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Abstract
Quantifying the spatio-temporal distribution of arthropods in tropical rainforests represents
a first step towards scrutinizing the global distribution of biodiversity on Earth. To date most
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studies have focused on narrow taxonomic groups or lack a design that allows partitioning
of the components of diversity. Here, we consider an exceptionally large dataset (113,952
individuals representing 5,858 species), obtained from the San Lorenzo forest in Panama,
where the phylogenetic breadth of arthropod taxa was surveyed using 14 protocols targeting the soil, litter, understory, lower and upper canopy habitats, replicated across seasons
in 2003 and 2004. This dataset is used to explore the relative influence of horizontal, vertical
and seasonal drivers of arthropod distribution in this forest. We considered arthropod abundance, observed and estimated species richness, additive decomposition of species richness, multiplicative partitioning of species diversity, variation in species composition,
species turnover and guild structure as components of diversity. At the scale of our study
(2km of distance, 40m in height and 400 days), the effects related to the vertical and seasonal dimensions were most important. Most adult arthropods were collected from the soil/
litter or the upper canopy and species richness was highest in the canopy. We compared
the distribution of arthropods and trees within our study system. Effects related to the seasonal dimension were stronger for arthropods than for trees. We conclude that: (1) models
of beta diversity developed for tropical trees are unlikely to be applicable to tropical arthropods; (2) it is imperative that estimates of global biodiversity derived from mass collecting of
arthropods in tropical rainforests embrace the strong vertical and seasonal partitioning
observed here; and (3) given the high species turnover observed between seasons, global
climate change may have severe consequences for rainforest arthropods.

Introduction
The majority of terrestrial eukaryote diversity on Earth is represented by arthropods in tropical
rainforests. The diversity of arthropod feeding guilds and functional niches observed in tropical
rainforests is also unparalleled [1,2]. Comparatively little is known, however, about the factors
driving high spatio-temporal variation in this local diversity among its component dimensions
of space and time. We propose that (1) quantifying the relative influence of local factors affecting the present day distribution of arthropods is a necessary first step towards scrutinizing the
global distribution of biodiversity on Earth, and (2) assessing these factors for different taxa
and functional groups is crucial for understanding biodiversity and for developing sound strategies for arthropod conservation in tropical rainforests. Here, the mere documentation of spatio-temporal patterns and of how they vary among taxa represent an important first step in
itself.
Ecologists are often concerned with quantifying animal or plant distribution with regard to
historical factors [3], latitudinal or altitudinal gradients [4], geographic distance [5] or seasonality [6]. All these dimensions of species diversity depend on scale [7,8] and the appropriate
scale for examination may also depend on the ecosystem and the organisms considered. For
example, many ecological models include the pattern of decreasing community similarity with
geographical distance [5,9]. It is thought that the distance decay of similarity can be attributed
to three potential mechanisms: niche-based processes, spatial configuration dictating the dispersal rate of organisms, and neutral processes such as random dispersal or speciation [9,10].
Although these are often treated as branching alternatives, niche-based explanations are (in
principle) not necessarily incompatible with dispersal limitation in an ecologically neutral habitat [11]. We would further suggest here that these concepts might apply diversely to different
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taxa. Even though not as widely recognized, the distance decay of similarity can also be applied
in temporal studies, where similarity can be plotted against the temporal distance between
observations [12].
With respect to tropical arthropod communities, the scale of a whole rainforest, or a large
portion of say several square kilometers, surpasses the trivial dispersal distance of most species
by several orders of magnitude. At these scales, it is realistic to assess both the horizontal and
vertical spatial turnover among local communities, and whether or not these are determined
by differences in habitat structure or physical factors, over and above random dispersal dynamics on an ecological time-scale. Understanding the drivers of the spatio-temporal organization
of communities at the scale of the forest is essential to understanding and conserving tropical
arthropod biodiversity [13]. If beta-diversity scaling relationships differ among disparate
organisms, then conservation strategies aimed at preventing the loss of species will have to consider the requirements of multiple taxa at multiple spatial scales [13]. To date, most studies
have focused on a few assemblages only (e.g. butterflies, beetles: [14–17]) and have rarely been
designed to allow the explicit partitioning of components of arthropod diversity. Here, we consider a uniquely large dataset for the San Lorenzo forest in Panama. Within this forest, we surveyed the full phylogenetic breadth of arthropod taxa using 14 structured protocols targeting
microhabitats from the soil to the upper canopy, and replicated across seasons in 2003 and
2004. We use this dataset to explore the relative contributions of horizontal, vertical and seasonal variation to the total distribution in space and time of arthropods in this forest.
In lowland tropical rainforests, one of the obvious spatial gradients of species change (hereafter referred to as ‘dimension’, so as not to assume the existence of an autocorrelated gradient
per se) is related to geographic distance, as tropical rainforests are notoriously heterogeneous
environments [18]. Faunal changes in this horizontal dimension may be driven by multiple factors, including forest dynamics [19], the presence of host-plants and their relatives for herbivores [20], soil properties affecting the quality of host-plants for herbivores [21], distance from
forest edge [22], or even neutral processes that incorporate distance-decay of dispersal [18].
Since geographic distance is two-dimensional, the spatio-temporal distribution of arthropods
in a rainforest is actually described by four dimensions (hence the title of our contribution).
A seasonal dimension may result from temporal heterogeneity in the biodiversity of different habitats, reflecting varying availability of resources, or microclimates [23]. It has long been
known that faunal changes induced by seasonality can be significant in “aseasonal” tropical climates [24]. Moreover, other biotic processes, such as resource competition and predation/prey
dynamics, also influence this seasonal dimension, particularly in tropical rainforests [25]. We
thus use the term “seasonal dimension” to distinguish these effects from those related to diel
activity and inter-annual changes, even though these may also be important drivers of variation
in biodiversity. Plant growth is shaped by competition for light, promoting floristic changes in
the vertical dimension, from forest floor to canopy [26]. Faunal changes, promoted by various
mechanisms, are also significant within this dimension [15]. In forests, the vertical dimension
encompasses habitats from the subsoil to the upper canopy.
A priori, we expect that in tall closed tropical rainforests plant turnover may be substantial
between the understory and the upper canopy (see below for definition of these terms). Hence
we conjecture that at the scale of the whole forest stand (or slightly smaller scales) changes in
arthropod species along the vertical dimension are substantial, and more important than corresponding changes observed in the horizontal and temporal dimensions. We also expect differences between short-lived (arthropods) and long-lived (trees) organisms with the temporal
dimension being more significant for the former within the seasonal dimension. In this context, we ask the following specific questions:
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1. What is the relative contribution of horizontal, vertical and seasonal dimensions to the variation of arthropod biodiversity in a closed-canopy tropical rainforest? In which dimension
(s) are arthropod assemblages most similar? We investigate these two questions by quantifying several diversity components, including arthropod abundance, observed and estimated
species richness, additive decomposition of species richness, multiplicative partitioning of
species diversity, variation in species composition, species turnover and guild structure.
2. Do patterns of distribution in the horizontal, vertical and seasonal dimensions differ among
arthropod feeding guilds?
3. If analyzed at the same scale (i.e., each dimension bounded by its maximum state as studied
here), are distributional patterns in the horizontal, vertical and seasonal dimensions different for arthropods and trees in this forest? In particular, are models of beta diversity developed for tropical trees [27] relevant to tropical arthropods, which represent the majority of
biodiversity in tropical forests?

Materials and Methods
Study sites
Field sampling was performed in the San Lorenzo Protected Area in Panama (9°16’N, 79°
58’W, elevation ca 130 m a.s.l.). Annual rainfall in this lowland wet forest averages 3,139 mm
and annual average air temperature is 26.0°C. Fifty percent of this area is a contiguous evergreen seasonal mixed forest (6,000ha; see [28] for a detailed account) within which our study
area was located. Twelve 20 x 20 m sites (coded as B1, B2, C1, C2, C3, F1, F2, F3, I1, R1, R2 and
R3), all less than 2 km apart, were surveyed for plants and arthropods, from the ground to the
upper canopy. Plots of 400m2 have been shown to be adequate to evaluate tree diversity [29]
and arthropod diversity [30] in tropical rainforests. At all sites, plants > 1cm diameter at breast
height (DBH) were tagged and identified before arthropod collections began. Sampling in the
upper canopy deployed a combination of fogging, single-rope climbing techniques and several
devices such as a canopy crane, canopy raft, canopy bubble and tree-platform. The location,
description, vegetation characteristics of all sites and logistics of accessing the upper canopy
are detailed in [30] (and see also Fig 1).

