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Abstract
Although tropical regions harbor the greatest arthropod diversity on Earth, the majority of species are 
taxonomically and scientifically unknown. Furthermore, how they are organized into functional com-
munities and distributed among habitats is mostly unstudied. Here we examine species richness, diver-
sity, and community composition of carabid beetles (Coleoptera: Carabidae) and compare them between 
flooded (FP) and non-flooded terra firme (TF) forests in the Yasuní area of Ecuador. The forest understory 
was sampled using flight intercept traps (FITs) and systematic hand collections at night in June and July 
2011 and 2012, and FITs in October and November 2011. A total of 1,255 Carabidae representing 20 
tribes, 54 genera, and 143 morphospecies was collected. Mean number of individuals and mean species 
richness did not differ significantly between FP and TF; however, numbers of Cicindelini (tiger beetles) 
and Pentagonicini were higher in TF forest while numbers of Lachnophorini and Scaritini were higher 
in FP forest. Overall, FP had significantly higher rarefied richness but extrapolation of rarefaction curves 
using the Chao1 nonparametric diversity estimator show that this difference may decrease with addi-
tional sampling. The inverse Simpson index was significantly higher for FP than TF forest. Nonmetric 
multidimensional scaling (NMDS) ordination and dissimilarity coefficient values show that FP and TF 
forests maintain unique assemblages with minimal overlap in community composition. Given ongoing 
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anthropogenic pressures, particularly petroleum extraction, and those resulting from climate change, a 
greater understanding of the richness, diversity and community assemblages of Yasuní rainforest are need-
ed to better conserve the fauna of this megadiverse area of Amazonia.

Keywords
Amazon, flight intercept traps (FITs), forest type, ground beetles, hand sampling, Yasuní rainforest

Introduction

Insects and their arthropod relatives dominate eukaryotic global biodiversity (Erwin 
1982; Hammond 1992; Samways 1993; Basset et al. 2012). Although approximate-
ly 1.30 million arthropod species have been described, >80% of which are insects 
(Zhang 2013), estimates by Hamilton et al. (2013) and Stork et al. (2015) suggest 
that 60–80% of the 6.1 million predicted arthropod species await description (Erwin 
and Johnson 2000; Dunn 2005; May 2010; Hamilton et al. 2010, 2013; Stork 2018). 
Tropical habitats harbor the greatest arthropod biodiversity and considerably more 
empirical work is needed just to describe currently unnamed tropical arthropods (May 
2010; Mora et al. 2011; Hamilton et al. 2013; Stork 2018). Arthropods play vital 
roles in ecological processes and are major components of highly diverse ecosystems 
(Kim 1993; Samways 1993). With current rates of deforestation, forest degradation, 
and predicted changes associated with climate change such as aridization, many tropi-
cal forest species will disappear before they are described (Kellert 1993; Kim 1993; 
Samways 1993; Godfray et al. 1999; Dunn 2005; Finer et al. 2008; Kim et al. 2015; 
Kirichenko-Babko et al. 2020; Wagner 2020).

Greater comprehension of tropical arthropod diversity and communities is needed 
for realistic global diversity estimates, to discern ecological patterns including species 
distributions and to support conservation strategies (Erwin 1991a; Oliver and Beattie 
1996; Carlton et al. 2004; Rohr et al. 2007; Erwin and Geraci 2009; May 2010; Mora 
et al. 2011; Stork 2018). We have only a limited understanding of the structure, general 
patterns, and assembly rules for arthropod communities in tropical forests, even across 
broad scale environmental gradients. Nonetheless, species turnover across habitats is a 
central aspect of Amazonian diversity (Pitman et al. 2001; Condit et al. 2002; Draper 
et al. 2019) and arthropod assemblages are expected to vary markedly across lowland 
tropical forests (Erwin 1983a; Lucky et al. 2002; Dyer et al. 2007). Fine et al. (2013), 
for example, found high turnover of herbivorous insects using a single tree species 
across two Amazonian forest types, as well as high turnover among tree species within 
the same habitat. Additional research is needed for non-herbivore arthropods to im-
prove estimates of overall turnover in tropical forests (Kitching 2006; Fine et al. 2013).

Amazonian forests have been classified into broad types based on forest structure, 
drainage, floristic composition, geology, and soils (Prance 1979; Duivenvoorden and 
Lips 1995; Herrera-MacBryde and Neill 1997; Baraloto et al. 2011; Myster 2016). Two 
major forest types in Amazonia are floodplain forests (FP) and upland non-flooded terra 
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firme (TF) forests (Pitman 2000; Myster 2014, 2016). Terra firme forests are the most 
widespread forest type in the Amazon Basin while FP forests are riparian forests subject 
to episodic inundations by adjacent rivers during periods of high precipitation or upland 
Andean precipitation and/or snowmelt (Prance 1979; Junk et al. 1989; Worbes 1997; 
ter Steege et al. 2000; Parolin et al. 2004; Junk and Piedade 2010; Myster 2014, 2016). 
Previous studies show that both forest types are rich in species but TF forests are gener-
ally more species rich than FP forests for many taxa (Campbell et al. 1986; Balslev et al. 
1987; Gascon et al. 2000; Haugaasen and Peres 2005; Myster 2016; Bredin et al. 2020) 
including arthropods: spiders (Höffer 1997), ants (Wilson 1987; Majer and Delabie 
1994; Mertl et al. 2009), canopy arthropods (Erwin 1983a; Adis et al. 1984, 2010) and 
terrestrial arthropods in general (Adis 1997; Adis and Junk 2002; Lamarre et al. 2016). 
However, only a relatively small amount of comparative data is currently available in Am-
azonian forests, particularly for groups of understory Coleoptera (Adis and Junk 2002).

Few ecological studies have compared understory arthropod diversity and spe-
cies assemblages from different forest types within Amazonia (Adis 1981; Pearson and 
Derr 1986; Majer and Delabie 1994; Zerm et al. 2001; Mertl et al. 2009; Lamarre et 
al. 2016; Santos-Silva et al. 2018). Even fewer report forest understory diversity and 
community data for the highly diverse Carabidae (Irmler 1979a, b; Zerm et al. 2001; 
Lamarre et al. 2016; Cajaiba et al. 2018), which includes a range of trophic roles in-
cluding predaceous, predominately phytophagous and omnivorous species as well as 
some with specialized modes of nutrition (Thiele 1977; Lövei and Sunderland 1996). 
Current knowledge of Amazonian carabids in the understory of FP forests is largely 
based on research within Central Amazonia where flooded forests are annually inun-
dated by several meters of water for several months a year (Irmler 1979a, b; Adis 1981; 
Paarmann et al. 1982; Zerm et al. 2001). In contrast, our study focuses on a forested 
area within the highly diverse western Amazon which experiences less severe inunda-
tion events, both in duration and frequency, than in Central Amazonia (Burnham et 
al. 2001; Hoorn et al. 2010). For ground-level understory Carabidae of temporarily 
flooded (FP) and non-flooded TF forests in the Ecuadorian Amazon, we investigated 
the following: differences in species abundance and richness, patterns in the abundance 
and distributions of common and rare species, and characterization of carabid assem-
blages including identification of taxa characteristic to each forest type.

In contrast to findings reported for other taxa, we predicted that carabids of FP 
forests will have greater species richness and diversity than adjacent TF forests. This 
prediction, in part, stems from the taxon pulse concept (Erwin 1979, 1985) which 
suggests that waterside habitats were a common habitat for primitive carabid lineages. 
Therefore, due to historical habitat associations, riparian FP forests habitats may har-
bor higher numbers of species and diversity of carabid beetles compared to TF forests. 
Higher richness of Carabidae was reported in flooded forests compared to TF forests 
in Erwin and Adis (1982), Pearson (1984), and Pearson and Derr (1986). Addition-
ally, higher species richness has been reported for forest-dwelling carabid beetles in re-
sponse to disturbances (e.g., clear-cutting) (Erwin 1979; Niemelä et al. 1993; Koivula 
et al. 2002; Magura et al. 2006; Riley and Browne 2011). Furthermore, disturbance 
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associated with flooding events may also foster increased carabid species richness 
through mechanisms such as a reduction in competition (Connell 1978; Erwin and 
Adis 1982; Zerm and Adis 2001a, b). It is expected that carabid species composition 
will differ between the forest types due to differences in plant composition, temporary 
flooding events, forest structure and resource availability (Campbell et al. 1986; Balslev 
et al. 1987; Worbes 1997; Bredin et al. 2020).

