage sites for carbohydrates.  I 

tested three hypotheses: (1) 1st-year seedling survival is higher in species with greater 

allocation to TNC reserves in stems and roots; (2) species with high allocation to TNC 

storage exhibit slow growth rates (i.e., a tradeoff between growth and storage); and, (3) 

interspecific variation in tolerance to tissue loss and temporal reduction in light 

availability are linked to species differences in TNC storage.  Finally, given the 

hypothesized importance of seedling size (a strong correlate of seed size in tropical 

forests; Rose and Poorter 2000) in seedling survival, I also examined the relative 

importance of total seedling biomass versus TNC reserve size as predictors of seedling 

survival and stress tolerance among the seven species.    

Methods 

Study Site and Species 

The study was conducted on Buena Vista peninsula, an area of ca. 60-year-old 

secondary lowland tropical forest, located in the Barro Colorado Nature Monument 

(BCNM), Panama (9°10′ N, 79°51′ W).  The BCNM forest is semi-deciduous, with a 

pronounced 4-month dry season that usually lasts from mid-December to mid-April.  

Annual rainfall on the BCNM averages 2,700 mm (Rand and Rand 1982). 

 Seven woody species with sufficient seed availability were chosen for study 

(Table 1-1).  All of the species are canopy trees as adults, except for Callichlamys 
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latifolia (Bignoniaceae), which is a woody liana.  Species were selected to span a range 

of shade tolerance, which was quantified by estimating the percentage of seedlings 

surviving for 1 year in experimental plots located in the shaded understory (Table 1-1).  

Small-seeded, pioneer species that are generally unable to establish seedling populations 

in the shaded forest understory were deliberately excluded from the study. 

The seven species differ in seed mass (24 to 453 mg) and cotyledon functional 

morphology (Table 1-1).  Aspidosperma cruenta, Lacmelia panamensis, Castilla elastica, 

and Platypodium elegans have hypogeal cotyledons that remain below or just above the 

soil surface, and that function primarily for storage of seed reserves.  The three other 

species have epigeal cotyledons that become elevated above the ground after 

germination; Coussarea curvigemnia and Tabebuia rosea have foliaceous photosynthetic 

cotyledons, and Callichlamys latifolia has thick green cotyledons that function primarily 

for storage (Kitajima 2002).  For brevity, species are henceforth referred to by genus.   

Field and Laboratory Methods      

Depending on seed availability, 200 to 400 seedlings per species were raised from 

seed in a shade house on the BCNM under a light level similar to that found in the forest 

understory (1.5% full sun, based on total daily photon flux density).  When possible, 

seeds were collected from at least 3 nonadjacent parent trees, to increase genetic diversity 

within each species.  Seedlings were raised in plastic trays containing a 1:1 mixture of 

forest soil and sand, until all seedlings reached an equivalent ontogenetic stage, defined 

by the full expansion of the first photosynthetic organs (leaves or cotyledons, depending 

on the species; Table 1-1), at which time they were transplanted into the forest (described 

below).  Seedlings were transplanted at a standardized ontogenetic stage, rather than at a 

common chronological age, so that all species had initiated autotrophic growth by the 
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onset of the study.  Because of interspecific variability in timing of seed dispersal, 

germination, and development, seedlings were transplanted over a 3-month period during 

the early-mid rainy season (May to July).      

Seedlings of all species were transplanted into four 7 x 7 m2 common-gardens 

located in the shaded forest understory on Buena Vista Peninsula.  Each garden was 

separated by at least 50 m from the nearest adjacent garden, and enclosed by 1 m tall 

fencing to exclude large herbivores.  For each species, equal numbers of seedlings were 

transplanted into 1 x 1 m2 cells in four equally sized, stratified sections in each garden 

(50 to 100 total seedlings garden-1 species-1).  All vegetation < 1.5 m tall was removed 

from each garden before seedling transplantation, and all seedlings were positioned a 

minimum of 25 cm apart. When necessary, leaf litter was also removed to avoid burial of 

seedlings.  Seedlings dying in the first 2 weeks after transplantation were replaced  (< 10 

seedlings total).   

Seedlings were randomly assigned to one of three treatments 2 weeks after 

transplantation: (1) defoliation; (2) light reduction; (3) control (no manipulation).  For the 

defoliation treatment, all leaves and photosynthetic cotyledons (if present) were clipped 

at the base of the petiole; cotyledons were retained on all of the species with hypogeal 

storage cotyledons (Table 1-1).  For the light-reduction treatment, cylindrical wire cages 

covered with 90% shade cloth were placed over individual seedlings.  Shade cage 

dimensions ranged from 6 x 12 cm (height x diameter) to 15 x 30 cm (depending on 

initial seedling size); and were constructed to be large enough so as not to hinder growth 

over a 2-month period, after which the shade cages were removed.     
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  Light transmission was measured inside and outside of the shade cages with      

Li-Cor quantum sensors during the early-mid rainy season.  Percent light transmission 

underneath the cages, and in each common-garden, was determined using both 

instantaneous and continuous total daily photon flux density (PFD) measurements. 