Arthropod collecting and processing
Arthropods were surveyed using 14 different protocols targeting the soil, litter, understory,
mid-canopy and upper canopy habitats, replicated across seasons in 2003 and 2004. Hence our
protocols ensured that most of the vertical profile of the forest was surveyed. The soil was surveyed to a depth of 5cm. For simplicity, samples of soil and litter were jointly regarded as “litter”. Understory samples were collected 0 to 3m above the forest floor, lower canopy (hereafter
“canopy” for sake of brevity) samples were collected from 3 to 35m above the ground, and
upper canopy samples from heights above 35m. This last habitat may be defined as the canopy
surface (the interface between the uppermost layer of leaves and the atmosphere) and the volume immediately below (a few meters; [15]). The above terms do not necessarily mean that
the forest is stratified: they are simply convenient to describe the vertical location of samples.
To analyse the samples, we established a consortium of 102 researchers with expertise
encompassing the full breadth of phylogenies and feeding modes present among arthropods.
This consortium invested a total of 24,354 trap- (or person-) days sampling the San Lorenzo
forest using structured protocols [1]. These protocols included: Winkler sifting; Berlese-
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Fig 1. Overview of the sampling design. Three major spatio-temporal dimensions were considered for arthropods: spatial turnover or difference in species
composition measured (A) horizontally (among sites, all less than 2km apart), (B) vertically from -5cm to 36m above ground, and (C) temporally, among
sampling intervals repeated within a period of 413 days. (A) Twelve 20x20m sites (I-XII) were surveyed for plants and arthropods, from the ground to the
upper canopy. (B) Arthopods were surveyed using 14 different protocols from ground to the upper canopy: (1) baits and netting; (2) gall sampling within the
volumetric space of a vertical cylinder; (3) sticky traps; (4) aerial composite flight-interception traps; (5) beating of vegetation and dead branches; (6) hand
collecting for ants and termites; (7) ground flight-interception traps; (8) collection of the leaf-litter fauna and extraction with a mini-Winkler apparatus; (9)
collection of ground and suspended soils, extraction with Berlese-Tullgren apparatus; (10) wood rearing; (11) pitfall traps; (12) ground Malaise traps; (13)
canopy fogging; (14) light traps. (C) After an initial sampling period of 6 weeks during the late wet season (September-October 2003, hereafter Survey S1),
field work was replicated during three similar sampling periods targeting the dry, early wet and late wet seasons (Survey S2: February-March 2004, Survey
S3: May-June 2004, Survey S4: October-November 2004). Photos by JS (1), SR (2), ML (3,5,8,9,11,13), NW (4), N. Baiben (6), C.E. Carlton (7), M. Janda &
J. Patera (10), RLK (14), S. Pinzon (12).
doi:10.1371/journal.pone.0144110.g001

Tullgren extraction; hand-collecting of galls and social insects; fogging; beating; wood-rearing;
baits and various types of traps such as pitfall, small and large flight-interception, sticky, light,
and Malaise traps. All of the protocols and their characteristics are detailed in [30] (and see Fig
1). After an initial sampling period of 6 weeks during the late wet season (September-October
2003, hereafter Survey S1), we replicated field work during three similar sampling periods targeting the dry, early wet and late wet seasons (Survey S2: February-March 2004, Survey S3:
May-June 2004, Survey S4: October-November 2004). During this extended sampling period,
flight-interception, sticky and Malaise traps were run for extended periods (flight-interception
traps continuously from October 2003 to October 2004). Temporal replicates thus ensured that
arthropod seasonality was accounted for. No endangered species were collected or disturbed as
part of the study. Fig 1 provides a schematic drawing of the full sampling design, with explicit
scales and dimensions.
Focal arthropods were sorted to named species or morphospecies by taxonomists and
assigned to the following arthropod guilds: ants, phytophages, fungivores, predators, parasitoids and scavengers (see S1 Text for further details about taxonomic sorting and guild assignment). The arthropod data (as of 10 May 2012) have been deposited in the Dryad repository:
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http://datadryad.org/review?doi = doi:10.5061/dryad.5hn8n. Field permits were granted by the
Autoridad Nacional del Ambiente (ANAM).

Arthropod data and overall rationale of statistical analyses
We considered three major spatio-temporal dimensions: spatial turnover or difference in species composition (a) among sites (horizontal dimension), (b) within the vertical dimension
(vertical dimension), and (c) temporal variation among repeated sampling intervals through
time (seasonal dimension). We evaluated the effects of horizontal, vertical and seasonal dimensions for four main categories of arthropod variables: (1) abundance, (2) observed and estimated species richness, (3) species composition and faunal similarity and (4) guild structure.
Because of the great number of protocols used at the different sites, within different habitats
and surveys, a full factorial design (sites x habitats x surveys) allowing the partitioning of insect
variables among the three dimensions, was not always possible. In addition, some protocols
were only valid for particular habitats (e.g., Winkler extractions targeting the litter fauna).
There were also obvious physical limitations as, for example, bulky flight-interception and
light traps could rarely be placed in the upper canopy, as opposed to small and light sticky
traps. When partitioning the insect variance in the horizontal, vertical and seasonal dimensions, we opted to include the datasets best balanced in the dimension of relevance for the analysis, as explained below and in S1 Text. We also restricted our data to protocols that targeted
multiple taxa (i.e., we excluded single taxon bee and termite protocols, [30]). This limited our
analyses to the 10 following protocols, listed in order of decreasing number of individuals collected: Berlese-Tullgren, flight-intercept trap (FIT), ground flight-intercept trap, light trap, fogging, Malaise trap, Winkler, sticky trap, pitfall trap and beating.

Arthropod abundance and species richness
For analyses of arthropod abundance and species richness we restricted the dataset to species
that were collected with at least a probability of being present as a single individual at all study
sites (i.e., minimal number of individuals collected  12). This entire dataset so defined
included 98,793 individuals representing 1,041 species distributed among 12 sites, four habitats
along vertical gradients, and four seasonal surveys, with more specific subsets used in given
analyses (see below and S1 Text). To evaluate the effect of horizontal, vertical and seasonal
dimensions on arthropod abundance and species richness we used Kruskal-Wallis tests, considering protocols that maximized replicates among sites, habitats or surveys, or were more
comprehensive (e.g., fogging for studying the variance among sites). For each of these analyses,
we calculated an effect size based on the highest and lowest mean of samples. We also performed mixed-effects ANOVAs examining the relative influence of sites, habitats and surveys
with much smaller data sets appropriate to this end. In a similar fashion, we ran all of these
analyses for the abundance of the main arthropod guilds collected in samples. Description of
supplementary analyses are provided in S1 Text.

Partitioning of arthropod species richness and diversity
For analyses other than those related to abundance and species richness, we used, as far as possible, the full dataset that included 113,952 individuals representing 5,858 species. There are
currently two main frameworks, additive and multiplicative, to partition species richness or
diversity, and both are complementary for the interpretation of a robust estimation of biodiversity [31]. Following Marcon et al. [31], we call them the additive decomposition of species richness and multiplicative partitioning of species diversity, respectively. The first analysis refers
more particularly to changes in species richness irrespective of the relative abundance of
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species, whereas the second one takes into account the relative commonness and rarity of species, and further minimizes the influence of sample size [32]. Recent debates about additive vs.
multiplicative diversity partitioning have emphasized questions about the additive partitioning
of species diversity but not that of species richness [33]. As a straightforward analysis, we used
the following method for the additive decomposition of species richness:
g¼aþb
where γ is the total species richness in the study system, α is the average species richness within
samples and β is the average difference in species richness among samples [34,35]. We further
partitioned β among temporal, horizontal and vertical components, such that
g ¼ a þ bT þ bH þ bV
where α is the mean number of species collected per site, habitat and survey (four sites, C1, C2,
C3, I1; three habitats, litter, understory and canopy; four surveys, S1-S4; 48 pooled samples);
βT is the total number of species collected over the 4 surveys for each spatial combination of
horizontal and vertical samples minus the mean number of species collected for that spatial
component (12 samples); βH is the total number of species collected over the four surveys for
each site minus the mean number of species collected for that site (four samples); and βV is the
total number of species in the study system minus the mean number of species collected at
each site. We partitioned species richness for different data sets, including all species collected
using the 10 principal protocols, all species collected with FITs, the estimated number of species present in the study system collected either with the 10 protocols or with FITs, common
and rare species, and arthropod guilds. The Chao2 estimator was used to estimate species richness and was calculated using EstimateS 8.20 [36]. Multiplicative partitioning of species diversity was calculated with Hurlbert’s effective number of species and as [32,33]:
g ¼ axbTxbHxbV
Methods are detailed in S1 Text, as well as other aspects related to the partitioning of arthropod species richness and diversity.

Variation in arthropod species composition and species turnover
Concepts and analyses related to beta diversity are numerous and often conflict in subtle ways
([37]; see S1 Text). Using the terminology of Anderson et al. [37], we are interested in investigating three aspects: (a) the relative partitioning of variation in community structure in
response to its horizontal, vertical and temporal dimensions; (b) the rate of turnover in community structure along these three dimensions (therefore also testing whether strict gradients
exist in these dimensions); and (c) the relative magnitude of turnover along particular gradients
(if they exist) for different arthropod guilds. To investigate (a) we used canonical variation partitioning [38–40], for which we provide details in S1 Text.
To estimate the rate of turnover in community composition in the horizontal dimension we
calculated faunal similarity between samples obtained at different sites and plotted pair-wise
similarity as a function of the distance between sites. Likewise, to evaluate the rate of turnover
in the vertical dimension we plotted pair-wise similarity of samples obtained at different
heights against differences in height. To estimate seasonal turnover, we plotted pair-wise similarity of samples obtained during a whole week against the difference in time expressed in days.
Further details are provided in S1 Text. We contrasted, in a similar fashion, faunal similarity
for each arthropod guild along the horizontal, vertical and seasonal dimensions.
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Explanatory variables
Wherever possible, we quantified horizontal, vertical and seasonal gradients of arthropod distribution in relation to potential drivers of variation, rather than simply using arbitrary spatial
categories. Arguably, the most important of these environmental variables may include: differences in floristic composition, tree basal area, or spatial heterogeneity in vegetation structure
among sites (for horizontal gradients); light, canopy openness or leaf area index (for vertical
gradients); and rainfall, temperature or tree phenology (for seasonal gradients). Measurements
of all of these variables are detailed in S1 Text.

