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Treefall gaps in rainforest landscapes play a crucial role in providing 

opportunities for establishment and growth of rare, light-demanding plants such as 

Passiflora vines in Corcovado rainforests, Costa Rica. This study considers the interplay 

of landscape dynamics with plant life history traits and strategies in an ephemeral patch 

network.  

 

In Chapter One, I show how patch quality dynamics and propagule dispersal 

affect colonization of treefall gaps by Passiflora vitifolia. Recruitment required high 

patch quality, exceeding 3 hours of sunlight and patches closed after about 6 years. 

Colonization by seed dispersal (80%) was constrained by patch quality and isolation, 

while clonal growth from dormant plants (20%) was limited to rare adjacent patches. 

Since patch turnover is critical in these systems, Chapter Two is focused on factors 

affecting canopy structure. I showed that prior landuse altered the dynamics of frequent, 
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small-scale disturbances during succession following a single, large deforestation event. 

Here, I used Landsat subpixel analysis, aerial photographs and field surveys to 

demonstrate major changes in dynamics of regenerating canopies following release from 

agricultural activity in 1975.   

 

Little work has considered the role of life history traits in persistence of patchy 

populations, and so in Chapter Three I asked what life history strategies are used by 9 

Passiflora species that occur in these transient forest gaps. Although Passiflora species 

exhibited differences in dormancy or dispersal strategies, abundance was not associated 

with any one strategy. Elasticities of vital rates (stasis, growth and fecundity) of 

P.vitifolia differed empirically in old growth and regenerating forests. To explore 

population responses to changes in landscape parameters or life history strategies, I 

created a spatially-explicit individual-based model. Simulations indicate that plant types 

with a dormancy phase have a greater suite of responses since they persist after patch 

extinction with potential to contribute later through both sexual and asexual dispersal. 

Plants that rely only on high dispersal were extinction prone in low connectivity 

landscapes. This novel approach of jointly analyzing spatially-explicit patch parameters 

and life history traits offers a comprehensive framework for further understanding the 

effects of patch dynamics on populations. 
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Chapter 1.  Effects of patch quality and dispersal on colonization of an 
ephemeral-patch metapopulation 

ABSTRACT 

When populations occur in ephemeral patches, such as treefall gaps, rapid 

changes in patch quality may affect colonization processes. I asked what effect patch 

quality dynamics and propagule dispersal would have on colonization by Passiflora vines 

that establish in canopy gaps in lowland rainforests of Corcovado National Park, Costa 

Rica.  

 

Passiflora vine recruitment required high patch quality, exceeding 3 hours of 

direct sunlight at ground level.  Models of patch quality showed that canopy opening size 

and slope were significant factors associated with vine recruitment. Within 6 years of 

initial opening, seedling recruitment ceased as gap quality decreased by 13% per year due 

to canopy closure, and 8% per year due to understory regrowth. 

 

This ephemeral-patch system had low densities of new patches with sufficient 

lighting, and patch quality decreased rapidly resulting in a narrow temporal window for 

seedling establishment. Colonization by seed dispersal (80%) was constrained by patch 

quality and isolation, while clonal growth from dormant plants (20%) was limited to an 

infrequent appearance of adjacent patches. These results suggest that more realistic 

models of ephemeral-patch metapopulations should include distributions and transitions 

of patch quality based on organism requirements rather than simplistic assignments of 

patch suitability. 
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INTRODUCTION                                                                                                                                           

The conservation of tropical rainforests draws widespread interest but requires 

understanding of how species and communities interact and respond to forest dynamics.  

Many species persist at low densities in extremely diverse communities, reliant on forest 

disturbance or recovery processes. We need a better understanding of these systems to 

assess their vulnerability to changes in landscape configuration and dynamics. 

 

When populations occur in ephemeral patches, such as treefall gaps, rapid 

changes in patch quality may affect colonization and extinction processes. I asked how 

colonization by an ephemeral-patch metapopulation of Passiflora vitifolia would depend 

on landscape properties such as patch quality dynamics, and on plant constraints of seed 

dispersal and germination. These vines colonize canopy gaps in a lowland rainforest in 

Corcovado National Park, Costa Rica where I surveyed over 500 gaps in about 1000 ha 

for 2 years, and Passiflora seedlings only occupied 5% of new gaps owing to limitations 

of patch quality or dispersal. Interest in this Passiflora vine community follows from 

their role in a model system as hostplants for Heliconius butterflies (Gilbert 1991). 

 

Patches are defined as distinct sites embedded in unsuitable matrix potentially 

used by a focal species, and patch quality is based on the likelihood of a patch being 

suitable for occupancy. Realized occupancy may provide an indication of patch quality 

assuming uniform patterns of dispersal. When plants are the focal species, then quality 

may be a function of nutrients and lighting, based on plant germination and growth 

requirements.  These factors vary between sites owing to disturbance history and site 

properties. Patch area may be either considered explicitly or included in an overall 

assessment of quality.   
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After creation, patches undergo succession as quality deteriorates until patches are 

effectively extinct. In one study of tropical forest treefall gaps, initially high light-levels 

dropped to closed-canopy conditions in 48 months (Fraver et al. 1998), while nutrient 

release typically follows in a later pulse depending on gap size (Zhang and Liang 1995).  

A variety of gap sizes may occur, depending on type of disturbance and number of trees 

involved, leading to a range of gap conditions. Large gaps may have higher temperatures 

and wind speeds with lower humidity and soil moisture (Denslow 1987).  

 

A paradigm for tropical forests holds that “gap-phase” cycles generate 

opportunities for heliophilic gap-specialists, followed later by shade-tolerant species, 

although other studies suggest that individual species exhibit phenotypic plasticity in 

response to varying light conditions (Valladares et al. 2000) (Loik and Holl 2001) and 

that a wider spectrum of plant types may occur (Dalling et al. 2001). The role of vines 

and lianas has received more attention recently in studies of forest structure, composition, 

disturbance and regeneration (Putz and Mooney 1991, Horvitz et al. 1998, Schnitzer et al. 

2000, Laurance et al. 2001, Ibarra-Manriquez and Martinez-Ramos 2002). Here I studied 

an assemblage of Passiflora vine species, dominated by Passiflora vitifolia, to explore 

the impact of patch quality dynamics on colonization processes. 

 

Light requirements for germination of P. vitifolia 

In preliminary field observations, P. vitifolia seedlings were found associated with 

large canopy openings having high direct irradiance at ground level. Since direct sunlight 

into treefall gaps causes high temperatures, either light or temperature may be critical 

germination triggers or growth factors, in common with many other forest species 
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(Benvenuti et al. 2001). Most cultivated Passiflora species require soil temperatures 

above 25ºC and some require over 35ºC, plus high ambient light levels, with germination 

occurring in 10 – 28 days (Ulmer and MacDougall 2004). I tested the hypothesis that P. 

vitifolia seedlings germinate in association with high levels of sunlight using seed trials in 

different lighting conditions. This experiment did not directly test whether germination 

responded to light or temperature, but was concerned with the overall response to direct 

sunlight as found in new treefall gaps. 

 

Models of treefall gap lighting 

A dominant factor determining patch quality for plants immediately following a 

treefall event is light level, or more specifically Photosynthetically Active Radiation 

(PAR). Past studies have measured gap lighting in several ways: 1) direct or integrated 

measurements of PAR, 2) percentage canopy cover based on area of ground covered by a 

vertical projection of canopy, or 3) canopy closure defined as the proportion of sky 

hemisphere obscured by vegetation when viewed from a single point (Jennings et al. 

1999). Hemispherical photographs (Whitmore et al. 1993) provide rapid data capture and 

can be processed to estimate % canopy cover or PAR for one point in a gap. Since light 

levels are heterogeneous within a gap and instantaneous measurements using photographs 

may only be weakly correlated with long-term plant responses, alternate methods should 

be considered in studies of forest lighting where light spectral quality is important 

(Capers and Chazdon 2004). But for year-on-year comparisons of canopy structural 

change, hemispherical photographs provide a repeatable, low-error technique (Valverde 

and Silvertown 1997, Robison and McCarthy 1999).  
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I developed models to estimate several measures of lighting at ground level 

incorporating latitude, aspect, slope, opening size, shape and canopy height. Model 

outputs were 1) duration of direct incident sunlight at the gap center, 2) average 

irradiance within a patch, and 3) patch area having light levels exceeding requirements 

for germination. Since lighting is unevenly distributed across a patch, the net area 

suitable for seedling establishment was expected to be a reasonable proxy for patch 

quality (Brown 1996). I compared these models with canopy measures derived from 

hemispherical photographs to ask which provided best estimation of Passiflora seedling 

occupancy.  

 

Patch quality dynamics 

Following a treefall event, ground level light intensity decreases as plants 

establish and compete for light. Dense shrub, vine and sapling thickets form in exposed 

gaps and competition for light drives rapid upward growth. Simultaneously, canopy 

openings decrease with lateral growth from adjacent trees. Both processes depend on a 

range of factors such as initial gap size, canopy height, topography and forest disturbance 

history, leading to considerable heterogeneity in initial gap lighting followed by more 

homogeneous conditions after regrowth commences (Smith et al. 1992). Light intensity 

falls off rapidly with passage through the canopy, with up to 94% light absorption 

through the first 5m of canopy (Johnson and Atwood 1970). As light intensity falls off in 

the canopy light column, there is also a major change in light spectrum caused by 

differential absorption of ultraviolet and visible wavelengths and reflection of infra-red 

(Thery 2001). The drop in light intensity and change in spectral quality are major changes 

in gap environments during the initial phase of regrowth. Passiflora colonization may be 

inhibited once ground level lighting decreases and patches are effectively closed to 
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additional colonization, although adult plants can persist. The distribution of initial patch 

quality, rate of patch extinction and relative contribution of regrowth and canopy closure 

are key parameters for understanding patch quality dynamics. 

 

Seed Dispersal  

Patch colonization occurs after seed dispersal into patches of suitable quality. 

Models of dispersal often include a local and global component. Local dispersal arises 

from seed sources following a distance-dependent dispersal kernel since propagule 

pressure can drop rapidly as a function of distance (Willson 1993). Global dispersal 

accounts for the balance of dispersal considered as a uniform pattern of seed rain. High 

levels of local dispersal would indicate directed dispersal by seed-moving vectors 

foraging efficiently among patches. I used a model containing both local and global 

dispersal to distinguish their relative contributions and shape of the local dispersal kernel. 

 

Colonization from dormant stages 

Dormant life-stages offer a means of dispersal in time while waiting for suitable 

colonization opportunities to recur at a given site (Venable and Lawlor 1980). The 

success of this strategy is contingent upon survival of dormant stages beyond the inactive 

or refractory period between patch events. In some cases, seed pressure is augmented by 

seedbank storage although only a limited number of species have seeds capable of 

surviving long periods of seed predation and decomposition in tropical forests (Alvarez - 

Buylla and Garcia - Barrios 1991, Dalling et al. 1997). While total seed densities ranged 

from 2000 – 14000 seeds/m2 in one study of similar neotropical forests (Dupuy and 
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Chazdon 1998), no Passiflora seeds were among the 90% most abundant species 

encountered, despite their abundance as adult plants (Smiley 1978).  

 

An alternative colonization pathway is by clonal growth from nearby active or 

dormant plants.  Stolon growth may be less effective at reaching remote patches than 

directed dispersal of fresh seeds.  Here I compared the colonization rates of clonal growth 

and seeds and tested seed bank survivorship of P. vitifolia to determine the potential 

contribution of any seed pool. 

 



 8

METHODS                                                                                                                                          

 

Study site & model system 

The study site is within Corcovado National Park, in the Pacific lowlands of Costa 

Rica. Vegetation is tropical premontane wet forest with a mean annual rainfall exceeding 

5000 mm.  Between 1940 and 1975 (when the park was founded) subsistence farmers 

cleared several hundred hectares that have subsequently undergone regeneration, 

providing a large-scale ecological contrast with the adjacent undisturbed forest (Phillips 

1989).  

 

Nine Passiflora species occurred at low densities of less than 1 plant per ha, and 

appeared to follow different life history strategies to survive in ephemeral patches formed 

by treefall gaps. Several species were found to persist between treefall events as dormant 

non-reproductive plants (P. pittieri, P. menispermifolia, P. coriacea), while others relied 

on short generation times and effective seed dispersal to new gaps (P. lobata, P. 

quadrangularis). Some species may combine both strategies (P. vitifolia, P. 

costaricensis, P. talamancensis, P. ambigua). Most Passiflora species densities have 

declined substantially since regeneration began in 1975 (L.Gilbert pers.comm.), but P. 

vitifolia occurs at much higher densities than other species making it a suitable focal 

species for this study. 

 

Field survey 

I carried out field surveys of over 570 sites from 2001 – 2003.  Most sites were 

visited in both 2002 and 2003 to provide transition data on gap and vine status for use in 
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analyses of patch quality and dispersal. Sites were accessed via existing research trails 

and transects spaced about 70m apart to locate all treefall gaps in that area. Research 

trails were developed and maintained by L.E.Gilbert and research students after 1979, 

with numerous unpublished field notes and maps of gap and Passiflora status. I recorded 

the following data at each site: 

 

GPS location using Garmin Etrex units, typical position error in forest 10m. 

Habitat type, based on prior landuse. 

Estimated age based on trunk decay, species composition or prior records. Age 

estimates are subjective, but succession in 90 treefalls recorded by M. Kronfurst 

in 1999 provided a basis for comparison. 

Diameter and species of fallen tree, if intact. 

Orientation of treefall. 

Slope and aspect of ground, using a clinometer and compass 

Orientation and size of canopy opening and height, using compass and range-

finder. 

Hemispherical photographs of canopy opening, using Nikon Coolpix camera and 

FC-E8 hemispherical lens. 

Height of understory regrowth. 3-5 spot heights estimated to nearest 0.5m. 

Presence of Passiflora and other dominant plant species.  

Vine size, life-stage and age estimate for each Passiflora plant.  

Presence of Heliconius eggs or larvae on Passiflora. 
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Light requirements for germination of P. vitifolia 

I tested the hypothesis that P. vitifolia seedlings germinate only under high levels 

of sunlight using seed trials in different lighting conditions.  I set up germination 

experiments in 13 gaps across a range of light levels (0 – 3 hours direct sunlight). Nine 

seeds were planted at each site in 1x1m grids. Seeds were taken from 2 fruits and evenly 

mixed. In a second experiment, I planted 72 seeds from the same 2 fruits in each of 2 

treatments: (a) 1.5 and (b) 4 hours direct sunlight. Germination response was examined 

after 3 and 6 months.  

 

Models of treefall gap lighting 

Five models of lighting were assessed for correspondence with P. vitifolia 

seedling incidence in about 300 treefall gaps. 

 

Model 1). Duration of direct 

irradiance at ground level in the center 

of a new gap is a function of canopy 

opening size along EW axis (w), canopy 

height (h) and slope inclination (α).   

Duration (Ts) of direct sun lighting 

reaching the gap center is approximately 

Ts = (24/π) arctan (w/2(h + w·tan α))  hours.    

 

Models 2 & 3). Total irradiance of direct sunlight is a function of canopy opening 

area, height, gap orientation, slope, aspect and latitude (Fig.1.1).  Gap openings were 

modeled as ellipses and integrated incident light was estimated for each 1x1m cell in the 

Figure 1.1. Model of treefall gap. Canopy opening 
assumed to be elliptical. 

orientation 

slope aspect

length & 
width 

canopy 
height 

N
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patch (Appendix 1). Model outputs are average duration of direct irradiance (Model 2 Ieq 

hours), and area (Model 3 AT m2) for which Ieq exceeds a chosen threshold value. 

 

Models 4 & 5). Canopy photographs were taken at 2.5m height at gap centers 

with a Nikon Coolpix camera and FC-E8 hemispherical lens, and then processed with 

Gap Light Analyzer software which integrates direct and diffuse lighting penetrating the 

canopy. This provides an estimate of percentage canopy opening  (Model 4 PC Open) 

and direct irradiance (Model 5 Direct), but does not differentiate between a patchy 

canopy and one with a continuous East-West gap opening (Fig. 1.2).  

 

 All models were tested for ability to discriminate 

between sites with P. vitifolia seedlings and sites without 

seedlings using logistic regression.  233 gaps were 

assigned lighting values based on each of the models, and 

the performance of the models was compared using the 

Akaike Information Criterion (AIC)  Ai = L(Y|Mi) + 2pi 

where L is the negative log likelihood of data Y given 

model Mi. 

 

Patch quality dynamics 

The range of initial patch lighting was estimated from 55 new treefall sites.  

Subsequent reduction in lighting due to canopy closure and regrowth was used to 

establish rate of change in patch quality leading to patch extinction.  Decrease of gap 

lighting owing to canopy closure was determined from annual changes in percentage 

Figure 1.2 Hemispherical canopy 
photograph. Used to estimate % 
opening, direct & diffuse lighting.  
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canopy openness in 94 sites of varying ages less than 5 years old.  Reduction of gap 

lighting due to understory regrowth was estimated from 16 treefall gaps of varying ages 

and regrowth up to 3m. Hemispherical photos were taken at ground level and 2.5m to 

measure percentage canopy openness, and height of understory regrowth was estimated at 

each point.  

