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Abstract The aim of this work is to examine whether there exists a link between local
and landscape patterns of species commonness, and if these are related to morphological
traits in tropical plant communities. The Madidi region (Bolivian tropical Andes) is
selected as study location. We estimated local and landscape commonness, rarity classes,
height, diameter, number of stems, and habit for >2,300 species. We employed correlations
to evaluate the relationship between local scale commonness and landscape scale com-
monness. We performed ANCOVA and multinomial logistic regressions to predict com-
monness and rarity variables from the morphological traits. We repeated the analyses for
six different forest types, including dry forests and wet forests along a 3,477 m elevation
gradient. We found a positive relationship between local and landscape commonness in all
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forest types. Additionally, we found that, plant height influences the local and landscape
commonness, and that the apportioning of species into rarity classes depends greatly on the
species habit and, at lesser degree, on the number of stems. Our main conclusions are: (1)
Approaches to commonness and rarity based on abundance only or occurrence only could
summarize most of the relevant information to characterize commonness and rarity pat-
terns: both approaches, in practice, do not supply independent information. (2) The species
traits determine which species are rare and which ones are common, which indicates that
commonness and rarity patterns are the result of non-neutral trait-based community
assembly processes.

Keywords Landscape commonness - Local commonness - Oligarchy - Plant traits -
Rabinowitz’s classification

Introduction

The study of commonness and rarity has attracted the attention of ecologists and evolu-
tionary biologists for decades (e.g. Preston 1948; Rabinowitz 1981), and even some
authors have defined ecology as the study of commonness and rarity among and within
species (Kelly et al. 1996). Understanding patterns of commonness and rarity of species
has also fundamental implication for conservation (Gaston 2010, 2012), because rarity is
associated with extinction risk, particularly for species that are rare in multiple aspects of
their distribution and ecology (Rabinowitz et al. 1986). Despite the fundamental ecological
and applied questions surrounding commonness and rarity, we lack a detailed under-
standing of patterns and mechanisms that produce this phenomenon.

Commonness and rarity can be expressed at different scales and along different
ecological dimensions (Hanski 1982; Brown 1984; Rabinowitz et al. 1986; Pitman et al.
1999, 2001; Kristiansen et al. 2009). For example, the abundance of a species in a
sample, the frequency with which a species appears across a given region, or the geo-
graphical extent of a species distribution, are three measures of commonness at three
different spatial scales (Gaston 1994). Beyond spatial scales, species can be classified
along other relevant ecological dimensions, such as the variety of habitats where the
species appear, to distinguish different classes of rarity (Rabinowitz 1981; Rabinowitz
et al. 1986).

Species commonness and rarity have been frequently related to species traits. In
plants, studies have found that plant size is often correlated with species commonness at
different scales: (1) At large scales across regions and continents, larger species have
been found to be more widely distributed because of their greater dispersal ability
(Ruokolainen and Vormisto 2000; Davidar et al. 2008; Kristiansen et al. 2009). (2) At
local scales, large species could also be more abundant, because large plants have an
advantage when they compete for light (Wright et al. 2007) and tend to have higher
reproductive success (Nathan and Muller-Landau 2000; Westoby et al. 2002; Moles et al.
2004; Moles and Westoby 2004; Aarssen et al. 2006; Wright et al. 2007; Kristiansen
et al. 2009).

The habit of species could also influence their commonness and rarity patterns, par-
ticularly across different environments. It is widely known that lianas decrease in abun-
dance and richness at higher elevations in tropical ranges (e.g. Gentry 1991), but show the
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opposite pattern in sites that suffer frequent disturbances, because of their particular suite
of structural and physiological adaptations (Schnitzer and Bongers 2002; Pérez-Salicrup
et al. 2004; Letcher and Chazdon 2012). Regarding shrubs, these can be common in the
tropical forest communities, especially at higher elevations, where having multiple stems is
an advantageous adaptation to low productivity levels and high frequency of disturbances
due to steeper slopes (Bellingham and Sparrow 2000, 2009). Otherwise, it is poorly
understood how different rarity and commonness classes are related with different plant
habits in tropical forests, and whether the same patterns could apply to different forest
types.

