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A B S T R A C T 

We assessed whether the relative importance of positive and negative interactions in early successional 
communities varied across a large landslide on Casita Volcano (Nicaragua). We tested several hypotheses 
concerning the signatures of these processes in the spatial patterns of woody pioneer plants, as well as 
those of mortality and recruitment events, in several zones of the landslide differing in substrate stability 
and fertility, over a period of two years (2001 and 2002). We identified all woody individuals with a 
diameter >1 cm and mapped them in 28 plots measuring 10 x 10-m. On these maps, we performed a 
spatial point pattern analysis using univariate and bivariate pair-correlation functions; g (r) and gi2 (r), 
and pairwise differences of univariate and bivariate functions. Spatial signatures of positive and negative 
interactions among woody plants were more prevalent in the most and least stressful zones of the 
landslide, respectively. Natural and human-induced disturbances such as the occurrence of fire, removal 
of newly colonizing plants through erosion and clearcutting of pioneer trees were also identified as 
potentially important pattern-creating processes. These results are in agreement with the stress-gradient 
hypothesis, which states that the relative importance of facilitation and competition varies inversely 
across gradients of abiotic stress. Our findings also indicate that the assembly of early successional plant 
communities in large heterogeneous landslides might be driven by a much larger array of processes than 
previously thought. 

1. Introduction 

The stress-gradient hypothesis predicts that the relative impor
tance of positive and negative interactions in plant communities 
varies inversely across gradients of abiotic stress (Bertness and 
Callaway, 1994). These two types of processes also have a marked 
effect upon the spatial patterns of surviving, dead and recruited 
plant individuals (Schenk et al., 2003; Malkison and Kadmon, 
2007). 

In highly stressful environments such as semi-arid shrublands 
or savannas (Callaway et al., 2002), and high-mountain plant 
communities (Fajardo et al., 2008), the presence of neighbours 
around focal plants usually ameliorates environmental conditions. 

These positive interactions lead to aggregated distributions of in
dividuals (Schleicher et al., 2011). In sites subjected to vegetation 
recovery, aggregated patterns become more evident as a conse
quence of the greater significance of positive interactions over the 
first few years of succession (Felinks and Wiegand, 2008). More
over, facilitation usually generates spatial patterns characterised by 
a high degree of aggregation, on one hand, among dead individuals 
and on the other hand, among surviving ones (Malkison and 
Kadmon, 2007). Facilitation also generates higher pre-mortality 
densities around surviving individuals than around dead ones (i.e. 
density-dependent survival; Raventos et al., 2010). The first colo
nizers may also facilitate the establishment of individuals arriving 
subsequently by increasing substrate stability, capturing plant 
propagules and creating fertility islands with higher water and 
nutrient contents (Walker and del Moral, 2003). All these processes 
create positive spatial associations (i.e. attraction) between estab
lished and newly recruited individuals (Felinks and Wiegand, 
2008). 
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Fig. 1. Study area: (A) Landslide on Casita Volcano (Nicaragua) showing contour lines, the seven subzones based on abiotic heterogeneity (fertility and geomorphologic stability) 
and landscape context: erosional (El, E2 and E3, light grey), depositional (Dl and D2, dark grey) and transitional (Tl and T2, medium-dark grey); and the location of sampling plots 
(black squares) in which all woody individuals > 1 cm diameter were mapped to the nearest centimetre. (B) Individual maps of seven 10 x 10 m plots representative of the different 
subzones of the Casita Volcano landslide (Nicaragua). Symbols represent survivor (circles), dead and recruit (down- and up-pointing triangles, respectively) individuals during the 
2001 —2002 period. Symbol sizes are proportional to individual heights (m). The first and the second dominant species in each plot are indicated by black and grey dots, respectively. 
The dominant species in each plot are: Eld = Wigandia urens and Trema micrantha, E2d = W. mens and Melanthera nivea, E3d = W. mens, Dla = Cuazuma ulmifolia and Muntingia 
calabura, D2c = T. micrantha and W. urens. Tic = Desmodium nicaraguense and T. micrantha, and T2d = D. nicaraguense and Indigofera guatimalensis. 

Conversely, in less stressful environments, where competition 
usually prevails, plant individuals are regularly spaced (Schenk 
et al., 2003; Moustakas et al., 2008), and these regular patterns 
become more evident over time (Stoll and Bergius, 2005). Negative 
interactions also cause aggregated patterns of dead individuals 
(Jacquemyn et al., 2010), and repulsion or segregation between 
these and surviving individuals (Raventos et al., 2010, 2012). 
Moreover, in tree stands located on fertile sites, resource acquisi
tion is rapid and mortality of individuals increases in the proximity 
of neighbours, which create non-random patterns of density-
dependent mortality (Yu et al., 2009; Raventos et al., 2010). 