Instantaneous PFD measurements were taken inside and outside of shade cages at 8 – 15 

stratified positions in each garden under mid-day, cloudy sky conditions.  Continuous 

PFD was measured by placing a single censor in the middle of each common-garden for 

2 days.  To calculate % light transmission, measurements in the forest were referenced to 

a sensor placed in completely open sky on a laboratory rooftop.  Mean light reduction (+ 

1 SD) by the shade cages was 89 (+ 2)%.  Mean light levels outside of the shade cages, as 

determined from the instantaneous PFD measurements, ranged among gardens from 0.38 

to 0.68% (overall mean = 0.55%); mean light levels from the continuous PFD 

measurements taken over two full days in each garden were higher, and ranged among 

gardens from 0.68 to 1.44% of full sun (overall mean = 1%).  Seedlings inside the shade 

cages thus experienced only ca. 0.06% of full sun over the 2-month light-reduction 

treatment. 

To estimate pre- and post-treatment biomass, I harvested randomly selected sub-

samples of seedlings from each common-garden at two stages: (1) 2-weeks after 

seedlings were transplanted to the gardens and just before treatment (pretreatment 

harvest); and, (2) 2-months after treatment, coinciding with the end of the light-reduction 

treatment (post-treatment harvest).  For the pretreatment harvest, 6–12 seedlings per 

species were harvested from each common-garden, depending on initial seed availability. 

Total samples sizes for the post-treatment harvest ranged from 2 to 32 total seedlings per 
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species x treatment combination, depending on species-specific differences in survival.  

Seedlings were harvested by carefully excavating the root system with a small trowel.  

Samples were then placed in polyethylene bags and packed inside a cooler with ice for 

transport to the laboratory, where bags were stored at 4ºC in a refrigerator until they were 

processed for biomass measurements.  Roots, stems, leaves, and cotyledons were 

separated within 12 hours after harvesting, than oven dried at 100ºC for 1 hour.  All 

samples were then dried for an additional 48 hours at 60ºC before weighing.  Leaf and 

cotyledon area (for epigeal cotyledons only) were measured before drying using a              

Li-Cor leaf area meter.  All samples were stored in sealed polyethylene bags until 

samples were ground for TNC analysis.          

Quantification of TNC in Stems and Roots  

TNC was analyzed separately in stems and roots by determining the concentration 

of soluble sugars and starch, measured as glucose equivalents, with a colorimetric assay 

(Dubois et al. 1956; modified by Ashwell 1966).  Due to the small initial sizes of the 

seedlings, tissue samples had to be pooled from multiple individuals to obtain adequate 

tissue biomass for TNC analysis (min. of 10 mg per sample).  For the pretreatment 

analyses, tissues samples were pooled from 6 individuals per species in each common-

garden (n = 1–2 pooled replicates species-1 garden-1).  For the post-treatment analyses, 

tissue samples were pooled from 2 to 6 individuals per species x treatment combination. 

The pooled tissue samples were ground using either a Wig-L-Bug bead pulverizer or a 

Specs-Mill, and a 10 to 16 mg subsample was used for TNC analysis. 

Starch and soluble sugars were extracted using the method of Marquis et al. (1997), 

with slight modifications.  Soluble sugars were first extracted by adding 1.5 mL of 80% 

ethanol to the dry samples in microcentrifuge tubes, which were then placed in a shaking 
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water bath overnight at 27°C. After shaking, tubes were centrifuged at 10,000 RPM for 

10 minutes and the supernatant was decanted into 10 mL volumetric flasks.  This process 

was repeated for two additional, 2-hour shaking baths.  The final combined solution was 

diluted to 10 mL with deionized water and then stored in a refrigerator at 4°C until 

colorimetric analysis. 

 Starch content was determined from the pellet after the ethanol extractions of 

simple sugars. The pellets were transferred to 15 mL test tubes and incubated with 2.5 

mL of sodium acetate buffer (0.2 M; pH 4.5) in a boiling water bath for 1 hr.  After 

cooling, 2 mL of sodium acetate buffer and 0.5 mL of amyglucosidase solution were 

added and starch was digested overnight at 55°C.  Solutions were filtered and then 

diluted with deionized water to 25 mL in volumetric flasks.  The phenol-sulfuric acid 

colorimetric assay (Dubois et al. 1956; modified by Ashwell 1966) was used to determine 

glucose concentrations using a spectrophotometer set at 487 nm.  Glucose concentrations 

were calculated from standard curves using appropriate standards and blanks.  The TNC 

concentration of each tissue was estimated as the sum of the glucose concentrations from 

the soluble sugar and starch extractions.  TNC pool sizes were calculated by multiplying 

the average biomass of the pooled tissues by the sample concentrations, and then dividing 

by the number of individuals in the pooled sample. 

Statistical Analyses 

Differences among species and treatments in biomass and TNC were analyzed 

using ANOVA.  Separate analyses were conducted for the pretreatment and post-

treatment (2-month) harvest, using species means from the four common-gardens as 

replicates in both analyses (n = 4 replicates per species for the pretreatment analysis; n = 
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1–4 per species x treatment combination for the post-treatment harvest; Table A-1, B-1).  

