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ABSTRACT 
 
 

In the face of climate change, one option species have is to shift their geographic 

ranges to respond to changing temperatures, precipitation, and other climatic variables. 

Accurately predicting how species distributions may shift with climate change requires 

an understanding of what controls species ranges that extends beyond correlations 

between species occurrences and abiotic factors. For species in tropical montane systems, 

changes in geographic ranges are predicted to occur along elevational gradients, 

particularly with respect to temperature, as latitudinal gradients in temperature are 

shallow or nonexistent. To move upslope species will have to disperse to new areas and 

contend with novel combinations of biotic and abiotic factors that are likely to affect 

establishment. The research described here leverages an elevational gradient in the 

Peruvian Andes to quantify how changes in biotic interactions and environmental factors 

affect the early life history stages and transitions of tropical trees.  

A seed predation experiment with 23 species of Neotropical trees and a seed 

transplant experiment with five species of arborescent palms, in which seeds were moved  

within and outside of their elevational ranges, were used to quantify seed survival, 

germination, germinant survival, and the transition from germinant to seedling along an 

elevational gradient, and to study the effect of environmental factors (elevation, percent 

canopy openness) and species characteristics (seed volume, range) on the occurrence 

probability of early life history events. A life table response experiment was used to test 

if the population growth of species can respond to changes in survival and germination 

across species elevational ranges. 
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Together these studies show that 1) biotic interactions can have strong effects on species 

distributions, as strong or stronger than abiotic factors, 2) early life history stages and 

transitions vary with elevation but not in predictable ways, with high variability even 

among closely related species, and 3) species ranges do not always coincide with 

increasing or decreasing germination, survival, and population growth. These findings 

suggest that, if they can disperse, there is the potential for some species to shift their 

ranges upslope. However, seed predation will be a significant barrier to lowland and 

foothill species migrating upslope. 
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CHAPTER 1. GENERAL INTRODUCTION 
 

A minimum of 4°C warming are predicted in the tropical Andes over the next 

century (Cramer et al. 2004; Urrutia  R. et al. 2009). Tree species are expected to migrate 

in response to climate change, possibly causing unprecedented changes in plant 

community composition (McCarty 2001; Parmesan 2006). In addition to the risk to 

biodiversity, these shifting plant communities may cause changes in carbon storage and 

other ecosystem services (Bunker et al. 2005). At the root of this problem are the 

longstanding and basic ecological questions of how plants relate to the environment 

(Cowles 1899). Changes in species distributions along environmental gradients of 

temperature and moisture form the foundation for predictions of species responses to 

global climate change (Malcolm et al. 2002; Wright et al. 2004). Most research on 

species migrations in the face of climate change, both modeling (Malcolm et al. 2002; 

Wright et al. 2004) and empirical work (e.g. Ibáñez et al. 2008), focuses on changes in 

abiotic gradients (Davis et al. 1998). Yet, biotic interactions are central to plant 

distributional ecology, and changes in biotic interactions can have profound effects on 

species distributions (Webb & Peart 2001). In order to understand how trees in the Andes 

will respond to climate change, it is first necessary to answer fundamental questions 

about what sets species distributions and how biotic and abiotic factors affect range. 

Tree migration in response to climate change 

As opposed to temperate systems, species in tropical montane forests are expected 

to migrate to higher, cooler elevations rather than latitudinally (Walther et al. 2002; 

Beckage et al. 2008; Colwell et al. 2008). Tropical species may be particularly sensitive 

to increasing temperatures as they often have narrow temperature tolerances (Janzen 
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1967; McCain 2009) and lack populations adapted to hotter temperatures to replace 

species that leave due to increased temperatures (Colwell et al. 2008, Wright et al. 2009). 

Paleoecological studies show radical shifts in Andean vegetation communities in 

response to Pleistocene climate changes, establishing that tropical plants migrate in 

response to climate change (Valencia et al. 2010; Cárdenas et al. 2011). Preliminary data 

from the tropical Andes that show tree species migrating upward at an average rate of 2.5 

– 3.5 m per year (Feeley et al. 2011) match predictions of upward migration in response 

to temperature change. Species have varying responses to changes in the hydrological 

cycle with respect to elevational migration. Pounds et al. (1999) found that species are 

moving up in tropical mountains in response to rising cloud base, but in California, 

species have shifted downward over the past 70 years, following regional water balances 

(Crimmins et al. 2011). While most studies to date that have looked at climate responses 

aggregate effects at the species level, different stages within a life history may respond 

differently to climate change, even to the same forcings. Juveniles may have narrower 

niches than adults (Grubb 1977) and seedling may experience mortality in conditions that 

do not affect conspecific adults (Black & Bliss 1980; Donovan et al. 1988; Jackson et al. 

2009).  

Plant distributions along an altitudinal gradient 

Changes in species distributions along environmental gradients of temperature 

and moisture form the foundation for predictions of species responses to global climate 

change (Malcolm et al. 2002; Thomas et al. 2004). Range limit studies in montane forests 

have traditionally focused on transitions occurring across ecotones, while the majority of 

species have ranges that end within the forest and are not associated with abrupt changes 
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in abiotic factors (Gentry 1988). Both abiotic and biotic factors play roles in shaping 

plant species distributions (Whittaker 1960). Biotic interactions are central to plant 

distributional ecology, and changes in biotic interactions can have profound effects on 

species distributions (Webb & Peart 2001; Wyatt & Silman 2004).  In fact, lowland 

Amazon studies of habitat specialization have shown that it is an interaction between soil 

type and herbivore that determine individual performance and plant community 

composition (Fine et al. 2004; Andersen et al. 2010). In the Andes, seed predation 

changes with elevation at levels that affect the modeled population growth of tree species 

(Hillyer & Silman 2010).  

Abiotic factors 

Climate (Grinnell 1917; MacArthur 1972; Woodward 1987; Toledo et al. 2011) 

and edaphic factors (Whittaker 1960; Barton 1994; Laughlin & Abella 2007; Jones et al. 

2011) play a dominant role in setting plant species distribution ranges in a variety of 

habitats. Species distributions frequently fall in line with temperature (Buckley et al. 

2010; Ocan et al. 2011) and precipitation (Ocan et al. 2011; Zelazowski et al. 2011). 

However, climate is not the determining factor for all species distributions. For example, 

climate determines the upper (at tree line) range limit of conifer species, but not the lower 

(closed canopy) range limit (Ettinger et al. 2011).  

Associations with edaphic factors can be quite strong among tropical trees; 64% 

of species on Barro Colorado Island, Panama, showed significant habitat associations 

(Harms et al. 2001) and 40% of species in Pasoh, Malaysia (Thomas 2003). Edaphic 

factors that may affect species distributions include nitrogen (Kirkham et al. 1996; Boyer 
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& Zedler 1999), pH (Kurz 1930; Bridgham & Richardson 1993), and soil moisture 

(Haase 1990; Barton 1994).  

Pathogens and Soil Biotic Factors 

Pathogens have considerable impacts on plant populations (Augspurger & Kelly 

1984; Burdon 1987; Alexander et al. 1996). Leaf damage by leaf pathogens is common in 

lowland tropical forests (Gilbert 2002; Garcia-Guzman & Dirzo 2004) as well as in 

montane cloud forests (Wenny & Levey 1998). Fungi that attack young seedlings can 

also have large effects on plant establishment (Augspurger 1990). There is evidence for 

both positive and negative interactions between plants and the biotic components of soil. 

Negative interactions between seedlings and pathogens lead to spatial patterns predicted 

by the Janzen-Connell hypothesis (Janzen 1970; Connell 1971). These density dependent 

patterns have repeatedly been shown to exist in tropical forests (Clark & Clark 1984; 

Condit et al. 1994; Wyatt & Silman 2004; Swamy & Terborgh 2010). On the other hand, 

through associations with mychorrhizal fungi, seedlings grow larger when grown in soils 

that have been modified by their conspecifics (e.g. Mangan et al. 2010). Thus, when 

seedlings are transplanted to novel soils, they are being removed from both harmful 

pathogens as well as any beneficial microbial mutualisms. 

Herbivory 

A common and historical idea is that herbivory is higher at lower latitudes 

(MacArthur 1972; Pennings & Silliman 2005). A synthesis of multiple herbivory studies 

showed that herbivory is slightly, but significantly, higher in tropical forests than in 

temperate ones (Coley & Barone 1996). But a recent meta-analysis suggests that there is 

no latitudinal gradient in herbivory or in plant defenses (Moles et al. 2011). Still, 
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herbivores remain ecologically important in the tropics as they impact plant survival, 

reproduction, species distributions (Louda 1982; Fine et al. 2004) and as mediators in 

trophic cascades (Schmitz 2008). Survivorship was 0% for Dipteryx (Fabaceae) seedlings 

with only 8% of their leaf area missing, as opposed to 85% survivorship in undamaged 

seedlings (Clark & Clark 1985). Pachira (Malvaceae) seedlings in the Peruvian Amazon 

experienced 47-89% mortality with 80% leaf damage (Fine & Mesones 2011). Herbivory 

increases future mortality in Diptocarpaceae species (Eichhorn et al. 2010). 

Much of what is known about herbivory along an altitudinal gradient comes from 

temperate forests.  Although there is a clear relationship between temperature and insect 

herbivore populations (Birch 1984; Strathdee et al. 1993; Levesque et al. 2002; Savage et 

al. 2004), what this relationship means for plants is much less clear. In some cases, the 

density of leaf eating insects increases with elevation (Zehnder et al. 2009). In the 

southern Appalachians, herbivory decreases with elevation, however there was no 

relationship between temperature and herbivory (Reynolds & Crossley 1997). Other 

studies have found that the relationship between herbivory and elevation is species 

dependent, where herbivory decreases, increases, or doesn’t change depending on the 

species (Scheidel et al. 2003). In Nothofagus pumilio (Fagaceae) forests in the Andes, 

herbivory decreases as insect abundance, leaf size, and specific leaf area decreases with 

increasing elevation (Garibaldi et al. 2011). A few studies in the tropics have looked at 

the interaction between elevation, herbivores, and ant defenses in species like Inga 

(Fabaceae; Koptur, 1985) and Piper (Piperaceae; Rodríguez-Castañeda et al., 2011), yet 

few studies have quantified herbivory along an altitudinal gradient. These results 
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demonstrate the possibility that biotic effects and abiotic effects may have very different 

patterns along ecological gradients with complex interactions. 

Research questions 

Most research on species migrations in the face of climate change, both modeling 

(Malcolm et al. 2002; Thomas et al. 2004; Baltzer et al. 2005) and empirical work 

(Ibáñez et al. 2008), focuses on changes in abiotic gradients (Davis et al. 1998). Models 

that use climatic envelopes make the assumption that the observed distribution of a 

species is its fundamental niche, without taking into account the biotic interactions that 

can reduce this niche. Models also predict that the climatic gradient of the Andes could 

provide refuge to lowland plant species facing rising temperatures, and major 

conservation initiatives are based on this prediction.  Yet this assumption remains 

empirically untested. Furthermore, basic interactions between early life history stages and 

abiotic and biotic gradients that could affect migration have not been quantified on an 

elevation gradient. This dissertation uses both seed and seedling transplants and common 

garden experiments along a strong abiotic gradient (Fig 1) in the Andes to answer the 

following basic questions about species distributions: 

Chapter 2: How does seed predation interact with elevational ranges? Do species 

have home range advantages with respect to seed predation? 

Chapter 3: How does the probability of germination and survival change across 

and outside of a species’ elevation range? How do environmental factors (light 

availability, elevation, and soil) and species characteristics (elevational ranges, 

seed size) affect the probability of survival and growth at early life history stages? 
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Chapter 4: How do population growth rates vary with elevation? Which life cycle 

stages and transitions contribute to difference in population growth across 

elevation? 

 



 

Figure 1. Abiotic gradients at the study sites (black squares)
Precipitation (black dots) is non linear with elevation, but new data show that peak 
precipitation is around 2000 m.
area). The ecotone between forest and 
shaded area). Data and figure are from the Andes Biodiversity and Ecosystem Research 
Group (www.andesconservation.org).
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CHAPTER 2. SEED PREDATION AS A MAJOR CONTROL OF SPECIES RANGES AND MIGRATION 

ALONG A 2.5 KM ELEVATIONAL TRANSECT: THE ROLE OF HOME RANGE ADVANTAGES 

 

ABSTRACT 

Natural enemies that limit recruitment play important roles in setting species 

ranges, and may be especially important in the context of range shifts due to climate 

change. As species migrate to new areas, seeds will be dispersed into spaces with 

potentially new suites of biotic interactions that can either help or hinder their recruitment, 

and therefore population shifts in response to climate changes. I use data from a seed 

transplant experiment of tropical tree species across a large gradient of seed predation 

that spans 2.5 km, far broader than individual species ranges, to (1) determine if there is 

higher survival (home range advantage, HRA) or lower survival (home range 

disadvantage, HRD) in a species current range compared to outside of it and to (2) assess 

whether observed patterns were species specific, or associated with overall trends in 

community seed predation experienced along the gradient by seeing if individual species 

patterns differed from the seed community as a whole. Patterns of HRAs and HRDs were 

mostly driven by the location that a species home range occurs on the predation gradient, 

but some species do exhibit HRAs or HRDs that suggest these species are responding to 

seed predation differently from community within their range, and that there are species-

specific responses to biotic factors, in addition to responses shared at the community 

level. This has important implications as species migrate, as lowland species will 

experience a mid-elevation seed predation trap, whereas species from mid- and highlands 
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may experience reduced rates of seed predation, and individual species responses may 

not be predictable from ensembles of known species. 

 

INTRODUCTION 

To a large extent future biodiversity will depend on the ability of species to 

migrate in response to ongoing climate change (Malcolm et al. 2006; Colwell et al. 2008; 

Feeley & Silman 2009). While ranges and range shifts are mainly thought of as 

responding to abiotic factors such as temperature and precipitation (Kelly & Goulden 

2008; Chen et al. 2011; Crimmins et al. 2011), biotic factors can have equal or greater 

effects in terms of setting species ranges and constraining or enhancing species 

migrations (Polis et al. 1996; Araújo & Luoto 2007; Brooker et al. 2007; Gilman et al. 

2010).  As species migrate and ranges shift in response to changes in abiotic factors, 

communities, and their suites of species interactions, will change. Changing communities 

will create a geography of species interactions that structure ranges and affect migration 

in ways that are not yet understood.  

The importance of biotic interactions in range 

Natural enemies (i.e. procurement of enemy free space, Jefferies & Lawton 1984) 

are an important factor limiting recruitment in populations and structuring ranges in 

communities structured along geographically narrow abiotic gradients (e.g. rocky 

intertidal zones, Connell 1961; Paine 1966; Wootton 1993), and for population spread 

and migration (Jefferies & Lawton 1984; Maron & Vilà 2001). In the case where species’ 

natural enemies target them in a density- or frequency-dependent manner, or where the 

ranges of natural enemies and their target species are similar, species may be limited by a 
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natural enemy within its range, but there may be enemy free space within reach of 

dispersing propagules (Menéndez et al. 2008). If climate changes in a way that allows a 

species to occupy that enemy free space, that species will have an advantage in the newly 

available area (Lakeman-Fraser & Ewers 2013).  Conversely, if natural enemies have 

broader ranges than their prey species, or if predation is due to suites of natural enemies 

that are responding to other prey species or limitations induced by their own biotic 

interactions, a species may have a disadvantage outside its current range.  

Biotic interactions are expected to be particularly important in controlling 

migration on tropical mountains. Here species ranges are narrow with respect to the 

length of the abiotic gradient (Colwell et al. 2008), and the distributions of focal 

organisms and the species they interact with, both positively and negatively, change over 

short geographic distances, leading to the possibility of large differences in species 

interactions and species successes, even within the range of dispersing propagules 

(Janzen 1967; Ghalambor et al. 2006). On tropical mountains, remaining in equilibrium 

with increasing temperatures requires plant species to migrate to higher elevations (Bush 

2002; Colwell et al. 2008). If plant species ranges are to shift up slope, seeds must be 

dispersed beyond the upper extent of a species range (Lenoir et al. 2009), potentially 

releasing them from familiar predators or exposing them to new ones.  

A gradient of seed predation 

If species migrate to areas with increased negative biotic interactions (e.g. 

competition, predation, parasitism), or fewer positive ones (e.g. facilitation, pollination, 

dispersal), then their relative success may be greater insider their range, giving them a 

home range advantage (HRA) for survival. If the reverse is true, they may have a home 
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range disadvantage (HRD) in terms of survival or establishment, such that migration 

outside the range is favored by the reduced negative biotic interactions, or increased 

positive interactions.  

A tropical montane forest in the Peruvian Andes shows a large gradient in seed 

survival that corresponds to elevation, with seed survival ranging from near 0 percent at 

mid elevations to 56% near treeline, a nine-fold increase (Fig. 1; Hillyer & Silman 2010). 

The cause of the large gradient in seed predation is hypothesized to be a combination of 

the loss of top-down limitations on rodent communities as one moves from the lowlands 

(300 m) to middle elevations (1500 – 2000 m) and bottom up decreases in productivity as 

one moves to the highlands (Hillyer & Silman 2010). From 300 – 1500 m there is a large 

decrease in diversity and an expected decrease in the number and diversity of mammalian 

predators and rodent eating snakes, potentially releasing predation pressure on rodent 

communities.  As plant and particularly seed productivity decreases with increasing 

elevation (Girardin et al. 2010, 2014), rodent population sizes likely decrease, and this, 

coupled with compositional shifts in the rodent community, has been posited as the cause 

of decreased seed predation from 1500 – 3450 m (Hillyer & Silman 2010). If lowland 

species are to migrate outside of their current range they will have to contend with an 

increasing gradient of seed predation. Some mid and high elevation species may, 

however, find relief from seed predation.  

Home range advantages (or home range disadvantage) could arise in two ways 

along this gradient. The first is through interactions between seed traits (e.g. hardness, 

size, and secondary defense composition) and seed predator adaptations/community 

composition (e.g. density dependent search image formation or bite force in rodents and 
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birds). This would be expected to lead to distinct patterns of HRA and HRD among plant 

species when compared to the larger community (species 1, Fig 1).  Alternatively, all 

members of the seed community respond in the same general way to predators, and an 

HRA or HRD arises simply due the placement of an individual species’ range along this 

larger gradient in species interactions (species 2, Fig 1). Here I examine post dispersal 

seed predation across a large gradient in abiotic factors, ecosystem productivity, 

community composition (both trees and seed predators), and seed predation intensity. 

Across this gradient, for each focal tree species I ask whether there is a home range 

advantage in terms of seed predation, whether the species may have traits that allow them 

to avoid the seed predator guild at elevation where they normally live, or conversely, that 

species may have higher survival when placed outside its range through escaping from 

co-occurring or co-adapted seed predators.  

 

METHODS 

 Seed predation experiments 

Seed predation experiments were conducted in the Kosñipata Valley of the 

Peruvian Andes in the summers of 2008 and 2012. Descriptions of the permanent plot 

network in the Kosñipata Valley are in Girardin et al. (2010) and Malhi et al. (2010) and 

a climate description is in Rapp et al. (2012). In 2008, seeds from 23 species of tropical 

trees and Zea mays were placed at 11 sites along an elevational gradient from 1000 – 

3450 m. Twenty-five seeds of each species (75 seeds were placed for Z. mays, D. 

lamarckianum, and I. deltoidea) were placed at each elevation, for a total of 275 or 825 

(Z. mays, D. lamarckianum, and I. deltoidea) seeds per species and 750 seeds per 
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elevation (Hillyer & Silman 2010). In 2012, seeds from five species of palms were placed 

at five sites along the same gradient from 600 – 2000 m (24 seeds per species, 120 seeds 

per site). Twenty-four seeds of each species were placed at each elevation for a total of 

120 seeds per elevation. In both experiments the fleshy mesocarp was removed from all 

seeds. Seeds that were partially eaten or missing after approximately 70 days were 

considered depredated. Data from both years was used to calculate total seed survival 

across elevation (Fig 2), but only data from 2008 were included in the HRA/HRD 

analyses. Twenty of the 24 species used in the 2008 experiment were identified to species, 

and were used in analyses as focal species. These species had different elevational ranges 

spanning the 2.5 km gradient, allowing their performance both in and out of their 

elevation ranges to be analyzed.  In addition, the large number of species with differing 

ranges allowed the performance of each of the species, in turn, to be compared to the 

performance of other species in the community.  

Elevation ranges 

There are two ways to calculate species’ ranges, either as distribution wide ranges 

measured through species collections, or as local ranges, measured through extensive 

study of a limited landscape. Both types of data were available in this study and each 

method provides different, but complementary information. I used georeferenced 

collection records from the Global Biodiversity Information Facility (GBIF, 

www.gbif.org, citations for specific datasets used are in Supplementary Material) to 

calculate distribution-wide elevational ranges (Table S1). Records from Colombia, 

Ecuador, Peru, Bolivia, and Venezuela were filtered to eliminate georeferencing errors 

according to standard techniques as described in Feeley & Silman (2010). Coordinates 
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were rounded to the nearest 0.01º (an accuracy of ~ one km at the equator) and duplicate 

records, i.e. identical combinations of species, latitude and longitude were excluded 

(Feeley & Silman 2011). If ≥30 records remained, the 5th and 95th percentile of elevations 

were considered to be a species’ minimum and maximum range. Local elevation ranges 

for each species were calculated from plot data within the Kosñipata Valley (Table 1). 

Ranges were set at the elevation halfway between the last site where the species was 

detected and the first site where it was not detected. For some species the local ranges 

extended the GBIF ranges so these datasets were combined (regional ranges, Table 1).  

Analysis 

To test whether a species had an HRA or HRD, I modeled seed survival in 

response to range with logistic regression: seed survival ~ range (model 1). Range was a 

binary variable where 1 was inside a species’ range and 0 was outside of a species’ range. 

If range was a significant predictor of survival in model 1, a species had an HRA or 

HRD. An odds ratio less than one reflected an HRD (survival was less likely inside the 

range) while an odds ratio greater than one reflected an HRA (survival was more likely 

inside the range). However, a species could have an HRA simply because its home range 

was at the upper or lower end of the gradient, where seed predation is lowest (conversely, 

species living within the 1500 – 2500 range would be expected to have an HRD). Of 

interest was if these species have an HRA or HRD above and beyond what the 

community experienced simply because of the abovementioned predator/productivity 

gradient.  

To test whether a focal species differed in survival from the community inside 

and outside of its range, I modeled the total seed survival of all species in response to 
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range, focal, and the interaction between range and focal: community seed survival ~ 

range + focal + range:focal (model 2). The difference shows survival differences unique 

to the focal species, beyond what is experienced by the “average” seed at that elevation. 

Focal was a binary variable where 1 was the species of interest, and 0 was the other 23 

species in the community of seeds studied. The interaction term of the model was used to 

choose among competing hypotheses: did a species have an HRA or HRD simply due to 

the overall gradient in seed predation experienced by all members of the community, or 

was an HRA or HRD driven by an interaction specific to the species and seed predators 

found in that home elevational range. A significant interaction term suggested that the 

focal species was responding differently from the rest of the community because that 

species was favorable or unfavorable to seed predators. An odds ratio less than one meant 

within the home range of the focal species, survival was less likely for the focal species 

(focal = 1) than the community (focal = 0), an HRD. For an odds ratio greater than one, 

survival was more likely for the focal species than the community in the home range of 

the focal species, an HRA. All models, odds ratios, and 95% confidence intervals of the 

odds ratio were calculated in R (R Core Team, 2017). 

Nonparametric regression 

Nonparametric regression was used to visualize the overall pattern of survival 

with respect to range and to aid in interpretation of the results from the logistic regression. 

Locally weighted regressions (LOESS, Cleveland & Devlin 1988) were fit to individual 

species survival using R (R Core Team 2017) and these curves were graphed with a 

LOESS curve fit to seed survival of all species combined (community seed survival).  
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RESULTS 

Individual survival and range 

Five species had significantly increased survival inside their local range compared 

to outside (HRA), seven survived more poorly within their home range (HRD) and five 

showed no effect (Table 2).  When regional ranges were used five species had an HRA 

and seven had an HRD (Table 2), though they were not always the same species that had 

HRAs or HRDs in the local ranges.  Guatteria duodecima (HRA) and Meliosoma 

vasquezii (HRD) no longer had HRA/Ds when regional ranges were used (Table 2).  

Coussarea ecuadorensis had an HRA when regional ranges were used but not when local 

ranges were used (Table 2). 

Survival relative to the ecological community 

When species’ performances were compared to the overall performance of the 

community using local ranges, six species had an HRA that was distinct from the trend in 

the overall community (Table 3). Four species had an HRD when compared to the rest of 

the community (Table 3). When ranges were extended to included regional ranges seven 

species had an HRA (C. ecuadorensis was the additional species) and four species had an 

HRD (Heliocarpus americanus does not have an HRD with regional ranges, but Wettinia 

augusta does). 

Across models and ranges used, four species consistently had an HRA: Matisia 

malacocalyx, Solanum matureclavens, Hesperomeles ferruginea, and Symplocos 

psiloclada. Three species consistently had an HRD: Hieronyma oblonga, Mollinedia 

lanceolata, and Dictyocaryum lamarckianum. Species may have had an HRA or HRD in 
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one model and not the other, or with one set of ranges but not the other, but never did an 

HRA switch to an HRD or vice versa (Table 4). 

 

DISCUSSION 

My results show the pervasive effects of natural enemies in structuring 

regeneration along the gradient.  The seed predation pressure changed along the elevation 

gradient for all 20 of the tree species studied (Fig. 3). Furthermore, the changes in the 

strength of this biotic interaction conferred an advantage within local ranges for five 

species and a disadvantage for seven species, with only five species showing no effect 

when viewed in terms of absolute survival. As propagules are dispersed in the landscape, 

the location where they fall can have a large effect on survival probability and the ability 

to establish within current ranges or outside of current ranges; a critical component in 

attempting to predict the effects of global climate change.   