Materials and methods

Description of the study area

This research was conducted at Tiputini Biodiversity Station (TBS) (0°37'55"S, 
76°08'39"W; 190–270 m elevation a.s.l.) (Fig. 1A, B) located in the Ecuadorian Ama-
zon, within the province of Orellana. TBS consists of 650 ha of moist tropical rainforest 
and borders the megadiverse Yasuní National Park (Bass et al. 2010; Myster 2016). The 
forest surrounding TBS has experienced relatively minimal anthropogenic disturbance 
compared to other parts of the Amazon. The area has average annual temperatures of 
24–27 °C and high yearly rainfall of ~ 3200 mm. The climate is considered aseasonal 
compared to other areas in Amazonia, as no month receives < 100 mm of rain. How-
ever, there are seasonal patterns in precipitation with rainier months (‘wetter season’) 
from April through June and September–October and drier periods (‘drier season’) in 
August and November–January (Pitman 2000; Blake et al. 2011; Myster 2016).

The area is relatively flat but several ridges, ~ 25–50 m higher than watercourses, add 
slight topographic variation. Approximately 90% of the landscape surrounding TBS is 
non-flooded TF which occurs along the slopes and tops of ridges. Rivers dissect these 
large blocks of TF forest creating narrow bands of FP forest which comprise ~ 2% of the 
study area (Pitman 2000; Pitman et al. 2001; Guevara et al. 2012; Pitman et al. 2014; 
Myster 2016). The palm, Iriartea deltoidea Ruiz & Pavn is a dominant tree species in 
both FP and TF forests near TBS (Pitman et al. 2001; Myster 2014), which are described 
in more detail by Burnham et al. (2001), Pitman et al. (2001), and Myster (2014, 2016).

Floodplain forest occurs within a relatively narrow area along the Tiputini River, 
which has been described as a mixed-water river (contributions of white and black 
water), or other times as white water (várzea), with a relatively high sediment load 
(Pitman 2000; Myster 2016). The height and volume of the Tiputini River is most 
strongly influenced by rainfall and snowmelt in the Andes Mountains (Prance 1979; 
Pitman 2000; Burnham 2002). See Appendix A for information about mean annual 
river heights for the years relevant to this study. Forests are inundated by the river for 
various lengths of time depending on elevation and distance from the river (Burnham 
et al. 2001; Pitman et al. 2001; Mertl et al. 2009). Previous studies have estimated that 
the floodplains around TBS are inundated (< 3 m) 1–3 times a year with inundations 
usually lasting less than a week (Pitman 2000; Burnham et al. 2001; Leimbeck and 
Balslev 2001; Burnham 2002; Mertl et al. 2009; Myster 2016).
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Tiputini Biodiversity Station is located on a geologically young landform consist-
ing of fluvial deposits (red clays and alluvium) originating from the Andes Mountains 
and are rich in exchangeable bases (Hoorn et al. 2010). Soils of TF have been classified 
as Ultisols which are clayey, acidic, and high in iron and aluminum (Pitman 2000; 
Sombroek 2000; Tuomisto et al. 2003). FP soils are less acidic, lower in iron and alu-
minum but higher in other nutrients (Ca, Mg, K, Na, P) and organic carbon compared 
to TF soils (Kapos et al. 1990; Duivenvoorden and Lips 1995; Pitman 2000).

Figure 1. Maps of the field sites A country boundaries of South America with the Amazon Basin indi-
cated by the heavier outline B Ecuador with the locations of TBS as a red circle and the boundaries of 
Yasuní National Park shaded C a DEM of the study area. The 24 sampling sites are indicated, with blue 
squares representing FP forest sites and green circles for TF forest. Latitude and longitude (in DD) shown 
along x and y axes. Maps generated through R packages: ‘raster’ (Hijmans 2015), ‘sp’ (Pebesma and Bi-
vand 2005; Bivand et al. 2013), ‘GISTools’ (Brunsdon and Chen 2014), and ‘maps’ (Becker et al. 2015).
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Collection of Carabidae

Carabid beetles were sampled during the wetter months of June and July in 2011 and 
2012 and during the transition to the drier season in October and November of 2011. 
Two sampling techniques, flight intercept traps (FITs) and hand sampling, were de-
ployed sites in the forest understory, 12 in each of the two forest types (Fig. 1C). Both 
methods were employed in the rainier seasons but for logistical reasons only FITs were 
employed in the transitional season in 2011. The number of FIT trapping days varied 
slightly between forest types due to flooding events in the 2011 wet season, ranging 
from 33–49 days in the 2011 wetter season, 30–31 days in the 2012 wetter season and 
29 days in the 2011 transitional season.

Each FIT consisted of PVC tubes, screen netting, a plastic awning (to prevent rain 
and debris from entering the trays) and plastic collection trays. Screening was stretched 
between two 1 meter PVC tube, with a 1 m support PVC tube across the top of the 
trap to create an ~ 1 m2 flight barrier. See Riley et al. (2016) for additional details on 
FIT materials and implementation. Plastic trays were placed underneath the flight bar-
rier to collect specimens and filled with water and biodegradable soap. Sampling trays 
were emptied every other day by filtering the contents through a metal strainer with 
mesh openings < 1 mm.

Since the majority of Carabidae are active at night, hand sampling occurred be-
tween 8:30 pm and 10:30 pm with the use of headlamps. This included active search-
ing of the ground (leaf litter, etc.), tree trunks and vegetation (up to eye level), and 
decaying logs. A total of seven hand sampling events was performed at each of the 24 
sampling sites durng two field seasons, four at each site in 2011 and three in 2012. 
Each sampling event consisted of 0.5 hour of search effort, mostly along a trail, within 
100 meters of the FIT for each site. The first author participated in every hand sam-
pling event with the assistance of one or two trained volunteers. Immediately after 
capture, carabids were preserved in 95% ethanol.

The main goal of this study was to compare richness, diversity, and assemblages 
of Carabidae between FP and TF forest types; therefore, data from both FITs and 
hand collecting were simply pooled by each sampling site for the analysis presented in 
this paper. However, we recognize that collection techniques operate differently and 
strongly influence the composition of fauna sampled (Gadagkar et al. 1990; Kitching 
et al. 2001; Missa et al. 2009). In a separate paper, Riley et al. (2016), we compared 
numbers of individuals, species, diversity, and community-level analyses between hand 
sampling and FITs for the two forest types, as well as reported taxa-specific results.

Identification of carabid beetles

Carabid beetles were sorted using a stereo microscope and identified to genera and 
morphospecies. Since a species-level taxonomic key is not available for the study re-
gion, a genus-level key for French Guyana Carabidae (Erwin et al. 2012) was used, 
with subsequent identification to morphospecies and taxonomic confirmation by TE†. 



Carabid diversity and community structure in two Amazonian forest types 837

Only two species, a widespread Neotropical tiger beetle Odontocheila cayenensis Lam. 
and the hiletine, Eucamaragnathus batesi Chaudoir, could be confidently referred to de-
scribed species. In addition, the single oodine specimen collected could be confidently 
referred to Oodinus but could not be confidently determined as belonging to either 
O. piceous Motschulsky, O. amazonas Chaudoir, or O. limbellus Chaudoir. Otherwise, 
identifications were restricted to morphospecies. The use of morphospecies for Neo-
tropical arthropods has been successful in ecological studies and is the most feasible 
option for an extraordinarily speciose region, with the majority of species not described 
by science (Oliver and Beattie 1996; Stork et al. 2008; Grimbacher and Stork 2009). 
Since the vast majority of the data set consists of morphospecies, we will use the term 
morphospecies unless specifically referencing one of the described species mentioned 
above. Voucher specimens representing taxa collected in this study will be deposited at 
Museo de Historia Natural, La Escuela Polytecnica Nacional (EPNC) in Quito, Ecua-
dor. Abbreviations used in this paper are as follows:

ABL	 apparent body length;
ACE	 abundance-based coverage estimator, ACE;
DEM	 digital elevation map;
FITs	 flight intercept traps;
FP	 floodplain;
1/D	 inverse Simpson index, a Hill diversity number;
IndVal	 an indicator statistic, developed by Dufrene and Legendre (1997);
ISA	 Indicator Species Analysis;
N	 number of individuals;
NMDS	 nonmetric multidimensional scaling;
Pentb	 the most commonly collected cicindelid Pentacomia morphospecies;
S	 number of morphospecies (i.e., species richness);
S.E.	 calculated standard error;
E1/D	 Simpson’s evenness;
TBS	 Tiputini Biodiversity Station;
TF	 terra firme.