Due to lost samples, pretreatment biomass and TNC data for LACP had to be estimated 

from samples collected in a separate, concurrent study in the same understory site                 

(K. Kitajima, unpublished data); mean stem and root biomass from this study were 

calculated from 9 individuals, which were then pooled into a single sample for TNC 

measurements.  Due to the lack of replication for TNC, and differences in sample size for 

biomass from the other 6 species, LACP was excluded from the pretreatment ANOVA. 

Because all seedlings had died for some species x treatment combinations in the 

first 2 months, I used 2 separate ANOVA models to analyze post-treatment biomass and 

TNC.  In the first model, I tested for species, treatment, and species x treatment 

interaction effects on biomass and TNC response variables, but only included data for the 

species that had living seedlings present in all treatments at the time of harvest (n = 5 

species).  The results from this model indicated that interactions had no significant effect 

(P > 0.12) on any of the response variables.  I therefore conducted a second analysis 

using a model that contained data from all 7 species and that tested for the main effects of 

species and treatment on biomass and TNC, but excluded species x interaction terms.  For 

brevity, I present only the results from the second model.  All data except pretreatment 

stem and total (stem + root) TNC pool sizes were log10-transformed before analysis to 

improve normality and homogeneity of variance.   

Simple least squares linear regression was used to test for relationships between 

seedling biomass, growth, survival, and TNC storage.  Relative growth rates (RGR) of 

total seedling biomass and leaf area from 0 to 2 months was estimated using the 

following formula:  
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RGR (wk-1) = [ln (size at 2 months) – ln (size at 0 months)]/8  

Leaf and cotyledon mass was included in all RGR calculations of total seedling biomass. 

Survival estimates for control seedlings over the full year (Table 1), and for stress-treated 

seedling from 0 to 2 months and 2 months to 1 year, were taken from a separate study 

(Chapter 1).  All statistical analyses were performed using JMP software (SAS Institute, 

1997).  

Results 

Variation in Pretreatment Biomass and TNC Reserves 

Pretreatment stem and root biomass varied widely and significantly among species 

(Figure 2-1a; Table 2-1).  Biomass was higher in stems relative to roots in all species.   

Pretreatment cotyledon biomass also varied widely, ranging from 18 to 209 mg among 

species (Figure 2-1a).  In four of the seven species (Aspidosperma, Lacmelia, Castilla, 

and Tabebuia), biomass was higher in cotyledons than in stems or roots combined.       

Pretreatment TNC concentrations also differed significantly among species          

(Table 2-2). TNC concentrations varied more widely in stems relative to roots among 

species (Figure 2-1b).  TNC concentrations were also substantially higher in stems than 

in roots. TNC comprised between 6 to 25% of the total stem biomass (mean = 15% for all 

species combined), whereas root concentrations ranged from 4 to 21% (mean = 8%).  

There were no significant correlations between 1st-year control seedling survival           

(Table 1-1) and total pretreatment biomass (Figure 2-2a) or TNC concentration among 

species (Figure 2-2b), despite high interspecific variation in both these variables.  First 

year survival was also not related to pretreatment cotyledon biomass, stem biomass, root 

biomass, or root:shoot ratio among species (P > 0.3 for all regressions using species 

means). 
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Pretreatment TNC pool sizes also differed significantly among species, especially 

in stems, which were the dominant storage location for TNC in all species (Figure 2-3; 

Table 2-2).  Total TNC pool size (stem + root pools combined) was a better correlate of 

1st-year control seedling survival among species (Figure 2-2c) than was total pretreatment 

biomass or TNC concentration (Figure 2-2a,b):  Aspidosperma and Lacmelia, the two 

species with the highest 1st-year survival, had the largest total TNC pools (12.9 and 15 

mg, respectively), while Tabebuia, the species with lowest 1st-year survival, had the 

smallest pool size (1.7 mg).  The other 4 species had similar, intermediate levels of TNC 

ranging between 4.1 and 6.5 mg (Figure 2-3). 

Seedling size had a stronger effect on TNC pool size than on concentration.  The 

four species with the largest total seedling biomass (Aspidosperma, Lacmelia, Castilla, 

Platypodium), all of which had hypogeal storage cotyledons, had greater TNC pool sizes 

than species the two smallest species (Coussarea, Tabebuia) with epigeal photosynthetic 

cotyledons (Figure 2-3; Table 1-1).  In contrast, there were no clear trends between stem 

or root TNC concentrations and total seedling biomass among species.  Coussarea and 

Tabebuia, the species with the lowest total seedling biomass, had two of the highest stem 

TNC concentrations.   