The present work explores the relationships between commonness at two different
scales, rarity classes, and species traits within a 200 x 200 km region that includes dry and
wet tropical forests, along a 3,477 m elevation gradient in northwestern Bolivia. Specifi-
cally, we aim to answer the following questions: (1) Do different forest types show the
same apportioning of species into different rarity classes? (2) Is local commonness of
species correlated with landscape commonness within each forest type? (3) Are species
traits (plant height, plant diameter, number of stems, habit) related to commonness at some
scale and/or to rarity classes within each forest type?

Materials and methods
Study region, sampling design and floristic data

We established a network of 405 forest plots across the Madidi region of Bolivia (latitude
—12.43° to —15.72°; longitude —69.48° to —66.66°), located in the eastern slope of the
Andes and covering approximately 111,000 km? in the northern part of La Paz Department
and the western part of the Beni Department (Fuentes 2005).

The plot network surveys mature forests of different habitats and covers a steep
elevational gradient ranging from 254 to 3,731 m. The geological substrate ranges from
alluvial and fluvial sediments of gravels, sands and clays of the Quaternary in the
Amazonian forests, to predominance of Ordovician sandstones, siltstones, and slates at
high elevations in the Andean slopes (Bolivian Geological and Mining Service map,
http://200.87.120.29/sigeboweb/). All plots were installed avoiding big gaps and recent
human disturbance. In each plot, we inventoried all woody plant individuals rooting
within the plot limits with at least one stem with diameter equal or greater to 2.5 cm at
130 cm from the rooting point (“diameter at breast height”, dbh). For each individual,
we measured and counted all stems with dbh >2.5 cm, and estimated the height reached
by each individual. All species were collected at least once, and all individuals were
identified to a valid species name or assigned to a morphospecies (“species” in the
following). Extensive taxonomic work was conducted during 2010 and 2011 at Herbario
Nacional de Bolivia to ensure that all species names were standardized across all plots.
Less than 3.5 % of individuals were excluded from the analysis because they were sterile
specimens that could not be identified to species level, neither assigned to a reliable
morphospecies. Voucher specimens are kept in the Herbario Nacional de Bolivia and
Missouri Botanical Garden. All plot characteristics, floristic inventories, and information
on voucher specimens are available to query in the Tropicos® database (www.tropicos.
org/PlotSearch.aspx?projectid=20).
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Definition of forest types

The study region is extremely heterogeneous both environmentally and floristically. To
avoid results driven by such internal variability, we apportioned the plots into six different
forest types. The most distinctive floristic formation is the semideciduous dry forest (DR;
ranging from 650 to 1,350 m), which is tropical dry forest characterized by lack of pre-
cipitation during 4-5 months per year due to local rain shadow, clay loam soils with high
nutrient contents and relatively organic soils. This forest type occurs in a large patch of ca.
35 x 35 km in size within our study region.

The other five forest types were regular belts of tropical wet forests (>2,000 mm of
annual precipitation) along the whole elevation gradient (Navarro et al. 2004; Fuentes
2005): lowland Amazonian forest (AM; below 1,000 m); lower montane forest (LM, from
1,000 to 1,700 m); intermediate montane forest (IM, from 1,700 to 2,400 m); upper
montane forest (UM, from 2,400 to 3,100 m); and high Andean forest (HA; from 3,100 to
3,731 m). Temperature and precipitation changes with elevation are coupled with changes
in soil properties. Soils are more acidic and present higher concentrations of carbon and
nitrogen at higher elevations, caused by a progressive increase of the degree of soil
moisture and soil waterlogging and a decrease in the mineralization rates when moving
from the Amazonia to the Andes (Schawe et al. 2007). However, denitrification hydro-
morphic processes occur in HA forests. Macro-nutrients contents are less predictable than
changes in organic matter. Calcium and magnesium contents diminish with elevation,
whereas potassium levels are maximum at intermediate elevations (LMF and IMF).
Phosphorus content and texture are extremely variable across and within elevational belts,
although Amazonian soils tend to be more sandy in average that other forest types. Each of
these five wet forest types was distributed in more or less linear broad continuous belts
across an area of ca. 100 x 100 km.