Comparison of arthropod vs. tree distribution in the San Lorenzo forest
We compared arthropod vs. tree distribution in the horizontal, vertical and seasonal dimensions following the preceding analytical procedures. Our sampling protocols targeted adult
arthropods. Typically, arthropods have short-lived adults that can reproduce immediately but
for a short period. Our plant data, derived from the botanical plots at San Lorenzo, are limited
to trees. Thus, in the context of this study, an adult arthropod is analogous to a mature tree in a
reproductive state. Our various comparisons between trees and arthropods are based on this
analogy and logic. For tree abundance, we considered the total number of stems recorded per
site in the horizontal dimension, and the number of seedlings, saplings and trees per habitat in
the vertical dimension (S1 Text). In the seasonal dimension, we considered litterfall data for
flowers only (S1 Text), to quantify the availability of reproductive units. We compared effect
sizes for arthropods and trees in the horizontal, vertical and seasonal dimensions. Additive
decomposition of species richness and multiplicative partitioning of species diversity was performed with data for flowering trees during surveys 1–4. Variation partitioning was performed
on these data in a fashion similar to that for arthropods, with the exception that seasonal variables included total rainfall, average temperature, wind speed and radiation during Surveys
1–4. Floristic turnover was estimated as for arthropods, with either all tree species occurring
within study sites, or with only tree species that were flowering during Surveys 1–4.

Results
Arthropod abundance
Arthropod abundance varied significantly among different surveys, but less so among sites or
habitats (Table 1 & Fig 2). Arthropod abundance in sticky traps correlated with canopy openness
(S1 Fig). Although the effect sizes were generally greater for seasonal comparisons (Table 1 and
S1 Table, Fig 2), there was no significant difference among the effect sizes reported in Table 1
when grouped by factors (sites, habitats, surveys; Kruskall-Wallis test, W = 3.8, p = 0.149). For all
arthropod guilds, with the exception of ants, mean abundance per sample was not significantly
different among sites (S2 Fig). In contrast, there were sharp differences in the mean abundance of
arthropod guilds among habitats (Fig 3; average ES = 0.763). For instance, scavengers were significantly more abundant in the litter, ants were significantly more abundant in the canopy, phytophages were significantly less abundant in the litter, and other guilds were more evenly
distributed among habitats. The abundance of all guilds was also significantly different between
surveys, often with their highest abundances during Survey 1 (S3 Fig; average ES = 0.733). Supplementary results for arthropod abundance and other arthropod variables are detailed in S2 Text.

Arthropod species richness and diversity
Species accumulation curves differed most strongly between vertical habitats (S4 Fig). Arthropod species richness, either interpolated as the median number of species collected per sample
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Table 1. Results of Kruskall-Wallis tests comparing arthropod abundance among sites, habitats and surveys. Too few samples were available for a
composite analysis of habitats.
Analysis *

No. traps
/samples

No.
ind.

W/p

Effect
size

Remarks: No. sites; habitats; surveys; no. of samples or protocol
considered (no. of samples) *

Sites: STI

630

1956

57.4 /
<0.001

0.397

9; 4; 1; 41–92 traps

Sites: FOG

48

10777

12.8 / 0.078

-

Sites: FIT

275

7077

44.1 /
<0.001

0.389

5; 4; 1; 53–57 samples

Sites: composite

1314

40771

779.3 /
<0.001

0.280

8; 4; 1; BEA(20), BER(47), LIT(6), PIT(4), STI(41)

Habitats: STI

1150

3683

219.3 / <
0.001

0.484

9; 4; 4; 34–598 traps per habitat

Habitats: FIT

814

18092

19.5 / <
0.001

0.298

5; 4; 4; 6–535 samples per habitat

Surveys: FIT

814

18092

198.3 / <
0.001

0.641

5; 4; 4; 144–275 samples per survey

Surveys: LIT

96

14549

5.8 / 0.124

-

8; 2; 4; 12–48 samples per survey

Surveys: PIT

193

1288

23.4 / <
0.001

0.489

8; 1; 4; 27–95 samples per survey

Surveys:
composite

403

39346

342.1 / <
0.001

0.507

9; 4; 4; FIT(12**), LIT(12), PIT(27), STI(8**)

8; 2; 1; 6 samples

* Codes of protocols: BEA = Beating, BER = Berlese-Tullgren, FITs = Flight-intercept traps, FOG = Fogging, LITs = Light traps, PITs = Pitfall traps,
STIs = Sticky traps
** pooled by vertical transect at each site.
doi:10.1371/journal.pone.0144110.t001

or extrapolated species richness (Chao2), followed the trends for arthropod abundance, with
some slight differences. The effect of survey on species richness was significant and strong,
whereas the effects of site and habitat were weaker (S2 and S3 Tables & S5 Fig). Measured effect
sizes for each factor were often larger for the estimated number of species (Chao2) compared
with the median number of species collected per sample.

Fig 2. Representative box-plots of arthropod abundance across (a) sites, (b) habitats and (c) surveys. See Table 1 and methods for details about data
sets.
doi:10.1371/journal.pone.0144110.g002
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Fig 3. Mean (± s.e.) abundance per sample, detailed per arthropod guild and habitats (black bars = litter, grey bars = understory, stippled
bars = canopy, white bars = upper canopy). ANOVAs comparing mean abundance per habitat within guilds are all significant with at least p<0.01. For
each guild, different letters denote significantly different means (Tukey tests, p<0.05).
doi:10.1371/journal.pone.0144110.g003

Additive decomposition of species richness indicated in general that vertical turnover (βV)
> horizontal turnover (βH) > temporal turnover (βT) and this was consistent across arthropod guilds (Fig 4). The only exception to this pattern was a high horizontal turnover for common species as compared with a high vertical turnover for rare species (Chi-square = 691.9,
p < 0.001). For the total number of species estimated within the study system, the proportion
of change in species explained by α was 6.5%, by βT 10.4%, by βH 24.6% and by βV 58.5% (Fig
4a). Vertical turnover was higher for the guilds of phytophages and predators, as compared
with ants, fungivores and scavengers (G-test = 73.09, p < 0.001; Fig 4b).
Multiplicative partitioning of species diversity indicated different patterns. In general, the
effective number of fully differentiated communities accounted for by βT or βH was much
higher than that accounted for βV (S6 Fig). Multiplicative βT was particularly important for all
arthropods, common species and scavengers, whereas multiplicative βH was important for
arthropods collected in FITs, phytophages, fungivores and predators. All multiplicative components of beta diversity were equally important for ants. For the total number of species estimated within the study system, the effective number of fully differentiated communities
accounted for by βT, βH and βV was 70.0%, 2.7% and 2.4%, respectively, of the total multiplicative components of beta diversity (S6 Fig).
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Fig 4. Additive decomposition of species richness for (a) major data sets and (b) arthropod guilds. (a) Major data sets (estimated species richness
with ten protocols, observed species richness with ten protocols, estimated species richness with FITs, observed species richness with FITs, 885 common
and rare species, inset: flowering trees (note the different scale). (b) Arthropod guilds (observed species richness with ten protocols). Species richness is
partitioned among alpha (black bars), betaT (grey bars), betaH (stippled bars) and betaV (white bars). * indicates that parameters are significantly different
from zero. Randomization tests were not performed with estimated species richness.
doi:10.1371/journal.pone.0144110.g004

Variation in species composition and species turnover
The variation in species composition explained by horizontal, vertical and seasonal variables
was relatively low, between 15 and 28% for different data sets (22% for the data set with all species; Fig 5a and S7 Fig). Of the total fraction explained, however, measured variables consistently ordered the dimensions as vertical > seasonal > horizontal when considering the
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Fig 5. Venn diagrams summarizing canonical variation partitioning along three dimensions for (a) arthropods and (b) flowering trees. (a) 5858
arthropod species collected at 12 sites with all collecting methods. (b) 25 species of trees flowering during Surveys 1–4. Variables used to characterize the
three dimensions are included in grey boxes. ** = significance of the fraction of variation (200 randomizations, p< 0.01); # fraction not testable. For
description of fractions [a]-[h], see methods.
doi:10.1371/journal.pone.0144110.g005

variation uniquely expressed by these dimensions (fractions [b], [c] and [a], respectively;
ANOVA with arthropod guilds as data sets; F2,12 = 11.09, p < 0.01). The fraction of variation
that was jointly explained by the different dimensions was rather low, with particularly strong
effects of the vertical and seasonal dimensions alone (Fig 5a).
We found no detectable gradient in the turnover of species composition in the horizontal
dimension, with similarity sometimes remaining rather high after 1.5km (Fig 6a). However, in
the vertical (Fig 6b) and seasonal dimensions, we detected statistically significant gradients (Fig
6c). Initial similarity was halved over 12m along the vertical gradient, and over 76 days along
the seasonal gradient. Significant gradients of similarity existed mostly when considering habitats in the seasonal dimension (S8 Fig). Phytophages had a significant distance decay (halving
of initial similarity after about 340 m), predators and fungal feeders with height, and ants and
phytophages with time (S9 Fig).

