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Abstract The phyllosphere presents a unique system of dis-
crete and easily replicable surfaces colonized primarily by
bacteria. However, the biogeography of bacteria in the
phyllosphere is little understood, especially at small to inter-
mediate scales. Bacterial communities on the leaves of 91
southern magnolia (Magnolia grandiflora) trees 1–452 m
apart in a small forest plot were analyzed and fragments of
the 16S ribosomal RNA (rRNA) gene sequenced using the
Illumina platform. Assemblages were dominated by members
of the Alphaproteobacteria, Bacteroidetes, and Acidobacteria.
Patterns in community composition were measured by both
relative abundance (theta) and presence-absence (Jaccard) dis-
similarity metrics. Distance-based Moran’s eigenvector map
analyses of the distance-decay relationship found a signifi-
cant, positive relationship between each dissimilarity metric
and significant eigenfunctions derived from geographic dis-
tance between trees, indicating trees that were closer together
had more similar bacterial phyllosphere communities. Indirect
gradient analyses revealed that several environmental param-
eters (canopy cover, tree elevation, and the slope and aspect of
the ground beneath trees) were significantly related to multi-
variate ordination scores based on relative bacterial sequence
abundances; however, these relationships were not significant
when looking at the incidence of bacterial taxa. This suggests

that bacterial growth and abundance in the phyllosphere is
shaped by different assembly mechanisms than bacterial pres-
ence or absence. More broadly, this study demonstrates that
the distance-decay relationship applies to phyllosphere com-
munities at local scales, and that environmental parameters as
well as neutral forces may both influence spatial patterns in
the phyllosphere.
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Introduction

The phyllosphere is the aerial portion of plants on which po-
tentially diverse communities composed of Bacteria, Archaea,
and microbial eukaryotes exist [1]. The surface area of the
phyllosphere is vast, estimated as being several orders of mag-
nitude greater than the land area of the planet [2]. Despite this
large area, few studies on the biogeographic distribution of
phyllosphere communities have been reported. Rather, the
focus has more commonly been on the distribution and pop-
ulation dynamics of single microbial species, typically from a
pathological perspective. Most of these spatial studies of the
phyllosphere have utilized culture-dependent techniques and
focused on the distribution of agricultural pathogens, thus
tending to analyze plants that occur in a regular and repeated
pattern (i.e., rows of crops) [3]. As such, autocorrelation and
autoregressive-moving-average (ARMA) models, which are
well suited for quantifying disease, are common in the litera-
ture [3]. However, ARMA models operate best when applied
unidirectionally, while distance methods are probably more
appropriate to compare plants that are not regularly distribut-
ed. The tendency for communities to become dissimilar at

Electronic supplementary material The online version of this article
(doi:10.1007/s00248-016-0738-4) contains supplementary material,
which is available to authorized users.

* Bram W. G. Stone
bstone2@go.olemiss.edu

1 Department of Biology, University of Mississippi, Shoemaker Hall,
University MS, P.O. Box 1848, Oxford, MS 38677, USA

Microb Ecol (2016) 71:954–961
DOI 10.1007/s00248-016-0738-4

http://dx.doi.org/10.1007/s00248-016-0738-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s00248-016-0738-4&domain=pdf


increasing distances is recognized in broader studies of bioge-
ography, and is known as the distance-decay relationship [4].

While there has been increased use of next-generation se-
quencing (NGS) methods to describe phyllosphere bacterial
communities, especially comparing community composition
between species [5, 6], few studies have addressed the issue of
biogeographic distribution, despite a call for studies at differ-
ent spatial scales [7]. The application of the distance-decay
relationship to microbial ecology in general has yielded con-
flicting results [8], and a similar disagreement has emerged
from the limited number of studies of phyllosphere assem-
blages. Compositional differences in the bacterial
phyllosphere between different plant species have generally
been found to be much greater than intraspecific differences
between individuals of the same plant species, even with dif-
ferent geographic origins of the plant host [9]. Conversely,
however, geographic location has been found to be a greater
predictor of phyllosphere community composition than plant
host species and environmental factors [10, 11].

