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Abstract 

Explaining differences in composition between places is one of the main objectives in ecology, and the main 

hypotheses include deterministic ecological factors or pure stochasticity. Currently, functional traits are considered as 

proxies of ecological strategies that may shed light into the assemblage of communities and their changes in time and 

space. Specially, for highly endangered ecosystems like neotropical montane forests where little of their ecological 

processes are known. This study focuses on functional traits of secondary and primary sub-Andean forests in Cueva 

de los Guacharos National Park (Huila-Colombia), to explain differences in successional stages, monodominant stands 

and mixed primary forest. Based on the hypothesis that greater diversity occurs with intermediate time since 

disturbance, we considered alternate past and present disturbances happening in each forest that could affect their 

functional composition. We predicted that the relation of functional richness to species richness or alpha diversity is 

reduced with short or prolonged time since disturbance. In the same way, we predicted time since disturbance affects 

functional dispersion showing higher values in communities with mixed life forms. In addition, we expected to find 

higher carbon assimilation in secondary than primary forests. To test these hypotheses, we measured leaf, wood and 

reproductive traits for the five most abundant species in 17 plots of 0.1 ha, calculated functional richness and 

dispersion indices, and used species richness and diversity from Prada & Stevenson (2016). Results showed a positive 

relationship between species diversity and functional richness, where plots dominated by black oaks showed the lowest 

values. No differences were found in functional richness between communities, but secondary forests had higher 

functional dispersion than primary forests. Major differences between forest types were found in traits associated with 

carbon assimilation (highest in secondary forests) and wood density (highest in black oak forests) where primary 

mixed forests had intermediate values in contrast to the other communities. Overall, the study supports the idea that 

intermediate phases of succession increase functional diversity by mixing species with alternate life forms and we 

suggest that positive feedbacks generated by few traits promote monodominance in black oak forests. Still, these 

findings must be complemented with paleo-ecological or monitoring studies to fully understand changes in functional 

diversity and species composition. 
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Introduction 

Understanding the ecological mechanisms that underline beta diversity and how communities change during 

succession is one of the fundamental objectives in ecology, especially with the increase in forest affected by 

anthropogenic activities and natural disturbance (Wright & Muller-Landau 2006). Differences in beta diversity may 

be understood through environmental conditions and resources determining potential niches and species interactions 

based on their competition and dispersal capacity, which in turn affect reproductive success and population persistence 

(Chase & Leibold 2003). For example, Holdridge (1967) considered mean annual precipitation, potential 

evapotranspiration (depending on temperature) and associations with latitude and altitude on mountains to classify 

life forms in different ecosystems. Also, in plant communities this is frequently seen with light, nutrient and water 

availability affecting the species composition of communities (Lebrija-Trejos et al. 2010; Bush et al. 2011; Lebrija-

Trejos et al. 2011; Maréchaux et al. 2015). Still, there are many examples showing that soil types, usually associated 

with geology and current or past flooding regimes are also strong predictors of floristic composition (Gentry 1990, 

Terborgh & Andresen 1998, Ter Steege et al. 2006, Stevenson et al. 2018). Less attention has been focused on the 

effect of species interactions determining species composition, at least in tropical environments, even though some 

plants are known to compete by means like allelopathy, reduced litter decomposition rates, increasing height (a 

capacity usually associated with high wood density), and others (Meiners 2014; e.g. Hacke et al. 2001; Torti et al. 

2001). Hence, understanding the species characteristics that enable them to exploit the environment and compete with 

one another is relevant to explain beta diversity. 

Functional characterization is a useful approach to understand beta diversity through species life cycles or life forms. 

Functional traits are defined as morphological, physiological and phenological characteristics that can influence the 

reproductive success of individuals and may generate changes in community composition (Suding et al. 2008). 

Functional tradeoffs (trait economic spectra) and species life cycles can be predicted through a continuum from fast 

to slow growing species (Whitaker 1965; Pianka 1970; Wright et al. 2004). For plant functional traits two orthogonal 

spectra are often identified (Wright et al. 2007; Baraloto et al. 2010a; Fortunel et al. 2012), as the leaf economic 

spectrum, where leaf traits describe carbon assimilation rates (Wright et al. 2004), and the wood economic spectrum, 

where stem or woody root traits describe growth and survival rates (Chave et al. 2009; Poorter et al. 2010; Fortunel et 

al. 2012). Altogether, traits and economic spectra are useful to understand beta diversity in terms of the adaptations 

that species exhibit in different communities.  

Traits also allow us to evaluate functional diversity which is important to differentiate on large scales trait variation 

(range of action) and relative abundance in the community (Walker et al. 1999; Mason et al. 2003; Villeger, Mason & 

Mouillot 2008). This is usually done by measuring Functional Richness (FRic) and Functional Dispersion (FDis), 

which are two of the most recurrent indices for studying functional diversity (Boersma et al. 2016; Craven et al. 2018). 

Functional richness (FRic) is the “amount of niche space occupied by a species within a community” (Mason et al. 

2005), and functional dispersion (FDis) is “the mean distance in multidimensional trait space of individual species to 

the centroid of all species” (Laliberte & Legendre 2010). Functional diversity is also related to species diversity and 

richness (Naeem & Wright 2003), where the greater the diversity or richness of species, the greater the trait variation 

in the community (Petchey & Gaston 2006). Still, this relationship is sensitive to disturbances that increase or decrease 

functional diversity independent of species richness or diversity (Diaz & Cabido 2001). 

Changes in species and functional diversity can also occur through time (MacArthur & Levins 1967). For instance, 

the Intermediate Disturbance Hypothesis (IDH) proposed by Connell (1978) is one of the most discussed in ecological 

studies (Muscarella et al. 2016; Craven et al. 2018). The IDH states that disturbance processes such as frequency, 

magnitude and time since disturbance can affect community diversity in different ways. High magnitude, short time 

and high frequency of disturbance negatively affects diversity. However, ecological succession may increase diversity 

through time until reaching a peak, but then decrease it because of competition (Connell 1978). High disturbance 

eliminates individuals reducing species and functional diversity, because of direct perturbation or by environmental 

filters (Cornwell & Ackerly 2009; Webb et al. 2010; e.g. van Breugel et al. 2013). In contrast, low disturbance 

processes allow competitive exclusion within the space reducing diversity. Species with high dominance exclude other 

species and reduce trait variation in the community (Grime 1973, 2006; Boersma et al. 2016; e.g. Kearsley et al. 2017). 

Intermediate disturbance processes promote constant species extinction, colonization and competition within niche 



space increasing species and functional diversity. For example, the establishment in niche space of species previously 

excluded from an undisturbed community promotes mixed life forms and increases diversity (Grime 1973, Paine 1966; 

MacArthur & Levins 1967).  

For plant communities, the IDH is best explained in successional processes with time since disturbance (Finegan 

1984). In these cases, after suffering disturbance, species turnover takes place where community diversity and 

composition (Pickett et al. 1987), as well as functional richness and dispersion (Boersma et al. 2016), change through 

time. Chazdon (2008) measured time since disturbance in three successional phases for tropical forests. With short 

time since disturbance (0-10 years), diversity is low, but it gradually increases with short living pioneer species rapidly 

colonizing (Walker & Chapin 1987). Environmental features like high light availability or low nutrient supply may 

act as disturbances that limit the number of species, traits and trait variation in young secondary forest (Muscarella et 

al. 2016; Lebrija-Trejos et al. 2010; Lebrija-Trejos et al. 2011). With moderate time since disturbance (10-25 years), 

as the forest canopy is formed, diversity greatly increases with mixed life forms where fast growing, non-shadow 

tolerant species decrease, and shadow tolerant, long-lived species increase (Chazdon et al. 2005; e.g. Kraft et al. 2008). 