Comparison of arthropod vs. tree distribution
Effect sizes in the horizontal dimension for the variables of abundance, observed and estimated
species richness were often larger for trees than for arthropods. In the vertical dimension, the
outcome of these comparisons were not so clear, whereas in the seasonal dimension effect sizes
were larger for arthropods than for trees (details in S2 Text). Out of 228 tree species occurring
within our sites, 25 species were flowering at some point during Surveys 1–4. Additive decomposition of species richness across the horizontal, vertical and seasonal dimensions for flowering trees was not significantly different than that for arthropods, with α accounting for 12.8%,
βT for 13.9%, βH for 27.6% and βV for 45.7% of turnover, respectively (G-test, G = 1.88,
p = 0.60; Fig 4a). For flowering trees, sample size was too small to estimate alpha and the other
multiplicative components of species diversity reliably. The variation explained in the species
composition among samples of flowering trees by horizontal, vertical and seasonal variables
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Fig 6. Arthropod species turnover, expressed by faunal similarity measured with the Morisita-Horn index, in the (a) horizontal, (b) vertical and (c)
seasonal dimensions. Shown are the parameters of pairwise dissimilarity regressed on pairwise log(distance), with p values based on 1,000 permutations
of pairwise distance versus pairwise dissimilarity matrices, and the overall concordance (r) between the matrices of observed and estimated values. Plotted
models refer to the decay of similarity (i.e. 1-dissimilarity), for more intuitive interpretation.
doi:10.1371/journal.pone.0144110.g006
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Table 2. Summary of the principal results, detailed for the horizontal, vertical and seasonal dimensions. 0 = no interaction, + = weak, ++ = intermediate, +++ = strong, NA = not available (see results), NT not tested (see methods). AR = arthropods, TR = trees.
Dimension / Analyses

All arthropods

Guilds

Trees

Abundance

+

0 for most

+, TR  AR

Observed species richness

+

NT

++, TR > AR

Estimated species richness

+

NT

+++, TR > AR

Additive decomposition of species richness

++

++

++, TR  AR

Multiplicative partitioning of species diversity

+

+++

NA

Variation in species composition

+

+

0, TR < AR

Turnover

0

+

+, TR > AR

HORIZONTAL DIMENSION

VERTICAL DIMENSION
+

+++

+++, TR > AR

Observed species richness

+++

NT

+++, TR  AR

Estimated species richness

+++

NT

+++, TR  AR

Additive decomposition of species richness

+++

+++

+++, TR  AR

Multiplicative partitioning of species diversity

+

+

NA

Variation in species composition

+++

+++

0, TR < AR

Turnover

++

++

NA

Abundance

+++

+++

++, TR < AR

Observed species richness

+++

NT

++, TR < AR

Estimated species richness

++

NT

+, TR < AR

Additive decomposition of species richness

+

+

+, TR  AR

Multiplicative partitioning of species diversity

+++

+++

NA

Variation in species composition

++

++

+++, TR > AR

Turnover

++

++

++, TR  AR

Abundance

SEASONAL DIMENSION

doi:10.1371/journal.pone.0144110.t002

was lower (14%) than for arthropods. Not surprisingly, this variation was mostly explained by
seasonal variables, such as rainfall, temperature, wind and radiation (Fig 5b). There was a significant distance decay of similarity for all trees, but not for flowering trees (S10 Fig). Similarity
for all tree species gradually declined to reach a value of 0.2 after 2km. All main results reported
in this section are summarized in Table 2, with the strength of interactions estimated on the
basis of effect sizes, R2 and p-values.