Statistical analyses

As a precursor to our statistical comparisons of FP and TF forests, the data set was 
tested for spatial autocorrelation. First, a multivariate Mantel correlogram was con-
structed (Mantel 1967; Oden and Sokal 1986; Sokal 1986; Borcard and Legendre 
2012; Legendre and Legendre 2012) using the ‘vegan’ package in R (Oksanen et al. 
2016; R Core Team 2016). Inputs for this analysis were the Bray-Curtis dissimilarity 
for species assemblages and the Cartesian coordinates of the sampling sites as deter-
mined using R package ‘SoDA’ (Chambers 2013). If a linear trend was detected, spe-
cies data were Hellinger-transformed and detrended prior analysis to satisfy normality 
and the second-order stationarity condition (Borcard et al. 2011). Sturge’s rule was 
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used to determine the number of distance classes (Borcard et al. 2011). Following 
5,000 permutations the significance of the normalized Mantel statistic for the distance 
classes were evaluated using Holm correction for multiple tests (Holm 1979; Borcard 
et al. 2011; Goslee and Urban 2013). Autocorrelation analyses were completed using R 
package ‘vegan’ (Oksanen et al. 2016; R Core Team 2016). To correct for a linear trend 
(F = 3.08, df = 2, P < 0.01), data were Hellinger-transformed and detrended prior to 
construction of the Mantel correlogram. There were six distance classes, with the small-
est ranging from 0 to 32.5 meters; however, no significant spatial correlations were 
detected so all sample sites were treated as independent sites in all statistical analyses.

Data from both sampling techniques were simply pooled by sampling site to de-
termine the N, S and 1/D (Simpson 1949; Jost 2006; Chao et al. 2014). To detect 
changes at higher taxonomic levels, the numbers of individuals and species for each 
carabid tribe were also analyzed. For the analyses listed above, values for FP and TF sites 
were compared using a two-sample t-test with equal variance unless assumptions of the 
test were not met. If the assumption of homogeneity was violated, we used two-sample 
t-tests with a Welch correction. When data failed to meet the assumption of normality, 
a Wilcoxon rank sum test was used.

Mean body length was compared between forest types using ABL. This is the 
length from the extreme anterior point of the mandible to apex of elytra and is a 
standard measurement used in many ecological studies to provide a reliable estimate of 
overall size for Carabidae (e.g., Erwin and Kavanaugh 1981). For each ground beetle 
morphospecies, all intact specimens (i.e., the head, thorax, and abdomen were undam-
aged) were measured and, due to their greater abundance in the sample, at least 21% 
of the specimens for each tiger beetle (Cicindelini) morphospecies were measured. For 
each sampling site, mean ABL was determined by averaging the measurements of all 
individuals collected over the entire study period. The mean site ABL values for FP and 
TF sites were compared using a two-sample t-test with equal variance.

To account for differences in numbers of individuals collected between forest types 
and under-sampling bias, sample size was standardized by rarefaction which deter-
mines the expected number of morphospecies from a random subsample of individuals 
from the overall data set (Gotelli and Colwell 2001, 2011). Rarefaction curves for each 
forest type were constructed in ‘iNEXT’ using R software (Hsieh et al. 2015), using 
500 randomizations to determine 95% unconditional confidence intervals (Chao et 
al. 2014). The x-axis was scaled to individuals to show the increases in number of 
morphospecies as more individuals were collected (Gotelli and Colwell 2001, 2011; 
Colwell et al. 2004, 2012). To estimate the number of undetected morphospecies, 
rarefaction curves were extrapolated by a factor of two from the smallest sample size 
between forest types (Colwell et al. 2012). The abundance-based non-parametric spe-
cies richness estimator, Chao1 was used to extrapolate the rarefaction curves. Chao1 
has been recommended as the lower bound of asymptotic richness (Chao 1984; Hortal 
et al. 2006; Colwell et al. 2012).

We attempted to account for estimator bias, by calculating two additional non-
parametric diversity estimators with standard errors (randomizations = 1000) using the 



Carabid diversity and community structure in two Amazonian forest types 839

R package ‘vegan’ (Oksanen et al. 2016): the first order jackknife, Jack1 (Burnham and 
Overton 1979; Heltshe and Forrester 1983) and the abundance-based coverage estima-
tor, ACE (Chao and Lee 1992; Chao and Yang 1993; Lee and Chao 1994). Estimators 
were selected based on high performance reported in previous studies (Chazdon et al. 
1998; Brose and Martinez 2004; Walther and Moore 2005; Hortal et al. 2006; Gotelli 
and Colwell 2011), as well as the species abundance distribution and evenness of the 
data, all of which affect estimator biases. Since ACE accounts for the frequency of rare 
species, it is more appropriate for datasets with a high proportion of rare species as is 
common for studies examining carabid assemblages (Chao and Lee 1992; Chazdon et 
al. 1998; Belaoussoff et al. 2003). Jack1 has performed well in a variety of studies (Col-
well and Coddington 1994; Walther and Moore 2005; Hortal et al. 2006; Basualdo 
2011) with low bias for data with higher evenness and more mobile organisms (Palmer 
and Dixon 1990; Brose and Martinez 2004). Results from the three estimators were 
averaged to provide conservative values relating to sample completeness.

Simpson’s evenness (E1/D) values (Williams 1964; Smith and Wilson 1996; Payne 
et al. 2005) were calculated for each sampling site and the significance of the difference 
was determined by a two-sample t-test with equal variance. Log of relative abundance 
was plotted against morphospecies rank to compare morphospecies abundance distri-
butions between FP and TF forests. In order to examine morphospecies commonness 
in the sample, morphospecies were assigned to three rarity categories based on the 
proportion of their abundance to the overall catch (relative abundance) over the entire 
sampling period with both forest types combined. Morphospecies were classified as 
‘dominant’ if their relative abundance contributed > 10.0% of the total number of 
individuals collected. ‘Common’ morphospecies contributed 1.0–9.99% to the overall 
catch, and morphospecies were classified as ‘rare’ if they contributed < 1.0% to the 
total catch. Differences between FP and TF forests in numbers of individuals and mor-
phospecies in these three rarity categories were analyzed through two-sample t-tests or, 
when t-test assumptions were not met, nonparametric Wilcoxon tests.

We used a generalized linear model with Poisson error distribution and a log link to 
test the hypothesis that common morphospecies should be collected from a higher num-
ber of sample sites. Significance was determined by analysis of deviance using the Wald 
chi-square test statistic. Linear modeling was completed using R packages ‘lme4’, ‘car’, 
and ‘multcomp’ (Hothorn et al. 2008; Fox and Weisberg 2010; Bates et al. 2015; R Core 
Team 2016). We determined whether the proportion of common and rare morphospe-
cies were similar among tribes using a chi-square test. Dominant and common morphos-
pecies were combined for this analysis (now termed ‘abundant’) to meet the assumptions 
of the test. Expected numbers for each category were determined by multiplying the total 
number of morphospecies collected in the tribe by the overall proportion of morphospe-
cies in each rarity category (e.g., 125 of 143 morphospecies were rare, 87.4%).