The distance-decay relationship is unique in that it may
occur by neutral processes if the pattern is caused by dispersal
limitation or by niche-based processes if driven by environ-
mental gradients. Previous culture-independent studies of
phyllosphere biogeography have utilized spatial scales in the
hundreds of kilometers or more, so that little is known of
patterns at smaller scales. The goal of this study was to sup-
plement current understanding of spatial patterns of the
phyllosphere by investigating whether phenomena such as
the distance-decay relationship might apply within a single
wooded ecosystem. This study examined the effect of distance
on the composition of the bacterial community in the
phyllosphere of a single tree species at a small spatial scale
(<1 km) using NGS methods. We sampled the phyllosphere
community of almost 100 Magnolia grandiflora (southern
magnolia) trees at distances of <1 m to 450 m apart. By sam-
pling broadleaf evergreens in winter, variation in community
composition was tested in a natural setting with limited inter-
ference from other tree species. Distances (<1 km) were hy-
pothesized to affect the bacterial community composition of
M. grandiflora leaves such that dissimilarity would be higher
between communities on trees that were further apart.

Methods

Leaves were initially sampled from 100 M. grandiflora trees
in BaileyWoods, a 20-ha tract of mature woods adjacent to the
University of Mississippi campus in Oxford, Mississippi,
USA, in February 2014. The woods are a remnant of old
growth forests in northern Mississippi and are mainly decid-
uous with M. grandiflora accounting for approximately 1 %
of the total number of trees [12]. The 100M. grandiflora trees
sampled account for the majority of M. grandiflora trees that

grow in this system. GPS coordinates were determined for
each tree at the time of sampling. To aid in multivariate plot-
ting, trees were mapped a posteriori to five general clusters
based on locationwithin the woods (Fig. 1). Unrelated to these
five spatial clusters, some smaller trees occurred within close
proximity to larger central trees and may have represented
offspring from fallen seeds. These were recorded as separate
trees in the same location, and their relationship was noted and
used in subsequent analyses.

Sampling consisted of collecting two leaves (200 leaves
total) from each tree, from different branches at approximately
1.5–1.8 m height. Only leaves that displayed no signs of dis-
ease or decay (such as browning or spotting) were selected.
Leaves were placed in individual sterile sample bags and
stored at −20 °C from as soon as possible after sampling
(<2 h) until processed. The circumference of each tree was
recorded with measuring tape and then converted to diameter
at breast height (DBH). Additionally, at each tree, percent
canopy cover was measured using a spherical densiometer.
Using the raster package in R [13], GPS coordinates were
combined with a digital elevation model to obtain the relative
elevation, slope, and slope aspect of each tree.
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Fig. 1 Location of 91 Magnolia grandiflora trees within a 20-ha
woodland in Oxford, MS, USA, that were sampled for phyllosphere
communities. Black dots represent single trees while gray triangles
represent locations of one parent tree surrounded by one or more
smaller offspring. Black diamonds represent a group of trees (14–18)
that showed distinct phyllosphere communities from other trees.
Numbers indicate hypothetical spatial clusters of trees assigned by
geographic or topographic isolation and are placed to the lower right of
the indicated area. Location coordinates are expressed using the Universal
Transverse Mercator (UTM) coordinate system (zone 6) and with the
NAD83 Datum
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The phyllosphere community was recovered from each leaf
by brushing the leaf for 2 min with a sterile toothbrush in
sterile TE (pH 8.0) buffer. The resulting suspension was cen-
trifuged (10,000×g, 2 min) and the pellet frozen (−20 °C) for
subsequent DNA extraction. DNA was extracted using a
PowerSoil extraction kit (MoBio, Carlsbad, CA) following
standard procedures; other than that, the final volume of
DNA eluted was reduced from 100 to 50 μL. DNA samples
were analyzed using a dual index barcoding approach
targeting the V4 region of the 16S ribosomal RNA (rRNA)
gene [14]. Briefly, DNA (standardized by volume, 1 μL) was
combined with 1 μL of each primer (at 10 μM) and 17 μL of
AccuPrime Pfx Supermix (Invitrogen, Grand Island, NY).
Amplification was conducted through 30 cycles of 95 °C
(20 s), 55 °C (15 s), and 72 °C (2 min) after an initial dena-
turation step of 95 °C (2 min), and followed by a final elon-
gation step of 72 °C (10 min). Amplification products were
standardized with SequalPrep Normalization Plates (Life
Technologies, Grand Island, NY) and pooled prior to sequenc-
ing. The multiplexed library was sequenced using the Illumina
MiSeq platform at the Molecular and Genomics Core Facility
at the University of Mississippi Medical Center (UMMC).