Effects of Defoliation and Deep Shade on Biomass and TNC Reserves 

There were significant species and treatment effects on post-treatment stem and 

root biomass at 2 months (Figure 2-4a,b; Table 2-1).  For most species, both defoliation 

and light reduction caused a decrease in stem and root biomass relative to controls.  The 

combined biomass of stems and roots (not including leaf or cotyledon biomass) was 

reduced more substantially by defoliation in species with lower 1st-year control seedling 

survival (Figure 9a,b): biomass reductions (relative to control treatment biomass) ranged 
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from 5 to 16% in the three species with highest 1st-year survival (Aspidosperma, 

Lacmelia, Coussarea), compared to 19–46% in the three species with lower 1st-year 

survival (Callichlamys, Castilla, Platypodium).  Species with lower 1st-year survival also 

suffered greater reductions in biomass in the light-reduction treatment (range = 11–29% 

for Callichlamys, Castilla, and Tabebuia) relative to species with higher 1st-year survival 

(range = 1–16% for Aspidosperma, Lacmelia, and Coussarea). 

Stress treatments had significant negative effects on both TNC pools and 

concentrations (Table 2-2).  TNC concentrations were reduced proportionally less by the 

stress treatments than TNC pools in all species (Figure 2-4c-f).  Reductions in TNC pool 

sizes (Figure 2-2e,f) generally mirrored reductions in biomass (Figure 2-2a,b) among 

species.  However, total TNC pool size was reduced more substantially than was total 

biomass: TNC reductions in the three species with the lowest 1st-year control seedling 

survival ranged from 47 to 64% and 23 to 54% for the defoliation and light-reduction 

treatments, respectively.  Tabebuia, the species with lowest 1st-year survival and the 

smallest TNC pools, suffered the highest mortality after defoliation. 

Post-treatment cotyledon biomass differed among species and treatments               

(Figure 2-5).  Two of the species (Platypodium and Callichlamys) had exhausted all 

cotyledon reserves in all treatments in the first 2 months.  Control treatment values 

among the other five species ranged from 0.61 to 28 mg.  Cotyledon biomass of stressed 

seedlings was either higher or only slightly reduced relative to control seedlings in all 

species (Figure 2-5). 

Influence of Seedling Size, Growth, and TNC Reserves on Seedling Survival 

Interspecific variation in TNC pool size was a better correlate of seedling survival 

than seedling size for both control and stress-treated seedlings.  For control seedlings,  
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1st-year survival was more strongly correlated with TNC pool size than to TNC 

concentration (Figure 2-2).  Furthermore, whole-seedling RGR from 0 to 2 months was 

negatively correlated with pretreatment TNC pool size among species (Figure 2-6).  

RGR, however, was not significantly correlated with either pretreatment TNC 

concentrations or total seedling biomass (P > 0.8, r2 = 0.01, n = 6 for stem and root TNC 

concentrations; P = 0.11, r2 = 0.50 for total seedling biomass).  Two-month RGR of total 

structural biomass (seedling biomass – TNC pools), as well as absolute total biomass 

growth, were also negatively, and more significantly, correlated with pretreatment TNC 

pool size among species (P = 0.03, r2 = 0.69 for RGR of structural biomass; P = 0.01,              

r2 = 0.80 for absolute biomass growth).  RGR of leaf area growth from 0 to 2 months was 

also negatively, but less strongly, correlated with pretreatment TNC pool size among 

species (P = 0.08, r2 = 0.56).  Thus, large initial investments in TNC storage pools 

enhanced 1st-year seedling survival, but at the cost of lower seedling growth rates.   

Survival of stressed seedlings was also significantly correlated with TNC pool size, 

but not with total seedling biomass (Figure 2-7).  TNC pools had the greatest influence on 

survival during the first 2 months, when seedlings were most impacted by the stress 

treatments (Figure 2-7a); 2-month survival was also related, though less strongly, to stem 

TNC concentration among species (P = 0.01, r2 = 0.41, n = 14). Five of the seven species 

had seedlings that survived the stress treatments past 2 months.  Survival of these species 

from 2 months to 1 year, when species were presumably recovering from the stress 

treatments, was also significantly related to TNC pool size at the end of 2 months (Figure 

2-7c).  Seedling survival was not significantly related to total seedling biomass during the 

first 2 months or from 2 months to 1 year (Figure 2-7b,d).  
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Discussion  

My results support the hypotheses that TNC storage enhances seedling survival and 

stress tolerance in the shaded forest understory.  Overall, the seven species displayed 

wide variation in their carbon allocation strategies to seedling growth and storage.  Most 

importantly, interspecific variation in TNC pool size, but not seedling size, was a good 

predictor of both 1st-year seedling survival in the shaded understory, and seedling 

tolerance to stress caused from both tissue loss and temporary reduction in light 

availability.  TNC concentrations in stems and roots ranged widely among species     

(4.5–25 %) and generally varied independently of seedling size, cotyledon type, and 

seedling shade tolerance.  Finally, my study provides evidence for a tradeoff between 

allocation to growth and carbohydrate storage among coexisting species in a tropical 

forest. These results provide a mechanistic explanation for why species with high 

seedling survival in the shaded forest understory also tend to exhibit slow growth rates 

(Kitajima 1994, 2002; Osunkoya et al. 1994), and support the notion that tradeoffs 

between growth and survival may play an important role in maintaining high tree species 

diversity in tropical forests (Kitajima 1994; Kobe 1999).  