The stress-gradient hypothesis, however, does not always apply 
(Callaway and Pugnaire, 2008). In stressful environments, patchy 
distribution of soil resources may lead to aggregated spatial pat
terns without necessarily involving positive interactions among 
plants (Barot and Gignoux, 2003). In this case, the spatial signature 
of mortality will not be affected by proximity of surviving in
dividuals, but rather by additional processes (Getzin et al., 2006). 
Moreover, when resources are heterogeneously distributed in 
space, survival of individuals with better access to them will be 
disproportionately favoured in relation to the neighbouring plants 
(i.e. asymmetric contest competition; Colasanti and Hunt, 1997). This 
process will generate spatial patterns of attraction between dead 
and surviving individuals (Jacquemyn et al., 2010; Raventos et al., 
2010). 

Changes in the spatial patterns resulting from the relative 
importance of positive and negative interactions in plant commu
nities have mostly been analyzed across gradients of abiotic stress 
in semi-arid (e.g. Malkison and Kadmon, 2007) and high-mountain 
(e.g. Fajardo et al., 2008) ecosystems of temperate latitudes, but to 
our knowledge, not in landslides. However, landslides appear to 
constitute highly adequate sites for testing predictions of the stress 
gradient hypothesis. Landslides are heterogeneous disturbances that 
comprise zones differing significantly in fertility and geo
morphologic stability (Restrepo et al., 2009). Pathways of ecological 
succession differed greatly among these zones (Walker et al., 1996). 
In the upper or erosional zones, where original soil and vegetation 
are entirely removed, germination, establishment and survival of 
woody pioneers are severely limited by patchy distributions of soil 
resources (Fetcher et al., 1996). Once established, however, early 
successional woody plants can facilitate the establishment of late 
successional ones by increasing soil nutrient and organic matter 
contents (Shiels et al., 2006; Walker et al., 2013), and decreasing the 
cover of forbs (Walker et al., 2010b). In the lower or depositional 
zones, which have a rich biological legacy consisting of the original 
soils and heterogeneous mixtures of broken plant parts, seeds, and 
rock fragments from the upper zones, there is often competition for 
light among pioneer trees and shrubs during early succession 
(Velazquez et al., 2009b). On large landslides it is also possible to 
distinguish marked transitional zones through which the landslide 



mass flowed and in which successional trajectories are highly un
predictable (e.g. Francescato et al., 2001). 

In the present paper, we assess whether spatial point patterns of 
pioneer woody plants vary between the different zones of a large 
landslide on Casita Volcano (Nicaragua), reflecting the occurrence 
of positive and negative interactions in the most and least stressful 
sites, respectively. On this landslide, during the first four years 
following disturbance (1999—2002), successional changes differed 
greatly among erosional, depositional and transitional zones 
(Velazquez and Gomez-Sal, 2008, 2009a). In the erosional zone, 
plant communities were dominated by small shrubs and tree sap
lings, and soil nutrient content was identified as the main driver of 
change in species richness and composition. In contrast, the 
depositional zone was rapidly colonized by pioneer trees, which 
attained a relatively large size. In the transitional zone, early suc
cessional communities experienced a noteworthy change in species 
composition as a result of fires started by peasants from the nearby 
zones, which spread into the area affected by the landslide. Post-
fire colonization of new opportunistic species usually causes dra
matic changes in the spatial patterns of plant communities, 
increasing either aggregation or regularity (Rebertus et al., 1989). 
Repulsion between the spatial patterns of these species may also 
arise as a consequence of negative interactions among them (De 
Luis et al., 2008). 

In particular, we tested four ecologically informed, a-priori hy
potheses; (1) In the erosional zones, positive interactions will 
prevail, causing several spatial signatures; aggregated patterns of 
woody plants, an increase in their spatial aggregation over time, 
aggregation within surviving individuals, spatial segregation 
among dead and surviving individuals, and a larger number of total 
neighbours around surviving individuals than around dead ones; 
i.e. density-dependent survival. We also expect new recruits to be 
spatially attracted to surviving individuals. Alternatively, in the 
erosional zones (2), spatial patterns of mortality of pioneer woody 
plants may be determined by a patchy distribution of soil resources. 
In this case, mortality will be higher where resources are less 
available, and the spatial patterns of dead individuals will not be 
affected by those of surviving ones, but rather by other, additional 
patterns. Moreover, in the erosional zones, (3) asymmetric contest 
competition may lead to spatial patterns of attraction between 
surviving and dead individuals. In the depositional zones, where 
availability of soil resources is higher and these are more homo
geneously distributed than in the erosional zones, (4) prevalence of 
competition will cause regular patterns among colonizing plants, 
an increase in this regularity over time, and a larger number of total 
neighbours around dead individuals than around surviving ones; 
i.e. density-dependent mortality. In the transitional zones, (5) there 
will be big changes in the spatial patterns of plant communities and 
repulsion between those of the dominant colonizing species may 
also arise. 