Maximum increase in functional richness and dispersion also occurs during this phase of succession (Craven et al. 

2018). Finally, with prolonged time since disturbance (25-200 years), highly shade tolerant and long-lived species 

dominate the forests, but intermediate disturbance regimes, as tree fall gaps, allow species with different life 

requirements to persist in the community maintaining high diversity (Chazdon 2008). Though, low diversity can also 

happen in late succession when extensive time without disturbance promotes that functionally homogeneous species 

replace a more functionally diverse community (Cornwell & Ackerly 2009; Craven et al. 2018). For example, 

competitive exclusion by long-lived species in the conformation of mono-dominated forests (Connell 1978; Connell 

& Lowman 1989). 

Based on the IDH and succession, it has been debated whether communities under succession can resemble in time 

the ecological processes of pristine communities (Brook et al. 2006). Thus, it is also debated if with time the 

communities in successional processes can completely resemble the pristine in their life histories (Corlett 1994; 

Terborgh et al. 1996). For tropical forests, it has been determined that changes in species composition and life forms 

of secondary forests occur through time, acquiring some of the characteristics of primary forests (Finegan 1984, 1996; 

Chazdon 2003, 2008). However, Chazdon (2008) points out that the similarities of secondary with primary forests are 

easier to find in their life forms and survival characteristics, while it hardly occurs in their species composition, even 

after one hundred years (Rozendaal et al. 2019).  

This is also important for monodominant forests, where reduced species composition, and life forms are found. 

Although monodominant stands are common in initial successional stages (Kellman 1980), late succession 

monodominant forests are uncommon (Hart 1990). Still, few species persist in the environment, having reduced 

growth rates and higher competitiveness that help them dominate for indefinite time in the community (Peh, Lewis & 

Lloyd 2011). The adaptations of dominant species in these forests, their relation to other forest types and to 

environmental variables can change considerably (Kearsley et al. 2016). Nonetheless, these communities are not 

frequent in tropical forests and occur usually associated with edaphic factors (Ter Steege et al. 2019). It has been 

proposed that soil characteristics, like nutrient limitation or soil moisture, limit the recruitment capacity of species 

where only few and the most resistant ones manage to survive (McGuire 2007). But it has also been suggested that 

species with higher competition capacity, can determine the type of species and characteristics that subsist in the 

community reducing diversity (Grime 1973; Connell 1978; Connell & Lowman 1989).  

One ecosystem where the IDH and succession need to be better understood is the tropical mountain forest. Specifically, 

Neotropical montane forests suffer significant anthropogenic impacts due to agriculture, livestock, mining, illicit crops 

and other development processes associated with overpopulation (Armenteras et al. 2003). These ecosystems, despite 

being of vital importance because of their high levels of endemism, timber species and water flow (Webster et al 

1995), are the most vulnerable ecosystems in the Andes mountain range due to habitat destruction, fragmentation 

dynamics, and the few protected areas that encompass them (Armenteras et al. 2003). Therefore, it is important to 

study and understand the ecological mechanisms that structure these communities, especially those of secondary 

forests that are increasingly frequent (Wright & Muller-Landau 2006). 

Altogether, secondary, primary and monodominant forest present in the neotropical sub-Andean zone, grant an 

opportunity to explore the successional processes of different communities for an ecosystem of which much of its 



functioning is unknown (Bush et to 2011, Cheng et al 2013). Our main aim was to determine how trait economic 

spectra and functional diversity change in these forest types, for the Cueva de los Guacharos National Park, which is 

part of the neotropical montane forests, located in the eastern mountain range of the Colombian Andes in the 

department of Huila. We used persistence traits within the leaf, wood and seed spectra, which are characteristics of 

species associated to competition and responses to the environment (Negret 2016, see Table S2). We also predicted 

possible functional diversity for each forest type according to the IDH trendline of diversity vs disturbance (Figure 1, 

modified from Connell 1978) that was useful to consider the following hypotheses:  

 

Figure 1. Prediction of forest type position in the HDI trendline. Modified from Connell (1978). Blue: Secondary 

Forest. Red: Primary Forest. Green: Black Oak Forest. 

1. Considering functional diversity association to species diversity, we propose positive linear relationships of 

functional richness (y axis) to species richness and alpha diversity (x axis) when evaluating all forests. In contrast, 

when strong filters persist as disturbance regimes, then there should be differences between forest types. In this 

case, we predicted time since disturbance will decrease the functional richness of secondary forests compared to 

mixed primary forest in the regression (Figure 2). When evaluating functional richness independently for each 

forest type, long time since disturbance, promoting competitive exclusion, will evidence lower values for black 

oak forests. 

 

Figure 2. Functional Richness vs Species Richness. Blue: Secondary Forest. Red: Primary Forest.  

2. We hypothesize that time since disturbance will also affect functional diversity through functional dispersion. We 

predicted the highest functional dispersion in secondary forests due to intermediate phases of succession 

promoting mixed life forms in the community; lowest functional dispersion in black oak forests due to late 

succession without disturbance promoting competitive exclusion; intermediate functional dispersion in primary 

forests due to intermediate disturbances continuously occurring. 

 

3. We suggest that specific functional traits can discriminate forest types, where we expected to find orthogonal trait 

clusters related to the leaf spectrum and the wood spectrum. According to the stages of succession, secondary 

forests will have short-lived life forms with high carbon assimilation and growth, but low survival rates that will 

separate them from the other forests (e.g. low wood density and seed dry weight, high cuticular conductance, 



stomatal density and specific leaf area). The black oak forests due to competitiveness of dominant species will 

have highly skewed strategies related to long lived life forms such as low carbon assimilation and growth but 

high survival rates (e.g. low leaf nutrient content, coriaceous leaves, high wood density and seed dry weight). The 

mixed primary forest should have intermediate characteristics between the other two forest, with a bias, not as 

strong as in black oak forests, long lived life form characteristics. 

Methods 

Sampling site 

The Cueva de Los Guacharos National Park (1°36'14” N, 76°8'13” W), located in the departments of Huila and 

Caquetá (Colombia) (Figure 3, from Prada & Stevenson 2016). Comprises about 9000 ha, altitudes between 1700 and 

3000 meters above sea level, average temperatures of 16° C and annual rainfall of 3100 mm (Minambiente 2005). It 

has predominantly primary and secondary sub-Andean forest ecosystems (1100-2400 m.a.s.l.), less frequently primary 

Andean forest (2400-2700 m.a.s.l.) and sub-paramo only in the highest mountain peaks (see Supplementary 

appendix, Table S1 for ecosystem classifications). For the secondary sub-Andean forests, deforestation and selective 

logging were the main anthropogenic disturbances present before declaring the place a National Park in 1960. Still, 

the process of succession of sub-Andean secondary forests in this area only began around 1975, when farms were 

abandoned allowing the forest to grow back and now, they are considered forests of advanced successional phases 

(Minambiente 2005; Prada & Stevenson 2016). According to Chazdon’s (2008) phases of succession, these 

communities should be mid/late secondary succession forests.  Moreover, black oak forests are considered primary 

forests with a high dominance of Trigonobalanus excelsa, an endemic and vulnerable species of the Colombian Andes 

(Cardenas & Salinas 2007). In fact, few studies highlight their low regeneration capacity due to slow growth and lack 

of recruitment in these forests (Aldana, Gomez & Hurtado 2011). The Andean forests were not well represented in 

this study because of their difficulty of access when sampling so they were included partially in the analysis. However, 

important effects of dominance by Quercus humboldtii have been reported in these forests that explain the wide 

distribution of this species through the Northern Andes (Gonzalez et al. 2005). Both, the sub-Andean black oak forests 

(Trigonobalanus excelsa) and the Andean forests dominated by White Oak (Quercus humboldtii) are of great interest 

due to their highest dominance and lowest diversity indexes in the park (Prada & Stevenson 2016).  