Due to logistic constraints of the fieldwork, the plots within each forest type were not
distributed at random, but significantly clumped around selected study localities (Table 1).
The only exception to this aggregated pattern were some LMF and IMF plots that were
isolated within the large patch dominated by semi-deciduous dry forests, and that were
inventoried while sampling the DR forest in those localities.

Species traits

We calculated four traits for each species as potential determinants of its commonness and
rarity: (1) The maximum height of each species was estimated as the 95th percentile of the
heights of all the individuals of that species found in the region. (2) The maximum
diameter of each species was estimated as the 95th percentile of the diameters of all the
stems of that species. (3) The average number of stems by species, considering the median
of all individuals of that species. (4) The habit into four categories: (a) lianas: species with
at least half the individuals considered liana in the field; (b) canopy trees: self-standing
species with maximum stem diameter >10 cm; (c) treelets: self-standing species with
maximum stem diameter <10 cm and whose individuals never presented multiple stems;
and (d) shrubs: self-standing species with maximum diameter <10 cm and presented
multiple stems. We excluded 23 hemiepiphytic species (species with >50 % of individuals
considered hemiepiphytes in the field).

Once the traits were calculated for each species, all subsequent analyses were performed
separately for each forest type (DR, AM, LM, IM, UM and HA forests).
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Commonness and rarity measures

For each forest type and species, we calculated commonness at local (i.e. plot-level) and
landscape (i.e. forest-level) scales as follows: (1) Local commonness was measured as the
logarithm of the maximum local abundance (i.e. within a plot) attained by a species in a
given forest type. (2) Landscape commonness was measured as the logarithm of the
proportion of plots within a given forest type where the species was present. We took
logarithms because in all forest types, and at both scales, one or few species were very
common, and we sought to highlight the differences among the other species, which
represented the vast majority of the forests’ diversity. Additionally, the logarithmic
transformation served to fulfill the statistical assumptions of the Pearson’s correlations and
ANCOVA analyses (see below).

For each forest type and species we also calculated four rarity classes by combining
maximum abundance and frequency: (1) Rare species were those present in less than 5 %
of the plots of a given forest type, with always <5 individuals in any plot. (2) Abundant-
but-infrequent species were those whose maximum abundance was >5 individuals, but that
were present in less than 5 % of the plots of a given forest type. (3) Frequent-but-scarce
species were those species present in at least 5 % of the plots in a given forest type but that
were present always with <5 individuals in any plot. (4) Common species were those
present in at least 5 % of the plots in a given forest type and whose maximum abundance
was >5 individuals.

Statistical analysis

To answer if different forest types show the same apportioning of species into different
rarity classes, we performed G tests to test the null hypothesis of similar relative appor-
tioning of species into the four rarity classes across the six forest types. The G test is a test
of independence similar to the Chi-squared test, and measures if there exists independence
or not between two categorical variables (in our case, forest type and rarity class).

To answer whether local-scale commonness of species correlates with landscape-scale
commonness, we performed Pearson correlations between In(maximum local abundance)
and In(landscape frequency) of species at each forest type.

To answer if species traits are related to commonness at some scale and/or to certain
rarity classes, we performed two types of analyses for each forest type. First, to study the
relationship between the commonness at both scales and its potential determinants, we
performed two analyses of covariance (ANCOVA) at each forest type, by fitting models of
the form:

Y= ﬁ() + ﬂlMH + ﬁZMD + ﬁ?NS + ﬁ4Hliulm + ﬁSthrub + ﬁ()Htreeler

where Y is the response variable: In(maximum local abundance) in the case of the local
scale commonnes analysis, and In(landscape frequency) in the case of the landscape scale
analysis; MH is the maximum height; MD is the maximum diameter; NS is the average
number of stems; and Hj,,, is a dummy variable indicating if a species is liana
(Hjiana = 1) or not (Hjjzne = 0), and the same applies for Hy,p, and Hipeeper

Second, to evaluate the impact of species traits on the apportioning of species into rarity
classes, we performed multinomial logistic regressions, by fitting three models in each
forest type of the form
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P
n ( (classy)

Y .B() + ﬂlMH + ﬁZMD + .BzNS + ﬂ4Hliana + ﬁ_ithmh + .B(,Hfreelet
P(rare)

where P(class;) is the probability of a species of being of the rarity class kK € {common,
abundant but infrequent, frequent but scarce} and P(rare) is the probability of a species of
being rare (i.e., scarce and infrequent), which functions as a reference probability for the
models. The P values of the whole models were calculated with likelihood ratio tests, and
the P values for each coefficient were calculated with Z tests.