Raw data files (FASTQ) were processed using the Mothur
bioinformatics pipeline [15] following the procedures recom-
mended by Schloss et al. [16] and Kozich et al. [14]. Rare
sequences that were similar to abundant sequences (two base
differences), and likely the result of sequencing errors, were
merged so that remaining singletons would more legitimately
reflect bacterial diversity (see Online Resource 1 for an exam-
ination of singleton removal). After removal of other poten-
tially erroneous data, chimeras, and mitochondrial and chlo-
roplast sequences, nine trees (unrelated spatially or by lab
procedures) had leaves with <10,000 valid bacterial sequences
and were removed from the dataset, leaving 91 trees in the
final analysis, or 182 leaves. All diversity analyses were con-
ducted using operational taxonomic units (OTUs) defined by
97 % sequence similarity and by subsampling (1000 itera-
tions) the number of reads to that in the lowest remaining
sample (27,719 sequences). After assignment of OTUs, sev-
eral prominent OTUs classif ied as Bunclassif ied
Cyanobacteria^ lineages, were subsequently (BLAST
searches) determined to likely be of chloroplast origin and
these were removed prior to further analyses. Beta diversity
was assessed using the abundance-based theta index [17] and
non-abundance (i.e., presence-absence) derived Jaccard in-
dex, which were both used to calculate non-metric multidi-
mensional scaling (NMDS) axes and specific OTUs correlated
to axes scores. Monte Carlo tests were employed to determine
if leaves from the same trees were more similar than between
different trees. On average, and by both metrics, bacterial
communities from leaves of the same tree demonstrated sig-
nificantly greater similarity than leaves from other trees
(Supplementary Fig. S1). Sequences of the remaining leaves

were thus merged by tree to give a final dataset of 91 trees,
with at least 27,719 sequences per tree. As the data were
analyzed, a small cluster of trees (trees 14–18; located in the
western part of cluster 1, Fig. 1) appeared to harbor different
phyllosphere communities to the other samples. These trees
had high richness of distinctly identifiable sequences
(Supplementary Fig. S2), and were reprocessed separately to
ensure that sequences were not incorrectly attributed to them
during the processing steps.

Further analyses and figure creation were done using R
version 3.0.2 [18]. To determine the effect of environmental
gradients on bacterial alpha diversity, analysis of covariance
(ANCOVA) was performed using DBH, canopy cover, rela-
tive elevation, slope, and slope aspect as covariates, and relat-
edness as a categorical factor. Indirect gradient analyses were
performed with those same environmental parameters on mul-
tivariate NMDS axes scores using the envfit function in the
vegan package [19]. The significance of the distance-decay
relationship was assessed with distance-based Moran’s eigen-
vector maps (MEMs). Distance-basedMEM analysis was car-
ried out using the PCNM function in the PCNM package [20]
and the relationship between all significant eigenfunctions and
community dissimilarity matrices was assessed with distance-
based redundancy analysis (RDA; using the dbRDA.D func-
tion [21]). Results of distance-basedMEMs are reported along
with results from the more commonly used permutation-based
Mantel tests using a spatial Euclidean distance matrix between
every tree and each community dissimilarity matrix separate-
ly. Mothur parameters used for sequence processing and R
code used for analyses can be found in Online Resource 2.

Results

Bacterial Alpha Diversity and Community Composition

After removal of sequences attributed to archaea, eukarya, mi-
tochondria, and chloroplasts, there were 8,704,825 bacterial
sequence reads across all samples, consisting of 20,416 unique
sequences. Eight bacterial phyla accounted for >95 % of se-
quence reads: Proteobacteria (49.9 % of valid bacterial 16S
reads, 82.2 % of which were Alphaproteobacteria, Fig. 2c, d);
Bacteroidetes (12.1 %); Acidobacteria (10.1 %);
Actinobacteria (10.1 %); Planctomycetes (6.8 %);
Verrucomicrobia (4.0 %); Armatimonadetes (1.5 %); and
Chloroflexi (1.3%, Fig. 2a, b). At a finer taxonomic level, there
were 16 OTUs that were represented by >100,000 reads each,
and together accounted for 4,047,874 reads (46.5 % of the
reads in the dataset). Of these, a member of the
Alphaproteobacteria in the order Rhizobiales was the most
abundant and accounted for 385,742 sequences. In total, six
o f t h e s e p r om i n e n t O TU s b e l o n g e d t o t h e
Alphaproteobacteria and included members of the
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Rhizobiales, Acetobacteraceae, and a Methylobacterium spe-
cies. Two OTUs represented lineages of Acidobacteria and
accounted for 486,194 reads, and could both be attributed to
the Acidobacteriaceae. Three OTUS (accounting for 592,344
reads) were lineages of Bacteroidetes. Two OTUs belonging to
the Actinomycetales (Actinobacteria) were also abundant (202,
250 reads). OTUs representing a lineage in the Planctomycetes
and an unidentified member of the Verrucomicrobia were also
among the most abundant taxa detected.