2. Materials and methods 

2.1. Study site 

The present study was conducted on a landslide situated on the 
Casita Volcano (12°41' N; 85°57' W). This landslide was triggered 
by an exceptional rainfall event (500 mm in 24 h) on 30 October 
1998, during Hurricane Mitch, and exhibits an altitude range of 
150—1350 m a.s.l., an area of 11.21 km2, and a complex geo-
morphology (Kerle et al., 2003). The landslide is surrounded by a 
highly heterogeneous landscape dominated by remnants of tropical 
dry forests within an agricultural matrix. The area is densely 
populated (172 habs./km2) and human activities such as hunting, 

and burning and clearing of vegetation are common (Velazquez and 
Gomez-Sal, 2007). 

During a pilot study in September 1999, we identified the three 
major zones in the landslide; erosional (E), depositional (D) and 
transitional (T). These zones reflected the uppermost and steepest 
area where the landslide began, the lowermost and flattest area 
where the landslide mass settled, and the moderately steep area 
through which the landslide mass flowed, respectively (Martin 
et al., 2002). Based upon the adjacent vegetation in each zone, we 
also identified three subzones within the erosional zone (El, E2 and 
E3) and two within both the depositional (Dl and D2) and transi
tional (Tl and T2) zones (Fig. 1). These subzones varied greatly with 
regard to slope, soil texture, nutrient contents, and species 
composition and diversity of woody pioneer communities 
(Velazquez and Gomez-Sal, 2008). The erosional zone was domi
nated by shrubs such as Wigandia wens and Melanthera nivea, and 
saplings of the pioneer tree Trema micrantha. The depositional zone 
was dominated by stands of juvenile individuals of the latter spe
cies, as well as Muntingia calabura, reaching up to 2—5 m height and 
with a crown diameter of 0.5—1 m. These stands were particularly 

Table 1 
Total numbers of woody plant individuals, rates of survivorship, mortality and 
recruitment, and dominant species in the erosional (El, E2 and E3), depositional (Dl 
and D2) and transitional (Tl and T2) subzones of the landslide on Casita Volcano 
(Nicaragua). Rates of survivorship, mortality and recruitment are calculated based 
on the total number of individuals per subzone. Proportions of the total number of 
surviving, dead and/or recruited individuals making up each dominant species are 
also indicated. 

Subzone Total number Rate of Rate of Rate of Dominant 
of individuals survivorship mortality recruitment species3 (%) 

(%) (%) (%)  

El 289 36.7 25.7 45 Wigandia mens 
(52.2, 51.8, 
20.1) 
Trema 
micrantha (25, 
33.4) 

E2 225 40.2 37.7 21.3 Wigandia mens 
(47.7, 56.9) 
Melanthera 
nivea (20.5, 
12.5) 

E3 63 15.8 28.1 56.1 Wigandia mens 
(69.7, 19.2, 
46.1) 
Verbesina 
turbacensis (6.9, 
29.9) 

Dl 116 29.7 44.4 25.9 
D2 275 54.8 32.5 53.7 Trema 

micrantha (86.4, 
27.6) 

Tl 214 26.5 33.7 46.4 Desmodium 
nicaraguense 
(46.7) 
Desmodium 
incanum 
(39.51) 

T2 534 14.7 12.4 72.9 Desmodium 
nicaraguense 
(49.9) 
Indigofera 
guatimalensis 
(477) 

a In the erosional subzones (El, E2 and E3); proportions (%) of surviving, dead and, 
when present, recruited individuals with regard to total number of individuals. In 
the depositional subzone D2; proportions of surviving and dead individuals. In the 
transitional subzones (Tl and T2); proportions of recruited individuals. In deposi
tional subzone Dl there were no species comprising both, surviving and dead 
individuals. 
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dense in subzone D2. In subzone Dl, from 2001 to 2002, some in
dividuals of I micrantha were felled. During this period, fires star
ted by local farmers spread into subzones Tl and T2, burning the 
existing vegetation, and enhancing the spread of the shrubs Des-
modium nicaraguense and Indigofera guatimalensis. 