 

Seed Dispersal  

To estimate colonization as a function of patch isolation, I used a logistic 

regression analysis including patch quality (Ts), global and local dispersal terms.  Local 

dispersal was based on connectivity between a patch j and all mature plants with a 

negative exponential kernel shape, Dispj =  Σi exp(-dij/r), where dij is intersite distance 

from patch i to j,  and r is the empirical shape factor. Several other dispersal kernel 

functions have been used in other studies such as Gaussian and bivariate Student’s t, but 

the most widely used kernel is negative exponential (Willson 1993, Clark et al. 1999). To 

estimate shape factor r, I simulated a landscape using known patches and adult plants, 

and used the Disp function to predict the best fit of seedling – nearest adult distance 

distributions. Since local dispersal is estimated for each patch based on contributions 

from all reproductive seed donors, I only used a subset of 316 patches that were internal 

to the study site to minimize edge effects.   The logistic regression model was: 

Ln (odds of gap j having a seedling) =  a ·Ts + b · Dispj  + Global 

where Global is a constant, depicting the uniform contribution of global dispersal. 
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Colonization from dormant stages 

Colonization of new gaps by clonal growth from adult plants was noted during the 

field survey. Rates of colonization by seedlings and clonal growth were compared to 

assess contributions from these sources. I tested seed bank survivorship of P. vitifolia by 

burying 9 seeds in netting bags under 1cm of leaf litter in each of 10 sites, and recorded 

survival and germination after 3 and 6 months.  To further assess seedbank storage, I 

examined 1-gallon samples of topsoil and leaf litter from 20 paired sites inside and 

outside treefall gaps. Samples were washed and screened across 1.5mm mesh and seeds 

were recovered for identification.  



 14

RESULTS                                                                                                                                           

 

Light requirements for germination of P. vitifolia 

In the first seedling germination 

experiment, none of the 117 seeds planted in 

intermediate lighting conditions (0-3 hours 

direct sunlight) germinated within 6 months. 

However in the second experiment, 80.5% of 

72 seeds exposed to 4 hours direct sunlight per 

day germinated within 3 months (Fig. 1.3). This 

provides strong evidence that germination 

requires a threshold level of direct lighting, as 

found in newly open gaps. 

 

Models of treefall gap lighting 

Using AIC scores (Table 1.1), Model 1 of light duration Ts performed better 

(p<0.05) than other models in a logistic regression test of association with seedling 

presence in gaps. Hemispherical image measurements of Direct light (Model 5) 

performed well as an indicator of patch quality although it had the most parameters and 

therefore a lower AIC score. Since Model 1 had the best AIC score, I used light duration 

Ts as an estimator for patch quality in other analyses. 

 

Figure 1.3  Germination experiment.  Top 
trays exposed to 4 hours direct sunlight, 
lower trays were in partial shade. All seeds 
were from a mixed batch of 2 fruits. 
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Table 1.1 Comparison of gap lighting models. Model performance scored with Akaike 
Information Criterion AIC. Negative log likelihood of model estimated using binary logistic 
regression for all sites classified by presence or absence of seedlings. 

Lighting Model 
 

Neg Log 
Likelihood 

No. of 
parameters 

AIC score 

Model 1. Duration of sunlight Ts  
(hours)  

82.30 5 92.30 

Model 2. Average irradiance Ieq  
 

83.12 7 97.12 

Model 3. Area AT of Direct Light > 
2hrs  (m2)  

83.27 7 97.27 

Model 4. Hemispherical lens 
Canopy Openness  (PC open)  

82.35 7 96.35 

Model 5. Hemispherical lens 
Direct Lighting  (mols m-2 d-1) 

80.02 9 98.02 

 

Integrated light from hemispherical lens photographs (Model 5 Direct) and 

Average Irradiance (Model 2 Ieq) are correlated, but with large scatter (Fig. 1.4).  

Measurements derived from photographs may be error prone since they are only taken at 

one point in a patch and are subject to interference from regrowth and side branches. 

Duration of light (Model 1 Ts) only considers lighting at the site midpoint while Average 

Irradiance (Model 2 Ieq) and Area (Model 3 AT) take account of lighting at each 1x1m cell 

in a gap. 
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Figure 1.4.   Comparison of lighting models.  a) Integrated Direct light (Model 5 Direct) is correlated 
with Average Irradiance (Model 2 Ieq) (R2 = 0.79).   b) Average Irradiance (Model 2 Ieq) and Duration of 
light (Model 1 Ts).   c) Average Irradiance (Model 2 Ieq) and Area (Model 3 AT).    
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Lighting levels (Ts) of gaps with 

seedlings differed significantly from gaps 

without seedlings.  (Mann-Whitney U test 

statistic = 2962.5, df=1, N=309, p<0.001). 

Occupancy increases rapidly if light 

duration Ts exceeds 3 hrs (Fig. 1.5).  This 

result corresponds with the germination 

experiment outcome, in which no 

germination occurred with low and 

intermediate light, but germination was high 

when light exceeded 4 hours.  

 

Patch quality dynamics 

Treefall gap patches were generally well defined in the understory as areas with 

high light levels and high temperatures. Light and temperature were recorded at 10 

minute intervals for 3 days at 4 positions within 16 gaps using Hobo data-loggers placed 

at ground level. This was repeated after 10 months to examine the loss of patch quality.  

All patches showed similar temperature profiles, and a typical example (site ES 975) is 

shown in Figure 1.6.  Forest understory temperatures remained in a close band between 

25 – 29C. After one year only the area around the fallen crown still received 4 hours of 

sunlight, sufficient for P. vitifolia germination.                      

 

Figure 1.5. Seedling occupancy rate as a 
function of patch quality (Ts lighting duration). 
Fitted logistic curve Occ = 1 / (1 + 90.exp(-
0.9.Ts)).  (0<occ<1) N= 309. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 1 2 3 4 5

Duration of light Ts  (hours)

O
cc

up
an

cy
 ra

te

data
fitted curve



 18

Figure 1.6.  Ground level temperature profiles within a treefall gap. Site ES 975, 2002 & 2003. 
Envelope of maximum temperatures recorded during 3 day sampling period. Temperature measured in 
nearby forest understory, and at 3 positions along the fallen tree (base, trunk & crown). 

The mean duration of lighting (Ts) in new gaps is 2.6 hours (Fig. 1.7a), but the 

distribution is asymmetric. Since the germination threshold is about 3 hours direct 

sunlight, any fluctuation in patch creation rate or light distribution could have a large 

non-linear impact on seedling establishment (Fig 1.7b).  Similarly, small errors in data 

collection could cause large distortions in prediction of system response. 

Figure 1.7. a) Frequency distribution of patch quality for new gaps (Ts lighting duration) .  Mean 2.6 
hrs, se 0.18  hrs. N= 55.    b) Model showing sensitivity of colonization to changes in seedling germination 
threshold or mean lighting levels. Model assumes logistic function for germination threshold (Fig. 1.5) and 
Normal distribution of gap lighting. 
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Following patch creation, canopy closure and understory regrowth cause a 

decrease in patch lighting resulting in patch extinction after about 6 - 7 years (Fig. 1.8). 

This pattern was similar in all habitats. 

Canopy closure occurred at an average rate 

of 13.3% per year due to encroachment 

from adjacent trees as measured by 

hemispherical lens photographs (Table 

1.2).  

 

 

 

 

 

Table 1.2.  Annual change in % Canopy Openness. Difference in % openness measured with 
hemispherical lens, 2003-2004.  

Patch 
age class

 

Annual 
% change 

Std Error Samples
N 

1 -15.2 4.6 18 

2 -13.7 3.6 28 

3 -14.6 3.9 21 

4 -5.3 4.1 10 

5 & 6 -12.4 3.0 17 

All sites -13.3 1.76 94 

 

Figure 1.8. Age distribution of all open 
patches 2003. N= 399.  
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Understory regrowth becomes denser and taller during the first few years after 

patch formation and then thins out as the canopy closes above. Lighting at ground level 

drops by around 16% by the time regrowth reaches 2.5m (Fig. 1.9). Change in ground 

level lighting was evaluated using the ratio of light measured at ground level and 2.5m to 

avoid effects of canopy opening size, since the ratio only considers light loss due to leaf 

cover occurring in the zone below 2.5m.   

 

Since shrub and sapling regrowth rate is about 1.37m /year (Fig. 1.9a), and light 

decreases by 5.9% per m regrowth (Fig. 1.9b) then regrowth causes a reduction of ground 

level light of 8.1% per year. 

 

 

Figure 1.9.  Patch quality changes with gap age. a) Understory regrowth increases with patch age, for all 
patches with Ts>2.5 hrs. Slope = 1.37m/yr, R2 = 0.67, N= 101.  b) Ground level lighting decreases with 
regrowth for gaps < 3 years.   Ratio of Direct lighting measured at ground level and 2.5m for 16 early stage 
gaps. Slope = -5.9% loss per m. R2 = 0.31, N = 16. 
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Seed Dispersal 

The distribution of distances between seedlings and nearest adult plants is 

bimodal, with peaks at 0m and 80-120m (Fig. 1.10). The 0m peak represents seedlings 

derived from adults within a patch, while the second peak around 80-120m shows 

connectivity between seedlings and adults in surrounding patches. Shape factor r=200m 

provided the best fit of the distribution kernel Dispj =  Σi exp(-dij/r), for a simulated 

landscape using known adult plants and patches (Fig. 1.10b). Seedling occupancy was 

predicted for each patch based on distance between the patch and nearest adult. The 

model overestimated the number of seedlings found within a parental patch, but 

otherwise provided a good fit to the distribution curve of Figure 1.10a. The model may 

overestimate the likelihood of seedlings occurring in a natal patch since reproductive 

plants are still able to produce fruit in patches which are no longer suitable for seedling 

establishment.  

Figure 1.10. Emprical and modeled seedling distributions. a) Distribution of distances of Seedlings to 
nearest Adult, from a distance matrix. Bimodal distribution with peaks at 0m and 80-120m.  b) Predicted 
seedling distribution using dispersal kernel  Dispj =  Σi exp(-dij/r)  with shape factor r=200. Simulation 
included a contiguous area of patches and adult plants, N = 238. 
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Patch occupancy was expected to be a function of both dispersal and patch 

quality, so a logistic regression model was used to explore this relationship: 

Ln (odds of gap j having a seedling) =  a · Ts + b · Dispj+ global  

 

Patch quality Ts and global dispersal terms were well supported (Table 1.3), but 

inclusion of local dispersal term Disp only showed a weak improvement to the model.   

 

 

Table 1.3. Patch occupancy as a function of patch quality (Ts) and dispersal. Logistic 
regression model Ln (odds of gap j having a seedling) =  Global + a. Ts + b. Dispj. Only included 
“internal” sites to the study area to avoid boundary effects, N= 316. 

 

Parameter Estimate S.E. t-ratio p-value 

Ts 0.477 0.174 2.733 0.006 

Disp 0.108 0.094 1.145 0.252 

Global -4.593 0.900 -5.101 0.000 

 

 

Using typical site values for a high quality patch with nearby adults as a seed 

source (e.g. Ts=4, Dispj=12), the relative contributions of each term would be  

Odds of a gap having a seedling =  ea.Ts · eb.Disp ·eGlobal, or  

Odds = e0.477*4 · e0.108*12 · e-4.59 = 6.74 x 3.65 x 0.01 = 0.24.   

So patch quality has the most weight as a prediction term with twice as great an 

effect as local dispersal. 
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Colonization from dormant stages 

The relative contribution to colonization from dormant stages was assessed from a 

field survey of 470 sites. These contained 163 P. vitifolia plants including 28 seedlings 

and 6 regrowth events from dormancy.  Recruitment from seedlings clearly dominates 

(5:1 ratio), although colonization from dormancy plays an important role. 

 

Seedbank survivorship of P. vitifolia appears to be extremely low, since none of 

the 90 seeds buried in leaf litter were recovered or germinated after 6 months.  Similarly, 

no Passiflora seeds were found in topsoil and leaf litter collected in 20 paired sites inside 

and outside treefall gaps.   
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DISCUSSION 

Patches are short-lived and form a dynamic landscape for gap specialist plants 

such as Passiflora vitifolia. These plants have a non-linear response to patch quality 

because they require more than 3 hours of continuous direct sunlight to germinate, and 

have short storage periods in the forest soil seedbank. These factors imply a need for 

directed dispersal to suitable patches or a dormant adult phase that can take advantage of 

nearby new patches through clonal growth. 

 

The requirement for more than 3 hours sunlight for germination was suggested by 

the distribution of seedlings concentrated in patches having high light levels (Fig. 1.5) 

and confirmed by planting seedlings under various light conditions, where only those 

exposed to more than 4 hours sunlight germinated. Since direct sunlight is associated 

with higher temperatures (Fig. 1.6), it is not known whether seeds respond to high 

temperatures or light levels. However patch quality can be considered as a function of 

light during seedling establishment, and several measures of light intensity and duration 

were tested for association with seedling presence. 

 

Five models of lighting were compared and the best association with seedlings 

was Model 1 (duration of sunlight Ts). This model is based on canopy opening along 

East-West axis, canopy height and slope. More complex models were developed to 

estimate incident light at each 1m x 1m cell within a gap and summarized as mean 

accumulated energy (Model 2 Ieq), and area receiving sufficient light for germination 

(Model 3 AT).  These models performed reasonably well but addition of extra parameters 

did not yield sufficient improvement for model selection. One weakness of Models 2 and 
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3 was the assumption that all canopy openings were ellipse-shaped since many smaller 

openings were irregularly shaped. 

 

Canopy opening shape is accounted for in hemispherical lens images, and 

estimates of direct sunlight (Model 5) had a strong association with seedling presence. 

This model takes account of sunpath across canopy openings to integrate incident light. It 

does not distinguish between upper canopy structure or obstructions from low shrubs 

which introduce error, and canopy photographs would be needed at multiple points 

within each patch to reduce these point errors. In AIC assessment, Model 5 was penalized 

for addition of extra parameters for lens, sun and sky models. Finally, Model 4 provides a 

simple measure of canopy openness, but does not take account of sunpath and so is not 

closely associated with incident light.  

 

All models in this study implicitly include patch area in their measure of patch 

quality.  Other studies may treat area as a separate variable and use density measures of 

patch quality so that care should be taken when comparing these different approaches. 

Models considered here show increases in initial patch quality with larger area leading to 

higher levels of light and temperature, but patch quality declines rapidly through local 

succession processes.  

 

The mean duration of lighting (Ts) in new treefall gaps is 2.6 hours. Since 

germination threshold is about 3 hours, the system is sensitive to small shifts in number 

and distribution of initial light levels as may occur during El Nino cycles, windstorms or 

seismic events. Figure 1.7b shows only a small area of parameter space in which seedling 
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requirements for germination are met when gap lighting is varied, with sharp decreases in 

projected population size when patch quality or seedling tolerances are modified.  

 

Regenerating vegetation becomes denser and taller during the first few years after 

patch formation and then thins out as the canopy closes above. Opportunities for 

Passiflora colonization and growth mainly occur during early stages of succession, and 

then decrease as ground level lighting diminishes. Lighting at ground level drops by 

around 8.1% per year due to increasing height and density of regrowth and by about 

13.3% per year due to canopy closure leading to patch extinction after about 6 years. This 

leaves a very small window for seedling establishment followed by a period of intense 

competition for light among the community of growing plants. The further response of P. 

vitifolia to changing light conditions affects transitions between growing, reproductive 

and dormant plants (Chapter 3). Actual conditions in each patch vary depending on site 

topography, habitat history, and climatic stochasticity.  In regenerating forest which has a 

lower canopy comprised of fast growing deciduous trees (Ochroma, Cecropia), 

understory regrowth tends to be more dense and choked with persistent woody vines such 

as Combretum similar to the stalled gap phase response reported by Schnitzer et. al. 

(2000). Large blow-down events in regenerating forest with 5 – 40 trees exhibited this 

stalled succession response.  Other succession trajectories are observed along streams or 

in landslips, where primary succession occurs on steep slopes with bare earth. Despite 

this range of events leading to canopy loss, only a brief opportunity for seedling 

establishment occurred consistently in any patch, and patch extinction followed rapidly 

from the standpoint of vine recruitment.  
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While patch quality has a major effect on vine distribution, a further limit arises 

from spatial patterns of suitable patches and nearest potential seed source. I found that 

seedlings were likely to occur within a patch containing a reproductive adult, or in 

neighboring patches about 80 – 100m away. Local dispersal was modeled as distance-

dependent with a negative exponential kernel (Dispj =  Σi exp(-dij/r)) and a shape factor of 

r=200m.  Animal dispersal vectors that carried fruit or seeds across short distances could 

generate this dispersal pattern. P. vitifolia fruits are usually within 1.5m of ground level 

and most likely dispersed by terrestrial mammals such as coati-mundi (Nasua nasua 

Procyonidae) or birds (currasow Crax rubra, guan Penelope purpurascens) that forage in 

light gaps (Ulmer and MacDougall 2004).   

 

When both patch quality and dispersal were considered together in a logistic 

regression analysis, patch quality had the most weight as a prediction term with twice as 

great an effect as local dispersal.  These two factors explained most seedling occurrence, 

with only a small weighting for the global dispersal term included for unexplained 

seedlings.  

 

Molecular marker techniques were considered for tracking origins of seedlings 

back to fruit bearing reproductive plants, but the method was not used since P. vitifolia 

zygotes may inherit both nuclear and non-nuclear DNA from either pollen or ovule (A. 

Hansen pers. comm.). This would make it impossible to distinguish between pollination 

and dispersal mechanisms, and so I developed the method followed here to estimate 

dispersal.  
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Seedling establishment is more important for patch colonization than asexual 

growth from dormant plants (5:1 seedling/clone ratio). However this may understate the 

importance of clonal growth which does not require high lighting levels and also provides 

a mechanism for dormancy instead of seed-banks. The compounding effect of low patch 

densities (about 0.5 –3/ha) and stringent germination requirements for patch quality 

resulted in a low density of P.vitifolia. Few patches contained more than 2 or 3 P. 

vitifolia plants at different growth stages and other Passiflora species were even scarcer.  