Discussion
The spatio-temporal distribution of the most diverse group of eukaryotes on Earth, tropical
rainforest arthropods, remains poorly understood. Thus, the basic documentation of patterns
within even single forest constitutes a first step towards understanding how the main part of
biodiversity is structured. In this study, we partitioned arthropod diversity and abundance into
components of the horizontal (sites), vertical (habitats) and seasonal (surveys) dimensions of a
tropical rainforest. Overall, the vertical and seasonal dimensions both had a stronger imprint
on arthropod distribution than had the horizontal dimension (Table 2). In addition, arthropod
guilds differed in their specific response to each dimension. Comparing arthropods to muchbetter studied trees, the horizontal dimension had a stronger impact on the distribution of
trees than on arthropods, whereas the seasonal dimension had stronger effects on the distribution of arthropods than on trees. Below we discuss briefly salient questions related to the patterns observed along the horizontal, vertical and seasonal dimensions. We then turn to the
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main implications of our results for models of tropical beta diversity, global biodiversity estimates and the conservation of tropical arthropods.
With regard to the horizontal dimension, a meta-analysis by Soininen [12] indicated that
a halving of the initial faunal similarity of a variety of assemblages occurred after 639 km
(although few of these studies included arthropods). In our comparisons over distances of 241941m, no significant decay of similarity with distance was observed, with the exception of
phytophages, for which initial similarity halved after 340 m (S9 Fig). Interestingly, several studies involving tropical moths [18,41] and to a lesser extent tropical insect herbivores [20] also
reported a distance decay of similarity. Since moths are not that vagile and typically rather oligophagous, their distribution can be best thought of as paralleling that of their host plants,
which in turn can be explained by neutral processes [18,27]. Our data indicate that this pattern
is not shared with other arthropod guilds, which have a weaker association with plants than do
the phytophages. While part of the current patterns could be biased towards high dissimilarities due to under-sampling bias (i.e. the effect of drawing a relatively small sample from a very
large species pool), such biases should be similar in the three dimensions. Thus, comparisons
of relative similarity should be valid among dimensions.
In which vertical habitat(s), then, do most arthropod species occur in the San Lorenzo forest? This is not an easy question to answer, because our protocols targeted adults whereas
many larvae or nymphs may depend on habitats other than those where adults were collected
(e.g. [42]). If we simply ask in which habitats do adult arthropod species concentrate, it is clear
that a significant proportion of biodiversity occurs in the soil/litter (e.g. [16]), but that the rate
of species accumulation in this habitat is not as steep as for the others (S4 Fig). The canopy is
probably where a great many species thrive as adults (S2 Table, S4 and S5 Figs).
The seasonal dimension and associated variables (rainfall, degree-days, radiation, different
categories of litterfall as proxy for plant phenology, Fig 5a) also had strong effects on the distribution of arthropods at San Lorenzo, as has been reported for many studies in tropical rainforests (reviewed in [15] and [43]). Our study included one full year of data and did not account
for inter-annual variation in arthropod abundance and species richness, which may be pronounced in the tropics [17,23,24,44]. For example, important differences in seasonality exist
among adult beetles of an Australian tropical rainforest depending on their feeding ecology,
body size, and whether they live in the canopy or near the ground [44]. Studies of temperate
and tropical beetles [44,45] also suggested that temporal patterns for arthropod species in temperate trees may not be more coordinated than those in tropical trees (i.e., tropical arthropods
may also have well defined peaks in activity). A strong gradient of species turnover in the seasonal dimension as reported in this study is consistent with this contention. Our model further
indicated that the initial faunal similarity of assemblages was halved in about 76 days (Fig 6).
This represents a much shorter time than the average 226 days reported in the meta-analysis of
Soininen [12].
Revisiting the main questions initially asked, we conclude the following:
1. The horizontal, vertical and seasonal dimensions all contribute significantly to the distribution in space and time of arthropods in the San Lorenzo forest. At the scale of our study
(2km of distance, 40m in height and ca. 400 days of duration), effects related to the vertical
and seasonal dimensions were equally important, followed by factors related to the horizontal dimension. We expect the effect of vertical factors to be even more significant at smaller
scales, but to be progressively overshadowed by other factors at larger scales. Importantly,
our results then indicate that in tropical lowland rainforests, factors related to the vertical
dimension, which are often neglected, must be accounted for in any sound modeling of
arthropod distribution in space and time. Our best models indicated that for the most
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disparate values recorded within this study in the horizontal (distance), vertical (height) and
seasonal (time) dimensions, arthropod relative faunal similarity was 0.187, 0.116 and 0.108,
respectively (average similarity = 0.256, 0.215 and 0.157, respectively). This suggests that
arthropod assemblages are more similar in the horizontal dimension than in other dimensions, within the range of values targeted.
2. There were different patterns of distribution in space and time identifiable among arthropod guilds. In addition to the distance decay of similarity already discussed for phytophages,
we can cite other examples. The abundance of ants was higher in the litter and canopy than
in other habitats and significantly different among sites. This may reflect the sociality of
these insects and requirements for the establishment of colonies. Phytophages were less
abundant in the soil/litter as might be expected of primary consumers and, logically, a large
fraction of their species richness was related to changes in the vertical dimension. These patterns were similar for predators, whose prey probably includes many phytophages. Fungivores were not so abundant in the soil/litter, whereas scavengers were abundant in this
habitat but not so in the upper canopy. These observations emphasize the diversity in
arthropod life-histories and the well known fact that it is near impossible to find examples
of “umbrella species” for arthropods [46].
3. Based on our sampling design, we were able to make a direct comparison of patterns among
trees and arthropods at a common scale. We believe that such comparisons are informative
by highlighting the differential conservation needs of long- and short-lived organisms. For
most responses assessed, effect sizes within the horizontal dimension were similar or larger
for trees than for arthropods (Table 2). This observation probably relates to dispersal mode
(and possibly to differing levels of under-sampling bias). This may be expected when comparing large and sedentary organisms dispersing with propagules (trees) vs. small and
mobile organisms, most of them actively dispersing at the adult stage (arthropods). Within
the vertical dimension, effect sizes were similar among trees and arthropods. This observation appears to be related to the distribution of juveniles and reproductive units. For trees,
infertile saplings occur in the understory whereas most reproductive units occur in the canopy or upper canopy. For arthropods, immature stages frequently live in a different vertical
habitat than do adults (often in the soil/litter vs. canopy/upper canopy, respectively)
[15,16,42]. Finally, within the seasonal dimension, effect sizes were similar or smaller for
trees than for arthropods. This observation is probably related to differences in the organisms’ lifespan. Long-lived organisms (trees) are more likely to be resilient in the face of seasonal weather extremes and buffered against shortages of resources than are short-lived
organisms (arthropods).
Taken together, our findings come with three main implications. First, our data suggest that
arthropods are more finely segregated along the seasonal dimension than are trees. Conversely,
trees may be more finely segregated along the horizontal dimension than are arthropods.
Given this contrast, serious questions must be asked whether models of beta diversity developed for tropical trees [27] are relevant to tropical arthropods, which represent the majority of
biodiversity? For example, Condit et al. [27] examined a model based on the neutral theory
[10] describing how tree similarity should change with distance in a community where only
dispersal and speciation affect species distribution. The model fitted tree species distribution
well from 0.2 to 50 km for datasets originating from Panama and Ecuador. We observed a distance decay of similarity in our tree data, but not in our arthropod data. Hence, it is unlikely
that this ‘neutral’ tree model will be useful to predict the distribution of arthropods within the
San Lorenzo forest. This is hardly surprising considering that trees and arthropods may
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represent two extremes of life-histories: large, sedentary and long-lived organisms vs. small,
mobile and short-lived organisms, respectively. As discussed previously, phytophages may represent an exception to this rule because most species are strongly associated with their hosts.
The one common denominator we identified for rainforest trees and arthropods is their dependence on factors related to the vertical dimension, particularly when considering reproductive
units, and we believe that this area of research deserves more attention. Overall, our data suggest that tropical trees cannot necessarily be used as “umbrella species” [47] for arthropods.
Previously, we showed that estimated arthropod species richness in the San Lorenzo forest
could be well predicted from tree species richness but, consistent with this study, not so accurately from distance decay models [1]. Our current analyses suggest that these findings do not
extend to the partitioning of arthropod diversity in space and time. While it may be possible to
evaluate arthropod species richness from plant richness (and therefore implicitly to consider
plants as umbrella species for arthropods in biodiversity hotspots [48]), equating the conservation needs of tropical arthropod species to those of tropical tree species by assuming similar
distributional patterns seems an unjustified simplification.
Second, we have shown that arthropod species are particularly dependent on factors related
to the vertical and seasonal dimensions. Unfortunately, these are also the dimensions which
are the most difficult and costly to incorporate into protocols for surveying arthropods in tropical rainforests because they require extended sampling across seasons, as well as access to the
vertical habitats available to arthropods in the canopy. Global biodiversity estimates rely
heavily on the numbers of insect herbivores associated with tropical trees [2]. Our data suggest
that sound estimates can only be attained if the original data include vertical and seasonal samples of insect herbivores. The latter are rarely adequate [49], but can be improved by stratified
field protocols. In particular, vertical effects may be tempered by structured protocols allowing,
for example, ground-level studies to catch larvae or emerging canopy-dwelling adults [42].
Last, the relatively high arthropod faunal similarity observed in the horizontal dimension
suggests that dispersal limitation in this dimension is relatively weaker than within the vertical
and seasonal dimensions, where we observed stronger decays in similarity with height or time.
This has strong implications for the conservation of rainforest arthropods. Changes in the horizontal dimension may result mainly from the conversion of old-growth rainforests to secondary forests, plantations and other habitats (i.e., changes in variables such as number of stems
and tree species, basal area and succession in our Fig 5a). Arthropod dispersal and fitness in
these conditions may be impeded, but perhaps not as dramatically as thought, as evidenced by
reports that converted forests still may sustain a high proportion of arthropod diversity
[18,50]. However, changes in the vertical dimension may be promoted by similar changes in
the horizontal dimension and, additionally, by any change in the canopy openness (variables
light, openness, leaf density in Fig 5a) that may alter arthropod microhabitats along the vertical
dimension, such as selective logging [18]. Drastic changes along the vertical profile, particularly
where habitat continuity may be lost, such as in the canopy and upper canopy, may further
limit arthropod dispersal and fitness, with canopy species being particularly at risk of local
extinction. Changes in the seasonal dimension may be of special concern as dispersal limitation
in this dimension may be related to the short lifespans of most adult arthropods. In this case,
any changes in air temperature, rainfall, or resources driven by climate change (such as phenological mismatch with host plants or prey [51]), may strongly affect arthropod dispersal and
fitness. Despite this, there are only a handful of long-term monitoring schemes have been dedicated to tropical arthropods [14,17,52]. We urgently call for the implementation of monitoring
schemes to evaluate the effects of anthropogenic change on the spatio-temporal distribution of
arthropod biodiversity, or we may grossly underestimate arthropod extinction risks in tropical
rainforests.
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Supporting Information
S1 Fig. Plot of canopy openness (best fit power relationship) versus arthropod abundance
collected by sticky traps (780 traps, 3683 individuals, 9 sites, 4 habitats, 4 surveys).
(TIF)
S2 Fig. Mean abundance per sample detailed for each arthropod guild and site. For each
guild, sites are plotted along the following sequences: B1, B2, C1, C2, C3, F1, F2, F3, I1, R1, R2
and R3. The p-values of ANOVAs for each guild are indicated. For the sake of clarity, s.e. are
not plotted.
(TIF)
S3 Fig. Mean abundance per sample detailed for each arthropod guild and survey. For each
guild, survey are plotted along the following sequences: S1, S2, S3 and S4. The p-values of
ANOVAs for each guild are indicated and different letters denote significantly different means
(Tukey tests, p<0.05). For the sake of clarity, s.e. are not plotted.
(TIF)
S4 Fig. Sample-based species accumulation curves plotted against a re-scaled axis of number of individuals sampled for (a) different sites, (b) different habitats and (c) different surveys.
(TIF)
S5 Fig. Representative box-plots of mean arthropod species richness across (a) sites, (b)
habitats and (c) surveys. See Table 1 for details about data sets.
(TIF)
S6 Fig. Multiplicative partitioning of species diversity for major data sets (all species collected with ten protocols, species collected with FITs, 885 common species) and major
arthropod guilds. Plot of the multiplicative components of β: betaT (grey bars), betaH (stippled) and betaV (white). For rare species, parasitoids and flowering trees, sample sizes were too
small to reliably estimate alpha and the other multiplicative components.
(TIF)
S7 Fig. Percentage of total variation in species composition explained by variables accounting for the horizontal (stippled bars), vertical (white bars) and seasonal (grey bars) dimensions, for different data sets. Percentages refer to the fraction of variation uniquely explained
by horizontal, vertical or seasonal variables. Entries above each data set indicate the total variation explained in the data set. ‘All spp.’ refers to the analysis detailed in Fig 3, for comparison
with other data sets (5858 spp.). ‘4 sites’ refers to species collected with all methods at sites C1,
C2, C3 and I1. ‘4 sites FIT’ refers to species collected at the preceding sites with intercept-flight
traps only. All fractions are significantly non-random with p < 0.01 (200 randomizations).
Variation partitioning analyses with rare species and parasitoids were not significant.
(TIF)
S8 Fig. Plot of faunal similarity in (a) the horizontal dimension detailed for each habitat;
(b) the horizontal dimension detailed for each survey; and (c) the seasonal dimension
detailed for each habitat. Significant models of the form y = a + b ln(x) are also plotted
(p<0.05, 1,000 permutations).
(TIF)
S9 Fig. Plot of faunal similarity in (a) horizontal, (b) vertical and (c) seasonal dimensions,
detailed for each arthropod guild. Significant models of the form y = a + b ln(x) are also
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plotted (p<0.05, 1,000 permutations).
(TIF)
S10 Fig. Species turnover of trees (flowering trees in black, all trees in red), expressed by similarity measured with the Morisita-Horn index, in (a) horizontal and (b) seasonal dimensions.
Shown are the parameters of pairwise dissimilarity regressed on pairwise log(distance), with p
values based on 1,000 permutations of pairwise distance versus pairwise dissimilarity matrices,
and the overall concordance (r) between the matrices of observed and estimated values. Plotted
models refer to the decay of similarity (i.e. 1-dissimilarity), for more intuitive interpretation.
(TIF)
S1 Table. Results of a mixed-effects ANOVA (habitats LIT, UND, CAN nested within sites
C1, C2, C3, I1) with repeated measures (surveys 1, 2, 3, 4), with log arthropod abundance
collected in FITs as the dependent variable (668 samples, 20,469 arthropods).
(DOC)
S2 Table. Results of Kruskall-Wallis tests (variable = median number of species collected per
sample) comparing arthropod species richness among sites, habitats and surveys. Sobs =
number of species observed; ES = effect size; Sest = number of species estimated by the Chao2
estimator. Datasets and codes of protocols as in Table 1. LIT = Litter, UND = Understory,
CAN = Canopy, UPC = Upper canopy. Too few samples were available for a composite analysis
of habitats.
(DOC)
S3 Table. Results of a mixed-effects ANOVA (habitats LIT, UND, CAN nested within sites
C1, C2, C3, I1) with repeated measures (surveys 1, 2, 3, 4), with log arthropod species richness collected in FITs as the dependent variable (668 samples, 20,469 arthropods).
(DOC)
S1 Text. Supplementary methods.
(DOC)
S2 Text. Supplementary results.
(DOC)
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Supporting Information

S1 Fig. Plot of canopy openness (best fit power relationship) versus arthropod abundance collected by sticky traps (780
traps, 3683 individuals, 9 sites, 4 habitats, 4 surveys).