All calculations and analyses were performed with R 3.1.1. The level of significance for
all analyses was 0.05, assessed over Bonferroni-corrected P values.

Results

The six forest types differed 4-fold and 7-fold in the local and regional number of species,
respectively (Table 1). The proportion of canopy trees was fairly constant among different
forest types, 50-59 % of the species, but the proportion of shrub species increased at higher
elevations, whereas the proportion of liana and treelet species decreased with elevation.

Rarity classification and relationship between local commonness and landscape
commonness

In all forest types 76—79 % of species were included in the rare and common classes (Fig. 1).
However, below 2,400 m (DR, AM, LM and IM forests) there were more rare species than
common species (42-54 vs. 23-35 %), whereas above 2,400 m (UM and HA forests) there
were more common species than rare species (50-53 vs. 25-29 %). In all forest types the
abundant-but-infrequent and the frequent-but-scarce classes only included relatively few
species. Overall, the six forest types differed significantly in the proportion of species into
the four rarity classes (G = 308.07, P < 0.001). Despite these differences, there was always
a strong lineal positive relationship between In(maximum abundance) and In(landscape
frequency) of species in all forest types: DR (r = 0.72), AM (r = 0.65), LM (r = 0.72), IM
(r = 0.65), UM (r = 0.69) and HA (r = 0.71); (P < 0.001 in all cases).

Relationship between local and landscape commonness and traits

The ANCOVA models indicated that species traits and commonness at plot-level and
forest-level scales are significantly related (the models had P < 0.001 in both cases). Taller
species showed a significant trend to be more common at both local and landscape scales in
AM and LM (Table 2). However, the inverse trend was found at landscape scale in the DR
forest. On the other hand, species with larger maximum diameters tended to be uncommon
at local scale in AM and LM forests, and also at landscape scale in LM forest.

There was a general trend for treelets and lianas to be less common at local scale than
canopy trees (significantly in all forest types, except for lianas in the DR forest) (Table 2).
The same applies at landscape scale (significantly in all forest types, except for lianas in the
DR and HA forests; marginally significant for treelets at HA forest). Noteworthy, liana
species tended to be slightly more common at landscape scale than canopy trees in the DR
forest, although this trend was not statistically significant. In general, there was a trend for
species with more stems per individual to be less common at the local and landscape scales
in all forest types, but only significantly in the AM forest. However, shrub species were as
common as canopy trees in all forest types.
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Fig. 1 Classification of species into four rarity classes in six tropical forest types in northern Bolivia. The
horizontal lines separate the species with maximum local abundance >5 individuals from the others. The
vertical lines separate the species present in 5 % or more of the plots from the others. These two criteria are
combined to classify the species into four rarity classes. Each point corresponds to one species; several
species of exactly the same characteristics are represented by points of increasing size. The bottom-right
corner diagram represents the percentage of species in these four rarity classes

Relationship between the four rarity classes and traits

Overall, traits of species were significantly related to their rarity class in all forest types
(multinomial logistic regression models with P < 0.001 in all cases). The models coeffi-
cients indicated that being treelet or not was the most relevant factor across forest types
(Fig. 2). Compared to canopy trees, treelet species were more likely to be rare than
common (in all forest types), and more likely to be rare than abundant-but-infrequent
(significantly in DR, IM and HA forests). Besides, treelet species were more likely to be
rare than frequent-but-scarce in the DR forest.

The effect of being liana was similar at the highest elevations, although less pro-
nounced. Compared to canopy trees, liana species were more likely to be rare than com-
mon in UM and HA forests, and more likely to be rare than abundant-but-infrequent in the
HA forest. Although being shrub did not have any significant effect on the rarity class,
species with more stems in average were less likely to be common than rare in the DR
forests, less likely to be abundant-but-infrequent than rare (in AM and UM forests), and
less likely to be frequent-but-scarce than rare in AM, LM and IM forests.