The population biology of species range shifts has been a central theme in the 

study of plant responses to climate change (Mclaughlin & Zavaleta 2012; Benavides et al. 

2013). A crucial factor determining the rate of population spread is dispersal of 

individuals outside their current range, and their subsequent fates (e.g. Clark et al. 1999). 

Post dispersal seed predation can therefore be important to species responses to global 

change, by effectively limiting (or not) the number of propagules available for 

recruitment. When looked at in the context of the entire life history of a tree, moving 

outside of the range can have a large effect on population growth rate, with a previous 

study finding 100 - 650 % increases in lambda (Hillyer & Silman 2010). Thus, biotic 

interactions can greatly increase predicted rates of spread, implying that migrations under 
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climate change could be enhanced by changes in biotic interaction strengths in this 

system.   

An unexpected and important feature along this gradient is a striking mid-

elevation decrease in seed survival across all species studied, regardless of home range, 

forming a mid-elevation trap for species migrating upwards from lowland or foothill 

regions into the Andes. The mid-elevation trap appears to be consistent among years and 

spatially within the regional landscape. Moreover, the change in seed predation at mid-

elevations translates into a large negative effect on lambda when looked at in the context 

of the life history of the organism (Hillyer & Silman 2010). Because of this, species 

migrating from lower to higher elevations may be blocked from advancing by a factor as 

large as crossing an ecotone. Yet in this case, the ecotone does not arise from a 

biophysical effect of the environment on plant structure, or plant-herbivore-environment 

effects such as a savanna-forest ecotone, but is rather due in its entirety to species 

interactions, playing out in continuous forest cover, and invisible in the vegetation or 

biophysical structure of the environment.  This result has particular salience in that 

upward migration is hypothesized to be a primary pathway available for lowland tropical 

species to persist under anthropogenic warming (e.g. Walther et al. 2002; Colwell et al. 

2008). Most species from below 1000 m that must migrate upslope will have to establish 

themselves at elevations where seed survival drops to 0 – 20%. If the mammals, birds, 

and snakes thought to regulate the seed predator community do decrease with elevation, 

seed predator populations will increase as predation pressure is released. This too is 

another suite of interactions that will change as communities reassemble as species shift 

up or down slope. 
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Species differences 

Some of the differences in seed survival in species home ranges were derived 

from the overall pattern of seed survival. That is, species that have home range 

advantages, have advantages because their home ranges are at elevations where overall 

seed survival is highest. At mid elevations where seed survival is lowest, the home range 

of a species is not important, seeds are still likely to get eaten. But, species do deviate 

from this pattern. For the ten species that showed a significant interaction between their 

ranges and whether a species was focal or not (Table 3), their species characteristics may 

be playing a role in their seed survival that is different from the overall biotic gradient. 

The composition of the seed predator community (rodents, birds, and ants) also changes 

with elevation, and the interplay between the functional ecology of seed predator 

community and seed traits will give rise to HRAs and HRDs beyond the overall trend in 

seed survival. Species level differences that create differences in how seed predators 

respond to a species include secondary compounds that deter seed predators (Janzen et al. 

1977; Cao et al. 2011),  seed sizes/seed coats that are too large/hard for members of the 

seed predator community in an area (Zangerl & Bazzaz 1992; Mohamed-Yasseen et al. 

1994, Ganesh & Davidar 2005), seeds possessing olfactory or visual cues that are not 

known to members of the local seed predator community, rendering them effectively 

invisible to seed predators (Nystrand & Granström 1997; Porter 2013) or other habits like 

masting (Silvertown 1980; Kelly 1994; Li & Zhang 2007). Conversely, species with 

characteristics that render a seed especially accessible or appealing to a seed predator 

may experience disadvantages above and beyond what the community experiences. As an 

example, ants, which consume small seeded species (Fig 3, species with ants), sharply 
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decrease in abundance above 1500m (Webb 2008). The predation pressure that small 

seeded species experience is markedly different from the predation pressure experienced 

by other species (Hillyer & Silman 2010). This demonstrates that a change in the seed 

predator guild translates into changes in plant survival along this gradient, echoing classic 

studies in other ecosystems (Brown & Davidson 1977; Davidson 1977). 

Species ranges 

The source of range data used (plot data or georeferenced collections from a 

database) had a small effect on determining the presence of range-varying biotic 

interactions, sometimes changing which species showed or did not show them. 

Distribution-wide elevation ranges may be important in the context of evolutionary 

history. If there are co-evolved predator-prey interactions, seed predators may be 

expected to have that effect (Abrams 2000), even if they currently are at an elevation 

where that species doesn’t live.  Conversely, if seed and seed predator interactions are 

mediated by learned interactions or experiences (Kelley & Magurran 2003; Ishii & 

Shimada 2010), then a seed species might have distinct interactions with predators due to 

novelty within the landscape.  

Conclusion 

Overall the results suggest that for some species, any benefit or cost of seed 

dispersal outside of the range will depend on where that seed is dispersed in the gradient 

of seed predation, not individual species traits or interactions with specialist herbivores. 

There are some species that may perform better or worse because of individual 

characteristics. Species that do perform better or species already above mid elevations 

may shift their distributions upslope more easily. Species that must migrate from the 
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lowlands into the cloud forest must contend with a large mid elevation seed predation 

trap. 

.
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Table 1. The elevational ranges of study species. Local ranges are calculated from plot data; regional ranges 
are plot data and GBIF data combined to give the broadest range possible. Seed mass (g) is the mean mass of 
10 seeds ± standard deviation. Species are ordered by the elevational midpoint of the regional ranges. 

species local range (m) regional range (m) seed mass ± SD (g) 
dispersal 

mechanism 
Matisia malacocalyx 470 – 1125 116 – 1125 1.24 ± 0.32 

 
Guarea pterorhachis NA 90 – 1175 0.60 ± 0.29 

 
Virola sebifera 300 – 1625 50 – 1625 0.23 ± 0.11 zoochory2 
Wettinia augusta NA 75 – 1625 0.53 ± 0.09 endozoochory1 
Iriartea deltoidea 300 – 1625 88 – 1625 3.56 ± 0.62 endozoochory1 
Coussarea ecuadorensis 1125 – 1625 125 – 1700 1.45 ± 0.15 
Guatteria duodecima 470 –1625 150 – 1781 0.12 ± 0.06 
Meliosma vasquezii 1675 – 1925 50 – 1925 0.46 ± 0.04 
Heliocarpus americanus 1125 – 1625 150 – 2383 0.007 ± .003 anemochory 
Hieronyma oblonga 875 – 2375 122 – 2445 0.02 ± 0.01 
Prunus detrita 875 – 1875 875 – 1875 0.60 ± 0.11 endozoochory1 
Mollinedia lanceolata 1375 – 2625 200 – 2625 0.35 ± 0.10 

 Staphylea occidentalis 1125 – 2375 120 – 2900 0.04 ± 0.02 
 Tapirira aff. guianensis 1125 – 1925 1125 – 1925 0.29 ± 0.05 
 Dictyocaryum lamarckianum 1125 – 1925 1100 – 1970 3.02 ± 0.84 endozoochory1 

Morella pubescens 2875 – 3125 1500 – 3420 0.013 ± 0.005 
 Solanum maturecalvans  2125 – 3375 1600 – 3725 0.01 ± .009 
 Hesperomeles ferruginea 2875 – 3125 2369 – 3819 0.005 ± .002 
 Symplocos psiloclada 2875 – 3575 2875 – 3575 0.33 ± 0.12 
 Zea mays NA 230 – 3800 0.17 ± 0.02 
 Rinorea sp. 875 – 1375 60 – 1375 0.05 ± 0.02 

 
Protium sp. 470 – 1925 100 – 1925 0.013 ± 0.005 

 Ormosia sp. 300 – 1625 60 – 2110 0.40 ± 0.06 
 Myrcia sp. 470 – 2375 100 – 2375 0.013 ± 0.005 
 1Zona & Henderson 1989, 2 Howe 1981 
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Table 2. Results of logistic regressions (model 1: individual seed survival ~ range). The coefficient, p value, odds 
ratio (OR), and 95% confidence interval (CI) of the odds ratio are reported. Significant results are in bold. Local 
ranges are calculated from plot data; regional ranges are plot data and GBIF data combined to give the broadest 
range possible. 

species 
local elevation range regional elevation range 

β p OR 95% CI β p OR 95% CI 

Matisia malacocalyx 1.62 <0.005 5.07 2.16 – 12.02 same as local range 
Guarea pterorhachis no local range -0.14 0.75 0.87 0.34 – 2.03 
Virola sebifera -0.33 0.34 0.72 0.36 – 1.39 same as local range 
Wettinia augusta no local range 0% survival in regional range 
Iriartea deltoidea -0.03 0.90 0.98 0.65 – 1.43 same as local range 
Coussarea ecuadorensis -0.50 0.34 0.61 0.20 – 1.56 0.86 0.01 2.37 1.25 – 4.47 
Guatteria duodecima 0.64 0.05 1.89 1.00 – 3.54 0.33 0.25 1.39 0.79 – 2.42 
Meliosma vasquezii -0.80 0.03 0.46 0.23 – 0.90 -0.47 0.07 0.63 0.37 – 1.04 
Heliocarpus americanus 0% survival in local range -1.06 <0.005 0.34 0.20 – 0.46 
Hieronyma oblonga -2.19 <0.005 0.12 0.04 – 0.26 same as local range 
Prunus detrita -0.82 0.04 0.44 0.19 – 0.93 same as local range 
Mollinedia lanceolata -3.06 <0.005 0.05 0.01 – 0.16 -1.59 <0.005 0.20 0.09 – 0.45 
Staphylea occidentalis -0.35 0.28 0.70 0.36 – 1.33 -0.62 0.06 0.54 0.28 – 1.05 
Tapirira aff. guianensis -0.95 <0.005 0.39 0.21 – 0.70 same as local range 
Dictyocaryum lamarckianum 0% survival in local range 0% survival in regional range 
Morella pubescens 0.36 0.49 1.44 0.46 – 3.82 -0.07 0.87 0.93 0.42 – 2.30 
Solanum maturecalvans  1.03 <0.005 2.80 1.42 – 5.75 0% survival out of regional range 
Hesperomeles ferruginea 1.44 <0.005 4.24 1.59 – 10.59 1.68 <0.005 5.37 2.35 – 13.84 
Symplocos psiloclada 1.36 <0.005 3.92 2.25 – 6.90 same as local range 
Zea mays no local range all points in range 
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Table 3. Results of logistic regressions (model 2: community seed survival ~ range + focal + range:focal).  The 
coefficient, p value, odds ratio (OR), and 95% confidence interval (CI) of the odds ratio of range:focal are reported. 
Full results are in Table S2. Significant results are in bold. Local ranges are calculated from plot data; regional ranges 
are plot data and GBIF data combined to give the broadest range possible. 

species 
local elevation range regional elevation range 

β p OR 95% CI β p OR 95% CI 

Matisia malacocalyx 2.18 <0.005 8.84 3.72 – 21.18 2.43 <0.005 11.4 4.84 – 27.22 
Guarea pterorhachis no local range 0.60 0.18 1.83 0.72 – 4.32 
Virola sebifera 0.16 0.64 1.18 0.58 – 2.31 0.43 0.22 1.53 0.75 – 2.98 
Wettinia augusta no local range 0% survival in regional range 
Iriartea deltoidea 0.52 0.02 1.68 1.10 – 2.53 0.76 <0.005 2.15 1.42 – 3.22 
Coussarea ecuadorensis -0.01 0.98 0.99 0.32 – 2.58 1.66 <0.005 5.28 2.75 – 10.07 
Guatteria duodecima 1.18 <0.005 3.26 1.70 – 6.20 1.12 <0.005 3.08 1.73 – 5.42 
Meliosma vasquezii -0.30 0.403 0.74 0.36 – 1.46 0.30 0.26 1.35 0.80 – 2.28 
Heliocarpus americanus 0% survival in local range -0.30 0.27 0.74 0.43 – 1.26 
Hieronyma oblonga -1.78 <0.005 0.17 0.06 – 0.39 -1.47 <0.005 0.23 0.084 – 0.54 
Prunus detrita -0.34 0.4 0.71 0.30 – 1.53 -0.05 0.9 0.95 0.41 – 2.03 
Mollinedia lanceolata -2.66 <0.005 0.07 0.01 – 0.24 -0.86 0.044 0.42 0.18 – 0.95 
Staphylea occidentalis 0.14 0.98 1.15 0.59 – 2.20 0.14 0.68 1.15 0.59 – 2.28 
Tapirira aff. guianensis -0.47 0.14 0.62 0.33 – 1.15 -0.21 0.51 0.81 0.43 – 1.49 
Dictyocaryum lamarckianum 0% survival in local range 0% survival in regional range 
Morella pubescens 0.89 0.09 2.45 0.77 – 6.56 0.70 0.10 2.02 0.90 – 5.01 
Solanum maturecalvans  1.58 <0.005 4.87 2.44 – 10.12 0% survival out of regional range 
Hesperomeles ferruginea 2.00 <0.005 7.39 2.75 – 18.67 2.5 <0.005 12.16 5.30 – 31.60 
Symplocos psiloclada 1.99 <0.005 7.33 4.13 – 13.13 2.21 <0.005 9.09 5.16 – 16.19 
Zea mays no local range all points in range 
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Table 4. Summary of logistic regression results (model 1: individual seed survival ~ range, model 2: community seed survival ~ range + 
focal + range:focal). If range was a significant predictor of survival in model 1, a species had an HRA or HRD. If range:focal was a 
significant predictor of survival in model 2, a species had an HRA or HRD in addition to the pattern shown by the community. In some 
cases, range was not significant in model 1, but range:focal was significant in model 2, these are species that have HRAs only when 
compared to the community and are denoted by †. Non significant results are indicated by --. NA indicates seed survival was not modeled. 
Results are presented for both local and regional elevation ranges.  

Species 
local elevational ranges regional elevational ranges 

model 1 model 2 conclusion model 1 model 2 conclusion 

Matisia malacocalyx HRA HRA HRA > community HRA HRA HRA > community 
Guarea pterorhachis NA NA NA -- -- NA 
Virola sebifera -- -- no HRA or HRD -- -- no HRA or HRD 
Wettinia augusta NA NA NA HRD* HRD* HRD < community 
Iriartea deltoidea -- HRA HRA > community† -- HRA HRA > community† 
Coussarea ecuadorensis -- -- no HRA or HRD HRA HRA HRA > community 
Guatteria duodecima HRA HRA HRA > community -- HRA HRA > community† 
Meliosma vasquezii HRD -- HRD = community -- -- no HRA or HRD 
Heliocarpus americanus HRD* HRD* HRD < community HRD* -- HRD = community 
Hieronyma oblonga HRD HRD HRD < community HRD HRD HRD < community 
Prunus detrita HRD -- HRD = community HRD -- HRD = community 
Mollinedia lanceolata HRD HRD HRD < community HRD HRD HRD < community 
Staphylea occidentalis -- -- no HRA or HRD -- -- no HRA or HRD 
Tapirira aff. guianensis HRD -- HRD = community HRD -- HRD = community 
Dictyocaryum lamarckianum HRD* HRD* HRD < community HRD* HRD* HRD < community 
Morella pubescens -- -- no HRA or HRD -- -- no HRA or HRD 
Solanum maturecalvans  HRA HRA HRA > community HRA** HRA** HRA > community 
Hesperomeles ferruginea HRA HRA HRA > community HRA HRA HRA > community 
Symplocos psiloclada HRA HRA HRA > community HRA HRA HRA > community 
Zea mays NA NA NA NA NA NA 

*species had 0% survival in its home range, **species had 0% survival out of its home range, † an HRA only when compared to the community
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dashed gray line is the locally weighted seed survival (LOESS) of all twenty
species across the elevation gradient.
ranges. When compared to the community seed survival, species 2 performs the same as 
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Figure 2. Community seed survival along an elevational gradient
experiments performed in 2008 and 2010. 
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Figure 3. Seed survival along an elevational gradient for 19 tree species and 
line is the locally weighted regression of an individual species survival (LOESS). The dashed line is the LOESS of the seed s
The gray shaded areas around the lines are the standard error
local range is in gold and the regional range is in black.
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Table S1. Ranges calculated from GBIF records. The number of records is 
the number of records left after standard data cleaning procedures. 

species 
number 

of 
records 

GBIF range (m) 

Matisia malacocalyx 148 116 - 1040 
Guarea pterorhachis 200 90 - 1175 
Virola sebifera 449 50 - 1450 
Wettinia augusta 66 75 - 935 
Iriartea deltoidea 235 88 - 1008 
Coussarea ecuadorensis 37 125 - 1700 
Guatteria duodecima 34 150 - 1781 
Meliosma vasquezii 39 50 - 1850 
Heliocarpus americanus 433 150 - 2383 
Hieronyma oblonga 293 122 – 2455 
Prunus detrita 2 NA 
Mollinedia lanceolata 92 200 - 2250 
Staphylea occidentalis 443 120 - 2900 
Tapirira aff. guianensis NA NA 
Dictyocaryum lamarckianum 46 1100 - 1970 
Morella pubescens 588 1500 - 3420 
Solanum maturecalvans  151 1600 - 3725 
Hesperomeles ferruginea 265 2369 - 3819 
Symplocos psiloclada 8 NA 
Zea mays 298 230 - 3800 
Rinorea sp. 1630 60 - 725 
Protium sp. 422 100 - 1525 
Ormosia sp. 594 60 - 2110 
Myrcia sp. 881 100 - 2330 
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Table S2. Results of logistic regressions (model 2: community seed survival ~ range + focal + range:focal).  The coefficient, p value, odds ratio (OR), and 95% 
confidence interval (CI) of the odds ratio of range:focal are reported. Full results are in Table S2. Significant results are in bold. Local ranges are calculated from 
plot data; regional ranges are plot data and GBIF data combined to give the broadest range possible. 

species predictor 
local elevational range regional elevation range 

β p OR 95% CI β p OR 95% CI 

Matisia malacocalyx 
range -0.56 <0.005 0.57 0.50 - 0.66 -0.81 <0.005 0.44 0.40 - 0.50 
focal -0.49 <0.005 0.61 0.43 - 0.84 -0.55 <0.005 0.58 0.41 - 0.79 

range:focal 2.179 <0.005 8.84 3.72 - 21.18 2.43 <0.005 11.4 4.84 - 27.22 

Guarea pterorhachis 
range 

no local range 
-0.75 <0.005 0.47 0.42 - 0.53 

focal 0.43 <0.005 1.54 1.17 - 2.01 
range:focal 0.6 0.18 1.83 0.72 - 4.32 

Virola sebifera 
range -0.5 <0.005 0.61 0.53 - 0.70 -0.76 <0.005 0.47 0.41 - 0.53 
focal 0.48 <0.005 1.62 1.22 - 2.14 0.43 <0.005 1.53 1.15 - 2.02 

range:focal 0.16 0.64 1.18 0.58 - 2.31 0.43 0.22 1.53 0.75 - 2.98 

Wettinia augusta 
range 

no local range 0% survival in regional range focal 
range:focal 

Iriartea deltoidea 
range -0.54 <0.005 0.58 0.5 - 0.67 -0.79 <0.005 0.45 0.4 - 0.51 
focal 0.22 0.0187 1.24 1.03 - 1.48 1.54 0.094 1.17 0.97 - 1.40 

range:focal 0.52 0.0155 1.68 1.10 - 2.53 0.76 <0.005 2.15 1.42 - 3.22 

Coussarea ecuadorensis 
range -0.49 <0.005 0.61 0.53 - 0.70 -0.8 <0.005 0.45 0.40 - 0.50 
focal 0.2 0.171 1.22 0.91 - 1.60 -0.09 0.56 0.91 0.66 - 1.24 

range:focal -0.01 0.984 0.99 0.32 - 2.58 1.66 <0.005 5.28 2.75 - 10.07 

Guatteria duodecima 
range -0.54 <0.005 0.58 0.50 - 0.67 -0.79 <0.005 0.45 0.40 - 0.51 
focal 0.2 0.18 1.22 0.91 - 1.63 0.18 0.26 1.2 0.87 - 1.62 

range:focal 1.18 <0.005 3.26 1.70 - 6.20 1.12 <0.005 3.08 1.73 - 5.42 

Meliosma vasquezii 
range -0.47 <0.005 0.62 0.54 - 0.72 -0.78 <0.005 0.46 0.411 - 0.52 
focal 0.84 <0.005 2.31 1.76 - 3.03 0.81 <0.005 2.25 1.65 - 3.05 

range:focal -0.3 0.403 0.74 0.36 - 1.46 0.3 0.26 1.35 0.80 - 2.28 

Heliocarpus americanus 
range 

0% survival in local range 
-0.76 <0.005 0.47 0.42 - 0.52 

focal 0.8 <0.005 2.23 1.55 - 3.19 
range:focal -0.3 0.273 0.74 0.43 - 1.26 

Hieronyma oblonga 
range -0.41 <0.005 0.66 0.57 - 0.76 -0.73 <0.005 0.48 0.43 - 0.54 
focal 0.09 0.66 1.09 0.72 - 1.61 0.03 0.56 1.03 0.68 - 1.53 

range:focal -1.78 <0.005 0.17 0.06 - 0.39 -1.47 <0.005 0.23 0.084 - 0.54 
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Table S2 cont. Results of logistic regressions (model 2: community seed survival ~ range + focal + range:focal).  The coefficient, p value, odds ratio (OR), and 
95% confidence interval (CI) of the odds ratio of range:focal are reported. Full results are in Table S2. Significant results are in bold. Local ranges are calculated 
from plot data; regional ranges are plot data and GBIF data combined to give the broadest range possible. 

species predictor 
local elevational range regional elevation range 

β p OR 95% CI β p OR 95% CI 

Prunus detrita 
range -0.48 <0.005 0.62 0.54 - 0.71 -0.77 <0.005 0.46 0.41 - 0.52 
focal -0.44 0.03 0.64 0.43 - 0.94 -0.5 0.01 0.61 0.41 - 0.89 

range:focal -0.34 0.4 0.71 0.30 - 1.53 -0.05 0.9 0.95 0.41 - 2.03 

Mollinedia lanceolata 
range -0.4 <0.005 0.67 0.58 - 0.77 -0.73 <0.005 0.48 0.43 - 0.54 
focal -0.18 0.42 0.84 0.54 - 1.27 -0.31 0.21 0.73 0.44 - 1.16 

range:focal -2.66 <0.005 0.07 0.01 - 0.24 -0.86 0.044 0.42 0.18 - 0.95 

Staphylea occidentalis 
range -0.49 <0.005 0.61 0.53 - 0.70 -0.77 <0.005 0.47 0.41 - 0.52 
focal -0.37 0.08 0.69 0.45 - 1.03 -0.14 0.61 0.87 0.50 - 1.46 

range:focal 0.14 0.98 1.15 0.59 - 2.20 0.14 0.68 1.15 0.59 - 2.28 

Tapirira aff. guianensis 
range -0.47 <0.005 0.62 0.54 - 0.72 -0.74 <0.005 0.48 0.43 - 0.54 
focal 0.83 <0.005 2.29 1.71 - 3.05 0.77 <0.005 2.17 1.62 - 2.89 

range:focal -0.47 0.14 0.62 0.33 - 1.15 -0.21 0.51 0.81 0.43 - 1.49 

Dictyocaryum lamarckianum 
range 

0% survival in local range 0% survival in regional range focal 
range:focal 

Morella pubescens 
range -0.53 <0.005 0.59 0.51 - 0.68 -0.77 <0.005 0.46 0.41 - 0.52 
focal -0.71 <0.005 0.49 0.34 - 0.69 -0.65 0.09 0.52 0.22 - 1.06 

range:focal 0.89 0.09 2.45 0.77 - 6.56 0.7 0.1 2.02 0.90 - 5.01 

Solanum maturecalvans  
range -0.55 <0.005 0.58 0.50 - 0.66 

0% survival out of regional range focal -1.23 <0.005 0.29 0.16 - 0.49 
range:focal 1.58 <0.005 4.87 2.44 - 10.12 

Hesperomeles ferruginea 
range -0.56 <0.005 0.57 0.50 - 0.66 -0.82 <0.005 0.44 0.39 - 0.49 
focal -1.17 <0.005 0.31 0.20 - 0.46 -2.04 <0.005 0.13 0.06 - 0.26 

range:focal 2 <0.005 7.39 2.75 - 18.67 2.5 <0.005 12.16 5.30 - 31.60 

Symplocos psiloclada 
range -0.62 <0.005 0.54 0.46 - 0.62 -0.84 <0.005 0.43 0.38 - 0.48 
focal -0.06 0.736 0.94 0.67 - 1.30 -0.11 0.5 0.89 0.64 - 1.23 

range:focal 1.99 <0.005 7.33 4.13 - 13.13 2.21 <0.005 9.09 5.16 - 16.19 

Zea mays 
range 

no local range all points in range focal 
range:focal 
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Supplementary material: Datasets downloaded from GBIF and used to calculate elevational ranges. 