Morphospecies assemblages for FP and TF were also compared using NMDS 
(Minchin 1987; Oksanen 2015). Bray-Curtis (abundance-based) and Jaccard (pres-
ence/absence) dissimilarity values were used as the distance measures. Non-metric 
multidimensional scaling (NMDS) is a robust unconstrained ordination method 
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which makes no assumptions about the underlying nature of species distributions. 
Since the abundance mean-variance relationships were similar between FP and TF 
forests, untransformed abundance values of all morphospecies were used as the inputs 
for community-level analyses (Minchin 1987; Clarke 1993; McCune and Grace 2002; 
Nekola et al. 2008). To ensure solution stability, we used 100 runs for all NMDS 
analyses with random start points (Minchin 1987). Statistical significance between 
FP and TF distance matrices was determined using adonis, a robust permutational 
multivariate analysis of variance (permutations = 999) (Legendre and Anderson 1999; 
Anderson 2001; McArdle and Anderson 2001; Oksanen 2015). Dispersions within 
forest types were tested for multivariate homogeneity using function betadisper and 
TukeyHSD for the post-hoc test (Anderson 2006; Anderson et al. 2006; Oksanen 
2015). All community-based analyses completed using R package ‘vegan’ and ‘MASS’ 
(Venables and Ripley 2002; Oksanen et al. 2016; R Core Team 2016) .

We sought to identify morphospecies that drove differences in community mor-
phospecies assemblages using ISA. The IndVal statistic, developed by Dufrene and Leg-
endre (1997), is insensitive to community-level beta diversity and does not consider ab-
sences as negative preferences (Dufrene and Legendre 1997; De Cáceres and Legendre 
2009). Only morphospecies collected at least three sites (i.e., 25% of the number of sites 
in each forest type) over the entire sampling period were included in the ISA. Indicator 
value and statistical significance were determined using function multipatt in R package 
‘indicspecies’ (permutations = 999). We used the Holm correction for multiple testing 
to reach experiment wide conclusions (Holm 1979; De Cáceres and Legendre 2009).

Results

In total, 1,255 Carabidae were collected, representing 20 tribes, 54 genera, and 143 
morphospecies (Table 1). Overall, FIT samples accounted for 64% (n = 805) of the 
total number of individuals collected and 55% (S = 79) of collected morphospecies 

Table 1. Measures of numbers of individuals, morphospecies richness, and diversity of Carabidae col-
lected for FP and TF forests.

Measure FP TF Total
No. individuals 564 691 1255
Avg. individuals (± S.E.) 47.0 ± 5.0 57.6 ± 7.1 52.3 ± 4.4
No. morphospecies 96 79 143
Avg. morphospecies (± S.E.) 21.6 ± 2.0 16.9 ± 1.6 19.3 ± 1.3
No. tribes 20 14 20
No. genera 44 31 54
No. singletons 34 38 63
No. doubletons 15 8 22

Richness estimators
Chao1 (± S.E.) 126.4 ± 13.7 159.1 ± 38.3 237.4 ± 32.9
Jack1 (± S.E.) 130.8 ± 12.9 122.1 ± 9.8 210.1 ± 17.8
ACE 131.4 147.0 248.6
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were represented in FIT samples. Of the 438 individual tiger beetles collected, all but 
three individuals were collected by FITs (99%). Those collected by hand were resting 
on leaves next to the trail. In comparison, hand sampling at night accounted for 36% 
(n = 450) of the total number of individuals collected and 57% (S = 82) of collected 
morphospecies were represented in hand samples. Only 18 morphospecies were col-
lected by both techniques, with 43% of the morphospecies collected exclusively by 
FITs and 45% exclusively by hand collecting. The goal of this paper was to compare 
the carabid fauna between FP and TF forest types, therefore samples from both collect-
ing techniques were simply pooled by sampling site for the present analyses. Collec-
tions from hand samples and FITs in FP and TF forests are compared in detail by Riley 
et al. (2016) and the results, particularly the similarity in morphospecies accumulation 
curves for the two collection techniques in each forest type, suggest pooling these data 
will not distort the dataset or introduce any biases.

There were no significant differences between forest types in mean number of indi-
viduals or mean morphospecies number, although the difference in raw richness tended 
toward significance (P = 0.060; Table 1). The rarefaction curve for the pooled dataset 
did not approach an asymptote and the extrapolation from the curve through Chao1 
estimates total morphospecies number as 189 ± 22.3 (mean ± S.E.) when sample effort 
was increased by a factor of two (Fig. 2A). Given the lack of overlap between the 95% 
unconditional confidence intervals for the rarefaction curves at n = 564, the rarefied 

Figure 2. Carabid beetle rarefaction curves. Interpolation (solid lines) indicated by filled point markers 
represents the sampling extent of the current study. Extrapolation curves based on the Chao1 nonpara-
metric diversity estimator are shown (dashed lines). Shaded areas depict unconditional 95% confidence 
intervals A the overall dataset with both forest types combined and richness extrapolated to n = 2,510 
(twice the number of individuals collected) B rarefaction curves for FP forests (blue square) and TF forests 
(green circle) with sample size extrapolated to n = 1,128 (twice the number of individuals collected in 
FP forests). FP forests (96 ± 8.0) were significantly more species rich than TF forests (72 ± 8.1) at the 
rarefied sample size (n = 564). The extrapolated rarefaction curves suggest the difference in cumulative 
morphospecies richness between FP and TF will decrease as sample size increases.
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richness in FP (96 ± 8.0) was significantly higher than in TF (72 ± 8.1) forests (Fig. 2B). 
However, the extrapolated rarefaction curves predict that the difference in cumulative 
richness between habitats will decrease as sample size increases. In fact, two of three 
nonparametric estimators predict that when fully sampled, true richness in TF will be 
higher than FP forest (Table 1). Average sample completeness across the three estimators 
were the following: FP (74.2%), TF (55.4%) and overall (62.0%). The inverse Simpson 
diversity index was significantly higher for FP than TF forest (t = 3.3, df = 22, P = 0.003; 
Fig. 3) emphasizing the greater importance of rare morphospecies in FP forest.

Carabidae body length ranged from 1.3 to 24.7 mm, with an overall mean (± S.E.) 
of 6.68 ± 0.19 mm for both forest types combined. There were no significant differ-
ences in mean body size between FP (6.78 ± 0.19) and TF individuals (6.59 ± 0.34). 
Tiger beetles have a relatively large body size (mean range: 9.9–16.1 mm) and because 
their abundance differed between habitats, ABL was also compared without Cicinde-
lini. In this analysis, mean body length of non-cicindelid individuals collected at TF 
sites (5.47 ± 0.15 mm) were significantly smaller than individuals at FP sites (6.45 ± 
0.16 mm) (t = 4.4, df = 22, P < 0.001; Fig. 4).

Carabidae of 14 tribes were represented in both habitats; however, Callistini, Col-
lyridini, Galertini, Hiletini, Oodini, and Perigonini were collected from FP forest only 
with collyridines and perigones represented by single specimens (Appendix B: Table 
B1). The most morphospecies rich tribes for FP forest were Lebiini (14.6% of total S 
in FP forest), Scaritini (14.6%) and Lachnophorini (12.5%), followed by Harpalini 
and Bembidiini (both with 11.5%). The most morphospecies rich tribe for TF forest, 
by a large margin, was Lebiini (35.4% of total S in TF forest), followed by Harpal-
ini (10.1%), Bembidiini (10.1%), and Pterostichini (8.9%). Four morphospecies of 

Figure 3. Inverse Simpson index (1/D) for FP forest and TF forest carabid beetle samples. FP forest had 
significantly higher 1/D values than TF forest (P = 0.003).
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Cicindelini accounted for 35% (n = 438) of the total number of individuals in the 
pooled sample from both habitats, but significantly more Cicindelini were sampled in 
TF than FP forest (W = 24, P = 0.011; Fig. 5). Analyses for carabid tribes occurring in 
both forest types showed the mean number of individuals for Scaritini was significantly 
higher in FP forest (t = 6.5, df = 11, P < 0.001) but significantly lower for Pentagoni-
cini (W = 14, P = 0.040; Appendix D: Fig. D1). Mean morphospecies number per site 

Figure 5. Number of Cicindelini (tiger beetles) collected from FP and TF forests. Significantly more 
tiger beetle individuals were collected in TF forest (P = 0.011).

Figure 4. Body length (ABL) (mm) for carabid individuals collected in FP and TF forests, excluding 
Cicindelini. Body length for FP forest was significantly larger than TF forest (P < 0.001).
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in FP forest was significantly higher for Lachnophorini (W = 64, P = 0.008) and Scari-
tini (t = 7.3, df = 11, P < 0.001) but significantly lower for Pentagonicini (W = 15, 
P = 0.036; Appendix D: Fig. D2).

