Community Ecorogy 18(1): 37-46, 2017
1585-8553 © Akapimiar Kiapo, BUDAPEST
DOI: 10.1556/168.2017.18.1.5

&

Spatial analysis of phylogenetic community structure: New version
of a classical method

C. Ricottal-6, E. Ari2, G. Bonanomi3, F. Giannino3, D. Heathfield4, S. Mazzoleni3

and J. Podani’

1Department of Environmental Biology, University of Rome ‘La Sapienza’, Rome, Italy

2Department of Genetics, Eotvos University, Budapest, Hungary

3Department of Agicultural Sciences, University of Naples ‘Federico II’, Portici, Italy

“World in a Box, Karkkila, Finland

SDepartment of Plant Systematics, Ecology and Theoretical Biology, E6tvés University, Budapest, Hungary and
Ecology Research Group of the Hungarian Academy of Sciences, Budapest, Hungary

6Corresponding author: Department of Environmental Biology, University of Rome ‘La Sapienza’,

Piazzale Aldo Moro 5, 00185 Rome, Italy. E-mail: carlo.ricotta@uniromal..it

Keywords: Community assembly; Individual-centered analysis; Marked point patterns; Phylogenetic distances; Randomization
methods

Abstract. The increasing availability of phylogenetic information facilitates the use of evolutionary methods in community
ecology to reveal the importance of evolution in the species assembly process. However, while several methods have been
applied to a wide range of communities across different spatial scales with the purpose of detecting non-random phylogenetic
patterns, the spatial aspects of phylogenetic community structure have received far less attention. Accordingly, the question
for this study is: can point pattern analysis be used for revealing the phylogenetic structure of multi-species assemblages? We
introduce a new individual-centered procedure for analyzing the scale-dependent phylogenetic structure of multi-species point
patterns based on digitized field data. The method uses nested circular plots with increasing radii drawn around each individual
plant and calculates the mean phylogenetic distance between the focal individual and all individuals located in the circular ring
delimited by two successive radii. This scale-dependent value is then averaged over all individuals of the same species and the
observed mean is compared to a null expectation with permutation procedures. The method detects particular radius values at
which the point pattern of a single species exhibits maximum deviation from the expectation towards either phylogenetic ag-
gregation or segregation. Its performance is illustrated using data from a grassland community in Hungary and simulated point
patterns. The proposed method can be extended to virtually any distance function for species pairs, such as functional distances.

Nomenclature: Simon (1992).

Abbreviation: MPD — Mean Phylogenetic Distance.

reflect to some extent its functional dispersion (Webb et al.
2002, Cavender-Bares et al. 2009).

In addition to the fact that measuring relevant functional
characters is sometimes more difficult than obtaining phylo-
genetic data and trees, phylogeny may be preferred against
trait based methods when focus is on identifying overall

Introduction

Community assembly is usually assumed to represent two
types of opposing processes: habitat filtering, which selects
for species with similar environmental requirements, thus
constraining permitted traits and trait combinations within

certain limits, and mechanisms of limiting similarity (includ-
ing competition, density-dependent interactions, etc.), which
tend to reduce co-occurrence of ecologically similar species
(Thompson et al. 2010). An indirect way for testing the de-
gree to which variability in species function regulates spe-
cies coexistence is through the analysis of phylogenetic com-
munity structure. Given the strong link between phylogeny
and variation in functional traits (Losos 2008), functionally
related species are likely to share a common phylogenetic his-
tory. Therefore, for traits that are phylogenetically conserved
the phylogenetic dispersion of a species assemblage should

non-random assembly mechanisms. It may be difficult to
know exactly which traits are the most important in driving
community assembly and which ones should be taken into
consideration. Indeed, some of the traits used may convey
redundant information or may be less important for overall
community assembly in a specific environment. Furthermore,
since species functional performance is expected to be driven
by complex interactions among traits that are not independent
from each other (e.g., Milla et al. 2009), phylogeny represents
the mean effect of all assembly forces (Cadotte et al. 2010).
Indeed, Kraft and Ackerly (2010) showed that phylogenetic
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community tests captured much of the same filtering patterns
detected by trait-based methods.