 

Ephemeral-patch systems form a subset of metapopulation theory in which recent 

developments call for inclusion of patch-dynamics based on suitable or unsuitable 

patches using epidemiological models with Suitable-Infected-Latent-Resistant patch 

networks (Amarasekare and Possingham 2001).  These models indicate that longevity 

and colonization-ability are key life-history attributes enabling persistence in ephemeral-

patch environments. A simplifying assumption of these models is that patch quality 

switches abruptly from suitable to unsuitable, and a more realistic view would include 

continuous distributions of patch quality with utilization functions as shown in this study. 

In other approaches, the incidence function model of metapopulations was extended to 

include variable patch quality, but patch dynamics were not considered (Moilanen and 

Hanski 1998).  A synthesis of metapopulation theory with realistic patch dynamic models 

is needed. A further necessary step would be inclusion of non-linear organism responses 

and life-history strategies.  

 

Many invasive species are weedy denizens of disturbed landscapes, living in 

ephemeral-patch systems. Assessments of threats and potential remedies require 

knowledge of both landscape dynamics and organism life-history traits. Passiflora 
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species have become invasive pests in certain landscapes such as Hawaii (Waage et al. 

1981), but have failed to become established in other areas owing to a range of 

environmental and biotic factors (Baars and Kelly 1996). In addition to widely 

considered factors such as herbivory, pathogens and resource availability, it may also be 

necessary to consider interactions between organisms and their landscapes. I have shown 

the importance of including both patch quality and plant traits when assessing the 

likelihood of colonization in ephemeral patch landscapes.  

 

CONCLUSIONS 

Patch quality dynamics were shown to constrain populations of Passiflora 

vitifolia growing in an ephemeral-patch landscape.  The non-linear germination response 

of P. vitifolia to increasing light restricted vine recruitment to large, early-stage treefall 

gaps. This ephemeral-patch system had a low density of new patches with sufficient 

lighting, which rapidly decreased leaving a small temporal window for seedling 

establishment. Colonization by seed dispersal was constrained by patch quality and 

isolation, while clonal growth of stolons from dormant plants was limited to infrequent 

adjacent patches. These factors place major constraints on colonization of ephemeral 

patches, suggesting that successful colonists either have high fecundity with targeted 

dispersal, or a dormancy phase allowing later colonization of future patches. I suggest 

that more realistic models of ephemeral-patch metapopulations should include 

distributions and transitions of patch quality based on organism requirements rather than 

simple categorical assignments of patch suitability. 
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Chapter 2. Land-use history alters successional canopy dynamics in a 
regenerating Neotropical rainforest. 

 

ABSTRACT 

Predictions of community response following large, infrequent disturbances tend 

to focus on changes in species composition, but an additional consideration is return of 

frequent small-scale disturbances typical of older communities. In this study, a 

regenerating rainforest canopy showed major changes in dynamics during 30 years of 

succession following release from agricultural activity in 1975.  Disturbed areas provided 

a natural experiment in successional dynamics compared to adjacent primary forest, and 

canopy structure was expected to differ according to prior landuse and time since 

disturbance.  Initial regeneration was dominated by an even-aged stand of early 

successional species, with few treefall events until a further turnover after 30 years. This 

turnover consisted of gaps containing 3 – 40 treefalls, significantly different from small-

scale events of older forest which comprise only 1-2 treefalls per gap. Using a 

combination of recent field surveys, Landsat images and aerial photographs since 1960, 

comparisons were made of crown density, crown size, canopy gap density and potential 

open-space habitat.  This study showed that prior landuse altered dynamics of frequent 

small-scale disturbances during succession following this single large deforestation event. 
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INTRODUCTION 

 

Disturbances are critical drivers of community dynamics and may include regular 

small-scale events or large, infrequent disturbances such as deforestation, hurricanes or 

droughts (Turner and Dale 1998). Predictions of community response following large 

infrequent disturbances tend to focus on turnover in species composition, but an 

additional consideration is return of frequent, small disturbances typical of older 

communities (van der Maarel 1993). Many organisms depend on patch dynamics for 

generation of suitable habitat, and these systems may be disrupted by large disturbance 

events. I studied how forest regeneration following release from agricultural activity has 

altered patch dynamics of treefall gaps in a Costa Rican rain forest. Canopy openings 

form critical habitat patches for secondary species such as Passiflora vines, whose 

population dynamics are dependent on canopy disturbances (Gilbert 1991). 

 

Outcomes of large, infrequent disturbances (LIDs) on community structure are 

often considered idiosyncratic since conditions are seldom replicated, but broad patterns 

have emerged across multiple studies (Turner and Dale 1998). Disturbance size, interval, 

duration, priority effects and distribution of residual plants play large roles in succession, 

although community composition is seldom predictable as species differ in their 

responses. Despite pseudoreplication of patterns and structure at the local event scale, 

investigation of patterns and processes following a LID is informative (Turner et al. 

1998).  
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Hierarchical sequences of disturbance and recovery operating at multiple spatial 

and temporal scales drive canopy heterogeneity (Wu and Loucks 1995). In many studies 

of canopy disturbance and recovery, old growth forests are composites of multiple 

regenerating phases that last many centuries (Martinez et al. 1988, Bush and Colinvaux 

1990, Sheil and Burslem 2003). For gap-dwelling organisms, the feature of interest is a 

patch formed by canopy openings, while closed canopy functions as unsuitable 

background matrix (White and Pickett 1985). In old growth forests, small patches are 

created by treefall events and then transform rapidly and close for extended refractory 

periods while, in contrast, recovery after a large disturbance may have large even-aged 

stands of trees showing partially synchronized growth and treefall dynamics for a few 

generations (Iwasa and Kubo 1995). From a patch perspective, large disturbances may 

generate an extensive disturbed area with temporally and spatially correlated 

regeneration. Such patch dynamics may affect plant populations at various life history 

stages in several ways, but the first essential step is colonization of the patch. 

Colonization is constrained by patch density, quality and duration of refractory periods of 

patches, and by food-web interactions with herbivores, pollinators and seed dispersal 

vectors (Gilbert 1980). 

 

Disturbances are followed by recovery phases, and a continuum of recovery 

processes may be a better paradigm than a simple dichotomy of primary and secondary 

succession, since it incorporates a range of trajectories based on the extent of disturbance 

and presence of residuals (Turner and Dale 1998). At one end of the spectrum, primary 

forest is typified by spatially heterogeneous distributions of canopy structure, size, age 

and composition. Nutrient levels may be high in old growth forests but concentrated in 

the canopy, while secondary forests may have low nutrient levels, or nutrient pulses as 
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nitrogen release and fixation occurs (Chandrashekara and Ramakrishnan 1994, Lodge et 

al. 1994). Primary forest seed sources tend to be proximal and mixed, while secondary 

forests may have depleted seed pools, be dominated by wind-blown seeds, and show 

strong edge effects based on distance from old growth seed sources. The classical canopy 

structure of primary forest is separated into layers, with dense upper canopies allowing 

low levels of light into understories. Conversely, secondary forest canopies may be less 

dense, have more broad-leafed or deciduous species, and denser understory growth.  

 

A review of research on recovering forests identified several common trends in 

composition and structure (Chazdon 2003). Severe disturbances of canopies, such as 

windstorms, have relatively short-lived effects on species composition and forest 

structure, while major disturbances that impact both soils and above ground vegetation 

cause delayed recovery of structure and lasting effects on species compositions when 

residuals (surviving plants and seeds) and nutrients are depleted. Consequently, low 

intensity agricultural activity such as slash-burn subsistence farming has a lesser effect 

and more rapid recovery than long-term pastures.  Further predictions from this study 

showed that proximity to old-growth forest enhances recovery as it provides a seed 

source, and that rate of successional recovery is highly dependent on soil type and 

fertility.  

 

Succession differs in several ways between abandoned farmlands and natural 

disturbances (Janzen 1990, Guariguata and Ostertag 2001). These differences are 

accentuated when prior landuse was pastures, or when soil nutrients were depleted. 

Regenerating forests in farmlands are often dominated by pioneer species typical of 

primary succession while recovery from natural disturbances tends to be dominated by 
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residual vegetation. Human impact on faunal dispersers can be influential and wind-

dispersed species often dominate abandoned farmlands.  

 

Although detailed long-term studies are needed to understand mechanisms of 

recovery, few studies of recovering tropical forests have lasted more than a decade 

(Thompson et al. 2001), and the present study will contribute to this field of knowledge. 

 

Metrics of patches: Remote sensing of forest landscapes 

Many metrics have been used for studies of disturbance and recovery in forests 

including vegetative growth, canopy structure, nutrient cycling and composition 

(Chazdon 2003). Here I am interested in landscape effects on Passiflora vine persistence 

and so a relevant measure is the number and size of newly opened patches where these 

vines can establish. Care is needed in terminology to minimize confusion between the 

terms “gap”, “patch” and “treefall”.  Suitable patches occur at ground level within 

treefall events, which create openings or gaps in the canopy (Brokaw 1982). A single gap 

may contain several fallen trees. Since patch creation is closely associated with canopy 

dynamics and landuse activity, I examined several measures of canopy structure to 

understand mechanisms involved in patch creation.  

 

Of the few long-term studies of patch dynamics in tropical forests, many were 

based on plot-sampling of composition and biomass and did not readily reveal spatial 

landscape structure, but remote sensing techniques now offer a means of viewing of these 

patterns (Woodcock et al. 1994, Helmer et al. 2000, Kovacs et al. 2001). Here I used 

remotely sensed images to track changes in canopy structure and estimate patch 

dynamics, including aerial photographs that have high spatial resolution but lack spectral 
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resolution, and Landsat 7 ETM+ images that contain 7 spectral bands but use coarse 30 x 

30m pixels. Other modern products provide higher spatial and spectral resolution but lack 

historic chronosequences and are relatively expensive. I utilized current aerial 

photographs and Landsat images to locate canopy gaps and then performed accuracy 

assessments using ground survey data. Reference spectral signatures were then applied to 

historic images to create a time-series of canopy structure. 

 

Aerial photographs have sufficient spatial resolution to discern individual crowns, 

and when stereo-pairs are used, treefall sites are readily detected as distinct changes in 

canopy height. Metrics of crown size, density and canopy gap density can be derived 

from these photographs but suitable aerial photography surveys are infrequently 

performed in remote tropical regions. In contrast, Landsat images are made during each 

overpass at about 18 day intervals, and are potentially an economic source of time-series 

data.  Two limitations have restricted the use of Landsat images for tropical forest 

studies: 1) cloud cover frequently obscures the scene, and 2) canopy gaps are of similar 

size to 30 x 30m pixels which precludes usual classification procedures.  

 

A recent advancement in remote sensing tools is subpixel analysis where 

materials of interest that are smaller than a pixel can be detected (Leica-Erdas 2001). The 

background spectral components for each pixel are subtracted and the residual spectra are 

compared to a reference signature to determine acceptance or rejection. These reference 

spectra are derived from training pixels known to contain a major fraction of material of 

interest, and are transferable between scenes allowing historic perspectives without the 

need for new reference spectra in each scene.  
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An alternate method for detection of small material fractions requires 

sophisticated in situ spectral measurements of all end-member components (Asner et al. 

2004). Another problem with such methods is the rapid change in reflectance spectra as 

treefall sites transition from bare soil or dead plant material to green plant growth that is 

harder to distinguish from canopy material (Stone and Lefebvre 1998). In forest 

management and conservation applications, techniques are needed to track canopy status 

after initial plant growth has begun. Here I use subpixel analysis in a novel application to 

identify treefall sites after regrowth has commenced, relying on differences in reflectance 

spectra between smaller, darker leaves in the canopy and brighter, herbaceous leaves in 

growing plants. 

  

Questions 

I tested the hypothesis that past landuse contributed to a dynamic landscape with 

distinct patterns and timing of treefall events. Even-aged stands of regenerating forest 

with similar landuse histories are predicted to have partly synchronized canopy events 

during the first few generations of tree growth, while old growth forest would show 

unsynchronized canopy dynamics over the same timeframe. 

 

Effects of prior landuse on regenerating forests have many facets; one of which is 

canopy structure and dynamics. This study is a step towards understanding mechanisms 

driving patch dynamics of gap-dwelling organisms. 
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METHODS 

 

Landuse History 

Corcovado National Park was established in 1975 on the Osa peninsula of Costa 

Rica in a crucial step to protect a remnant of lowland rainforest. At that time more than 

98 settlements were dismantled and forest regeneration commenced. A detailed record of 

agricultural settlements near Sirena is provided in Phillips (1989), and these ranged from 

a few small farms cleared in the 1940’s through to a peak of clearing activity in the 

1970’s (Illustrations 2.3 & 2.4).  Several sites were abandoned and later cleared again 

while others were used for a range of crops including pasture grass, bananas, maize, rice 

and beans. Agricultural use may be associated with soil type or topography since most 

farms were established on flat alluvial sediments along foothills of the ridge system. 

Given the variety of individual landuse histories, it would not be possible to compare the 

effects of specific crops or duration of use, and instead landuse types were consolidated 

to reflect dominant cover at the time of Park creation in 1975 (Illustration 2.1).  Four 

principal categories of landuse were considered: 

 

Old Growth forest: Undisturbed old growth forest, apparently not subjected to 

significant logging or understory clearance during the farming period, (545 ha). 

 

Undercut forest:  This area still had intact canopy, but there was widespread 

clearance of understory trees and saplings in the years prior to park establishment in 

preparation for timber harvest in a practice known as “bosque picado” (Herwitz 1981). 
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Also included are areas such as “monkey woods” (now called “Sirena woods”) which had 

intact canopies but had undergone selective logging for a longer period, (106 ha). 

 

Abandoned farmland: Abandoned mixed-use farmland. Land had been cleared 

and used for a variety of crops for varying periods from 1940 to 1975 (Phillips 1989). 

This category showed substantial shrub and sapling cover in 1980 aerial photographs, 

(224 ha). 

 

Old Pastures & Clearings: These areas had prolonged use as pastures and also 

included an airstrip that was heavily disturbed during construction before being 

abandoned in 1975. Only minor shrub growth was apparent in the 1980 image, 5 years 

after release from farming, (216 ha). 

 

Sources of remotely sensed images 

Panchromatic aerial photographs were obtained from the Instituto Geographica 

and CENAT, Costa Rica, for the years 1960, 1978, 1992, 1999 and 2003. All 

photographs were geo-referenced in Leica Imagine 8.7 using features located with global 

positioning system (GPS) devices during ground surveys.  Stereo pairs were created from 

overlapping images.  

 

Landsat 7 ETM+ images were acquired from 17 Mar 1991, 15 Jan 1998 and 31 

Jan 2001. Images were geo-referenced and processed in Leica Imagine 8.7 and ESRI 

ArcGIS 8.3. 
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Comparison of crown densities using aerial photographs 

Crowns were recognized by continuous texture separated from adjacent crowns 

by shadow lines and ground details (Illustration 2.2).  In some cases crowns incorporate 

multiple trees with tight packing and there may not be a direct correspondence between 

crown density and tree density. 

 

To provide representative samples of canopy patterns in each habitat, six 2ha 

circular sample sites were positioned in each of the 4 habitats (old growth, undercut, 

abandoned farmland, old pastures). For each of the 5 photographs (1960 – 2003) crowns 

were counted within each 2ha circle to estimate mean crown area, density and % open 

space. 

 

Field survey of treefall events and locations 

Surveys of treefalls along transect lines and trails in 2002 and 2003 provided a 

baseline of canopy gap densities in each habitat.  Treefall sites were included within a 

30m buffer from transects with locations recorded by GPS device.  The route included all 

research trails supplemented by closely-spaced transects in 25ha blocks of each forest 

type. Inclusion of transects through areas remote from trails was intended to minimize 

effects of trail disturbance. L.E.Gilbert and research students established these research 

trails in 1979 and I transcribed all historic annotated maps of the trail system into ArcGIS 

during this study. 
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Canopy gap density measurement from aerial photographic stereo images 

Gap sites were detected on each stereo pair of aerial photographs (1960-2003) 

covering the field survey area. Detection accuracy was assessed using the kappa 

coefficient of agreement (Cohen 1960, Congalton 1991) to compare 2003 stereo airphoto 

predictions with field survey results. 

 

Canopy gap density estimate using subpixel analysis of Landsat images 

The spectral reflectances of dense canopy and open gaps are expected to differ 

because of structural and chemical differences in herbaceous new growth and persistent 

canopy leaves. Since gaps are usually smaller than a Landsat pixel (30m x 30m) the 

surrounding canopy overwhelms their reflectance when normal spectral classification 

methods are applied (Boyd et al. 1996). However subpixel analysis allows detection of 

smaller components through use of training pixels known to contain or exclude the 

material of interest. The subpixel module of Leica Imagine 8.7 was used to detect pixels 

containing material similar to training sites identified by field survey. It reports a 

maximum likelihood based measure of goodness for each signature as the Signature 

Evaluation Parameter (SEP), ranked 0 (low) to 1 (high). 

 

Since the most recently available image was from 2001, training sites were 

selected from the set of gaps older than 2 years in the 2003 treefall survey. To minimize 

error caused by this temporal mismatch, only larger gaps were included as training sites. 

Site location errors could also have occurred since a GPS position may lie near the 

junction of several pixels, but only one pixel can be used in the procedure. Furthermore, 

GPS errors of about 10m are typical for readings under forest canopy.  
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An initializing step was added to the usual subpixel method to eliminate training 

sites that made least contribution to the SEP. This step was needed because of the 

temporal mismatch between image date (2001) and survey dates (2002-2003) which may 

have resulted in incorrect identification of some training sites. Five groups of 11 surveyed 

sites were sequentially used as Training and Valid groups and the two best performing 

groups were selected for further use. False sites were selected from pixels known to have 

continuous canopy. One site was sequentially removed from each group and the training 

process was repeated to eliminate poorly performing sites. This step was repeated to 

reduce each group to 8 sites. Optimal spectral signatures were derived from these reduced 

groups and used to project likely treefall sites across the entire scene covering all habitat 

types. Post classification accuracy assessment used non-training pixels to estimate kappa 

coefficient of agreement.  

