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Analyzing the spatial association pattern among species can help to better understanding the mechanisms that drive forest dynamics and assembly. We applied techniques of spatial point pattern analysis to data from a fully mapped plot of tropical dry forest (TDF) in Colombia to assess the spatial association network among the eight most abundant species and we tested the hypothesis that species traits related to the ability to cope with drought stress could explain the observed spatial association patterns. We conducted three analyses, first we classified the types of spatial association patterns of species pairs against a null model of spatial independence, second, we used a heterogeneous Poisson (HP) null-model to assess competitive and facilitative interactions, and finally, we integrated the spatial association network with a traits space spanned by hydraulic functional traits. Overall, the proportion of significant negative and positive associations were low and we found at smaller spatial scales (5 m) prevalence of positive association patterns (11%) and at intermediate scales (16 m) negative interactions (13%). The dominant, evergreen and bird-dispersed species Trichilia oligofoliata, which followed a hydraulically save strategy, was involved in most positive associations at small scales, whereas the evergreen large statured species Aspidosperma polyneuron, which also follows a conservative resource-use strategy, was involved in most negative interactions. In TDFs where water stress is prevalent, tree community assembly and spatial patterns formation are regulated by environmental heterogeneity (e.g., topography), and both facilitative and competitive processes act simultaneously, but at different spatial scales and involving different species. Our findings highlight the potential importance of the examined association patterns, not only for our understanding of community assembly, but also to provide restoration directions.
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1. Introduction

Tropical dry forests (TDFs) that are characterized by marked seasonality with a prolonged period of dry months, account for about 40% of all tropical forests (Miles et al., 2006). This ecosystem plays a key role in regulating the global environment by contributing significantly to the carbon stock (Becknell et al., 2012) and by supporting and regulating several ecosystem services (Djoudi et al., 2015), and TDFs are particularly important for biodiversity conservation, water protection, and soil erosion control. Although the conservation value of TDFs is increasingly recognized (Sánchez-Azofeifa and Powers, 2014), studies on their dynamics and assembly are lacking (Siyum, 2020; Calvo-Rodriguez et al., 2021). However, ecologically effective forest management requires a good understanding of the ecological processes that determine forest dynamics and assembly, especially in Colombia, where only 5% of the TDFs are protected and 90% of their original cover has been lost (Pizano and García, 2014).

The main mechanisms that structure a forest community will depend on the species present in the forest and their adaptations to environmental conditions (Choler et al., 2001). This is especially true in stressful environments such as TDFs, where trees are subject to severe seasonal droughts (Murphy and Lugo, 1986). As a consequence, trees have developed different strategies to cope with seasonal drought, such as drought-tolerance or drought-avoidance (van Ommen Kloeke et al., 2012), which are functional adaptations mainly related to stem hydraulic traits (Poorter et al., 2010). Examples of such adaptations include drought tolerant-evergreen species that typically have high wood density, low storage capacity in stems, and narrow vessels, all of which can limit hydraulic efficiency and increase resistance to drought-induced cavitation (Hacke et al., 2001; Allen et al., 2017). In contrast, species that follow a drought-avoidance strategy are highly deciduous trees with short-lived leaves, low wood density, high sapwood content, and wide vessels, that allow rapid water transport and storage (Poorter et al., 2019). However, they are also less resistant to the risk of xylem cavitation and are more susceptible to hydraulic failure due to drought (Brodribb et al., 2003; Meinzer et al., 2008; Markesteijn et al., 2011; Méndez-Alonzo et al., 2012; Allen et al., 2017). In addition, plant height and hydraulic functioning are known to represent a single coordinated axis of variation, primarily related to habitat water availability, with taller species from moist habitats exhibiting higher xylem efficiency and lower hydraulic safety, wider conduits, lower conduit density, and lower sapwood density (Liu et al., 2019).

The strategy for coping with seasonal drought stress can influence the spatial placement and interactions of pairs of species at the local scale, as different species may respond differently to fine-scale variation in soil moisture (Álvarez-Yépiz et al., 2017; Kupers et al., 2019). For example, we expect that large tree species adapted to sites with higher soil moisture may cluster in wetter areas and tend to outcompete other species in these areas, leading to patterns of negative spatial association. We also expect that positive facilitative interactions, considered particularly important under stressful conditions (Callaway, 1995; Maestre et al., 2009), may influence the spatial placement of pairs of species in TDFs (Espinosa et al., 2016; Álvarez-Yépiz et al., 2017; Gusmán-M et al., 2018). Facilitation is an interaction in which the presence of a given species alters the environment in a way that enhances growth, survival and reproduction of other species (Bronstein, 2009). Drought tolerant species that suffer less from drought deficit may improve soil water infiltration in their closer neighborhood, and plant hydraulic lift may also contribute to moister soils in the shade, leading to positive spatial associations with other species.