The cicindelid Pentacomia species Pentb was the only ‘dominant’ morphospecies 
in the overall sample, accounting for 23.3% of individuals sampled (n = 292) and col-
lected at 20 of the 24 sampling sites, including all 12 TF sites. The number of cicin-
delid Pentacomia morphospecies individuals collected in TF forest was significantly 
higher than in FP forest (W = 20.5, N = 21, P = 0.02; Appendix C: Fig. C1) and it 
also accounted for a higher percentage (32.7% vs. 11.7%) of the sample than in the FP 
forest. Eighteen morphospecies were classified as ‘common’ (12.6% of the total S) and 
125 morphospecies as ‘rare’ (87.4% of total S). Individuals classified as common made 
up 48.9% (n = 614) while rare individuals contributed 27.8% (n = 349) of the total 
number of individuals collected. Among rare morphospecies, 63 were represented by a 
single individual (singletons) and 22 morphospecies by two individuals (doubletons). 
Of the total number of morphospecies collected, 43.8% were singletons and 15.3% 
doubletons. There were no differences between forest types in mean number of indi-
viduals collected for common or rare morphospecies.

Rare morphospecies contributed the largest proportion of total morphospecies 
richness for both forest types (80.2% for FP forest and 78.5% for TF forest), although 
the mean number of rare morphospecies per site was significantly higher for FP forest 
(13 ± 1.5) than TF forest (8 ± 1.3) (t = 2.2, df = 22, P = 0.04; Appendix C: Fig. C2). 
Numbers of common morphospecies per site did not differ between forest types (8 ± 
0.5). All but two common morphospecies (90% of total common S) occurred in both 
forest types while only 15 rare morphospecies (12% of total rare S) occurred in both 
forest types. As expected, the dominant morphospecies occurred at a higher number 
of sampling sites than common morphospecies and common morphospecies occurred 
at a higher number of sampling sites than rare morphospecies (χ2 = 291.2, df = 2, 
P <0.001; Appendix C: Fig. C3).

Overall, the ‘dominant’ morphospecies, cicindelid Pentb, and the 18 common 
morphospecies contributed 72.2% of the total number of individuals collected and 
represented seven carabid tribes. However, distribution of the 19 morphospecies with-
in these seven tribes represented differed significantly from expected values based on 
the total number of morphospecies collected in each tribe (chi-square χ2 = 33.6, df = 6, 
P < 0.001; Appendix C: Table C1). In contrast, the distribution of 124 rare morphos-
pecies within 19 tribes was not significantly different than expected.

Simpson’s evenness index (E1/D) indicated that morphospecies assemblages were 
significantly more even in FP than in TF forests (t = 2.9, df = 22, P = 0.008; Fig. 6). 
Although the rank abundance distribution curves for both habitats (Fig. 7) have long 
‘tails’ of rare morphospecies, the curve for FP forest underscores the increased evenness 
of morphospecies assemblages in FP compared to TF forests. In contrast, dominance of 
cicindelid Pentb, the most abundant morphospecies in both habitats, is most evident 
in the TF abundance curve. The abundance distribution curve for FP forest is longer, 
reflecting the increased morphospecies richness of this forest. The greater contribution 
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of rare morphospecies lowered the slope of the curve beyond rank 25, near the division 
between common and rare morphospecies. More morphospecies were represented by 
three or four individuals in FP compared to TF forests (n = 18 vs. 6) as well as more 
doubleton morphospecies in FP (n = 19 vs. 9). In contrast, there were slightly more 
singletons collected in TF forest than in FP forest (n = 33 vs. 30).

Figure 6. Simpson’s evenness index (E1/D) for species assemblages were significantly more even from FP 
than TF forests (P = 0.008).

Figure 7. Rank abundance distribution curves for FP (blue squares) and TF (green circles) forests.
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NMDS ordination demonstrated clear separation between FP and TF morphos-
pecies assemblages with no overlap in their respective multivariate polygons (Fig. 8; 
stress = 13.7). The greatest divergence was along axis 1, with FP sites aggregated on the 
positive side and TF sites on the negative side of the axis. The mean within group Bray-
Curtis dissimilarity was 0.68 for FP forest and 0.65 for TF forest while the between 
group dissimilarity value was 0.81, with significant differences between FP and TF 
morphospecies assemblages (F = 6.64, df = 1, P < 0.001). The area of the FP polygon 
(1.18) was larger than the TF polygon (0.72) but there was no difference in disper-
sion within ordination space between habitats. The two forest types shared only 32 
of the 143 total morphospecies (22%) and 21 of 54 total genera (38%) represented 
in the samples. When singletons were eliminated from the comparison, FP and TF 
shared 40% of morphospecies and 51% of genera underscoring the importance of rare 
morphospecies to the differences. Both the low number of shared morphospecies and 
high between group mean Bray-Curtis dissimilarity value are reflected in the ordina-
tion biplot (Fig. 8). To determine the influence of morphospecies abundance on the 
NMDS, a second ordination analysis was conducted using presence/absence data and 
Jaccard dissimilarity values. The resulting patterns are similar to the results using the 
abundance data (see Appendix E for additional details).

Several morphospecies had significant indicator values (> 0.7) for either FP or TF 
forests (Table 2). Most of these morphospecies had high specificity values (A) for one 

Figure 8. Non-metric multidimensional scaling (NMDS) ordination using Bray-Curtis dissimilarity for 
carabid morphospecies assemblages from FP and TF forests (stress = 13.7, k = 2). Each data point repre-
sents one of 24 sampling sites, with blue squares representing FP forest sites and green circles representing 
TF forest sites. Morphospecies assemblages were significantly different between FP and TF (P < 0.001).
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forest type (mean = 0.96) while fidelity values were relatively lower (mean = 0.61). 
Interestingly, different morphospecies of the genera Paratachys (Bembidiini) and Peru-
phorticus (Lachnophorini) were significant indicators for each of the two forest types. 
Several taxa within the Scaritini (Nyctosyles and Clivina) and a lachnophorine species of 
Eucaerus (Lachnophorini) were significant indicators of FP forest while morphospecies 
from within Pentagonicini (Pentagonica) were significantly associated with TF forest.

Discussion

Faunal differences between FP and TF habitats

Results from our study indicate that richness, diversity, and morphospecies compo-
sition of understory Carabidae from eastern Ecuadorian lowland rainforests are in-
fluenced by forest type. As expected, the simple comparison between hand and FIT 
collections presented here suggests the two methods sampled different portions of the 
carabid fauna in each forest type, similar to results reported in other tropical arthro-
pod studies (Gadagkar et al. 1990; Kitching et al. 2001; Missa et al. 2009; Riley et al. 
2016). Employing both collection techniques sampled a greater portion of the overall 
carabid community than either collection technique alone, providing a more compre-
hensive sample of Carabidae in FP and TF forests.

The number of individual carabids collected in the understories of FP and TF 
forests did not differ significantly. In contrast, Lamarre et al. (2016) found Carabidae, 
including cicindelids, were strikingly more abundant in seasonally flooded forests than 
in TF forests in French Guiana and Peru, with ~ 91% of cicindelids and 75% of all 
remaining carabids collected in flooded forests. This disparity may be due to several 

Table 2. List of the characteristic carabid species with significant indicator values for FP and TF forests 
using the IndVal statistic of ISA by Dufrêne and Legendre (1997). ‘A’ measures the specificity of a given 
species using relative abundance within and among sampling sites for a forest type and ‘B’ measures fidel-
ity though relative frequency within the sampling sites of each forest type. Adjusted p-values (p.adj holm) 
for multiple testing correspond to experiment-level conclusions.