The alpha diversity of phyllosphere bacterial epiphyte
communities (measured by the inverse Simpsonmetric; found
in Online Resource 3) was not related to DBH, relatedness,
elevation, slope, or slope aspect of the trees. Stepwise model
fitting using AIC scores suggested the model that explained
the most variation in inverse Simpson scores included only
canopy cover as a significant variable (F1,89 = 4.499,
p=0.037).

Patterns in Beta Diversity

Indirect gradient analysis indicated that canopy cover, eleva-
tion, slope, and slope aspect were significantly related to rel-
ative abundance-based NMDS scores; however, no additional
variables were significantly related to presence-absence-based
NMDS scores. AMOVAs of community dissimilarity grouped

by the relatedness of the trees showed that theta dissimilarities
were not significantly affected by the parent-offspring rela-
tionship while Jaccard dissimilarities were (F1,89 = 2.00,
p=0.054 and F1,89=1.46, p=0.018). However, related trees
did not group close together, or distinctly away from, non-
related trees on either NMDS plots (Fig. 3).

Distance-Decay and Similarity

By both relative abundance and presence-absence metrics,
there was a positive relationship between tree distance and
phyllosphere bacterial community dissimilarity (Fig. 4a, b).
Distance-based MEM (dbMEM) analyses found significant
relationships between community dissimilarity and spatial
predictor eigenfunctions (p<0.001 in both cases). Because
indirect gradient analyses showed significant relationships be-
tween several environmental parameters and relative
abundance-based community metrics, z-transformed environ-
mental values were included in the predictor matrix of
eigenfunctions when assessing the spatial relationship with
relative abundance-based dissimilarities. Theta dissimilarities
demonstrated higher adjusted R2 and F statistic values than
Jaccard dissimilarities (R2

t = 0.203, Ft = 1.500; R
2
J = 0.087,

FJ = 1.199). Similarly to dbMEM analyses, a partial Mantel
test was constructed using dissimilarities of environmental
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Fig. 2 Bar charts of relative abundances of major bacterial lineages in
phyllosphere communities ofMagnolia grandiflora based off 16S rRNA
gene sequence reads. All values are expressed as percentages of
8,704,825 bacterial sequences and 4,343,707 Proteobacteria sequences.

Panels show the relative abundances of the eight most dominant bacterial
phyla averaged across the whole dataset (a) and for each tree (b), and the
relative abundance of Proteobacteria subphyla within that phylum
averaged across the whole dataset (c) and for each tree (d)
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factor scores (created using factor analysis) as the controlling
distance matrix, and showed a significant, positive relation-
ship between the relative abundances of bacterial community
members and geographic distance between samples
(rM=0.244, p<0.001, Fig. 4a). Phyllosphere community dis-
similarity based on the presence or absence of bacterial OTUs

(Jaccard index) showed a clearer pattern over geographic dis-
tance (Fig. 4b) and a slightly higher Mantel correlation coef-
ficient (rM=0.268, p<0.001). Mantel correlograms indicated
that by both dissimilarity metrics, bacterial phyllosphere com-
munities were spatially autocorrelated until 87 m apart
(Figs. 4c, d). Additionally, correlograms showed that negative
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Fig. 4 Distance-decay
relationship in bacterial
phyllosphere communities as
visualized by regression of theta
and Jaccard dissimilarities against
geographic distances between
Magnolia grandiflora trees (a, b).
Both theta and Jaccard
dissimilarities demonstrated
positive changes over geographic
distance which were confirmed
by Mantel tests showing positive
coefficients (theta rM= 0.213,
Jaccard rM=0.268). Mantel
correlograms (c, d) depict Mantel
correlation coefficients plotted
over distance classes for theta (c)
and Jaccard dissimilarities (d).
Black dots indicate correlation
coefficients significantly different
than 0 (α= 0.05 after applying a
Holmes correction)
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spatial autocorrelation (i.e., distance-decay, indicated by neg-
ative Mantel correlation coefficients) of bacterial leaf commu-
nities was significant between trees that were 330 m apart.