Assessing the spatial association pattern among species can therefore help us to better understanding the mechanisms that drive forest dynamics and assembly. One approach to do this is to use spatial point pattern analysis (Diggle, 2003; Illian et al., 2008; Wiegand and Moloney, 2014; Baddeley et al., 2015) to analyze the detailed smaller-scale patterns of trees in fully stem-mapped plots. Spatial patterns may conserve an imprint of past processes, and therefore constitute an ecological archive from which we may recover information about the underlying processes (Wiegand et al., 2003, 2009; Grimm et al., 2005; McIntire and Fajardo, 2009; Perea et al., 2021). Indeed, spatial patterns of tree species have provided valuable information to obtain insights on intra and inter-specific interactions as well as forest community structure (Stoll and Bergius, 2005; Wiegand et al., 2012), and spatial pattern analysis is a focus of current forest ecological research (Wiegand and Moloney, 2014; Velázquez et al., 2016; Ben-Said, 2021; Nguyen et al., 2021; Perea et al., 2021; Ribeiro et al., 2021; Wiegand et al., 2021). Techniques of spatial point pattern analysis have also been used to detect spatial association patterns and signatures of habitat association, facilitation and competition in TDFs (e.g., Espinosa et al., 2016; Álvarez-Yépiz et al., 2017; Gusmán-M et al., 2018). To quantify the spatial association pattern between species, spatial point pattern analysis determines for example the mean density of individuals of a species 2 within distance r of the individuals of a species 1 (Wiegand and Moloney, 2014). This results in three basic types of spatial association patterns, including positive ones if the mean density is larger than expected by the null model of independent placement, negative ones if the mean density is smaller than expected, and independence if it is within the range of stochastic realizations of the null model.

The spatial association patterns between species are generally influenced by habitat filtering, dispersal and species interactions (Vellend, 2010; Keil et al., 2021), where habitat filtering and species interactions can lead to similar spatial association patterns, albeit at different spatial scales (Wiegand et al., 2007a; Wiegand and Moloney, 2014; Ribeiro et al., 2021). Positive or negative spatial association patterns between two species can be caused by shared or opposed habitat requirements, respectively (Harms, 2001; Wiegand et al., 2007b; Allié et al., 2015). In the context of TDFs, a locally patchy distribution of soil moisture, e.g., driven by topography or soil at scales of say >30 m (Kupers et al., 2019), may lead to a sorting of species depending on their drought tolerance (Engelbrecht et al., 2007). A positive association of species to their preferred habitat can also be enhanced by dispersal limitation if seeds are transported mostly to nearby suitable sites (i.e., a positive fitness-density covariance; Chesson, 2009). Positive or negative spatial association pattern between two species can also be caused by positive facilitative interactions (McIntire and Fajardo, 2014; Chacón-Labella et al., 2017) or negative competitive interactions (Bolker and Pacala, 1999; Wiegand et al., 2012; Pescador et al., 2019), respectively. However, in contrast to habitat filtering that operates usually along environmental gradients (e.g., related to topographical features), species interactions operate usually within the immediate neighborhood of individuals (i.e., separation of scales; Wiegand et al., 2007b,2012; Wiegand and Moloney, 2014). Additionally, positive small-scale association, especially among saplings or among saplings and adults, can also be mediated by animal seed dispersal if animals deposit seeds of multiple species preferentially at specific microsites such as nests, roosts, perches or below larger individuals (Arnell et al., 2021; Perea et al., 2021).

Thus, determining the strength, the spatial scales and the direction of departures from the null expectation of independent placement can help to better understand the mechanisms structuring species assemblages in tropical forest (Wiegand et al., 2012), and spatial point pattern analysis (Wiegand and Moloney, 2014; Baddeley et al., 2015) provides a range of techniques for doing this. By taking advantage of separation of scales, point pattern analysis allows also to separate the effects of possible habitat associations and species interactions, given that the spatial range of biotic interactions is usually shorter than the scale of environmental autocorrelation (Diggle, 2003; Wiegand et al., 2007b,2012; Wiegand and Moloney, 2014; Keil et al., 2021). The results of an analysis of pairwise spatial associations among tree species of a forest community defines a weighted and directed network, where the species are the nodes and the strength and direction of the pairwise spatial associations between species defines the weights of the edges (Losapio, 2018; Perea et al., 2021). This allows us to identify key species, which are involved in many spatial associations, and by integrating the network into the trait space (e.g., spanned by hydraulic functional traits) we can gain insight on how species traits influence the observed spatial association patterns.

