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Abstract  

Newly created gaps in tropical forests are rapidly colonized by plants, as 

result of seed- and/or vegetative recruitment. Seed recruitment is 

characteristically low, as it is limited by low and uncertain seed supply or 

seedling establishment. In contrast, vegetative recruitment by lateral 

displacement and the sprouting of surviving fragments may be important 

recruitment pathways, particularly for monocotyledons. By means of 

transects along the gap-forest gradient and field experiments we monitored 

during 14 months multiple recruitment pathways for hemi-epiphytic aroids 

that are among the first to colonize man-made gaps (chagras) in 

Amazonian forest (Amacayacu National Park, Colombia). We found little 

evidence of seed recruitment, notwithstanding that some species produced 

numerous highly viable seeds. Higher germination rates under shaded 

conditions suggest that seed recruitment is largely confined to forest. In 

contrast, we detected several traits in hemi-epiphyte aroids that improve 

their capacity to colonize gaps rapidly through vegetative recruitment. 

Firstly, stem cuttings of five study species experimentally placed in chagras 

all showed sprouting capacity, suggesting that aroid fragments may persist 

in gaps. Secondly, near the forest edges was found a high abundance of 

creeper plants with flagellar shoots which grew rapidly, indicating that 

aroids are foraging for essential resources and dispersing meristems 

clonally. Finally, hemi-epiphytic aroids in the forest edge up to 30 m from 

the gap exhibited habitat selection, growing towards the gap. These traits 

help explain why hemi-epiphytic arrival at gap-trees is faster than that of 

their holo-epiphyte co-inhabitants, which depend mostly on seed dispersal.  

Key words: Amacayacu National Park; directional growth; gap-understory 

light gradient; priority principle; vegetative recruitment  
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INTRODUCTION 

IN TROPICAL FORESTS FALLEN TREES and subsistence agriculture 

regularly produce small scale gaps that offer plants a new habitat for 

colonization and create a gap-understory light gradient (Grubb 1977; 

Chazdon 1986; Denslow 1987; Phillips et al. 2009). The ability of plants to 

establish in these continuously arising new habitats, the regeneration niche 

sensu Grubb (1977), is likely to enhance persistence in the forest (Hubbell et 

al. 1999). 

Colonization into gaps is the result of seed- or vegetative recruitment 

(Schnitzer and Carson 2001). Seed recruitment in tropical forests is 

characteristically low as it is limited by low and uncertain seed supply or 

seedling establishment (Clark et al. 1999). In apparent agreement, it has 

been shown that in the Amazon rain forest wind-dispersed holo-epiphytes 

are slow to colonize young fallows (Benavides et al. 2006). In contrast, the 

same study suggested that vegetative recruitment into gaps was rapid as 

the abundance of herbaceous creeping plants in young gaps was already 

high.  

Vegetative recruitment may result from sprouting roots, surviving stem 

fragments upon gap formation, or from laterally spreading creeping plants 

that enter the gap from the adjacent intact forest (Schnitzer et al. 2008). In 

lowland tropical rain forest, creeping plants are often the first to colonize 

new gaps, leading to canopy closure within a few months (Schnitzer et al. 

2000). In lowland Amazonia, many creeping plants are hemi-epiphytes, i.e. 

epiphytes that spend part of their life cycle rooted in the soil, which 

contribute significantly to the total biomass and species diversity in the 

forest (Nieder et al. 2000; Benavides et al. 2006). Most Amazonian hemi-

epiphytes are aroids, after orchids one of the largest herbaceous families in 

tropical America (Croat 1992). Not surprisingly, it has been shown that 

hemi-epiphytic aroids are amongst the first herbal plants to colonize open 
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areas (Dirzo et al. 1992). Even young fallows may already contain a large 

number of aroid individuals and species and these early hemi-epiphytic 

colonists may hamper the establishment of late arrivals (priority principle) 

(Barkman 1958; Benavides et al. 2006). 

Hemi-epiphytes may be divided into primary and secondary functional 

types. Primary hemi-epiphytes germinate on the tree; secondary hemi-

epiphytes germinate in the soil and ascend a tree later in their life cycle. 

Juvenile plants thus creep along the forest floor, foraging for new habitat 

space (Andrade and Mayo 2000). In addition, vegetative lateral spread may 

occur in already tree-attached hemi-epiphytic individuals that start 

producing descending shoots to the ground. In many aroids, descending 

shoots exhibit abrupt morphological changes by becoming flagellar (Ray 

1992). Flagellar branches may have rapid growth and are not only seen as a 

mechanism to forage for essential resources but also to multiply and 

disperse meristems clonally to colonize newly available habitats (Andrade 

and Mayo 2000). The shift between both types of growth forms, flagellar or 

not, appears to be driven by loss of contact with a support-tree and 

unknown endogenous factors, perhaps associated with photosynthetic 

levels (Ray 1992; Andrade and Mayo 2000). 