 

Figure 3. Map of forest types and landscape in the Cueva de los Guacharos National Park. Circles indicate vegetation 

plots within the park. Modified from Prada & Stevenson (2016). 



There are different types of classifications for mountain forests based on environmental conditions (Holdrige 1967; 

Foster 2001; Armenteras et al. 2003). However, for this study, forest types will be classified according to the 

parameters stated by Rodríguez et al. (2004) and previous classifications of Etter (1998) and Holdridge (1967). The 

forests that were sampled are part of the Sub-Andean region of the eastern mountain range of Colombia (Table S1).  

Sampling methods 

The sampling procedures for each functional trait in this study were applied according to protocols on leaf functional 

traits of the “Cloudnet-Plant trait protocol” by Homeier et al. (2015), the functional ecology protocols by Negret 

(2016) and the protocol for standardized plant trait measurements by Pérez-Harguindeguy (2013). The traits used were 

chosen to represent foliar, biomass and reproductive persistence characteristics considering their relevance in previous 

studies (Kraft et al. 2008; Lebrija-Trejos et al. 2010). From leaf traits we selected leaf area, dry leaf weight, specific 

leaf area, stomatal density, cuticular conductance and nutrient content. From biomass traits we used wood density and 

for reproductive traits, seed dry mass and dispersal syndrome. 

Sampling was carried out on 17 of 20 Gentry (1988) plots of 0.1 ha previously established at the PNN Cueva los 

Guacharos (Prada & Stevenson 2016). The most abundant species of each plot were considered because this approach 

allows to generalize strategies for most of the individuals in the community and different authors have used it in 

functional trait analyses (Table S3) (Smith & Knapp 2003; Pakeman & Quested 2007). Five of the most abundant 

species of each plot were used to obtain the values of each trait of interest, as indicated by Homeier et al. (2015). The 

representativeness of the sampled individuals was 51.4% from all plots sampled. The representativeness using basal 

area for each forest type was 30% for primary forests, 30% for secondary forests and 90% for black oak forests.  

Leaf traits 

For each species, samples were collected from three individuals, two branches of each individual exposed to the sun 

and not in close proximity. This was done with an extendable pole tree pruner and ropes. The samples were stored in 

black plastic bags and if not processed the same day, water was added to the bags as recommended by Homeier et al. 

(2015). Then, five mature leaves in good condition of each branch were selected to measure cuticular conductance 

and specific leaf area. Six additional leaves, three of each branch, were used to determine stomatal density and overall 

48 leaves were collected per species equivalent to 240 leaves per plot and 4080 sampled leaves. 

For the cuticular conductance, we used HOBO temperature and humidity sensors to control the daily change of these 

conditions in the workplace (biology laboratory at the Cueva los Guacharos National Park). The 10 leaves chosen for 

each individual were cut from the base of the petiole and marked according to their branch of origin and leaf number. 

After the cut, using petroleum jelly we covered the base of the exposed petiole to control for water loss. Then, each 

leaf was hung in a ventilated place where its weight loss and time was recorded with KERN balance (+/- 0.01g) every 

30 minutes until completing eight measurements. Subsequently, cuticular conductance was calculated according to 

the Cloudnet protocol. For this, a regression was calculated for each leaf using the weight and time of the eight 

measurements. The humidity and temperature records obtained by the HOBO sensors were incorporated into a linear 

regression model and the result was converted to the cuticular conductance units (mmol m-2 s-1). 

For the specific leaf area, the leaf area and its dry weight were calculated. For the leaf area a camera was used from a 

standing reference and a scale was introduced in every photo. Photos were taken for the 10 mature leaves of each 

individual making sure of their good condition. Using the Image J program, the photos were standardized, and the 

area of each leaf was estimated. The same leaves used in cuticular conductance were used to calculate the dry weight 

of the leaf. This was done with a Coleman portable oven in which the leaves were dried out at 60°C for about 72 hours 

and then immediately weighed on a KERN balance (+/- 0.01g). Finally, with the following formula the value of specific 

leaf area was determined: 

𝑆𝐿𝐴 =
𝐿𝑒𝑎𝑓 𝐴𝑟𝑒𝑎 (𝑐𝑚2)

𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
 

For stomatal density, six extra leaves of each individual were used. Trichomes, epiphytes, wax, fungi and elements 

that limited direct contact with the epidermis of the blade were removed with a razorblade or tape. Then, an area of 

the leaf was covered with transparent varnish letting it dry for approximately 5 min. The main leaf veins (primary and 



secondary) were avoided. Once the varnish was solid, the sample was removed with transparent tape and then fixed 

on a microscope plate. The samples were analyzed under a microscope at a magnification of 40x by counting the 

number of stomas. With the help of a millimeter paper, the optical area of the microscope was obtained, and the 

stomatal density was calculated with the following formula: 

𝑆𝑡𝑜𝑚𝑎𝑡𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑆𝑡𝑜𝑚𝑎 (#)

𝑂𝑝𝑡𝑖𝑐 𝐴𝑟𝑒𝑎 (𝑚𝑚2)
 

Nutrient analysis 

We used dry leaves from previous analysis of dry weight and SLA. Different leaves of individuals were mixed 

obtaining samples for each species per plot. An Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-

AES) analysis was used to obtain the percentage of ionic nutrients (Ca, Mg, K and P). For this, leaves were crushed, 

and 10 mg of each sample was measured in glass flasks. Samples were heated in an oven at 550° C for 3 hours. Then, 

10 mL of 1 M nitric acid was added to each bottle which was left overnight at room temperature to rest. The next day, 

5 mL of distilled water was added. Of this solution, 8 mL was used in plastic tubes to execute the ICP-AES. 

Additionally, a calibration curve was generated with different known concentrations of nitric acid.  

An Elemental Analysis (EA) was also used to obtain the percentage of macronutrients (C and N). For this analysis, 

the samples were crushed using metal tubes and spheres to obtain a sample of fine particles. From this sample, 3 mg 

were measured and deposited in aluminum capsules for later analysis in the EA. Additionally, a calibration curve with 

known concentrations of acetanilide (ACE) was generated. From this, Leaf Carbon to Nitrogen ratio (C:N) was 

calculated: 

𝐶: 𝑁 =
%𝐿𝑒𝑎𝑓 𝐶𝑎𝑟𝑏𝑜𝑛 𝐶𝑜𝑛𝑡𝑒𝑛𝑡

%𝐿𝑒𝑎𝑓 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝐶𝑜𝑛𝑡𝑒𝑛𝑡
 

The ICP-AES and EA analyzes were performed at the University of Illinois at Urbana Champaign under the advice 

of Dr. James Dalling, professor and director of the plant biology department.  