S2 Fig. Mean abundance per sample detailed for each arthropod guild and site. For each guild, sites are plotted along the
following sequences: B1, B2, C1, C2, C3, F1, F2, F3, I1, R1, R2 and R3. The p-values of ANOVAs for each guild are
indicated. For the sake of clarity, s.e. are not plotted.

S3 Fig. Mean abundance per sample detailed for each arthropod guild and survey. For each guild, survey are plotted along
the following sequences: S1, S2, S3 and S4. The p-values of ANOVAs for each guild are indicated and different letters
denote significantly different means (Tukey tests, p<0.05). For the sake of clarity, s.e. are not plotted.

S4 Fig. Sample-based species accumulation curves plotted against a re-scaled axis of number of individuals sampled for (a)
different sites, (b) different habitats and (c) different surveys.

S5 Fig. Representative box-plots of mean arthropod species richness across (a) sites, (b) habitats and (c) surveys. See Table
1 for details about data sets.

S6 Fig. Multiplicative partitioning of species diversity for major data sets (all species collected with ten protocols, species
collected with FITs, 885 common species) and major arthropod guilds. Plot of the multiplicative components of β: betaT
(grey bars), betaH (stippled) and betaV (white). For rare species, parasitoids and flowering trees, sample sizes were too
small to reliably estimate alpha and the other multiplicative components.

S7 Fig. Percentage of total variation in species composition explained by variables accounting for the horizontal (stippled
bars), vertical (white bars) and seasonal (grey bars) dimensions, for different data sets. Percentages refer to the fraction of
variation uniquely explained by horizontal, vertical or seasonal variables. Entries above each data set indicate the total
variation explained in the data set. ‘All spp.’ refers to the analysis detailed in Fig 3, for comparison with other data sets
(5858 spp.). ‘4 sites’ refers to species collected with all methods at sites C1, C2, C3 and I1. ‘4 sites FIT’ refers to species
collected at the preceding sites with intercept-flight traps only. All fractions are significantly non-random with p < 0.01 (200
randomizations). Variation partitioning analyses with rare species and parasitoids were not significant.

S8 Fig. Plot of faunal similarity in (a) the horizontal dimension detailed for each habitat; (b) the horizontal dimension
detailed for each survey; and (c) the seasonal dimension detailed for each habitat. Significant models of the form y = a + b
ln(x) are also plotted (p<0.05, 1,000 permutations).

S9 Fig. Plot of faunal similarity in (a) horizontal, (b) vertical and (c) seasonal dimensions, detailed for each arthropod guild.
Significant models of the form y = a + b ln(x) are also plotted (p<0.05, 1,000 permutations).

S10 Fig. Species turnover of trees (flowering trees in black, all trees in red), expressed by similarity measured with the
Morisita-Horn index, in (a) horizontal and (b) seasonal dimensions. Shown are the parameters of pairwise dissimilarity
regressed on pairwise log(distance), with p values based on 1,000 permutations of pairwise distance versus pairwise
dissimilarity matrices, and the overall concordance (r) between the matrices of observed and estimated values. Plotted
models refer to the decay of similarity (i.e. 1-dissimilarity), for more intuitive interpretation.

S1 Table. Results of a mixed-effects ANOVA (habitats LIT, UND, CAN nested within sites C1, C2, C3, I1) with repeated
measures (surveys 1, 2, 3, 4), with log arthropod abundance collected in FITs as the dependent variable (668 samples,
20,469 arthropods).
Source
Between samples
Site
Habitat(Site)
Error
Within samples
Survey
Survey*Site
Survey*Habitat(Site)
Error

Sum-of-Squares

df

Mean-of-Squares

F

p

2.588
2.970
25.171

3
8
109

0.863
0.371
0.231

3.736
1.608

0.013
0.131

25.990
1.393
3.427
59.614

3
9
24
327

8.663
0.155
0.143
0.182

47.520
0.849
0.783

0.000
0.571
0.758

S2 Table. Results of Kruskall-Wallis tests (variable = median number of species collected per sample) comparing arthropod
species richness among sites, habitats and surveys. Sobs = number of species observed; ES = effect size; Sest = number of
species estimated by the Chao2 estimator. Datasets and codes of protocols as in Table 1. LIT = Litter, UND = Understory,
CAN = Canopy, UPC = Upper canopy. Too few samples were available for a composite analysis of habitats.
Analysis

Sobs

Median no. spp.

Min.

Max.

(state)

(state)

ES

Min.

Max.

(state)

(state)

Sest±SD
ES

KW / p

Min.

Max.

ES

(state)

(state)

2(*)

0.333

126±25(B2)

237±79(C1)

0.306

34.0 / <0.001

44(R3)

91(I1)

0.348

559±59(B1)

800±82(F3)

0.177

18.1 / 0.011

10(C3)

16(B1)

0.231

505±62 (C3)

925±109(B1)

0.294

34.7 / <0.001

0.089

572(C3)

705(I1)

0.104

1192±51(B2)

1811±82(C2)

0.206

762.8 / <0.001

307(UPC)

0.801

3(LIT)

40(UPC)

0.860

134±58(LIT)

683±80(UPC)

0.671

46.9 / <0.001

1132(CAN)

0.906

35(UPC)

146(CAN)

0.618

88±14(UPC)

2415±143(CAN)

0.929

21.2 / <0.001

264(S2)

S3(863)

0.531

20(S4)

99(S1)

0.664

543±62(S2)

1847±125(S3)

0.546

27.1 / <0.001

317(S4)

1461(S1)

0.643

42(S4)

78(S1)

0.303

675±72(S4)

2551±106(S1)

0.581

20.5 / <0.001

Surveys: PITs

22(S2)

159(S1)

0.757

2(S2)

5(S1)

0.429

35±8(S4)

344±53(S1)

0.816

26.1 / <0.001

Surveys: composite

795(S2)

1572(S1)

0.328

667(S4)

1570(S1)

0.404

1523±49(S4)

3659±184(S1)

0.412

378.0 / <0.001

Sites: STIs

47(R1)

97(R3)

0.347

1(*)

Sites: FOG
Sites: FITs

216(R3)

357(F3)

0.246

241(C3)

367(B1)

0.207

Sites: composite

606(B2)

725(C2)

Habitats: STIs

34(LIT)

Habitats: FITs

56(UPC)

Surveys: FITs
Surveys: LITs

S3 Table. Results of a mixed-effects ANOVA (habitats LIT, UND, CAN nested within sites C1, C2, C3, I1) with repeated
measures (surveys 1, 2, 3, 4), with log arthropod species richness collected in FITs as the dependent variable (668 samples,
20,469 arthropods).
Source
Between samples
Site
Habitat(Site)
Error
Within samples
Survey
Survey*Site
Survey*Habitat(Site)
Error

Sum-of-Squares

df

Mean-of-Squares

F

p

1.004
1.272
14.141

3
8
109

0.335
0.159
0.130

2.580
1.225

0.057
0.291

18.614
0.827
2.906
32.758

3
9
24
327

6.205
0.092
0.121
0.100

61.938
0.918
1.209

0.000
0.510
0.231

S1 Text. Supplementary methods.

Taxonomic analyses and guild assignment. Focal arthropods were sorted to named species or morphospecies by
taxonomists (see [1] for a list of focal taxa and taxonomists). We previously estimated that our focal taxa represented about
45% of all arthropod species collected at San Lorenzo [1]. Admittedly, this is far from representing an exhaustive survey of
the arthropod fauna of San Lorenzo, but this is nevertheless more comprehensive that most of the tropical arthropod studies
conducted to date (review in [53]). Arthropods were assigned to feeding guilds [54]. Guild assignment for beetles was
challenging since many species can be assigned into categories that mix up feeding relations and structural niches [55].
Hence, we followed different authors [56-58] to assign beetle species to a modified guild system (detailed in [1]). The main
arthropod guilds eventually retained for our analyses included ants, phytophages (including chewers and sap-suckers),
fungivores, predators, parasitoids and scavengers. Note that only a small proportion of parasitoid species were sorted and
this included mostly Braconidae. Guild structure included number of individuals instead of number of species as using
species is less robust due to potential influx of transient species [59].

Arthropod abundance, observed and estimated species richness. The flight-intercept trap protocol allowed a full
factorial analysis for a restricted number of sites. Further we also considered “composite” analyses that included a higher
proportion of arthropods collected. For these analyses, the results of several protocols were pooled, with the prerequisite
that the number of samples was identical for each site, habitat or survey considered (details in Table 1). To achieve this,
datasets were randomized 100 times using EstimateS 8.20 [36] and we considered the results for the lowest common
number of samples obtained at each site or survey (details in Table 1). A mixed-effects ANOVA model considering habitats
nested within sites was performed with repeated measures (surveys) and the log-transformed number of individuals or
species collected in each sample as a dependent variable.