Besides its relevance as a potential surrogate for ecologi-
cal or functional similarity, the phylogenetic relatedness of
species is per se a relevant indicator of community assem-
bly. For instance, theories of species coexistence emphasize
spatial separation as an essential factor for maintaining the
diversity of many communities (Chave et al. 2002). In this
view, the spatial aggregation of conspecifics induced by lo-
cal dispersal needs to be disrupted to some extent by mecha-
nisms increasing within-species segregation, like distance- or
density-dependent mortality (Chesson 2000). Such inverse
relationship between local conspecific density and individual
performance has been related to the activity of host-specific
insects or fungi (Janzen 1970, Connell 1971), the build-up
of negative plant-soil feedback due to the accumulation of
species-specific soil-borne pathogens (Packer and Clay 2000,
van der Putten et al. 1993), the changing composition of soil
microbial communities (Bever 1994, Klironomos 2002),
or the release of autotoxic compounds from decaying litter
(Singh et al. 1999, Mazzoleni et al. 2015a, 2015b). All these
mechanisms, which are linked to the physical and chemical
properties of plants rather than to their functional charac-
ters, will locally increase species diversity by reducing the
chance of conspecific juveniles to colonize sites close to adult
individuals. In most cases, such processes are not mutually
exclusive because, for example, plant-soil negative feedback
induced by phytotoxic compounds released during litter de-
composition could be enhanced by the activity of soil-borne
pathogens (Bonanomi et al. 2010).

In addition, recent studies have emphasized the role of
phylogenetic relatedness among species in driving density-
dependent community processes (Webb et al. 2006, Gonzalez
et al. 2010, Metz et al. 2010, Ness et al. 2011, Paine et al.
2012). This phylogenetic generalization of density-dependent
community processes is supported by observations that her-
bivores such as insects may target a range of closely related
species (Coley and Barone 1996, Novotny et al. 2010) or that
the success of pathogen transmission between tree species is
increased if the species are phylogenetically related (Gilbert
and Webb 2007).

Information about the impact of phylogenetic structure on
species coexistence has been usually obtained by measuring
correlation or association between phylogenetic distance and
species co-occurrence in selected sampling units (Webb et al.
2002). The observed measure is then assessed against an ap-
propriate null model to determine whether the species that co-
occur in a sample plot have stronger or weaker than expected
phylogenetic relationship (Hardy 2008). While a number of
distinct measures and computer programs have been broadly
applied to different communities and trophic levels as well
as across different spatial and phylogenetic scales to detect
non-random phylogenetic patterns (reviewed in Vamosi et al.
2009), only a few papers have explored the spatial aspects of
phylogenetic community structure (e.g., Seidler and Plotkin
2006, Ferrier et al. 2007, Devictor et al. 2010, Morlon et al.
2010). The aim of this paper is thus to introduce a new proce-
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dure for analyzing the scale-dependent phylogenetic structure
of multi-species assemblages based on digitized field data.

A phylogenetic extension of individual-centered
analysis

Species interactions result in spatial patterns, which can
be described as marked point patterns (Diggle 2003, Illian et
al. 2008, Law et al. 2009). In addition to the spatial coordi-
nates of individual plants represented by the points, marked
point patterns provide information on the properties of each
object, like species identity, size, etc. (Grabarnik et al. 2011).
The method proposed in this paper is thus a generalization
of individual-centered analysis (Podani and Czaran 1997),
which is in turn the multispecies extension of Ripley’s (1981)
second-order analysis of point patterns. Given a portion of
the Earth’s surface in which the positions of all individual
plants are recorded in a two-dimensional coordinate system,
Ripley’s approach basically consists in calculating the aver-
age number of conspecifics found within a certain distance
from each individual of a given species, divided by the num-
ber of conspecifics per unit area. This value is then compared
with the expected value that results if the same number of
individuals is randomly distributed across the study area.
Likewise, in our proposal the sampling method involves tak-
ing a circular sample plot of a given radius R around each
plant and counting the number of neighboring individuals
within the circle. The mean phylogenetic distance (MPD)
between the center (or focal) individual and all neighbors (in-
cluding conspecifics of the focal individual) is then calculated
within each circle and averaged over all individuals of the
same species. Next, deviation of the observed value from null
expectation of complete spatial randomness in species distri-
bution (implying that there are no biotic interactions amongst
neighboring individuals) is tested for significance based on
randomization methods.