 

The same spectral signatures were next used to detect gap sites in older Landsat 

images to discern how gap activity changed across years in different habitats. 

Environmental correction was included to allow scene-to-scene compensation for 

atmospheric scattering and water vapor absorption. Tolerance adjustment was required 

during scene-to-scene comparisons, introducing potential error to the process. To 

minimize such error effects, the relative density of gap pixels was used to compare 

treefall activity in each habitat. Post-classification accuracy assessments compared 

performance of gap detection using the 2003 aerial photograph, 2001 Landsat image and 

2002-3 field surveys. 
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Estimate of non-canopy area as habitat for gap-specialists 

The foregoing techniques estimated numbers of canopy gaps in different years but 

a principal concern of this study is the total availability of area at an early stage of 

regrowth, since this is a key requirement for establishment of Passiflora vitifolia and 

similar species (see Chapter One).  P.vitifolia requires open habitat as found in large 

treefall gaps but is inhibited by dense ground level regrowth. Two components of a 

successional landscape may provide suitable habitat, 1) treefalls in established forest, and 

2) areas in initial phase of recovery after release from agriculture. 

 

The contribution to open area from canopy gaps was estimated from the product 

of gap density and mean crown size, while the contribution from abandoned fields was 

estimated from the amount of open space in the crown density samples. 
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RESULTS 

Distinctive successional patterns in canopy dynamics occurred in regenerating 

forests in abandoned farmlands and old pasture habitats, compared to more stable 

patterns in old growth and undercut forest. Prior to 1960, there was minor deforestation 

and most areas showed similar canopy patterns. Corcovado National Park was established 

in 1975 when farms were abandoned and forest regeneration commenced. By 1980, after 

only 5 years of regeneration, clear differences were found in the structure of early forests 

based on prior landuse. The first cohorts of early successional trees senesced after 25 – 30 

years and created a wave of disturbance and gap openings. 

 

Dynamics of crown size and density 

Crown density and average crown size (Fig. 2.1) in Old Growth and Undercut 

forests remained in a close range throughout the study period (20 - 25 crowns/ha, 480 - 

580 m2). In some years, patterns varied slightly, possibly due to classification sampling 

error because of differing quality of airphoto images, or through environmental 

stochasticity. 

 

In Abandoned Farmland forests, crown density doubled in 1980 while crown size 

decreased to approximately 150m2 as shrubs and saplings became established. By 1992 

these shrubs had been replaced by trees with small crowns (~ 400 m2) packed at a slightly 

higher density than Old Growth forest. This cohort of trees formed an even-aged stand of 

mixed early succession species such as Ochroma pyramidale, Cecropia peltata, Apeiba 

tibourbou, Trema micrantha and Luehea seemannii (Herwitz 1981).  Between 1999 and 

2003 many Ochroma began to senesce and fall, but this did not have a large impact on 
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mean crown size or density in samples of this habitat because these were relatively small 

trees that were replaced by others of similar size. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1. Crown density (a) and crown size (b) for period 1960 – 2003, in 4 landuse classes.  No data 
available for period 1960 – 1980. Regeneration commenced in 1975 after Park establishment. OG = Old 
Growth forest, UC = Undercut forest, AF = Abandoned Farmland, PC = Old Pastures & Clearings. Six 2ha 
samples in each habitat. 
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The successional trajectory of Old Pasture & Clearing habitats differed 

considerably from Abandoned Farmlands. Regenerating forest in Old Pastures had a low 

crown density and small crown size (5 crowns/ha, 150m2) in 1980, as expected for large 

open areas with few shrubs and saplings.  Crown density increased by 1992 as the area 

filled with early successional trees dominated by Ochroma. By 2003, the cohort of 

Ochroma had matured and large patches of up to 40 trees fell in blowdown events. 

Subsequent replacement by small saplings has again increased crown density and reduced 

crown sizes. Large blowdown events were more frequent in Old Pastures because there 

were large stands of even-aged Ochroma trees, while Abandoned Farm areas had greater 

species heterogeneity. 
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Figure 2.2. Open space and clearings lacking canopy cover, 1960 – 2003, in 4 landuse classes. OG = 
Old Growth forest, UC = Undercut forest, AF = Abandoned Farmland, PC = Old Pastures & Clearings. Six 
2ha samples in each habitat. 

Open space was measured as the portion of the 2ha sample not covered by tree 

and shrub crowns (Fig 2.2) In 1960 small patches of open space had been cleared for 

farming in Abandoned Farmland and Old Pasture habitats but no appreciable 

regeneration had occurred and so remaining crown sizes were similar to Old Growth 
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forest in all habitats. By 1980, there was a clear distinction between Abandoned 

Farmlands where shrub succession had begun, and Old Pastures & Clearings that were 

still dominated by grass. This changed considerably by 1992 when all areas had some 

degree of tree cover. 

 

Age distribution of treefall sites 

Canopy gaps consistently closed after about 6-7 years (Fig. 2.3). Forest closure 

rates appear to differ between Old Growth and regenerating forests (combined 

Abandoned Farmland and Old Pastures). Old Growth forest shows a linear decrease of 

remaining gaps each year, while regenerating forests have more gaps in the 3-5 year 

range than would be expected. This may be on account of a pulse of widespread 

synchronized treefalls around 1999 among an even-aged cohort of Ochroma that 

dominated early regenerating forest. 
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Figure 2.3. Canopy gap age distribution by landuse class. 2003 field survey results. “Old farms” 
category is a composite of pastures and abandoned farmland, due to low counts in these areas. 
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Canopy gap dynamics 

Since it was difficult to distinguish canopy gaps in regular aerial photographs, I 

used stereo pairs of images to detect treefall sites (Fig. 2.4). Gap densities for Old Growth 

and Undercut forest ranged between 1.2 - 1.5 gaps/ha through the study period. Forests in 

Abandoned Farmland and Old Pastures had gap densities similar to Old Growth forest in 

1960, but gap densities fell to zero in 1980 in the absence of canopy-sized trees. By 1999 

the number of gaps in disturbed areas rose to about 1.0/ha as large even-aged stands of 

Ochroma matured and died.   
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Figure 2.4. Canopy gap densities 1960 – 2003 in 4 landuse classes. OG = Old Growth forest, UC = 
Undercut forest, AF = Abandoned Farmland, PC = Old Pastures & Clearings. Six 2ha samples in each 
habitat. 

Stereo photographs provided surprisingly good representations of canopy 

structure with new treefalls showing clearly when canopy heights were more than 20m. 

Older gaps with regrowth were less well defined. Gaps detected in 2003 stereo images 
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corresponded well to those found during field surveys (Illustration 2.8, 86.3% accuracy, 

0.726 kappa coefficient of agreement, N= 487). 

 

Canopy gap rates must be distinguished from treefall rates.  A single canopy gap 

may include multiple trees in a localized blowdown so that treefall rates may be much 

higher than gap creation rates (Table 2.1).  In 2003, gap creation rates for old farmland 

forests were similar to old growth forest, but treefall rates were double in old farmlands 

because of higher number of trees involved with each gap event. 

 

Table 2.1. Treefall and canopy gap densities. Showing the high rate of treefalls per gap event in 
old farm areas. Treefall events from 2003 field survey; gap densities from stereo aerial 
photographs. Gap creation rates based on mean gap duration 6 yrs. 

Habitat 
 

Treefall 
density 

/ha 

Gap density 
/ha 

 

Treefalls 
/gap 

 

New treefall 
rate /ha/yr

 

New gap 
rate /ha/yr 

 

 
2003 Field 

survey 
2003 Stereo 

photos    

Old Pastures & Clearings 3.57 1.02 3.5 0.58 0.17 

Abandoned Farmland 3.05 1.02 3.0 0.49 0.17 
 
Undercut forest 1.37 1.24 1.1 0.22 0.20 
 
Old growth forest 1.41 1.20 1.2 0.23 0.19 
 

Evaluation of subpixel method for gap detection in Landsat images 

This novel application of subpixel analysis to detect canopy gaps in Landsat 

images performed well, although not as effectively as the more labor intensive analysis of 

aerial photographs.  In the training phase, subpixel analysis had acceptable accuracy 

(0.83) with substantial support (kappa 0.655) when compared to training sites verified in 

a field survey (Table 2.2). Five different groups of training sites were used to derive 
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reference signatures, and converged to 2 spectral signatures that performed at a similar 

level. 

 

Table 2.2. Performance of subpixel analysis for canopy gap detection using training sites. 
Gaps predicted in 2001 Landsat image compared to known sites in 2003 field survey. Training set 
N=76.  

Landsat 
image 

Field 
gaps 

Field 
canopy 

Row 
totals  Category 

Errors of 
Omission

Errors of 
Comm-
ission kappa accuracy 

predicted 
gaps 28 8 36  Gap 0.152 0.222 0.655 0.829 

predicted 
canopy 5 35 40  Canopy 0.186 0.125   

 
Col totals 33 43 76       
 

Following selection of optimal spectral signatures using a restricted training set, 

these signatures were then used to detect gaps across the entire study site (Illustration 

2.12) for post-classification accuracy assessment. The resulting accuracy and kappa 

values were lower (0.80 accuracy, 0.60 kappa) but still acceptable.  A comparative study 

was also performed to evaluate the correspondence between all sources of data: field 

survey, Landsat subpixel, and stereographic airphoto analysis (Table 2.3, Illustration 2.9). 

Accuracy levels were highest between Survey and Stereo airphoto predictions (0.89), and 

were weaker when comparing Airphoto to Landsat (0.77) and Survey to Landsat (0.80).  

 

Classification errors occurred in Landsat images because single gaps overlapped 

and were detected in several neighboring pixels, biasing the apparent number of gaps. 

These results are conservative and a more pleasing result would occur if adjacent Landsat 

pixels were combined manually when they share a gap. Overall, stereo photography 

performed better than subpixel analysis for detection of canopy gaps. However stereo 
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photography is extremely labor intensive and depends on provision of suitable 

photographs at the period of interest. In contrast, subpixel analysis of Landsat images 

allows automated gap detection once a spectral signature has been developed. A 

combined detection strategy was particularly useful when Landsat images were used in 

conjunction with stereographic photographic analysis, allowing targeted search and 

validation of potential canopy gaps in photographs.   

 

Table 2.3. Post-classification comparison of subpixel and stereo photographs for canopy gap 
detection. Comparisons were made between 2001 Landsat image, 2003 stereo photographs & 
2003 field survey. Samples from entire survey area, N= 448. 

 

 
Field  
gaps 

Field 
canopy 

row 
totals  Category

Errors 
Omission

Errors 
Commission kappa Accuracy

subpixel 
gap 178 23 201  Gap 0.28 0.11 0.60 0.80 

subpixel 
canopy 68 179 247  Canopy 0.11 0.28   

col totals 246 202 448       
          

 
Stereo 
gaps 

Stereo 
canopy 

row 
totals  Category

Errors 
Omission

Errors 
Commission kappa Accuracy

subpixel 
gap 153 48 201  Gap 0.26 0.24 0.55 0.77 

subpixel 
canopy 53 194 247  Canopy 0.20 0.21   

col totals 206 242 448       
          

 
Field 
gaps 

Field 
canopy 

row 
totals  Category

Errors 
Omission

Errors 
Commission kappa Accuracy

Stereo 
 gaps 201 5 206  Gap 0.18 0.02 0.78 0.89 
stereo 

canopy 45 197 242  Canopy 0.02 0.19   
col totals 246 202 448       
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Gap detection in older Landsat images 

The best performing spectral signatures derived from the 2001 Landsat image 

were used to classify 1991 and 1998 images to provide a complementary perspective on 

succession to that available from aerial photographs (Illustrations 2.10 – 2.12).  Since the 

number of pixels detected in each image was adjusted by a tolerance factor during 

processing, relative counts of gap density in each habitat are more meaningful than 

absolute counts (Fig. 2.5).  

 

Between 1991 and 2001, gap density increased in Abandoned Farmland and Old 

Pasture& Clearing classes. Activity in Old Pasture forests peaked in 1998 corresponding 

to the activity noted in aerial photographs. Gap density in Undercut forest was 

consistently higher than Old Growth forest, possibly as a result of prior disturbance, and 

this pattern corresponds to the results of aerial photographic interpretation (Fig. 2.4). 
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Figure 2.5. Gap density dynamics in 4 landuse classes, 1991 – 2001. Gap densities relative to Old 
Growth forest detected with subpixel analysis using 2001 spectral signature. OG = Old Growth forest, UC 
= Undercut forest, AF = Abandoned Farmland, PC = Old Pastures & Clearings. 
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Estimate of non-canopy area as habitat for gap-specialists 

Use of multiple data sources provided support for interpretation of historic 

images, enabling a richer understanding of succession processes. Analyses of field 

surveys, air photographs and Landsat images were consolidated to estimate how open 

canopy area varies during forest succession, resulting in changes to habitat availability 

for gap specialist vines. 

 

               

0

20

40

60

80

100

1950 1960 1970 1980 1990 2000 2010

year

%
 n

on
-c

an
op

y 
(o

pe
n 

fa
rm

s 
+ 

ga
ps

)

uc
af
og
pc

 

Figure 2.6. Amount of non-canopy area available for gap specialist organisms, 1960 – 2003 in 4 
landuse classes. OG = Old Growth forest, UC = Undercut forest, AF = Abandoned Farmland, PC = Old 
Pastures & Clearings.  

 

The amount of non-canopy habitat was estimated by summing areas of recent 

farm clearings and canopy gaps (Fig. 2.6). This metric is expected to show the 

approximate area available for establishment of Passiflora vitifolia, a gap-specialist vine. 

About 8% of Old Growth and Undercut forest is recognizable as open canopy in all 
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years. Open space peaked at about 20% in Abandoned Farmland habitat in 1980, 

although it may have been much higher in 1975 when farms were abandoned. By 1992 

there were no open farm clearings and few treefalls in Abandoned Farmland areas as it 

was dominated by even-aged stands of early succession tree species, but by 2003 the 

open canopy space had reached about 12% with increased treefall activity. A similar 

pattern holds for the Old Pasture & Clearing class, except the 1980 image still shows 

considerable open area as recovery had lagged comparable areas of Abandoned 

Farmland. 
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DISCUSSION 

This study showed that canopy dynamics varied considerably during forest 

recovery depending on prior landuse. Deforestation and regeneration comprised a single 

large-scale disturbance that regulated subsequent small-scale canopy disturbances, both 

in timing and spatial extent. Initial regeneration of old pastures was dominated by an 

even-aged stand of early successional species, with few treefall events until a further 

turnover after 25 years. This phase included canopy gaps containing 3 – 40 treefalls; 

considerably different from small-scale events in older forest with 1-2 treefalls per gap. 

Viewed from the standpoint of hierarchical patch dynamics (Wu and Loucks 1995), this 

system demonstrates the interplay of disturbance – recovery cycles occurring at two 

different scales. The single, large-sized agricultural episode had effects lasting at least 25 

years on the frequent, small-sized canopy disturbances that form critical habitat patches 

for gap-specialist organisms, and the degree of these effects differed according to the 

prior landuse. 

 

Old growth forest structure was consistent across the 30-year period with crown 

densities of 20 - 24/ha, crown size 480 - 580 m2 and a turnover rate of 0.23 gaps/ha/year. 

Gap densities were 1.38 gaps/ha and gap duration was 6-7 years, which implies a 

replacement period of about 83 - 98 years. These parameters are similar to those reported 

in other studies (Brokaw 1982, Martinez et al. 1988) although the Sirena turnover rate is 

slightly higher and replacement period slightly shorter. This may be an accurate 

reflection of the effect of steep slopes in some areas, or may be measurement error. The 

overall age structure of trees is likely to be Poisson distributed, and this replacement rate 

of 83-98 years does not account for the rare, large emergent trees that may be several 
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hundred years old and are not detected in short-term studies of canopy gaps. The shorter 

generation time of early successional species dominates mean turnover rate. Seasonal 

weather patterns may also play a role in limiting the longevity of trees since there are 

occasional ENSO sequences of hot, dry spells followed by heavy rainfall and wind 

storms (L.E. Gilbert pers. comm.). 

 

Regeneration of abandoned farmlands began with dense shrub growth for 5 years 

followed by full canopy development around year 17 with little treefall activity during 

this development stage. These forests comprised a mix of early succession trees (e.g. 

Ochroma, Cecropia, Luehea, Trema, Apeiba) that began to senesce and fall after year 23, 

with treefall rates 2-3 times greater than old growth forest.  

 

Old pastures and clearings followed a similar pattern to abandoned farmlands but 

forest development lagged by about 10 years. These areas had been under pasture for up 

to 30 years or had major disturbance of soil immediately prior to creation of the Park, 

such as a temporary airstrip that was built and abandoned in 1975. Both abandoned 

farmland and pasture & clearing fragments had similar sizes and distance from old 

growth forests, so seedling dispersal seems to have played less of a role in this difference 

than depletion of seedbanks and nutrients. Other studies have shown that increased 

landuse reduces seedbanks, where pastures that were heavily disturbed by repeated fire, 

tilling or overgrazing or used for more than 10 years underwent delayed recovery 

(Guariguata and Ostertag 2001). Here I found that large expanses of Ochroma dominated 

the old pasture canopy in 1992 and 1999 but had decreased by 2003. While this was a 

similar pattern to regeneration of abandoned farmlands, the dominance of Ochroma was 

more pronounced in old pastures & clearings. This monodominant canopy resulted from 
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even-aged stands of Ochroma maturing simultaneously and falling after 1999, often in 

large patches with up to 40 fallen trees.  Ochroma is wind dispersed and can readily 

colonize large clearings where seedbanks may be depleted and animal seed vectors are 

scarce.  