2.2. Sampling 

In the year 2000, in each of the seven subzones, we established a 
long-term permanent 10 x 10 m plot and in 2001 we added three 
additional 10 x 10 m plots (each assigned a letter, a through d) to 
each subzone. This plot size is adequate for study of spatial patterns 
of regeneration (Fajardo and Alaback, 2005) and early succession 
(Rice et al., 2012) because, in the plant communities in which these 
two processes are ongoing, there is a large abundance of shrubs and 
tree saplings and plant—plant interactions occur mostly at small 
spatial scales. In 2001, 2002 the study included 28 total plots. In 
these two years, at the end of the rainy season (October to 
December), within each plot, we identified to the species level and 
mapped to the nearest centimetre all woody individuals > 1 cm 
diameter, with the use of a measuring tape. On the resulting point 
maps we considered as surviving, dead and recruited woody in
dividuals, all those that survived, disappeared and appeared from 
one year to the next, respectively (Malkison and Kadmon, 2007). 
Species taxonomy and nomenclature follow Stevens et al. (2001). 

2.3. Spatial point pattern analysis 

To assess the spatial signature of the processes of interest in the 
subzones of the landslide on Casita Volcano between 2001 and 
2002, we performed different spatial point pattern analyses on 
point maps obtained in each plot (Wiegand and Moloney, 2004). In 
particular, we used summary statistics based on univariate Ripley's 
K (r) functions (Dixon, 2002), and univariate and bivariate pair-
correlation functions, g (r) and gu (r) (Stoyan and Stoyan, 1994). 
The univariate pair-correlation function g (r) can be defined as the 
expected density of points in a ring whose radius is r and whose 
width is dw, centred on an arbitrary point, divided by the intensity A 
of the point pattern (i.e. number of points per unit area). The 
bivariate pair-correlation function gi2 (r) describes the spatial re
lationships between two patterns (represented by subscripts 1 and 
2) and can be defined as the expected density of pattern 2 points in 
a ring whose radius is r and whose width is dw centred on an 
arbitrary pattern 1 point, divided by the intensity X2 of pattern 2. 

Before studying changes in spatial point patterns of woody plant 
individuals, we first assessed (and where necessary, corrected for) 
the occurrence of heterogeneity in the point patterns. Occurrence 
of heterogeneity may confound the spatial signatures and condi
tions the choice of an appropriate null model for analysing the 
processes of interest (Wiegand and Moloney, 2004). To this end, we 
computed univariate K-functions for each plot and compared them 
with the expectations of a null model of Complete Spatial 
Randomness (hereafter; CSR). Heterogeneity was identified by the 
presence of virtual aggregation, which is defined by significant and 
continuous positive deviations of CSR in a wide range of spatial 
neighbourhoods (Wiegand et al., 2007). We detected virtual ag
gregation in an appreciable number of plots (Table SI); 

consequently, in all of them, we tested the empirical g-function 
against a heterogeneous Poisson process (hereafter; HPP) (Getzin 
et al., 2006). According to this null model, the intensity A of the 
point pattern is not constant, but rather varies with location (x,y) 
throughout the plot. The HPP is implemented by means of a circular 
moving window estimate (XR) of the intensity function. According 
to this, a provisional point is placed in a random location within the 
study area, and this point is only retained with a probability given 
through XR (x,y). The process is repeated until n points are distrib
uted (Wiegand and Moloney, 2004). This is basically a kernel esti
mate with a fixed bandwidth R which represents the radius of the 
circular moving window (Bailey and Gatrell, 1995). In ecological 
terms, such fixed bandwidth represents the maximum distance at 
which second-order effects (i.e. resulting from plant—plant in
teractions) played a more significant role than that of first-order 
effects, caused by environmental heterogeneity, in determining 
the spatial point patterns of woody pioneer plants (Getzin et al., 
2006). Plants usually interact with their neighbours up to a 
maximum distance of 2—2.5 m, coinciding with their zones of 
resource depletion (Casper et al., 2003), but in some semi-arid 
shrubs these zones can extend well up to 5 m and beyond (Hartle 
et al., 2006). Moreover, in many plots of the Casita Volcano land
slide, the influence of habitat preferences in the spatial patterns of 
woody pioneer plants might appear between 5 and 10 m, due to 
their marked plot-scale abiotic heterogeneity (Velazquez, 2007; 
Velazquez and Gomez-Sal, 2008). Therefore, we finally considered 
a fixed bandwidth of R = 5 m. 

When testing against the HPP null model, values of g (r) above 
the simulation envelopes indicate significant spatial aggregation at 
neighbourhoods of radius r. Conversely, values of g (r) lower than 
the envelopes are indicative of significant regularity. 