Test for differences in species accumulation curves. Sample-based species accumulation curves were re-scaled to number
of individuals collected on the x-axis. Accumulation curves across different sites, among different habitats and among
different surveys fitted the Weibull function well (all R2 > 0.99). Because the Weibull function is non-linear, an analysis of
the residual sum of squares [60] was used to test whether a single Weibull curve could be fitted to all groups compared,
using the following F-statistic: ((SScombined – SSseparate) / (DFcombined – DFseparate)) / (SSseparate / DFseparate),
where SS is the sum-of-squares and DF the degrees of freedom.

Randomization methods to test for differences in species richness among samples. We tested the null hypothesis that
communities were drawn from the same underlying population (same regional species pool), irrespective of sample size,
and that individuals occurred at random and with equal probability in every sample (Richardson & Richards, 2008). To test
for differences among groups, we estimated how likely it was that the observed data would occur if individuals from the
common species pool were distributed at random among groups [61]. This required an estimate of the distribution of
species-richness values among sites under the assumption of random placement. To generate this distribution under the null
model, we pooled all individuals of every species into one large group and then randomly re-assigned individuals to
samples, with the constraint that total abundance in each sample and for each species remained fixed at observed values
[62]. Once all individuals had been randomly re-assigned to a sample, species richness was calculated for each sample and
also for each group. This generated a set of ‘pseudo-values’ of species richness under the null hypothesis. The whole
procedure was repeated 10,000 times to generate a frequency distribution of expected species richness per sample and per
group. The observed values of species richness could then be compared to those expected under the null hypothesis, and if
the observed species richness was less than the lowest 2.5% or greater than the highest 2.5% of the randomization estimates,
we concluded that the underlying species pools differed significantly [61,62]. Richardson and Richards [62] provide a
convenient program to perform the test and JML Richardson kindly recompiled a version to accept 6,000 species.

Additive decomposition of species richness. Common and rare species were defined as the first and last quartile of a
species abundance distribution (3,541 species in total, 885 species for each category) and representing 90% and 2% of total
abundance (47,485 individuals), respectively. Partitioning of species richness other than for common and rare species was
performed with all species available, including singletons. Most of the additive decomposition of species richness was
performed with PARTITION [63], which includes an individual-based randomization procedure where the statistical
significance of level-specific alpha and beta estimates can be tested. Individuals from a single species-abundance
distribution were randomly assigned (without replacement) to samples such that the number of individuals within the
sample was maintained. This was repeated 1,000 times and the data were partitioned so as to obtain a null distribution of
each alpha and beta estimate at each level of analysis. Statistical significance was assessed by the proportion of null values
that were greater (or less) than the actual estimates. The technique does not require rarefaction of the data prior to analyses,
so differences in sampling effort among replicates within a given level do not bias partitions [64]. We also described α and
βT as linear regressions of several independent variables measured at sites, within habitats or during surveys (see methods).
In these multiple regressions, we included log arthropod abundance to reduce the importance of sample size [65].

Multiplicative partitioning of species diversity. It was calculated as follows. We first used a script written in R [66] to
calculate, for each sample, Hurlbert’s effective number of species (ENS; [32]). The ENS is defined as the number of equifrequent species that would lead to the same diversity index [32,33,67]. Following Dauby and Hardy [35], the number of
species in each sample was rarefied to a common sample size, as to calculate ENS for k individuals. This procedure yields a
measure of diversity that gives the highest possible weight to rare species without bias [32]. ENS values were then
substituted for the number of species to calculate the different components of diversity as γ = α × βT × βH × βV [32,33], in
a fashion similar to that used for the additive decomposition of species richness (see above). Note that in this case the
multiplicative components of β can be interpreted as the effective number of fully differentiated communities [32]. Briefly
stated, additive decomposition of species richness accounts for the change in species richness irrespective of their relative
abundance, whereas multiplicative partitioning of species diversity accounts for the effective number of fully differentiated
communities (i.e., compositional dissimilarity), taking into account the relative commonness and rarity of species.

Beta diversity. Concepts and analyses related to beta diversity are numerous and often present contrasting approaches with
subtle distinctions [37]. Anderson et al. [37] provided a timely review of these concepts and we adopt their terminology.
They distinguish two types of beta diversity: turnover (directional) and variation (non-directional). Turnover measures the
change in community structure from one sampling unit to another along a spatial, temporal or environmental gradient.
Variation in community structure is measured among a set of sample units within a given spatial or temporal extent. It is
measured among all possible pairs of units, without reference to any particular gradient or direction [37]. Our horizontal
dimension of beta diversity measured among sites in the forest is not necessarily directional, and considers only a spatiallyimplicit distance-decay of faunal similarities among sites. Our vertical dimension of beta diversity measured from the soil to
the upper canopy could be considered as a directional gradient but habitats along this gradient may be discrete, as for
example the discontinuity between the soil and other habitats. Our temporal dimension of community change may be
viewed as neither being directional or non-directional but rather cyclical, as recent long-term data on tropical butterflies
have indicated [17]. Hence, both of the concepts of variation and turnover may be variously appropriate to our data sets and
may help to interpret our results. The former concept may be the most appropriate for our data set as we have previously
noted that distance-decay models did not explain the accumulation of arthropod species particularly well in the San Lorenzo
forest as compared to models based on plant species richness [1].

Variation in species composition. We used the Hellinger distance, which is a dissimilarity coefficient that is quantitative,
excludes joint absences and is appropriate for beta diversity analyses [40]. We partitioned variation in community

composition among sample units defined as a combination of sites, habitats and surveys, with a series of seven canonical
redundancy analyses (RDA) using the R-language function varpart in the vegan library [68]. For this analysis we retained
the 5,858 species collected with all sampling methods at the 12 sites. To appraise the effect of sample size (number of
individuals and species collected per sample), we also considered the more restricted data sets including species collected
with all methods at four sites (C1, C2, C3 and I1), and species collected with FITs at four sites. We further ran similar
analyses of variation partitioning for common and rare species and also for the main arthropod guilds. Three groups of
explanatory variables (see methods) were used to represent variation in the horizontal, vertical and seasonal dimensions in
the variation partitioning analyses. Using these variables, variation in arthropod species composition was divided into eight
fractions: (a) variation uniquely explained by geographical distances and horizontal variables; (b) variation uniquely
explained by vertical variables; (c) variation uniquely explained by seasonal variables; (d) variation jointly explained by
horizontal and vertical variables; (e) variation jointly explained by vertical and seasonal variables; (f) variation jointly
explained by horizontal and seasonal variables; (g) variation jointly explained by all three groups of variables; and (h)
residual unexplained variation. Where possible, the significance of fractions was tested by RDA models with 200
permutations. However, not all fractions can be tested since the number of fractions is higher than the number of estimated
models and non-testable fractions frequently yield negative estimates of variation [68].

Species turnover. As a measure of similarity, we used the Morisita-Horn index as calculated in the vegan library of R [68].
Assuming a constant decay from an initially higher level of similarity (S) towards a lower level, we fitted a negative
exponential function to data on all pairwise similarities versus pairwise distance in the horizontal, vertical or temporal
dimension, respectively. Parameter estimation was implemented by fitting linear similarity versus log-transformed distance
(d) in program ISOLDE in GENEPOP v. 4.2 R [69,70], thus obtaining estimates of parameters a and b in S=bead. The
significance of the fit was evaluated by comparing the observed Spearman rank correlation rs to a frequency distribution
generated by 1,000 random permutations of the similarity versus log-distance matrices (Mantel test implemented in
ISOLDE). A measure of concordance between the matrices of observed and fitted values was provided by a further Mantel
test and its r statistics (1,000 permutations). We also contrasted faunal similarity in each habitat along the horizontal
dimension, in each season along the horizontal dimension, and in each habitat along the seasonal dimension.

Explanatory variables. To quantify horizontal gradients, we considered the number of woody stems (DBH ≥10 mm), the
number of woody plant species, basal area, reflected light (lux; average from 28 measurements within each site, measured
with a digital lux meter LX-1010B; Kaito Electronics Inc., Montclair, CA 91763, USA; cell facing down at breast height),

canopy openness (%; proportion of visible sky open to closed, measured with Hemiview 2.0 software from hemispherical
pictures), and an index of succession [71] based on floristic composition. All of these variables are detailed in [30]. Instead
of using geographic coordinates as variables belonging to the horizontal dimension in canonical variation partitioning, we
used the principal coordinates of a matrix of geographic neighbors among the sampling sites (PCNM). The advantage of
PCNM is that spatial dependence can be detected over a wider range of scales [72]. PCNM variables were extracted from
grid transect data using the program SpaceMaker2 [73].