Rapid colonization into gaps is not only facilitated by the formation of 

foraging flagellar shoots, but also by the capacity to make good use of the 

higher levels of incident light in gaps, decreasing gradually along the gap-

understory gradient (Chazdon and Fetcher 1984). Early-successional 

species are particularly believed to show rapid growth, related to stem 

displacement velocity, under gap conditions (Bazzaz and Pickett 1980). 

In addition to rapid growth, light signal ‗interpretation‘ would also 

enhance vegetative recruitment of gaps if creeping stems, either flagellar or 

not, show positive directional growth along the gap-forest understory light 

gradient. In contrast, hemi-epiphytic aroids would benefit from negative 
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directional growth (i.e. towards the shade, skototropism) to facilitate the 

encounter with a host tree trunk (Strong and Ray 1975). In general, 

epiphytes tend to establish slowly on trees (Nadkarni 2000; Ibisch et al. 

1996). Rapid tree colonization may be important since the priority principle 

dictates that early arriving species have an advantage over late arrivals 

(Barkman 1958). In this study we evaluated this apparent adaptive 

contradiction by assessing the directional growth of creeping hemi-

epiphytic aroids along the gap-forest light gradient.  

Most studies of gap regeneration studied trees (Schnitzer et al. 2008). Little 

is known neither about other growth forms, nor about the contribution of 

vegetative recruitment to forest regeneration (Lasso et al. 2009). Here, we 

address vegetative gap recruitment of hemi-epiphytic aroids in Amazonian 

lowland rainforest. Four questions were addressed: (1) what is the relative 

contribution of seed and vegetative recruitment in young chagras and 

fallows, forest edges and mature forests, (2) what is the speed of stem 

displacement in these habitats, (3) what is the preferred growth direction of 

creeping stems? and (4) do early-successional species show higher stem 

displacement rates than late-successional species under field conditions? To 

complete our assessment of gap regeneration, we also determined seed 

germination rates of three aroid species under differing light and soil 

conditions and stem-fragment resprout ability for another five aroid 

species. Additionally, species distribution and growth rate is discussed in 

relation to their successional cohort. 

METHODS 

STUDY AREA.—Field work was carried out from May 2008 to September 

2009 in Amacayacu National Park in the southern part of Colombian 

Amazonia and in the adjacent Ticuna territory (3º S, 69º-70º W). The area 

has a bimodal annual precipitation of 3200 mm with a dry period between 
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June and September when the average monthly precipitation is about 270 

mm. The average annual temperature is ca 26 ºC and average relative 

humidity ca 86 percent (Rudas and Prieto 2005). In total, 58 species of 

epiphytic aroids have been reported from the area (Benavides et al. 2006). 

Gaps are often colonized heavily by Philodendron ernestii Engl. (Araceae), a 

hemi-epiphyte that produces foraging flagellar shoots. Local communities 

use shifting cultivation for subsistence agriculture. Man-made clearings, 

―chagras‖, in the forest are 2 to 4-ha in size, generally square or rectangular 

in shape, and are used for poli-culture plantations of crops like pineapples, 

cassava and bananas. After approximately 6 years, the chagras are 

abandoned and the forest regenerates (fallows). Thus, fallows have a 

different history than regenerating natural tree-fall gaps in the forest that 

are also smaller in size. From here on, the term gap will be used as a 

generic term including fallows, chagras, or natural gaps with clarifications 

where necessary. 

TRANSECT FIELD SAMPLING. —We carried out two transect studies. In 

the first, Transect Study I, we quantified hemi-epiphyte plant density, 

recruitment rate, and growth along the gap-forest gradient. We laid out 14 

belt transects over the centre of recently created chagras (6) and fallows less 

than 2 yr old (8). These transect continued 25 m into the forest bordering 

chagras or fallows at each side. Eight additional belt transects of 25 m 

length were laid out in mature forests. All transects were 2 m wide, and 

divided into adjoining plots of 5 m length. In each plot, all epiphytic aroids 

were sampled, both those on the ground as those growing attached to trees. 

For each individual plant, we recorded the species name, and shoot 

morphology, i.e. caulescent (rosettes), climber, or creeper, either flagellar or 

not (adapted from Ray 1992). Species were assigned to early-, mid- or late-

successional cohorts (Appendix 5.1), based on a successional study of hemi-
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epiphytes in fallows and mature forests, elsewhere in the same area 

(Benavides et al. 2006).  