To examine dependence of MPD on distances from the
focal individual, the same procedure is repeated for a range of
increasing values of R and MPD is calculated for all individu-
als located in the circular ring delimited by two successive
radii. The application of this multi-scale method reveals par-
ticular radius values at which the point pattern exhibits maxi-
mum deviation from the expectation towards either species
aggregation or segregation. One advantage of the proposed
individual-centered sampling strategy is that each species can
be analyzed separately, providing information for the assess-
ment of its own role on community assembly (Podani and
Czaran 1997).

Case study

Field data

To evaluate the performance of the proposed method, we
used an historical data set sampled in 1996 in a sand-steppe
community near Bugac (Kiskunsag National Park, Hungary).
The exact position and identity of all individual plants and
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Figure 1. Spatial pattern of the 18 species sampled within a 4 m X 4 m tract of a sand-steppe community near Bugac (Hungary). The
numbers in brackets are the total number of individuals of each species.



40

ramets within an area of 4 m x 4 m were recorded by Podani
et al. (1998). Total number of species is 18; total number of
individuals is 5086 (Fig. 1). For procedures to create such
point maps in the field, see Rohlf and Archie (1978). While
the size of the study area is relatively small, in terms of sam-
pling effort the number of individuals used in this paper is
comparable with that of more classical studies on density-
dependent processes in tropical forests (see e.g., Paine et al.
2012, Uriarte et al. 2010).

Construction of phylogenetic distances

We constructed a matrix of phylogenetic distances for the
species of the study site by analyzing coding DNA sequences
of ribulose-1,5-bisphosphate carboxylase/oxygenase large
subunit (rbcL) genes of the listed species, or closest relatives
when no sequence was available for a particular taxon. The
species and the NCBI GenBank accession numbers (in brack-
ets) are as follows: Alkanna tinctoria (EU599849), Myosotis
stricta (HM850191), Veronica arvensis (HM850447),
Crepis rubra (AB530961), Conyza scabrida (AM234861),
Senecio  mikanioides (L13933), Arenaria drummondii
(M83541), Salsola kali (HM850332), Euphorbia polychroma
(AY794827), Linum hirsutum (FJ169583), Viola palustris
(HM850468), Bromus sterilis (AY836155), Stipa dregeana
(U31442), Calamagrostis epigeios (Al784820), Koeleria
pyramidata (A)784825), Poa trivialis (HM850270), Tragus
racemosus (EF125103), Colchicum speciosum (L12673).
The distance matrix was calculated with the 2-parameter nu-
cleotide substitution model of Kimura (1980) by the Dnadist
program of the PHYLIP package (Felsenstein 2005).

Null model

The proposed phylogenetic individual-centered analy-
sis was performed by increasing the circle radius from 5 to
60 cm in successive increments of 5 cm and calculating the
mean phylogenetic distance between the focal individual and
all neighbors within the circular ring (hereafter simply circle)
delimited by two successive radii. The deviation from ran-
dom expectation of MPD for the five most abundant species
and for the entire community is computed using permutation
methods. The selection of an adequate null model to test for
community assembly rules is a critical operation as slightly
different randomization procedures may imply considerably
different null hypotheses. Therefore, when selecting a rand-
omization algorithm, it is essential to break down only the
structure in the original data set related to the null hypothesis
to be tested, keeping every other feature unchanged (Gotelli
and Graves 1996, Hardy 2008). A common null model for
testing for non-random community structure is complete spa-
tial randomness in the species spatial distribution (Podani and
Czaran 1997). However, in plant assemblages limited disper-
sal induces spatial autocorrelation in species densities, giving
rise to conspecific clustering. This concentration of conspe-
cifics within clusters may lead to inflated type I errors if (phy-
logenetic) community structure is tested against a completely
random pattern. A variety of methods have been proposed
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for constructing null models of spatially-explicit multispe-
cies assemblages, which control for the autocorrelation pat-
terns of species (discussed in Fuller and Enquist 2012). In
marked point pattern analysis, a common approach consists
in producing null models by generating simulated point pat-
terns for each species with statistical properties similar to the
observed distribution (Illian et al. 2008). In this paper, we
used instead the following restricted randomization proce-
dure: given an empirical distance threshold D, the positions
of two randomly selected individuals i and j are swapped if
their spatial distance d;; is below the selected threshold (D >
d;). If the distance between both individuals is larger than D,
the shuffle is aborted and a new pair of individuals is selected.
This operation is repeated unless all possible pairs of indi-
viduals are swapped, with the additional constraint that each
individual is swapped no more than once. For small values of
D, this constrained pairwise shuffling procedure disrupts the
species phylogenetic structure only locally, while preserving
the coarse-scale spatial distribution of species (Wiegand et
al. 2007). For higher values of D, the species phylogenetic
structure is disrupted at increasingly larger scales.