With respect to vertical gradients, we used an allometric equation relating DBH to height in order to assign individual plants
within sites to either of the four habitats, and considered the number of stems and the number of tree species present. Tree
height was measured using a laser range finder at the San Lorenzo crane site (as in [74] and used to derive an equation
relating tree height to tree diameter at breast height across other sites (Height(m) = 0.7911xDBH(mm)^0.5553, R2 = 0.96,
n= 66; S.A. Bohlman & R. Condit, unpubl. data). Thus, the foliage of individuals with DBH ≤12mm is likely to be mostly
available for insects in the understory, whereas the foliage of individuals with DBH ≥250mm is likely to be mostly available
for insects in the upper canopy. Plants with 12mm > DBH < 250mm are more likely to have their foliage in the canopy. The
soil/litter habitat was assigned 0 for the number of stems and tree species. We also considered the height of the trap, the
average reflected light (lux) and crown openness per habitat (%; both measured at the location of each sticky trap deployed),
and leaf density for each site and habitat [75].

Seasonal gradients were characterized by the sum of rainfall (mm; sum of rainfall for year 2003 = 3478 mm, for year 2004
= 2696mm; sum of rainfall during dry season in 2003 = 254mm, in 2004 = 308mm); the sum of degree-days (ºC); the
average wind speed (km/h); the sum of solar radiation of daily totals (moles × m-2); and the sum of average weekly litterfall
(g dry weight). The first four variables were derived from meteorological data collected at the San Lorenzo canopy crane
(http://www.stri.si.edu/sites/esp//description_fts.htm). Degree-days represent a better predictor than maximum air
temperature for arthropods and were calculated using the rectangle method [76], where:
Degree-days = ((Maximum temperature + Minimum temperature)/2) - Minimum threshold,
with Minimum threshold set to 18º C (i.e., minimum temperature during the night in the tropics). Litterfall was estimated
using weekly censuses of 40 litter traps located in the botanical plot (0.25m2 each, S.J. Wright, unpubl. data 1998–2005;
methods as in [77]). We considered litterfall dry weight as the total material collected in traps, and the leaves, flowers and
seeds, separately. The sum or average of these seasonal variables was considered over the 30 days preceding the mid-point

of the period of sampling for each site and survey, as this time lag has been shown to be relevant to tropical arthropods (e.g.,
[78,79]). A few samples had missing values for particular variables. In order to avoid losing information, we replaced
missing values by the average value of the measured variable in the dataset [80].
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S2 Text. Supplementary results.

Arthropod abundance. Analyses suggested that arthropod abundance was lower at sites C1, C2 and C3 than at other sites;
higher in the upper canopy than in other habitats; and lower during Survey 4 than during other surveys (Fig. 2). There was a
weak positive correlation (<30% of variance explained) between arthropod abundance collected by sticky traps and both the
canopy openness above the trap (Fig. S1) and the height of the trap (not presented, R2=0.29).

Arthropod species richness and diversity. Despite a very high total sampling effort, a complete census of arthropod
species richness at San Lorenzo was not achieved (S4 Fig.). Although the steepness of species accumulation curves did not
appear to be visually very different among sites (S4 Fig.), curves were significantly different (analysis of the residual sum of
squares, F44,63 = 8485.5, p <0.0001). Differences were more acute between surveys, with a steeper accumulation of species
during Survey 4 (F12,103 = 10,411, p <0.0001), as well as between habitats, with the litter sampling accumulating fewer
species than in other habitats (F12,103 = 3.1 x 106, p <0.0001; S4 Fig.). The randomization program (with 10 000 iterations)
indicated that the null hypothesis of no difference in species richness between sites could be rejected, as well as that of no
difference in species richness between habitats or between surveys (all with p <0.05).

Effect size was significantly different among factors (habitat, survey and site, in decreasing order) for the analysis reported
in Table S2 when considering estimated species richness (Kruskal-Wallis test, W = 7.28, p < 0.05), but not so when
considering the median number of species collected per sample (Kruskal-Wallis test, W = 5.65, p = 0.059). In addition, the
factorial analysis on the number of species collected per FIT sample indicated that the factor survey was significant whereas
the other factors were not (S3 Table). Sites B2 and C3 were lowest in species richness and, as for arthropod abundance,
Survey S4 was also lowest in number of species collected compared with other surveys. There were discrepant results
between the sticky and FITs with regards to habitats. Both analyses agree that the mean number of species collected per
sample was higher in the canopy than in the litter. The highest mean number of species, however, was collected in the upper
canopy for sticky traps (data not presented), and in the canopy for FITs (S5 Fig.). As for arthropod abundance, there was a
positive relationship between either percentage canopy openness above the trap (rs = 0.514, p <0.001, n = 707) or trap
height (rs = 0.497, p <0.001, n = 756) and the number of arthropod species collected with sticky traps.

Additive decomposition of species richness. Proportions of each beta diversity component were similar between species
collected by FITs and species collected by the ten protocols combined (Chi-square = 1.80, p = 0.613), indicating that our

scaling scheme from FITs to all protocols conserved the patterns observed for the FIT protocol. However, the additive
decomposition for the number of species estimated with the ten protocols indicated a proportionally greater vertical turnover
than for the number of observed species collected with the ten protocols (Chi-square = 20.01, p < 0.001).

The alpha diversity of species collected by the FITs could be explained with a significant multiple regression including the
log arthropod abundance (standardized regression coefficient: 0.747) and total litterfall material (-0.346; R2 = 0.74, F2,45=
66.2, p <0.001). Similarly, the alpha diversity of species collected with all methods could be explained by litterfall- flower
fraction only (0.442) and total litterfall material (-0.398; R2 = 0.41, F2,45= 17.4, p <0.001). The βT of species collected in
FITs could be explained by a regression including the height of the trap (standardized regression coefficient: 0.762), log
arthropod abundance (0.422), and leaf density (-0.201; R2 = 0.99, F3,8= 297.2, p <0.001). However, it was not possible to
explain similarly the βT of species collected with all methods.

Variation in species composition. Variation partitioning for common species was very similar to that for the whole data set
(G = 1.02, p = 0.59; S6 Fig.). However, the analysis was not significant for rare species or for the parasitoid guild
(randomization tests on particular fractions were not significant). Not surprisingly, data sets including only four of the 12
sites had a significantly lower fraction of explained variation expressed in the horizontal dimension (comparison of all
species with species collected at four sites using all methods: G = 37.1, p < 0.001; S7 Fig.). Across arthropod guilds, the
fraction of variation explained in the vertical dimension was unusually high for the species composition of fungivores (G =
20.1, p < 0.001), while the fraction of variation explained in the seasonal dimension was unusually high for the species
composition of scavengers (G = 13.3, p < 0.01).

Species turnover. There was no significant similarity decay with distance for each of the habitats (litter, undestory, canopy
and upper canopy) considered separately (S8a Fig.). Similarly similarity decay with distance was not consistent across the
four surveys, with only a significant model for the S4 data (S8b Fig.). However, all habitats but upper canopy showed a
significant similarity decay with time, emphasizing the strong influence of the seasonal dimension (S8c Fig.). The slopes of
significant models for litter, understory and canopy were fairly similar (S8c Fig.). Phytophagous arthropods were the only
guild for which a significant model of similarity decay with distance existed (S9a Fig.). In this case, initial similarity was
halved after about 340 m of distance. Within the vertical dimension, significant models of similarity decay with height
existed for fungal feeders and predators, with a steeper decay slope for the former (S9b Fig.). Within the seasonal dimension

significant models of similarity decay with time existed for ants and phytophagous arthropods, with fairly similar slopes
(S9c Fig.).

Comparison of arthropod vs. tree distribution. (i) Abundance, observed and estimated species richness - The effect size
(ES) in the horizontal dimension was similar for numbers of tree stems and arthropod abundance (ES for trees = 0.340; for
arthropods average ES of 0.355 for data in Table 1). In the vertical dimension, the effect size was much larger for trees (ES=
0.905) than for arthropods (average ES = 0.391). In the seasonal dimension, the effect size was larger for arthropods than
for trees (average ES = 0.546 for arthropods, ES = 0.458 for trees). With regard to observed or estimated species richness,
the effect size was larger in the horizontal dimension for trees (ES = 0.352 and ES = 0.773, respectively) than it was for
arthropods (average ES in Table S2 = 0.222 and ES = 0.245, respectively). In the vertical dimension, the effect size for
observed and estimated species richness was similar for trees (ES = 0.805 and ES = 0.589, respectively) and for arthropods
(average ES = 0.853 and ES = 0.800, respectively). In the seasonal dimension, the effect size for observed and estimated
species richness was larger for arthropods (average ES = 0.564 and 0.589, respectively) than for trees (ES = 0.394 and ES =
0.394, respectively).

(ii) Species turnover - Overall, average pairwise similarity in the horizontal dimension was significantly different between
taxa, with arthropods (0.215±0.027 [s.e.]) < all trees species (0.408±0.032) < tree species flowering (0.808±0.045; ANOVA,
F2,195 = 72.0, p <0.0001, Tukey-tests all significant with p<0.05). We could not estimate the rate of floral turnover in the
vertical dimension with the data at hand due to lack of vertical replicates and data limitations in the litter/understory (DBH
of measured trees ³ 10 cm). However it is probably considerable, as evidenced by the average low similarity between the
understory, canopy and upper canopy (similarity of trees species flowering = 0.005). In the seasonal dimension, average
pairwise similarity was also significantly lower for arthropods (0.157±0.013) than for flowering trees (0.305±0.018; t-test, t
= 5.20, df = 547, p <0.001). A similarity of about 0.2 was reached after 60 days for arthropods whereas a similarity of 0.2
was reached after 245 days for tree species flowering (compare S6c Fig. and S10b Fig.).