Sampaio D (2018). SJRP - Herbário de São José do Rio Preto. Version 1.38. Universidade Estadual  
Paulista – São José do Rio Preto. Occurrence Dataset https://doi.org/10.15468/rdtyfv accessed via 
GBIF.org on 2018-04-09.,   http://splink.cria.org.br/manager/detail?resource=SJRP 
10.15468/rdtyfv 

Edilma Licona de Macedo G (2018). HUESB - Herbário da Universidade Estadual do Sudoeste da Bahia.  
Version 1.37. Universidade Estadual do Sudoeste da Bahia. Occurrence Dataset 
https://doi.org/10.15468/yipzhz accessed via GBIF.org on 2018-04-09.,   
http://splink.cria.org.br/manager/detail?resource=HUESB 10.15468/yipzhz 

Teixeira de Souza Chies T, Fernando Prado J (2018). ICN - Herbário do Instituto de Ciências Naturais.  
Version 1.37. Universidade Federal do Rio Grande do Sul. Occurrence Dataset 
https://doi.org/10.15468/gwuezt accessed via GBIF.org on 2018-04-09.,   
http://splink.cria.org.br/manager/detail?resource=ICN 10.15468/gwuezt 

Ceccantini G (2018). SPFw - Xiloteca do Instituto de Biociências da Universidade de São Paulo. Version  
1.36. Universidade de São Paulo. Occurrence Dataset https://doi.org/10.15468/sihvr7 accessed via 
GBIF.org on 2018-04-09.,   http://splink.cria.org.br/manager/detail?resource=SPFw 
10.15468/sihvr7 

Marcondes-Ferreira W (2018). UEC - Herbário da Universidade Estadual de Campinas. Version 1.37.  
Universidade Estadual de Campinas - Instituto de Biologia. Occurrence Dataset 
https://doi.org/10.15468/4hnsz8 accessed via GBIF.org on 2018-04-09.,   
http://splink.cria.org.br/manager/detail?resource=UEC 10.15468/4hnsz8 

Aragón Axomulco L, Ramos Rivera P (2017). Etapa final de la captura y catalogación del Herbario del  
Instituto de Ecología, AC, Centro Regional del Bajío. Version 1.3. Comisión nacional para el 
conocimiento y uso de la biodiversidad. Occurrence Dataset https://doi.org/10.15468/dk7ca2 
accessed via GBIF.org on 2018-04-09. 10.15468/dk7ca2 

Australia's Virtual Herbarium (2018). Australia's Virtual Herbarium. Occurrence Dataset  
https://doi.org/10.15468/rhzrxw accessed via GBIF.org on 2018-04-09. 10.15468/rhzrxw 

Rodríguez N (2017). Registros biológicos de especies de plantas del Bosque Seco en Colombia presentes  
en el Herbario JBGP. Version 1.3. Jardín Botánico de Cartagena "Guillermo Piñeres". Occurrence 
Dataset https://doi.org/10.15472/v16okr accessed via GBIF.org on 2018-04-09., 
http://doi.org/10.15472/v16okr 10.15472/v16okr 

Labiak P (2018). UPCB - Herbário do Departamento de Botânica. Version 1.36. Universidade Federal do  
Paraná. Occurrence Dataset https://doi.org/10.15468/udpvi1 accessed via GBIF.org on 2018-04-
09.,   http://splink.cria.org.br/manager/detail?resource=UPCB 10.15468/udpvi1 

Montes Salazar S C, Quijano Abril M A (2017). Colección Herbario Universidad Católica de Oriente.  
Version 9.4. Universidad Católica de Oriente. Occurrence Dataset https://doi.org/10.15472/iricit 
accessed via GBIF.org on 2018-04-09., http://doi.org/10.15472/iricit 10.15472/iricit 

Islebe G A, Ramos Rivera P (2017). Base de datos del Herbario CIQR de El Colegio de la Frontera Sur,  
unidad Chetumal. Version 1.3. Comisión nacional para el conocimiento y uso de la biodiversidad. 
Occurrence Dataset https://doi.org/10.15468/qp5zke accessed via GBIF.org on 2018-04-09. 
10.15468/qp5zke 

Panero J L, Ramos Rivera P (2017). Catálogo electrónico de especímenes depositados en el Herbario de la 
Universidad de Texas en Austin, Fase IV. Version 1.3. Comisión nacional para el conocimiento y 
uso de la biodiversidad. Occurrence Dataset https://doi.org/10.15468/cwx7g2 accessed via 
GBIF.org on 2018-04-09. 10.15468/cwx7g2 

Carlos Ferreira de Melo Júnior J (2018). JOIw - Xiloteca Joinvillea. Version 1.36. Universidade da Região  
de Joinville. Occurrence Dataset https://doi.org/10.15468/dgbx1n accessed via GBIF.org on 2018-
04-09.,   http://splink.cria.org.br/manager/detail?resource=JOIw 10.15468/dgbx1n 
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Buitrago Giraldo M C, Gómez J A (2018). Primera caracterización biológica de plantas del proyecto  
"Incorporación de la Biodiversidad en el sector cafetero en Colombia". Version 9.5. Federación 
Nacional de Cafeteros de Colombia. Occurrence Dataset https://doi.org/10.15472/o58kme 
accessed via GBIF.org on 2018-04-09., http://doi.org/10.15472/o58kme 10.15472/o58kme 

Cristina Ramos de Souza A (2018). HFSL - Herbário Dr. Ary Tupinambá Penna Pinheiro. Version 1.38.  
Centro de Ensino São Lucas. Occurrence Dataset https://doi.org/10.15468/6j2hwj accessed via 
GBIF.org on 2018-04-09.,   http://splink.cria.org.br/manager/detail?resource=HFSL 
10.15468/6j2hwj 

Sofrony-Esmeral C, Castaño A, Rojas A, Santos A, Nieves J, Oyuela G (2017). Programa para la  
Conservación Integral de Diez Especies de Plantas Prioritarias del BST. Version 2.1. Red 
Nacional de Jardines Botánicos de Colombia. Occurrence Dataset https://doi.org/10.15472/jbzjhl 
accessed via GBIF.org on 2018-04-09., http://doi.org/10.15472/jbzjhl 10.15472/jbzjhl 

Tadeu Weidlich Motta J, dos Santos Ribas O (2018). MBM - Herbário do Museu Botânico Municipal.  
Version 1.37. Museu Botânico Municipal. Occurrence Dataset https://doi.org/10.15468/g6ppmt 
accessed via GBIF.org on 2018-04-09.,   http://splink.cria.org.br/manager/detail?resource=MBM 
10.15468/g6ppmt 

Gutiérrez Garduño M V, Ramos Rivera P (2017). Sistematización del Herbario Nacional Forestal Biól  
Luciano Vela Gálvez. Version 1.5. Comisión nacional para el conocimiento y uso de la 
biodiversidad. Occurrence Dataset https://doi.org/10.15468/uw3owi accessed via GBIF.org on 
2018-04-09. 10.15468/uw3owi 

Alberto Mattos Silva L (2018). UESC - Herbário Universidade Estadual de Santa Cruz. Version 1.37.  
Universidade Estadual de Santa Cruz. Occurrence Dataset https://doi.org/10.15468/vrwzob 
accessed via GBIF.org on 2018-04-09.,   http://splink.cria.org.br/manager/detail?resource=UESC 
10.15468/vrwzob 

Barbosa Cavalcanti T (2018). CEN - Herbário da Embrapa Recursos Genéticos e Biotecnologia. Version  
1.37. Embrapa Cenargen. Occurrence Dataset https://doi.org/10.15468/enkiul accessed via 
GBIF.org on 2018-04-09.,   http://splink.cria.org.br/manager/detail?resource=CEN 
10.15468/enkiul 

Magill B, Solomon J, Stimmel H (2016). Tropicos Specimen Data. Missouri Botanical Garden. Occurrence  
Dataset https://doi.org/10.15468/hja69f accessed via GBIF.org on 2018-04-09. 10.15468/hja69f 

Vargas M (2016). Plantae of Costa Rica (INBio). Version 1.14. Instituto Nacional de Biodiversidad  
(INBio), Costa Rica. Occurrence Dataset https://doi.org/10.15468/tgno8a accessed via GBIF.org 
on 2018-04-09. 10.15468/tgno8a 

Forzza R, Dalcin E (2018). RB - Rio de Janeiro Botanical Garden Herbarium Collection. Version 84.142.  
Instituto de Pesquisas Jardim Botanico do Rio de Janeiro. Occurrence Dataset 
https://doi.org/10.15468/7ep9i2 accessed via GBIF.org on 2018-04-09., 
http://www.jbrj.gov.br/jabot/formularios/comocitar_jabot.php 10.15468/7ep9i2 

Quintana Vargas A (2017). Biodiversidad de un bosque seco tropical del Valle Medio del río Magdalena:  
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Federal do Recôncavo da Bahia. Occurrence Dataset https://doi.org/10.15468/f08gej accessed via 
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10.15468/f08gej 

Lasievicz A (2018). IRAI - Herbário do Parque da Ciência Newton Freire Maia. Version 1.36. Parque da  
Ciência Newton Freire Maia. Occurrence Dataset https://doi.org/10.15468/nr4sgo accessed via 
GBIF.org on 2018-04-09.,   http://splink.cria.org.br/manager/detail?resource=IRAI 
10.15468/nr4sgo 
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de Oliveira Diniz Neres D, Ângelo Rizzo J (2018). UFG - Herbário da Universidade Federal de Goiás.  
Version 1.36. Universidade Federal de Goiás. Occurrence Dataset https://doi.org/10.15468/jn3v2g 
accessed via GBIF.org on 2018-04-09.,   http://splink.cria.org.br/manager/detail?resource=UFG 
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Gutierrez Camargo J C, Garzón Y. N V (2018). Caracterización florística de las ciénagas en Gamarra y  
Barrancabermeja de 2012. Version 3.2. Fundación Alma. Occurrence Dataset 
https://doi.org/10.15472/dp6wp0 accessed via GBIF.org on 2018-04-09., 
http://doi.org/10.15472/dp6wp0 10.15472/dp6wp0 
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Martínez Figueroa Y M (2016). Herbario Universidad de Antioquia (HUA). Version 7.0. Universidad de  
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CHAPTER 3. ELEVATION AND RANGE AFFECT EARLY LIFE HISTORY STAGES OF FIVE 

TROPICAL PALM SPECIES 

 

ABSTRACT 

 In the face of climate change species will have to migrate to stay within their 

current climatic envelopes. Because of shallow or nonexistent latitudinal gradients in 

temperature and precipitation, and a large decrease in temperature with increasing 

elevation, species in tropical montane systems are expected to move up in elevation 

rather than latitudinally. Though tropical tree communities are exceptionally diverse, a 

single clade, palms, makes up a disproportionate number of individuals, and also are 

keystone resource for animal and insect species in tropical ecosystems. In this study, five 

dominant species of tropical arborescent palms were transplanted across a 1500m 

elevation gradient and in common garden experiments to quantify how changes in 

environmental factors affect life history transitions at the seed and seedling stage. Cox 

proportional hazard models were used to predict the effect of range, elevation, seed 

volume, canopy openness, and soil on life history stages and their transitions, including: 

seed mortality, germination, germinant mortality, transition to the seedlings stage, and 

seedling mortality. Results varied among species and life stage; there was no single best 

predictor of the response variables. Several species had higher survival outside their 

observed ranges, suggesting that there is no strong abiotic gradient limiting the ranges of 

these species at the life stages studied and the potential for increased population growth 

outside their range limit. 
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INTRODUCTION 

What sets species distributions is a fundamental question in ecology. It is 

essentially a representation of a species fundamental niche (Ibáñez et al. 2008; Soberón 

& Nakamura 2009; Ettinger & HilleRisLambers 2013). Major theoretical models of what 

sets range limits include evolutionary phenomenon like Allee effects (Lewis & Kareiva 

1993; Keitt et al. 2001) and drift (Alleaume-Benharira et al. 2006) or sources of 

environmental heterogeneity that affect dispersal (Gaylord & Gaines 2000; Goldberg & 

Lande 2007),  population sources and sinks (Holt 2003), and demography (Case et al. 

2005; Purves 2009).  Historically range limits have been thought to be determined by 

abiotic factors (e.g. Darwin 1859), especially in areas of high abiotic stress, such as high 

latitudes and high altitudes (Normand et al. 2009; Sommer et al. 2018).  

In montane systems abiotic factors, particularly temperature, are considered 

limiting factors. Numerous studies have found temperature controls the upper range of 

species, particularly at tree line (Grace et al. 2002; Sexton et al. 2009; Ettinger et al. 

2011). Yet also of interest are those species that have range limits that do not correspond 

to hard ecotones. Upwards of 98.5% of tropical species ranges begin and end within 

continuous forest and along continuous environmental gradients (Gentry 1988), rather 

than coinciding with abrupt shifts in abiotic factors. This points to the importance of 

quantitative changes in demographic parameters, rather than the traditional focus on 

absolute filters of regeneration (Harper 1977; Raghu et al. 2006).  

The view of abruptly changing environmental filters is further complicated by the 

fact that different environmental factors affect life stages differently. For example, light is 

necessary for seedlings to grow, but too much light exposure could dry out seeds, 
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delaying or even preventing germination. Germinants, seedlings, saplings, and adults all 

face attacks from pathogens (Bell et al. 2006) and herbivores, but susceptibilities vary 

drastically (Desprez-Loustau et al. 2006). Instead, the leading causes of tree mortality are 

physical damage (Putz & Milton 1982; Farfan-Rios 2010) and drought stress, particularly 

combined with high temperatures (Allen et al. 2010). Given these variations in 

vulnerabilities among life stages, the exact same abiotic or biotic gradients could have 

very different effects on species regeneration, depending on species ranges and the 

distribution of life stages across these ranges. 

Range limits  

Species ranges are frequently delineated by mapping the occurrences of adult 

trees. Less attention is placed on seeds and seedlings even though they form the leading 

edge of tree geographic ranges and frequently experience high mortality rates (Vaupel & 

Matthies 2012; Vitasse et al. 2012). Experimental studies that have moved species across 

latitudinal ranges have focused on seedlings, rather than seeds (Katz & Ibáñez 2017), yet 

seeds are the only life stage that can be dispersed. Less is known about how seed survival 

and germination change over elevation, and over the elevational range of a species.  

Understanding how growth and survival of early life history stages varies across 

elevation and over the elevational range of species is critical for understanding what sets 

range limits, and thus predicting how they might shift with climate changes. In response 

to climate change species may adapt, acclimate, migrate, or die in response to climate 

change (Aitken et al. 2008; Feeley et al. 2012). Paleoecological studies show that under 

changing climates in the past species have migrated (e.g. Davis & Shaw 2001), shifting 

distributions latitudinally (Jackson et al. 1997) or upslope (Bush 2002). Numerous 
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studies of current changes have shown adult distributions shifting latitudinally (Hickling 

et al. 2006; Boisvert-Marsh et al. 2014) and upslope (Beckage et al. 2008; Colwell et al. 

2008). 

I used seed transplants across a 1.5 km elevation gradient and common garden 

experiments to quantify how changes in environmental factors affect life history 

transitions at the seed and seedling stage. By modeling the effects of elevation, range, 

seed volume, and canopy cover on the transition probabilities of early life history stages I 

sought to answer the questions: 1) How does the probability of germination and survival 

change across and outside of a species’ elevation range? 2) Do changes in environmental 

factors and species characteristics change the probability of germination and survival of 

seeds across an elevation gradient? 

 

METHODS 

Study sites 

This experiment was carried out at five elevations in the Kosñipata Valley (13° 

6’18” S, 71° 35’21” W), in and adjacent to Manu National Park on the southeastern flank 

of the Peruvian Andes: 650 m, 1050 m, 1550 m, 1750 m, and 2000 m (Fig 1A and 1B). 

The highest three sites were adjacent to plots in the Andes Biodiversity and Ecosystem 

Research Group (ABERG) plot network described in Malhi et al. (2010) and Rapp & 

Silman  (2012). The adiabatic lapse rate in the valley is 5.5 ºC per km. The highest annual 

precipitation occurs just above 1000 m at 6-8 m per year and above 2000 m precipitation 

decreases with increasing elevation.  All sites in this study receive more than 5 m of 

precipitation per year, and at no time does potential evapotranspiration (PET) exceed 



 

55 
 

precipitation. Detailed descriptions of the climate can be found in (Rapp & Silman 2012). 

Soils are Inceptisols under the USDA classification system and the parent material is 

Paleozoic shales and slates with plutonic intrusions of granite between 1600 – 2200 m 

(Carmala Garzione, pers. comm.). Soil characteristics of each elevation are in Table 2. 

To quantify canopy cover, hemispherical photos were taken above each individual 

tent site with a Nikon FC-E8 fish eye lens on a Nikon Coolpix 900 digital camera. After 

adjusting the contrast of the images in Corel PaintShop Pro X4 the % canopy openness 

was calculated for each photo in Gap Light Analyzer (Frazer et al. 1999). Median % 

canopy openness was constant with elevation, with more variation at the three highest 

elevations. There was only one gap greater than 10% openness which occurred at 1750 m 

(Fig 2).  

Study species 

Five species of native, arborescent palms were transplanted in this study: 

Astrocaryum murumuru, Socratea exhorriza, Iriartea deltoidea, Wettinia augusta, and 

Dictyocaryum lamarckianum.  Fruits and seeds were collected in the field from the 

ground beneath multiple individuals of the five species. Any remaining fleshy mesocarp 

was removed from the seed. Seeds that floated in water or had visible damage were 

considered unviable and not used. Seed volume of each seed was calculated using the 

equation for the volume of an ellipsoid (Fig 3, Wright et al. 2007).  

Species ranges 

Elevation ranges for the study species were calculated from collection records 

downloaded from the Global Biodiversity and Information Facility (GBIF, www.gbif.org, 

citations for specific datasets used are in Supplementary Material).  Only records from 
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Colombia, Ecuador, Peru, Bolivia, and Venezuela were included and were filtered to 

eliminate georeferencing errors according to standard techniques (Feeley & Silman 2010). 

Coordinates were rounded to the nearest 0.01º (an accuracy of ~ one km at the equator) 

and duplicate records, i.e. identical combinations of species, latitude and longitude were 

excluded (Feeley & Silman 2011). From the remaining records, the 5th and 95th percentile 

of elevations were considered to be a species’ minimum and maximum range (Table 1). 

Data from permanent tree inventory plots (ABERG, www.andesconservation.org) were 

available for four species and in some cases extended the upper limit of the GBIF derived 

range (Table 1). Although Wettinia does not occur in the plots, it has been observed at 

higher ranges than the GBIF limit, and its range was extended based on these 

observations.  

Transplant experiment 

To quantify the survival and growth of early life history stages I transplanted 

seeds from the five study species across and outside of their elevational ranges.  Seeds 

were planted in twelve pairs of mammal exclosures and control sites at each elevation 

(Figs 1B and 1C). Mammal exclosures were one by one meter square PVC structures 

covered with mesh on five sides (Fig 1D). Control sites had the same PVC structure with 

only a mesh roof. Two seeds of each species were planted at each site for a total of forty-

eight seeds per species per elevation. Seeds were first planted in April 2012 (except at 

2000 m; Table 2), during the transition from the wet season to the dry season. By July 

2012 seed predation on unprotected seeds was almost one hundred percent at some 

elevations, so from 600 – 1775 m the entire set of seeds in control sites was replaced and 
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covered with mammal exclosures. Dictyocaryum seeds were added to the experiment 

when they became available in October 2012 (Table 2). 

Sites were visited approximately monthly for the first year, and then every three 

to nine months after that (Table S1). At each census the stage of an individual was 

recorded as a seed, a germinant (appearance of the radicle), or a seedling [complete 

emergence of the first leaf, following (Garwood 2009)]. Soft or damaged seeds, 

germinants where the radicle had clearly fallen off, and dry and brown seedlings with no 

leaves, were recorded as dead. Fallen leaf litter was cleared off the tops of the tents at 

each visit and damaged tents were repaired as needed.  

 Common garden experiments 

 Common garden experiments were used to isolate the effects of soils on life 

history stages and transitions. Two enclosed shade houses were built at 1350m (San 

Pedro) and 500m (Villa Carmen) to use as common gardens (Fig 1B and 1E). Soils for 

the gardens came from each of the five elevations where a transplant experiment was 

located.  Soils were collected from three locations near the transplanted seeds and 

brought to garden sites. At garden sites seeds of the five study species were planted in 

small plastic bags with holes within 2 days of the soil being collected (Table S2). 

Socratea, Iriartea, and Wettinia seeds were planted in July 2012 and in October 2012 

soils were recollected and Dictyocaryum seeds were planted. Gardens were checked 

approximately every month for a year, and then a final time in August 2013 (Table S2). 

Seeds were censused using the same categories as the transplant experiment. Bags were 

rearranged every time the gardens were checked to reduce microsite effects. Seeds 

received natural rainfall. 
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Data analysis 

 I used failure time methods to model the probability of a life history event based 

on environmental factors  (elevation,% canopy openness, soil) species level predictors 

(range, and seed volume). Failure time methods model time until an event occurs, and 

although frequently applied to survival the event modeled does not have to be death (Fox 

2001). The events of interest in this study were seed mortality, germination, germinant 

mortality, the transition from a germinant to a seedling, and seedling mortality.  

Hazard models 

Cox proportional hazard models were used to model results from the transplant 

experiment and the common garden experiment. These models are a special case of 

failure time models where the hazards are assumed to have a constant ratio over time 

(Cox 1972). Proportional hazards assumptions were tested using the cox.zph function 

from the R package survival (Therneau 2000). The estimated coefficients were plotted as 

a function of transformed time, and a chi squared test examined if β(t) was a straight line. 

The false discovery rate correction was used to test for significance (Tables S3 & S4, 

Benjamini & Hochberg 1995). Less than 5% of the hazards calculated from models were 

not proportional over time (Tables S5 & S6). Ignoring violations of the proportional 

hazard assumption is the equivalent of suppressing interactions between one or more 

covariates and time, and the coefficients presented here can be considered the average 

affects of the covariates across time (Allison 1995; Therneau & Grambsch 2001). 

Models were fit separately for each species because species differences in 

response to covariates were expected and separate fits made interpreting the effect of 

other covariates of interest easier. For the transplant experiment mixed effects Cox 
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proportional hazard models were run using the coxme function in the R package coxme 

(R Core Team 2017; Therneau 2015). Continuous variables included in the models were: 

elevation (in hm to scale coefficients for interpretability), seed volume in cm3, and % 

canopy openness, and were centered on the mean allowing the intercept to be interpreted 

more easily. Range was a binary parameter coded for whether a species was planted in or 

out of its range (in range = 1). Site was included as a random effect in all transplant 

experiment models to account for the inherent environmental variation present at the 

different sites of the replicate pairs. The dredge function from the R package MuMIn 

(Bartoń 2018) was used to fit the full model and all models nested within it, including a 

null model with site as a random effect and no other parameters. The full model was 

elevation + volume + canopy openness + range + elevation:volume + elevation:canopy 

openness + elevation:range  + (1|site).  Models for the common garden experiment  were 

run using the coxph function from the R package survival (Therneau 2000). For this set of 

models the parameters were the garden location (500 or 1350 m), the soil type (5 soil 

types, one from each elevation), and seed volume in cm3. The full model was garden + 

soil type + seed volume + garden:soil type + volume:soil type. Again the dredge function 

was used to fit the full model and all nested models. 

Power analysis 

In survival analysis the number of events that occurred is more important than the 

sample size. The formula for estimating the number of events (D) needed to have a 

certain power to detect a specific hazard ratio (𝑒 ) was derived by Schoenfeld (1983) for 

a single binary covariate (X1), where P is the proportion of the sample assigned to one 

treatment in X1.  
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This formula can be extended to multivariate models  under the assumption that the 

binary covariate X1 is independent of the other covariates in the model (Hsieh & Lavori 

2000). I used this equation to calculate the power of each test to detect a hazard ratio of 2 

given the number of events that occurred, the proportion of individuals assigned to X1  

(range = 1 or garden = 500 m) at α = 0.05 (Table 2). At 50% power the probability of 

correctly rejecting a false null hypothesis is equal to the probability of incorrectly 

rejecting a true null hypothesis, however a model could have more power to detect a 

more extreme hazards ratio (>2 or <0.5), so the results are still presented here.  

Model selection 

 AICc, the small sample size corrected AIC value (Hurvich & Tsai 1989), was 

calculated for each model. Models were ranked by AICc from lowest to highest, and 

models with ΔAICc ≤ 2 were considered highly supported (Burnham & Anderson 2002), 

unless they were more complex, nested versions of the top model. Such models are 

penalized only ~2 AIC units for each additional term, so they appear to be well supported 

even though little variance is explained by the additional term(s) (Burnham & Anderson 

2002; Arnold 2010). Models with ΔAICc >7 and their loglikelihood [log(L)], AICc, 

ΔAICc, and Akaike weights (ωi)are in Tables S8-S15. If there were multiple top models, 

coefficients of parameters in the top model set were model averaged using the zero 

method (Burnham & Anderson 2002) and the model.avg function of MuMIn (Bartoń 

2018), where zero is used as the coefficient in models where the parameter of interest is 

𝐷 =  
(𝑍  +  𝑍 )

𝑃(1 − 𝑃) ∗ 𝛽
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absent. Model averaging accounts for model uncertainty by weighting each covariate by 

how well a model supports the data. 

 Hazard ratios were calculated from coefficients or model averaged coefficients 

and their 95% confidence intervals were calculated using the unconditional standard error 

of coefficients or model averaged coefficients described in Anderson (2008). For a 

continuous variable, a hazard ratio greater than one means that a one-unit increase in the 

variable means a greater risk of the event occurring. For the binary variable range, a 

hazard ratio greater than one means that inside a species’ range, the risk of an event 

occurring is greater than outside of a species’ range. For the categorical variable soil type, 

a hazard ratio greater than one means that being planted in a particular soil type, e.g. soil 

from 1075 m, increases the risk of an event occurring, compared to being planted in soil 

from 600 m. 