Discussion
The positive relationship between abundance and spatial distribution found in the six forest

types implies that most of the species are ordered along a single commonness-rarity axis,
with most of the species being infrequent and scarce or frequent and abundant (Fig. 1). Our
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Fig. 2 Standardized coefficients of species traits (maximum height, maximum diameter, median number of
stems, habit) on rarity class, as computed for multinomial logistic regression models. The first column
represents the coefficients for the In(probability of being common/P,,,.), the second column represents the
coefficients for the In(probability of being abundant but infrequent/P,,..), and the third column represents the
coefficients for the In(probability of being frequent but scarce/P.,.), being P, the probability of being
scarce and infrequent. The dotted vertical line in zero represents the lack of effect. Filled dots represent
significant deviations from zero, according to Z tests on the coefficients. Asterisks represent extreme (and
significant) values of the coefficients for lianas and treelets in HA forests, which are caused by the lack of
species in those rarity classes in that forest type. DR dry forest, AM Amazonian forest, LM lower montane
forest, IM intermediate montane forest, UM upper montane forest, HA high Andean forest

results add to past studies reporting such a positive abundance-frequency relationship at
different scales on tropical woody plants, the so-called oligarchic pattern (reviewed by
Pitman et al. 2013). Although such relationships have been found to be stronger within a
given region or habitat, a positive relationship between abundance and spatial distribution
of species is one of the most general patterns in ecology at any scale (Gaston et al. 2000),
strongly suggesting tight links from local and landscape commonness at <20,000 km? to
regional and continental commonness at >2,000,000 km? (Kristiansen et al. 2009; ter
Steege et al. 2013).
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A novel strength of our work is to classify species into different rarity classes using the
same thresholds to define rarity classes. This approach has been seldom adopted before,
which has prevented from a general understanding of commonness/rarity patterns among
habitats and study regions (Rabinowitz 1981; Rabinowitz et al. 1986; Ricklefs 2000). By
doing so we find, on the one hand, that the positive relationship between abundance and
distribution is a general pattern, as previous classifications of species in other tropical
forests suggested (Pitman et al. 1999; Romero-Saltos et al. 2001). This indicates that the
oligarchy hypothesis could apply from the Amazonia to the Andes up to ~3,700 m in
elevation (Pitman et al. 2001, 2013). On the other hand, we find that the proportion of rare
and common species depends on the habitat considered, given that forests at higher ele-
vations show increasingly stronger oligarchic patterns, by containing more common and
fewer rare species (Fig. 1). Although most of the papers that support the oligarchic
hypothesis have been focused in the lowland forests (e.g. Pitman et al. 2001; Vormisto
et al. 2004; Macia and Svenning 2005), it is known that species richness and the degree of
dominance of species are negatively correlated (Bazzaz 1975; Huston 1979) and then it
seems plausible that the species are more common, in average, at higher elevations, where
there are fewer species (Arellano et al. 2014).

Being treelet or liana has a great impact in the commonness/rarity of a species

Overall, habit was the most important factor related to the commonness and rarity patterns
at both scales. Lianas were less common at local and landscapes scales, and more likely to
be infrequent and/or scarce than canopy trees. This is something partially determined by
how we chose the sampling sites: disturbed areas or liana-dominated gaps were avoided.
The pattern was most distinct above 2,400 m, as expected for the elevational trend in
abundance and diversity of lianas that is known to be a very general trend in tropical
mountains, and caused by the low tolerance of lianas to the potentially lower temperatures
at higher elevations (Schnitzer and Bongers 2002; Schnitzer 2005; Jiménez-Castillo et al.
2006).

Treelet species were also less common at local and landscapes scales, and were more
likely to be infrequent and/or scarce than canopy trees in most forest types. In other words,
these relatively small species do not show dominance in any sense, at any of the scales
considered, which rises questions on how small and large plants can coexist, and why these
relatively small species have not disappeared from the community, displaced by the small
or juvenile individuals of potentially larger species.