Stem traits 

For wood density, we used data of species with more than 10 cm of DBH from the 20 plots in the Cueva de los 

Guacharos National Park, previously sampled by members of the Laboratorio de Ecología de Bosques Tropicales y 

Primatología (LEBTYP) at Los Andes University, Bogota-Colombia (Dr. Stevenson & MS. Henao, unpublished). 

Data was obtained for the five most abundant species of each plot. For some of the species of interest, their wood 

density was sampled again to corroborate the information in the databases. This was done by collecting samples from 

three individuals of each species per plot. Wood density was measured with the help of an increment borer taking 

samples of the main trunk at breast height. The sampling area of the trunk was previously cleaned by removing 

epiphytes and bark. The volume of the fresh sample was measured and stored in straws sealing both ends. Finally, the 

samples were dried out and their weight was recorded to calculate the density of wood from the following formula: 

𝑊𝑜𝑜𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑆𝑎𝑚𝑝𝑙𝑒 𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡(𝑔)

𝑆𝑎𝑚𝑝𝑙𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑐𝑚3)
 

Reproductive traits 

For seed dry mass, we used fruit samples from the LEBTYP laboratory plant collection at Los Andes University, 

Bogota-Colombia. For the five most abundant species of each plot, seeds were extracted from fruits and dried out in 

an oven at 80° C for 72 hours. Posteriorly, samples were weighted in an analytical balance (+/- 0.0001g) and an 

average seed dry weight (g) was calculated per species. Even though replicates for each species were used according 

to their availability at the collection, Stevenson (2004) points out that seed intraspecific variation for the Neotropics 

is relatively low, especially when comparing it to seed interspecific variation (Westoby et al. 1996). 

For dispersal syndromes, we all the species within each plot, weighting by the basal area (BA, cm2), based on the 

cloudnet protocol, including endozoochoric, synzoochoric, anemochoric and autochoric dispersal syndromes. 



Functional diversity and species diversity 

To measure functional diversity, we used two commonly used measures that have already been considered in 

successional processes for tropical forests (Boersma et al. 2016; Craven et al. 2018):  

1. Functional Richness which is defined as the “amount of niche space occupied by a species within a community” 

(Mason et al. 2005). We used the multivariate version of this index (FRic) which is defined as the convex hull in the 

multivariate space (Cornwell et al. 2006; Villeger et al. 2008). By doing so, we evaluated trait range variation through 

minimum volume occupied of all traits (Cornwell et al. 2006). Greater FRic value implied greater occupied volume 

and trait range variation. 

2. Functional dispersion (FDis) which is defined as “the mean distance in multidimensional trait space of individual 

species to the centroid of all species” (Laliberte & Legendre 2010). The index also considers species relative 

abundance when calculating mean distance to the centroid. By using FDis, we evaluated trait abundance variation 

within the community (Laliberte & Legendre 2010). Greater FDis values implied greater deviance from the centroid 

and therefore, greater trait abundance variation. 

We used R 3.5.1 and the “FD” package to calculate the functional indices. From the matrix of sampled traits and a 

matrix species relative abundance, a Gower matrix of weighted functional distances was calculated with the 

“functcomp” command. A log conversion of the trait data was used to adjust its distribution (normality). With the “fd” 

command, we obtained the community weighted mean (CWM) of each trait, and the FRic and FDis indices for each 

plot. 

For species diversity we used Fisher’s alpha and species richness that were previously calculated by Prada & 

Stevenson (2016) for the 20 plots in the park. We recognize that these measurements could have changed since the 

time they were taken. Still, recent resampling of two plots within the park (Dr. Stevenson and BS Acosta unpublished) 

has shown little species turnover. 

Data analysis 

We used a mixed linear model to evaluate the relationship of functional richness to species diversity and richness. 

Alpha diversity and species richness were used as fixed effects and forest type was used as a random effect. In this 

way we reduced possible environmental or geographical effects that could skew the expected relationship (type 1 and 

type 2 errors). The classification of forest types for each plot was based on previous studies by Minambiente (2005) 

and by Prada and Stevenson (2016).  

To assess whether the slope of functional richness and species diversity differed between forest types, a linear model 

ANCOVA was used. For this, the dependent variable was functional richness and the independent ones were species 

diversity, type of forest and the interaction of these two. To assess whether the relationship between functional richness 

and species richness differed between forest types, species richness was used as an independent variable and the same 

statistical analysis was executed. For this analysis the black oak forest was not included due to limitations in the 

sample size (two plots). 

For functional diversity, the linear model ANOVA and the Tukey HSD test were used to assess differences by forest 

type in functional richness and functional dispersion. We used the forest type classification generated from previous 

studies as the independent variable and the FRic index as the dependent variable. The same was analysis was done for 

FDis.  

For trait groups, we used a Principal Component Analysis (PCA) to test for functional redundancy regarding traits 

within the leaf or wood economic spectrum. With the resultant orthogonal components, we tested differences between 

forest types of each economic spectra. Individual traits were evaluated for the most relevant traits of each component 

of the PCA. Differences between forest types for the PCA components, as well as for individual traits, were evaluated 

with a linear model ANOVA and a Tukey HSD test. 

 

 



Results 

We found a positive relationship of functional richness with Fisher's alpha diversity when including all sampled forests 

(p <0.05, df=15, R2=0.225, Figure 4). The Black Oak Forests (BOF) had the lowest values in both parameters, 

followed by the Andean Forest (AF). We found no relationship between functional richness and Fisher’s alpha for 

primary and secondary forests combined (p=0.24, df=12, R2=0.102). Similarly, when evaluating differences in the 

slope of primary and secondary forests using a linear model ANCOVA, no trend was found (p=0.48, F=0.98, df=5). 

On the other hand, species richness was not related to functional richness neither with the mixed linear model (p=0.11, 

df=15, R2=0.151) nor between slopes with the linear model ANCOVA (p=0.77, F=0.54, df=6).  

 

Figure 4. Mixed linear model of Functional Richness vs Species Diversity. p<0.05, df=15, R2=0.225. Forest Types: 

PF=Primary Forest, SF=Secondary Forest, AF=Andean Forest, BOF=Black Oak Forest. 

When evaluating the linear model ANOVA for FRic, no differences were found between forest types (p=0.153, F=2.2, 

df=13). We did find differences between FDis and forest types (p<0.01, F=8.5, df=13, Figure 5). The trait abundance 

variation for primary and black oak forests is low and does not differ from each other (p=0.290), while that of the 

secondary forest is higher than the other forests (p<0.01). 

 

Figure 5. Boxplot of Functional Dispersion (FDis) vs Forest Types (p<0.01. F=8.5. df=13). Forest Types: 

PF=Primary Forest, SF=Secondary Forest, BOF=Black Oak Forest. 



From the generated PCA (Figure 6a), we found that the first component (PC1, 51.9%) comprises a tradeoff between 

most of the leaf spectrum traits analyzed and wood density (Table 1). The linear model ANOVA for this component 

showed that black oak forests have lower PC1 scores than the other forests (p<0.001, F=14.6, df=13, Figure 6b) with 

subtle higher scores for secondary over primary forests (p=0.068). The second (PC2 13.1%, p=0.341, F=1.17, df=13) 

and third (PC3 12.8%, p=0.800, F=0.23, df=13) components explained a small part of the functional variation and the 

linear model ANOVA of these two was not significant. Table 1. shows the weight of each trait for the first three PCA 

components. 