 

Most studies of abandoned lands show that recovery of forest structure, soil 

nutrients and species richness occurs faster than recovery of species composition (Aide et 

al. 2000). Species richness remained low in secondary forest even after forest structure 

had recovered in one study of forest recovery (Guariguata et al. 1997). Generally, early 

succession species dominate early stages of post-agricultural recovery, while residual 

plants dominate after most natural disturbances (Chazdon 2003). This pattern was 

apparent in the present study aside from landslips where early succession communities 

dominate. 

 

The direct impact of logging was not tested here since all logged land was also 

used for agriculture, even if only briefly. However, large areas of undercut forest had 

been cleared of understory (“bosque picado”) in the year prior to Park establishment in 

anticipation of felling the canopy the following year (Herwitz 1981). While there was 

little immediate impact on the canopy, this activity may be similar to selective logging 

that leaves trees more vulnerable to subsequent disturbance and disease (Uhl and 

Kaufman 1990). In this study, undercut forests had a 10% higher rate of canopy gap 

activity compared to old growth forest and this difference may be attributed to this 

disturbance. Long-term consequences of sapling and liana removal have yet to be studied. 

Low intensity selective logging has been recommended as a sustainable harvest method 

because it is expected to have similar impacts to natural disturbances (Hartshorn 1995).   
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Open canopy area was estimated for each forest class during succession to assess 

habitat availability for gap specialist species such as Passiflora. Old growth and undercut 

forests had about 8% open space at all times created by treefalls, blowdowns and 

landslips. Abandoned farmland forest openings peaked at about 90% in 1975 when 

agriculture ceased, then fell to 1% in 1991 and rose again to 12% in 2003 with partially 

synchronized senescence of even-aged Ochroma. Open canopy in pastures & clearings 

peaked in 1980 at over 90% and then followed a pattern similar to abandoned farmland 

forest, falling to 5% in 1991 and rising to 12% in 2003. Although abandoned farmland 

forest had higher levels of open canopy in 2003, this did not translate to increased 

Passiflora vine recruitment owing to dispersal limitation and dense understory 

competition for light.   

 

The presence of canopy openings as detected by remote sensing does not provide 

a complete picture of forest structure since species composition, gap density and 

understory components are not evaluated. However, remote sensing does provide a 

reasonable initial assessment of canopy dynamics in successional forests. Studies of 

conservation based forest restoration usually measure return of forest structure and tree 

composition (Aide et al. 2000), but should also consider return of biological structure 

such as foodweb interactions, nutrient cycling and landscape processes.  Recovery of 

canopy dynamics is a critical first step in ecosystem processes of nutrient cycling, 

biomass accumulation and patch dynamic processes. While initial restoration of the 

canopy may occur within 25 years after release from agriculture, recovery of species 

diversity and function could take hundreds of years (Zimmerman et al. 1995). 
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As an example of the cascade effects of landscape processes, the abundances of 

Heliconius butterflies and their Passiflora vine hostplants declined to one-tenth between 

1980 and 2003. With closure of large expanses of secondary growth since 1980, 

Heliconius densities declined markedly and are now at levels similar to surrounding old 

growth forest (L.E.Gilbert & R.M.Plowes, unpubl.). A similar effect is expected to occur 

in other species dependent on ephemeral forest patches. 

 

This study included the first account of subpixel analysis for canopy gap 

detection. The method provided satisfactory results (post-classification 80% accuracy, 

60% kappa agreement) but was outperformed by gap detection in stereo aerial 

photographs (89% accuracy, 78% kappa agreement). Weaknesses of subpixel analysis are 

1) over-counting of neighboring pixels when a single gap event overlaps adjacent pixels, 

2) the need for a subjective tolerance factor when transferring signatures between scenes, 

and 3) extensive cloudiness in tropical scenes. Benefits of the method are 1) rapid means 

of distinguishing canopy gaps, 2) transferable signatures between scenes, and 3) 

availability and low cost of images. When subpixel detection is used in conjunction with 

aerial photographs, a high likelihood of accuracy is possible since potential gap sites can 

be identified spectrally and then confirmed using visible canopy features.   
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CONCLUSION 

 

In old growth forests, canopy structure is punctuated by frequent, small-sized 

openings that provide critical habitat for gap-specialist organisms. I found that 

agricultural and logging activity created a large disturbance event that disrupted canopy 

structure and dynamics across a larger temporal and spatial scale. Prior landuse gave rise 

to distinct canopy dynamics during forest recovery. Initial forest growth following release 

from agriculture was dominated by even-aged stands of early successional species. 

However in more heavily disturbed areas such as pastures, the rate of regeneration was 

slower and composition was dominated by wind-dispersed species such as Ochroma. The 

first cohorts of early successional trees senesced after 25 – 30 years and created a further 

wave of disturbance and gap openings. A further type of landuse was understory 

clearance, and this caused a 10% increase in treefall activity. 

 

Remote sensing methods were effective for quantifying canopy dynamics. Stereo 

aerial photography performed well but is expensive and time consuming. In contrast, gap 

detection by subpixel analysis of Landsat images performed reasonably well (80% 

accuracy, 60% kappa agreement) and has benefits of rapid processing and transferable 

signatures between scenes. Subpixel detection of gaps should be useful for applications in 

forest management, conservation and landscape ecology. 
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Chapter 3. Persistence of ephemeral-patch metapopulations depends on 
life history attributes and patch dynamics. 

ABSTRACT 

Persistence of populations in patchy landscapes is a central problem in ecology, 

especially when populations occur at low densities and patches are ephemeral. While 

recent theoretical work on metapopulations with patch dynamics has begun to address 

these issues, the role of life history traits in persistence has been little studied. I asked 

what life history strategies are used by a group of Passiflora species that occur in 

transient forest gaps in Corcovado National Park, Costa Rica. Congeneric Passiflora 

species exhibited a range of dormancy or dispersal strategies, but abundance was not 

associated with any particular strategy. Demographics of P. vitifolia differed in old 

growth and regenerating forests, with decreased colonization events in 30 year old 

regenerating forests. 

 

To incorporate patch dynamics in the analysis, I created a spatially-explicit 

individual-based model of both treefall gap dynamics and Passiflora population 

dynamics. Plant types with a dormancy phase had a greater suite of responses because 

plants persist after patches undergo succession with potential to contribute later through 

both sexual and asexual dispersal. Clonal growth played a major role depending on 

regrowth ability and inter-patch distances. Plants that relied only on high dispersal and 

lacked dormancy did not show such positive density feedback, and were prone to 

extinction in landscapes where dormancy specialists persisted. This approach of jointly 

analyzing spatially explicit patch parameters and life history traits offers a comprehensive 

framework for further understanding effects of patch dynamics on populations. 
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INTRODUCTION 

 

Persistence of populations in patchy landscapes is a central problem in ecology, 

especially when populations occur at very low densities. This problem is compounded 

when the patches are ephemeral and undergo rapid turnover through changes in patch 

quality.  Simplifying assumptions of classical metapopulation theory do not adequately 

deal with these systems, and spatially explicit approaches are needed to fully describe the 

dynamics.  Recent theoretical work on populations with rapid or successional patch 

dynamics has begun to address some issues (Johnson 2000, Amarasekare and 

Possingham 2001, Ellner and Fussman 2003, Hastings 2003, Ovaskainen and Hanski 

2004), but the role of life history traits and strategies in persistence of such populations 

has seldom been addressed (Horvitz and Schemske 1986).  

 

Several important ecological systems have rapid patch dynamics including 

tropical forest treefall gaps, fire controlled systems, and arid deserts with patchy rainfall.  

In such cases, populations may exhibit strategies of rapid growth, intense reproduction 

and wide dispersal (dispersal in space), or have dormant life history stages (dispersal in 

time) (Venable and Lawlor 1980).  These characteristics are often associated with 

invasive species, and conservation management is concerned with determining how plant 

traits are associated with landscape opportunities (Alpert et al. 2000). Other applications 

that consider the interplay of spatial dynamics and life history properties on population 

and community responses include persistence in fragmented landscapes (Hanski 1998), 

population genetics (Silvertown and Antonovics 2002), epidemiology (Elliot et al. 2000) 

and foodweb function (Holt 2002). 
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Strategies such as dormancy or dispersal are the outcome of underlying traits and 

properties such as dispersal capacity, seed output, germination requirements and 

dormancy thresholds. These properties have direct consequences for transition 

probabilities between life stages, and result in phenotypic differences between and within 

species in different environments. To understand how life stage transitions may affect 

persistence, techniques of sensitivity and elasticity analyses have been used (Caswell 

2001), but they do not explicitly address impacts of spatial complexity.  Demographic 

methods have been extended using mega-matrices to include situations where transition 

probabilities may change depending on landscape processes such as succession 

(Pascarella and Horvitz 1998).  In this study I propose a comparable approach, but in a 

spatially explicit context. This allows consideration of patch creation rate, refractory 

period, quality dynamics, patch patterns and habitat fragment shape along with life 

history traits. 

 

Recent attempts to categorize plant functional types have used ordinations of 

physical traits and demographic attributes to identify key functional axes and clusters of 

plant types.  Grime (1974) proposed the CRS (competitive, ruderal, stress-tolerant) model 

and later this was supported by experimental verification (Grime et al. 1997). One axis of 

Grime’s PCA analysis links the length of life-cycles and timing of reproduction to 

durational stability of habitat, as predicted by r-K theory. The other axis shows trade-offs 

in resource acquisition, growth and differentiation (Herms and Mattson 1992) which are 

associated with defense and apparency (Feeny 1976). These two axes are similar to those 

later proposed by Southwood (1977) to explain life history constraints, namely durational 

stability of habitats, and resource constancy. CRS theory has been criticized as being 
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over-simplified, not providing consistent results, and being difficult to test, but is still 

regarded as an important theory in plant community ecology (Wilson and Lee 2000). 

 

Another approach to classification of functional types uses only demographic 

measures of growth, survival and fecundity derived from elasticity analyses of life tables 

(Silvertown et al. 1993, Franco and Silvertown 2004). No physical attributes are included 

in this ordination, but it is effective in segregating functional groups for comparative 

studies. Elasticity is defined as the proportional response of λ (finite rate of increase) to a 

proportional perturbation of a life history transition (Caswell 2001). A criticism of 

elasticity analyses has been that matrix elements are compounds of underlying vital rates 

of Survival, Growth and Fecundity, but recent work has allowed decomposition into these 

basic vital rates (Appendix 4) (Franco and Silvertown 2004). A further criticism 

concerned the impact of changing the number of life stages, but this also falls away when 

transitions are fully decomposed to underlying vital rates. Life history strategies may best 

be inferred by consideration of both transition matrix elements and elasticity analysis. 

 

Life history theory proposes that dormancy is a bet-hedging strategy enabling an 

organism to sample the environment across time, while dispersal strategies allow rapid 

sampling of space (Stearns 1976). In tropical forests where patch quality changes rapidly, 

Passiflora species are found across this dispersal-dormancy spectrum, ranging from 

herbaceous dispersal specialists to hardy dormancy specialists. All Passiflora species 

depend on light gaps for germination and growth and so do not fall into the conventional 

dichotomy of heliophilic gap-specialist vs. understory shade-tolerant plants, often used to 

typify forest plants. While these Passiflora species can be broadly compared using such 

models, considerable differences in abundances of similar sympatric species imply that a 
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more sophisticated approach is needed to explain how life history properties translate into 

persistence in a spatially complex setting.  

 

Analytic models of metapopulations provide useful “rules of thumb” and 

generalized statements about parameter relationships, but do not yet incorporate spatial 

dynamics (Etienne and Nagelklerk 2002).  Many analytic models are based on 

epidemiological patch models with simplified classifications of occupied or vacant, and 

susceptible or infected patches (Amarasekare and Possingham 2001, Ellner and Fussman 

2003). Such models preclude tests of response to variation in patch quality, spatial effects 

and environmental stochasticity, and usually only consider an abbreviated range of life 

history variables such as colonization and extinction rates.  These integrated models of 

patch dynamics and metapopulation theory have emphasized the importance of the 

distribution of stage durations, the duration of refractory periods between patch events 

(Johnson 2000, Ellner and Fussman 2003), and the contribution of dormant stages 

(Amarasekare and Possingham 2001).   

 

Here, I develop a spatially-explicit individual-based model to explore the 

dynamics of a tropical forest system (Gratzer et al. 2004), where treefall gaps provide 

ephemeral patches for Passiflora vines.  This two-tiered stochastic model of patches and 

plant populations simulates effects of key landscape parameters such as rates of gap 

creation, succession, patch quality, refractory period and spatial pattern with life history 

traits such as colonization rates, dispersal, dormancy, growth and reproduction. Two 

interacting dynamic systems are expected to show non-linear responses for some 

parameter combinations. 
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Questions 

Demographic patterns using non-spatial methods  

First I compared field populations of Passiflora using non-spatial demographic methods 

to describe important trends in life history strategies. I asked whether intra-specific 

differences occurred in elasticities of vital rates between P. vitifolia populations located 

in two forest habitats of differing successional stages. Densities of P. vitifolia are higher 

in regenerating forests but these may be relics remaining from the initial phase of 

secondary growth, or may still constitute actively growing populations.  

 

 Next I compare traits of congeneric Passiflora species and ask whether dormancy or 

dispersal specialists fared better in this ephemeral patch system. While many factors 

regulate population success, other studies of ephemeral patch networks have emphasized 

the importance of colonization and storage processes associated with dispersal and 

dormancy (Amarasekare and Possingham 2001, Ellner and Fussman 2003). 

 

Effects of patch dynamics on dispersal or dormancy strategists   

Using a spatially-explicit simulation model, I ask how changes in landscape 

parameters of patch quality, spatial distribution, disturbance and succession rates affect 

plant types, based on their strategies of dormancy or dispersal. Dispersal specialists are 

expected to do better in habitats with high connectivity (high patch density, high patch 

creation rates), while plants with dormancy strategies are expected to do better in habitats 

with slow turnover rates (low patch density, and long refractory periods). Since the model 

includes dynamics of two systems, non-linear population responses may arise. Some 

combinations of life history properties and landscape parameters may lead to runaway 
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growth or extinction of vine populations across small portions of parameter space near 

critical landscape connectivity.   

 

 Effects of life history strategies in different forest regimes 

The converse question was how changes in life history properties, such as 

dispersal, survivorship or transition rates, affect population outcomes in two landscape 

regimes.  Dormant strategists are expected to be sensitive to changes in clonal growth 

rate, survivorship of mature and dormant plants, and transition rates from mature to 

dormant stages.  Dispersal strategists are predicted to be sensitive to rate changes in 

reproduction and seedling establishment. Both types are expected to be sensitive to 

lighting thresholds required for seedling establishment. 
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METHODS 

 

Description of rainforest and Passiflora system 

Nine species of Passiflora vines occur in lowland rainforests near Sirena 

Biological Station in Corcovado National Park, Costa Rica, where they depend on 

ephemeral treefall gaps for seedling recruitment.  For Passiflora vitifolia seedlings, patch 

quality is determined by the duration of direct lighting at ground level, which in turn 

depends strongly on patch area. Seed germination requires more than 3 hours/day of 

direct sunlight, possibly as a thermal stimulus, while high lighting levels promote 

subsequent growth. Patch quality subsequently decreases due to canopy closure (about 

13% per year) and understory regrowth (about 8% per year) (Chapter One).  These 

Passiflora populations do not fall clearly under the strict definition of a metapopulation 

since pollination and dispersal frequently occur between patches, and they can be 

classified as large spatially structured local populations (Freckleton and Watkinson 

2002). However, I follow a broader metapopulation definition that has been expanded to 

embrace a spectrum of structures with spatial dynamics to facilitate a wider 

understanding of natural systems (Holyoak and Ray 1999). 

 

Transition probabilities between life history stages were estimated empirically 

from field surveys conducted in 2002 and 2003. Passiflora vitifolia was 4 times more 

common than any other species and therefore selected as a focal species for the study, 

although data was collected for all species (Appendix 5).  The status of over 165 P. 

vitifolia vines was recorded in over 500 treefall sites to provide population projection 

matrices containing transition rates between life stages. Plants were assigned life stages 
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of seedling, growing, mature, dormant and regrowing classes (Fig. 3.1) based on size, 

growth and reproductive stage (Table 3.1). 

 

Much of the forest around Sirena Biological Station is undergoing regeneration 

following release from agriculture in 1975, at which time successional areas contained 

high densities of Passiflora (Chapter 2). A substantial decline in density occurred in 

subsequent years, leading to questions about processes and properties of this system. 

 

Non-spatial demographic analysis of empirical data 

To examine intra-specific differences in life stage transitions between P. vitifolia 

populations located in old growth and regenerating forests, I conducted a one-way life 

table response experiment with 2 treatments (Caswell 2001). This technique highlights 

which life table transition elements have the greatest contributions to change in λ (finite 

rate of increase) when comparing habitats. I also tested whether realized fecundity in P. 

vitifolia differed between old growth and regenerating forests using a general linear 

model of seedling and mature plants. 

 

I compared inter-specific differences in life history strategies using ratios of 

seedlings and dormant plants, and comparisons of sums of elasticities in dormant and 

dispersal phases of each species (Fig. 1.1). I also tested for possible correlation between 

dormancy phase elasticity and population abundance to determine whether abundance 

was associated with either dormancy or dispersal strategies. For rare species with low 

counts in transition matrices, missing rates were estimated from comparable common 

species (Appendix 5). Only P. vitifolia was sufficiently common to allow detailed 
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analysis and comparisons between habitats. Trends for other species must be considered 

with care. 

 

Further comparisons between species were made using elasticities of vital rates 

(Fecundity, Growth and Stasis, FGS). These elasticities were estimated by decomposition 

of transition element elasticities, as described in Appendix 4 (Franco and Silvertown 

2004). Ordination of each species in FGS elasticity space allowed comparison of vital 

rates and inference of life history strategies when assessed along with original transition 

matrices. 