 

RESULTS 

Trends in seed and germinant mortality across elevation 

Total mortality of all species was >40% at almost all elevations (Fig 4). When 

mortality of seeds and germinants was separated different patterns emerged. Mortality of 

seeds and germinants did not change linearly with elevation (Fig 5A & C), except for 

Astrocaryum seeds where mortality increased with elevation (although elevation was not 

a significant predictor of seed mortality [Fig 6]) and 100% of seeds died at the two 

highest elevations (Fig 5A). Socratea seed mortality was 10% or less across all elevations 

(Fig 5A). Forty percent of Iriartea and Wettinia seeds died at 1075 m, and less than 20% 

died at most other elevations (Fig 5A). For Socratea, Iriartea, and Wettinia germinants, 
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mortality was highest (>70%) in the middle of the gradient (1075 and 1550 m) and 

decreased (<50%) at the lowest and two highest elevations (Fig 5C). Mortality of 

germinants and seeds was as low as or lower at elevations outside the range than 

elevations within species ranges (Fig 5C). 1075 m, the elevation with the lowest 

Dictyocaryum seed mortality was the elevation with the highest germinant mortality (Fig 

5C).   

Trends in germination and transition to seedlings across elevation 

Socratea had the highest germination rate of all species, with > 75% of seeds 

germinating at each elevation (Fig 5B). Astrocaryum germination rates and the rate of 

transition from germinant to seedling decreased with elevation (Fig 5B & D). 

Astrocaryum was the only species with a linear trend with elevation. All species 

germinated and became seedlings outside their elevational ranges, sometimes at rates as 

high as or higher than inside their ranges (Fig 5B & D). Less than 60% of Dictyocaryum 

seeds germinated at any elevation (Fig 5B) and less than 10% of germinants grew into 

seedlings (Fig 5D).  

Modeled effects of elevation and range on life history stages/transitions 

The effect of elevation was varied among species and life history 

stages/transitions. Elevation was a significant predictor of seed mortality for only 

Dictyocaryum, with the chance of dying decreasing with increasing elevation (Fig 6). The 

effect of elevation on germination was variable, ranging from nonexistent (Wettinia) to 

positive (Socratea) or negative (Astrocaryum and Iriartea; Fig 6). Increasing elevation 

decreased the probability of Socratea germinants dying and also decreased the 

probability that Iriartea germinants would transition to seedlings (Fig 6).  
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 Individuals suffered negative effects within their ranges: being in range increased 

mortality (Iriartea seeds and Socratea, Iriartea and Wettinia germinants), decreased the 

chance of germination (Iriartea), and decreased the chance of transitioning to a seedling 

(Socratea, Iriartea, and Wettinia; Fig 6). Dictyocaryum seeds did have an increased 

chance of survival with increasing range (Fig 6). An interaction between elevation and 

range was an important predictor for Socratea across life stages, all of which had a 

negative impact. Being in range at higher elevations decreased the chance of seeds 

germinating, increased the chance of germinants dying, and decreased the chance of 

germinants becoming seedlings (Fig 6).  

Modeled effects of canopy openness and seed volume on life history stages/transitions 

Seed volume and percent canopy openness were significant predictors of a few 

life history transitions, and only for a few species. Iriartea seeds had an increased chance 

of dying with increasing volume (Fig 6). Seed volume was a significant predictor of 

germination of two species (Socratea and Dictyocaryum), for which it had opposite 

effects. The chance of Socratea seeds germinating was 39% less for every one cm3 

increase in seed volume, while the chance of Dictyocaryum seeds germinating was one 

and a half times more likely with every unit increase in seed volume (Fig 6, Table S16). 

Dictyocaryum germinants had a deceasing chance of dying with increasing seed volume 

(Fig 6) and as elevation increases, seed volume has an increasingly positive effect on 

survival (Table S16). Dictyocaryum seeds were 14% more likely to germinate with a 

percent increase in canopy openness (Fig 6). The chance of Astrocaryum germinants 

growing into seedlings decreased 30% with every unit increase in canopy openness (Fig 

6).  
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Common garden experiments: effects of soil 

Germination rates were >75% for Socratea and Iriartea at both garden sites (Fig 

7). Dictyocaryum germination rates were higher at the 500 m garden (>80% at 500 m vs. 

<60% at 1350; Fig 7). The difference between gardens was more pronounced in the 

number of germinants transitioning to seedlings. Less than 15% of Iriartea and 

Dictyocaryum germinants became seedlings in the 1350 m garden (Fig 7) as opposed 

to >35% (Iriartea) or >20% (Dictyocaryum) of germinants becoming seedlings in the 500 

m garden (Fig 7).  Mortality of seeds and germinants was consistently higher at the 1350 

m garden than at the 500 m garden (Fig 7).  

 Garden site was an important, positive predictor for all species and stages except 

for the rate of Iriartea germination, either decreasing the chance of seed or germinant 

mortality or increasing the chance of germination or transitioning to a seedling (Fig 8). 

There were no significant interactions between the site of the garden and soil or 

interactions between seed volume and soil (Table S17). Dictyocaryum was the only 

species to perform differently in soils, germinants in soils from 1550, 1775, and 2000 m 

had an increased chance of dying compared to soils from 600 m.  

 

DISCUSSION 

Species responded differently when transplanted within and outside of their range. 

All palm species were capable of germinating and growing into seedlings outside of their 

elevational range, although with varying degrees of success and varying rates of survival. 

Astrocaryum most closely followed the pattern that might be expected if tree species 

distributions over elevation were set solely by abiotic factors and were reflected by the 
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abundance of juveniles. Germination decreased and mortality increased almost linearly 

with elevation (Fig 5). Seeds did germinate and a few seedlings survived outside 

Astrocaryum’s range. These few survivors are probably insufficient for a population to 

recruit outside of Astrocaryum’s elevation range, but this should be confirmed with 

demographic analysis.  

Other species, however, Socratea, Iriartea, Wettinia, and Dictyocaryum, showed 

increased mortality within their range and decreased mortality outside of their range at 

multiple life stages.  In many cases the species displayed the widely hypothesized trend 

of decreasing performance as the range limit was approached, only to have this 

relationship disappear, or even reverse, outside of the range. This raises several questions. 

First, if seeds are not germinating or surviving in the range of these species how are they 

persisting there? Ecological processes are stochastic in time and space, and high mortality 

at a single site within a species’ range could simply reflect the observation of a low 

probability event. Site effects were not explicitly tested for in the analyses, and while 

many factors change linearly with elevation in this system, there are factors that do not, 

e.g. precipitation (Rapp 2010), certain soil properties like phosphorous and nitrogen 

content (Nottingham et al. 2015), and microbial abundance (Fierer et al. 2011). Any of 

these factors can interact to cause patterns in germination and mortality that do not 

coincide with elevation or species ranges. Even dominant species in an area can 

experience localized high mortality events (Gitlin et al. 2006), as well as recruitment that 

is highly episodic in time and space (Brown & Wu 2005; Ibáñez et al. 2007). Negative 

density dependence varies with time scale, and depending on the scale may benefit rare 

species, common species, or neither (Bachelot et al. 2015). It is obvious that 
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understanding a species’ fecundity, survival and transitions leads to an understanding of 

the probability of a species being present at a site, and that understanding the covariates 

that affect these transitions has predictive power for population phenomena through their 

demographic effects. What is less well appreciated is that the time and spatial scales over 

which these processes operate can be widely disparate, complicating the application of 

demographic approaches to prediction of species ranges and responses to environmental 

factors. Further complicating the picture is that environmental forcings varying at 

different magnitudes and temporal scales can lead to population dynamics that are 

complex and/or difficult to predict (Feeley et al. 2007; Ibáñez et al. 2007).  

Conversely, if species like Socratea, Iriartea, and Wettinia, are capable of 

germinating and surviving outside their range, why are they not found there? What is 

creating the upper elevation boundary? Dispersal limitation provides several possibilities, 

none of which are mutually exclusive. The primary dispersal mode for palms is 

endozoochory (Zona & Henderson 1989), making birds and monkeys the likely 

candidates for potential seed dispersal. Palm seeds may also be secondarily dispersed by 

caching rodents, with a large literature to that effect (Hirsch et al. 2012; Jansen et al. 

2012). However, Janzen (1971) and recent camera trap studies in the area (Lough 2017) 

show that subsequent consumption by rodents make them mainly seed predators, not 

secondary seed dispersers. Returning to the question of range limits, while the number of 

seeds being dispersed beyond the range may be small, even this small amount of long-

distance dispersal can be important in colonization (Clark et al. 1999; Nathan & Muller-

landau 2000) which, in combination with the short spatial distances relative to the 
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changes in environmental gradients in montane systems, makes it unlikely that species 

are limited purely by dispersal limitation.  

A life-stage that is critically important to demographic performance, and that may 

be highly sensitive to environmental influence, is fecundity.  In temperate systems this is 

thought to be a primary factor limiting species ranges at geographic scales (across 

latitudes), with the mechanism thought to be limitations to a species ability to produce 

flower and fruit within a growing season (Houle 1999; Kon et al. 2005).  While 

unmeasured in tropical montane cloud forests (TMCFs), climate effects on species’ 

fecundity may be important in this system, but in ways distinct from higher latitude 

systems.  In TMCFs temperature and precipitation are largely aseasonal, at least at levels 

that would limit growth, so there is little climatic growing season (Girardin et al. 2010). 

If there are limitations to seed production it would likely be through physiological effects, 

such as constraints in carbon assimilation and allocation or temperature effects on pollen 

tube growth and stigmatic receptivity (Hedhly et al. 2005), which correspond with 

range/environmental predictors. This limitation would probably show up in a quantitative 

manner, making the time to produce seed crops exceptionally long or restricting 

reproduction to a smaller and smaller number of reproductive trees as range limits are 

approached. 

Pressures from seed predators and herbivores, which all seeds and seedlings were 

protected from in this study, also have documented effects on the distributions of species 

(Smith 1987; Fine et al. 2004; Maron & Crone 2009). Seed predation is close to 100% 

between 1500 – 1750 m (Hillyer & Silman 2010), above or at the range limit of these 

palms, so it is highly likely that most seeds dispersed to these elevations would be eaten 
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before they can germinate, a large decrease in effective fecundity. Pathogens, 

understudied in this montane system, can also have large affects on the mortality of 

species (Augspurger & Kelly 1984; Packer & Clay 2000). In the Peruvian lowlands, 

fungal pathogens account for 10 – 15% of I. deltoidea seedling mortality (Alvarez-

Loayza 2009).  

Other factors: seed size, light availability, and soils 

Light availability as measured by canopy openness was important for only two 

species. Percent openness can be as good a predictor of seedling performance as 

irradiation metrics (Kobe & Hogarth 2007) however in the Andes irradiation differs 

radically based on seasonality and topography (Garcia Cabrera 2011) so percent openness 

may not be as informative in this environment. There was a small positive effect on 

Dictyocaryum germination and a stronger, negative effect on Astrocaryum germinants. 

Many seeds need light to germinate (Finch-Savage & Leubner-Metzger 2006) but large 

seeded species like Astrocaryum may be better at enduring in shady environments (Foster 

1986), and exposure to less canopy cover may dry out a seed and prevent or delay a 

germinated seed from developing into a seedling.  

Seed volume is another factor that will affect how much water seeds need to 

absorb before they germinate. Larger seeds require more water to germinate (Bradford 

1995) and so larger seeds may be less likely to germinate if enough water is not available, 

a response seen in Socratea seeds in this study. However, seeds that were more likely to 

germinate with increasing seed volume and increasing canopy openness, a response seen 

in Dictyocaryum in this study, go against the paradigm of shade tolerant, climax species 

(Schupp et al. 1989).  
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Soils had little effect on seed survival and growth. Regardless of soil source, 

Socratea, Iriartea, and Wettinia performed better at the lower elevation garden, and none 

of these species performed better in soils from certain elevations. Iriartea deltoidea and S. 

exhorriza have been found over a broad range of soil types (Clark et al. 1995) supporting 

at least part of these results. Soil characteristics are varied along the gradient, but just as 

there is no sharp ecotone in water availability and temperature, there is also no sharp 

ecotone in soil characteristics. As such, limited effects of soil are not surprising, even 

though previous studies have found associations between plant species and local soils 

(Baltzer et al. 2005; De Frenne et al. 2014). Dictyocaryum may be one species that has 

weak associations with soil as germinants died at slightly lower rates in soils from the 

three highest elevations, the elevations in and above Dictyocaryum’s elevational range. 

The common garden experiment did not take into account aspects of soil that are changed 

by digging it up and moving it, such as disruption of the soil structure that changes the 

way water interacts with soil (Bronick & Lal 2005; Kirkham 2014) and changes in 

microbial communities. However, soils from elevations where species did poorly in the 

transplant experiment did not necessarily have high mortality or low germination in the 

common garden experiments. Many more Socratea, Iriartea, and Wettinia germinants 

grew into seedlings at 500 m in soils from all elevations than grew when seeds were 

transplanted at 1075 and 1550 m. Both of these patterns further suggesting that soils are 

not a main driver of palm species distributions, even when soils are left intact.   

Conclusions 

A more general result from this study is that life history stages are not filters per 

se, determining where plants can and cannot grow. But each individual does have to pass 
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through all stages before becoming an adult tree, so each stage or transition has the 

potential to be limiting. In this study, only one species, Astrocaryum, had a pattern of 

seed germination and mortality that was associated with the range of adult trees. For the 

other four species there was not a single early life history stage, a single environmental 

factor, or combination that could account for the range limits of adult trees. Elevation was 

an important factor in affecting some life history stages and transitions but the effect was 

not consistent and not always linear. Similarly, seed volume, canopy openness, and soils 

had variable effects on mortality, germination, and growth. This suggests that range 

limits are set by highly species specific processes, and points to species ranges being a 

function of demographic processes.
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Table 1. Palm species used in transplants and common gardens. Plot ranges were from 
permanent plots in the Kosñipata Valley and Madre de Dios. GBIF ranges were calculated 
from georeferenced records in the GBIF database. The combined ranges were used in analyses 
and represent the broadest known elevational ranges of the species.  

species plot range (m) 
GBIF range 

(m) 

combined 
range       
(m) 

seed volume  
mean ± SD 

(cm3) 
Astrocaryum murumuru 150 – 475 100 – 700 100 – 700 9.35 ± 3.22 

Socratea exorrhiza 300 – 1375 81 – 216 81 – 1375 2.31 ± 0.51 

Iriartea deltoidea 300 – 1625 88 – 1008 88 – 1625 2.93 ± 0.38 

Wettinia augusta NA 75 – 935 75 – 1625 2.04 ± 0.47 

Dictyocaryum lamarckianum 1125 – 1925 1100 – 1970 1100 – 1970 3.15 ± 0.48 
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Table 2. Air temperature and soil characteristics of elevations. All measurements are from other 
studies: understory mean annual air temperature (Rapp & Silman 2012), soil organic horizon 
depth, total nitrogen, total phosphorus and soil pH (Nottingham et al. 2015), bulk density and 
phospholipid fatty acid (PFLA, quantifies the soil microbial community abundance) content 
(Whitaker et al. 2014). Air temperatures for 600 m and 1075 m are estimates based on an 
adiabatic lapse rate of 5.5 °C/km. 

elevation 
(m) 

mean 
annual 

air 
temp 
(°C) 

soil 
organic 
horizon 
depth 
(cm) 

bulk density 
(g dwt/cm3) 
mean ± SE 

total 
nitrogen 

(%)  
mean ± SE 

total 
phosphorus 

(mg/g)  
mean ± SE 

soil 
pH 

total PFLA 
(μg/g soil dwt) 

mean ± SE 

600 ~ 23 NA NA NA NA NA NA 
1075 ~ 21 4 0.17 ± 0.03 1.34 ± 0.12 0.73 ± 0.05 4.7 598 ± 36 
1550 17.4 16 0.18 ± 0.05 0.91 ± 0.12 1.36 ± 0.37 3.5 510 ± 68 
1775 15.8 10 NA 1.56 ± 0.50 1.44 ± 0.09 3.6 NA 
2000 14.9 17 0.16 ± 0.02 2.00 ± 0.24 0.71 ± 0.10 3.4 533 ± 110 
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 Table 3. The power of each test to detect a hazard ratio (HR) of 
2 given the number of events that occurred and α = 0.05.  

species seed mortality germinants 
germinant 
mortality 

seedlings 

transplants 
   

Astrocaryum > 90% < 50% < 50% < 50% 
Socratea < 50% > 90% > 90% > 80% 
Iriartea > 50% > 90% > 70% > 60% 

Wettinia > 60% > 90% > 80% > 70% 
Dictyocaryum > 90% > 60% > 60% < 50% 
common gardens 

Socratea < 50% > 90% > 90% > 90% 

Iriartea < 50% > 90% > 90% > 80% 
Wettinia > 70% > 90% > 70% > 70% 

Dictyocaryum > 70% > 90% > 80% > 50% 
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Figure 1. A) This study was carried out in the Kosñipata Valley on the southeastern slope of the Peruvian Andes. B) The locat
transplant experiments and common gardens within the valley. C) At each elevation there were 12 pairs of seed transplants, protected 
from seed predators by mesh tents, as pictured in D. E) A picture of the shade house used as a common garden at San Pedro.
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Figure 2. Box plots of percent canopy openness over the transplant experiment sites. 
Black lines are the medians and the whiskers extend to no more than 1.5x the 
interquartile range from the box. 
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Figure 3. The distribution of seed volumes (cm3) of the palm seeds planted in the 
Astrocaryum is the dashed light blue line, Socratea

is the dashed black line, Wettinia is the dotted red line, and 
dark blue dot-dash gray line. 

 

) of the palm seeds planted in the 
Socratea is the solid 

line, and 
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Figure 4. Percent mortality of individuals transplanted across an elevational gradient. Individuals may have died as seeds, germinants, 
or seedlings. Error bars are binomial confidence intervals. Gray boxes span the species’ elevational range.
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. Error bars are binomial confidence intervals. Gray boxes span the species’ elevational range. 
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Figure 5. Fates of seeds transplanted across an elevational gradient. 
all seeds planted. Germinant mortality and seedling percentages are calculated out of all seeds that germinated
confidence intervals. Gray boxes span the species’ elevational range.
 

 

an elevational gradient. Seed mortality and germination percentages are calculated out of 
all seeds planted. Germinant mortality and seedling percentages are calculated out of all seeds that germinated

the species’ elevational range. 

 

Seed mortality and germination percentages are calculated out of 
all seeds planted. Germinant mortality and seedling percentages are calculated out of all seeds that germinated. Error bars are binomial 
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Figure 6. The log hazard ratios (HR) and 95% confidence intervals (CI) for parameters in the top model or top model set. 
model, coefficients were model averaged. HRs and CIs were
Parameters with HRs < 0 increased the probability of an event occurring
between elevation and seed volume and elevation and canopy openness were 
interaction, which is in Table S14. Note that the x-axes are not the same scale. 
(V).

 

azard ratios (HR) and 95% confidence intervals (CI) for parameters in the top model or top model set. When there was more than one top 
and CIs were logged to center values around 0, such that HRs with CIs that do not span 0, are significant.

of an event occurring, parameters with HRs > 0 increased the probability of an event 
and elevation and canopy openness were modeled, but there was only one occurrence of a significant elevation:volume 

are not the same scale. Parameters were elevation (E), canopy openness (C), 
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there was only one occurrence of a significant elevation:volume 
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Figure 7. Fates of individuals planted in soils from different elevations at the 500 m garden (dark gray bars) and the 1350 m garden 
(empty bars). Seed mortality and germination percentages are c
percentages are calculated out of all seeds that germinated. Error bars are binomial confidence intervals. Gray boxes span th
from the elevational range of the species. 
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Figure 8. The log hazard ratios (HR) and 95% confidence intervals (CI) for parameters in the top model or top model set. 
model, coefficients were model averaged. HRs and CIs were logged to center values around 0, such that HRs with
Parameters with HRs < 0 increased the probability of an event occurring, 
interactions between soil type and volume are in Table S1
1075, 1550, 1775, and 2000 m. 
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Table S1. Dates of experiment installation and censuses. Treatment abbreviations: E = sites with mammal exclosures, C = sites with only mesh roofs. Species 
abbreviations: ASIW = Astrocaryum, Socratea, Iriartea, Wettinia, D = Dictyocaryum 

Elev. 
(m) 

Sp. Trt. Installation 
Census Dates 

2012 2013 2014 

600 ASIW E Apr 30, 2012 Jul 4 Aug 24 NA Nov 6 Dec 7 NA Mar 19 Jun 18 NA Apr 3 Sep 4 Oct 19 

600 ASIW C Jul 4, 2012 NA Aug 24 NA Nov 6 Dec 7 NA Mar 19 Jun 18 NA Apr 3 Sep 4 Oct 19 

600 D C,E Nov 6, 2012 NA NA NA Nov 6 Dec 7 NA Mar 19 Jun 18 NA Apr 3 Sep 4 Oct 19 

1050 ASIW E Apr 29, 2012 Jul 3 Aug 24 NA Nov 6 Dec 7 NA Mar 18 Jun 18 NA Apr 3 Sep 4 Oct 18 

1050 ASIW C Jul 3, 2012 NA Aug 24 NA Nov 6 Dec 7 NA Mar 18 Jun 18 NA Apr 3 Sep 4 Oct 18 

1050 D C,E Nov 6, 2012 NA NA NA Nov 6 Dec 7 NA Mar 18 Jun 18 NA Apr 3 Sep 4 Oct 18 

1550 ASIW E Apr 25, 2012 Jun 29 Aug 23 Oct 9 Nov 9 Dec 6 Jan 06 Mar 16 Jun 16 NA Mar 1 Sep 3 Oct 16 

1550 ASIW C Jun 29, 2012 NA Aug 23 Oct 9 Nov 9 Dec 6 Jan 06 Mar 16 Jun 16 NA Mar 31 Sep 3 Oct 16 

1550 D C,E Oct 9, 2012 NA NA Oct 9 Nov 9 Dec 6 Jan 06 Mar 16 Jun 16 NA Mar 31 Sep 3 Oct 16 

1750 ASIW E Apr 26, 2012 Jun 30 Aug 23 Oct 9 Nov 9 Dec 6 Jan 06 Mar 16 Jun 16 NA Mar 30 Sep 1 Oct 17 

1750 ASIW C Jun 30, 2012 NA Aug 23 Oct 9 Nov 9 Dec 6 Jan 06 Mar 16 Jun 16 NA Mar 30 Sep 1 Oct 17 

1750 D C,E Oct 9, 2012 NA NA Oct 9 Nov 9 Dec 6 Jan 06 Mar 16 Jun 16 NA Mar 30 Sep 1 Oct 17 

2000 ASIW C,E Jun 19, 2012 NA Aug 23 Oct 8 Nov 9 Dec 5 Jan 05 Mar 15 NA Jul 28 Mar 28 Aug 31 Oct 15 

2000 D C,E Oct 8, 2012 NA NA Oct 8 Nov 9 Dec 5 Jan 05 Mar 15 NA Jul 28 Mar 28 Aug 31 Oct 15 
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Table S2. Dates of common garden installation and censuses. Gardens were built at 500 m in Villa Carmen and 1350 m in San Pedro. Species abbreviations: 
SIW = Socratea, Iriartea, Wettinia, D = Dictyocaryum. Soil sources: VC = 600 and 1075 m, SP = 1550 and 1775, and TU = 2000 m 

Garden 
(m) 

Sp. 
Soil 

Source 

Date Soil 
Collected 

Date 
Planted 

Census Dates 

2012 2013 

500 SIW VC Jul 11 Jul 11 Aug 24 Oct 11 Nov 8 NA Jan 8 Mar 18 Apr 20 May 22 NA Jul 14 Nov 24 

500 SIW SP Jul 13 Jul 15 Aug 24 Oct 11 Nov 8 NA Jan 8 Mar 18 Apr 20 May 22 NA Jul 14 Nov 24 

500 SIW TU Jul 14 Jul 15 Aug 24 Oct 11 Nov 8 NA Jan 8 Mar 18 Apr 20 May 22 NA Jul 14 Nov 24 

500 D SP Oct 9 Oct 10 NA NA Nov 8 NA Jan 8 Mar 18 Apr 20 May 22 NA Jul 14 Nov 24 

500 D TU Oct 10 Oct 10 NA NA Nov 8 NA Jan 8 Mar 18 Apr 20 May 22 NA Jul 14 Nov 24 

500 D VC Nov 8 Nov 8 NA NA NA NA Jan 8 Mar 18 Apr 20 May 22 NA Jul 14 Nov 24 

1350 SIW VC Jul 11 Jul 12 Aug 22 Oct 9 Nov 9 Dec 7 Jan 7 Mar 17 NA NA Jun 14 Jul 16 Nov 14 

1350 SIW SP Jul 13 Jul 14 Aug 22 Oct 9 Nov 9 Dec 7 Jan 7 Mar 17 NA NA Jun 14 Jul 16 Nov 14 

1350 SIW TU Jul 14 Jul 14 Aug 22 Oct 9 Nov 9 Dec 7 Jan 7 Mar 17 NA NA Jun 14 Jul 16 Nov 14 

1350 D SP Oct 9 Oct 10 NA NA Nov 9 Dec 7 Jan 7 Mar 17 NA NA Jun 14 Jul 16 Nov 14 

1350 D TU Oct 10 Oct 10 NA NA Nov 9 Dec 7 Jan 7 Mar 17 NA NA Jun 14 Jul 16 Nov 14 

1350 D VC Nov 8 Nov 9 NA NA NA Dec 7 Jan 7 Mar 17 NA NA Jun 14 Jul 16 Nov 14 
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Table S3. The proportional hazards assumption of Cox proportional hazards models was 
tested using the cox.zph function from the R package survival. Significance was 
determined using the false discovery correction for multiple comparisons. P values are 
ranked smallest to largest and di is αcrit (0.05) multiplied by the quantity (rank/n), where 
n is the number of p-values estimated (127). Only parameters with p values ≤ 0.05 are 
shown. 