In this study, three distance thresholds of 15, 30 and 60
cm were used for randomization. For each combination of
radius R and threshold distance D, 999 randomizations were
performed. P-values were then computed as the proportion
of permutation-derived values of MPD that are as extreme as
or more extreme than the observed values. All analyses were
run with the program TreeCreeper (Heathfield et al. 2012),
freely available for download together with the user’s manual
at http://www.ecoap.unina.it/doc/publications.htm.

To avoid severe edge effects resulting from increasing
circle radius, we restricted the analysis to individuals located
in a central portion of 2.8 m x 2.8 m of the study area (i.e.,
roughly 50% of total area), letting a buffer zone 60 cm wide
all around. Thus, only the circles placed around the individu-
als comprised within this central quadrat were used for analy-
sis, but all individuals in the study area were counted if they
fell within a circle, regardless of whether they were inside
or outside the central quadrat. The size of this quadrat was
empirically selected in order to get a reasonable compromise
between two opposing requirements: a large number of in-
dividuals within the quadrat to provide sufficiently accurate
results versus an ample buffer zone that minimizes edge ef-
fects. An alternative correction for edge effects would consist
in placing a circle around each individual in the study area
and then weighting the MPD values associated to each circle
by the proportion of the circle that falls within the study area
(Rosenberg and Anderson 2011).

To compare our results with spatial distributions of
known characteristics, we generated three artificial com-
munities with varying patterns of Viola kitaibeliana (i.e., the
most abundant species in the plot), while keeping the location
of all remaining species unchanged with respect to Figure 1:

1. Regular pattern. 1521 (i.e., 39 x 39) individuals of
Viola kitaibeliana, are regularly spaced within the study area
(thus simulating maximal spatial segregation among indi-
viduals).
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2. Clumped pattern. The 1474 individuals of Viola kitai-
beliana form small clusters, which are randomly distributed
within the plot.

3. Random pattern. The 1474 individuals of Viola kitaibe-
liana are randomly distributed across the study area.

Results

The observed MPD values vs. increasing radii of the plots
placed around the individuals of the five most abundant spe-
cies (Erigeron canadensis, Euphorbia cyparissias, Tragus
racemosus, Veronica arvensis and Viola kitaibeliana) and for
the entire community are shown in Figure 2, together with
the random expectations for D = 15, 30, and 60 cm. For R
=5 c¢m, the MPDs of all species in Figure 2 are significantly
lower than expected (P < 0.05; two-tailed test) and tend to
increase very rapidly with increasing radius. This marked
phylogenetic clustering in the immediate neighborhood of the
sample individuals denotes that plants tend to occur in small
conspecific clumps, while the individuals located at increas-
ingly larger distances tend to be more phylogenetically dis-
tinct. For R > 5 cm, the species phylogenetic aggregation be-
comes progressively less intense and the curves of MPD vs.
R show a flatter pattern composed of species-specific ‘peaks’
(local maxima) and ‘saddles’ (local minima) resulting from
the alternation of patches and gaps in the species spatial dis-
tribution. The same pattern is also observed at the community
level. However, this community-level pattern is obtained as
the result of the complex spatial interaction of many species,
each with its own local maxima and minima. Therefore, at the
community level, the plot of mean phylogenetic distance vs.
circle radii shows a smoother behavior than for single species
with less pronounced peaks and saddles.