 

Spatially-explicit model structure 

To test effects of patch dynamics and life history traits on vine persistence, I 

developed a spatially-explicit individual-based (SEIB) model. There has been a recent 

shift to SEIB forest models since they allow simulation of neighborhood interactions 

between individuals (such as clonal growth), and direct application of field measured 

parameters (Pacala et al. 1996, Chave 1999, Gratzer et al. 2004). Use of field-based 

distribution functions for parameters such as transitions in life stages, patch quality, 

creation and closure, provides a flexible stochastic modeling environment.  However, the 

inherent complexity of SEIB models has been criticized since it is difficult to compare 

results between models (Grimm 1999). 

 

In these simulation models, individual patches and their resident vines are 

randomly generated and then tracked through time, using a markov process with 

transition rules for both patches and vines. Patch creation occurs at random locations at a 

minimum separation from other patches. Creation rates and initial patch quality are 
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modeled with Normal distributions. Patch size is incorporated into the quality measure. In 

each subsequent time step, patch quality is reduced by a fixed percentage. Once a patch 

becomes empty and falls below a threshold quality level for colonization, then that site 

enters a refractory period corresponding to the minimum expected recovery time before a 

subsequent gap event. 

 

Colonization of patches by vines depended on a combination of dispersal pressure 

and patch quality.  The odds of colonization are Odds = exp(A).exp(B.T).exp(C.S), where 

A, B & C are empirical coefficients.  The first term exp(A) represents global dispersal 

pressure which acts uniformly across the landscape. T is patch quality (duration of direct 

sunlight). Local dispersal S is estimated from contributions of all reproductive plants at 

distances dj from the patch, S = Σj(exp(-dj/r), where coefficient r controls the shape of the 

dispersal kernel.  In this model, fecundity is not stated explicitly but is incorporated into 

the likelihood of colonization through the coefficients A, B & C. 

 

Once a vine has colonized a patch, its status changes each year based on transition 

probabilities associated with current patch quality, not taking account of any density 

dependent feedback. Transition probabilities are adjusted for categories of high, medium 

and low patch quality. Additional plants may establish in the same patch. Vines in the 

mature life stage contribute towards local dispersal pressure S for other patches. If a new 

patch occurs adjacent to an occupied patch, then the new patch may be colonized by 

clonal vegetative growth. 

 

After each time step, counts are recorded of all life stages, transitions and gap 

status (quality and occupancy).  The model is typically run for 500 year time steps, with 
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10 repetitions. The mean count of the last 50 years of each repetition is used for 

comparisons between treatments.  

 

Experimental design of simulations   

To distinguish the relative importance of potential regulating factors, two 

hypothetical situations were explored.  First, responses of 3 model vines (dispersal, 

dormant and generalist types) were compared in a single landscape structure, with each 

landscape parameter varied independently.  Second, the response of a single vine with 

generalist traits (P. vitifolia) was compared in two landscape structures, with vine 

parameters varied separately.  These simulations are somewhat alike to a field situation of 

3 vine species encountered in a forest, followed by a comparison of one species occurring 

in 2 habitats.  For each experiment, I varied the parameter of interest, holding others 

constant.  This may not reflect the natural ability of plants, since plasticity and trade-offs 

are expected, but the sensitivity and patterns of response functions may show which 

parameters are likely to have the greatest effects. The initial parameters for vines and 

forest types were based on empirical work (Appendices 3.1 and 3.3). 

 

Effects of patch dynamics on dispersal or dormancy strategists   

These simulations tested how landscape parameters of patch quality, spatial 

distribution, disturbance and succession rates affected vine populations.  Responses of 3 

model species are described for a range of landscape and patch regimes (Appendix 3).  

1) Dispersal specialists, short-lived with no dormant stage (similar to P. lobata). 

2) Dormant specialists with low fecundity (weak dispersal) and high dormancy 

(similar to P. pittieri).  
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3) Generalist types exploiting both dormant and dispersal stages (similar to P. 

vitifolia). 

Parameters tested 

Patch creation rate, to assess impact of disturbance frequency. 

Succession rate, to simulate canopy closure and understory regrowth. 

Initial patch quality distribution, based on gap size. 

Refractory period of inactivity between successive patch events. 

Spatial arrangement: separation between patches. 

Spatial arrangement: fragment shape and size.   

 

Effects of life history strategies in different forest regimes 

This simulation experiment tested how changes in life history properties such as 

colonization rates, survivorship and transition sensitivities affected populations when 

patch dynamics were held constant.  Vine parameters were based on P. vitifolia and 

scenarios included two forest types (Appendix 3): 

1) Old growth (Primary) forest with low disturbance and succession rates, long 

refractory period. 

2) Disturbed (Secondary) forest with high disturbance and succession rates, short 

refractory period. 

Parameters tested 

Seedling establishment by global dispersal. 

Dispersal kernel shape for local dispersal. 

Local dispersal and per capita colonization rate. 

Tolerance to patch quality. 
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Colonization by clonal growth. 

 

Transition probabilities: The sensitivity of life stage transition was examined in 2 

landscape regimes.  Raw entries in the life tables were varied by 0, ±10 & ±20%, and 

transition probabilities were recalculated for that simulation. This approach differs from a 

life table sensitivity or elasticity analysis since these simulated perturbations occur at the 

level of the life table entries. 

 

Clonal growth transitions (dormant - regrowth, regrowth – mature). 

Survivorship of mature plants (mature-mature). 

Transition of mature plants to dormancy (mature-dormant). 

Survivorship of dormant plants  (dormant-dormant). 
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RESULTS 

A. Non-spatial demographic analysis – empirical results 

The life-cycle model of Figure 3.1 shows observed pathways for P. vitifolia with 

associated elasticity values for each transition derived from field observations in 2002-

2003.  Several other transitions are potentially possible, but were not observed and are 

omitted from the model.  Since no seedbank was found, a single transition event is 

assumed from mature fruiting plant to seedling in a given year.  

Table 3.1. Life stage assignments for Passiflora. Stages were based on size and growth status. 

 
Symbol 

 

 
Life stage 

 
Size 

 
Growth 
 

s Seedling  (first year) Height < 2m.  
Basal dia < 5 mm 

Growth from seed. New roots, 
herbaceous 

g Growing  (pre-reproductive) 2 – 5m height.  
Basal dia 5- 10 mm 

Usually herbaceous, no 
flowers. 

m Mature    (reproductive) Height > 5m.  
Basal dia > 10 mm 

Woody basal stem. Flowers or 
fruits. Active leaf shoots. 

d Dormant  (non – reproductive) Same as Mature Woody basal stem. No 
flowers. Few if any leaf shoots 

r Regrowth (non- reproductive) Same as Mature Woody basal stem. No 
flowers. New, active leaf 
shoots. 

Figure 3.1. Life cycle models for P. vitifolia in 2 habitats. a) regenerating forest  b) old growth forest. 
Elasticities shown for each transition, red= dispersal phase, blue= dormant phase. Elasticities sum to 1. 
Derived from field observations of transitions 2002-2003.   
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Comparison of P. vitifolia in old growth and regenerating forests 

Populations of P. vitifolia growing in regenerating forest had a lower realized 

fecundity than populations in old growth forest (Table 3.2). The low fecundity in 

regenerating forest appears at odds with the large pool of actively flowering mature 

plants with viable seeds in that habitat. Apparent success in flowering did not translate to 

improved seedling recruitment in regenerating forests, probably because patch 

availability or quality was low in that habitat.  The understory of regenerating forest has a 

different composition and is denser than adjacent primary forest where less light 

penetrates the canopy. New gaps in regenerating forest often commence with residual 

dense undergrowth and are quickly filled by weedy species such as Aphelandra. 

 

 

Table 3.2. Realized fecundity in two habitats. GLM with no intercept: y=24*OldGrowth-
14*Regen.  t = 4.25, p = 0.051. 

 

Forest type No. seedlings (2002,2003) No. mature (2002,2003) 

old growth 10, 9 14, 14 

regenerating 2, 6 22, 26 

 

  Underlying differences between populations in these two habitats (Table 3.3) 

arose from lower fecundity and higher contribution of mature-mature transitions in 

regenerating forest populations.  
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Table 3.3. Life table response experiment. Comparison of old growth (reference) and 
regenerating forest populations of P. vitifolia. Contribution matrix shows effects of vital rates on 
λ due to different habitats.  

 

 
 
Seedling 02 

 
Growing 02 

 
Mature 02 

 
Dormant 02 

 
Regrowth 02 

Seedling 03 0 0 -0.075 0 0 

Growing 03 0 -0.005 0 0 0 

Mature 03 0 -0.009 0.064 0 0 

Dormant 03 0 0 -0.012 0.012 0 

Regrowth 03 0 0 0 -0.029 0 

 

 

Comparative demography of 9 Passiflora species 

The Passiflora community exhibits a range of strategies across the dormant – 

dispersal spectrum (Fig. 3.2), but their abundance in the community is not correlated with 

their elasticity assignments (Fig 3.3a, r2=0.28).  Two species are clearly dispersal 

strategists (P. quadrangularis & P. lobata), while P. pittieri and P. menispermifolia show 

strong dormancy tendencies.  

 

Given that P. menispermifolia has greater similarities in leaf and stem 

morphology to P. vitifolia than to P. pittieri, it may have stronger dispersal phase 

strategies than it is able to express in this habitat due to pollen or dispersal limitation. 

This may account for the extremely low population size and lack of reproductive activity 

observed in current populations. 
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Figure 3.2. Comparative demography of Passiflora.  Dispersal and dormant strategies compared using 
ratios of seedling/adults and dormant/adult plants.   am ambigua, co coriacea, cs costaricensis, lo lobata, me 
menispermifolia, qu quadrangularis, pi pittieri, ta talamancensis, vi vitifolia (all sites), vp vitifolia in 
primary forest, vs vitifolia in secondary forest. 

 

Figure 3.3. Comparison of elasticities of λ among Passiflora.  a) Abundance of species ranked by 
position along dormant – dispersal elasticity axis. b) Position of species in FGS space. am ambigua, co 
coriacea, cs costaricensis, lo lobata, me menispermifolia, qu quadrangularis, pi pittieri, ta talamancensis, vi 
vitifolia (all sites), vp vitifolia in primary forest, vs vitifolia in secondary forest. 
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When species are ordinated in FGS space, additional patterns of interest arise (Fig 

3.3b). Proximity of a species to any vertex indicates a strong sensitivity to changes of that 

vital rate, while increased orthogonal distance of a species from a vertex reflects a 

decrease in influence. P. menispermifolia and P. pittieri appeared to have similar 

dormancy elasticity, but they are not closely associated in FGS space, since P. pittieri has 

higher Growth elasticity as it cycles through dormant and mature stages. P. 

menispermifolia sits against the Stasis vertex, and would be sensitive to factors that 

altered survival of life stages. 

 

Populations of P. vitifolia in old growth forests show sensitivity along all axes, 

while regenerating forest populations have high Stasis elasticity, more similar to P. 

coriacea. Different vital rate expressions of the two populations of P. vitifolia imply that 

the position of plants in FGS space is a result of interaction of plant traits with 

environmental factors such as patch dynamics. 

 

  P. lobata has high Fecundity elasticity, making it vulnerable to factors that 

impact reproduction and colonization. Changes in patch density or mean patch quality are 

therefore likely to have strong effects on P. lobata. 

 

B. Effects of patch dynamics on dispersal or dormancy strategists – simulation 
results  

Responses of dormancy-strategists, dispersal-strategists and generalists were 

compared using a simulation model for a range of landscape and patch regimes. Results 

were normalized using typical measured parameter values as references. 
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Patch creation rate 

The dispersal-type vine has a stepped response to patch creation rate, with a high 

likelihood of extinction at low rates of patch creation (Fig. 3.4). At moderate rates, it 

shows a fairly linear response indicating regulation by the number of patches available. A 

linear response is expected if vines colonize and then die in close synchrony with 

patches. Both other vine types have a dormant phase that allows build-up of additional 

adult plants, which later contribute to higher colonization rates through positive density 

feedback.  

 

While both dormant strategists and generalists appear to have the same response 

shape in many of these simulations, the actual population sizes of generalists are larger, 

and the distribution of life stages shows expected differences in proportions of dormant 

and seedling plants. 

 

Figure 3.4. Effect of patch creation rate on abundance.  Typical creation rates are 0.2 –0.4  gaps/ha/yr.  
Creation rate is the maximum potential rate of new patches, and the realized rate will depend on the 
available undisturbed habitat.  

Figure 3.5. Effect of patch succession rate on abundance.  Typical succession rate is 13 % closure per 
year.   
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Patch succession rate 

All 3 functional types show non-linear decreases in population size as closure 

rates increase (Fig. 3.5).  The dispersal strategist has a threshold response and collapses 

to extinction at high closure rates. Vines with dormant phases have higher population 

sizes at low rates of succession due to the contribution of clonal growth, which is not 

dependent on high patch quality for recruitment. 

 

Initial patch quality distribution 

In this simulation experiment, initial patch quality was adjusted by 0, ±10 or 

±20% (Fig. 3.6).  Vines with dormant stages had linear responses to low patch quality, 

but responded strongly to improved patch availability when patch quality was high by 

contributions from both clonal and seed sources. Dispersal-type vines were unable to 

persist when gap quality was low, but responded linearly to increases in gap quality 

above normal. Dispersal limitation is amplified once the pool of potential seed sources 

falls below a critical level. 
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Figure 3.6. Effect of patch quality on abundance.  Quality values are shown relative to normal quality 
(1.0). Patch quality determined by duration of direct lighting at ground level. 

Figure 3.7. Effect of minimum patch refractory period on abundance.  Field values are estimated to be 
15 years (regenerating forest) and 30 years (primary forest), based on the time needed for trees to reach a 
canopy size sufficient to generate a substantial opening. 

Patch refractory period 
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refractory period (Fig. 3.7). Non-dormant vines have a steep response curve and cannot 

persist when refractory periods are long. Long refractory periods result in fewer realized 

patches when the underlying creation rate is held constant. For example, if the creation 

rate is dependent on uniformly distributed wind events, then the realized patch rate 

depends on refractory period, which is a function of tree species growth and senescence.   

Plants with dormant phases will better cope with long refractory periods unless the 

duration exceeds expected life span of dormant plants.   
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Patch spacing 

Patch separation regulates population sizes by constraining patch density resulting 

in dispersal limitation.  Separation limits colonization both by seed dispersal and clonal 

growth mechanisms.  Vines with dormant phases have high responses when patches are 

closely packed through positive density feedback (Fig. 3.8). Non-dormant vines also have 

a distinct effect, since seed dispersal is limited by patch separation and density. In all 

cases, likelihood of extinction increased once patch separation exceeds 30 - 40m. 

 

 

 

 

 

 

 

 

Figure 3.8. Effect of minimum patch spacing on abundance.  Typical field value is around 20 m.
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Landscape size and shape 

 

 

Figure 3.9. Effect of fragment area and shape on abundance.  a) dispersal strategist  b) dormant 
strategist  c) generalist Shape is the ratio of length to width of a rectangular fragment.  
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Distinct differences between vine types exist in their response to landscape area and 

shape (Fig. 3.9).  In all cases, population densities fall as shapes became more elongate.  

Density of dispersal type vines was strongly impacted by patch size (Fig. 3.9a), and they 

could not persist in small fragments or when shape factors were high. Dormant type vines 

showed a weak decrease in density across the range of shapes (Fig. 3.9b). The generalist 

type vine showed a strong response as shape changed from 1 to 10, and then less 

difference with further patch elongation (Fig. 3.9c).   

 

For a given vine type, response curves constitute a nested set as area changes, 

with higher population densities in larger areas. This is partly a result of edge-effects, 

since smaller areas have proportionately greater boundaries and lower dispersal 

contributions along those boundaries. Smaller patches also have smaller populations of 

seed sources, making them more vulnerable to extinction. 

 

Effects of patch dynamics on elasticities of vital rates 

Effects of patch dynamics on plant vital rate elasticities have not been reported 

previously. Here I estimated vital rate elasticities from each simulation output to plot 

response in FGS space as patch parameters were varied (Fig. 3.10). In most cases, 

position changed along the Stasis and Growth axis with little impact on Fecundity 

elasticity when landscape parameters were varied. Changes in patch parameters may 

cause changes in the distribution of life stages, either by varying transition rates (growth 

events) or time spent in one life stage (stasis). 

  

Dormant strategists (such as P. pittieri) showed the widest range of response to 

changes in patch dynamics. When gap spacing was increased, Fecundity elasticity fell to 
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zero. Dormant type vines have high Growth elasticity since plants cycle actively through 

dormant, regrowth and mature stages and are vulnerable to landscape changes that could 

affect these transitions and prospects for clonal growth. 

 

Dispersal strategists (such as P. lobata) showed a wide response along the 

Growth-Stasis axis to changes in closure rate, refractory period and spacing, but little 

change in elasticity assignment to changes in patch quality or creation rate. These 

dispersal types have high Fecundity elasticity and would be sensitive to environmental 

changes that could impact fecundity. 

 

Generalist vines (such as P. vitifolia) had greatest elasticity allocation to Stasis 

and showed little variation when patch dynamic parameters were changed. As with 

dormant strategists, the greatest response occurred when gap spacing was increased since 

it would impact both clonal and seedling recruitment. 
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Figure 3.10. Ordination of simulation results in FGS space. Elasticities of simulated populations are 
assigned to Fecundity, Growth or Stasis. During each simulation, all landscape parameters were held 
constant except for a) closure rate, b) initial quality, c) min refractory period, d) creation rate, e) minimum 
spacing. 