Traits PC1 (51.9%) PC2 (13.1%) PC3 (12.8%) 
DW 0.22 0.63 -0.14 

LA 0.28 0.51 -0.09 

SLA 0.31 -0.35 0.13 

Stoma 0.07 0.09 -0.21 

WD -0.34 -0.04 -0.07 

gmin 0.09 0.05 0.58 

%Nf 0.34 -0.32 -0.19 

C:N -0.34 0.32 0.20 

%Caf 0.35 -0.01 0.17 

%Mgf 0.21 0.04 0.60 

%Kf 0.36 0.09 0.06 

%Pf 0.35 -0.04 -0.33 

Table 1. PCA weights for the first three components. Traits: DW, Leaf Dry Weight; LA, Leaf Area; SLA, Specific 

Leaf Area; Stoma, Stomatal Density; WD, Wood Density; gmin, Cuticular Conductance; %Nf, Leaf Nitrogen Content 

(%); %Cf, Leaf Carbon Content (%); %Caf, Leaf Calcium Content (%); %Mgf, Leaf Magnesium Content (%); %Kf, 

Leaf Potassium Content (%); %Pf, Leaf Phosphorus Content (%). 

 

 

Figure 6. Principal Component Analysis. a. PCA with 95% confidence interval ellipses for each forest type. Traits: 

LA, Leaf Area; WD, Wood Density; %Nf, Leaf Nitrogen Content (%); %Caf, Leaf Calcium Content (%); %Kf, Leaf 

Potassium Content (%); %Pf, Leaf Phosphorus Content (%). b. Boxplot of the PC1 component vs forest type (p<0.001. 

F=14.6. df=13). Forest Types: PF=Primary Forest, SF=Secondary Forest, BOF=Black Oak Forest. 

a. b. 



When evaluating differences in reproductive traits, we did not find differences in seed dry mass between forest types 

for the five most abundant species of each plot (Figure 7a), but we did find that basal area of synzoochoric species 

was greater for the black oak forest when evaluating all species within each plot (Figure 7b). 

  

 

 

 

 

 

 

 

 

 

Figure 7. Reproductive traits. a. Seed dry weight of the five most abundant species of each forest type. b. Basal area 

for all synzoochoric species of each forest type. Forest Types: PF=Primary Forest, SF=Secondary Forest, BOF=Black 

Oak Forest, AF=Andean Forest. 

Finally, few differences in forest types for individual traits were found (Table 2). Individual traits proved to have less 

explanatory power than the components generated except for WD (75.3%) compared to the PC1 (69.2%). Most of the 

traits were significantly lower for black oak forests except for WD, while only %Pf was different between primary 

and secondary Forests. Primary forests also encompassed more trait variation in LA and C:N where differences 

between secondary and black oak forest were found but not with primary forests. 

Traits R2  PF-SF PF-BOF SF-BOF 

 

LA 

(p<0.05) 

 

 

 

44.3% 

There are no differences in 

Leaf Area between these 

forests.  

(p=0.09) 

 

There are no differences in 

Leaf Area between these 

forests. 

(p=0.49) 

SF has greater Leaf Area tan 

BOF. 

 

 (p<0.05).  

 

WD 

(p<0.001) 

 

 

 

74.3% 

There are no differences in 

Wood Density between these 

forests. 

 (p=0.18) 

 

PF has lower Wood Density 

than BOF. 

 

(p<0.01) 

SF has lower Wood Density 

tan BOF. 

 

(p<0.001)  

 

%Nf 

(p<0.05) 

 

 

 

47.5% 

There are no differences in 

Leaf Nitrogen Content between 

these forests. 

 (p=0.52) 

 

PF has greater Leaf Nitrogen 

Content than BOF. 

 

(p=0.056) 

SF has greater Leaf Nitrogen 

Content than BOF. 

 

(p<0.05) 

 

C:N 

(p<0.05) 

 

 

43.44% 

There are no differences in 

Leaf Carbon to Nitrogen ratio 

between these forests. 

 (p=0.30) 

 

There are no differences in 

Leaf Carbon to Nitrogen ratio 

between these forests. 

 (p=0.16) 

 

SF has greater Leaf Carbon to 

Nitrogen ratio than BOF. 

 

(p<0.05) 

a. b. 



 

%Caf 

(p<0.05) 

 

 

 

50.6% 

There are no differences in 

Leaf Calcium Content between 

these forests. 

 (p=0.68) 

 

PF has greater Leaf Calcium 

Content than BOF. 

 

(p<0.05)  

SF has greater Leaf Calcium 

Content than BOF. 

 

(p<0.01) 

 

%Kf 

(p<0.01) 

 

 

 

63.3% 

There are no differences in 

Leaf Potassium Content 

between these forests. 

 (p=0.08) 

 

PF has greater Leaf Potassium 

Content than BOF. 

 

(p<0.05) 

SF has greater Leaf Potassium 

Content than BOF. 

 

(p<0.01) 

 

%Pf 

(p<0.01) 

 

 

 

65.3% 

PF has lower Leaf Phosphorus 

Content than SF. 

 

 (p<0.05) 

There are no differences in 

Leaf Phosphorus Content 

between these forests. 

 (p=0.077) 

 

SF has greater Leaf 

Phosphorus Content than 

BOF. 

(p<0.01) 

Table 2. Traits with significant differences between forest types. Traits: LA, Leaf Area; WD, Wood Density; %Nf, 

Leaf Nitrogen Content (%); %Caf, Leaf Calcium Content (%); %Kf, Leaf Potassium Content (%); %Pf, Leaf 

Phosphorus Content (%). Forest Types: PF=Primary Forest, SF=Secondary Forest, BOF=Black Oak Forest. 

 

Discussion 

Species diversity and richness vs functional richness 

For our first hypothesis, the results support a positive effect of alpha diversity on functional richness, which was the 

tendency expected and frequently found (Mayfield et al. 2010). Our results suggest that functional richness for the 

study site does not depend on the quantity of species (richness) but more so on their relative abundance (i.e. 

equitability). Places with more homogeneous abundances of species may imply greater differences in life forms which 

in abundant species could generate stronger species interactions, increasing competition and therefore functional 

richness (Tilman 2001; Naeem & Wright 2003). For example, Tilman (1999) found that when diversity increased, 

community biomass was stable, but population biomass destabilized, and species individuals declined. Still, the power 

of explanation of FRic vs alpha diversity was low and the black oak forests and Andean forest plots seem to be adding 

leverage over it. We suggest that sampling more Andean Forest plots could strengthen the relationship of functional 

richness with alpha diversity by broadening the trait range. 

On the other hand, we did not find differences between primary and secondary forest slopes from the FRic vs alpha 

diversity relationship.  Similarly, the functional richness linear model ANOVA showed no differences in trait range 

variation suggesting that all three forests occupy similar trait multidimensional space. Seems like prolonged times 

without disturbance, promoting competitive exclusion, while possibly explaining alpha diversity and species richness 

in black oak forests (Prada & Stevenson 2016), does not affect its functional richness like we predicted. Dominance 

of Trigonobalanus excelsa is not affecting subordinate species within the community. Also, microclimates within the 

forest are not reducing functional richness. In the same way, it seems like mid/late time since disturbance (45 years), 

contrary of expected, has been enough for secondary forests to reach a functional richness like the one of primary 

forests. In relation, Prada & Stevenson (2016) found no differences in alpha diversity between primary and secondary 

forests, which might explain also no differences in functional richness, independent of species composition.  