To test our predictions regarding the effects positive and nega
tive interactions upon the spatial patterns of dead and surviving 
individuals (hereafter mortality analyses), we considered several 
summary statistics. To detect spatial aggregation in the pattern of 
both dead (subscript 1) and surviving (subscript 2) individuals 
(Hypothesis 1), we used summary statistics gn (r) and £22 (r), 
respectively (Raventos et al., 2010, 2012). If any of these functions 
are above the simulation envelopes in neighbourhoods of radius r, 
either dead or surviving individuals will show significant aggre
gation. If values are below, dead or surviving individuals will show 
significant regularity. To detect attraction or segregation between 
dead and surviving individuals (Hypotheses 1—3), we used the 
summary statistic gu (r) (i.e. bivariate pair correlation function; 
Jacquemyn et al., 2010; Raventos et al., 2010). When the patterns of 
dead and surviving individuals show attraction or segregation at 
the spatial scale r, the values of gi2 (r) are above or below the 
simulation envelopes, respectively. To detect the occurrence of 
density-dependent survival or mortality (Hypotheses 1 and 4, 
respectively), we used the test gy+2 (r)—£2,1+2 (x) (Yu et al., 2009; 
Raventos et al., 2010). Values of this summary statistic below the 
simulation envelopes indicate that survivorship occurs preferen
tially in areas with high pre-mortality density at the spatial scale r 
(i.e. density-dependent survival). Conversely, values of this func
tion above the simulation envelopes will indicate the opposite 
pattern; density-dependent mortality. To evaluate whether mor
tality of individuals in the erosional zones is influenced by plot-



scale abiotic heterogeneity (Hypothesis 2), we used the differences 
gi2 (r)—gn M and g2i (r)— &2 (r) as summary statistics (Getzin et al., 
2006). If patchy distribution of soil resources is influencing mor
tality of individuals, there will be an additional pattern within the 
dead individuals, independent from the pattern of surviving in
dividuals. In this case, the number of dead individuals around 
surviving ones will be similar to the number of surviving in
dividuals around other surviving ones; g2i (r)—gn (r) = 0. However, 
the number of dead individuals around other dead ones will be 
higher than the number of survivors around dead individuals; g\i 
(r)-gn (r) < 0 (Getzin et al., 2006; Jacquemyn et al., 2010). 

We tested all these summary statistics against a null model of 
random labelling (Goreaud and Pelissier, 2003). This null model 
considers a marked point pattern with two marks or labels (in this 
case, dead and surviving individuals), and its basic purpose involves 
establishing whether the process distributing the labels was 
random, and characterising potential departures from random 
labelling. A significant departure from the null model indicates 
non-random mortality, and use of the aforementioned summary 
statistics provides us with insights into the factors driving 
mortality. 

To study the occurrence of facilitation processes between sur
viving and newly recruited individuals in the erosional zones 
(recruitment analyses, Hypothesis 1), we tested the gi2 (r) function 
against a null model of independence (Goreaud and Pelissier, 2003). 
This null model assumes that the two point patterns considered (1 
and 2) are generated by independent processes; i.e. different 
colonization events for newly recruited (subscript 1) and surviving 
(subscript 2) individuals. Values of gi2 (r) above and below the 
simulation envelopes indicate, respectively, attraction and repul
sion between these two patterns (He and Duncan, 2000). 

In each plot, we tested our hypotheses 1 to 4 at community level 
(i.e. considering all woody plants regardless of their specific iden
tity), but we also addressed them at population level (i.e. consid
ering only individuals of the most abundant species in each 
subzone; Appendix B, Figs. SI to S4). To determine the existence of 
negative interactions between the species that invaded transitional 
zones after fire, we first selected the two most dominant species 
(i.e. those with a higher proportion of recruited individuals with 
regard to the total) colonizing each transitional subzone in 2002. 
Thus, we focused on the interactions between Desmodium incanum 
and D. nicaraguense, and between D. nicaraguense and 
/. guatimalensis, because they comprised the largest number of 
recruited individuals (Table 1). We restricted the analyses of these 
two pairs of species to plots Tic and T2d, respectively, because they 
were the plots in which each one of these pairs of species was 
present. 

As the number of woody plants was very low in many plots, to 
increase the statistical power of our spatial analyses, we combined 
results from all four plots in a master pair correlation function per 
subzone by means of the aggregation method proposed by Mian 
et al. (2008) (Appendix A). According to this method, we 
assumed that the patterns in each of the four plots were inde
pendent samples or "replicates" from a larger pattern per subzone 
(Law et al., 2009). Additionally, this approach enabled us to make 
inferences in relation to whole subzones rather than merely 
describing the spatial patterns of individual plots (Schenk et al., 
2003; De Luis et al., 2008). 

Significant departures from null models of CSR, HPP, random 
labelling and independence were evaluated by means of the 5th-
lowest and the 5th-highest values of 999 Monte Carlo simulations 
in order to generate 99% simulation envelopes, up to r = 5 m (i.e. 
the maximum scale at which plant—plant interactions occur). We 
examined the significance levels of the simulation envelopes 
employing the Goodness-of-fit test proposed by Diggle (2003), 

which gives a summary statistic u,- representing the total square 
deviation between the observed and expected patterns across the 
distance interval of interest (r = 5 m in this case; Loosmore and 
Ford, 2006). All analyses were performed with the grid-based 
software Programita for point pattern analysis (Wiegand and 
Moloney, 2004). 