Discussion

The predominant bacterial phyla from the trees sampled in this
study match closely with those reported by Jackson and
Denney who sequenced clone libraries ofM. grandiflora bac-
terial leaf communities from a single tree in the same forest,
but repeatedly sampled over different seasons from 2007–
2009 [22]. In both cases, Proteobacteria was the most promi-
nent phylum (�x ¼ 53:1, SE�x ¼ 10:7 from these data, 53–80%
from Jackson and Denney), with Alphaproteobacteria being
the most prevalent subphylum. The other proportionally abun-
dant phyla detected in this study (Bacteroidetes,
Acidobacteria, and Actinobacteria) were also found at similar
frequencies by Jackson and Denney [22], while phyla that
were less abundant from this dataset were only transiently
present in the clone library data. This suggests that, at least
at a broad taxonomic level, there is some consistency to the
M. grandiflora phyllosphere, and also that comparisons of
community composition derived from NGS data to that de-
rived from older cloning-sequencing approaches may be
valid.

At a finer taxonomic resolution, specific lineages that were
detected by NGS methods in this study were also previously
reported in clone libraries. The most prevalent lineages of
Alphaproteobacteria reported from M. grandiflora clone li-
braries were the Beijerinckiaceae, Methylobacteriaceae, and
the Sphingomonadales [22]; lineages that were also abundant
in the larger Illumina dataset. Some of the Acidobacteria se-
quences derived from the clone libraries were related to
Terriglobus roseus and Edaphobacter [22], and there were
numerous sequences identified as a Terriglobus species and
Edaphobacter modestum in the Illumina data. The same pat-
terns were seen for other taxa, and finding such similarities
when comparing samples frommultiple trees sampled in 2014
to those taken from a single tree from 2007 to 2009, analyzed
by different approaches, does suggest some consistency to the
M. grandiflora phyllosphere microbiome.

Both dbMEM and the Mantel test demonstrated a signifi-
cant relationship between the spatial structure of the trees and
the community dissimilarities. However, a recent critique of
the Mantel test in this application argues that dbMEM is more
powerful for spatial analyses [21]. Although Mantel tests
found similar results as dbMEMmethods in this current study,
this may be because of the large sample size of the dataset, and
Mantel tests may not be appropriate in this context since spa-
tial data do not meet several numerical assumptions [21].
While similar results to Mantel tests may be obtained, future
studies on spatial patterns in bacterial communities should

ut i l ize the dbMEM framework because of these
considerations.

The theta index was used because its values reflect propor-
tional changes in bacterial abundance that are less dependent
on the amplification success of any one sample. In contrast,
Bray-Curtis dissimilarities are standardized by shared abun-
dance using the denominator in the equation of the metric, but
differences in sequencing depth between samples could exag-
gerate such pairwise differences in community structure.
However, despite these contrasting methodologies, when
analyses were repeated using Bray-Curtis dissimilarities, the
same results were achieved as with the theta metric.

In this study, the diameter of trees (DBH) was used as a
rough estimate of overall tree size which can affect the internal
and external leaf structures in several ways (e.g., nitrogen
content, lignification, and stomatal density) [23]. However,
DBH was not a significant predictor of bacterial community
composition on the leaf surface. Other more direct and inten-
sive measurements of specific leaf traits may be necessary to
elucidate relationships between individual tree physiology
and phyllosphere composition. Canopy cover was used as a
proxy for radiation and light that could affect the microbial
community of the leaf. Canopy cover differences between
trees was significantly correlated with community similarity
based on abundances of bacterial OTUs (i.e., using the theta
index) but not with that based on presence or absence of indi-
vidual taxa. This suggests that canopy cover may be important
in shaping existing bacterial communities, influencing the
proportional abundance of certain populations, rather than af-
fecting bacterial immigration and emigration (i.e., dispersal).