Our main objective was to characterize the interaction network (i.e., the strength and type of spatial association patterns) among eight dominant tree species in a fully stem-mapped plot of a TDF in Colombia. Our ultimate goal was to understand the observed spatial patterns and the mechanisms that determine the assembly and spatial structure of this forest community. We hypothesize that the abiotic deficit caused by seasonal water limitation leads to an interaction network in which a few “facilitator” species maintain consistent and positive small-scale associations with other species (Gusmán-M et al., 2018). To achieve these goals, we used techniques of point pattern analysis to study different aspects of the spatial placement of all 56 pairs of species. In a first analysis we determined for each species pair the strength and type of departures from the null model of independent placement, which are potentially caused by the effects of species interactions and/or habitat filtering. In a second analysis we determined selectively the strength of small-scale interactions between the 56 species pairs by controlling for medium- and larger-scale effects of the environment. Finally, we integrated the weighted and directed spatial association network of the first analysis into the trait space spanned by hydraulic functional traits to better understand how species traits influence the spatial structure of our study forest.



2. Materials and methods


2.1. Study area

Originally, TDFs covered about 90% of Colombia’s land area; today only 8% remains, of which roughly three quarters are secondary forests (Pizano and García, 2014; González-M et al., 2018). About 20% of the Colombian TDFs are covered by highly fragmented and successional vegetation (Pizano and García, 2014). Our TDF research plot is situated in the upper watershed region of the Magdalena River (5° 05′ 07″ N, 74° 46′ 29″ W, 335 m a.s.l), located in the northern part of the Tolima department, Colombia (see photos from the study site in Supplementary Appendix A). The region corresponds hosts second largest extent of TDFs in Colombia and is covered by a highly fragmented mosaic and successional vegetation (Pizano and García, 2014).

The study site was selected as part of the Colombian TDF socio-ecological monitoring platform (Norden et al., 2020), led by the Instituto Humboldt, Colombia, in conjunction with several other institutions. According to the classification of Espinal (1977), the regional climate characterized by a hot and dry season, which leads to water deficiency (Espinal, 1977). Mean annual temperature is 26.8°C with a maximum monthly mean of 29.8°C from July to September (Santoro, 2002 – Report). The rainfall regime is characterized by a dry and a wet period that receive on average 831 and 2268 mm per annum, respectively (González-M et al., 2021). During the dry season, which lasts from June to September (Santoro, 2002 – Report), more than 50% of all tree species drop their leaves. Extensive pastures for livestock, crop cultivation, and ground fires, which historically dominated the disturbance regime in this region, have reduced the forest extension to small and isolated patches. Most of today’s forest fragments in our study region remain in hilly areas, with an average size of 155 ha (Pizano and García, 2014), and belong mostly to private farms.



2.2. Vegetation sampling

We used a one-hectare (100 m × 100 m) permanent plot established in a mature forest of the Magdalena River valley region. Within the plot, 10 m × 10 m sub-plot were defined to facilitate the plant census. All trees (woody stems ≥2.5 cm diameter at breast height, 1.3 m above ground –dbh) were mapped and measured for height and dbh using a diameter tape. For mapping we recording the distance and azimuth to each tree from the southwest corner of every 10 m × 10 m sub-plot using a hypsometer and sighting compass. The final spatial locations (x-and y-coordinates) of tacked individuals (Figure 1) were determined following a standard field protocol of the Forest Dynamic Plots of the Center for Tropical Forest Science (Condit et al., 2014). Because vegetative propagation by sprouting is common for most species, individual ramets growing from the same base were considered as single individual and their diameters were averaged.
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FIGURE 1
Spatial distribution map of individual trees of the 8 study species in the 1-ha forest plot. Black disks, large trees (≥10 cm dbh; matures); Red disks; small trees (≤10 cm dbh; saplings). The size of the disks is proportional to the dbh of the trees. See Table 1 for population and structural characteristics.




2.3. Study species

In total, 3,543 individuals were located in the study plot (Supplementary Table B1 in Supplementary Appendix B). The plot included 39 plant species that are classified at some threat category in the IUCN red list (Pizano and García, 2014), eight of them are considered Critically Endangered, Endangered or Vulnerable. The region also hosts a large number of endemic plants (Pizano and García, 2014), and 14 endemic species are encountered in our plot. We divided all individual trees into two size classes, large (diameter at breast height, dbh ≥ 10 cm; assumed to be matures) and small (dbh 2.5 to <10 cm; assumed to be saplings). Given that we aim to describe the spatial structure of the dominant species, we used only tree species with more than 35 large sized-individuals (excluding shrubs) for our spatial analysis (Figure 1, Table 1 and Supplementary Table B1 in Supplementary Appendix B). This threshold provides also sufficient statistical power for our analysis and resulted in the inclusion of eight tree species.


TABLE 1    Characteristics of the selected tree species and their hydraulic functional trait values.
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2.4. Point-pattern analysis


2.4.1. Summary functions

Our goal was to quantify different aspects of the spatial placement of pairs of species. For this purpose we used summary functions of spatial point pattern analysis (Wiegand and Moloney, 2014) that quantify how individuals of a species 2 are distributed within the neighborhoods (with radius r) of trees of a focal species 1. We used for this purpose three summary functions that measure different aspects of the spatial placement of pairs of species. Ripley’s (2004) K function is based on counting all neighbors of species 2 within distance r of the focal individual of species 1, the pair correlation function is based on counting all neighbors of species 2 within a ring of radius r and width dr of the focal individual of species 1, and the distribution function of the nearest neighbor distances determines for each individual of species 1 the distance to its nearest neighbor of species 2 (Wiegand et al., 2013).