Even so, high functional redundancy, where multidimensional space is used similarly by all species, might explain 

small changes in functional richness even with highly increasing alpha diversity (Diaz & Cabido 2001). This can 

happen because of species interactions like competitive exclusion, but results proved this not to be the case. Instead, 

narrow altitude ranges, common in montane ecosystems, with specific species composition might account for 

redundancy (Foster 2001). Vazquez & Givnish (1998) found that beta diversity is lower and basal area is greater with 

increasing altitude, suggesting that environmental filters determine species composition and that lack of high 

disturbance reduces trait variation within each altitude range. Functional redundancy can also occur due to 

methodological effects such as choosing traits with similar functions that do not correctly cover all life aspects of 



organisms (Cadotte et al. 2011). The traits chosen in this study relate to the leaf and wood economic spectra through 

multivariate analyses (Mitchell et al. 2008; Pierce et al. 2013). However, adding other traits related to reproduction or 

phenology could complement the multivariate space of functional richness. 

Functional dispersion and forest types 

For our second hypothesis, results support that secondary forests have the greatest functional dispersion. As we 

expected, secondary forests show intermediate stages of succession (time since disturbance) where a maximum 

increase in functional dispersion through forest canopy reorganization occurs (Finegan 1996; Chazdon 2003; Craven 

et al. 2018). This trend has already been confirmed for tropical montane forests with a maximum increase in tree 

density during the first 15-30 years of recovery, and posterior equilibrium after 45 years caused by competition effects 

such as species basal area increase (Del Castillo & Blanco-Macías 2007). We suggest that past disturbance regimes 

like selective logging or deforestation (Minamiente 2005), might explain the presence of remnant shade-tolerant, 

competing species like Alfaroa colombiana, Billia rosea, Guarea kunthiana, Tapirira subandina and Alchornea sp. 

that, along with pioneer species, could account for mixed trait abundance within the community. Also, remnant trees 

might have accelerated the colonization of released niches by shade tolerant species (Guevara et al. 1986; Grime 

Keeton et al. 2005), and high forest connectivity along with dispersers such as woolly monkeys (Lagothrix 

lagothricha) or oilbirds (Steatornis caripensis) (Vargas et al. 2011), accelerated species turnover (Cramer et al. 2007). 

These factors might explain the high abundance of Nectandra sp., Licaria sp., Hedyosmum sp. and Inga sp. that belong 

to a mid/late process of succession, broadening the range of mixed life forms found in secondary forests (Table S3). 

On the other hand, black oak forests have similar functional dispersion to primary forests. Contrary of what we 

expected, time since disturbance, promoting competitive exclusion, does not reduce the community’s trait abundance 

variation. We suggest time since disturbance might be having an effect over specific traits in the multivariate space 

but not as a whole for these forests. Peh et al. (2011) suggests monodominance can be obtained through a set of 

positive feedbacks that are related to few traits conferring advantages in particular circumstances. Still, most of these 

traits have been associated with dispersion and recruitment through seed traits and their surroundings such as leaf litter 

(Torti et al. 2000), ectomycorrhizal associations and sprouts near the base of trees (Ter Steege et al. 2019), or nutrient 

availability (McGuire 2007), that may be important to consider in future studies.  

Persistence life strategies 

For our third hypothesis, expected orthogonal spectra between leaf and wood traits were partially found. Traits 

grouped within the PC1 explained the leaf economic spectrum for carbon assimilation, but wood density also varied 

along this axis and was highly correlated with the leaf carbon to nitrogen ratio. Relations of wood density to the leaf 

spectrum suggest that slow carbon assimilation, where species invest more in their carbon structures, is related to 

denser wood (Wright et al. 2007; Wright et al 2010). Still, this is not always the case and needs further investigation 

(Chave et al. 2009).  

As hypothesized, secondary forests showed higher carbon assimilation (leaf spectrum) than primary forests. Although 

this tendency was close to significance for secondary and mixed primary forests, we think it supports differences in 

life forms found along successional stages that with further sampling will be trustworthy. Calculated functional 

dispersion supports this, where functional roles differ in their abundance for both plant communities. In fact, Prada & 

Stevenson (2016) showed strong differences in species composition between forests that also suggest differences in 

functional composition. Pioneer plants with small seeds dominate secondary forests (e.g. Saurauia brachybotrys, 

Cedrela montana, Morus insignis, Heliocarpus americanus, and Croton magdalenae), describing early/mid stages of 

succession where species can disperse, colonize and grow rapidly (Walker & Chapin 1987). Fewer small seeded plants 

(e.g. Hieronyma huilensis, Miconia spp, and Weinmannia tomentosa) are frequent in primary rather than secondary 

forests. Still, it is possible that mixed primary forests in mountains with steep slopes, show a high frequency of tree 

falls allowing pioneer plants to find light and adequate resources to establish. Some of the abundant species sampled 

from primary forests support this theory (e.g. Faramea cf. macrura and Palicourea cuatrecasassi.), but functional 

roles of communities in even later successional stages only approach those of primary forests after more than a century 

(Oliver & Larson 1990; Rozendaal et al. 2019).  



We must highlight that most of the primary mixed forests plots in the park are found at considerably higher elevations 

(100-300 m higher) than secondary and black oak forests, which could imply greater environmental pressures. In this 

sense, leaf traits are the most variable with environmental conditions (Negret 2016). Lower carbon assimilation, 

through low specific leaf area and high carbon to nitrogen ratio, is commonly found in areas with high exposure to 

humidity, irradiance, wind and/or low temperatures (Poorter & Evans 1998). This has already been found in Amazon 

to Andes altitudinal studies where lower carbon assimilation occurs at higher altitudes (Asner et al. 2014). In fact, our 

preliminary study on a plot of Andean forests in the park proved to have the highest values of leaf carbon to nitrogen 

ratio that supports the premise of an increase in environmental pressures with elevation. We decided to consider a PC1 

vs elevation relation to prove this using a mixed linear model and elevation data taken from Prada & Stevenson (2016) 

(p=0.119, df=12, R2=0.164), but it seems like our plots do not change considerably in functional composition through 

elevation. Future studies must evaluate a greater range of elevation, individual traits and incorporate Andean forests 

to really discard this trend. 

Finally, as expected, black oak forests have the lowest carbon assimilation (leaf spectrum) and highest WD, which 

could be explained by high carbon storage in trunk and roots. This strategy is mostly associated to competition for 

nutrients, water and light (Pérez-Harguindeguy 2013; Negret 2016). Specifically, we think it could be related to long 

time without disturbance allowing high canopy tree height and limiting light availability for subordinate species (Torti 

et al. 2001). But although this trait is a better descriptor of competitive exclusion compared to leaf traits (Kunstler et 

al. 2016), we suggest that few groups of leaf traits can better explain black oak monodominance by creating positive 

loops: 

Soil nutrient deficiency in monodominant forests (McGuire 2007), may promote species leaves to have greater 

longevity reducing assimilation rates and nutritional costs of producing new ones (Poorter & Evans 1998; Wilson et 

al 1999; Wright et al. 2004). Regarding this, Prada & Stevenson (2016) found relatively basic soils in black oak forests 

that can respond to limitations of certain nutrients like phosphorus or nitrogen (Aiba & Kitama 1999). We found this 

same trend for leaf nutrient contents where black oak forests had the lowest values.  

As well, we found higher leaf C:N ratio and lower SLA which cause low leaf decomposition of carbon structures like 

fiber and may explain high litter quantity in black oak forests (Cornwell et al. 2008; Aldana et al. 2011). This could 

account to monodominance by creating barriers for seeds and roots trying to obtain nutrients from the soil (Torti et al. 