The profiles of MPD vs. R for Viola kitaibeliana and for
the entire community calculated using the artificial patterns
of this species are shown in Figure 3, together with the cor-
responding random expectations for D = 30 cm. The random
expectations for D = 15 and 60 cm are qualitatively similar to
the profiles in Figure 3, so we report only results for D = 30
cm. Like in Figure 2, the community-level profiles of MPD
vs. R show a smoother behavior compared to the correspond-
ing profiles of Viola kitaibeliana. This is because community-
level profiles reflect the phylogenetic structure of all individ-
uals in the study area, and not only of the dominant species.

The species-level and community-level profiles of MPD
vs. R obtained from the regular pattern of Viola kitaibeliana
(corresponding to maximal spatial segregation among the in-
dividuals of this species) show strong oscillations between
local maxima and minima. On the other hand, the profiles
obtained from the random distribution of Viola do not show
any significant departure of MPD from null expectation.
Finally, the profiles obtained from the artificial clumped pat-
tern in Figure 3 are very similar to the actual profiles in Figure
2. Accordingly, the observed plots of MPD vs. R in Figure
2 may be considered distinctive of a spatial organization in
which the individual plants grow in small conspecific clumps
showing short-range phylogenetic clustering, while at larger
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distances the observed phylogenetic clustering is progres-
sively substituted by a random arrangement of such patches
(and not only of individual plants) across the study area.

Discussion

The increasing availability of spatially-explicit ecological
datasets has triggered growing interest in marked point pat-
tern research (Wiegand et al. 2007, Law et al. 2009, Rajala
and Illian 2012). The proposed measure of phylogenetic com-
munity structure can be used to detect characteristic distances
at which the MPD within circular rings centered on a sample
individual shows departure from null expectation. In the par-
ticular case of our study, for R <10 cm, strong effects of phy-
logenetic aggregation prevail, reflecting the presence of small
conspecific clumps that are likely the result of distance-lim-
ited seed dispersal. In principle, for clonal or multistemmed
plants, like Euphorbia cyparissias (KlimeSova and de Bello
2009), these clumps may be composed of ramets of the same
individual rather than being originated by dispersal mecha-
nisms. However, fine-scale phylogenetic aggregation is also
present for non-clonal species, such as Erigeron canadensis
(Stanisci et al. 2010, Thuiller et al. 2012), thus showing that
the observed pattern is not a mere effect of pseudo-replica-
tion.

For R > 10 cm, the observed short-range spatial aggrega-
tion induced by limited dispersal is progressively disrupted.
Since our analysis is based on static spatial data, we cannot
determine which process(es) contribute to disrupting phylo-
genetic clustering at coarser scales (e.g., density-dependent
mortality, intraspecific competition, or patchy habitat dis-
tribution). Nonetheless, in recent years, negative plant-soil
feedback, that is, ‘changes to soil properties that are caused
by plants, which in turn influence the performance of plants’
(van der Putten et al. 2013), is increasingly recognized as an
important factor affecting natural plant communities and al-
lowing species coexistence (Bever et al. 1997, Bonanomi et
al. 2005).