model parameter species p p-value rank di 

seed mortality range Astrocaryum 0.00 1 0.000 
germination elevation:range Socratea 0.00 2 0.001 
transition to seedling elevation Socratea 0.00 3 0.001 
seed mortality elevation:volume Wettinia 0.00 4 0.002 
germination volume Dictyocaryum 0.00 5 0.002 
germination range Dictyocaryum 0.00 6 0.002 
transition to seedling elevation:volume Astrocaryum 0.02 7 0.00 
germinant mortality elevation:canopy Socratea 0.02 8 0.00 
seed mortality elevation:canopy Wettinia 0.02 9 0.00 
germinant mortality range Dictyocaryum 0.03 10 0.00 
seed mortality range Wettinia 0.04 11 0.00 
seed mortality elevation:range Wettinia 0.04 12 0.00 
transition to seedling volume Astrocaryum 0.05 13 0.01 
germination range Socratea 0.05 14 0.01 
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Table S4. The proportional hazards assumption of Cox proportional hazards models was 
tested using the cox.zph function from the R package survival. Significance was 
determined using the false discovery correction for multiple comparisons. P values are 
ranked smallest to largest and di is αcrit (0.05) multiplied by the quantity (rank/n), where n 
is the number of p-values estimated (200). Only parameters with p values ≤ 0.05 are 
shown. 

model parameter species p p-value rank di 

seed mortality garden Socratea 0.00 1 0.000 
germinant mortality garden Socratea 0.00 2 0.001 
seed mortality garden Wettinia 0.00 3 0.001 
germinant mortality garden Wettinia 0.00 4 0.001 
germination 1775 soil Socratea 0.01 5 0.00 
germination garden:1775 soil Iriartea 0.01 6 0.00 
transition to seedling volume Iriartea 0.01 7 0.00 
transition to seedling volume:1075 soil Iriartea 0.01 8 0.00 
transition to seedling volume:1550 soil Iriartea 0.01 9 0.00 
transition to seedling 1550 soil Socratea 0.02 10 0.00 
seed mortality volume:1075 soil Iriartea 0.02 11 0.00 
germinant mortality garden:1075 soil Iriartea 0.02 12 0.00 
transition to seedling 1775 soil Socratea 0.03 13 0.00 
seed mortality 1075 soil Wettinia 0.03 14 0.00 
germination volume:1075 soil Wettinia 0.03 15 0.00 
germination garden:1075 soil Dictyocaryum 0.03 16 0.00 
seed mortality volume Socratea 0.04 17 0.00 
germination garden Iriartea 0.04 18 0.00 
germination 1775 soil Iriartea 0.04 19 0.00 
germinant mortality garden:1550 soil Iriartea 0.04 20 0.01 
transition to seedling volume:1775 soil Iriartea 0.04 21 0.01 
germination garden Wettinia 0.04 22 0.01 
germination garden:1550 soil Socratea 0.05 23 0.01 
germinant mortality 1550 soil Iriartea 0.05 24 0.01 
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Table S5. The proportional hazards assumption of Cox proportional hazards models was tested using the cox.zph function 
from the R package survival. Rho is the correlation coefficient between transformed survival time and scaled Schoenfeld 
residuals. Χ2 and p are results from testing if the slope of β(t) = 0. Significant results (determined using the false 
discovery correction for multiple comparisons), and thus failures of the proportional hazard assumption, are in bold. 

model 
Astrocaryum Socratea Iriartea Wettinia Dictyocaryum 

rho Χ2 p rho Χ2 p rho Χ2 p rho Χ2 p rho Χ2 p 

seed mortality                   
elevation 0.12 3.42 0.07 0.01 0.00 0.96 0.07 0.14 0.71 -0.06 0.29 0.59 -0.09 1.14 0.29 

volume -0.11 2.97 0.09 0.17 0.23 0.64 -0.21 1.52 0.22 0.10 0.92 0.34 -0.01 0.04 0.85 
canopy -0.09 1.65 0.20 -0.05 0.06 0.80 -0.11 0.39 0.53 0.04 0.11 0.74 0.05 0.66 0.42 

range 0.19 9.11 0.00 0.07 0.08 0.78 0.02 0.01 0.92 -0.22 4.29 0.04 -0.07 1.38 0.24 
elevation:volume 0.09 2.38 0.12 -0.09 0.06 0.81 -0.26 2.02 0.16 0.38 12.85 0.00 0.00 0.00 0.96 
elevation:canopy -0.02 0.05 0.82 0.10 0.23 0.63 0.06 0.15 0.70 -0.25 5.21 0.02 -0.02 0.08 0.78 

elevation:range NA -0.04 0.04 0.85 -0.12 0.55 0.46 0.23 4.25 0.04 NA 
germination 

elevation 0.31 1.69 0.19 0.01 0.02 0.90 0.15 2.56 0.11 0.11 1.90 0.17 -0.01 0.01 0.93 
volume -0.30 1.44 0.23 0.00 0.00 0.95 -0.07 0.55 0.46 -0.06 0.38 0.54 0.31 8.08 0.00 
canopy 0.20 0.59 0.44 0.03 0.37 0.54 -0.09 1.14 0.29 0.04 0.28 0.60 -0.01 0.00 0.95 

range 0.12 0.41 0.52 0.11 3.74 0.05 0.13 1.82 0.18 0.12 2.11 0.15 0.31 10.44 0.00 
elevation:volume -0.24 1.06 0.30 0.02 0.10 0.75 -0.08 0.67 0.41 -0.03 0.07 0.79 0.03 0.06 0.81 
elevation:canopy -0.23 1.42 0.23 -0.03 0.36 0.55 0.09 0.99 0.32 -0.08 1.33 0.25 0.02 0.06 0.80 

elevation:range   
  0.25 18.39 0.00 -0.12 1.69 0.19 -0.02 0.04 0.84 -0.02 0.04 0.84 

germinant mortality 
elevation 

NA 

-0.06 0.51 0.48 0.05 0.14 0.71 0.00 0.00 0.97 -0.16 0.52 0.47 
volume 0.03 0.08 0.78 -0.23 3.18 0.07 0.15 2.23 0.14 0.11 0.56 0.45 
canopy 0.14 3.09 0.08 0.14 0.57 0.45 0.16 2.31 0.13 -0.09 0.28 0.60 

range -0.08 1.23 0.27 0.07 0.27 0.60 0.04 0.21 0.65 0.30 4.64 0.03 
elevation:volume -0.08 0.78 0.38 -0.07 0.16 0.69 -0.01 0.02 0.90 0.00 0.00 1.00 
elevation:canopy -0.19 5.18 0.02 -0.05 0.07 0.79 -0.12 1.38 0.24 0.04 0.04 0.85 

elevation:range 0.06 0.73 0.39 -0.03 0.04 0.84 0.09 0.95 0.33 -0.15 1.12 0.29 
transition to seedling 

elevation 0.39 1.33 0.25 0.30 12.52 0.00 0.19 1.36 0.24 0.20 2.72 0.10 -0.26 0.53 0.47 
volume -0.35 3.74 0.05 -0.02 0.04 0.84 -0.02 0.01 0.91 -0.12 0.73 0.39 -0.11 0.10 0.75 
canopy -0.35 1.64 0.20 0.03 0.23 0.63 0.07 0.28 0.60 -0.05 0.33 0.57 -0.18 0.23 0.63 

range -0.08 0.07 0.79 0.07 0.64 0.42 0.21 1.68 0.19 0.16 1.82 0.18 NA 
elevation:volume -0.39 5.19 0.02 0.07 0.55 0.46 -0.25 3.22 0.07 -0.08 0.29 0.59 -0.06 0.04 0.84 
elevation:canopy -0.26 1.48 0.22 -0.08 1.36 0.24 0.21 2.01 0.16 -0.04 0.16 0.69 -0.45 1.83 0.18 

elevation:range NA -0.07 0.69 0.41 -0.22 1.82 0.18 -0.11 1.11 0.29 NA 
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Table S6. The proportional hazards assumption of Cox proportional hazards models was tested using the 
cox.zph function from the R package survival. Rho is the correlation coefficient between transformed 
survival time and scaled Schoenfeld residuals. Χ2 and p are results from testing if the slope of β(t) = 0. 
Significant results (determined using the false discovery correction for multiple comparisons), and thus 
failures of the proportional hazard assumption, are in bold.  

Socratea Iriartea Wettinia Dictyocaryum 

rho Χ2 p rho Χ2 p rho Χ2 p rho Χ2 p 

seed mortality   
  

  
  

  
  

  
 

  

garden -0.57 12.44 0.00 -0.13 0.42 0.52 -0.68 43.70 0.00 -0.10 0.60 0.44 

1075 soil -0.03 0.02 0.89 0.09 0.19 0.66 0.26 4.61 0.03 -0.09 0.29 0.59 

1550 soil -0.17 0.67 0.41 -0.02 0.01 0.91 0.04 0.09 0.76 -0.09 0.00 1.00 

1775 soil -0.08 0.16 0.69 0.08 0.16 0.69 0.09 0.50 0.48 0.03 0.00 1.00 

2000 soil -0.12 0.33 0.57 -0.04 0.04 0.84 0.13 1.06 0.30 -0.08 0.00 1.00 

volume 0.29 4.28 0.04 0.01 0.01 0.94 -0.23 3.25 0.07 -0.12 0.45 0.51 

volume:1075 soil -0.24 1.69 0.19 0.36 5.69 0.02 0.19 2.41 0.12 0.10 0.34 0.56 

volume:1550 soil -0.29 3.04 0.08 -0.12 0.53 0.47 0.20 2.62 0.11 0.08 0.28 0.59 

volume:1775 soil -0.28 3.21 0.07 0.03 0.01 0.92 0.24 2.91 0.09 -0.08 0.29 0.59 

volume:2000 soil -0.27 3.35 0.07 -0.06 0.01 0.92 0.11 0.71 0.40 0.10 0.33 0.57 

germination           

garden -0.14 3.38 0.07 -0.15 4.45 0.04 -0.18 4.13 0.04 -0.06 0.49 0.49 

1075 soil -0.06 0.82 0.37 -0.02 0.07 0.79 -0.09 1.02 0.31 -0.12 2.59 0.11 

1550 soil -0.02 0.10 0.76 -0.11 2.45 0.12 -0.10 1.10 0.29 0.00 0.00 0.97 

1775 soil -0.20 7.19 0.01 -0.16 4.45 0.04 -0.13 2.23 0.14 -0.01 0.02 0.88 

2000 soil -0.04 0.27 0.60 -0.04 0.36 0.55 -0.03 0.09 0.77 0.12 2.25 0.13 

volume 0.10 1.35 0.25 -0.03 0.12 0.73 0.14 2.02 0.16 0.05 0.50 0.48 

garden:1075 soil 0.05 0.47 0.50 0.12 2.86 0.09 0.13 2.15 0.14 0.18 4.64 0.03 

garden:1550 soil -0.14 3.73 0.05 0.07 0.91 0.34 -0.05 0.27 0.61 -0.01 0.02 0.88 

garden:1775 soil 0.02 0.06 0.81 0.20 7.23 0.01 0.05 0.33 0.57 0.07 0.65 0.42 

garden:2000 soil 0.01 0.01 0.94 0.13 3.56 0.06 -0.03 0.11 0.74 -0.03 0.10 0.75 

volume:1075 soil -0.04 0.33 0.56 0.03 0.13 0.72 -0.22 4.79 0.03 -0.01 0.02 0.89 

volume:1550 soil -0.05 0.52 0.47 -0.01 0.01 0.94 -0.15 2.04 0.15 0.08 1.04 0.31 

volume:1775 soil -0.10 1.66 0.20 0.10 1.54 0.22 -0.15 3.06 0.08 0.01 0.03 0.86 

volume:2000 soil -0.03 0.20 0.65 0.08 1.00 0.32 -0.05 0.28 0.59 -0.04 0.28 0.60 

germinant mortality                       

garden -0.43 10.13 0.00 -0.14 1.58 0.21 -0.72 32.04 0.00 -0.06 0.33 0.57 

1075 soil -0.14 0.94 0.33 0.18 2.77 0.10 0.12 0.26 0.61 -0.08 0.60 0.44 

1550 soil -0.01 0.00 0.95 0.21 3.71 0.05 -0.16 0.95 0.33 -0.09 0.85 0.36 

1775 soil -0.09 0.39 0.53 0.06 0.36 0.55 -0.07 0.14 0.71 -0.06 0.37 0.54 

2000 soil 0.06 0.19 0.66 0.17 2.27 0.13 -0.02 0.02 0.90 -0.15 2.58 0.11 

volume -0.19 1.03 0.31 0.04 0.10 0.76 -0.09 0.28 0.59 -0.06 0.42 0.52 

garden:1075 soil 0.09 0.42 0.52 -0.25 5.80 0.02 

NA 

0.02 0.05 0.83 

garden:1550 soil -0.01 0.01 0.92 -0.23 4.38 0.04 -0.09 0.67 0.41 

garden:1775 soil 0.04 0.07 0.79 -0.02 0.05 0.83 -0.13 1.59 0.21 

garden:2000 soil -0.06 0.19 0.66 -0.19 2.09 0.15 0.03 0.11 0.74 

volume:1075 soil -0.02 0.03 0.87 -0.09 0.52 0.47 0.13 0.30 0.58 0.09 0.79 0.37 

volume:1550 soil 0.07 0.17 0.68 0.05 0.13 0.72 0.04 0.07 0.80 0.04 0.20 0.66 

volume:1775 soil 0.16 1.53 0.22 0.05 0.19 0.67 0.07 0.18 0.67 0.02 0.04 0.85 

volume:2000 soil 0.20 1.79 0.18 0.03 0.03 0.86 0.13 0.55 0.46 0.13 1.84 0.18 
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Table S7. Sample size (n) and number of events for each species and response 
variable. 

species   
seed 

mortality 
germinants 

germinant 
mortality 

seedlings 

transplants 

Astrocaryum 
n 238 238 39 39 

# events 199 39 9 25 

Socratea 
n 240 240 207 207 

# events 19 207 143 79 

Iriartea 
n 216 216 122 122 

# events 41 122 62 42 

Wettinia 
n 240 240 125 125 

# events 49 125 78 50 

Dictyocaryum 
n 240 240 68 68 

# events 172 68 56 7 

common gardens 
 

Socratea 
n 200 200 175 175 

# events 20 175 56 105 

Iriartea 
n 200 200 176 176 

# events 23 176 88 65 

Wettinia 
n 200 200 115 115 

# events 61 115 42 65 

Dictyocaryum 
n 200 200 137 137 

# events 57 137 80 37 
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Table S8. Cox proportional hazard models explaining variation in seed 
mortality ranked by ΔAICc. The number of parameters (k), log likelihood 
[log(L)], small sample size corrected AIC (AICc) and Akaike weight (ωi) 
are also reported. Models with ΔAICc ≥ 2 (in bold) are considered to be 
highly supported, unless they are more complex versions of the top 
model. Models with ΔAICc  ≥ 7 are not shown. All models include site as 
a random effect. Fixed effects were elevation (E), canopy openness (C), 
range (R), and seed volume (V).  

Model k log(L) AICc ΔAICc ωi 
Astrocaryum 
(1|site) 1 -888.58 1777.18 0 0.12 
C 2 -887.83 1777.71 0.52 0.09 
E + R 3 -886.83 1777.74 0.56 0.09 
E + C + R 4 -885.84 1777.82 0.63 0.09 
C + R 3 -886.97 1778.01 0.83 0.08 
R 2 -888.04 1778.13 0.95 0.08 
V 2 -888.57 1779.19 2.01 0.04 
E 2 -888.57 1779.19 2.01 0.04 
E + R + V 4 -886.76 1779.65 2.46 0.04 
E + C 3 -887.82 1779.72 2.53 0.03 
C + V 3 -887.82 1779.72 2.54 0.03 
E + C + R + V 5 -885.83 1779.86 2.67 0.03 
E + C + R + E:C 5 -885.84 1779.88 2.7 0.03 
C + R + V 4 -886.97 1780.06 2.88 0.03 
R + V 3 -888.02 1780.13 2.94 0.03 
E + R + V + E:V 5 -886.23 1780.66 3.47 0.02 
E + C + R + V + E:V 6 -885.32 1780.93 3.75 0.02 
E + V 3 -888.57 1781.22 4.04 0.02 
E + V + E:V 4 -887.62 1781.36 4.18 0.02 
E + C + E:C 4 -887.72 1781.58 4.39 0.01 
E + C + V 4 -887.81 1781.75 4.57 0.01 
E + C + V + E:V 5 -886.85 1781.91 4.72 0.01 
E + C + R + V + E:C 6 -885.83 1781.94 4.76 0.01 
E + C + R + V + E:C + E:V 7 -885.32 1783.04 5.85 0.01 
E + C + V + E:C 5 -887.71 1783.63 6.45 0 
E + C + V + E:C + E:V 6 -886.82 1783.93 6.75 0 
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Table S8 cont. Cox proportional hazard models explaining variation in seed 
mortality ranked by ΔAICc. The number of parameters (k), log likelihood 
[log(L)], small sample size corrected AIC (AICc) and Akaike weight (ωi) 
are also reported. Models with ΔAICc ≥ 2 (in bold) are considered to be 
highly supported, unless they are more complex versions of the top model. 
Models with ΔAICc  ≥ 7 are not shown. All models include site as a 
random effect. Fixed effects were elevation (E), canopy openness (C), 
range (R), and seed volume (V).  

Model k log(L) AICc ΔAICc ωi 
Socratea 
R 2 -94.27 190.58 0 0.15 
E 2 -94.58 191.2 0.63 0.11 
E + R + E:R 4 -93.2 192.52 1.94 0.06 
E + R 3 -94.27 192.6 2.03 0.05 
C + R 3 -94.27 192.61 2.03 0.05 
R + V 3 -94.27 192.61 2.03 0.05 
E + C + R + E:C + E:R 6 -91.27 192.81 2.24 0.05 
E + C + E:C 4 -93.52 193.15 2.57 0.04 
E + V 3 -94.55 193.17 2.59 0.04 
E + C 3 -94.57 193.21 2.64 0.04 
(1|site) 1 -96.74 193.5 2.93 0.03 
E + V + E:V 4 -94.08 194.27 3.69 0.02 
E + C + R + E:C 5 -93.07 194.32 3.75 0.02 
E + C + R + E:R 5 -93.16 194.51 3.94 0.02 
V 2 -96.24 194.52 3.94 0.02 
E + R + V + E:R 5 -93.2 194.58 4 0.02 
E + C + R 4 -94.27 194.65 4.08 0.02 
E + R + V 4 -94.27 194.66 4.08 0.02 
C + R + V 4 -94.27 194.66 4.08 0.02 
E + C + R + V + E:C + E:R 7 -91.17 194.71 4.13 0.02 
E + C + V + E:C 5 -93.37 194.93 4.35 0.02 
E + C + V 4 -94.54 195.2 4.62 0.01 
C 2 -96.6 195.24 4.67 0.01 
E + R + V + E:R + E:V 6 -92.78 195.83 5.26 0.01 
E + R + V + E:V 5 -93.83 195.84 5.26 0.01 
C + V 3 -96.13 196.33 5.76 0.01 
E + C + V + E:V 5 -94.08 196.34 5.76 0.01 
E + C + R + V + E:C 6 -93.03 196.34 5.76 0.01 
E + C + V + E:C + E:V 6 -93.1 196.47 5.89 0.01 
E + C + R + V + E:C + E:R + E:V 8 -91.01 196.52 5.94 0.01 
E + C + R + V + E:R 6 -93.16 196.59 6.02 0.01 
E + C + R + V 5 -94.27 196.72 6.15 0.01 
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Table S8 cont. Cox proportional hazard models explaining variation in seed 
mortality ranked by ΔAICc. The number of parameters (k), log likelihood 
[log(L)], small sample size corrected AIC (AICc) and Akaike weight (ωi) are 
also reported. Models with ΔAICc ≥ 2 (in bold) are considered to be highly 
supported, unless they are more complex versions of the top model. Models 
with ΔAICc  ≥ 7 are not shown. All models include site as a random effect. 
Fixed effects were elevation (E), canopy openness (C), range (R), and seed 
volume (V).  

Model k log(L) AICc ΔAICc ωi 
Iriartea 
R + V 3 -194.6 412.83 0 0.18 
E + C + R + V + E:C + E:R 7 -194.61 413.77 0.94 0.11 
E + R + V + E:R 5 -194.48 414.32 1.49 0.08 
E + C + R + V + E:C + E:R + E:V 8 -194.72 414.5 1.67 0.08 
E + R + V  4 -194.64 414.57 1.74 0.07 
C + R + V 4 -194.61 414.7 1.87 0.07 
E + C + R + V + E:C 6 -194.63 415.07 2.24 0.06 
R 2 -196.6 415.37 2.54 0.05 
E + R + V + E:R + E:V 6 -194.4 415.94 3.11 0.04 
E + C + R + V + E:R 6 -194.49 416.26 3.43 0.03 
E + C + R + V + E:C + E:V 7 -194.74 416.26 3.43 0.03 
E + R + E:R 4 -196.2 416.36 3.53 0.03 
E + R + V + E:V 5 -194.62 416.37 3.54 0.03 
E + C + R + V 5 -194.63 416.51 3.68 0.03 
E + R 3 -196.59 417.19 4.36 0.02 
C + R 3 -196.58 417.25 4.41 0.02 
E + C + R + E:C + E:R 6 -195.99 417.44 4.61 0.02 
E + C + R + V + E:R + E:V 7 -194.4 417.95 5.12 0.01 
E + C + R + V + E:V 6 -194.62 418.27 5.44 0.01 
E + C + R + E:R 5 -196.23 418.27 5.44 0.01 
E + C + R 4 -196.54 419.13 6.3 0.01 
E + C + R + E:C 5 -196.27 419.28 6.45 0.01 
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Table S8 cont. Cox proportional hazard models explaining variation in 
seed mortality ranked by ΔAICc. The number of parameters (k), log 
likelihood [log(L)], small sample size corrected AIC (AICc) and 
Akaike weight (ωi) are also reported. Models with ΔAICc ≥ 2 (in bold) 
are considered to be highly supported, unless they are more complex 
versions of the top model. Models with ΔAICc  ≥ 7 are not shown. All 
models include site as a random effect. Fixed effects were elevation 
(E), canopy openness (C), range (R), and seed volume (V).  

Model k log(L) AICc ΔAICc ωi 
Wettinia 
E 2 -224.14 502.47 0 0.2 
E + R 3 -224.47 503.3 0.83 0.13 
E + C 3 -223.56 504.16 1.69 0.09 
E + V 3 -222.71 504.67 2.2 0.07 
E + R + E:R 4 -224.51 504.79 2.32 0.06 
E + C + R 4 -223.86 504.98 2.51 0.06 
E + R + V 4 -223.02 505.5 3.03 0.04 
E + C + E:C 4 -223.5 505.74 3.27 0.04 
E + V + E:V 4 -221.89 505.93 3.46 0.04 
E + C + R + E:R 5 -223.83 506.27 3.8 0.03 
E + C + V 4 -222.14 506.34 3.87 0.03 
E + C + R + E:C 5 -223.72 506.62 4.15 0.02 
E + R + V + E:V 5 -222.18 506.86 4.39 0.02 
E + R + V + E:R 5 -222.95 506.91 4.44 0.02 
E + C + R + V 5 -222.42 507.16 4.69 0.02 
R 2 -225.56 507.63 5.16 0.02 
E + C + V + E:V 5 -221.35 507.65 5.18 0.01 
E + C + R + E:C + E:R 6 -223.78 507.88 5.41 0.01 
E + C + V + E:C 5 -222.15 507.89 5.42 0.01 
E + C + R + V + E:R 6 -222.25 508.35 5.88 0.01 
E + C + R + V + E:V 6 -221.63 508.57 6.1 0.01 
E + R + V + E:R + E:V 6 -222.21 508.58 6.1 0.01 
C + R 3 -224.52 508.6 6.13 0.01 
E + C + R + V + E:C 6 -222.35 508.77 6.3 0.01 
E + C + V + E:C + E:V 6 -221.4 509.19 6.72 0.01 
Dictyocaryum 
E + R 3 -620.04 1330.07 0 0.26 
E + R + V 4 -618.97 1330.77 0.7 0.18 
E + C + R 4 -621.04 1330.84 0.78 0.17 
E + C + R + V 5 -619.98 1331.44 1.38 0.13 
E + C + R + E:C 5 -621.26 1332.19 2.12 0.09 
E + C + R + V + E:C 6 -620.18 1332.82 2.75 0.06 
E + R + V + E:R 5 -618.92 1333.2 3.13 0.05 
E + C + R + V + E:R 6 -619.93 1333.86 3.79 0.04 
E + C + R + V + E:C + E:R 7 -620.11 1335.22 5.15 0.02 
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Table S9. Cox proportional hazard models explaining variation in germination 
ranked by ΔAICc. The number of parameters (k), log likelihood [log(L)], small 
sample size corrected AIC (AICc) and Akaike weight (ωi) are also reported. 
Models with ΔAICc ≥ 2 (in bold) are considered to be highly supported, unless 
they are more complex versions of the top model. Models with ΔAICc  ≥ 7 are 
not shown. All models include site as a random effect. Fixed effects were 
elevation (E), canopy openness (C), range (R), and seed volume (V).  