The bivariate K function K12(r) can be estimated as the mean number of trees of species 2 within distance r of the trees of the focal pattern 1, divided by the intensity λ2 of species 2 in the study area (i.e., the number of trees of species 2 divided by area) (Wiegand and Moloney, 2004). If the two species are independently placed we have K12(r) = π r2, if the two species show a positive spatial association we have K12(r) > π r2, and if the two species show a negative spatial association we have K12(r) < π r2.

The bivariate pair correlation function g12(r), which is the non-cumulative version of the K-function, can be estimated as the mean density of individuals of species 2 within distance interval (r−dr, d + dr) of the individuals of species 1, divided by λ2. Positive spatial association occurs for g12(r) > 1 (larger than expected neighborhood density) and negative spatial association for g12(r) < 1 (smaller than expected neighborhood density). Pair correlation functions are especially suitable to isolate effects of specific distances r, for example for studying the effects of species interactions, whereas K-functions are cumulative measures that confounds effects at larger distances with effects at shorter distances (Wiegand and Moloney, 2004).

The bivariate distribution function D12(r) of the nearest neighbor distances complements the K- and g-functions (Wiegand et al., 2012, 2013). It can be estimated as the proportion of trees of the focal species 1 that have their nearest species 2 neighbor within distance r (Diggle, 2003; Illian et al., 2008). While K- or pair correlation functions describe mean neighborhood densities, the D12(r) captures aspects of the variability in the neighborhood densities (Wiegand et al., 2013). For example, D12(r) and K12(r) will show contrasting results if a certain proportion of individuals of species 1 have no neighbor of species 2 within distance r, but others many. However, their results will agree if all individuals of species 1 have more or less the same number of neighbors of species 2.



2.4.2. Null models


2.4.2.1. Overall spatial association network

To determine the strength and direction of the spatial association patterns among our eight study species we compared the summary functions K12(r) and D12(r) of our observed patterns to that of a stochastic realizations of a null model of independent placement. We used for this purpose the toroidal shift null model (Lotwick and Silverman, 1982; Wiegand and Moloney, 2004) that keeps the spatial pattern of each species unchanged, but breaks their potential association. This is accomplished by adding a constant vector (xT, yT) to the coordinates of all individual of species 2 (but randomly drawn for each realization of the null model), and if individuals of species 2 would be displaced to locations outside the study window, they are wrapped following torus geometry. Note that departures from the toroidal shift null model can be caused by species interactions or by habitat filtering.



2.4.2.2. Small-scale interactions

To study the “pure” effects of small-scale species interactions we used a heterogeneous Poisson (HP) process with non-parametric intensity estimate as null model (Wiegand et al., 2007b; Wiegand and Moloney, 2014). This null model takes advantage of separation of scales by assuming that small-scale interactions occur at distances r < R and the environment varies mostly at distances r > R. In practice, this null model displaces each individual of species 2 to a random location within radius R, which should be selected slightly larger than the maximal range of small-scale interactions (Wiegand and Moloney, 2014). This null model therefore keeps potential habitat associations by moving the individuals to nearby locations (showing a similar environment), while removing the signatures of possible small-scale interactions at distances below R. As a result, it will selectively detect departures due to small-scale species interactions (or small-scale edaphic environmental conditions) (Wiegand and Moloney, 2014). We used a maximal displacement distance of R = 30 m.




2.4.3. Assessment of significant departures from the null models

To assess the significance of departures from a null model, we used standardized effect sizes and global envelopes with significance level of α = 0.05 (Velázquez et al., 2016; Wiegand et al., 2016; Chanthorn et al., 2018). The global envelopes indicate for each distance r the range of the summary function f12(r) that is, for a prescribed significance level α, compatible with the null model, and if the observed summary function is outside the global envelopes we have a significant departure with significance level of α. To obtain global envelopes, we calculated in a first step the standardized effect sizes SES(r) as:
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where f12(r) stands for the observed g12(r), D12(r), or K12(r). The operators E[.] and SD[.] indicate the expectation and standard deviation of the summary statistics of the null model realizations at distance r, respectively. Standardized effect sizes indicate significant departures from the null model with α = 0.05 (for one summary function and a fixed distance r) if SES(r) < –1.96 or SES(r) > 1.96, which defines a critical value G of by 1.96.