3. Results 

Subzones T2, El and D2 showed (in this order) the largest 
number of individuals. Subzone D2 also presented the highest rates 
of survivorship. Rates of mortality and recruitment were very high 
in all subzones, with the exception of T2 and E2. Subzones Dl and 
E2 exhibited the highest rates of mortality, whereas the highest 
rates of recruitment appeared in T2 and E3 (Table 1). 

Analyses in 2001 of changes in spatial point patterns at com
munity level in the different subzones of the landslide (Fig. 2) 
revealed significant regularity at small spatial scales in subzones E2 
and D2, and significant aggregation in El. The other subzones 
showed random patterns. In 2002, these random patterns became 
significantly aggregated in E3, Tl and T2. Significant regularity 
persisted in E2 and D2 and significant aggregation in neighbour
hoods of up to r < 1.3 m persisted in El. In subzone El we also 
detected significant regularity at intermediate scales. 

As for mortality analyses, the spatial pattern of both dead and 
surviving individuals was completely random in all subzones 
except in El (Fig. 3). Herein, both dead and surviving individuals 
showed significant aggregation up to r < 0.5 and 1 m, respectively 
(Fig. 3A). Dead and surviving individuals, however, were signifi
cantly segregated within neighbourhoods of r < 2 m (Fig. 3B). 
Summary statistics g12 (r)-gn (r) and g2i (r)-g22 (r) were both 
below the simulation envelopes (Fig. 3C), a fact that indicates that 
dead and surviving individuals are surrounded by individuals of the 
same type in greater abundance than by individuals of the other 
type. This indicates that there was no additional pattern affecting 
mortality of individuals. More importantly, values of the summary 
statistic gi,i+2 {r)—g2,i+2 (r) were also below the simulation enve
lopes, which indicates density-dependent survival (Fig. 3D). 

Recruitment analyses performed in erosional zones showed 
segregation between recruited and surviving individuals in El and 
E3, but not in E2 (Fig. 4A). Analyses of species interactions in the 
transitional subzones showed independence between spatial pat
terns of D. incanum and D. nicaraguense in Tic, and segregation 
between individuals of D. nicaraguense and /. guatimalensis up to 
0.5 m in T2d (Fig. 4B). 

4. Discussion 

4.1. Erosional subzones 

Some of the results obtained in erosional subzones clearly point 
toward positive interactions as the pattern-creating process, as 
predicted in our first hypothesis. The aggregated patterns found in 
subzone El are similar to those observed in other stressful envi
ronments such as semi-arid shrublands (Rayburn et al., 2011) and 
savannas (Schleicher et al., 2011), and high-mountain communities 
(Fajardo et al., 2008). We also detected an increase in aggregation 
over the study period, as found by Malkison and Kadmon (2007), 
and Felinks and Wiegand (2008) in early successional communities. 
On the contrary, we found that the pattern of new recruited in
dividuals was independent of (subzone El), or showed repulsion to 
(subzones El and E3), surviving individuals (Fig. 4 and S4). Lopez 
et al. (2010) found similar patterns of repulsion between juvenile 
cacti and adult shrubs in the Bolivian Prepuna and explained these 
results by the high predictability of rain in this ecosystem. In arid 
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Fig. 3. Mortality analyses at community level in subzone El of the landslide on Casita Volcano (Nicaragua), from 2001 to 2002, using a master pair correlation function g (r) (Mian 
et al., 2008), under a null model of random labelling. Subscripts 1 and 2 represent dead and surviving woody plants, respectively. The figure shows the different summary statistics 
employed to test for (A) spatial aggregation within both dead [gn (r)] and surviving [g22 (r)] individuals, (B) attraction vs. segregation between dead and surviving individuals [g12 

(r)], occurrence of (C) additional patterns explaining the aggregated patterns of dead individuals [gi2 (r)—gn (r) and g2i (r)—g22 (r)], and (D) occurrence of density-dependent 
mortality [gii+2 (r)—g2,i+2 (r)]- Bold black and grey lines indicate the value of the observed and expected summary statistics, respectively, and thin black lines indicate the 5th 
highest and 5th lowest values of the summary statistic taken from 999 simulations of the null model (i.e. the simulation envelopes). At the top right of each panel, the values of the 
summary statistic ti;, given by the goodness-of-fit tests (Diggle, 2003) across the entire range of distances up to r = 5 m, are shown together with their statistical significance; 
**P < 0.001, *P < 0.05. 