Growth

StasisFecundity

Patch closure rate

dispersal 
type vine

generalist
vine

dormant 
type vine

Growth

StasisFecundity

Initial patch quality

dispersal 
type vine

generalist 
vine

dormant 
type vine

Growth

StasisFecundity

Gap creation rate

dispersal 
type vine generalist

vine

dormant 
type vine

Growth

StasisFecundity

Min refractory period

dispersal 
type vine generalist

vine 

dormant 
type vine

Growth

StasisFecundity

Min spacing 
between gaps

dispersal 
type vine

generalist 
vine

dormant 
type vine



 87

C.  Effect of variation in vine life history traits – simulation results 

Sensitivity of vine populations to changes in life history traits was examined in 

two hypothetical forest types (Primary and Secondary) using the SEIB simulation model. 

 

Seedling establishment by Global dispersal 

The likelihood of seedling establishment in a suitable gap was modeled as a 

function of patch quality, Local and Global dispersal.  Global dispersal acts uniformly 

across the landscape and a linear relationship is expected between colonization and 

Global dispersal in the absence of Local dispersal.  In simulations, I found positive 

feedback on population size via sexual and asexual reproduction, especially in secondary 

forest with high patch densities.  
 

Figure 3.11. Effect of seedling establishment by Global dispersal.  Global dispersal is coefficient A in 
the model for odds of seedling establishment. odds = exp(A).exp(B.T).exp(C.S)  Field estimate of A is –4.7.  

 Figure 3.12. Effect of dispersal kernel shape.  Local dispersal S is estimated from the contributions of all 
reproductive plants at distances dj from the patch  S = Σj(exp(-dj/r).   Field estimate of r is 200m.   
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Dispersal kernel for Local dispersal 

Low values of r reflect dispersal limitation, localized around mature plants, and 

constrained by patch density and separation. At high values of r, the contributions of a 

mature plant occur at greater distances and eventually become biologically unrealistic 

(Fig. 3.12).  In primary forest this parameter only has a small effect because low 

population densities suppress positive density dependent feedback. In secondary forest 

gap and vine densities are higher so new gaps receive higher propagule pressure. This 

positive feedback is enhanced by clonal growth.  At values of r above 220m, the patch 

network may coalesce so that population size is not limited by dispersal, leading to 

rapidly saturation. 

 

The stepped response in secondary forest occurs because of a bifurcation and 

runaway growth to a fully saturated landscape. Density dependent regulation by disease, 

herbivory or dispersal limitation would usually inhibit runaway conditions.  Since seed 

dispersal depends on animal vectors, populations are expected to show saturation and 

decreasing per capita dispersal when fruits and seeds are highly abundant unless animal 

vectors increase in similar proportion.  The model includes a density dependent term to 

describe such vector limitation, but it was not set at a stringent level, allowing 

populations to achieve high abundances to accentuate the response functions. 

 

Per capita colonization rate 

The magnitude of Local dispersal contributions is determined by C, the per capita 

colonization factor.  Primary forest responds little to changes in C, since population 

densities are very low.  In secondary forest, population densities become large enough to 
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contribute substantially to Local dispersal and populations are more sensitive to changes 

in colonization rate C.  

 

Figure 3.13. Effect of per capita colonization rate.  Colonization rate is coefficient C in the model for 
odds of seedling establishment. odds = exp(A).exp(B.T).exp(C.S)  Field estimate of C is 0.26. 

Figure 3.14. Tolerance to low quality patches.  Ability to establish in lower quality patches is coefficient 
B in the model for odds of seedling establishment. odds = exp(A).exp(B.T).exp(C.S)  Field estimate of B is 
0.68.   

Tolerance to patch quality  

In systems where plants have higher tolerances to low lighting (high values of B), 

seedlings can establish in patches of lower quality (Fig. 3.14). Patch quality is 

exponentially distributed such that small changes in tolerance can lead to large population 

responses.  
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30m, while maximum realistic stolon growth is estimated to be about 25m.  Clonal 

growth was more likely to contribute in secondary forest where gap spacing was lower. 

Because greater plant densities also provide more seedling pressure, positive feedback 

also occurs through the reproductive cycle.  

 

 

 

 

 

 

 

 

 

Figure 3.15. Colonization by vegetative growth.  Field estimate maximum regrowth distance is 20 – 30m.  
Min gap spacing in primary forest was set at 25m, secondary forest 20m. 

Ability to regrow to adjacent new patches (d-r) 

The dormant – regrowth (d-r) transition determines the rate at which dormant 

plants are returned to reproductively active status through response to new light events.  

In primary forest, little sensitivity to the d-r transition is seen.   In secondary forest, 

population size increases strongly as d-r is increased and more adjacent gaps are 

colonized by vegetative growth (Fig. 3.16).  Plants in secondary forest have twice the 

ability to respond through vegetative regrowth. 
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Figure 3.16. Sensitivity to change in dormant-regrowth transition.  Original counts for the transition 
element of interest is varied by 0, ±10 & ±20%, and the transition matrix is recalculated. 

Figure 3.17. Sensitivity to change in mature-mature transition.   
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However in primary forests, increased dormancy leads to better long-term survival and 

subsequent recolonization (Fig. 3.18). 

 

Figure 3.18. Sensitivity to change in mature-dormancy transition.  Original counts for the transition 
element of interest is varied by +/- 0, 10 & 20%, and the transition matrix is recalculated. 

Figure 3.19. Sensitivity to change in dormant - dormant transition.   

Survivorship of dormant plants.  (d-d) 

Increases in survivorship of dormant plants (d-d transition) are expected to benefit 

populations in both model habitats.  However plants in secondary forest show a 4 times 

greater sensitivity to changes in this parameter (Fig. 3.19).  In secondary forest, higher 

patch density and closer spacing allow a greater contribution from clonal growth arising 

from dormant plants.  

 

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

-30 -20 -10 0 10 20 30

% change to dd transition
re

l p
op

 s
iz

e

pri
sec

0.6

0.7

0.8

0.9

1

1.1

1.2

-30 -20 -10 0 10 20 30

% change to md transition

re
l p

op
 s

iz
e

pri
sec



 93

DISCUSSION 

Passiflora vines exhibited a range of strategies along the dispersal - dormancy 

spectrum in the field, and simulations showed how changes in patch dynamic regimes 

could impact these strategies.  In this study system, plants that incorporate dormant life 

stages are clearly favored. Non-dormant vines still persist, albeit at lower abundances and 

with greater extinction risk.  

 

Empirical studies of Passiflora demography and life history strategies  

Passiflora vitifolia is 4 times more common than any other Passiflora and was 

found to have interesting demographic differences between populations growing in old 

growth and regenerating forests.  Populations in regenerating forests have high densities 

of mature reproductive plants, but low seedling recruitment. An historic perspective may 

resolve the paradox. Immediately following establishment of Corcovado National Park in 

1975, large open farming areas were abandoned and rapidly covered by early succession 

species including many Passiflora (see Chapter 2). Subsequent growth of even-aged 

forest had low treefall gap rates with reduced abundances of Passiflora. After about 

1999, gap rates have increased but dense undergrowth causes low patch quality. The 

remaining P. vitifolia are actively flowering but patch quality appears to be inhibiting 

seedling recruitment. This may be a case where population growth was first enhanced and 

then suppressed by transient patch dynamics. 

 

P. vitifolia is the only species with red flowers and hummingbird pollination in 

the Corcovado Passiflora community, which may ensure high pollination success since, 

like most Passiflora, it is self-incompatible (Snow 1982). Germination trials of eight P. 
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vitifolia fruits collected in regenerating forest confirmed viability. P. vitifolia also has a 

high capacity for clonal growth using long stolons to reach new light sources. Levels of 

herbivory on new shoots and older leaves are low, but similar to other Passiflora. During 

2003, 40 P. vitifolia vines were monitored bi-weekly for 6 weeks to record herbivore 

presence and leaf damage on vines. Only 9 sites had Heliconius larvae or eggs and 

evidence of herbivory was sparse.  P. vitifolia was considered to be a generalist along the 

dispersal-dormancy spectrum since it had high seedling recruitment along with an ability 

to become dormant.  

 

No correlation was found between abundance and strategies of dormancy or 

dispersal among the nine Passiflora species. As expected among plants, a range of 

limiting factors may impact abundance including herbivory, pollination and dispersal 

limitation. However, the simulations showed that certain combinations of patch dynamics 

have different outcomes for different dormancy or dispersal strategists, and can result in 

threshold responses driving runaway growth or extinction.  

 

Dormant strategists such as P. pittieri depend heavily on dormant life stages and 

clonal growth. At Sirena, this species has minimal reproductive activity, while thick 

woody stems indicate longevity of many specimens. These traits enable persistence in old 

growth forests with long refractory periods between gap events. However P. pittieri does 

not extend lateral shoots through the understory in the manner of P. vitifolia and has a 

shorter range of clonal colonization using rhizomes instead of stolons. P. pittieri may 

enter dormancy as a woody seedling or pre-reproductive plant, in a manner similar to 

some tree species (Gilbert 1996).  
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Passiflora menispermifolia is an anomaly since it appears to have elasticity 

allocations of a dormant strategist, but has similar morphology and growth patterns to the 

common P. vitifolia yet is extremely scarce, suggesting that it may be pollination or 

dispersal limited, or subject to strong seedling herbivory by Heliconius larvae.  

 

Inclusion of a dormant life stage provides important protection against 

environmental uncertainty and fluctuations in patch dynamics. With dormant adult stages, 

positive density dependent feedback occurs between alternate sources of propagules, such 

that greater densities of adult plants contribute to more colonization by both increased 

seed pressure and high rates of clonal growth. In this Passiflora assemblage, no seedbank 

dormancy occurs, perhaps due to warm, humid forest conditions and high levels of seed 

predation (Chapter One). Simulations of dormant strategists indicated ability to cope with 

a greater range of patch parameters than dispersal types, particularly low patch densities 

and long refractory periods. The advantage of dormancy is lost if gap spacing exceeds 

clonal growth range, or if refractory periods are excessive. Costs of dormancy are the 

need for chemical defensives, such as cyanogenic glycosides, and an ability to respond 

selectively to infrequent favorable conditions for growth and reproduction. 

 

The optimal landscape for dispersal strategist vines, such as P. lobata, may be in 

areas of continuous disturbance, such as mountainous areas prone to landslips, or along 

stream drainages with frequent openings. In such settings a slow growing dormant phase 

is of little advantage. These ruderal species are also expected to take advantage of human 

disturbance when it provides extensive contiguous areas of open habitat within the 

foraging range of animal seed dispersal vectors.  
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Simulation studies of life history strategies and patch dynamics 

Simulations show that dispersal strategists performed well in highly connected 

habitats where high patch density arose from close spacing, short refractory periods and 

high patch creation rates.  In many simulations, populations collapsed rapidly to 

extinction at parameter values associated with low connectivity. Dispersal strategists had 

high Fecundity elasticity making them vulnerable to decreases in pollination, dispersal or 

habitat quality. 

 

When Passiflora populations are compared in FGS space using elasticity 

assignments, they are confined to a region from the center of the triangle across to the 

Growth - Stasis axis and towards the Stasis vertex. This is similar to the range covered by 

iteroparous forest herbs in other studies (Franco and Silvertown 2004). Different 

positions occupied by P. vitifolia in old growth and regenerating forest show that species 

do not occupy fixed positions in FGS space but that elasticity allocations can change 

considerably during succession or in different habitats. Thus the location of P. 

menispermifolia close to the Stasis vertex is not characteristic of the active growth of this 

species in other environments (Ulmer and MacDougall 2004). 

 

The use of elasticities as a tool for comparing functional types is intended to 

reveal underlying vital rates (Fecundity, Growth, Stasis) with little influence from 

absolute abundances of each life stage. In particular, the propagule stage may be highly 

abundant and so distort comparisons made between raw abundances. However, one must 

be aware that high elasticity of an element does not necessarily equate to specialization in 

that life stage transition, but reflects the degree of proportional sensitivity to λ. Therefore 

a life table containing a large transition element which also has high elasticity may be a 
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better indicator of an important life history trait, than a similarly large transition element 

with low elasticity. 

 

Since elasticities of vital rates vary as ecological conditions change, habitat and 

successional stage must be controlled when comparing species in FGS space. In this case, 

all populations were subject to the same local environments and disturbance history, and 

abundances were not correlated with topography or landuse history. However, the 

landscape is still recovering from prior agricultural landuse and so elasticities of vital 

rates are likely to still be changing, as shown by P. vitifolia populations in old growth and 

regenerating forests.  Similar comparisons were not possible with other species due to 

low population sizes. 

 

A  spatially explicit model showed a rich range of responses to landscape and life 

history properties that are often simplified in analytic metapopulation models. This comes 

at the cost of added complexity and estimating more parameters (Grimm 1999), but 

overcomes assumptions of spatial and temporal homogeneity, and assumptions about 

constant stage transitions for patches and organisms.  Simulations showed cases of non-

linear responses leading to runaway growth or extinctions, often over small changes in 

parameter space. 

 

An interesting response was detected in sensitivity of mature-dormancy transition 

probabilities in different habitats.  In habitats with high turnover patch dynamics, 

increases in m-d rate resulted in fewer reproductive plants.  In contrast, such increases in 

m-d transitions in habitats with slow patch dynamics and long refractory periods caused 

an increase in numbers of dormant plants and so enhanced future reproduction.   
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Incorporation of simple landscape pattern into simulations showed how spatial 

arrangements affect population persistence. This experiment showed how abundance 

varied with landscape fragment area and shape, for 3 model species. All species showed 

an expected decline in population density with decreased area and increased elongation, 

with greatest impact on dispersal types and least impact on dormant strategists. Elongate 

shapes have high perimeter-area ratios that restrict the number of potential seed sources 

contributing to sites along the boundary. 

 

Many vine species have become invasive through traits such as rapid growth, 

efficient dispersal, and clonal growth yet in their home ranges these same species may 

exist in low densities. Their success in new locations is often attributed to ecological 

escape from herbivory or disease, low competition, or high resource availability (Waage 

et al. 1981, Alpert et al. 2000). However landscape dynamics of the new sites may also 

play an important part in their successful establishment.  A corollary to this observation is 

that tropical forests, which are home to these vine species, may be resistant to certain 

classes of invasive species because of the patch dynamics of forest systems.  The role of 

landscape processes may be important where small changes in landscape parameters 

result in large population responses. 
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CONCLUSION 

Passiflora vines persisting in an ephemeral patch dynamic network express 

strategies along a dispersal – dormancy spectrum, but abundances are not directly 

associated with these strategies.  Plants with dormant life stages can persist across a 

greater range of patch dynamic regimes with low patch densities due to long refractory 

periods, low patch creation rates and fast closure rates. Dormant strategists benefit from 

density dependent feedback when both clonal growth and seed propagules contribute to 

new plants. In contrast, dispersal specialists do well in highly connected systems, as may 

be found in hilly areas, along drainages or following human disturbance. Ordination of 

Fecundity, Growth and Stasis elasticities provides a perspective on plant strategies under 

particular ecological conditions, and Passiflora vitifolia was seen to have reduced 

recruitment in old secondary forest where patch quality and availability were lower. A 

spatially-explicit model was used to simulate plant sensitivity to habitat change, revealing 

cases of non-linear responses across small changes of parameter space that led to 

runaway growth or extinctions, particularly in dispersal strategists. 
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Appendices 

APPENDIX 1.   LIGHTING MODELS 2 & 3  

Models were used to estimate ground level light irradiance for canopy openings 

that are approximately elliptical. Irradiance is estimated for each 1m x 1m cell within the 

patch, and summary variables are generated to describe mean duration of direct sunlight, 

and area receiving more than a specified amount of sunlight.  First the gap geometry is 

considered to resolve locations of 1m x 1m cells. 

 

 

 

 

 

 

 

 

 

 

Figure A1.1.  Diagram of treefall gap with elliptical canopy opening. 

 

a, b major and minor axes of elliptical opening. 

G         orientation of major axis to North. 

t           tan G  (all angles in radians) 

e,d      two parts of the line though point {m,n}. 
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line {x1,y1} to {x2,y2} is along the East West axis, through point {m,n} with 

gradient -1/t. 

 

The equation of the line through {m,n} is   yt + x = nt + m 

The equation of the ellipse is    x2/ a2 + y2/ b2 = 1 

 

The points x1,y1 and x2,y2 are found by solving these simultaneous equations. 

 

 x1,2  =  m + nt - b2 m t2 - b2 n t3 ± a b t √( a2 - m2 - 2mnt + b2 t2 - n2 t2) 

                               a2 + b2 t2 

 

y1,2   =  b2 m t  + b2 n t ± a b √( a2 - m2 - 2mnt + b2 t2 - n2 t2) 

                                a2 + b2 t2 

 

and distances d & e are given by 

 

d = √(( x1  - m)2 + ( y1  - n)2 ) 

e = √(( x2
  - m)2 + ( y2

  - n)2) 

 

Now consider incident light at ground level, for the particular orientation of this 

site. Total direct energy reaching the ground each day is the integral of the incident light 

while the sun is above the local canopy horizon.  (Indirect lighting is ignored since I 

found empirically that this does not contribute much to seed establishment.) 
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To calculate the incident lighting during a day, consider an EW view of the scene 

along the line e,d (Fig. A1.2)  The local aspect and slope are resolved into NS and EW 

components. 

 

Resolving EW,   Q = slope. sin (aspect) 

Resolving NS,    P = slope. cos (aspect) 

 

 

 

 

 

 

 

 

 

 

 

Figure A1.2.  Sectional view EW of treefall gap. View towards North, showing the E-W sun path and 
incident lighting at a point in the treefall gap.  All angles measured from the perpendicular to the gap floor. 
Canopy height h. 