To assess significant departures based on an entire distant interval we need to use global envelopes. This is because we conduct several tests simultaneously (one for each distance bin) (Wiegand et al., 2016). To account for this, global envelopes use a critical value G larger than 1.96 that is adjusted to lead to the convenient property that the null model can be rejected with the prescribed significance level α if the observed SES(r) is for at least one distance r smaller than -G or larger than G (Wiegand et al., 2016). By back-transforming for SES(r) = -G and SES(r) = G we obtain the lower and upper global simulation envelopes E–(r) and E+(r), respectively (Wiegand et al., 2016):
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2.4.4. Determining the strength and direction of spatial associations in the network

To obtain a more complete characterization of the spatial association pattern between species (our first analysis), we used the standardized effect sizes of the two summary functions D12(r) and K12(r) (for a given distance r). To account for the multiple testing with two summary functions we used a significance level α≈ 0.025 (instead of α = 0.05 for a single summary function), which results in a critical value of G = 2.33 (instead of 1.96; Getzin et al., 2014).

We allocated each species pair within a two-dimensional classification space spanned by the x-axis P(r) = SES[D12(r)] and the y-axis M(r) = SES[K12(r)] (Wiegand et al., 2012; Wiegand and Moloney, 2014). The scheme allows for a more subtle description of the spatial association patterns than the positive—independent—negative association classification that results from using only one summary function. Apart from independence, where the null model cannot be rejected (the species is located within a box delimited by x- and y-values of −2.33, 2.33), the scheme allows for two types of positive spatial associations and two types of negative spatial associations (see Figure 3). When trees of species 2 occur at consistently lower densities than expected in the neighborhoods of trees of species 1 (i.e., P(r) < 0 and M(r) < 0) we call this negative spatial association “segregation” (the lower left quadrant of the scheme except the independence square). When trees of species 2 occur at consistently higher densities around trees of species 1 (P(r) > 0 and M(r)) > 0, we call this positive spatial association “mixing.” Finally, if spatial association patterns are heterogeneous, we may also observe cases were the mean density of trees of species 2 around trees of species 1 is higher than expected [M(r) > 0], but a notable proportion of trees of species 1 have less than expected nearest neighbors of species 2 [P(r) < 0] (“partial overlap”). A forth type (M(r) < 0; P(r) > 0) does usually not occur (Wiegand and Moloney, 2014). The strength of departures from the null model can be quantified by the length of the vector (P(r), M(r)) in the two-dimensional scheme.

We derived the interaction network for all neighborhood distances r ≤ 50 m, but used two representative distance(s) for further analyses. All analyses were performed using the Programita software package (Wiegand and Moloney, 2014) that can be requested at http://programita.org/.



2.4.5. Species traits and spatial associations

We hypothesized that the response of the species to drought stress would contribute to the spatial association patterns between species (Álvarez-Yépiz et al., 2017). To quantify such potential relationships, we conducted a principal component analysis (PCA) of eight traits, based on the 15 most abundant species (83% of the total abundance) in our plot. We broadened the PCA analysis by including seven additional species to increase the amount of differentiation among species within the plot. If more species are included into the analysis, a clearer PCA pattern should emerge (Jolliffe and Cadima, 2016) through functional dimension between traits, which could improve our inference about the underlying processes. The eight traits we used are related to different strategies to cope with drought stress and include water content (WC), vessel density (VD), vessel area (VA), specific leaf area (SLA), wood density (WD), water content–fiber saturation point (WCfsp), maximum height of tree (MH), and xylem potential hydraulic conductivity (Kh). The first two components of the PCA were used as coordinates to allocate the tree species to interpret their spatial association patterns. The PCA analysis were conducted on the standardized traits applying the prcomp() function of the factoextra package using R. All trait measurements were conducted during a short period in 2017 and were measured from the same forest stand by Instituto Humboldt, following established standard protocols (Carmona et al., 2015).





3. Results

The eight most abundant tree species (i.e., Trichilia oligofoliata, Aspidosperma polyneuron, Trichilia elegans, Machaerium capote, Astronium graveolens, Pterocarpus rohrii, Casearia sylvestris, and Trichilia pallida) accounted for 55% of the total number of tacked individuals in the plot (Table 1), and their abundance ranged between 100 individuals (T. pallida) to 750 individuals (T. oligofoliata). Size distributions based on saplings and mature individuals of M. capote, P. rohrii, C. sylvestris, T. pallida, and A. graveolens showed little skew (i.e., they comprised more individuals of large size), whereas the size distribution of the rest of the species were skewed i.e., they comprised many saplings (see Supplementary Figure B1 in Supplementary Appendix B).

The results from the PCA analyses of functional traits are summarized in the supporting information (see Supplementary Tables C1, C2 in Supplementary Appendix C). The first axis of the PCA of hydraulic functional traits accounted for 44.8% of the variance and was basically related to the water acquisition strategy with the acquisitive strategy “drought avoidance” having negative values and the conservative strategy “drought tolerant” positive values. The second axis accounted for additional 19% of the variance and was related to the stem-leaf spectrum, mostly driven by maximum tree size with larger trees having increasingly larger values.