Role of TNC Reserves in Seedling Survival and Stress Tolerance  

My results show a strong linkage between interspecific variation in TNC storage 

and survival of stressed seedlings.  TNC reserves had the greatest impact on seedling 

survival during the first 2 months after the stress treatments.  During this time, both TNC 

concentrations and pools were reduced in all species, underscoring the importance of 

storage reserves for survival when seedlings experience negative carbon balance during 

the early seedling establishment.  However, even after TNC levels were reduced 

experimentally, TNC pool size continued to be a significant predictor of variation in 
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seedling survival through the year.  TNC reserves therefore played an important role in 

both stress tolerance and post-stress recovery. 

TNC reserves may allow tropical tree seedlings to cope with and recover from a 

host of biotic and abiotic stresses.  Several of my study species showed substantial 

tolerance to defoliation, confirming previous results from seedling defoliation 

experiments conducted in temperate (Canham et al. 1999) and tropical (Becker 1983; 

Kitajima 2004) forests.  The ability to survive defoliation was dependent on the relative 

capacity of a species to develop new and fully expanded leaves, and species with greater 

leaf recovery exhibited higher survival (Chapter 1).  These results indicate that large TNC 

reserves may be essential for seedling recovery from tissue loss due to herbivores and 

pathogens, or shoot damage from falling canopy debris, all of which are major causes of 

seedling mortality in tropical forests (Augspurger 1984a,b; Osunkoya et al. 1992; 

Asquith et al. 1997; Clark and Clark 1989; Scariot 2000). 

The results of my study also demonstrate that TNC reserves play a critical role 

in maintaining carbon balance when seedlings experience short-term reductions in light 

availability.  The aim of the light-reduction treatment was to expose seedlings to 

irradiance levels well below their light compensation point, thereby forcing seedlings into 

a negative carbon balance.  My results indicate that species can vary widely in their 

survival and growth responses to extreme temporal reductions in light availability in the 

shaded understory.  The most shade-tolerant species in my study exhibited extremely 

high tolerance to experimental light levels of ca. 0.06% of full sun for 2 months, a level 

far below what has been used in most previous experimental studies and 1/10 of the 

average understory values typically reported for tropical forests.  While the degree of 
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light reduction in this experiment was extreme, it is probably representative of the light 

limitations imposed on seedlings during periods of intensive cloud cover (daily and 

seasonally) and when seedlings establish in microsites deeply shaded by litter 

accumulation or understory foliage.   

Tradeoffs between Seedling Growth and Storage 

The results supported the prediction of a tradeoff between seedling growth rate and 

allocation to carbohydrate storage reserves.  Across species, TNC pool size was 

negatively correlated with RGR of total seedling biomass, RGR of total structural 

seedling biomass, and absolute seedling growth during the first 2 months of study.  TNC 

pool size was also positively correlated with 1st-year seedling survival, explaining 

approximately half of the variation in survival among species.  These results support the 

hypothesis that seedling survival in the shaded understory of tropical forests is achieved 

through a balance between allocation to growth and carbohydrate storage (Kitajima 1994, 

1996), rather than by maximizing net carbon gain for fast seedling growth rates (e.g., 

Givnish 1988).   

TNC pool size was a better correlate of seedling RGR and survival than either TNC 

concentration or seedling size.  Furthermore, TNC pools were generally more reduced by 

the stress treatments than were TNC concentrations and total biomass.  These results 

suggest that the total pool of TNC, irrespective of seedling size per se, may serve as the 

best quantitative indicator of interspecific variation in seedling survival and stress 

tolerance in the shaded forest understory.  For example, TNC pools in Aspidosperma, the 

species with highest total seedling biomass and lowest RGR, were seven times higher 

than in Tabebuia, the species with lowest seedling biomass and highest RGR.  In 

contrast, TNC concentrations differed only slightly between these species.  These results 
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emphasize the importance of distinguishing between structural versus nonstructural 

biomass when linking morphological traits to seedling growth, biomass allocation, and 

survival (e.g., Canham et al. 1999). 

TNC Allocation, Seed Size, and Seedling Functional Morphology   

My results suggest that stems may be the dominant storage location for TNC in 

understory tropical forest seedlings. Both TNC concentrations and pool sizes were higher 

in stems than in roots in all of the 7 species.  Higher TNC storage in stems could reflect 

physiological constraints related to the relatively small size of seedling root systems in 

the shaded understory.  TNC allocation to stems versus roots might also be related to the 

relative susceptibility of these tissues to damage from herbivory or disturbance during 

development.  In forested ecosystems that experience large-scale disturbance such as fire, 

or where seedlings must survive though winter dormancy, storage reserves are typically 

concentrated in roots rather than stems (Canham et al. 1999; Hoffman et al. 2004). 