Recruitment and its mode (vegetative or seedling) was recorded in each 

plot once every two months between July 2008 and September 2009. At 

these same intervals, we carefully marked the stems of a randomly selected 

subset of approximately 25 individuals per transect, to measure stem length 

and stem elongation (vegetative displacement). One transect was burned 

after two months and was therefore removed from further measurements. 

For each of the selected plants, the light environment was estimated from 

hemispherical photographs and expressed as a percentage of diffuse light 

(i.e. diffuse site factor; Anderson 1964). For this, photographs were taken 

directly above each plant on overcast days, early in the morning or late in 

the afternoon, using a Nikon F75 camera (Nikon Corporation, Tokyo, 

Japan) equipped with a Sigma 8 mm lens (Sigma Corporation, Kanagawa, 

Japan) and were underexposed by one stop (Hale and Edwards 2002). 

Image segmentation was performed manually selecting a threshold level of 

red that allowed the best separation of the canopy from the sky using 

Adobe® Photoshop® CS2 software (version 9; Adobe Systems Inc. 2005). 

Images were analyzed using the standard overcast sky model and the 

defaults of Gap Light Analyzer software program (Frazer et al. 1999).  

For the numerical analyses, the plots from all transects were grouped into 

three habitats: open (i.e. fallows and chagras), forest edge (i.e. in forests 

bordering chagras or fallows), and forest (i.e. in the mature forest). 

Differences in average plot values for stem density, recruitment, stem 

length, and stem displacement between habitats were analyzed with 

ANOVA and subsequent Tukey-Kramer tests. The association between the 

successional cohorts and transect habitats was tested by means of Fourth-

corner analysis (Legendre et al. 1997; Dray and Legendre 2008) as 

implemented in the ade4 package (Dray and Dufour 2007) in r 2.11. This 
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analysis was done applying 999 permutations under model 1 (i.e. the 

number of plants of each species was randomly assigned to the habitats). 

Paired samples t-tests were done for climbers and creepers to analyze 

transect differences in stem growth and diffuse light percentage between 

flagellar and non-flagellar forms, for each habitat. The conditions of normal 

distribution of residuals or mean differences were checked by means of 

Kolmogorov-Smirnov tests with Lilliefors significance correction. To 

improve additivity and homoscedasticity the response variables were log-, 

arc-sin or square-root transformed, if needed. The association between stem 

growth and diffuse light percentage was examined by means of Spearman 

correlation coefficients. All analyses were performed using SPSS, version 

11.0 (2001).  

In the second transect study, Transect Study II, we studied the growth 

direction of hemi-epiphytic aroids. For this, we laid out an additional 21 

gap-understory transects, 11 in recently created chagras and 10 in natural 

gaps in the forest. Natural gaps were selected along a 5 km path in the 

mature forest, typically rectangular in shape and approximately 25 x 10 m in 

size. Transects were placed perpendicular to the forest edge and extended 

60 m into the forest and 40 m into the chagra or the gap (or until the gap 

centre). Along each transect, we randomly selected 10 points and at each 

point we selected the nearest individual plant in each of the four quadrants, 

independent of species, following the point-centered-quarter (PCQ) 

method of vegetation sampling (Cottam and Curtis 1956; Engeman et al. 

1994). This method was chosen to obtain a representative sample of the 

individuals. In addition, four individuals of Philodendron ernestii were 

sampled at each PCQ sampling point, applying the same selection method. 

For each selected aroid plant we recorded the growth direction of the 

whole plant and that of the youngest internode. For vegetative spreading 

individuals, each stem was regarded as a separate individual (ramet). The 
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growth direction of the whole plant was defined by the line that connected 

the oldest internodes and the apex of the plant. The directional growth of 

the youngest internodes was defined by the line between the apex and the 

last two internodes (Sampaio et al. 2004). Testing for directedness in the 

transect intervals in the forest was done by means of a V-test for circular 

uniformity (Batschelet 1981), applying as alternative hypothesis a unimodal 

distribution with mean direction of 0° (i.e. the direction of each transect 

towards the light). Watson‘s two-sample test of homogeneity was used to 

evaluate if the growth direction of the entire plant differed from that of the 

apical internode. All tests were performed with the Circular Statistics 

Package (Lund and Agostinelli 2009) in R program (R Development Core 

Team 2008).  