Negative plant-soil feedback has been observed in a vari-
ety of environments, including grasslands (Klironomos 2002,
Reynolds et al. 2003, Petermann et al. 2008), temperate and
tropical forests (Packer and Clay 2000, Mangan et al. 2010,
Comita et al. 2010, Johnson et al. 2012, Terborgh 2012) or
anthropogenic landscapes (Singh et al. 1999) and the large
body of observed patterns on species-specific negative plant-
soil feedbacks has been related to different non-mutually ex-
clusive mechanisms (reviewed in van der Putten et al. 2013).
In this framework, Mazzoleni et al. (2015a) investigated the
autotoxic effect of decomposed litter of twenty plant species
from Mediterranean and temperate environments on root
proliferation in different bioassays. Their results indicate a
general occurrence of litter autotoxicity related to the expo-
sure to fragmented extracellular DNA. Hence, while the ef-
fects of negative plant-soil feedback on the spatial structure
of individual plants depend on the intensity of the underlying
density-dependent mechanisms (Bagchi et al. 2010), its ubiq-
uitous presence suggests that plant-soil feedback may play an
important role in the maintenance of plant diversity in natural
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Figure 2. Observed mean phylogenetic distance MPD vs. circle radius R for the circular plots placed around the individuals of the five
most abundant species in the study area (filled circles and continuous lines), together with the random expectations for randomization
distances D = 15, 30, and 60 cm (open circles and dotted lines). Filled circles falling below the dotted line show phylogenetic cluster-
ing; filled circles falling above the dotted line show phylogenetic segregation. Large circles represent phylogenetic distances that are
significantly different from random expectation (two-tailed test; p = 0.05; 999 randomizations).
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Figure 3. Observed mean phylogenetic distance MPD vs. circle radius R (filled circles and continuous line) for Viola kitaibeliana and
for the entire community calculated using the artificial patterns of Viola referred to in the text as ‘regular’, ‘clumped’, and ‘random’. The
spatial structure of all remaining species is unchanged with respect to Figure 1. The open circles and the dotted line show the random
expectations for D = 30 cm. Large circles represent phylogenetic distances that are significantly different from random expectation

(two-tailed test; p = 0.05; 999 randomizations).

communities (Mazzoleni et al. 2015b). In a review on direct
evidences on conspecific negative plant-soil feedback from
both terrestrial and aquatic plants, Mazzoleni et al. (2007)
reported 138 cases of conspecific negative plant-substrate
interactions, 96 of which are associated with grassland spe-
cies, including Erigeron canadensis, one species of Veronica
and one species of Viola, thus reinforcing the hypothesis that
plant-soil feedbacks may contribute to the disruption of short-
range phylogenetic clustering (see also Anacker et al. 2014).

From a statistical viewpoint, whether the observed values
of MPD are extreme enough to be considered significantly
different from random expectation varies with randomization
distance. For short randomization distances, we mainly dis-

rupt the local conspecific clusters while preserving to some
extent the coarser-scale species spatial organization, where-
as by increasing D we disrupt the species spatial organiza-
tion at increasingly larger distances. As a result, the curves
of random expectation in Figure 2 are gradually shifted to-
wards higher values of MPD, particularly for small values
of R. This raises the question of how to select a biologically
meaningful species-specific randomization distance. Here, a
promising approach may consist in selecting species-specific
randomization distances that reflect the degree of spatial ag-
gregation of each species (see e.g., Seidler and Plotkin 2006).
As the testing method uses a statistic with dependent values at
different ranges, inflated type I errors may occur (Grabarnik




44

et al. 2011). Accordingly, to adjust the testing for multiple
scales, thus avoiding the problem of simultaneous inference,
a deviation test (Grabarnik et al. 2011) may be adopted. Also,
besides classical p-value testing, alternative approaches such
as model validation techniques (Ling and Mahadevan 2013)
may also be considered.

An additional limitation of the proposed procedure is
that the individual plants are treated as dimensionless points
in space without considering their actual spatial extension.
However, plant dimensions can be incorporated either by
grouping individuals of different size into separate classes,
or through a weighting procedure such that large individu-
als may have a greater weight in the computation of MPD
than small ones (Podani and Czéaran 1997). Although the pre-
sent version of our program does not include such weighting
option, the source code can be freely downloaded from the
Codeplex open source software repository web site: http://
treecreeper.codeplex.com/ to be modified according to the
users’ requirements.

Finally note that the proposed multispecies generalization
of point pattern analysis necessarily requires assigning a dis-
tance measure to each pair of species. As the species are not
all equally distinct in evolutionary terms, using phylogenetic
distances represents a biologically meaningful way for char-
acterizing species pairs and for analyzing the spatial pattern
of the entire community. Nonetheless, the same individual-
centered analysis may be easily performed based on any other
distance measure, such as functional distance, which is be-
lieved to reflect ecological differences between species in an
ecologically meaningful way.
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