Variation in TNC storage was linked to species differences in both seed size and 

cotyledon functional morphology.  The four largest-seeded species, all of which had 

hypogeal storage cotyledons, had the largest seedlings and TNC pools in stems and roots 

(but not necessarily the higher TNC concentrations).  Total TNC pools in these species 

undoubtedly represent conservative estimates, as cotyledon reserves were not measured 

in this study.  In contrast, the two smallest seeded species, both of which had epigeal 

photosynthetic cotyledons, had small seedlings and lower TNC pool sizes, but two of the 

highest TNC concentrations.  These results show that large-seeded tropical tree species, 

in addition to having high amounts of energy reserves in seeds to enhance short-term 

survival, also maintain large pools of longer-term storage reserves in stems and roots.  

However, because all species had become dependent on autotrophic carbon gain before 

 



42 

my TNC measurements, it is unknown to what degree initial seed reserves contributed to 

the more permanent stem and root TNC pools in these species.  Future experiments that 

quantify how seed reserves contribute to long-term TNC storage in seedlings will likely 

shed further light on the evolutionary and ecological role of seed size variation in tropical 

forest tree communities.    

Conclusion  

In this paper, I highlight the importance of TNC reserves for seedling survival and 

stress tolerance in the shaded understory of a tropical forest.  Tradeoffs between traits 

such as storage that enhance seedling stress tolerance versus those that maximize growth 

have likely contributed to the evolution of life history diversity and the maintenance of 

species coexistence in species-rich tropical forests.  Interspecific variability in TNC 

storage constitutes a central component of seedling recruitment dynamics in this and 

likely many other tropical forests.  
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Table 2-1.  Analysis of variance for stem and root biomass.  
Variable

df F P F P
Pre-treatment1

    Species 5 260.7 <0.0001 36.7 <0.0001
    Error 18

Post-treatment (2 months)
    Species 6 125.8 <0.0001 127.3 <0.0001
    Treatment 2 7.7 0.001 16.8 <0.0001
    Error 59
1LACP excluded from the analysis (see Methods)

Stem biomass Root biomass

 

 

 

 

 



 

Table 2-2.  Analysis of variance for TNC concentrations and pool sizes.  
Variable

df F P F P F P F P F P
Pre-treatment
    Species 5 115.0 <0.0001 14.4 <0.0001 116.1 <0.0001 27.0 <0.0001 113.2 <0.0001
    Error 18

Post-treatment
    Species 6 49.0 <0.0001 41.9 <0.0001 43.8 <0.0001 37.0 <0.0001 52.1 <0.0001
    Treatment 2 12.3 <0.0001 6.8 0.002 20.0 <0.0001 16.1 <0.0001 23.8 <0.0001
    Error 57 - 59

(stem + root)
Total TNC pool sizeTNC concentration TNC pool size

Stem Root Stem Root
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Figure 2-1.  Pretreatment biomass and TNC concentrations.  A) Cotyledon, stem, and 

root biomass.  B) Stem and root TNC concentrations.  Species are ordered 
from highest to lowest 1st-year survival of control seedlings (Table 1-1).  Stars 
in (A) indicate species with storage cotyledons.  Vertical bars = + 1 SD; n = 4 
common-garden replicates for each species (see Methods); values for LACP 
were estimated from another experiment (n = 9 for biomass, pooled into a 
single sample for TNC analysis).  
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Figure 2-2.  Three potential correlates of interspecific variation in 1st-year control seedling survival.  A) Pretreatment total seedling 

biomass (stems, roots, cotyledons, and leaves).  B) Pretreatment stem TNC concentration.  C) Pretreatment total TNC pool 
size (stem + root pools combined).     
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Figure 2-3.  Pretreatment TNC pool sizes in stems and roots.   
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Figure 2-4.  Post-treatment biomass and TNC in stems and roots.  A,B) Total biomass.   
C,D) TNC concentrations.  E,F) TNC pool sizes.  TNC for TABR in both 
stress treatments and for PLAE in the light-reduction treatment could not be 
analyzed due to low survival.  Vertical bars = + 1 SD; n = 1–4 common-
garden replicates per bar (Table A-1, B-1). 
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Figure 2-5.  Post-treatment cotyledon biomass.  Cotyledons in COUC, CALL and TABR 
were removed as part of the defoliation treatment.  All cotyledon reserves in 
PLAE and for the control and light-reduction treatments in CALL were 
exhausted before the post-treatment harvest at 2 months.  Vertical bars =                
+ 1 SD; n = 2–4 common-garden replicates per bar (Table A-1).       
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Figure 2-6.  Two-month relative growth rate (RGR) of control seedlings plotted against 
pretreatment TNC pool size.  Data are shown for the 6 species in which 
complete biomass data were available.   
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Figure 2-7.  Survival of stressed seedlings plotted against total TNC pool size and total 
seedling biomass.  A,B) Survival from 0 to 2 months as a function of                   
pretreatment total TNC pool size and total seedling biomass.  C,D) Survival 
from 2 months to 1 year as a function of post-treatment (2-month) total TNC 
pool size and total seedling biomass.  Each point is a species mean; white 
circles = defoliation treatment, dark circles = light-reduction treatment.    