The light environment at each 10 m transect interval in the forest and at the 

start of each transect (in the open habitat) was estimated from hemi-

photographs taken at 1.3 m height in nine transects, four in recently created 

chagras and five in natural gaps. The diffuse light percentage was analyzed 

following the method described above. In addition, each photograph taken 

in the forest was divided in two halves with the split perpendicular to the 

transect direction. With a one-tailed Wilcoxon paired sample test it was 

tested if diffuse light percentages in the halves oriented towards the open 

habitat were higher than the percentages found in the halves oriented 

towards the forest. 

FIELD EXPERIMENTS.—We carried out two field experiments. In a first 

experiment, we studied seed germination of three species with available 

fruits during the fieldwork (Philodendron ernestii Engl., P. wittianum Engl. 

and P. fragantissimum (Hook.) G. Don). P. ernestii and P. wittianum were 

sown in November 2008 and P. fragrantissimum was sown two months later. 

We sowed seeds out of a pooled batch of seeds that were collected from at 

least ten mature fruits of eight individual plants per species. Ten seeds 
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were sown in every cell of a 32-cell tray. Half of the cells were filled with a 

mix of soil samples taken at 0-10 cm depth (after removal the ectorganic 

horizons) in four mature forest sites, and the others 16 cells with a mix of 

such soil samples from three fallows. Two such trays were placed on a table 

in a clearing under each of three light exposure regimes (for P. ernestii only 

one tray per light regime was used). Light exposure was varied with shade 

cloth that blocked 25, 55 and 85 percent of sunlight. While keeping the light 

exposure regime, the position of the trays on the table was changed 

randomly each week. Soil samples were analyzed by standard procedures 

(analytical methods in IGAC 1990) at the soil laboratory of the Instituto 

Geográfico Agustín Codazzi in Bogotá. Differences between forest and 

fallow origins were tested by means of Mann-Whitney U tests. The 

germination rates of all three species dropped substantially after two 

months. The arcsin-transformed (Anscombe 1948; Zar 1984) proportion of 

seeds that had germinated at that moment was analyzed as function of the 

fixed effects of light and soil using model I two-way factorial ANOVA with 

equal replication (Zar 1984). The distribution of the residuals of these 

analyses was unimodal and symmetrical, but deviated slightly from 

normal. 

In a second experiment, we evaluated sprouting capacity of stem fragments 

in chagras. In June 2009, we collected stem fragments of five Philodendron 

species (species mentioned above plus P. eleniae Croat and P. 

elaphoglossoides Schott) from at least ten mature individuals, each found at 

distances over 25 m in forests or fallows. Cuttings with three nodes were 

taken from the mid portion of stems. In each of four recently created 

chagras, 20 fragments per species were randomly placed in 0.5 x 0.5 m cells 

of a 5 x 5 m m grid, one fragment per cell. Sprouting ability (green growing 

buds) was determined after six weeks. 

 



Chapter 5 

103 

RESULTS  

In Transect study I we recorded a total of 2143 aroid plants, represented by 

43 species and 6 genera (Appendix 5.1). Gaps (chagras and fallows) 

contained 25 aroid species, about half of the total richness in species 

recorded in fallow chronosequences and mature forests elsewhere in the 

area (Benavides et al. 2006). Aroid density was lower in gaps than in forest 

edges or mature forests (Table 5.1). Climbers and creepers occurred in 

about the same densities, and caulescent plants were less abundant. About 

half (25) of the species developed flagellar shoots during the field study 

(Appendix 5.1). However, in all habitats, flagellar plants clearly showed 

lower densities than plants without flagellar shoots (Table 5.1). On average, 

16 percent of all aroid plants showed flagellar shoots in gaps, 18 percent in 

forest edges, and 13 percent in mature forests.  

Mid- and late-successional species were least abundant in the open habitat 

(Table 5.2). Plants from both early- and late-successional cohorts 

(Benavides et al. 2006) were significantly associated with habitat (Fourth-

Corner Analyses, F = 116.1, P < 0.001 and F = 37.4, P = 0.028, respectively). 

Early-successional cohorts were positively associated with the open habitat 

(D = 0.26, P = 0.003) and negatively with the forest habitat (D = -0.25, P = 

0.003). Late- successional cohorts showed the opposite pattern and were 

negatively related with the open habitat (D = -0.16, P < 0.027) and 

positively with the forest habitat (D = 0.14, P = 0.46).
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Table 5.1. Aroid density in gaps (chagras and young fallows), forest edges, and mature forests, arranged over n 

transects. F is with flagellar stems, NF is without flagellar stems. ANOVA test results of plot means from n transects 

against habitats are in the lowermost row. The superscript letter codes indicate the result of Tukey-Kramer HSD post-

hoc tests. * = 0.01 ≤ P < 0.05; ** = 0.001 ≤ P < 0.01; *** = P < 0.001. 