Morphospecies code Tribe: Genus A B IndVal index p p.adj (holm)
FP
Clivb Scaritini: Clivina 0.969 0.917 0.942 0.001 0.025*
Perua Lachnophorini: Peruphorticus 0.94 0.917 0.93 0.001 0.025*
Nyctb Scaritini: Nyctosyles 1 0.583 0.764 0.005 0.110
Nycta Scaritini: Nyctosyles 0.917 0.583 0.731 0.021 0.378
Eucaa Lachnophorini: Eucaerus 1 0.500 0.707 0.013 0.247
Parac Bembidiini: Paratachys 1 0.500 0.707 0.012 0.24
TF
Pentgd Pentagonicini: Pentagonica 0.895 0.833 0.863 0.001 0.025*
Lebih Lebiini: Lebia 1 0.500 0.707 0.01 0.21
Perua_2 Lachnophorini: Peruphorticus 0.971 0.500 0.697 0.031 0.527
Pentga Pentagonicini: Pentagonica 0.917 0.500 0.677 0.039 0.72
Parae Bembidiini: Paratachys 1 0.417 0.645 0.045 0.72
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factors, including differences between the studies in species composition, sampling 
protocols, sample completeness, and the time period and duration of sampling peri-
ods. Other studies in Central Amazonia found higher tiger beetle richness in TF forests 
(Adis et al. 1998; Zerm et al. 2001; Adis and Junk 2002). In our study, all four Cicin-
delini species occurred in both FP and TF forests but significantly more cicindelid in-
dividuals were collected from TF forest. Some studies from other parts of the Amazon 
reported higher tiger beetle abundance in TF forests (Zerm et al. 2001; Adis and Junk 
2002), in contrast higher abundance has also been reported in FP forests (Pearson and 
Derr 1986; Lamarre et al. 2016). Thus, the data are insufficient to suggest a general 
abundance pattern for Cicindelini occurring in these two Amazonian forest types.

Studies of invertebrate assemblages as a whole have generally found lower abun-
dances within the understory of FP forests compared to TF forests (Pearson and Derr 
1986; Mertl et al. 2009; Lamarre et al. 2016). Since the flooding cycle causes seasonal 
movements and shifts in the biotic communities of riparian areas, the time of year will 
likely affect the relative number of individuals occurring in the understories of these 
two forest types (Irmler 1979a; Adis 1981; Erwin and Adis 1982; Adis and Junk 2002). 
Abundance patterns of adult Carabidae vary in space and time, and are affected by fac-
tors such as flooding duration, frequency, and intensity (Adis 1981; Bonn 2000; Bonn 
et al. 2002; Lambeets et al. 2008, 2009).

Although mean morphospecies richness differed only marginally (P = 0.06), all 
other measures of richness and diversity were significantly higher in FP forest com-
pared to TF forest, corroborating results of some previous studies (e.g., Erwin and 
Adis 1982; Pearson 1984; Pearson and Derr 1986). The higher species richness and di-
versity of FP forest seems to reflect the higher number of rare morphospecies sampled 
there than in TF forest. Increases in Carabidae richness after flooding events has been 
recorded for Central Amazonian forests (Adis 1981), as well as for temperate forests 
(Bonn 2000; Ellis et al. 2001; Bonn et al. 2002; Lambeets et al. 2008, 2009). After 
inundation, the litter layer and ground vegetation of FP habitats at TBS are covered 
by a thin layer of mud and sediments (pers. obs.; Mertl et al. 2009). This may result 
in higher nutrient content or resource availability when waters recede that promotes 
features like higher prey abundance that are attractive to particular carabid species 
(Irmler 1979a, b; Duivenvoorden and Lips 1995; Bonn 2000; Adis and Junk 2002; 
Haugaasen and Peres 2005; Adis et al. 2010). Disturbance may increase the number 
of unoccupied microhabitats in post-flood areas, generating a reciprocal increase alpha 
diversity over time (Salo et al. 1986; Erwin 1991b; Kalliola et al. 1991; Zerm and Adis 
2001a; Wittmann et al. 2006). Lastly, the disturbance of flooding could also moderate 
competitive exclusion, resulting in higher diversity in floodplain forests by promoting 
higher levels of coexistence (Levin and Paine 1974; Connell 1978; Erwin and Adis 
1982; Zerm and Adis 2001a, b).

Differences in carabid beetle richness and diversity patterns among localities 
within Amazonia may reflect variation among sites, particularly because erosion, dep-
osition and changes in river channels continuously drive spatial and temporal changes 
in flooded forests (Kalliola et al. 1991; Junk 2000). Faunal richness and diversity have 
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been strongly tied to length, frequency and severity of flooding events (Bonn et al. 
2002), and these vary among Amazonian rivers depending on factors such as flood-
ing cycles, topography and weather patterns (Junk et al. 1989; Junk 2000; Tuomisto 
et al. 2003; Adis et al. 2010; Junk and Piedade 2010). Temporarily flooded forests 
with less severe and frequent flooding regimes, such as those near TBS, will likely 
show different patterns in richness and diversity than those subjected to more intense 
flooding regimes.

Erwin (1979) and Erwin and Adis (1982) previously suggested that a large propor-
tion of carabid species inhabit riverine and wetland habitats in Amazonia. A long his-
tory of carabid evolution in tropical wetland habitats (Erwin 1979, 1985), is consistent 
with adaptation of many species to changing environmental conditions in riparian 
zones (Adis 1982). Carabid traits that promote persistence during unfavorable periods 
of the flooding cycle include: synchrony of life cycles with patterns of disturbance, re-
productive dormancy, and submersion tolerance (Erwin 1979; Adis 1982; Erwin and 
Adis 1982; Paarmann et al. 1982; Erwin 1985; Adis et al. 1986; Amorim et al. 1997; 
Zerm and Adis 2001b, 2003). Although Amazonian wetland and floodplain habitats 
have experienced repeated reductions and expansions through changes in paleoclimate 
(e.g., Cheng et al. 2013), they have doubtlessly continued to be available supporting 
persistence and radiation of species with adaptions to flooding cycles (Erwin and Adis 
1982; Kubitzki 1989; Irion et al. 1995, 1997, 2010; Müller et al. 1995; Haffer and 
Prance 2001; Adis and Junk 2002; Hoorn et al. 2010; Wittmann et al. 2010).

Carabids have patchy distributions, particularly in tropical rainforests, making the 
average abundance of many species appear low and requiring higher collection effort 
to obtain a representative sample of the fauna (Erwin 1979; Paarmann et al. 2002; 
Erwin et al. 2005). Sample completeness, based on the average of three nonparametric 
diversity estimators, was greater in FP forests (~ 74%) than TF forests (~ 55%). This, 
in turn, influences the observed richness and diversity values for both forest types. A 
possible contribution to the lower observed richness and sample completeness in TF 
forests was the lower efficiency of hand sampling at TF sites compared to FP sites. 
While the exact reason for the lower efficiency is unknown, possible explanations in-
clude an increased vertical stratification of Carabidae in TF forest and higher aggrega-
tion of carabid spatial distributions in FP forests. Additionally, non-cicindelid carabid 
individuals collected from TF sites were, on average, smaller relative to those collected 
at FP sites (Fig. 4) and such differences may also negatively influence the collectability 
of individuals in TF forests (see Riley et al. 2016 for further discussion).

Based on extrapolation of rarefaction curves, many morphospecies remained un-
collected in TF forests. Although the three diversity estimators we employed gave some-
what different answers, the differences between FP and TF assemblages were relatively 
small. Nonetheless, we predict that the observed difference in morphospecies richness 
between FP and TF sites will decrease with greater sampling effort. Within Amazonia, 
TF forests are more extensive than FP forests, and thus given standard expectations of 
species-area relationships, richness and diversity of TF forests are expected to be greater 
than for FP forests across the region (Rosenzweig 1995; ter Steege et al. 2000; Pitman 
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et al. 2001; Burnham 2002; Tuomisto et al. 2003; Myster 2014). Compared to TF 
forests, FP forests are limited to narrow areas along the banks of rivers and lakes and, 
at the landscape level, are more fragmented (ter Steege et al. 2000; Pitman et al. 2001).

Differences between FP and TF forests occurred not only at the morphospecies 
level but also at the tribal level. There were higher numbers of Scaritini and Lachno-
phorini individuals and/or morphospecies in FP forest and higher numbers of Pen-
tagonicini and Cicindelini individuals and/or morphospecies in TF forest. Although 
life histories are unknown for the vast majority of Amazonian carabid species, general 
life history information is known for many of the sampled genera and tribes. Species 
within Scaritini and Lachnophorini are typically ground-dwelling whereas those of the 
Pentagonicini and Cicindelini are more likely to be sampled on vegetation (per. obs.; 
Erwin et al. 2012). Many Lachnophorini and Scaritini species occur in wetter habitats 
which may explain why they were collected in greater numbers and diversity in FP 
forests in this study (Erwin et al. 2012; Erwin and Zamorano 2014). Indicator spe-
cies analysis (ISA) showed two genera, Peruphorticus (Lachnophorini) and Paratachys 
(Bembidiini), had one morphospecies characteristic of FP and another morphospecies 
characteristic of TF forest. Differences in microhabitat associations among tribes and 
genera likely attributed to observed differences in tribal-level richness and abundances, 
as well as variations in morphospecies composition between forest types.