A first hypothesis that could explain such phenomenon is that small species compete at
finer scales than large species, and therefore the apparent success of large species is more a
sampling effect than reflecting true competitive interactions (Aarssen et al. 2006). In this
regard, the employed cut-off of 2.5 cm may have considered as rare some small species
that seldom reach such size, being otherwise common. Considering this, other plot size,
diameter cut-off, or sampling design, could have been more appropriate to correctly
describe the commonness and rarity patterns of such subset of small species.

Alternatively, a second hypothesis sustains that smaller species, although not being
highly competitive at the short-term when compared with larger species, tend to originate
more derived species due to shorter life cycles and greater speciation rates (Aarssen et al.
2006). If this idea were true, groups of small and rare species would tend to share a
common origin, and to be more closely related among them than large species. Previous
research indicate that commonness and rarity are not randomly distributed among all the
species of the community (e.g. ter Steege et al. 2013), but further research on the different
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functional and evolutionary roles of tropical forest species is needed to gain insight into the
role of evolution in shaping the patterns studied here.

Multi-stemmed or shrub species are not more common at any scale

We found evidence of no advantage of shrub or multi-stemmed species at local or land-
scape scales, neither any elevational trend in the commonness/rarity patterns of these
species. In fact, species with more stems have a generalized trend to be scarce and/or
infrequent, compared with single-stemmed species. This is surprising specially in the case
of montane forests, since previous results showed that having multiple stems is an
advantageous adaptation to low productivity levels and high frequency of disturbances due
to steeper slopes typical of montane forests (Bellingham and Sparrow 2000, 2009).
Moreover, this is in contrast with the observed increase in the proportion of shrub species
with elevation, which somewhat suggests that shrubs do well at higher elevations. How-
ever, it could be explained if the higher prevalence of the shrub habit among montane
species is related to evolutionary heritage of very diversified clades in the Andes (e.g.
Psychotria, Miconia, Clusia), and not so much to competitive advantages of these species
at ecological scales.

Being taller and having larger diameter are very different things

Contrary to our expectations, maximum height and maximum diameter of species pre-
sented very contrasting results, and more clearly for wet forest below 1,700 m elevation,
where taller species are more common at both scales, whereas species with greater max-
imum diameters show the opposite pattern.

The relative success of taller species is in agreement with previous works focused on
tropical forests at low elevations (Ruokolainen and Vormisto 2000; Davidar et al. 2008;
Kristiansen et al. 2009). Overall, it seems that greater dispersal abilities associated with
potentially higher individuals make the species to perform well at landscape level, which,
in turn, could lead to high local abundances. This could be caused because taller species
that disperse well are more likely to find highly suitable habitats were local populations can
grow and develop well.

In contrast, species that attain greater diameters do not seem to outcompete other
species at local or landscape scales, despite being hypothesized to have higher reproductive
success (Nathan and Muller-Landau 2000; Westoby et al. 2002; Wright et al. 2007).What
we find resembles the pattern reported by Itoh et al. (1997), who found that some large tree
species were characterized by negative autocorrelation at the local scale (i.e., low local
densities). They proposed the Janzen-Connell dynamics as the underlying mechanism for
such distribution (Janzen 1970; Connell 1971). It is appealing to think about large (likely
long-lived) individuals as long-term and stable reservoirs of host-specific predators and/or
pathogens with greater influence over their surrounding area than smaller plants, but more
research would be required to point towards a mechanistic cause for the pattern.

Conclusions
Two main conclusions arise from the present study. First, the positive relationship between

commonness at local and landscape scales indicates that very simple approaches to
commonness and rarity based on abundance only or occurrence only, could summarize
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most of the relevant information to characterize species commonness and rarity patterns.
Both approaches, in practice, do not supply independent information, which indicates that a
wide array of tools could be used to characterize the species, with direct consequences for
applied ecology, such as employing presence/absence maps to estimate the total population
size of a given species (Hui et al. 2009, 2010). Finally, the species traits determine which
species are to be rare and which to be common, which indicates that commonness and
rarity patterns do not result solely from stochastic processes, but are the result of non-
neutral trait-based community assembly (McGill et al. 2006a, b, 2007; Violle et al. 2012).
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