2001). Species of the Fagaceae family are known to modify soil composition through their litter (Corner 1990), which 

could explain nutrient deficient soils. But, another characteristic of these species is their allelopathic compounds in 

leaves that posteriorly activate in leaf litter (Jia & Li 2007). This is not common in woody species because of its 

negative relation to the C:N ratio (Meiners 2014) but could account for monodominance and has not yet been studied 

for Trigonobalanus excelsa. 

Last, ectomycorrhizal associations facilitate the rupture of the litter barrier by roots and seeds (McGuire 2007; Peh et 

al. 2011), favoring nutrient uptake (e.g. P and N) in poor soils (Corrales et al. 2018; Hall et al. 2019). These 

associations also account for monodominance and have been found in tropical mountain species of the order Fagales 

(Dalling et al. 2016a), like in multiple neotropical species of the Fagaceae family including Trigonobalanus excelsa 

(Peña-Venegas & Vasco-Palacios 2019). In this sense, monodominance has also been explained by low seed dispersal 

(Ter Steege et al. 2019), which is common in Trigonobalanus excelsa (Aldana et al. 2011) and may relate to our results 

about dispersal syndromes suggesting synzoochoric species could benefit from ectomycorrhizal associations for 

germination, recruitment and establishment within monodominant forests (McGuire 2007).  

Conclusion 

We found that functional richness increases slightly with species diversity but not richness, suggesting some degree 

of species interactions affecting the assemblage of plant communities. Also, all tree communities use similar trait 

multidimensional space possibly caused by environmental stress in montane ecosystems.  However, as expected from 

the intermediate disturbance hypothesis, secondary forests showed the highest functional dispersion, suggesting some 

deterministic processes in community dynamics. In addition, functional traits were able to separate secondary and 

primary forests (especially black oak forests) according to particular life forms and potential competitive advantages. 

In our study system, deforestation and selective logging reduced the number of species and generated environmental 

filters that changed the number of functional roles. Still, after more than three decades of recovery, functional richness 



of secondary forests now resembles that of mixed primary forests (despite strong differences in species composition). 

In general, we found clear differences in traits that are associated to carbon assimilation and survival, being wood 

density, C:N ratio and leaf nutrient content the traits that best explained the differences between the ecological 

communities studied. These results are consistent with predictions that specific traits confer competitive advantages 

leading to depurate plant diversity (Hubbell 1997) but monitoring or paleo-ecological studies will be necessary to 

prove this idea.  Finally, this study provides information on traits that differentiate black oak forest and suggests 

positive loops as the cause of dominance by Trigonobalanus excelsa.  

Recommendations 

Baraloto et al. (2010b) suggests that 20% of the individuals sampled on a plot of 1ha with 600 individuals is enough 

to generate trends on functional traits using different sampling approaches. Also, monetary cost of sampling beyond 

this percentage is unrealistic and can be the same as sampling the whole plot. This supports our sampling effort of the 

five most abundant species per plot and three individuals per specie generating trustworthy trends. Still, we used the 

dispersal syndrome data from Prada & Stevenson (2016) to generate representativity curves of each dispersal system 

according to sampling effort (Figure 8). Results showed that representativity of all syndromes stabilized when 

sampling 10 or more of the most abundant species per plot. Therefore, we consider that the approximation of sampling 

the most abundant species of the place is adequate but, sampling effort must be increased to at least 10 species per 

plot and, an approach using basal area may be more convenient than considering the density of individuals. These, 

taking into account the cost, effort, energy, labor and time of sampling should be complemented with easier traits to 

measure on the field, for example replacing cuticular conductance with water potential at wilt (turgor loss) (Maréchaux 

et al. 2015).  

 

Figure 8. Representativity curves and sampling effort for different dispersal syndromes. a. Endozoochory. b. 

Synzoochory. c. Anemochory. 

We also suggest evaluating the effect of environmental variables such as light availability, soil nutrient availability 

and elevation gradients on functional traits and functional diversity to determine species response to their surrounding 

environment and climate change. As a preliminary analysis we discuss leaf phosphorus content relation to soil 

phosphorus content for our communities in the Supplementary appendix. encouraging that thorough studies be done 

in the future. Specially, studying the black oak forest to better understand its functioning (e.g. allelopathic effects, 

mycorrhizal association and soil specificity), to explain the phenomenon of monodominance.  
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Supplementary appendix 

Tables 

Table S1. Mountain forest classification of the Colombian eastern mountain range (Rodríguez et al. 2004; Etter 

1998; Holdridge 1967). High Dense (HD). Mid. Dense Forest (MDF). 

 

Trait Description Short 

Specific Leaf Area Mainly used to understand the dynamics of nutrient capture, its use and 

availability (Wilson et al 1999). It has been found that as a good indicator 

of photosynthetic rate where larger specific leaf area is associated with 

greater photosynthesis (Poorter & Evans 1998). Similarly, the 

relationship of specific leaf area with the relative rate of growth has 

shown that fast-living species have greater specific leaf area than slow-

growing species (Grotkopp & Rejmánek 2007). 

 

SLA 

Leaf Area Associated with the size and structure of plants. Environmental stress 

reduces this trait. (Cornelissen et al. 2003). 

 

LA 

Dry Leaf Weight Dry matter content in the leaf. Associated with growth rates, leaf 

resistance and biomass accumulation (Cornelissen et al. 2003). 

 

DW 

Cuticular Conductance The ability of leaves to resist desiccation when stomata are closed 

(Kersteins 1996). Mainly affected by the availability of water and CO2. 

When water availability increases, greater evapotranspiration and 

conductance occur. When CO2 increases, conductance decreases, and 

photosynthetic rates are more efficient (Woodward 1987; Woodward et 

al. 1988; Li et al. 2018). 

 

Gmin 

Stomatal Density Shows water loss due to evapotranspiration. It has similar relationships 

to cuticular conductance such as CO2 assimilation rates and active 

photosynthetic rates (Xu & Zhou 2008). It is also reduced with water 

deficit, increases in CO2 concentrations and increases in specific leaf area 

(Woodward 1987). 

 

Stoma 

Leaf Carbon to 

Nitrogen ratio 

Related to longevity, leaf toughness and weight. The higher the carbon 

structural content, the lower the CO2 content indicating lower 

photosynthetic rates (Sparks & Ehleringer 1997). 

  

C:N 

% Leaf Nitrogen Present in different molecules related to photosynthesis such as 

chlorophyll, thylakoid proteins and enzymes like Rubisco (Loomis 

1997). Associated to greater photosynthetic capacity and cell wall 

formation (Wright et al. 2004). 

 

%Nf 

Rodríguez 2004 Etter 1998 Holdridge 1967 

Amazonian Foothill HDF of Ancient Fluvial Terraces  Tropical Rainforest 

<1100 m.a.s.l. HDF of Sedimentary Basins Tropical Extra Rainy Forest 

Sub Andean Sub Andean Rainforest Premontane Rainforest 

1000-2400 m.a.s.l.  Premontane Extra Rainy Forest 

Andean MD Andean Rainforest Low Mountain Rainforest 

2400-3400 m.a.s.l. MD Andean/High Andean Oak Forest Low Mountain Extra Rainy Forest 



% Leaf Phosphate Associated with the production of energy in the form of ATP (Wright et 

al. 2004). 

 

%Pf 

% Leaf Calcium Important in different metabolic processes like turgor in guard cells of 

stomas (McAinsh et al. 1995). Its availability in the leaves is associated 

with evapotranspiration processes (White 2003). 