Habitat Total 
plants 

Total plots n All growth forms   

    number of plants per 10 m2 (mean ± one SD) 

Gap 482 176 14 3.1 ± 3.29a   

Forest edge 1088 115 14 9.8 ± 4.98b   

Forest  573 40 8 14.3 ± 4.76b   

ANOVA F    19.9***   

Habitat Climber Creeper Caulescent 

 NF F NF F NF F 

 number of plants  per 10 m2 (mean ± one SD) 

Gap 0.8 ± 1.37a 0.1 ± 0.19a 1.5 ± 1.39a 0.4 ± 0.45a 0.3 ± 0.47a 0.0 ± 0.05a 

Forest edge 3.3 ± 2.19b 0.5 ± 0.52b 3.4 ± 1.71b 1.1 ± 1.07b 1.4 ± 1.15b 0.1 ± 0.11a 

Forest  5.9 ± 2.65b 1.1 ± 0.64b 4.1 ± 1.88b 0.7 ± 0.33ab 2.4 ± 1.17b 0.2 ± 0.21b 

ANOVA F 26.8*** 10.2*** 7.3** 4.7* 21.8*** 5.5** 
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Table 5.2. Aroid density broken down to successional cohort, in gaps (chagras and young fallows), forest edges and 

mature forests, arranged over n transects (see total plants and plots in Table 5.1).  

Habitat n Early-successional Mid-successional Late-succesional 

  number of plants per 10 m2 (mean ± one SD) 

Gap 14 2.3 ± 2.29  3.0 ± 3.05  1.1 ± 1.17  

Forest edge 14 4.7 ± 2.14  8.6 ± 4.64  5.1 ± 3.57  

Forest  8 4.1 ± 2.07  12.9 ± 5.24  9.0 ± 3.25  

 

Table 5.3. Aroid recruitment in gaps (chagras and young fallows), forest edges and mature forests, arranged over n 

transects. ANOVA test results of plot means from n transects against habitats are in the lowermost row. The 

superscript letter codes indicate the result of Tukey-Kramer HSD post-hoc tests. ** = 0.001 ≤ P < 0.01. 

Habitat Total plots n Total recruitment Recruitment mode 

   Seedling Vegetative Unknown 

   number of plants per 10 m2 (mean ± one SD [number of plants]) 

Gap 164 13 0.30 ± 0.22 [45] 0.13 ± 0.16 [19] 0.15 ± 0.12ab [23] 0.02 ± 0.04a [3] 

Forest edge 111 13 0.51 ± 0.24 [55] 0.19 ± 0.18 [21] 0.31 ± 0.21b [33] 0.01 ± 0.02a [1] 

Forest  40 8 0.58 ± 0.57 [23] 0.30 ± 0.32 [12] 0.10 ± 0.15a [4] 0.18 ± 0.23b [7] 

ANOVA F   1.6 0.96 6.5** 6.0** 
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A total of 592 plants (653 stems), found in 192 plots in all transects, were 

selected for the monitoring of the stem growth (meristem displacement). 

These plants belonged to 35 species (Appendix 5.1), of which P. ernestii was 

most abundant (155 plants, 167 stems). At the start, the maximum length of 

these aroids was 32 m (creeper of P. ernestii). On average, the stem length 

was about one meter: 105 ± 93 cm in gaps, 145 ± 88 cm in forest edges, and 

123 ± 52 cm in forests (mean ± SD for 14 transects in gaps and forest edges, 

and 8 transects in forests). Early-successional plants showed the largest 

stem growth and late-successional plants the lesser growth (Fig. 5.1). As 

expected, aroid plants in gaps yielded higher diffuse light levels than 

forests edges and forests (Table 5.5). Flagellar and non-flagellar aroids were 

found under similar light levels (paired sample t-tests, P > 0.05, n = 25 

transects (transects with both flagellar and non-flagellar plants)).  

 

Figure 5.1. Monthly stem growth of aroids from early, mid, or late-succesional 

cohorts (based on Benavides et al. 2006). Shown are means ± one SE. 
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Over 14 months the largest stem growth rate was 63.4 cm per month. Over 

two months the fastest growth was 213 cm (106 cm/mo). These extremes 

were recorded for a flagellar climber of P. ernestii. Fifty plants (7.6%) grew 

faster than 2 m per year. Thirty-one plants (13 flagellar plants) of these 

grew more than 3 m per year. Due to the large variation in stem growth, 

especially in gaps, differences between habitats or growth forms were hard 

to detect (Table 5.4). Thus, stem growth for both flagellar and non-flagellar 

stems tended to show lowest values in the forest transects, but this 

difference was only significant for flagellar creepers and non-flagellar 

caulescent plants. Likewise, flagellar forms of climbers and creepers tended 

to grow faster than non-flagellar plants (up to four times as fast), but only 

for flagellar creepers in forest edges this difference was larger than 

expected by chance (paired sample t-tests, P < 0.001, n = 13 transects).  