Only NMDS axis scores of phyllosphere community dis-
similarity expressed as the theta index were significantly as-
sociated to environmental variables, suggesting that relative
abundances of bacterial OTUs were sensitive to environmen-
tal gradients while the presence or absence of specific OTUs
was not. This relationship was further supported by the sig-
nificance of theta dissimilarities with spatial and environmen-
tal factors using dbMEM and constrained RDA ordination.
This distinction may reflect different mechanisms of microbial
assembly. Dispersal and colonization of the phyllosphere from
the atmosphere (which in large part determines the bacteria
that occur on a leaf) is a purely stochastic process [24–26] that
is contrasted by the presence of predictable, selective forces
encountered by colonizers after deposition because of condi-
tions on the leaf surface [1, 24, 25]. Relatedness was signifi-
cantly associated with Jaccard dissimilarity scores, and likely
reflects the very close physical proximity of offspring trees to
one another and to their parent tree so that the same OTUs
were present.

These findings suggest that environmental gradients may
be more important in shaping the relative abundances of
existing community members. Stochastic, or neutral, forces
may be drivers of the particular bacterial species on plant
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leaves. However, leaf age, structure, andmorphologywere not
considered in this study, and these factors may influence bac-
terial species presence by altering which species may success-
fully colonize a leaf surface. Further work must be done with
the colonization and growth of bacterial communities on
leaves, with respect to variation in leaf morphology, in order
to determine the true role of neutral forces on phyllosphere
community structure.

Previous phyllosphere distance-decay studies have found
that dispersal limitations are present along with environmental
heterogeneity [10, 11]. The distribution of abundant taxa, in
particular, has suggested that environmental heterogeneity is
the likely cause of differences in leaf bacterial communities,
while distribution patterns in rare bacterial taxa seemed to
support dispersal-driven differences [10]. At the spatial scales
used in this study, dispersal limitation per se may not occur,
but small population sizes may prevent rare or uncommon
taxa from dispersing evenly throughout a habitat.
Cosmopolitan distribution depends, in part, on large popula-
tion sizes [8], which rare taxa necessarily lack.

The issue of dispersal limitation in microbial ecology has
largely been explored with communities from continuous hab-
itats (e.g., air, soil, or large water bodies) [8, 27–30]. The
global biogeographic distribution of microbes in isolated hot
springs has been examined with both archaeal (e.g.,
Sulfolobus) and bacterial (e.g., Synechococcus) lineages and
suggests divergent evolutionary histories, which has been at-
tributed to dispersal barriers [31–33]. At similar scales to those
examined in this study, distance-decay pattern of bacterial
communities in pools formed by buttressed tree roots was
thought to be caused by (unmeasured) environmental vari-
ables, not dispersal limitation [34]. However, the method of
bacterial description (terminal restriction fragment length
polymorphisms) used in that study has biases towards abun-
dant or well-amplified taxa, and analyses were limited to those
based on an abundance-based measure of community dissim-
ilarity. If dispersal-basedmechanisms are more evident among
less common or non-abundant bacterial taxa, the above-
mentioned methods may have prevented these patterns from
being observed. In this study, we found that the use of both
abundance-based and presence-absence dissimilarity metrics
demonstrated patterns of community assemblage that would
have been difficult to infer otherwise.

The potential influence of both stochastic and deterministic
forces make the phyllosphere an intriguing system in which to
explore issues of microbial biogeography. The leaf surface
offers a discrete, heterogeneous, and repeatable unit that
may be used to attain levels of replication that would be pro-
hibitively difficult with communities of larger organisms [35].
Using such isolated leaf communities, this study found that
while the abundances of bacterial taxa seemed to depend on
conditions around the leaf, community membership was not
sensitive to the environment and may rather have been due to

atmospheric dispersal, deposition, and leaf surface traits.
Studies of the phyllosphere can also utilize higher sample
sizes, such as the 100 trees (and 200 individual leaves) initially
sampled in this study, allowing more confidence than limited
sampling of communities of macroorganisms. In addition to
spatial patterns such as distance-decay and biogeography, ex-
ploration of the phyllosphere bacterial communities in other
contexts (such as examining temporal variation) may be ap-
plied to ongoing ecological questions relating to community
stability and resistance, metapopulations and patch dynamics,
and mechanisms contributing to diversity.
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