Community-level differences between FP and TF forests

Rank abundance curves have rarely, if ever, been reported for tropical Carabidae. In 
temperate and boreal forests, carabid communities typically have a few dominant spe-
cies with the majority of species being rare (Belaoussoff et al. 2003), similar to the as-
semblages for FP and TF forests in this study. Dominant and common morphospecies 
comprised 72.2% of the total number of individuals collected but only 13.3% of the 
total observed morphospecies. As with many tropical insect assemblages, the contribu-
tion of rare species was especially high (Novotný and Basset 2000), with rarer species 
accounting for a greater proportion of the carabid assemblages than in temperate com-
munities. In our study, singletons contributed slightly less than half of the overall mor-
phospecies richness (43.8%), which is more than a canopy fogging study in a nearby 
Ecuadorian TF forest where 28.6% were singletons (Lucky et al. 2002).

Chi-square analyses examining rarity categories among carabid tribes showed 
abundant morphospecies were significantly more likely to be within the Bembidiini, 
Cicindelini, Lachnophorini, Loxandrini, and Pentagonicini, with fewer morphospe-
cies of Lebiini collected than expected. Although Lebiini was by far the most morphos-
pecies rich tribe (S = 35), only two morphospecies were classified as common while 
the remaining 33 morphospecies occurred at low numbers. In contrast, all four of the 
Cicindelini morphospecies were classified as abundant. Common morphospecies were 
sampled from a higher number of sampling sites within the study area, suggesting that 
they have wider spatial distributions than less frequently encountered morphospecies. 
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This agrees with previously reported positive relationships between local population 
abundance and the occurrence at a greater proportion of sample sites (Hanski 1982; 
Brown 1984; Gaston and Lawton 1988; Niemelä and Spence 1994).

Analyses indicate distinct carabid morphospecies assemblages occur in FP and TF 
forests, and this is further supported by the number of characteristic morphospecies 
for each forest type. In our study, only 32 of 143 morphospecies were collected in both 
forest types, suggesting FP forests maintain unique assemblages compared to neighbor-
ing non-flooded TF forests. Near Manaus, Brazil, Zerm et al. (2001) reported only 
two of 25 tiger beetle species occurring at both FP and TF forest sites. Unique species 
assemblages for FP and TF forests has been recorded for tropical vegetation (ter Steege 
et al. 2000; Bredin et al. 2020), birds (Remsen and Parker 1983; van Lieshout et al. 
2016), understory arthropods (Adis and Junk 2002; Lamarre et al. 2016), canopy ar-
thropods (Erwin 1983b; Adis et al. 2010), spiders (Höffer 1997), and understory tiger 
beetles (Zerm et al. 2001). Differences in species assemblages may relate to factors such 
as flooding regime adaptions, differences in plant composition, forest structure, and 
resource availability between FP and TF forests. The spatial and temporal distribution 
of tiger beetle guilds have been shown to be influenced by specific microhabitats within 
a given habitat (such as open areas, forest type, etc.) (Zerm and Adis 2001a; Zerm et 
al. 2001; Adis and Junk 2002). Lamarre et al. (2016) reported significant associations 
for seasonally FP forest or TF forests for several arthropod families, with carabid beetles 
demonstrating a particularly strong association with seasonally flooded forests.

Specialization of life in FP forests

Since flooded forests oscillate between aquatic and terrestrial phases and there is high 
variability in flooding events among rivers, it is difficult to adequately measure the 
overall biodiversity and community composition of flooded forests as a whole (Junk et 
al. 1989; Junk 2000). Floodplain communities are a mix of migrants, visiting species 
and residents, the latter likely with highly specialized adaptions for inundation events 
(Adis 1997; Junk 1997; Adis and Junk 2002). Thus, presence of both resident and 
migrant species in FP forest may have contributed to the higher observed richness, 
diversity, and the higher number of rare morphospecies collected in the FP forest. Car-
abids seeking refuge from flooding events may move into the canopy or sub-canopy 
strata via tree trunks (Irmler 1973, 1979a; Adis 1981; Adis and Messner 1997), move 
horizontally following the waterline (Irmler 1979a; Adis and Messner 1997; Zerm and 
Adis 2003), or fly to non-flooded uplands (Irmler 1973; Adis 1982; Erwin and Adis 
1982; Adis et al. 1986). Thus, selection for escape from flooding may help explain why 
the majority of carabid beetles living in tropical forests are fully winged and presum-
ably capable of flight (Erwin 1979). Other specializations to flooding regimes have also 
been reported for adults and possibly larvae, including retreat to subsoil layers (e.g., 
a flightless Stratiotes species), aestivation and submersion tolerance (Adis 1982, 1997; 
Adis et al. 1986; Rothenbucher and Schaefer 2006; Lambeets et al. 2009).
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Terborgh and Andresen (1998) suggest that vegetation of floodplain forests may be 
more closely allied taxonomically to adjacent non-flooded forests rather than to other 
flooded forests. Conversely, specific adaptions to life in flooded forests could promote 
convergence in floodplain community composition, even at broad geographic scales 
(e.g., Lamarre et al. 2016). In the present study, morphospecies in two genera (Para-
tachys and Peruphorticus) were significantly associated with either FP or TF forests sug-
gesting that there are evolutionary pressures to specialize with respect to forest type. 
Or, it could be a combination of both factors. For Amazonian frogs and mammals, 
Gascon et al. (2000) showed habitat type (FP vs. TF forest) and geographic distance 
were the most significant predictors of community similarity.

Conclusions

Even though conclusions must be tempered by the spatio-temporal scale of our sam-
pling, this is one of the few studies that compares carabid assemblages between major 
Amazonian forest types. Our work underscores that FP assemblages differ significantly 
from those in TF forest in this region of western Ecuador, and that additional sampling 
at TBS may better define the overlap in species between the two forest types. Activity 
of many Amazonian Carabidae is seasonal, particularly in habitats that are flooded pe-
riodically (Paarmann 1986; Pearson and Derr 1986; Adis and Junk 2002; Erwin et al. 
2005; Cajaiba et al. 2018), and the dynamics of these assemblages have not been well 
studied. Clearly, a more comprehensive representation of overall Carabidae richness, 
diversity and species assemblages requires sampling that extends throughout the year 
(Pearson and Derr 1986; Lucky et al. 2002; Erwin et al. 2005), as well as the use of 
multiple collection techniques (e.g., hand sampling, FITs, canopy fogging, etc.) (Gad-
agkar et al. 1990; Kitching et al. 2001; Missa et al. 2009). Focused sampling should 
occur before and after flooding events (Junk 2000) to better understand the dynamics 
of FP assemblages. A paired-site study design at a larger geographic scale within Ama-
zonia would elucidate patterns in carabid richness, diversity and species composition 
in FP or TF forests.

Our research targeted carabids using ground and understory habitats, but to un-
derstand the overall patterns in diversity and structure of carabid species assemblages 
within Yasuní forests, all forest strata should be included in community-level analyses 
(Basset et al. 2001, 2003; Chung 2004; Charles and Basset 2005). Objectives of such 
work must also include assessment of the forest canopy fauna since tropical canopies 
appear to be even more species rich than understory habitats (Erwin 1982; Charles and 
Basset 2005; Erwin et al. 2005). Anthropogenic factors, particularly oil exploration 
and extraction and climate change are now driving broad changes to the fauna of these 
megadiverse areas (Finer et al. 2009; Bass et al. 2010; Kirichenko-Babko et al. 2020). 
Thus, gaining increased understanding of rainforest insect assemblages like those at 
Yasuní is critical to assess and ameliorate the impacts, and to conserve the natural fauna 
of these unique habitats.