 

%Caf 

% Leaf Potassium Plays an important role in different processes such as osmoregulation and 

photosynthesis, making it the most abundant ion at the cellular level. 

Associated with leaf growth capacity and metabolism (Nieves-Cordones, 

Al Shiblawi & Sentenac 2016). 

 

%Kf 

% Leaf Magnessium A part of the magnesium content in leaves is related to chlorophyll a and 

b. However, most of this ion is related to ribosomes so it is a good 

indicator of metabolic rates (Mayland 1990). 

 

%Mgf 

Wood Density Related to hydraulic and biomechanical properties of the stem that 

explain the storage capacity, water transport, mechanical resistance, 

architecture and carbon gain of plants. This feature is a good indicator of 

resistance to rupture, demographic processes and drought tolerance in 

tropical forests (Hacke et al 2001). 

 

WD 

Table S2. Functional Traits Considered.  

Forest Plot Species Dispersion Syndrome Seed Size 

 
 

AF 

 
 

7 

Clusia cf. bracteosa Endozoochory Small 

Graffenrieda cf. cucullata Anemochory Small 

Ilex macareniensis Endozoochory Small 

Persea sp7 Endozoochory Large 

Quercus humboldtii Synzoochory Large 

 
 
 
 
 

BOF 

 
 

3 

Calophyllum brasiliensis Endozoochory Large 

Matoudea colombiana Indet Medium 

Miconia cf. punctata Endozoochory Small 

Phyllonoma ruscifolia Endozoochory Small 

Trigonobalanus excelsa Synzoochory Large 

 
 

19 

Alfaroa colombiana Synzoochory Large 

Euphorbiaceae sp6 Indet Indet 

Ilex acutidenticulata Endozoochory Small 

Styrax trichocalyx Endozoochory Medium 

Trigonobalanus excelsum Synzoochory Large 

 
 
 
 
 
 

 
 

1 

Alchornea cf. coleophylla Endozoochory Medium 

Hedyosmum steinii Endozoochory Small 

Incadendron esseri Explosive dehiscence Medium 

Ladenbergia oblonga Anemochory Small 

Nectandra cf. purpurea Endozoochory Large 



 
 

PF 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PF 

 
 

4 

Faramea cf. macrura Endozoochory Small 

Miconia GUAC530 Endozoochory Small 

Miconia spatellophora Endozoochory Small 

Palicourea cuatrecasasii Endozoochory Small 

 
 

5 

Alfaroa colombiana Synzoochory Large 

Endlicheria aff. rufo-ramula Endozoochory Large 

Hedyosmum steinii Endozoochory Small 

Palicourea cuatrecasasii Endozoochory Small 

Tapirira guianensis Endozoochory Large 

 
 

8 

Alfaroa colombiana Synzoochory Large 

Billia rosea Synzoochory Large 

Miconia turgida Endozoochory Small 

Nectandra cf. purpurea Endozoochory Large 

Palicourea garciae Endozoochory Small 

 
 

9 

Alfaroa colombiana Synzoochory Large 

Clusia multiflora Endozoochory Small 

Elaegia sp1 Endozoochory Small 

Euphorbiaceae sp2 Indet Indet 

Lauraceae sp9 Endozoochory Large 

 
 

11 

Billia rosea Synzoochory Large 

Hyeronima huilensis Endozoochory Small 

Incadendron esseri Explosive dehiscence Medium 

Lauraceae sp9 Endozoochory Large 

Miconia spatellophora Endozoochory Small 

 
 

13 

Alchornea cf. coleophylla Endozoochory Medium 

Alfaroa colombiana Synzoochory Large 

Faramea cf. macrura Endozoochory Small 

Graffenrieda cf. cucullata Anemochory Small 

Miconia turgida Endozoochory Small 

 
 

15 

Alchornea glandulosa Endozoochory Medium 

Incadendron esseri Explosive dehiscence Medium 

Miconia spatellophora Endozoochory Small 

Miconia turgida Endozoochory Small 

Palicourea garciae Endozoochory Small 

 
 
 
 
 
 

 
 

2 

Heliocarpus americanus Anemochory Small 

Nectandra acutifolia Endozoochory Medium 

Palicourea calophlebia Endozoochory Small 

Saurauia brachybotrys Endozoochory Small 

Siparuna stellulata Endozoochory Small 



 
 

SF 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SF 

 
 

6 

Guarea sp. Endozoochory Large 

Inga coruscans Endozoochory Large 

Nectandra acutifolia Endozoochory Medium 

Palicourea cuatrecasasii Endozoochory Small 

Saurauia brachybotrys Endozoochory Small 

 
 

10 

Morus insignis Endozoochory Small 

Nectandra coeloclada Endozoochory Medium 

Oreopanax microcephalus Endozoochory Small 

Palicourea cuatrecasasii Endozoochory Small 

Saurauia brachybotrys Endozoochory Small 

 
 

12 

Alfaroa colombiana Synzoochory Large 

Hedyosmum cuatrecazanum Endozoochory Small 

Licaria sp1 Endozoochory Large 

Miconia sp5 Endozoochory Small 

Nectandra cf. purpurea Endozoochory Large 

 
 

16 

Acalypha macrostachya Explosive dehiscence Medium 

Chrysochlamys dependens Endozoochory Small 

Miconia coronata Endozoochory Small 

Oreopanax microcephalus Endozoochory Small 

Palicourea sp. Endozoochory Small 

 
 

18 

Bunchosia cf. armeniaca Endozoochory Large 

Inga coruscans Endozoochory Large 

Licaria cf. applanata Endozoochory Large 

Psychotria fortuita Endozoochory Small 

Urera caracasana Endozoochory Small 
Table S3. Species sampled within each plot and forest type. Seed size: Small (<5 mm), Medium (5-10 mm), Large 

(>1 cm width) according to Stevenson & Aldana (2008). Forest Types: PF=Primary Forest, SF=Secondary Forest, 

AF=Andean Forest, BOF=Black Oak Forest. 

Foliar vs Soil nutrient preliminary analysis 

For individual traits we found that only leaf phosphorus content differs between primary and secondary forests, the 

latter having higher values. Phosphorus may be scarce in the soil limiting the leaf content for primary forests (Vitousek 

& Stanford 1986; Cornwell et al. 2008). Differences in the composition of forest soil nutrients, found by Prada & 

Stevenson (2016), support this possibility which has also been proven in other tropical forests where phosphorus 

limitations affect regional and local scales (Dalling et al. 2016b). Apart from the focus of this study, we decided to 

include a leaf vs soil phosphorus content relation as a possible explanation to our result (Figure S1), but we 

acknowledge that future studies must consider soil and nutrient relations more thoroughly. A mixed linear model was 

used, and soil phosphorus data was taken from Prada & Stevenson (2016) (p<0.05, df=12, R2=0.252). Results showed 

a relation between both variables that may support disturbances like nutrient limitations or soil heterogeneity shaping 

functional composition in these montane forests. Though, we believe that greater accumulation of leaf phosphorus 

content, related to greater energy demands, must also be considered in this relation as it is shown in the forest types 

of Figure S1. (Wright et al. 2004; Goldstein et al. 2013). 
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Figure S1. Leaf vs Soil Phosphorus Content. p<0.05, df=12, R2=0.252. Forest Types: PF=Primary Forest, 

SF=Secondary Forest, AF=Andean Forest, BOF=Black Oak Forest. 