Model k log(L) AICc ΔAICc ωi 
Astrocaryum 

 E 2 -179.98 362.02 0 0.24 
E + C 3 -179.57 363.21 1.2 0.13 
E + R 3 -179.63 363.35 1.33 0.12 
E + V 3 -179.98 364.05 2.03 0.09 
E + C + R 4 -179.17 364.48 2.46 0.07 
E + C + E:C 4 -179.43 364.99 2.98 0.05 
E + C + V 4 -179.57 365.26 3.25 0.05 
E + R + V 4 -179.62 365.37 3.35 0.05 
E + V + E:V 4 -179.78 365.69 3.67 0.04 
E + C + R + E:C 5 -178.88 365.96 3.95 0.03 
E + C + R +V 5 -179.16 366.51 4.5 0.03 
E + C + V + E:V 5 -179.41 367.03 5.01 0.02 
E + C + V + E:C 5 -179.43 367.05 5.04 0.02 
E + R + V + E:V 5 -179.43 367.06 5.05 0.02 
E + C + R + V + E:C 6 -178.85 367.99 5.97 0.01 
E + C + R + V + E:V 6 -179.02 368.32 6.31 0.01 
E + C + V + E:C + E:V 6 -179.32 368.93 6.91 0.01 
Socratea 
E + R + V + E:R + E:V 6 -964.47 1978.46 0 0.27 
E + R + V + E:R 5 -963.83 1978.46 0.01 0.27 
E + C + R + V + E:R 6 -963.81 1979.67 1.22 0.15 
E + C + R + V + E:R + E:V 7 -964.4 1979.97 1.51 0.13 
E + C + R + V + E:C + E:R 7 -963.38 1981.2 2.74 0.07 
E + C + R + V + E:C + E:R + E:V 8 -963.93 1981.99 3.53 0.05 
E + R + E:R 4 -965.7 1982.7 4.24 0.03 
E + C + R + E:R 5 -965.78 1984.1 5.64 0.02 
E + C + R + E:C + E:R 6 -965.16 1984.94 6.49 0.01 
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Table S9 cont. Cox proportional hazard models explaining variation in germination 
ranked by ΔAICc. The number of parameters (k), log likelihood [log(L)], small sample 
size corrected AIC (AICc) and Akaike weight (ωi) are also reported. Models with ΔAICc 
≥ 2 (in bold) are considered to be highly supported, unless they are more complex 
versions of the top model. Models with ΔAICc  ≥ 7 are not shown. All models include 
site as a random effect. Fixed effects were elevation (E), canopy openness (C), range 
(R), and seed volume (V).  

Model k log(L) AICc ΔAICc ωi 
Iriartea 
E + R + E:R  4 -589.17 1184.47 0 0.15 
E + R + V + E:R 5 -588.44 1185.09 0.61 0.11 
E + R 3 -590.59 1185.25 0.78 0.1 
E + C + R + E:C + E:R 6 -587.65 1185.61 1.14 0.09 
E + C + R + V + E:C + E:R 7 -586.71 1185.84 1.37 0.08 
E + C + R + E:C 5 -588.96 1186.13 1.66 0.07 
E + R + V 4 -590.04 1186.21 1.74 0.06 
E + C + R + E:R 5 -589.09 1186.39 1.92 0.06 
E + C + R + V + E:C 6 -588.21 1186.72 2.24 0.05 
E + C + R + V + E:R 6 -588.35 1187 2.53 0.04 
E + R + V + E:R + E:V 6 -588.42 1187.14 2.67 0.04 
E + C + R 4 -590.57 1187.27 2.8 0.04 
E + C + R + V + E:C + E:R + E:V 8 -586.71 1187.98 3.51 0.03 
E + C + R + V  5 -590.02 1188.24 3.77 0.02 
E + R +  V +  E:V 5 -590.03 1188.27 3.8 0.02 
E + C + R + V + E:C + E:V 7 -588.2 1188.83 4.36 0.02 
E + C + R + V + E:R + E:V 7 -588.33 1189.09 4.61 0.02 
E + C + R + V + E:V 6 -590.01 1190.32 5.85 0.01 
Wettinia 
E + R + E:R 4 -620.54 1283.77 0 0.25 
E + C + R + E:R 5 -620.62 1284.61 0.84 0.17 
E + R + V + E:R 5 -620.65 1285.59 1.82 0.1 
E + R 3 -620.26 1285.85 2.08 0.09 
E + C + R + E:C + E:R 6 -620.91 1286.01 2.24 0.08 
E + C + R + V + E:R 6 -620.75 1286.34 2.57 0.07 
E + C + R 4 -620.23 1287.54 3.78 0.04 
E + C + R + V + E:C + E:R 7 -621.15 1287.57 3.8 0.04 
E + R + V + E:R + E:V 6 -620.66 1287.72 3.95 0.04 
E + R + V  4 -620.28 1287.92 4.15 0.03 
E + C + R + V + E:R + E:V 6 -620.77 1288.43 4.66 0.02 
E + C + R + E:C 5 -620.43 1289.06 5.29 0.02 
E + C + R + V 5 -620.25 1289.63 5.86 0.01 
E + C + R + V + E:C + E:R + E:V 8 -621.18 1289.64 5.87 0.01 
E + R + V + E:V 5 -620.29 1290.05 6.28 0.01 
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Table S9 cont. Cox proportional hazard models explaining variation in germination 
ranked by ΔAICc. The number of parameters (k), log likelihood [log(L)], small sample 
size corrected AIC (AICc) and Akaike weight (ωi) are also reported. Models with ΔAICc 
≥ 2 (in bold) are considered to be highly supported, unless they are more complex 
versions of the top model. Models with ΔAICc  ≥ 7 are not shown. All models include site 
as a random effect. Fixed effects were elevation (E), canopy openness (C), range (R), and 
seed volume (V).  

Model k log(L) AICc ΔAICc ωi 
Dictyocaryum 
E + C + R + V + E:R + E:V 7 -318.56 692.72 0 0.23 
E + C + R + V + E:R 6 -317.88 693.09 0.37 0.19 
E + C + R + V + E:C + E:R + E:V 8 -318.35 694.02 1.3 0.12 
E + C + R + V + E:C + E:R 7 -317.73 694.29 1.57 0.1 
E + C + V 4 -318.36 695.65 2.93 0.05 
E + C + V + E:C 6 -318.12 695.91 3.19 0.05 
E + R + V + E:R + E:V 6 -319.14 696.27 3.55 0.04 
E + C + V + E:V 5 -318.77 696.33 3.61 0.04 
E + C + V + E:C + E:V 6 -318.48 696.56 3.85 0.03 
E + R + V + E:R 5 -318.42 697.04 4.32 0.03 
E + C + R + V  5 -318.4 697.24 4.53 0.02 
E + C + R + V + E:C 6 -318.14 697.56 4.84 0.02 
E + V + E:V 4 -319.27 697.76 5.04 0.02 
E + V 3 -318.74 697.76 5.04 0.02 
E + C + R + V + E:V 6 -318.9 697.84 5.13 0.02 
E + C + R + V + E:C + E:V 7 -318.57 698.16 5.44 0.01 
E + R + V  4 -318.68 699.29 6.57 0.01 
E + R + V + E:V 5 -319.26 699.43 6.71 0.01 
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Table S10. Cox proportional hazard models explaining variation in germinant 
mortality ranked by ΔAICc. The number of parameters (k), log likelihood 
[log(L)], small sample size corrected AIC (AICc) and Akaike weight (ωi) are 
also reported. Models with ΔAICc ≥ 2 (in bold) are considered to be highly 
supported, unless they are more complex versions of the top model. Models 
with ΔAICc  ≥ 7 are not shown. All models include site as a random effect. 
Fixed effects were elevation (E), canopy openness (C), range (R), and seed 
volume (V).  

Model k log(L) AICc ΔAICc ωi 
Astrocaryum 
(1|site) 1 -25.69 73.25 0 0.2 
R 2 -24.49 74.07 0.82 0.13 
C 2 -26.18 74.36 1.11 0.11 
E 2 -25.29 74.78 1.53 0.09 
E + R 3 -23.99 75.09 1.84 0.08 
E + R + V + E:V 5 -20.9 75.66 2.41 0.06 
E + V + E:V 4 -23.2 76.65 3.39 0.04 
E + C + R 4 -24.55 76.8 3.55 0.03 
E + C + E:C 4 -21.41 76.88 3.63 0.03 
V 2 -23.97 76.99 3.74 0.03 
C + R 3 -23.87 77.55 4.3 0.02 
E + C + R + V + E:V 6 -21.16 77.59 4.34 0.02 
C +V 3 -24.78 77.69 4.44 0.02 
R + V 3 -21.21 77.89 4.64 0.02 
E + C 3 -25.04 77.94 4.68 0.02 
E + R + V 4 -20.73 78.21 4.96 0.02 
E + C + R + E:C 5 -20.96 78.69 5.44 0.01 
E + C + V + E:V 5 -23.54 78.69 5.44 0.01 
E + V 3 -22.9 78.76 5.51 0.01 
E + C + V + E:C 5 -19.24 79.22 5.96 0.01 
E + C + R + V + E:C 6 -18.11 80.1 6.85 0.01 
E + C + V + E:C + E:V 6 -20.36 80.16 6.91 0.01 
Socratea 
E + R + E:R 4 -525.99 1096.3 0 0.37 
E + R + V + E:R 5 -525.49 1097.94 1.64 0.16 
E + C + R + E:R 5 -525.45 1097.96 1.67 0.16 
E + C + R + E:C + E:R 6 -524.42 1099.05 2.75 0.09 
E + C + R + V + E:R 6 -524.99 1099.5 3.2 0.07 
E + R + V + E:R + E:V 6 -525.37 1100.26 3.97 0.05 
E + C + R + V + E:C + E:R 7 -523.65 1100.3 4 0.05 
E + C + R + V + E:R + E:V 7 -524.76 1101.85 5.55 0.02 
E + C + R + V + E:C + E:R + E:V 8 -523.19 1102.58 6.28 0.02 
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Table S10 cont. Cox proportional hazard models explaining variation in germinant 
mortality ranked by ΔAICc. All models include site as a random effect. Fixed effects 
were elevation (E), canopy openness (C), range (R), and seed volume (V).  

Model k log(L) AICc ΔAICc ωi 
Iriartea 
E + C + R + E:C 5 -226.66 477.15 0 0.15 
E + C + R + E:C + E:R 6 -225.99 477.31 0.16 0.14 
E + C + R 4 -228.58 477.41 0.25 0.14 
E + C + R + E:R 5 -227.94 478.28 1.13 0.09 
E + R + E:R 4 -227.21 478.46 1.3 0.08 
E + C + R + V 5 -226.55 478.86 1.7 0.07 
E + C + R + V + E:C 6 -225.37 478.98 1.83 0.06 
E + R 3 -227.66 479.07 1.91 0.06 
E + C + R + V + E:C + E:R 7 -224.39 479.3 2.15 0.05 
E + C + R + V + E:R 6 -225.56 479.92 2.77 0.04 
E + R + V + E:R 5 -224.93 480.5 3.35 0.03 
E + R + V 4 -225.9 481.1 3.95 0.02 
E + C + R + V + E:V 6 -226.22 481.46 4.31 0.02 
E + C + R + V + E:C + E:V 7 -224.96 481.66 4.51 0.02 
E + C + R + V + E:C + E:R + E:V 8 -223.85 482.07 4.92 0.01 
E + C + R + V + E:R + E:V 7 -225.15 482.61 5.46 0.01 
E + R + V + E:R + E:V 6 -224.71 483.16 6 0.01 
E + R + V + E:V 5 -225.86 483.52 6.37 0.01 
Wettinia 
E + R 3 -268.89 600.5 0 0.2 
R 2 -268.66 600.93 0.43 0.16 
E + R + E:R 4 -269.04 601.28 0.78 0.13 
E + C + R 4 -268.99 602.14 1.64 0.09 
C + R 3 -268.7 602.75 2.25 0.06 
E + R + V 4 -268.89 603 2.5 0.06 
R + V 3 -268.61 603.32 2.82 0.05 
E + C + R + E:R 5 -269.06 603.38 2.88 0.05 
E + R + V + E:R 5 -269.13 603.73 3.23 0.04 
E + C + R + E:C 5 -268.94 603.98 3.48 0.03 
E + C + R + V 5 -268.99 604.67 4.17 0.02 
C + R + V 4 -268.65 605.16 4.66 0.02 
E + C + R + E:C + E:R 6 -269.02 605.28 4.79 0.02 
E + C + R + V + E:R 6 -269.14 605.91 5.42 0.01 
E + R + V +E:V 5 -268.26 605.98 5.48 0.01 
E + C + R + V +E:C 6 -268.93 606.56 6.06 0.01 
E + R + V + E:R + E:V 6 -268.4 606.69 6.19 0.01 
Dictyocaryum 
E + R + V + E:R + E:V 6 -178.13 367.26 0 0.62 
E + C + R + V + E:R + E:V 7 -177.95 369.32 2.06 0.22 
E + C + R + V + E:C + E:R + E:V 8 -177.85 371.61 4.34 0.07 
E + R + V + E:V 5 -177.22 371.96 4.7 0.06 
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Table S11. Cox proportional hazard models explaining variation in the 
transition to seedlings ranked by ΔAICc. The number of parameters (k), log 
likelihood [log(L)], small sample size corrected AIC (AICc) and Akaike 
weight (ωi) are also reported. Models with ΔAICc ≥ 2 (in bold) are 
considered to be highly supported, unless they are more complex versions of 
the top model. Models with ΔAICc  ≥ 7 are not shown. All models include 
site as a random effect. Fixed effects were elevation (E), canopy openness 
(C), range (R), and seed volume (V).  

Model k log(L) AICc ΔAICc ωi 
Astrocaryum 

 C 2 -75.48 157.71 0 0.25 
E + C 3 -74.05 158.67 0.96 0.15 
C + R 3 -74.43 158.73 1.02 0.15 
C + V 3 -75.16 160.23 2.52 0.07 
E + C + E:O 4 -72.93 160.35 2.64 0.07 
E + C + V 4 -73.8 160.53 2.82 0.06 
C + R + V 4 -74.06 160.56 2.85 0.06 
E + C + R 4 -74.04 161.13 3.42 0.04 
E + C + R + E:O 5 -72.53 161.85 4.14 0.03 
E + C + V + E:O 5 -72.55 161.96 4.25 0.03 
E + C + V + E:V 5 -73.66 163.14 5.43 0.02 
E + C + R + V 5 -73.8 163.14 5.43 0.02 
E  2 -73.24 163.37 5.66 0.01 
E + C + R + V + E:O 6 -72.29 163.56 5.85 0.01 
E + C + V + E:O + E:V 6 -72.57 164.71 7 0.01 
Socratea 
E + R + E:R 4 -372.85 803.45 0 0.41 
E + C + R + E:R 5 -372.62 805.22 1.77 0.17 
E + R + V + E:R 5 -372.53 805.76 2.31 0.13 
E + C + R + E:C + E:R 6 -371.06 806.38 2.93 0.09 
E + R + V + E:R + E:V 6 -371.08 806.85 3.4 0.07 
E + C + R + V + E:R 6 -372.33 807.54 4.08 0.05 
E + C + R + V + E:R + E:V 7 -370.75 808.63 5.18 0.03 
E + C + R + V + E:C + E:R 7 -370.57 808.71 5.26 0.03 
E + C + R + V + E:C + E:R + E:V 8 -368.71 809.69 6.24 0.02 
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Table S11 cont. Cox proportional hazard models explaining variation in the transition to 
seedlings ranked by ΔAICc. The number of parameters (k), log likelihood [log(L)], small 
sample size corrected AIC (AICc) and Akaike weight (ωi) are also reported. Models with 
ΔAICc ≥ 2 (in bold) are considered to be highly supported, unless they are more complex 
versions of the top model. Models with ΔAICc  ≥ 7 are not shown. All models include 
site as a random effect. Fixed effects were elevation (E), canopy openness (C), range 
(R), and seed volume (V).  

Model k log(L) AICc ΔAICc ωi 
Iriartea 
E + C + R + E:C 5 -174.61 357.6 0 0.16 
E + R + V 4 -175.94 358.11 0.51 0.13 
E + R 3 -177.1 358.34 0.74 0.11 
E + C + R + V + E:C 6 -173.95 358.45 0.85 0.11 
E + C + R + V 5 -175.56 359.5 1.9 0.06 
E + C + R + E:C + E:R 6 -174.47 359.5 1.9 0.06 
E + C + R  4 -176.87 359.98 2.38 0.05 
E + R + V + E:R 5 -175.92 360.21 2.61 0.04 
E + R + V + E:V 5 -175.93 360.24 2.65 0.04 
E + R + E:R 4 -177.04 360.32 2.72 0.04 
E + C + R + V + E:C + E:V 7 -173.82 360.4 2.8 0.04 
E + C + R + V + E:C + E:R 7 -173.85 360.45 2.86 0.04 
E + C + R + V + E:R 6 -175.49 361.52 3.92 0.02 
E + C + R + V + E:V 6 -175.54 361.63 4.04 0.02 
E + C + R + E:R 5 -176.73 361.84 4.24 0.02 
E + R + V + E:R + E:V 6 -175.92 362.38 4.79 0.01 
E + C + R + V + E:C + E:R + E:V 8 -173.72 362.46 4.86 0.01 
E + C + R + V + E:R + E:V 7 -175.47 363.71 6.11 0.01 
Wettinia 
E + R 3 -213.76 452.69 0 0.3 
E + R + E:R 4 -213.96 453.96 1.27 0.16 
E + C + R + E:C 5 -212.87 454.69 2 0.11 
E + R + V 4 -213.71 454.9 2.22 0.1 
E + C + R 4 -212.48 455.7 3.02 0.07 
E + R + V + E:R 5 -213.92 456.3 3.61 0.05 
E + C + R + E:C + E:R 6 -212.99 456.41 3.72 0.05 
E + C + R + V + E:C 6 -212.87 456.97 4.29 0.03 
E + R + V + E:V 5 -213.7 457.14 4.46 0.03 
E + C + R + E:R 5 -212.54 457.45 4.76 0.03 
E + C + R + V 5 -212.45 457.99 5.31 0.02 
E + R + V + E:R + E:V 5 -213.86 458.62 5.94 0.02 
E + C + R + V + E:C + E:R 6 -212.98 458.78 6.09 0.01 
E + C + R + V + E:C + E:V 6 -212.88 459.22 6.54 0.01 
Dictyocaryum 
E + C + V 4 -9.06 44.1 0 0.52 
E + C + R + V 5 -7.35 45.46 1.36 0.26 
E + C + R + V + E:C 6 -5.26 45.96 1.86 0.21 
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Table S12. Cox proportional hazard models explaining 
variation in the transition to seedlings ranked by ΔAICc 
(common garden experiment). The number of parameters 
(k), log likelihood [log(L)], small sample size corrected 
AIC (AICc) and Akaike weight (ωi) are also reported. 
Models with ΔAICc ≥ 2 (in bold) are considered to be 
highly supported, unless they are more complex versions 
of the top model. Models with ΔAICc  ≥ 7 are not shown. 
Fixed effects were garden (G), soil type (S), and seed 
volume (V).  

Model k log(L) AICc ΔAICc ωi 
Socratea 
G 2 -93.11 188.44 0 0.73 
G + V 3 -92.99 190.68 2.24 0.24 
G + S 6 -90.36 195 6.57 0.03 
Iriartea 
 V 2 -114.59 231.38 0 0.3 
 S 5 -110.71 231.64 0.26 0.26 
 S + V 6 -109.35 232.22 0.85 0.2 
G + V 2 -114.5 233.6 2.23 0.1 
G + S 6 -110.29 234.12 2.74 0.08 
G + S + V 7 -109.22 235.7 4.32 0.03 
G 2 -116.76 235.71 4.33 0.03 
Wettinia 
G + V 3 -290.65 585.51 0 0.27 
G 2 -291.87 585.81 0.3 0.23 
G + S + V 7 -286.22 586 0.49 0.21 
G + S 6 -287.56 586.22 0.71 0.19 
G + S + V + V:S 11 -281.69 587.78 2.27 0.09 
Dictyocaryum 
G + S 6 -210.78 432.74 0 0.53 
G + S + V 7 -210.09 433.87 1.13 0.3 
G + S + V + V:S 11 -205.12 435.03 2.29 0.17 
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Table S13. Cox proportional hazard models explaining variation in 
germination ranked by ΔAICc (common garden experiment). The 
number of parameters (k), log likelihood [log(L)], small sample 
size corrected AIC (AICc) and Akaike weight (ωi) are also 
reported. Models with ΔAICc ≥ 2 (in bold) are considered to be 
highly supported, unless they are more complex versions of the top 
model. Models with ΔAICc  ≥ 7 are not shown. Fixed effects were 
garden (G), soil type (S), and seed volume (V).  

Model k log(L) AICc ΔAICc ωi 
Socratea 
G 2 -787.4 1576.82 0 0.6 
G + V 3 -786.88 1577.82 1.01 0.36 
G + S 6 -786.33 1583.02 6.2 0.03 
Iriartea 
G + S 6 -799.53 1609.41 0 0.26 
G + V 3 -802.97 1610.02 0.61 0.19 
G + S + V 7 -799.02 1610.55 1.14 0.15 
G + S + G:S 10 -795.92 1610.92 1.52 0.12 
 V 2 -804.71 1611.45 2.04 0.09 
G + S + V + G:S 11 -795.47 1612.27 2.87 0.06 
G 2 -805.2 1612.42 3.02 0.06 
 S + V 6 -801.59 1613.54 4.13 0.03 
 S 5 -803.2 1614.63 5.22 0.02 
Wettinia 
G + S + V + V:S 11 -549.61 1121.34 0 0.77 
G + S + V + G:S + V:S 15 -546 1124.21 2.86 0.18 
Dictyocaryum 
G 2 -630.14 1262.31 0 0.42 
G + V 3 -629.51 1263.1 0.79 0.28 
G + S + V + V:S 11 -620.74 1263.24 0.92 0.26 
G + S 6 -628.79 1268.03 5.72 0.02 
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Table S14. Cox proportional hazard models explaining 
variation in germinant mortality ranked by ΔAICc 
(common garden experiment). The number of parameters 
(k), log likelihood [log(L)], small sample size corrected 
AIC (AICc) and Akaike weight (ωi) are also reported. 
Models with ΔAICc ≥ 2 (in bold) are considered to be 
highly supported, unless they are more complex versions 
of the top model. Models with ΔAICc  ≥ 7 are not shown. 
Fixed effects were garden (G), soil type (S), and seed 
volume (V).  

Model k log(L) AICc ΔAICc ωi 
Socratea 
G 2 -262.3 526.67 0 0.44 
G + V 3 -261.25 526.72 0.05 0.43 
G + S 6 -259.37 529.94 3.27 0.09 
G + S + V 7 -258.98 531.68 5.01 0.04 
Iriartea 
G + V 3 -387.96 780.05 0 0.45 
G 2 -389.49 781.03 0.98 0.28 
G + S 6 -386.01 782.75 2.7 0.12 
G + S + V 7 -385.2 783.44 3.38 0.08 
G + S + V + V:S 11 -380.87 784.61 4.56 0.05 
Wettinia 
G + S 6 -173.73 359.13 0 0.59 
G + S + V 7 -173.43 361.26 2.13 0.2 
G 2 -180.13 362.36 3.22 0.12 
G + S + V + V:S 11 -168.52 364.13 5 0.05 
G + V 3 -180.09 364.5 5.36 0.04 
Dictyocaryum 
G + S 6 -303.97 618.76 0 0.52 
G + S + G:S 10 -299.97 620.51 1.75 0.21 
G + S + V 7 -303.77 620.68 1.93 0.2 
G + S + V + G:S 11 -299.91 623.01 4.25 0.06 
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Table S15. Cox proportional hazard models explaining variation 
in the transition to seedling ranked by ΔAICc (common garden 
experiment). The number of parameters (k), log likelihood 
[log(L)], small sample size corrected AIC (AICc) and Akaike 
weight (ωi) are also reported. Models with ΔAICc ≥ 2 (in bold) 
are considered to be highly supported, unless they are more 
complex versions of the top model. Models with ΔAICc  ≥ 7 are 
not shown. Fixed effects were garden (G), soil type (S), and seed 
volume (V).  