and semi-arid areas precipitation is generally highly variable in 
time and space and regulates germination and establishment of 
seedlings, which require facilitation by adult plants (Schwinning 
et al., 2004). In the Bolivian Prepuna, however, annual rainfall is 
relatively predictable, which contributes to providing less stressful 
conditions and gives new seedlings the possibility of germinating in 
open spaces (Lopez et al., 2010). The same explanation may apply 
for the repulsion patterns between surviving and recruited in
dividuals found in the erosional zones of the Casita Volcano land
slide. In these zones substrates are infertile and harsh, but the 
landslide is located in a region of dry tropical climate which re
ceives 1250 mm of highly predictable, average rainfall from May to 
November (INETER, 2005). Our results therefore indicate that re
cruits of woody pioneer species within the erosional zones are 
capable of establishing in open spaces without requiring facilitation 
from plants already established. 

Moreover, the results of mortality analyses in subzone El clearly 
showed that the likelihood of survival of an individual is signifi
cantly greater within high-density clumps (Fig. 3C). All these facts 
suggest that in subzone El, positive interactions occur among 
surviving (i.e. already established) woody plants. In harsh sites, 
facilitative effects in the neighbourhood of established individuals 
could result from (i) a reduction of temperature and evapotrans-
piration extremes by shading (Haase, 2001), (ii) an improvement of 
soil nutrient status by accumulation of litter and the subsequent 
enrichment of soil organic matter (Walker and del Moral, 2003), 
(iv) a retention of woody seedlings (i.e. physical barriers sensu 
Francescato et al., 2001), and (v) a reduction of weed species cover, 
which can favour the establishment of late-successional species 
(i.e. indirect facilitation sensu Walker et al., 2010b). Facilitation by 
shading leads to a clear directionality in the spatial associations 
among woody plants (Haase, 2001), and these patterns were not 
observed in subzone El (E. Velazquez, pers. obs.). Additionally, 
patterns of density-dependent survival were detected up to 1 —2 m 

(Fig. 3 and S2), that is, up to much larger spatial scales than those 
occupied by the crowns of the shrubs and tree saplings occurring in 
this subzone. The two dominant species in this subzone, W. wens 
and I micrantha, which also comprised the highest proportion of 
established and dead individuals (Table 1), both present erect in
dividuals and therefore do not possess the appropriate architec
tural characteristics to act as physical barriers (Felinks and 
Wiegand, 2008). These two species, however, have a high litter-
fall production and their leaves present high contents of nutrients 
such as Mn and Cu, which are not very abundant in harsh sites 
(Valencia-Duarte, 2012; da Trindade and Coelho, 2012). All these 
facts suggest that in subzone El, where nutrient concentrations 
were extremely low (Velazquez and Gomez-Sal, 2008), the 
observed patterns of density-dependent survival in El might result 
from the development of fertility islands (sensu Walker and del 
Moral, 2003) around established individuals of W. wens and 
I micrantha, which facilitate the establishment of individuals of 
these and other species through soil nutrient improvement. This 
hypothesis is supported by the spatial patterns of significant ag
gregation at small scales and regularity at intermediate scales 
observed in El in 2002 (Fig. 2), which indicates the existence of 
clearly differentiated clusters (T. Wiegand, pers. comm.), which is 
also supported by the fact that, at small spatial scales dead in
dividuals were aggregated, as were survivors (Fig. 3A), but both 
groups were segregated from each other (Fig. 3B). 

The spatial patterns in subzones E2 and E3 do not indicate 
facilitative effects among established woody individuals. In sub-
zone E2, regular patterns persisted over the 2001—2002 period. 
This subzone presented a steep slope (Velazquez and Gomez-Sal, 
2008), which has a highly negative influence on colonization of 
woody plants on landslides (Walker et al., 2013) by its association 
with post-landslide erosion (Walker and Shiels, 2008). Therefore, 
the continuation of regular spatial patterns in this subzone over the 
study period might be due to removal of early colonizing 
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propagules through erosion, which was also likely to cause sudden 
and unexpected changes in species composition and diversity of 
woody plant communities between 1999 and 2001 (Velazquez and 
Gomez-Sal, 2008). Moreover, according to our results, patchy dis
tributions of soil resources might have affected spatial patterns of 
mortality of W. wens individuals in this subzone (Fig. S3C). The high 
mortality rate in E2 (Table 1) and the strong variations in soil 
nutrient contents among plots of this subzone (Velazquez and 
Gomez-Sal, 2008, 2009a) provide support for this hypothesis. 
Conversely, in E3 recruitment was much more marked than mor
tality over the 2001—2002 period (Table 1). This subzone was 
colonized later than El and E2 (Velazquez and Gomez-Sal, 2007, 
2008) and the increase in aggregation detected over the study 
period was strongly determined by the aggregated patterns of W. 
mens, which comprised the largest proportion of recruited in
dividuals (Table 1, Fig. SI). 