3.1. Interaction network of spatial association patterns between species

Figure 2 shows how the types of spatial association patterns changed with spatial scale. The most notable result is that the interaction network was dominated by independent placement, accounting for more than 80% of all associations depending on spatial scale r (Figure 2). Apart from the independent type, we found at scales smaller than 13 m mostly spatial associations of the mixing type (a positive association; Figure 3A) and segregation (a negative association) peaked at 14–16 m (Figure 3B), whereas partial overlap and the type IV associations, which characterize heterogeneous spatial associations, could be neglected (Figures 2, 3; see also Supplementary Table D1 in Supplementary Appendix D, for the association type for all distances r). Significant departures almost disappeared at 25 m neighborhoods (Figure 2).
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FIGURE 2
Changes in the network of spatial association patterns among the 8 dominant species in dependence on spatial scale. Shown is the proportion of the 56 species pairs that were categorized into one of the five spatial association types at a given spatial scale r. The gray line indicates the independence type; red solid circles segregation (type 1); black solid circles mixing (type 3); the dashed gray line indicates partial overlap (type 2); and the dashed blue line type 4.
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FIGURE 3
Strength and direction of spatial association patterns among the 8 study species shown by the two dimensional classification scheme. (A,B) Shows the allocation of the 56 species pairs at small (5 m) and medium (16 m), respectively based on the P–M classification axes. Black and red solid circles represents species pairs showing mixing and segregation, respectively. The gray box indicates the area of independent placement. The scheme is spanned by the standardized effect sizes of the nearest neighbor distribution function D12(r) (P-axis) and the K-function K12(r) (M-axis).


Allocating the network of significant spatial association pattern between the 8 study species into the trait space spanned by the first two PCA axes showed that positive spatial association patterns (green arrows in Figure 4) occur mostly among species of similar (small) values of PCA2, but different values of PCA1. The species T. oligofoliata (To), the most extreme species at the PCA1 axis and an intermediate value of PCA2 played a key role in the mixing association at the 5 m scale (Figure 4A). It was involved symmetrically into 6 of the 7 positive associations. Interestingly, negative associations at both scales (red arrows) involved always the species A. polyneuron (Ap), which shows the largest value of PCA2 and an intermediate value of PCA1 (Figure 4). Six of the seven positive associations at the 5 m scale disappeared at the 16 m scale, but 5 of them showed still a non-significant tendency to positive associations (light green arrows in Figure 4B). Our eight study species were all intermediate to larger sized species with positive values of the second axis (Table 1 and Figure 4).
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FIGURE 4
Allocation of significant spatial species associations within the space spanned by the first two axes of the trait space. (A,B) Shows species associations at small (5 m) and medium (16) scales, respectively. The width of the arrows is proportional to the strength of the association. Red arrows indicate significant and negative spatial species associations of the segregation type, and green arrows significant and positive ones of the mixing type. The arrows of the species pairs go from the focal species to the second species, and species pairs with two arrows are symmetric. Transparent arrows (light green or red) are just non-significant with an association strength > 2. Gray transparent circles shows the allocation of other 7 species that were not included in this analysis because they had less than 35 large individuals.




3.2. Small-scale species interactions

The global envelope test of the HP process, which factored out the effect of habitat filtering, detected significant departure for eight species pair combinations (14% of all cases), but only 6 symmetric pairs showed interpretable departures (see Supplementary Table D2 in Supplementary Appendix D, for the results for all species pairs and distances r). The pairs T. oligofoliata vs. T. elegans and T. oligofoliata vs. P. rohrii, showed positive interactions and the pair A. polyneuron vs. P. rohrii negative interactions (Figures 5A–C, respectively). Interestingly, the two species pairs with positive interactions showed also shared habitat associations, as indicated by expected g12(r) functions above the value of 1 (gray lines in Figures 5A, B), and the species pair with weak negative interactions already showed opposed habitat associations as indicated by an expected g12(r) function below the value of 1 (Figure 5C).
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FIGURE 5
Examples of significant small-scale species interactions: (A) T. oligofoliata vs. T. elegans; (B) T. oligofoliata vs. P. rohrii; (C) A. polyneuron vs. P. rohrii. Shown are the observed pair-correlation function g12(r) in dependence of spatial scale r (dotted line), the global simulation envelopes (solid lines) and the expected g function of the heterogeneous Poisson process null model (gray line; average of the simulation of null-model). The horizontal lines give the expected g12(r) = 1 for no species interactions. The heterogeneous Poisson point process used with a bandwidth R = 30 m, and the ring width dr for the estimation of the pair-correlation function was 3 m.