Model k log(L) AICc ΔAICc ωi 
Socratea 
G + S + V + V:S 11 -465.36 953.07 0 0.3 
G + S 6 -471.62 953.85 0.78 0.21 
G 2 -476.18 954.39 1.32 0.16 
G + S + G:S 10 -467.52 954.93 1.86 0.12 
G + S + V 7 -471.34 955.53 2.46 0.09 
G + V 3 -476.08 956.27 3.21 0.06 
G + S + V + G:S 11 -467.09 956.53 3.46 0.05 
G + S + V + G:S + V:S 15 -463.25 959.16 6.09 0.01 
Iriartea 
G + V 3 -286.03 576.25 0 0.58 
G 2 -287.47 577.01 0.76 0.4 
Wettinia 
G 2 -273.08 548.22 0 0.56 
G + V 3 -272.33 548.85 0.63 0.41 
G + S 6 -271.99 555 6.78 0.02 
Dictyocaryum 
G + S 6 -334.55 679.82 0 0.71 
G + S + V 7 -334.33 681.68 1.86 0.28 
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Table S16. Hazard ratios (HR) and 95% confidence intervals (CI) for all parameters that were in the top model or top model set. Parameters with 
significant effects are in bold. Parameters were elevation (E), canopy openness (C), range (R), and seed volume (V). 

seed mortality germination germinant mortality transition to seedling 
  HR 95% CI   HR 95% CI   HR 95% CI   HR 95% CI 
Astrocaryum Astrocaryum Astrocaryum Astrocaryum 

none E 0.76 0.7-0.83 none C  0.70 0.52-0.92 
Socratea Socratea Socratea Socratea 

R 1.86 0.53-6.58 E 1.21 1.03-1.42 E 0.82 0.69-0.97 E 1.10 0.9-1.36 
E 0.96 0.87-1.07 R 0.79 0.32-1.98 R 8.23 2.82-24.04 R 0.06 0.01-0.45 

V 0.61 0.4-0.92 E:R 1.67 1.34-2.09 E:R 0.57 0.41-0.79 
E:R 0.71 0.6-0.84 
E:V 1.02 0.95-1.09 

C  1.00 0.97-1.04 
Iriartea Iriartea Iriartea Iriartea 

R 3.82 1.74-8.38 E 0.71 0.54-0.94 E 1.11 0.77-1.59 E 0.68 0.54-0.86 
V 2.48 1.05-5.85 R 0.10 0.02-0.40 C  1.06 0.93-1.19 C  0.96 0.84-1.09 

E:R 1.14 0.85-1.53 R 15.48 2.28-105.05 R 0.01 0.00-0.21 
E:C  0.99 0.97-1.02 E:C  1.01 0.98-1.05 
E:R 1.07 0.74-1.55 V 1.22 0.59-2.54 

Wettinia Wettinia Wettinia Wettinia 
E 0.99 0.91-1.06 E 0.77 0.38-1.57 E 1.03 0.93-1.15 E 0.79 0.67-0.94 

R 0.79 0.02-25.10 R 5.46 1.67-17.86 R 0.04 0.01-0.30 
E:R 1.16 0.56-2.38 

Dictyocaryum Dictyocaryum Dictyocaryum Dictyocaryum 
E 0.77 0.72-0.82 E 0.98 0.89-1.09 E 0.95 0.87-1.04 E 0.93 0.51-1.69 
R 0.09 0.04-0.17 C  1.14 1.01-1.28 V 0.25 0.1-0.61 C  0.51 0.19-1.37 

R 3.05 0.73-12.78 R 0.52 0.08-3.18 V 6.72 0.5-91.09 
V 2.58 1.36-4.89 E:V 0.78 0.66-0.94 

E:R 0.55 0.3-1.00 E:R 0.52 0.21-1.30 
      E:V 0.96 0.85-1.08             
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Table S17. Hazard ratios (HR) and 95% confidence intervals (CI) for all parameters that were in the top model or top model set. Parameters with significant effects are in bold. 
Parameters were seed volume (V). garden (G) and seed volume (V). 

seed mortality germination germinant mortality seedling 
species HR 95% CI species HR 95% CI species HR 95% CI species HR 95% CI 
Socratea Socratea Socratea Socratea 

G 0.13 0.04-0.44 G 2.55 1.88-3.47 G 0.21 0.11-0.39 G 4.36 2.74-6.96 

   
1075 0.93 0.54-1.61 

   
1550 1.51 0.74-3.08 

   
1775 1.76 0.77-4.02 

   
2000 0.74 0.32-1.72 

   
V 0.77 0.3-1.99 

   
1075:V 1.27 0.37-4.29 

   
1550:V 3.00 0.2-44.08 

   
1775:V 1.95 0.35-10.93 

   
2000:V 1.03 0.39-2.69 

Iriartea Iriartea Iriartea Iriartea 
V 1.61 0.58-4.49 G 1.45 1.04-2.01 G 0.11 0.06-0.21 G 10.81 5-23.35 

1075 0.50 0.09-2.70 1075 1.39 0.71-2.7 V 0.77 0.45-1.32 V 1.26 0.76-2.1 
1550 0.69 0.24-1.99 1550 1.37 0.72-2.63 
1775 0.51 0.1-2.66 1775 1.49 0.69-3.21 
2000 0.32 0.02-5.11 2000 1.50 0.69-3.26 

V 0.88 0.63-1.23 
Wettinia Wettinia Wettinia Wettinia 

G 0.31 0.18-0.56 G 1.89 1.26-2.83 G 0.25 0.12-0.53 G 3.02 1.77-5.16 
V 1.24 0.75-2.06 1075 1.42 0.76-2.66 1075 0.58 0.16-2.07 

1550 1.36 0.68-2.7 1550 2.85 .105-7.78 
1775 1.37 0.73-2.57 1775 2.33 0.81-6.76 
2000 1.08 0.51-2.31 2000 2.62 0.91-7.53 

V 0.99 0.32-3.08 
1075:V 0.97 0.24-3.96 
1550:V 0.64 0.18-2.31 
1775:V 7.79 0.69-35.83 
2000:V 0.31 0.07-1.35 

Dictyocaryum Dictyocaryum Dictyocaryum Dictyocaryum 
G 0.07 0.03-0.19 G 3.93 2.72-5.68 G 0.16 0.09-0.28 G 5.19 1.57-17.1 

1075 1.58 0.8-3.11 1075 0.75 0.23-2.46 
1550 0.07 0.03-0.21 1550 1.16 0.41-3.27 
1775 0.10 0.04-0.27 1775 0.82 0.27-2.5 

            2000 0.07 0.02-0.2 2000 0.96 0.33-2.76 
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Supplementary material: Datasets downloaded from GBIF and used to calculate elevational ranges. 
 
González Martínez R, Quintana Vargas A (2017). Composición florística y estructura de una parcela  

permanente en bosques húmedos tropicales del municipio de Pie de Pepe, Chocó. Version 10.2. 
Instituto de Investigación de Recursos Biológicos Alexander von Humboldt. Occurrence Dataset 
https://doi.org/10.15472/o1kvte accessed via GBIF.org on 2018-04-
07.,http://doi.org/10.15472/o1kvte 10.15472/o1kvte 

Grant S, Niezgoda C (2018). Field Museum of Natural History (Botany)  Seed Plant Collection. Version  
11.5. Field Museum. Occurrence Dataset https://doi.org/10.15468/nxnqzf accessed via GBIF.org 
on 2018-04-07. 10.15468/nxnqzf 

Hopkins M, Campos de Oliveira D (2015). Herbarium - Instituto Nacional de Pesquisas da Amazônia  
(INPA). Instituto Nacional de Pesquisas da Amazônia - INPA. Occurrence Dataset 
https://doi.org/10.15468/5ictpz accessed via GBIF.org on 2018-04-07. 10.15468/5ictpz 

Martínez Figueroa Y M (2016). Herbario Universidad de Antioquia (HUA). Version 7.0. Universidad de  
Antioquia. Occurrence Dataset https://doi.org/10.15472/esjdio accessed via GBIF.org on 2018-04-
07., http://doi.org/10.15472/esjdio 10.15472/esjdio 

Balslev H (2016). Aarhus University Palm Transect Database. Version 7.1. Department of Bioscience,  
Aarhus University. Occurrence Dataset https://doi.org/10.15468/r5hujc accessed via GBIF.org on 
2018-04-07. 10.15468/r5hujc 

Cândida Henrique Mamede M (2018). SP - Herbário do Estado "Maria Eneyda P. Kaufmann Fidalgo" –  
Coleção de Fanerógamas. Version 1.39. Instituto de Botânica, São Paulo. Occurrence Dataset 
https://doi.org/10.15468/axlcjr accessed via GBIF.org on 2018-04-07.,   
http://splink.cria.org.br/manager/detail?resource=SP 10.15468/axlcjr 

Herbarium of the University of Aarhus. The AAU Herbarium Database. Occurrence Dataset  
https://doi.org/10.15468/7uigwo accessed via GBIF.org on 2018-04-07. 10.15468/7uigwo 

Paganucci Queiroz L (2018). HUEFS - Herbario da Universidade Estadual de Feira de Santana. Version  
1.37. Universidade Estadual de Feira de Santana. Occurrence Dataset 
https://doi.org/10.15468/6ymx97 accessed via GBIF.org on 2018-04-07.,   
http://splink.cria.org.br/manager/detail?resource=HUEFS 10.15468/6ymx97 

Raz L, Agudelo H (2018). Herbario Nacional Colombiano (COL). Version 13.5. Universidad Nacional de  
Colombia. Occurrence Dataset https://doi.org/10.15472/ea8sek accessed via GBIF.org on 2018-
04-07., http://doi.org/10.15472/ea8sek 10.15472/ea8sek 

Sua S (2017). Herbario Amazónico Colombiano. Version 9.6. Instituto Amazónico de Investigaciones  
Científicas Sinchi. Occurrence Dataset https://doi.org/10.15472/l7odt1 accessed via GBIF.org on 
2018-04-07., http://doi.org/10.15472/l7odt1 10.15472/l7odt1 

Australia's Virtual Herbarium (2018). Australia's Virtual Herbarium. Occurrence Dataset  
https://doi.org/10.15468/rhzrxw accessed via GBIF.org on 2018-04-07. 10.15468/rhzrxw  
Museo Nacional de Costa Rica. herbario. Occurrence Dataset https://doi.org/10.15468/yhvbj8 
accessed via GBIF.org on 2018-04-07. 10.15468/yhvbj8 

Borja-Acosta K, Borja Acosta K G (2017). Colección de Tejidos del Instituto Alexander Von Humboldt.  
Version 20.0. Instituto de Investigación de Recursos Biológicos Alexander von Humboldt. 
Occurrence Dataset https://doi.org/10.15472/9uddlh accessed via GBIF.org on 2018-04-07., 
http://doi.org/10.15472/9uddlh 10.15472/9uddlh 

Royal Botanic Gardens, Kew (2017). Royal Botanic Gardens, Kew - Herbarium Specimens. Occurrence  
Dataset https://doi.org/10.15468/ly60bx accessed via GBIF.org on 2018-04-07. 10.15468/ly60bx 

Mora C (2017). Caracterización biótica para la conservación de especies amenazadas en el área de  
influencia del Oleoducto Bicentenario, departamentos de Arauca y Casanare, Colombia. Version 
1.1. Instituto de Investigación de Recursos Biológicos Alexander von Humboldt. Occurrence 
Dataset https://doi.org/10.15472/sftwc4 accessed via GBIF.org on 2018-04-07., 
http://doi.org/10.15472/sftwc4 10.15472/sftwc4 

Artunduaga Zambrano E A, Murcia Díaz L M (2016). Jardín Botánico Uniamazonia JBUA. Version 2.1.  
Universidad de la Amazonia. Occurrence Dataset https://doi.org/10.15472/qg2aiz accessed via 
GBIF.org on 2018-04-07., http://doi.org/10.15472/qg2aiz 10.15472/qg2aiz 

Raz L, Agudelo H (2016). ICN - Universidad Nacional de Colombia. Version 2.2. Universidad Nacional de  
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Colombia. Occurrence Dataset https://doi.org/10.15472/v2lnzj accessed via GBIF.org on 2018-04-
07., http://doi.org/10.15472/v2lnzj 10.15472/v2lnzj 

González Martínez R, Quintana Vargas A (2017). Composición florística y estructura de una parcela  
permanente en bosques húmedos tropicales de Bahía Málaga, municipio de Buenaventura, Valle 
del Cauca. Version 10.2. Instituto de Investigación de Recursos Biológicos Alexander von 
Humboldt. Occurrence Dataset https://doi.org/10.15472/vm0hwj accessed via GBIF.org on 2018-
04-07., http://doi.org/10.15472/vm0hwj 10.15472/vm0hwj 

Orrell T, Hollowell T (2018). NMNH Extant Specimen Records. Version 1.16. National Museum of  
Natural History, Smithsonian Institution. Occurrence Dataset https://doi.org/10.15468/hnhrg3 
accessed via GBIF.org on 2018-04-07. 10.15468/hnhrg3 

García N (2018). Herbario Pontificia Universidad Javeriana. Version 4.1. Pontificia Universidad Javeriana.  
Occurrence Dataset https://doi.org/10.15472/oyj27o accessed via GBIF.org on 2018-04-07., 
http://doi.org/10.15472/oyj27o 10.15472/oyj27o 

Biologiezentrum Linz Oberoesterreich. Biologiezentrum Linz. Occurrence Dataset  
https://doi.org/10.15468/ynjblx accessed via GBIF.org on 2018-04-07. 10.15468/ynjblx 

Regina Araújo Soares Lopes C (2018). HERBAM - Herbário da Amazônia Meridional. Version 1.38.  
Universidade do Estado de Mato Grosso. Occurrence Dataset https://doi.org/10.15468/dlorqh 
accessed via GBIF.org on 2018-04-07.,  
http://splink.cria.org.br/manager/detail?resource=HERBAM 10.15468/dlorqh 

Cristina Ramos de Souza A (2018). HFSL - Herbário Dr. Ary Tupinambá Penna Pinheiro. Version 1.38.  
Centro de Ensino São Lucas. Occurrence Dataset https://doi.org/10.15468/6j2hwj accessed via 
GBIF.org on 2018-04-07.,   http://splink.cria.org.br/manager/detail?resource=HFSL 
10.15468/6j2hwj 

Fairchild Tropical Botanic Garden. Fairchild Tropical Botanic Garden Virtual Herbarium Darwin Core  
format. Occurrence Dataset https://doi.org/10.15468/hdpruf accessed via GBIF.org on 2018-04-07. 
10.15468/hdpruf 

González Martínez R, Quintana Vargas A (2017). Composición florística y estructura de una parcela  
permanente en bosques húmedos tropicales del río Cajambre (Guandal), municipio de 
Buenaventura, Valle del Cauca. Version 9.2. Instituto de Investigación de Recursos Biológicos 
Alexander von Humboldt. Occurrence Dataset https://doi.org/10.15472/jhmnrq accessed via 
GBIF.org on 2018-04-07., http://doi.org/10.15472/jhmnrq 10.15472/jhmnrq 

de Mello-Silva R (2018). SPF - Herbário da Universidade de São Paulo. Version 1.36. Universidade de São  
Paulo. Occurrence Dataset https://doi.org/10.15468/hnlkxx accessed via GBIF.org on 2018-04-07.,   
http://splink.cria.org.br/manager/detail?resource=SPF 10.15468/hnlkxx 

Borja-Acosta K (2017). Colección Herbario Federico Medem Bogotá - FMB. Version 32.0. Instituto de  
Investigación de Recursos Biológicos Alexander von Humboldt. Occurrence Dataset 
https://doi.org/10.15472/ighftu accessed via GBIF.org on 2018-04-07., 
http://doi.org/10.15472/ighftu 10.15472/ighftu 

Manrique Fierro H F (2017). Colección nacional de palmas de Colombia - JBQ. Version 5.2. Jardín  
Botánico del Quindío. Occurrence Dataset https://doi.org/10.15472/1rhjvl accessed via GBIF.org 
on 2018-04-07.,  http://doi.org/10.15472/1rhjvl 10.15472/1rhjvl 

Conservation International. Rapid Assessment Program (RAP) Biodiversity Survey Database. Occurrence  
Dataset https://doi.org/10.15468/tsrjm0 accessed via GBIF.org on 2018-04-07. 10.15468/tsrjm0 

González Martínez R, Quintana Vargas A (2017). Composición florística y estructura de una parcela  
permanente en bosques humedos tropicales del resguardo Emberá Chontadural, municipio de 
Mutatá, Antioquia. Version 5.2. Instituto de Investigación de Recursos Biológicos Alexander von 
Humboldt. Occurrence Dataset https://doi.org/10.15472/77oqax accessed via GBIF.org on 2018-
04-07., http://doi.org/10.15472/77oqax 10.15472/77oqax 

Barbosa Cavalcanti T (2018). CEN - Herbário da Embrapa Recursos Genéticos e Biotecnologia. Version  
1.37. Embrapa Cenargen. Occurrence Dataset https://doi.org/10.15468/enkiul accessed via 
GBIF.org on 2018-04-07.,   http://splink.cria.org.br/manager/detail?resource=CEN 
10.15468/enkiul 

"Gilberto Emilio Mahecha Vega" H F U, Sastoque Rodríguez J E, Moreno-Vargas D (2017). Colección de  
Plantas Vasculares del Herbario Forestal UDBC "Gilberto Emilio Mahecha Vega". Version 2.2. 
Universidad Distrital Francisco José de Caldas. Occurrence Dataset 



 

114 
 

https://doi.org/10.15472/kctr0d accessed via GBIF.org on 2018-04-07., 
http://doi.org/10.15472/kctr0d 10.15472/kctr0d 

Magill B, Solomon J, Stimmel H (2016). Tropicos Specimen Data. Missouri Botanical Garden. Occurrence  
Dataset https://doi.org/10.15468/hja69f accessed via GBIF.org on 2018-04-07. 10.15468/hja69f 

Mijares F J, Peréz N F (2017). Herbario Orinocense Colombiano de la Universidad Nacional de Colombia  
sede Orinoquia (HORI). Version 2.3. Universidad Nacional de Colombia. Occurrence Dataset 
https://doi.org/10.15472/tssi3g accessed via GBIF.org on 2018-04-07., 
http://doi.org/10.15472/tssi3g 10.15472/tssi3g 

Vargas M (2016). Plantae of Costa Rica (INBio). Version 1.14. Instituto Nacional de Biodiversidad  
(INBio), Costa Rica. Occurrence Dataset https://doi.org/10.15468/tgno8a accessed via GBIF.org 
on 2018-04-07. 10.15468/tgno8a 

Álvarez Mejía L M (2017). Herbario Universidad de Caldas - FAUC. Version 2.6. Universidad de Caldas.  
Occurrence Dataset https://doi.org/10.15472/8t4cb9 accessed via GBIF.org on 2018-04-07., 
http://doi.org/10.15472/8t4cb9 10.15472/8t4cb9 

Botanical Research Institute of Texas. Andes to Amazon Biodiversity Program. Occurrence Dataset  
https://doi.org/10.15468/uaq7do accessed via GBIF.org on 2018-04-07. 10.15468/uaq7do 

Forzza R, Dalcin E (2018). RB - Rio de Janeiro Botanical Garden Herbarium Collection. Version 84.142.  
Instituto de Pesquisas Jardim Botanico do Rio de Janeiro. Occurrence Dataset 
https://doi.org/10.15468/7ep9i2 accessed via GBIF.org on 2018-04-07., 
http://www.jbrj.gov.br/jabot/formularios/comocitar_jabot.php 10.15468/7ep9i2 

Tulig M, Ramirez J, Watson K (2017). The New York Botanical Garden Herbarium (NY). The New York  
Botanical Garden. Occurrence Dataset https://doi.org/10.15468/6e8nje accessed via GBIF.org on 
2018-04-07. 10.15468/6e8nje 

 
 

 



 

115 
 

CHAPTER 4. DIFFERENTIAL SURVIVAL AND GROWTH OF EARLY LIFE HISTORY STAGES 

CAUSES VARIATION IN POPULATION GROWTH ACROSS SPECIES ELEVATIONAL RANGE LIMITS 

 

ABSTRACT 

Understanding species responses to climate change is fundamentally a question of 

species performance and distribution across environmental gradients. In the face of 

climate change, one option species have is to shift their geographic ranges to respond to 

changing climatic variables. In wet systems, montane forest species are expected to shift 

ranges upslope to remain in equilibrium with their thermal niches. Early life history 

stages will form the leading edges of any movement in species ranges, and will likely 

exhibit differential abilities to germinate and survive outside of their ranges compared to 

inside their ranges. While transplant experiments along gradients are a standard assay of 

species performance, these differences in performance may or may not translate into 

meaningful changes in population sizes, given the different sensitivities of population 

growth to changes in demographic rates at different life stages. This study uses a life 

table response experiment where early stages were transplanted in and out of ranges 

along a climatic gradient. Seeds from five species of Neotropical arborescent palms were 

transplanted along an elevational gradient (600 m to 2000 m) in the Peruvian Andes 

within and outside of their elevational ranges. This transplant experiment was used to 

quantify seed survival, germination, germinant survival, and the transition from 

germinant to seedling along an elevational gradient, and to study the effect of 

environmental factors (elevation, percent canopy openness) and species characteristics 

(seed volume, range) on early life history events. The survival of early life history stages 
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and transition rates between stages varied with elevation but not in predictable ways, with 

high variability even among closely related species. Species ranges did not always 

coincide with increasing or decreasing modeled population growth rates; with the 

population growth of some species increasing beyond the upper limit of their elevational 

range. These findings suggest that, if they are not limited by dispersal, there is the 

potential for some species to shift their ranges upslope, but this potential may be 

dampened by the role of adult life history stages in population growth.  

 

INTRODUCTION 

What sets species range limits is a fundamental question in ecology, though this is 

often done phenomenologically through models that correlate species occurrences with 

abiotic data from locations in which species are present (Arundel 2005, Elith and 

Leathwick 2009). Understanding species range limits and the mechanisms that set them is 

particularly important in the face of climate change as one predicted response of species 

is migration, i.e. shifting of their distributions and range limits (Aitken et al. 2008; Feeley 

et al. 2012), and montane forest species specifically are expected to migrate up slope 

(Colwell et al. 2008; Feeley et al. 2011).  

Many predictions of species migrations and extinctions in high biodiversity areas 

have come from modeling exercises based on simplistic assumptions about species, such 

as 1) species response to abiotic environment are defined entirely by climatic envelopes 

determined by species current distributions, i.e. realized niches and 2) that all species 

respond to temperature at the same rate of movement, being either in or out of 

equilibrium with climate (e.g. Neilson et al. 2005; Normand et al. 2011). To move 
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beyond correlations with the environment, species distributions and ranges should be 

understood as a fundamentally population level process (e.g. Angert 2009). At its most 

basic, a population can maintain a 0 or positive growth and persist in or invade an area, or, 

if its long-term population growth rate drops below 0, it will become locally extinct 

(MacArthur 1972; Holt & Keitt 2000). 

A standard method in ecology to add mechanism to the understanding of plant 

species distributions along environmental gradients, and species ranges, is to perform 

transplant experiments and surveys, particularly with early life history stages (e.g. Comita 

& Engelbrecht 2009).   But changes in one life stage, particularly early life-stages in long 

lived organisms, do not necessarily translate to meaningful changes in population growth 

(Lefkovitch 1965; Caswell 1989, 2000). Knowledge of species range limits and 

predicting their response to climate change could be improved by taking into account all 

life stages using a demographic perspective.  

Here I seek to understand the importance of early life stages in the context of 

species distributions along environmental gradients and range limits by coupling 

experimental results of seed and seedling performance to later life-stages.  A previous 

experiment (Chapter 3) showed variation in seed survival, seed germination, and 

germinant survival across a long elevation gradient, and in and out of species ranges.  

This study uses data from a seed transplant experiment across a 1550 m elevational 

gradient in the Peruvian Andes and published life history transition matrices as a life 

table response experiment (LTRE; Caswell 1989), a standard method to test for the 

importance of different life history stages and events under different conditions, to ask (1) 
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How do population growth rates vary with elevation?  And 2) which life stages and 

transitions contribute to difference in population growth across elevation?  

 

METHODS 

Sites 

The study was carried out in the Kosñipata Valley (13° 6’18” S, 71° 35’21” W) 

adjacent to Manu National Park on the southeastern slope of the Peruvian Andes (for 

more details see Malhi et al. 2010; Jankowski et al. 2013).  Experiments (described 

below) were installed at 5 elevations: 600m, 1075m, 1550m, 1775m, and 2000m (Fig 1). 

The highest three sites are adjacent to tree plots of the Andes Biodiversity and Ecosystem 

Research Group network (ABERG, www.andesconservation.org) described in Malhi et al. 

(2010). Mean annual temperature decreases with increasing elevation in the valley at a 

rate of 5.5 ºC per km. Annual precipitation peaks just above 1000 m at 6-8 m per year, 

decreasing with increasing elevation above 2000m.  At all sites in this study precipitation 

exceeded 5m per year, and in no month did potential evapotranspiration (PET) exceed 

precipitation. Detailed descriptions of the microclimate can be found in Rapp & Silman, 

2012.  

Study species 

Palms are a quintessential family in tropical ecosystems, being important 

resources to frugivores (Terborgh 1986), sources of construction material for native 

communities (Anderson 1978), and they can structure the plant community around them 

(Peters et al. 2004). Five species of native, arborescent palms were transplanted in this 

study: Astrocaryum murumuru, Socratea exhorriza, Iriartea deltoidea, Wettinia augusta, 
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and Dictyocaryum lamarckianum. Iriartea deltoidea, S. exhorriza, and A. murumu are 

hyperdominant species in the Amazon (Ter Steege et al. 2013), comprising one of every 

five stems in western Amazonian forests. Wettinia augusta and D. lamarckianum are 

similarly abundant palms, particularly above 900 m and 1400m, respectively, in the 

Andes (ABERG, www.andesconservation.org). Fruits and seeds were collected in the 

field from the ground beneath multiple individuals of each species. Any remaining fleshy 

mesocarp was removed from the seed. Seeds that floated in water or had visible damage 

were considered unviable and not used. 

Elevation ranges for the study species were calculated from collection records 

downloaded from the Global Biodiversity and Information Facility (GBIF, 

www.gbif.org). Only records from Colombia, Ecuador, Peru, Bolivia, and Venezuela 

were included and were filtered to eliminate georeferencing errors according to standard 

techniques (Feeley & Silman 2010). Coordinates were rounded to the nearest 0.01º (an 

accuracy of ~ one km at the equator) and duplicate records, i.e. identical combinations of 

species, latitude and longitude were excluded (Feeley & Silman 2011). From the 

remaining records, the 5th and 95th percentile of elevations were considered to be a 

species’ minimum and maximum range. Data from permanent tree inventory plots 

(ABERG, www.andesconservation.org) were available for four species and in some cases 

extended the upper limit of the GBIF derived range. Although Wettinia does not occur in 

the ABERG tree plots, it has been registered along the transect at higher ranges than the 

GBIF limit, and its range was extended based on these observations.  
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Transplant experiment 

To quantify the survival and growth of early life history stages seeds from the five 

study species were transplanted across and outside of their elevational ranges.  Seeds 

were planted in twelve pairs of mammal exclosures at each elevation (Fig 1). Mammal 

exclosures were one by one meter square PVC structures covered with mesh on five sides 

(Fig 1, inset B). Two seeds of each species were planted at each site for a total of forty-

eight seeds per species per elevation. Seeds from four species were planted between April 

– July 2012, and Dictyocaryum seeds were planted when they were available in October 

2012. Seed germination, growth, and death were monitored monthly for one year, and 

then every three to nine months for another one and a half years for a total of 2.5 years 

(~900 days). The stage of an individual was defined as: a seed, a germinant (appearance 

of the radicle), or a seedling [complete emergence of the first leaf, following Garwood 

(2009)] Soft or damaged seeds, germinants where the radicle had clearly fallen off, and 

seedlings that were dry and brown with no leaves, were recorded as dead.  