4.2. Depositional subzones 

With regard to depositional subzones, prevalence of regular 
patterns (Fig. 2) point toward negative interactions among woody 
plants in D2, as we predicted in our fourth hypothesis. However, in 
this zone mortality was a random event (Goreaud and Pelissier, 
2003). Moreover, the similarity between results at community 
and population level in subzone D2 (Fig. 2 and SI) suggests that 

mortality patterns are strongly driven by intra-specific competitive 
effects among individuals of the dominant species T. micrantha 
(Velazquez and Gomez-Sal, 2009b). Conversely, in subzone Dl the 
change from random to (non-significantly) aggregated spatial 
patterns is largely determined by the clearcutting of juvenile in
dividuals of I micrantha and M. calabura, and the subsequent 
germination of seedlings of Guazuma ulmifolia over the 2001 —2002 
period (Velazquez and Gomez-Sal, 2008). Recruits of this light 
demanding species formed variable-sized clumps in canopy 
openings and left a clear imprint on the spatial patterns of 2002 
(Fig. SI). 

4.3. Transitional subzones 

In the transitional subzones, as we hypothesised, burning of the 
existing vegetation and the subsequent spread of several oppor
tunistic species caused a clear shift from random to significantly 
aggregated patterns over the 2001—2002 period (Rebertus et al., 
1989). In both Tl and T2, patterns of D. nicaraguense were largely 
responsible for the significant aggregation observed at community 
level (Fig. 2 and SI). Aggregation was particularly marked in T2 
because in this subzone the rate of recruitment was particularly 
high (Table 1) due to post-fire colonization of a large number of 
individuals of D. nicaraguense and /. guatimalensis. The significant 
repulsion observed between point patterns of D. nicaraguense and 



/. guatimalensis might be due to the existence of negative in
teractions between these two opportunistic species. These results 
are similar to those of De Luis et al. (2008) for Mediterranean 
shrublands over the first few years after fire occurrence. 

4.4. Limitations 

In addition to the aforementioned processes, other mechanisms 
could have been also involved in the creation of spatial patterns of 
woody pioneer plants. For instance, shading in the understory of 
pioneer forests of the subzone D2 might have promoted germina
tion of small seedlings of late-successional species (Velazquez and 
Gomez-Sal, 2008). However, the number of these seedlings was too 
low to produce spatial patterns of association between surviving 
individuals of T. micrantha and recruited individuals of other 
species. 

Moreover, we were able to detect the spatial signature of the 
main drivers of early succession considering just a short time frame 
of two years. This has been possible because over the first few years 
of succession spatial point patterns of pioneer species markedly 
change (Malkison and Kadmon, 2007; Felinks and Wiegand, 2008), 
particularly in regions of tropical climate, where this process is 
rapid (Walker et al., 1996). However, the examination of other 
processes, such as facilitation of juvenile pioneer trees by mature 
ones (Nishimura and Kohyama, 2002), may require longer time 
frames or a space-for-time substitution approach (Walker et al., 
2010a). It is also important to point out that, although we have 
defined ecologically informed, a-priori hypotheses in order to avoid 
problems associated with pattern-process inference (Mclntyre and 
Fajardo, 2009), our results are still purely descriptive. To elucidate 
the underlying processes that we hypothesise, further experi
mentation is required. 

4.5. Conclusions 

To summarise, our research demonstrates that the spatial pat
terns indicative of positive and negative interactions among woody 
plants between 2001 and 2002 were more prevalent in the most 
and least stressful areas of the landslide on Casita Volcano. These 
results are in agreement with the stress-gradient hypothesis, which 
states that the relative importance of facilitation and competition 
varies inversely across gradients of abiotic stress (Bertness and 
Callaway, 1994). The spatial signatures of these processes, howev
er, have been distorted by the effects of natural and human-induced 
disturbances. All these processes have given rise to much higher 
rates of mortality and recruitment than those recorded over the 
first few years of succession in abandoned fields located in areas of 
dry (Maza-Villalobos et al., 2013) and wet (van Breugel et al., 2007) 
tropical climate. 

Our results therefore indicate that large landslides comprising 
zones largely differing in substrate stability and fertility form a 
template in which the assembly of early successional plant com
munities might be driven by a much larger array of plant—plant 
interactions than previously thought. These interactions can be 
approached by mapping the spatial locations of woody individuals 
and performing non-destructive spatial point pattern analyses on 
the resulting point maps. Projections for increased hurricane in
tensity and frequency in the Atlantic over the next few decades may 
imply a higher landslide occurrence in the Central American 
isthmus (Bender et al., 2010). Thereby, there is critical need to 
improve our understanding of the major biotic processes driving 
landslide succession in this region. 
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