4. Discussion

In this study, we performed a detailed analysis of the network of spatial association patterns among 8 dominant species in a TDF community in Colombia. More than 80% of the species pairs did not show significant spatial association patterns, and we found prevalence of positive associations at scales smaller than 13 m and prevalence of negative associations at intermediate scales that peaked at 14–16 m. We also identified two key species of the spatial association network: T. oligofoliata was involved in most positive associations at the small scales, and A. polyneuron in negative associations, mostly at intermediate scale. The two key species represent two extreme positions in the hydraulic functional trait space, and positive spatial associations tended to occur among species differing in their hydraulic spectrum, but negative associations among species differing in their stem hydraulic properties (mostly maximal size). An analysis to selectively detect effects of small-scale species interactions (by factoring our potential effects of habitat filtering) revealed that positive interactions were involved in most of the positive spatial association pattern at small scales.


4.1. Interpretations of the network of spatial association patterns

In stressful environments it is frequently assumed that positive interactions would outweigh negative interactions and influence species coexistence (Espinosa et al., 2013, 2016; McIntire and Fajardo, 2014; Gusmán-M et al., 2018). For example, Gusmán-M et al. (2018) found that 11 out of 20 species in a TDF of southern Ecuador showed evidence for facilitation, and in a TDF of northwestern Mexico evergreen species (cycad-palm) were positively associated with each other (Álvarez-Yépiz et al., 2017). Our analysis of spatial data of a dry tropical forest revealed that positive and negative associations occurred only for a relatively small proportion of species pairs, in which the two most abundant species at our plot were involved, thus determining the spatial association structure of the forest to a large extend. However, the majority of our 8 study species showed spatial association to other species (Figure 4).

The species A. polyneuron, a slow-growing, emergent (20–30 m), long-lived, shade-tolerant and evergreen tree with relatively high wood density (Lisi et al., 2008) was the key species for negative species associations at the 16 m scale. Figure 1 and Supplementary Figures B1, B2 in Supplementary Appendix B, shows that A. polyneuron comprises many large trees that are strongly spatially aggregated at distances below 10 m (Supplementary Figures E1–E4 in Supplementary Appendix E). The canopies of large trees of this species form therefore patches that reach typically some 15 m from their stems (Figure 1), which may exert strong negative competitive interactions to other species. The large height of A. polyneuron trees distinguishes them from the other species, both in competitive abilities and in their response to the microenvironment, where the generally taller A. polyneuron trees benefited most. Note that the maximal height drives the second axis of the PCA (i.e., MH in Figures 4A, B and Supplementary Table C1 in Supplementary Appendix C). The strong competitive ability of A. polyneuron at intermediate spatial scales and its ability to partially tolerate drought suggests that it uses its spatial arrangement to exploit relatively resource-rich microenvironments and edaphic factors (e.g., drainage) with high water availability, as suggested in previous studies in TDFs (Méndez-Toribio et al., 2017). The topography of our site is diverse, and ranges from undulating surface to a gently rolling slope (Supplementary Figure F1 in Supplementary Appendix F), covering three sides of the plot. Álvarez-Yépiz et al. (2017) found that evergreen and deciduous species segregated spatially in a TDF of northwestern Mexico, particularly at fine-scales, which reflects their reduced niche overlap due to their different resource-use strategies.

Trichilia oligofoliata, a hydraulically safe evergreen species with costly tissue was the key species for positive small-scale spatial associations. It is an abundant short-stature and mid-story tree species with a dense umbrella crown which can growth up to 20 m in height. Figure 1 and Supplementary Figures B1, B2 in Supplementary Appendix B, shows that T. oligofoliata comprises mostly small trees and only a few medium size trees. Interestingly, the positive small-scale interactions of T. oligofoliata to the two species T. elegans and P. rohrii were driven by the small individuals of T. elegans and P. rohrii (but not by large individuals) (Supplementary Figures G1–G3 in Supplementary Appendix G). In this forest stand, T. oligofoliata is a colonizing species (pers. obs.), explosively dispersed by birds. Thus, T. oligofoliata saplings could act spatially as a nuclei, favoring the colonization and establishment of T. elegans and P. rohrii individuals through the enhancement of microhabitat conditions leading to higher soil wetness (Soliveres et al., 2011; Espinosa et al., 2013). The shared animal seed dispersal mode with T. oligofoliata and T. elegans may additionally promote the joined placement of seeds (Pausas et al., 2006). In contrast, a nurse effect of T. oligofoliata trees may provide a moderately favorable microhabitat for the establishment of the wind-dispersed tree P. rohrii, thereby contributing to its spatial distribution structure. Finally, the lack of positive associations of saplings of T. oligofoliata with individuals of A. graveolens, the third species with strong positive spatial associations (Supplementary Figure G2 in Supplementary Appendix G), suggests that these two species show a shared medium to larger-scale habitat associations.