 



 

APPENDIX A 
SUMMARY STATISTICS FOR SEEDLING BIOMASS AND LEAF AREA  

Table A-1.  Statistics for pre- and post-treatment biomass and leaf area.    
Species

n mean SD n mean SD n mean SD n mean SD
Cotyledon mass
(mg)
    ASPC 4 209.2 16.9 4 28.6 25.5 4 59.6 33.0 4 39.2 30.2
    CALL 4 22.4 16.9 4 0.0 0.0 2 0.0 0.0 4 0.0 0.0
    CASE 4 91.4 23.9 4 0.6 1.2 4 12.0 8.4 4 3.9 3.3
    COUC 4 18.1 1.2 4 16.3 1.6 4 0.0 0.0 4 16.4 2.5
    LACP 9 64.4 65.5 4 20.9 20.8 4 37.6 29.5 4 39.3 39.4
    PLAE 4 33.9 12.5 4 0.0 0.0 1 0.0 — 0 — —
    TABR 4 18.6 2.8 3 17.9 2.4 0 — — 2 16.6 0.3

Root mass (mg)
    ASPC 4 48.1 3.4 4 57.7 5.7 4 50.3 4.5 4 47.8 4.4
    CALL 4 20.9 4.5 4 25.6 7.2 2 16.0 2.8 4 15.4 5.0
    CASE 4 20.4 5.2 4 20.3 2.6 4 14.4 1.1 4 16.5 5.1
    COUC 4 8.1 0.8 4 8.5 1.2 4 6.2 0.8 4 6.7 0.6
    LACP1 9 14.7 5.8 4 17.2 3.1 4 14.7 3.3 4 15.3 1.5
    PLAE 4 26.6 11.0 4 27.1 9.5 1 10.0 — 0 — —
    TABR 4 5.5 0.7 3 5.8 0.9 0 — — 2 4.7 1.1

Pre-treatment
Control Defoliation

Post-treatment (2 months)
Light reduction
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Table A-1.  Continued  
Species

n mean SD n mean SD n mean SD n mean SD
Stem mass (mg) 
    ASPC 4 70.2 4.7 4 84.5 8.1 4 84.5 3.0 4 75.2 3.7
    CALL 4 38.3 5.1 4 57.3 10.8 2 30.8 3.5 4 43.0 12.3
    CASE 4 44.9 3.8 4 64.0 11.9 4 53.4 25.1 4 58.1 7.6
    COUC 4 22.0 1.4 4 20.3 1.6 4 18.0 2.3 4 17.4 1.3
    LACP 9 46.8 4.1 4 46.5 9.0 4 44.3 6.4 4 47.2 5.4
    PLAE 4 79.9 7.1 4 99.4 5.9 1 57.4 — 0 — —
    TABR 4 8.5 1.2 3 11.9 3.2 0 — — 2 7.7 0.4

Total mass (mg) 
    ASPC 4 442.7 12.2 4 331.3 20.4 4 221.3 34.6 4 297.5 48.1
    CALL 4 146.8 28.5 4 171.9 28.4 2 46.7 0.7 4 117.2 19.8
    CASE 4 219.8 34.2 4 171.7 23.9 4 99.3 36.7 4 115.7 34.3
    COUC 4 48.2 1.5 4 45.7 1.6 4 25.4 1.7 4 40.6 3.7
    LACP 9 185.3 79.1 4 156.1 39.0 4 122.6 48.1 4 157.4 46.4
    PLAE 4 213.3 9.9 4 234.0 24.6 1 67.4 — 0 — —
    TABR 4 33.5 5.7 3 39.6 9.6 0 — — 2 30.0 0.1

Leaf area (cm2) 
    ASPC 4 28.1 2.1 4 29.8 1.8 4 7.3 1.7 4 28.7 3.5
    CALL 4 37.2 2.0 4 43.8 5.1 2 0.0 0.0 4 32.9 7.5
    CASE 4 32.9 3.0 4 47.2 7.6 4 11.6 4.7 4 22.8 13.2
    COUC 4 4.5 0.5 4 5.0 0.4 4 0.6 0.1 4 4.9 0.6
    LACP 9 32.4 7.3 4 29.8 5.2 4 11.6 5.1 4 27.1 2.4
    PLAE 4 32.8 8.0 4 39.7 6.7 1 0.0 — 0 — —
    TABR 4 6.5 0.9 3 9.7 3.0 0 — — 2 7.6 1.6

Pre-treatment Post-treatment (2 months)
Control Defoliation Light reduction
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Table A-2.  Statistics for total seedling biomass and leaf area 1 year after treatment. 
Species

n mean SD n mean SD n mean SD
Total mass (mg) 
    ASPC 4 536.8 143.9 4.0 248.1 58.9 4 466.2 94.8
    CALL 4 519.6 190.8 0.0 — — 2 404.6 49.7
    CASE 4 272.4 74.0 3.0 179.8 85.3 3 243.7 154.7
    COUC 4 96.0 29.1 4.0 38.5 9.9 4 77.9 16.8
    LACP 4 313.8 99.7 4.0 200.9 52.9 4 263.6 120.0
    PLAE 3 371.6 122.0 0.0 — — 0 — —
    TABR 2 41.4 20.2 0.0 — — 0 — —