FIELD EXPERIMENTS.—Germination rates were higher under more shade 

for all three tested aroid species (Table 5.6; light factor effect P < 0.001 for 

all species). The soil effect and soil-light interaction effects tended to be 

non-significant (P > 0.10). Differences in soil analytical variables between 

fallow and forest samples were not detected (P > 0.4; overall levels were as 

follows (means ± SD, n = 7), percentage of sand 34 ± 2, silt 38 ± 6 and, clay 

29 ± 7; pH (in water) 3.9 ± 0.5; calcium 2.3 ± 2.2 cmol (+) /kg; magnesium 

1.0 ± 0.5 cmol (+)/kg; potassium 0.5 ± 0.3 cmol (+)/kg; sodium 0.2 ± 0.1 

cmol (+)/kg; base saturation percent 22 ± 14 (%); carbon percent 4 ± 2 (%); 

phosphorus 9 ± 9 mg/kg. Only for P. ernestii a significant soil effect was 

found (more germination on forest soil, P < 0.001). For P. fragantissimum (P 

= 0.07) the soil-light interaction effect was marginally significant (P = 0.07). 

In the sprouting trials, thirty fragments (7.5 %) sprouted after six weeks 

(seven from P. ernestii, P. fragantissimum, and P. wittianum; six from P. 

eleniae, and three from P. elaphoglossoides). 
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Table 5.4. Monthly aroid stem growth in gaps (chagras and young fallows), forest edges and mature forests, arranged 

over n transects (see total plots in Table 3). F is with flagellar stems, NF is without flagellar stems. ANOVA test results 

of plot means from n transects against habitats are in the lowermost row. The superscript letter codes indicate the 

result of Tukey-Kramer HSD post-hoc tests. * = 0.01 ≤ P < 0.05; ** = 0.001 ≤ P < 0.01. 

Habitat n All plants Climber Creeper Caulescent 

   NF F NF F NF F 

  cm per month (mean ± one SD [number of plants]) 

Gap 13 8.9 ± 7.9 
[113] 

12.1 ± 20.5 
[23] 

17.1 ± 16.1 
[8] 

7.4 ± 7.5 
[54] 

14.2 ± 12.1a 
[23] 

1.7 ± 2.2a 
[5] 

[0] 

Forest 
edge 

13 4.9 ± 2.8 
[275] 

5.0 ± 4.0 [92] 10.5 ± 8.9 
[30] 

2.1 ± 1.4 
[72] 

9.1 ± 6.3a 
[45] 

1.7 ± 3.4a 
[35] 

2.2 

 [1] 

Forest  8 2.2 ± 1.1 
[246] 

2.8 ± 2.4 [112] 5.5 ± 5.3 [23] 1.0 ± 0.4 
[59] 

1.9 ± 2.1b 
[17] 

0.1 ± 0.1b 
[31] 

1.2 ± 1.4 
[4] 

ANOVA F  1.1 0.5 0.6 1.8 10.4** 3.7* not tested 
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Table 5.5. Diffuse light percentage directly above aroids in gaps (chagras and young fallows), forest edges and mature 

forests, arranged over n transects (see total plots in Table 5.3). F is with flagellar stems, NF is without flagellar stems. 

ANOVA test results of plot means from n transects against habitats are in the lowermost row. The superscript letter 

codes indicate the result of Tukey-Kramer HSD post-hoc tests. * = 0.01 ≤ P < 0.05; ** = 0.001 ≤ P < 0.01. 

Habitat n All plants Climber Creeper Caulescent 

   NF F NF F NF F 

  % (mean ± one SD 

[number of plants]) 

Gap 13 20.5 ± 8.2a 

[93] 

16.3 ± 3.1a 

[20] 

24.2 ± 14.6a 
[8] 

17.7 ± 4.6a 
[40] 

22.1 ± 8.3a 
[23] 

10.6 ± 2.0 

[2] 

[0] 

Forest 
edge 

13 13.4 ± 1.9b 
[256] 

12.5 ± 2.2b 

[81] 

13.2 ± 1.4b 
[30] 

14.1 ± 3.0a 
[67] 

12.9 ± 2.9b 
[44] 

12.7 ± 1.9 
[33] 

12.0 [1] 