Besides of existence of the two key species that were involved into most spatial species associations, the predominant association type in this forest was independent placement that occurred in the large majority of the species pairs at all spatial scales. This finding is in agreement with spatial analyses in species rich forests and shrublands (e.g., Wiegand et al., 2007a,b; Perry et al., 2014; Punchi-Manage et al., 2015; Wang et al., 2016; Chacón-Labella et al., 2017), an analysis in a TDF (Espinosa et al., 2016), and the assumption of independent placement of species in many biodiversity theories (McGill, 2010). Independence may also occur due to statistical reasons that hinder detection of potential associations because individuals of the two rare species will occur rarely close to each other (Wiegand et al., 2007b). Additionally, the placement of two species is conditioned by other species which are not accounted for in pairwise analyses, and high stochasticity in the species composition in the neighborhood of individuals of a given species may blur patterns generated by facilitative or competitive interactions and may not allow for emergence of directed and detectable pairwise species associations (Wang et al., 2016).

Nevertheless, our results should be considered as a first approximation, because we do not have replicates (located in close proximity) to test these assertions. Similarly, because of the limited number of species (8) analyzed here, albeit the most abundant ones, we caution its representativeness in shaping the assembly of the full community.




5. Conclusion

In this study we analyzed the spatial association patterns between eight dominant species in a TDF stand. We found that two key species structure the species associations, a small-stature drought-tolerant pioneer was positively associated at the small scale with several other species, whereas an emergent (20–30 m) long-lived shade-tolerant species was mainly involved in negative associations. These two key species followed the same extreme strategy of drought tolerance, as shown by the visualization of the spatial species associations in the trait space (Figure 4). This is an interesting pattern not unexpected for a forest community subject to seasonal drought stress, which requires further investigations, especially with respect to interactions with other pattern generating processes such as vegetative propagation, animal seed dispersal and microhabitat heterogeneity. However, the majority of all species pairs were characterized by patterns of independent placement. In light of these characteristics, our results suggest the need of future experiments designed to examine the possibility that other environmental factors (e.g., topographic attributes) may exert an effect on tree community assembly.
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Functional traits

No. | Species Total # of # of Dispersion | Conservation LDMC SLA Kh VD VA
trees | saplings | matures | agent status (mgg=1)  (mm?gY (kgMPa~l) | (mm?)  (um?)

1 Trichilia oligofoliata 750 680 70 Animal EN-ENDEMIC 4222 77 5.6 202.9 4782 0.78 0.61 8.8
2 Aspidosperma polyneuron 199 105 94 Wind EN (ENCP) 403.1 9.0 16.0 185.0 870.0 0.70 0.76 18
3 Trichilia elegans 177 131 46 Animal N/A 424.4 77 11.5 174.6 714.0 0.69 0.79 116
4 Machaerium capote 140 75 65 Wind NE 404.8 14.0 18.3 37.1 1966.3 0.66 0.86 122
5 Astronium graveolens 139 57 82 Animal LC 403.2 14 41.1 64.6 2076 0.71 0.75 17.2
6 Pterocarpus rohrii 129 70 59 Wind NT 4145 8.4 19.8 40.4 2017.7 0.63 092 15.6
7 Casearia sylvestris 104 69 35 Animal NE 427.6 12.0 7.0 263.9 389.5 0.74 0.68 14.6
8 Trichilia pallida 100 61 39 Animal NE 427.3 11.0 6.0 80.7 674.4 0.67 0.83 14.1
9 Mayna odorata 422 422 = N/A EN 419.6 113 2.0 97.1 3615 0.72 071 7.0
10 | Bauhinia petiolata 246 246 = N/A NE 526.4 8.4 8.8 91.8 911.6 0.80 0.58 8.0

Hippocratea volubilis 190 190 - N/A NE 417.8 9.9 113.5 96.4 2081.4 0.65 0.86
12 | Swartzia trianae 120 120 - N/A NE 457.6 123 10.3 56.2 1078.4 0.76 0.65
13 | Eugenia procera 86 86 - N/A NE 444.0 9.6 3.2 159.8 42422 0.79 0.59 8.8
14 | Machaerium sp6 69 69 = N/A NE 4573 9.0 29.8 36.0 22186 0.63 091 11.7
15 | Trichilia carinata 64 64 - N/A NE 374.1 93 49 126.0 6323 0.77 0.61 92
- Total 2935 2445 490 - = = - = — - - —~ -

The table shows total number of trees, number of saplings, number of matures, dispersion agent, conservation status, and trait values of leaf dry matter content (LDMC), specific leaf area (SLA), vessel density (VD), xylem potential hydraulic conductivity (Kh), vessel area
(VA), wood density (WD), water content (WC), and maximum height (MH). Categories of red list for IUCN and Colombia: Endangered (EN); Vulnerable (VU); Least Concern (LC); Not Evaluated (NE); Near Threatened (NT); Not Available (N/A); National Strategy
for Plant Conservation [in Spanish: Estrategia Nacional de Conservacién de Plantas (ENCP)].
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