Leaf area (cm2) 
    ASPC 4 44.5 12.2 4.0 13.6 5.7 4 38.8 4.8
    CALL 4 89.4 24.2 0.0 — — 2 61.6 7.6
    CASE 4 52.6 13.9 3.0 32.6 17.1 3 37.1 38.4
    COUC 4 11.8 3.7 4.0 3.3 1.5 4 9.4 2.2
    LACP 4 46.8 12.3 4.0 29.0 6.9 4 40.5 17.8
    PLAE 3 43.2 37.5 0.0 — — 0 — —
    TABR 2 5.9 8.3 0.0 — — 0 — —

Post-treatment (1 year)
Control Defoliation Light reduction

  
 

 



 

APPENDIX B 
SUMMARY STATISTICS FOR TOTAL NONSTRUCTURAL CARBOHYDRATE 

(TNC) RESERVES IN STEMS AND ROOTS  

Table B-1.  Statistics for pre- and post-treatment TNC concentrations and pool sizes.  
Species

n mean SD n mean SD n mean SD n mean SD
Root (%)
    ASPC 4 6.20 0.49 4 8.22 1.85 4 6.28 1.76 4 5.92 1.58
    CALL 4 4.60 0.66 4 9.22 3.28 2 6.25 1.56 3 6.85 1.94
    CASE 4 5.26 0.97 4 4.04 1.48 4 3.99 0.55 4 2.95 0.44
    COUC 4 10.42 1.47 4 13.05 1.23 4 9.93 0.63 4 10.21 0.67
    LACP 1 21.91 — 4 17.10 1.84 4 12.02 3.28 4 15.67 4.25
    PLAE 4 4.38 0.85 4 7.29 1.86 1 7.15 — 0 — —
    TABR 4 6.11 1.25 4 9.35 1.66 0 — — 0 — —

Root (mg) 
    ASPC 4 2.95 0.38 4 4.80 1.53 4 3.19 1.08 4 2.80 0.72
    CALL 4 0.97 0.30 4 2.52 1.69 2 1.02 0.43 3 1.06 0.19
    CASE 4 1.04 0.16 4 0.89 0.41 4 0.57 0.09 4 0.50 0.26
    COUC 4 0.85 0.19 4 1.12 0.25 4 0.60 0.06 4 0.69 0.03
    LACP 1 3.23 — 4 2.84 0.65 4 1.74 0.68 4 2.35 0.65
    PLAE 4 1.11 0.37 4 2.03 0.92 1 0.71 — 0 — —
    TABR 4 0.34 0.09 4 0.73 0.38 0 — — 0 — —

Stem (%)
    ASPC 4 14.20 0.34 4 13.08 3.25 4 10.91 2.42 4 11.53 1.45
    CALL 4 8.19 0.56 4 12.09 4.43 2 7.73 2.98 3 9.48 1.20
    CASE 4 12.31 0.60 4 8.12 2.28 4 5.24 0.47 4 7.08 1.23
    COUC 4 21.06 2.00 4 21.79 4.41 4 16.84 5.68 4 16.84 1.12
    LACP 1 25.12 — 4 21.51 1.37 4 16.89 3.62 4 20.84 2.20
    PLAE 4 6.10 0.54 4 7.25 0.67 1 5.11 — 0 — —
    TABR 4 17.38 2.42 4 12.63 1.84 0 — — 0 — —

Pre-treatment
Control Defoliation

Post-treatment (2 months)
Light reduction
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Table B-1.  Continued 
Species

n mean SD n mean SD n mean SD n mean SD
Stem (mg) 
    ASPC 4 9.99 0.88 4 11.18 3.77 4 9.25 2.27 4 8.71 1.25
    CALL 4 3.15 0.58 4 6.86 2.87 2 2.32 0.64 3 3.55 0.47
    CASE 4 5.50 0.56 4 5.51 1.92 4 2.81 1.23 4 4.42 1.49
    COUC 4 4.63 0.45 4 4.35 0.58 4 2.62 0.44 4 2.94 0.30
    LACP 1 11.77 — 4 10.28 2.60 4 7.77 2.61 4 10.10 1.83
    PLAE 4 4.85 0.24 4 7.19 0.66 1 2.93 — 0 — —
    TABR 4 1.45 0.12 4 1.58 0.32 0 — — 0 — —

Total (mg)
    ASPC 4 12.94 1.24 4 15.98 5.28 4 12.44 3.15 4 11.51 1.62
    CALL 4 4.11 0.87 4 9.38 4.54 2 3.34 1.07 4 4.73 0.47
    CASE 4 6.55 0.66 4 6.40 2.32 4 3.37 1.32 4 4.92 1.66
    COUC 4 5.49 0.40 4 5.47 0.82 4 3.22 0.40 4 3.62 0.31
    LACP 1 15.00 — 4 13.12 3.22 4 9.51 3.29 4 12.45 2.43
    PLAE 4 5.96 0.18 4 9.22 1.20 1 3.64 — 0 — —
    TABR 4 1.79 0.18 4 2.31 0.60 0 — — 1 1.06 —

Pre-treatment Post-treatment (2 months)
Control Defoliation Light reduction
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