Forest  8 12.8 ± 2.5b 
[238] 

12.5 ± 2.5b [105] 11.5 ± 2.0b 
[23] 

13.6 ± 3.0a 
[58] 

14.4 ± 3.1b 
[17] 

14.0 ± 4.4 
[31] 

11.5 ± 4.1 
[4] 

ANOVA F  7.4** 5.4* 5.1* 3.6* 7.6** 1.0 not tested
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Table 5.6. Seed germination rates after two months for three species of Philodendron, in fallow and mature soils under 

three levels of blocked sunlight. Each combination of treatments was replicated 16 times for P. ernestii, and 32 times for 

P. fragrantissimum and P. wittianum. 

 P. ernestii  P. fragrantissimum  P. wittianum 

 fallow soil forest soil  fallow soil forest soil  fallow soil forest soil 

 % (mean ± one SD) 

Shade (85%) 24.4 ± 14.6 39.4 ± 19.1  33.4 ± 18.2 32.5 ± 19.3  49.1 ± 17.8 47.5 ± 28.7 

Half (55%) 15.6 ± 12.1 22.5 ± 20.2  27.5 ± 19.7 17.5 ± 13.4  26.6 ± 16.4 39.7 ± 24.3 

Sun (25%) 9.4 ± 8.5 13.8 ± 9.6  1.3 ± 3.4 1.9 ± 4.7  9.4 ± 13.2 9.7 ± 9.7 
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Figure 5.2. Directional growth aroids in 10-m transect intervals relative to the 

position of the gap. Grey bars=indifferent: 90° and 270°. Black bars=towards the 

forest: 91° to 269°. White bars=towards the gap: 271° to 360° and 0° to 89°. The 

significant probabilities of the V-test results for each transect interval in the forests 

are indicated by *** (P < 0.0001). The vertical dashed line indicates the border. 

 

In Transect Study II, creeping aroids that occurred within 40 m from the 

forest edge showed a clear tendency for directional growth towards the 

open habitat (Fig. 5.2). This tendency was observed in plants from all 

species combined and in P. ernestii taken apart. The growth direction of 

entire plants and youngest internodes did not differ (Watson two-sample 

test, P > 0.1). Among the 10-m transect intervals in the forest the diffuse 

light percentages hardly differed. In the open habitat, the levels of diffuse 

light percentage were about two times higher. Of the divided hemi-

spherical photographs, the halves oriented towards the open habitat 

showed a higher level of diffuse light percentages in the first 10-m transect 

interval (i.e. the forest edge closest to the gap or fallow; one-tailed 
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Wilcoxon paired sample test, P = 0.034). The halves from the other 10-m 

transect intervals did not differ.  

DISCUSSION 

In Amazonian rain forest, aroids are a conspicuous component of the 

herbal ground vegetation (Bazzaz and Pickett 1980). Many hemi-epiphytic 

aroids produce flagellar shoots, which is seen as an adaptation to forage the 

forest floor (Andrade and Mayo 1998, 2000). Hence, it is not surprising that 

hemi-epiphytic aroids have been reported to be among the first plants to 

colonize man-made gaps (chagras), which they achieve much faster than 

holo-epiphytes (Benavides et al. 2006). The results of present study confirm 

that hemi-epiphytic aroids are aggressively occupying newly available gap 

space. Chagras and young fallows already contained about half of all aroid 

species in the area and aroid density in this habitat was already about one 

third that of forest edges and mature forests (Table 5.1). 

Rapid gap occupation may occur through plants, or fragments thereof, that 

somehow survive the process of gap-creation and from new recruitment, 

either vegetative or by means of seeds (Schnitzer et al. 2008). During 14 

months of gap surveys, we found that new aroid recruitment into gaps was 

low (0.30 plants per 10 m2) in comparison with average total aroid density 

(3.1 plants per 10 m2) (Tables 5.1 and 5.3). These low recruitment rates are 

surprising since some aroids produce numerous highly viable seeds and 

many species possess abilities for clonal reproduction via reiteration 

(Andrade and Mayo 1998, 2000). Apparently, most gap aroids are already 

present in the gaps from early on. Whether these early gap species 

originated from seed or from surviving adults remains elusive, since we 

were not able to document the creation of chagras in situ. On the basis of 

our field observations, however, we suggest that most early aroid gap 

occupants originated from surviving stem fragments. Indeed, the stem 
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cuttings of the five study species experimentally placed in chagras all 

showed capacity for new growth. Other studies also showed that fragment 

regeneration may prevail over seed recruitment (Lasso et al. 2009) and that 

fragments may have similar or higher survival than seedlings and higher 

growth rates than saplings (Dietze and Clark 2008; Khan et al. 1986). Our 

inventories took place in man-made chagras where agricultural practices 

remove many previously established aroid seedlings and adult aroid stems. 