 

T1 = arctan [d / (h + d tanQ)] 

T2 = arctan [e / (h - e tanQ)]    when h > e tanQ 

T2 = π/2 + arctan [ (e tanQ - h)/e]    when h < e tanQ 
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If the peak irradiance is Io [J/s] when the sun is directly overhead, then the 

irradiance at sun angle i would be Iocos i.  Further, one can allow for atmospheric path 

losses, which are approximated by cos i, with most path loss at low sun angles.  The 

resulting rate of solar irradiance at sun angle i is   I = Io cos2 i  [J/s]. 

 

The accumulated energy gain E for increment of time dt, as the sun moves 

through angle di is  E = ∫I·dt  [J].  Since t/i = (24 x 60 x 60)/2π = c, then dt = c·di, giving   

E = ∫ Iocos2 i c di     with limits of integration from (T1 + Q) to -(T2 - Q) 

 

E = ½ c Io{T1 + T2 + ½ Sin [2 (T1 + Q)] + ½ Sin [2 (T2 - Q)]}  [J] 

 

 

 

 

 

 

 

 

 

 

Figure A1.3.  Sectional view NS of treefall gap. View towards West, showing sunpath orthogonal to the 
page. Latitude L, and  P = slope. cos (aspect) 

 

Finally, allow for the decrease in intensity due to latitude L and slope angle P, 

seen along a NS sectional view. 

sun path

S N

L

P
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E = ½ c·Io·cos (L + P)·{T1 + T2 + ½ Sin [2 (T1 + Q)] + ½ Sin [2 (T2 - Q)]} [J] 

 

 

Express this as multiples of energy received on a flat surface at noon. Energy gain 

after 1 hour of direct sunlight at noon when P = 0, Q = 0, latitude L, irradiance assumed 

constant at Io [J/s] for the hour.    

 

Net energy gain for 1 hour at noon,   En ≈  Io·3600·cos L = Io. πc/12·cos L 

 

Estimate Ii for cell i scaled by maximum noon irradiance    Ii = E/En,  or 

 

Ii = 6/π {cos (L + P)/ cos L}·{T1 + T2 + ½ Sin [2 (T1 + Q)] + ½ Sin [2 (T2 - Q)]} 

This is the equivalent amount of direct irradiance for a particular 1m x 1m cell i in 

the treefall gap.  Repeat this calculation for each cell in the entire gap to provide a 

distribution of lighting across the gap.  Summary variables can be created for the mean 

lighting Ieq (Model 2, hours) and the area across which light exceeds a given amount AT 

(Model 3, m2).  
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  Gap Angle 0 degrees            Gap Angle 40 degrees                 Gap Angle 90 degrees 

          Max irradiance 1.488 x En    Max irradiance 1.83 x En          Max irradiance 3.42 x En 

 
Figure A1.4. Effect of changing gap angle on lighting. Treefall gap example dimensions: Height 40m, 
Length 40m, Width 15m, Slope 0deg,  Aspect 0deg,  Latitude 8deg. Array of 1x1m cells. 
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APPENDIX 2.   ILLUSTRATIONS     

 

Illustration 2.1. Habitats based on landuse history before 1975. 

Illustration 2.2. Crown density estimate using 2ha samples. 1980 
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Illustration 2.3. 1960 aerial photograph with crown density sample sites. 

Illustration 2.4. 1980 aerial photograph with crown density sample sites. 
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Illustration 2.5. 1992 aerial photograph with crown density sample sites. 

Illustration 2.6. 1999 aerial photograph with crown density sample sites. 
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Illustration 2.7. 2003 aerial photograph with crown density sample sites.
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Illustration 2.8. Comparison of field survey and stereo airphoto detection of treefall 
gaps, showing correspondence between methods of gap detection. 

Illustration 2.9. Comparison of Landsat and stereo airphoto detection of treefall gaps, 
showing correspondence between methods of gap detection.
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Illustration 2.10. Detection of gaps 
using subpixel method, 1991 Landsat. 

Illustration 2.11. Detection of gaps 
using subpixel method, 1998 Landsat. 

Illustration 2.12. Detection of gaps 
using subpixel method, 2001 Landsat. 
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APPENDIX 3.  PARAMETERS USED IN SIMULATIONS 

 

Model forests 
Parameter Primary forest Secondary forest  

 
Forest used to compare 3 
vine types 

Area 
 

1000 x 1000m 1000 x 1000m 1000 x 1000m 

Disturbance rate  
 

0.2 patches/ha/year 0.4 patches/ha/year 0.4 patches/ha/year 

Succession rates 13% canopy closure/yr 
8% regrowth/yr 

16% canopy closure/yr 
10% regrowth/yr 

16% canopy closure/yr 
10% regrowth/yr 

Min refractory 
period 

30 years 15 years 15 years 

Min spacing 
between gaps 

25m 20m 20m 

Dispersal kernel 
shape 

200 200 200 

Min patch lighting 
 

1 hour 1 hour 1 hour 

 

Model vines 

Average transitions are shown for brevity.  The model includes separate transition 

probabilities for cases of high, medium and low quality lighting. Fecundity is adjusted 

using global dispersal coefficient A.  

Generalist type (similar to P. vitifolia) 
 Seedling  Growing Mature Dormant Regrowth
Growing - after 0.333 0.375 0 0 0 
Mature - after 0 0.375 0.897 0 1.0 
Dormant - after 0 0 0.077 0.885 0 
Regrowth - 
after 0 0 0 0.096 0 

Dormant type (similar to P. pittieri) 
 Seedling  Growing Mature Dormant Regrowth
Growing - after 0.2 0.3 0 0 0 
Mature - after 0 0.2 0.5 0 0.2 
Dormant - after 0 0 0.49 0.82 0.3 
Regrowth - 
after 0 0 0 0.17 0.49 
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Dispersal type (similar to P. lobata) 
 Seedling  Growing Mature Dormant Regrowth
Growing - after 0.4 0.333 0 0 0 
Mature - after 0 0.5 0.625 0 0 
Dormant - after 0 0 0 0 0 
Regrowth - 
after 0 0 0 0 0 

 

Vine dispersal and growth coefficients 
 Generalist Dispersal type Dormant type 
Global disp coeff A -4.7 -4.7 -4.9 
Local disp coeff C         0.26 1.1 0.26 
Quality coeff B 0.684 0.684 0.684 
Max regrowth  dist 25m 0m 25m 
Max local dispersal 8 8 8 
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APPENDIX 4.  COMPARATIVE DEMOGRAPHY USING ELASTICITIES OF VITAL RATES 

 

Comparative demography should be based on elasticities of vital rates of Survival, 

Growth and Reproduction rather than on elasticity of transition matrix elements (Franco 

& Silvertown, 2004).   

 

Elements of a transition matrix can be categorized as rates from stage j to i 

Fij  recruitment of seedlings 

Cij recruitment of ramets through clonal growth 

Pj stasis 

Gij progression through positive growth 

Rij retrogression through negative growth 

 

These transition rates result from combinations of underlying vital rates,  

σj    survival rate in stage class j 

γij    positive growth rate 

ρij   negative growth rate 

φij   individual fecundity rate 

κij   individual ramet production rate 

 

Where species reproduce seasonally, the birth-pulse population formulae are: 

Pj  = σj (1 - ∑ γij - ∑ ρij ) 

Gij = σj γij 

Rij = σj ρij 



 115

Fij  = σj φij 

Cij = σj κij 

 

Elasticity elements are given by Franco & Silvertown (2004), based on 

sensitivities sij = δ λ/ δaij = viwj/(v.w) and λ, the finite rate of increase. 

survival   eσj = σj /λ [ sjj(1 - ∑ γij - ∑ ρij ) + ∑ sij γij + ∑ sij ρij + ∑ sij φij ] 

positive growth (i>j)  eγij = γij /λ [sjj (-σj) + sij σj] 

negative growth (i<j) eρij =  ρij /λ [sjj (-σj) + sij σj] 

fecundity eφij = φij /λ (sij σj) 

clonal growth e κij =  κij /λ (sij σj) 

 

Elasticity elements grouped by appropriate vital rates (Survival, Growth & 

Fecundity): 

Esurvival    = Eσ   = ∑ eσ 

Egrowth    = Eγ + Eρ  + Eκ =  ∑ |e γ |  + ∑ |e ρ | +  ∑ |e κ | 

Efecundity  = Eφ   =  ∑ eφ 

Total   E = Esurvival + Egrowth + Efecundity  =  Eσ + Eγ + Eρ  + Eκ + Eφ   

 

A more useful structure arises when the elements are standardized: 

Survival  S =   Esurvival /E       P (stasis) 

Growth   G =   Egrowth /E G (pos growth) + R (neg growth) + C (clonal 

growth) 

Fecundity F =  Efecundity /E        F (recruitment) 
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Graphical representation of (proportional) vital rate space requires a further 

transformation of F, G & S axes since S typically comprises 50 – 100% of total elasticity 

and points cluster close to the S vertex. Therefore elasticities are mapped to themselves 

as: 

S ≡ 2S-1 

G ≡ 2G 

F  ≡ 2F 

 

In the rescaled axes (Fig. A3.1), shortlived, semelparous perennials occur along 

the FG axis, iteroparous herbs of open habitat are scattered in the center, iteroparous 

forest herbs are along the GS axis, shrubs span an arc from the center to the S vertex, and 

trees concentrate toward the S vertex (Franco & Silvertown, 2004). 

 

 

 

 

 

 

 

 

 

Figure A4.1. Typical arrangement of functional types in FGS elasticity space. Modified from Franco & 
Silvertown, 2004. 
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APPENDIX 5.  TRANSITION MATRICES FROM EMPIRICAL STUDIES 

Empirical transition matrices and elasticity matrices are shown for Passiflora 

recorded during field surveys of 2002-2003.  Peripheral sites, or sites not visited in both 

years are excluded. Assignments of life stages described in Table 3.1.  Fractional entries 

were added and shown in italics (e.g. 0.01) for missing transitions needed for consistency 

in rare species. 

 
 
P. vitifolia - all habitats    Transitional     Elasticity    

 s 02 g 02 m 02 d 02 r 02 tot03  s 02 g 02 m 02 d 02 r 02  s 02 g 02 m 02 d 02 r 02
s 03   13   13  0 0 0.333 0 0  0 0 0.038 0 0 
g 03 6 3    9  0.333 0.375 0 0 0  0.0380.022 0 0 0 
m 03  3 35  6 44  0 0.375 0.897 0 1  0 0.038 0.54 0 0.033
d 03   3 46  49  0 0 0.077 0.885 0  0 0 0.033 0.223 0 
r 03    5  5  0 0 0 0.096 0  0 0 0 0.033 0 
died 12 2 1 1               
tot02 18 8 39 52 6 123             
 
 
P. vitifolia - primary        Transitional     Elasticity    

 s 02 g 02 m 02 d 02 r 02 tot03  s 02 g 02 m 02 d 02 r 02  s 02 g 02 m 02 d 02 r 02
s 03   10   10  0 0 0.714 0 0  0 0 0.08 0 0 
g 03 3 2    5  0.333 0.4 0 0 0  0.08 0.05 0 0 0 
m 03  2 12  1 15  0 0.4 0.857 0 1  0 0.08 0.491 0 0.029
d 03   1 18  19  0 0 0.0710.857 0  0 0 0.029 0.131 0 
r 03    3  3  0 0 0 0.143 0  0 0 0 0.029 0 
died 6 1 1                
tot02 9 5 14 21 1 50             
 
 
P. vitifolia - secondary  Transitional     Elasticity    

 s 02 g 02 m 02 d 02 r 02 tot03  s 02 g 02 m 02 d 02 r 02  s 02 g 02 m 02 d 02 r 02
s 03   2   2  0 0 0.091 0 0  0 0 0.011 0 0 
g 03 2 1    3  0.333 0.333 0 0 0  0.0110.006 0 0 0 
m 03  1 21  4 26  0 0.333 0.955 0 1  0 0.011 0.696 0 0.018
d 03   1 22  23  0 0 0.045 0.917 0  0 0 0.018 0.211 0 
r 03    1  1  0 0 0 0.042 0  0 0 0 0.018 0 
died 4 1  1               
tot02 6 3 22 24 4 59             
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P. pittieri            Transitional     Elasticity    

 s 02 g 02 m 02 d 02 r 02 tot03  s 02 g 02 m 02 d 02 r 02  s 02 g 02 m 02 d 02 r 02
s 03   0.01   0.01  0 0 0.01 0 0  0 0 5E-10 0 0 
g 03 0.01     0.01  0.01 0 0 0 0  5E-10 0 0 0 0 
m 03  0.01   0.01 0.02  0 0.01 0 0 0.001  0 5E-10 0 0 5E-04
d 03   0.99 14 2 17  0 0 0.99 0.8240.285  0 0 5E-04 0.51 0.109
r 03    3 5 8  0 0 0 0.1760.713  0 0 0 0.109 0.272
died 0.99 0.99 0.01                
tot02 1 1 1 17 7.01 27             
 
 
P. costaricensis     Transitional     Elasticity    

 s 02 g 02 m 02 d 02 r 02 tot03  s 02 g 02 m 02 d 02 r 02  s 02 g 02 m 02 d 02 r 02
s 03   1   1  0 0 0.323 0 0  0 0 0.022 0 0 
g 03 1 3    4  0.5 0.5 0 0 0  0.0220.022 0 0 0 
m 03  1 2 1  4  0 0.167 0.645 0.25 0  0 0.0220.271 0.131 0 
d 03   1 3  4  0 0 0.323 0.75 0  0 0 0.131 0.379 0 
r 03      0  0 0 0 0 0  0 0 0 0 0 
died 1 2 0.1                
tot02 2 6 3.1 4 0 15.1             
 
 
P. lobata         Transitional     Elasticity    

 s 02 g 02m 02 d 02 r 02 tot03  s 02 g 02 m 02 d 02 r 02  s 02 g 02 m 02 d 02 r 02
s 03   4   4  0 0 1.25 0 0  0 0 0.194 0 0 
g 03 2 2    4  0.4 0.333 0 0 0  0.1940.097 0 0 0 
m 03  3 2   5  0 0.5 0.625 0 0  0 0.1940.323 0 0 
d 03      0  0 0 0 0 0  0 0 0 0 0 
r 03      0  0 0 0 0 0  0 0 0 0 0 
died 3 1 1.2                
tot02 5 6 3.2 0 0 14.2             
 
 
P. ambigua       Transitional     Elasticity    

 s 02 g 02 m 02 d 02 r 02 tot03  s 02 g 02 m 02 d 02 r 02  s 02 g 02 m 02 d 02 r 02
s 03   6   6  0 0 1.5 0 0  0 0 0.086 0 0 
g 03 3 2    5  0.5 0.4 0 0 0  0.0860.058 0 0 0 
m 03  1 2  1 4  0 0.2 0.5 0 1  0 0.0860.172 0 0.086
d 03   1 3  4  0 0 0.25 0.748 0  0 0 0.086 0.255 0 
r 03    1  1  0 0 0 0.249 0  0 0 0 0.086 0 
died 3 2 1 0.01               
tot02 6 5 4 4.01 1 20             
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P. talamancensis     Transitional     Elasticity    

 s 02 g 02 m 02 d 02 r 02 tot03  s 02 g 02 m 02 d 02 r 02  s 02 g 02 m 02 d 02 r 02
s 03   8   8  0 0 1.127 0 0  0 0 0.091 0 0 
g 03 1 2    3  0.125 0.667 0 0 0  0.0910.187 0 0 0 
m 03  1 6 0.1  7.1  0 0.333 0.845 0.011 0  0 0.091 0.53 9E-04 0 
d 03   0.1 8  8.1  0 0 0.014 0.879 0  0 0 9E-04 0.007 0 
r 03      0  0 0 0 0 0  0 0 0 0 0 
died 7  1 1               
tot02 8 3 7.1 9.1 0 27.2             
 
 
P. quadrangularis     Transitional     Elasticity    

 s 02 g 02 m 02 d 02 r 02 tot03  s 02 g 02 m 02 d 02 r 02  s 02 g 02 m 02 d 02 r 02
s 03   10   10  0 0 1.111 0 0  0 0 0.093 0 0 
g 03 2 4    6  0.2 0.571 0 0 0  0.0930.117 0 0 0 
m 03  2 8   10  0 0.286 0.889 0 0  0 0.0930.605 0 0 
d 03      0  0 0 0 0 0  0 0 0 0 0 
r 03      0  0 0 0 0 0  0 0 0 0 0 
died 8 1 1                
tot02 10 7 9 0 0 26             
 
 
P. menispermifolia       Transitional     Elasticity    

 s 02 g 02m 02 d 02 r 02 tot03  s 02 g 02 m 02 d 02 r 02  s 02 g 02 m 02 d 02 r 02
s 03   1   1  0 0 0.98 0 0  0 0 9E-06 0 0 
g 03 0.01 1    1.01  0.01 0.5 0 0 0  9E-069E-06 0 0 0 
m 03  0.01 1 0.01  1.02  0 0.005 0.98 0 0  0 9E-06 0.09 0.002 0 
d 03   0.01 3  3.01  0 0 0.01 0.997 0  0 0 0.002 0.907 0 
r 03      0  0 0 0 0 0  0 0 0 0 0 
died 0.990.99 0.01                
tot02 1 2 1.02 3.01 0 7.03             
 
 
P. coriacea       Transitional     Elasticity    

 s 02 g 02m 02 d 02 r 02 tot03  s 02 g 02 m 02 d 02 r 02  s 02 g 02 m 02 d 02 r 02
s 03   3   3  0 0 0.231 0 0  0 0 0.025 0 0 
g 03 1     1  0.25 0 0 0 0  0.025 0 0 0 0 
m 03  0.5 13 0.01  13.5  0 0.5 1 0.005 0  0 0.025 0.921 1E-04 0 
d 03   0.01 2  2.01  0 0 8E-04 0.995 0  0 0 1E-04 0.003 0 
r 03      0  0 0 0 0 0  0 0 0 0 0 
died 3 0.5                 
tot02 4 1 13 2.01 0 20             
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