Population growth 

I used a LTRE to understand the importance of the effects of elevation and on 

species performance and population growth (Caswell 1989). Because population 

transition matrices for the Neotropical palm species of palms used in this study were not 

available, published matrices for three congeners [Astrocaryum mexicanum (Pinero et al. 

1984), Iriartea deltoidea (Pinard 1993), and Wettinia kalbreyeri (Lara Vásquez et al. 

2012)] were used to test for the effect of changing seed, germinant and seedling survival 

and growth across the elevational gradient. Transition matrices for tropical trees that 

include seed stages are rare in general, and there were no additional life tables or 
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transition matrices for the genera used in this study or their sister taxa available.  While 

species transition matrices vary, woody plants, and particularly trees, have very similar 

demographic strategies in terms of growth, fecundity, and survival (e.g. Silvertown et al. 

1993), and the species of palms used here cover a range of growth strategies from slow 

(Astrocaryum) to rapid (Iriartea) growth rates. Additionally, I interpreted all study 

species using an ensemble of all three species’ matrices to ensure that species-level 

conclusions were not sensitive to which matrix was being used, and to look at the effects 

of variation in later life stages on the pattern and magnitude of changes to lambda based 

on responses of early life stages. For each elevation, the probability of remaining a seed 

(P1), the probability of germinating (G1), the probability of remaining a germinant (P2), 

and the probability of growing into a seedling (G2) derived from the seed transplant 

experiment were integrated into the published matrices. Lambda and the sensitivities and 

elasticities of lambda were calculated for each study species with each published matrix 

using the popbio package in R (Stubben & Milligan 2007). The percent change in lambda 

given the observed transition parameters was calculated using the lambda closest to the 

center of the species range, weighted by abundance, as the reference elevation (600 m for 

A. murumuru, S. exhorriza, and I. deltoidea, 1075 for W. augusta, and 1550 for D. 

lamarckianum).  

 

RESULTS 

Population growth 

Population growth of species across elevation was responsive to changes in seed 

and germinant performance, but how population growth changed across elevation varied 
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among species. For all study species different source matrices (A. mexicanum, I. 

deltoidea, and W. kalbreyeri) gave different absolute values of lambda and different 

magnitudes of change. For all five study species in the A. mexcianum matrix, lambda 

showed little change with elevation (Fig 2). However, in the I. deltoidea and W. 

kalbreyeri matrices lambda changed between almost -6% to %5 percent (depending on 

study species) with elevation (Fig 2). Astrocaryum murumuru was the only species for 

which lambda consistently decreased with elevation; lambda decreased farther away from 

the edge of A. murumuru’s range (Fig 2). For Socratea and Iriartea the percent change of 

lambda decreases from the approximate center of their range to the edge of their range 

and then increases outside of their range. Socratea exhorriza, I. deltoidea, and W. augusta 

all have negative percent changes in lambda within their elevational range and positive 

percent changes outside their elevational ranges (Fig 2). The greatest percent change 

(0.59% – 2.84%) in lambda for these three species occurred outside their elevational 

range. The percent change of lambda for Wettinia increased from the center of its range 

to the upper edge, again with the highest % change outside of its range, 3.39 – 4.97%. 

The lambda of D. lamarckianum decreased ~0.5% from the center to either edge of its 

elevational range, but there was > 0.15% change at 600 m, the elevation farthest outside 

its range (Fig 2).   

Sensitivities and elasticities 

The sensitivity of lambda was not always consistent across elevation or within 

species (Table 2).  Most of the time an absolute change in an adult stage had the most 

effect on lambda, but there were some exceptions. For A. murumuru lambda was most 

sensitive to the seedling to juvenile transition at the three lowest elevations, only the 
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lowest of which is in range.  Immediately outside the range of Socratea exhorriza, I. 

deltoidea, and W. augusta, the transition from the seedling stage to a juvenile stage 

contributed most to the sensitivity of lambda. At 1075 m, just below the lower range limit 

of D. lamarckianum, an absolute change in the probability of transitioning from a 

germinant to a seedling has the biggest effect on lambda (in the I. deltoidea matrix). For 

all study species across all elevations, and regardless of which source matrix was used, 

the elasticity of lambda was the same; a proportional change in survival of a reproductive 

adult stage class had the largest effect on lambda.  

 

DISCUSSION 

Species performance across elevation as measured by lambda was responsive to 

changes in early life history stages and varied among species and among life stages. Even 

within a species, one life stage could be important at one elevation and unimportant at 

another elevation (Table 2). Negative and positive changes in lambda did not coincide 

with the ranges of species. Furthermore, changes in lambda with respect to a species 

approximate range center could be positive outside of some species’ elevational ranges 

(Fig 2).  

Population growth across species ranges 

Astrocaryum was the only species that showed the trend one would expect if a 

species was at its range limit, with changes in lambda being negative and decreasing with 

increasing distance from the range limit. Changes in lambda were negative within the 

elevation ranges of Socratea, Iriartea, and Wettinia and positive outside the ranges of 

these species. The population growth of Dictyocaryum changed little over elevation, and 
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population growth outside its range was almost equal to the lambda at the center of its 

range. Variable population growth across species ranges has been found in some studies 

of herbs and shrubs (Stokes et al. 2004; Angert & Schemske 2006; Nantel & Gagnon 

2018), although these studies did not measure population growth outside of species 

ranges.  

Changes in population growth with climate change 

Temporal variation can play an important role in the population dynamics of 

species (Gaillard et al. 2000; Lytle & Merritt 2004), so it is possible that this variation 

playing out over long time periods allows species to persist in their current ranges, and 

that the decreasing population growth seen in this study is not suggestive of shifting 

ranges. However, declining growth rates can be indicative of species responses to climate 

change. Decreased rates in growth of insect populations due to the impacts of warmer 

temperature on physiology are predicted, mainly in the tropics (Deutsch et al. 2008). 

Increasing lambdas at the upper range limits may mean some of these species 

have the potential to migrate up slope in response to warming climate (e.g. Thuiller et al. 

2008).  Most tree species migration requires rare long distance dispersal events, and trees 

often migrate by leaps and bounds (e.g. Clark et al. 1999). However, it is possible that 

trees in altitudinal systems, that only need to migrate tens of kilometers, can maintain 

themselves in equilibrium with climate through relatively local dispersal. Adult trees may 

not be as important for population expansion, as propagules cover a large proportion of 

the species climatic ranges. While altitudinal ranges are narrow geographically, 

latitudinal ranges are often broad, making long-distance dispersal important in these 
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species, but more-so for persistence and recolonization rather than responses to climate 

change. 

Variation in contributions to lambda 

Population growth was not very sensitive to perturbation at the early life history 

stages but could still respond to large changes in numbers of seeds and transition rates. 

Most of the transition matrices modeled here were most sensitive to changes in adult 

stages. Outside of the range of Socratea, Iriartea, and Wettinia, lambda was most 

sensitive to the transition from seedlings to a larger, non-reproductive stage or to the 

transition between non-reproductive stages. Although not the most important element in 

this study, fecundity did affect the sensitivity of lambda more than the survival and 

growth of early life stages, pointing to the importance of seed crop size, and the 

importance of seed predators, in controlling population growth and establishing range 

limits. In temperate systems fecundity is thought to be primarily limited by a species’ 

ability to produce flower and fruit within a growing season (Houle 1999; Kon et al. 2005), 

whereas in tropical montane systems temperature is largely aseasonal, so there is no 

climatic growing season.  The decreased variability or absence in growing season length 

with elevation may shift any effects of fecundity on population growth from seed crop 

failure (the ability to complete reproduction within a growing season) to reduced 

reproductive output due to decreased carbon assimilation with increasing elevation 

(Malhi et al. 2017), or an increase in the time it takes to flower and subsequently ripen 

fruit.  
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Conclusions 

When different published matrices were used the pattern of change in lambda 

with elevation went from almost no change (A. mexicanum) to increasing and decreasing 

across elevation and species ranges (I. deltoidea and W. kalbreyeri). This pattern was 

consistent among study species. This suggests that the rest of the life history can mute 

changes that may be caused by early life history stages, with a life history like A. 

mexicanum, or that changes in early life history stages will cause meaningful changes in 

population growth, with life histories like I. deltoidea and W. kalbreyeri. The qualitative 

conclusions about a species population growth can change if the full demography of a 

species is taken into perspective. For example, absolute values of survival and 

germination are high outside of species ranges for species like S. exhorriza, I. deltoidea, 

and W. augusta  (Chapter 3), and it could be concluded that these stages are important in 

setting species ranges or that species ranges are shifting. But with a demographic 

perspective these changes in early life history may or may not be important when coupled 

with the rest of the life history. This points towards future areas of investigation, beyond 

seeds and seedlings, such as factors affecting fecundity across elevation gradients. 

 



 

127 
 

LITERATURE CITED 
 
Aitken, S.N., Yeaman, S., Holliday, J.A., Wang, T. & Curtis-McLane, S. (2008). 

Adaptation, migration or extirpation: climate change outcomes for tree populations. 
Evol. Appl., 1, 95–111. 

Anderson, A. (1978). The names and uses of palms among a tribe of Yanomama Indians. 
Principes, 22, 30–41. 

Angert, A.L. (2009). The niche, limits to species’ distributions, and spatiotemporal 
variation in demography across the elevation ranges of two monkeyflowers. Proc. 
Natl. Acad. Sci., 106 Suppl, 19693–8. 

Angert, A.L. & Schemske, D.W. (2006). The Evolution of Species ’ Distributions : 
Reciprocal Transplants across the Elevation Ranges of Mimulus cardinalis and M. 
lewisii. Evolution (N. Y)., 59, 1671–1684. 

Caswell, H. (1989). Analysis of life table response experiments: Decomposition of effects 
on population growth rate. Ecol. Modell., 46, 221–237. 

Caswell, H. (2000). Matrix Population Models. 2nd edn. Sinauer Associates Inc. 
Clark, J.S., Silman, M., Kern, R., Macklin, E. & HilleRisLambers, J. (1999). Seed 

dispersal near and far: patterns across temperate and tropical forests. Ecology, 80, 
1475–1494. 

Colwell, R.K., Brehm, G., Cardelus, C.L., Gilman, A.C. & Longino, J.T. (2008). Global 
warming, elevational range shifts, and lowland biotic attrition in the wet tropics. 
Science, 322, 258–261. 

Comita, L. S. & Engelbrecht, B. M. J. (2009). Seasonal and spatial variation in water 
availability drive habitat associations in a tropical forest. Ecology, 90, 2755–2765. 

Deutsch, C.A., Tewksbury, J.J., Huey, R.B., Sheldon, K.S., Ghalambor, C.K., Haak, D.C., 
et al. (2008). Impacts of climate warming on terrestrial ectotherms across latitude. 
Proc. Natl. Acad. Sci., 105, 6668–6672. 

Feeley, K.J., Rehm, E.M. & Machovina, B. (2012). The responses of tropical forest 
species to global climate change: acclimate, adapt, migrate, or go extinct? Front. 
Biogeogr., 4, 69–84. 

Feeley, K.J. & Silman, M.R. (2010). Modelling Andean and Amazonian plant species 
responses to climate change: the effects of geo-referencing errors and the 
importance of data filtering. J. Biogeogr., 37, 733–740. 

Feeley, K.J. & Silman, M.R. (2011). The data void in modeling current and future 
distributions of tropical species. Glob. Chang. Biol., 17, 626–630. 

Feeley, K.J., Silman, M.R., Bush, M.B., Farfan-Rios, W., Cabrera, K.G., Malhi, Y., et al. 
(2011). Upslope migration of Andean trees. J. Biogeogr., 38, 783–791. 

Gaillard, J..-M.., Festa-Bianchet, M.., Yoccoz, N.. G.., Loison, A.. & Toigo, C.. (2000). 
Temporal Variation in Fitness Components and Population Dynamics of Large 
Herbivores. Annu. Rev. Ecol. Syst., 31, 367–393. 

Garwood, N. (2009). Seedlings of Barro Colorado and the Neotropics. 1st edn. Comstock 
Publishing Associates, Ithaca, United States. 

Holt, R.D. & Keitt, T.H. (2000). Alternative causes for range limits: a metapopulation 
perspective. Ecol. Lett., 3, 41–47. 

Houle, G. (1999). Mast seeding in Abies balsamea, Acer saccharum and Betula 
alleghaniensis in an old growth, cold temperate forest of north-eastern North 



 

128 
 

America. J. Ecol., 87, 413–422. 
Jankowski, J.E., Londoño, G. a., Robinson, S.K. & Chappell, M.A. (2013). Exploring the 

role of physiology and biotic interactions in determining elevational ranges of 
tropical animals. Ecography, 36, 001–002. 

Kon, H., Noda, T., Terazawa, K., Koyama, H. & Yasaka, M. (2005). Proximate factors 
causing mast seeding in Fagus crenata: the effects of resource level and weather 
cues. Can. J. Bot., 83, 1402–1409. 

Lara Vásquez, C.E., Díez Gómez, M.C. & Moreno Hurtado, F.H. (2012). Population 
structure and demography of the palm wettinia kalbreyeri from an andean montane 
forest of colombia. Rev. Fac. Nac. Agron. Medellín, 65, 6739–6747. 

Lefkovitch, L. (1965). The Study of Population Growth in Organisms Grouped by Stages. 
Biometrics, 21, 1–18. 

Lytle, D.A. & Merritt, D.M. (2004). Hydrologic Regimes and Riparian Forests : A 
Structured Population Model for Cottonwood. Ecology, 85, 2493–2503. 

MacArthur, R. (1972). Geographical Ecology. Princeton University Press, Princeton, NJ. 
Malhi, Y., Girardin, C.A.J., Goldsmith, G.R., Doughty, C.E., Salinas, N., Metcalfe, D.B., 

et al. (2017). The variation of productivity and its allocation along a tropical 
elevation gradient: a whole carbon budget perspective. New Phytol., 214, 1019–1032. 

Malhi, Y., Silman, M., Salinas, N., Bush, M.B., Meir, P. & Saatchi, S. (2010). 
Introduction: Elevation gradients in the tropics: Laboratories for ecosystem ecology 
and global change research. Glob. Chang. Biol., 16, 3171–3175. 

Nantel, P. & Gagnon, D. (2018). Variability in the Dynamics of Northern Peripheral 
versus Southern Populations of Two Clonal Plant Species , Helianthus divaricatus 
and Rhus aromatica. J. Ecol., 87, 748–760. 

Neilson, R.P., Pitelka, L.F., Solomon, A.M., Nathan, R., Midgley, G.F., Fragoso, J.M. V, 
et al. (2005). Forecasting regional to global plant migration in response to climate 
change. Bioscience, 55, 749–759. 

Normand, S., Ricklefs, R.E., Skov, F., Bladt, J., Tackenberg, O. & Svenning, J.-C. (2011). 
Postglacial migration supplements climate in determining plant species ranges in 
Europe. Proc. R. Soc. B Biol. Sci., 278, 3644–3653. 

Peters, H.A., Pauw, A., Silman, M.R. & Terborgh, J.W. (2004). Failing palm fronds 
structure Amazonian rainforest sapling communities. Proc. R. Soc. B., 271, S367–
S369. 

Pinard, M.M.M. (1993). Impacts of stem harvesting on populations of Iriartea deltoidea 
(Palmae) in an extractive reserve in Acre, Brazil. Biotropica, 25, 2–14. 

Pinero, D., Martinez-Ramos, M. & Sarukhan, J. (1984). A population model of 
Astrocaryum mexicanum and a sensitivity analysis of its finite rate of increase. J. 
Ecol., 72, 977–991. 

Rapp, J.M. & Silman, M.R. (2012). Diurnal, seasonal, and altitudinal trends in 
microclimate across a tropical montane cloud forest. Clim. Res., 55, 17–32. 

Silvertown, J., Franco, M., Pisanty, I. & Mendoza, A. (1993). Comparative Plant 
Demography--Relative Importance of Life-Cycle Components to the Finite Rate of 
Increase in Woody and Herbaceous Perennials. J. Ecol., 81, 465–476. 

Ter Steege, H., Pitman, N.C.A., Sabatier, D., Baraloto, C., Salomão, R.P., Guevara, J.E., 
et al. (2013). Hyperdominance in the Amazonian tree flora. Science, 342. 

Stokes, K.E., Bullock, J.M. & Watkinson, A. (2004). Population dynamics across a 



 

129 
 

parapatric range boundary: Ulex gallii and Ulex minor. J. Ecol., 92, 142–155. 
Stubben, C. & Milligan, B. (2007). Estimating and analyzing demographic models. J. 

Stat. Softw., 22, 1–23. 
Terborgh, J.W. (1986). Keystone plant resources in the tropical fores. In: Conservation 

biology: the science of scarcity and diversity (ed. Soule, M.). Sinauer, Sunderland, 
Massachusetts, pp. 330–344. 

Thuiller, W., Albert, C., Araújo, M.B., Berry, P.M., Cabeza, M., Guisan, A., et al. (2008). 
Predicting global change impacts on plant species’ distributions: Future challenges. 
Perspect. Plant Ecol. Evol. Syst., 9, 137–152. 

 



 

130 
 

Table 1. The elevational ranges of the study species. 
Ranges are derived from a combination of 
georeferenced collections (GBIF) and permanent 
plot data (ABERG).  

species 
elevational range 

(m) 
Astrocaryum murumuru 100 – 700 
Socratea  exhorriza 81 – 1375 
Iriartea deltoidea 88 – 1625 
Wettinia augusta 75 – 1625 
Dictyocaryum lamarckianum 1100 – 1970 
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Table 2. The transition matrix elements that contribute most to the sensitivity of lambda. 
Matrix stages were described differently by the three published matrices, to simplify 
here all stages are listed as germinants (G), seedlings (S), non-reproductive juveniles (J), 
or reproductive adults (A). Exact descriptions of life stages from each published matrix 
are in Table S1. Elevations within species ranges have gray cells. 

study species 
matrix 
species 

elevation (m) 
600 1075 1550 1775 2000 

A. murumuru 
A. mexicanum A A A A A 
I. delotidea A A A A A 

W. kalbreyeri S → J1 S → J1 S → J1 A A 

S. exhorriza 
A. mexicanum A A A A A 

I. delotidea A A A J1 → J2 J1 → J2 

W. kalbreyeri S → J1 A S → J1 S → J2 S → J2 

I. delotidea 
A. mexicanum A A A A A 

I. delotidea J1 → J2 J2 A J1 → J2 J1 → J2 

W. kalbreyeri S → J1 A A S → J1 S → J1 

W. augusta 
A. mexicanum A A A A A 

I. delotidea A A A J1 → J2 J1 → J2 

W. kalbreyeri S → J1 A A S → J1 S → J1 

D. 
lamarckianum 

A. mexicanum A A A A A 

I. delotidea A G → S A A A 

W. kalbreyeri S → J1 A S → J1 A A 



 

 

 
Figure 1. Transplant sites at five elevations (white boxes) 
southeastern slope of the Peruvian Andes
seed transplants, protected from seed predato
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Figure 1. Transplant sites at five elevations (white boxes) in the Kosñipata Valle
southeastern slope of the Peruvian Andes (inset A).  At each elevation there were 12 pairs of 
seed transplants, protected from seed predators by mesh tents (inset B).  

 

in the Kosñipata Valley on the 
.  At each elevation there were 12 pairs of 
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Figure 2. The percent change in lambda given the observed transition pa
the species range (gray dashed line) as the reference elevation. Gray boxes a
confidence intervals. 
 

 

 

The percent change in lambda given the observed transition parameters; calculated using the lambda 
as the reference elevation. Gray boxes are the species elevation range. Error bars are binomial 

 

calculated using the lambda closest to the center of 
Error bars are binomial 
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Table S1. Summary of life stages used in this study and published 
matrices: Astrocaryum mexicanum (Pinero et al. 1984), Iriartea 
deltoidea (Pinard 1993), and Wettinia kalbreyeri (Lara Vásquez et 
al. 2012) 

this study 
published matrices 

W. kalbreyeri I. delotidea A. mexicanum 
seedling (S) seedling 1 <.5 m seedling 

non-
reproductive 
juvenile (J) 

seedling 2 
0.5 - 5 m       
5 - 10 m 

infant, ~2 - 8 yrs 
young juvenile, ~8 - 15 yrs 

pre-adult immature 

reproductive 
adult (A) 

adult 10 - 15 m mature 1 

 15 - 20 m mature 2 

 20 - 26 m mature 3 

 mature 4, ~55 yrs 

 mature 5 

 mature 6 

 mature 7 

 mature 8 

 mature 9, ~115 yrs 
    mature 10 



 

135 
 

CHAPTER 5. CONCLUSIONS 

 

Understanding the response of tropical plants to climate variability is important 

for understanding the implications and trajectory of climate change effects on species and 

ecosystems. High biodiversity in the Amazon and tropical Andes is threatened by rising 

temperatures, and forest dynamics are an important feedback in the global carbon cycle.  

From paleoecological studies it is clear that species distributions and ecosystems on the 

Andean slope have changed dramatically in the past, with temperature changes from the 

Last Glacial Maximum to present being 5-6 C° over 8,000 years.  This caused not only 

large scale movements of species, but also translated to changes in community 

composition, and inferred ecosystem function (Bush et al. 2004; Schiferl et al. 2018). 

Precipitation changes on millennial timescales have also been found to cause community 

reassortment, even with inferred constant temperatures.  Moreover, these changes did not 

cause species to move in lockstep, but rather caused a large degree of reassortment of 

species, particularly when looking at precipitation changes.  

The current understanding of species responses to climate change in high 

biodiversity montane systems is purely phenomenological, based on deriving climatic 

variables from current ranges, and projecting them into the future.  In this dissertation, I 

examined the response of Neotropical lowland and montane species to climate along an 

altitudinal gradient in the eastern Andes of southern Peru.  The aim of this work was to 

move from a phenomenological understanding of species ranges and response to climate 

(Beckage et al. 2008; Feeley et al. 2011) to a more mechanistic understanding by using 

transplant experiments along an environmental gradient and testing different species traits, 
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abiotic factors, and biotic interactions on species’ performance.  While transplants can 

show differences in species responses, how those differences translate in population level 

phenomena like range limits and range shifts require a demographic perspective (e.g. 

Ibáñez et al. 2007), implemented in this dissertation through a life table response 

experiment. At an even more basic level, these studies looked at the factors setting range 

limits in tropical montane species. 

In Chapter 2 I looked at biotic interactions and species ranges using data from a 

seed transplant experiment across a strong elevational gradient in seed predation to see if 

species have home range advantages (HRA) or disadvantages (HRD), and whether the 

pattern of seed survival and HRAs and HRDs were a consequence of species-specific 

interactions along the environmental gradient, or associated with overall trends in seed 

predation due to environmental factors commonly experienced and by all species. HRAs 

and HRDs were sometimes driven by the location that a species home range occurred on 

the predation gradient rather than species-specific predator-prey interactions, but some 

species do exhibit HRAs or HRDs even when compared to community survival. This 

suggests that these species are responding to seed predation differently from community 

within their range, and that there are species-specific responses to biotic factors, in 

addition to responses shared at the community level. This has important implications as 

species migrate, as, given the magnitude of seed predation, lowland species will 

experience a mid-elevation seed predation trap, whereas species from mid and highlands 

will likely experience reduced rates of seed predation, facilitating migration by 

effectively increasing seed crop size.  Moreover, the prevalence of species-specific 
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patterns of seed predator effects (HRAs and HRDs) suggests that individual species 

responses may not be predictable from ensembles of known species. 

Chapter 3 described seed transplants of five dominant species of arborescent 

palms across a 1500m elevation gradient and in common gardens. These experiments 

were used to quantify how changes in environmental factors (elevation, light availability, 

and soils) and species characteristics (range and seed size) affect life history transitions at 

the seed and seedling stage. Results varied among species and life stage; there was no 

single factor that predicted seed survival, germination, germinant mortality, or the 

transition from germinant to seedling. Three of five species had higher survival outside 

their observed ranges at early life stages, suggesting that there is no strong abiotic 

gradient limiting the recruitment of these species (not taking into account effects on adult 

fecundity) despite species distributions consistently being established by correlations 

with abiotic factors that theoretically limit where a species can grow. Increased 

germination and survival outside of species ranges also showed a potential for increased 

population growth outside their range limit.  

But changes in life stages do not necessarily result in meaningful changes in 

population growth, so Chapter 4 built on Chapter 3, using a life table response 

experiment to test if the population growth of species can respond to changes in survival 

and germination across species elevational ranges. The survival of early life history 

stages and transition rates between stages varied with elevation but not in predictable 

ways, with high variability even among closely related species. Species ranges did not 

always coincide with increasing or decreasing modeled population growth rates; some 

species had increasing population growth rates beyond the upper limit of their elevational 
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range. These findings suggest that, if they are not limited by dispersal, there is the 

potential for some species to shift their ranges upslope as is predicted for montane species. 

However the results also showed that the rest of the life history is also important in 

determining species population growth along elevational gradients, and this can mute 

changes in early life history performance. 

What I have shown is that species vary in their fates when undergoing artificial 

migration outside their current ranges. Gradients in post dispersal seed predation can 

have large implications for species responses to global change, by effectively limiting (or 

not) the number of propagules available for recruitment. The performance of plant 

species is idiosyncratic, and the relationship between environmental factors and range 

limits is not straightforward, and even counter to standard predictions about species 

performances and ranges. Even a closely related group of palms showed different 

patterns in germination, survival, and population growth with elevation. Species ranges, 

and shifts in them due to environmental changes, are population phenomena and as such 

depend on the integrated demographic rates across the life-cycles of individuals. In light 

of this, migration should be considered as a demographic process rather than measured by 

the presences and absence of individuals, or annual surveys of growth and recruitment of 

adult trees.  

Connecting growth, recruitment, and fecundity across species altitudinal ranges is 

required to understand what sets species ranges and accurately predict species response to 

climate change. 
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