In natural gaps, we expect aroid plant and fragment survival to be even 

higher. 

Having concluded that early seed recruitment and the survival of plants or 

their fragments are likely drivers of aroid hemi-epiphyte communities in 

young gaps, subsequent recruitment also takes place, even though at 

relatively low rates. Seed recruitment tended to be slightly lower in gaps 

than in forests, probably because aroids show higher germination rates 

under shady conditions, as we documented for several species (Table 5.6). 

Vegetative recruitment in gaps was similar to that in mature forests and 

about two times lower than in forest edges (Table 5.3). However, because 

the overall aroid density in gaps was much lower in gaps than in the other 

habitats (Table 5.1), the relative recruitment in gaps was highest. This may 

be explained by assuming that aroids are particularly well adapted to 

recruit gaps by means of stem displacement. In support of this, we found a 

relatively high abundance of flagellar creepers in forest edges (and gaps), 

which grew rapidly. In the tropics, although quantitative measurements are 

lacking, indications are that lianas rapidly spread laterally, contributing to 

the formation of tangles after gap creation (Peñalosa 1984; Putz 1984). The 

average displacement of flagellar stems in forest edges (83 cm per year) 

would already permit stems to reach a gap within several years. Our data 

suggested that about 4.7 percent of the aroids stems might show an annual 

growth rate of 3 m per year or faster. In addition, creeper flagellar plants 
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showed increased stem growth in forest edges, promoting stem foraging 

behavior and dispersing meristems clonally to colonize newly available 

habitats under expectably lighter conditions.  

Moreover, creeping stems of P. ernestii and other hemi-epiphytic aroids in 

the forest edge up to 30 m from the gap showed directional growth 

towards the gap (light), which is consistent with most cases of habitat 

selection through directional growth that are based on shade avoidance 

mechanisms (Sampaio et al. 2004; Camacho-Cruz et al. 2000; Ballare et al. 

1990; Novoplansky et al. 1990). Indeed, the availability of light as radiation 

scattered or reflected from leaves or trees is a powerful environmental 

signal in the lower strata of the forest, triggering a shade avoidance 

response and stimulating stem elongation (Shashar et al. 1998; Ballare et al. 

1990; Théry 2001). Interestingly, growth in the opposite direction, 

skototropism, has been recognized as the mechanism how climber plants 

encounter a host (Strong and Ray 1975). In our study, however, we found 

no evidence for skototropism and up to 10 m from the gap edge, the gap 

side diffuse site factor at individual measurement points was significantly 

higher than that of the forest side. Beyond 10 m from the gap edge we 

found no differences in light conditions between both sides, which may be 

explained by the limitation of hemispherical photograph analysis to detect 

scattered light (Roxburgh and Kelly 1995). 

Early- and late-successional cohorts were associated with different habitats. 

Early successional plants were over-represented in gaps and under-

represented in forest habitats, and late successional plants showed the 

opposite patter. Even though many hemi-epiphytes grow under the low 

light levels of the forest understory (Zhang et al. 2009), the results suggest 

that early- successional plants are light-tolerant and late- successional 

plants are shade-tolerant species. Our data may support that idea of light 

partitioning between successional cohorts, which is important factor in 
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shaping light demanding and shade tolerant species distribution (Kitajima 

and Poorter 2008). Moreover, this helps explain species turnover in the 

ageing fallows reported previously in the same area (Benavides et al. 2006). 

This explanation however needs to be tested in futures studies with an 

overall performance including survival (Kitajima and Poorter 2008). 

Finally, contrary to expectation flagellar shoot were evenly distributed 

between habitats and were found under similar light levels than non-

flagellar plants. Since it was not possible distinguish in field when a 

flagellar shoot was formed in responses to the lost of contact with the 

support tree, the plausible explanation related with photosynthetic level 

remain elusive (Ray 1992; Andrade and Mayo 2000). Further research 

controlling support-tree contact and plant productivity are necessary to 

confirm or rule out the trigger mechanisms of flagellar shoots.  

In conclusion, the rapid occupation of newly created gaps in Amzonian 

rain forest appears to be driven by high survival of adult plants, or 

fragments thereof, after the gap has been formed, possibly in combination 

with a spurt in seed germination immediately after gap creation. In 

addition, hemi-epiphytic aroid species are particularly well adapted to 

occupy new gaps through a high displacement rate and by their directional 

growth towards the light (gap).  
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