Carabid diversity and community structure in two Amazonian forest types 853

Acknowledgements

We dedicate this paper to our friend and mentor, the late Terry Erwin, Ph.D., without 
whom this project would not have been possible. Words cannot express our gratitude; 
you were an inspiration.

We are thankful to the Ecuadorian Ministry of the Environment for collection and 
exportation permits. The assistance and support of the staff and directors of Tiputini 
Biodiversity Station and the Universidad San Francisco de Quito made the field work 
for this project possible. We are grateful to K. Swing, D. Mosquera, and H. Alverez 
for assisting with research materials and providing advice. C. Kliesen, K. Trujillo, and 
J. Macanilla were essential to nightly hand sampling. V. Espinoza collected FIT data 
during the October and November 2011 season. Financial support was provided by 
Wake Forest University, the Richter Scholarship Program, and the Smithsonian Insti-
tution National Museum of Natural History. Our Subject Editor, Dr. John Spence, 
greatly improved this manuscript in a multitude of ways. Thank you Dr. Spence and 
the anonymous reviewer, we appreciate your contributions.

The authors have no competing interests.

References

Adis J (1981) Comparative ecological studies of the terrestrial arthropod fauna in Central Ama-
zonian inundation-forests. Amazoniana 7: 87–173. http://hdl.handle.net/21.11116/0000-
0004-6A95-D

Adis J (1982) Eco-entomological observations from the Amazon: II. Carabids are adapted to 
inundation-forests! The Coleopterists Bulletin 36: 439–440.

Adis J (1997) Terrestrial invertebrates: survival strategies, group spectrum, dominance and ac-
tivity patterns. In: Junk WJ (Ed.) The Central Amazon Floodplain, Ecology of a Pulsing 
System. Springer-Verlag, Berlin Heidelberg, 299–317. https://doi.org/10.1007/978-3-
662-03416-3_14

Adis J, Junk WJ (2002) Terrestrial invertebrates inhabiting lowland river floodplains of Central 
Amazonia and Central Europe: a review. Freshwater Biology 47: 711–731. https://doi.
org/10.1046/j.1365-2427.2002.00892.x

Adis J, Messner B (1997) Adaptions to life underwater: tiger beetles and millipedes. In: Junk 
WJ (Ed.) The Central Amazon Floodplain, Ecology of a Pulsing System. https://doi.
org/10.1007/978-3-662-03416-3_15

Adis J, Erwin TL, Battirola LD, Ketelhut SM (2010) The importance of Amazonian floodplain 
forests for animal biodiversity: beetles in canopies of floodplain and upland forests. In: Junk 
WJ, Piedade MTF, Wittmann F, Schöngart J, Parolin P (Eds) Amazonian floodplain for-
ests: ecophysiology, biodiversity and sustainable management. Springer Science+Business 
Media B.V., New York, 313–325. https://doi.org/10.1007/978-90-481-8725-6_16

Adis J, Lubin YD, Montgomery G (1984) Arthropods from the canopy of inundated and terra 
firme forests near Manaus, Brazil, with critical considerations on the pyrethrum-fogging 

http://hdl.handle.net/21.11116/0000-0004-6A95-D
http://hdl.handle.net/21.11116/0000-0004-6A95-D
https://doi.org/10.1007/978-3-662-03416-3_14
https://doi.org/10.1007/978-3-662-03416-3_14
https://doi.org/10.1046/j.1365-2427.2002.00892.x
https://doi.org/10.1046/j.1365-2427.2002.00892.x
https://doi.org/10.1007/978-3-662-03416-3_15
https://doi.org/10.1007/978-3-662-03416-3_15
https://doi.org/10.1007/978-90-481-8725-6_16


Kathryn N. Riley Peterson et al.  /  ZooKeys 1044: 831–876 (2021)854

technique. Studies on Neotropical Fauna and Environment 19: 223–236. https://doi.
org/10.1080/01650528409360663

Adis J, Paarmann W, Erwin TL (1986) On the natural history and ecology of small terrestrial 
ground-beetles (Col.: Bembidiini: Tachynia: Polyderis from an Amazonian black-water 
inundation forest. In: den Boer PJ, Luff ML, Mossakowski D, Weber F (Eds) Carabid 
beetles. Their adaptions and dynamics. G Fischer, Stuttgart, 413–427. https://agris.fao.
org/agris-search/search.do?recordID=US201301401885

Adis J, Paarmann W, Amorim MA, Arndt E, Fonseca CRV (1998) On occurrence, habi-
tat specificity and natural history of adult tiger beetles near Manaus, central Amazonia, 
and key to the larvae of tiger beetle genera. Acta Amazonia 28: 247–272. https://doi.
org/10.1590/1809-43921998283272

Amorim MA, Adis J, Paarmann W (1997) Ecology and adaptions of Pentacomia egregia (Chau-
doir) (Cicindelinae: Carabidae) to Central Amazonian floodplains. Ecotropica 3: 71–82. 
http://hdl.handle.net/11858/00-001M-0000-000F-E26D-C

Anderson MJ (2001) A new method for non-parametric multivariate analysis of variance. Aus-
tral Ecology 26: 32–46. https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x

Anderson MJ (2006) Distance-Based Tests for Homogeneity of Multivariate Dispersions. 
Biometrics 62: 245–253. https://doi.org/10.1111/j.1541-0420.2005.00440.x

Anderson MJ, Ellingsen KE, McArdle BH (2006) Multivariate dispersion as a measure of beta 
diversity. Ecology letters 9: 683–693. https://doi.org/10.1111/j.1461-0248.2006.00926.x

Balslev H, Luteyn J, Øllgaard B, Holm-Nielsen LB (1987) Composition and structure of adja-
cent unflooded and floodplain forest in Amazonian Ecuador. Opera botanica 92: 37–57.

Baraloto C, Rabaud S, Molto Q, Blanc L, Fortunel C, Hérault B, Dávila N, Mesones I, Rios 
M, Valderrama E, Fine PVA (2011) Disentangling stand and environmental correlates 
of aboveground biomass in Amazonian forests. Global Change Biology 17: 2677–2688. 
https://doi.org/10.1111/j.1365-2486.2011.02432.x

Bass MS, Finer M, Jenkins CN, Kreft H, Cisneros-Heredia DF, McCracken SF, Pitman NCA, 
English PH, Swing K, Villa G, Di Fiore A, Voigt CC, Kunz TH (2010) Global conserva-
tion significance of Ecuador’s Yasuní National Park. PLoS ONE 5: e8767. https://doi.
org/10.1371/journal.pone.0008767

Basset Y, Aberlenc H-P, Barrios H, Curletti G, Bérenger J-M, Vesco J-P, Causse P, Haug A, 
Hennion A-S, Lesobre L, Marqués F, O’Meara R (2001) Stratification and diel activity of 
arthropods in a lowland rainforest in Gabon. Biological Journal of the Linnean Society 72: 
585–607. https://doi.org/10.1006/bijl.2001.0518

Basset Y, Cizek L, Cuenoud P, Didham RK, Guilhaumon F, Missa O, Novotny V, Ødegaard F, 
Roslin T, Schmidl J, Tishechkin A, Winchester NN, Roubik DW, Aberlenc H-P, Bail J, Bar-
rios H, Bridle JR, Castano-Meneses G, Corbara B, Curletti G, da Rocha WD, De Bakker 
D, Delabie JHC, Dejean A, Fagan LL, Floren A, Kitching RL, Medianero E, Miller SE, de 
Oliveira EG, Orivel J, Pollet M, Rapp M, Ribeiro SP, Roisin Y, Schmidt JB, Sorensen L, 
Leponce M (2012) Arthropod diversity in a tropical forest. Science, American Association 
for the Advancement of Science 338: 1481–1484. https://doi.org/10.1126/science.1226727

Basset Y, Hammond P, Barrios H, Holloway JD, Miller S (2003) Vertical stratification of ar-
thropod assemblages. In: Basset Y, Novotny V, Miller SE, Kitching RL (Eds) Arthropods of 

https://doi.org/10.1080/01650528409360663
https://doi.org/10.1080/01650528409360663
https://agris.fao.org/agris-search/search.do?recordID=US201301401885
https://agris.fao.org/agris-search/search.do?recordID=US201301401885
https://doi.org/10.1590/1809-43921998283272
https://doi.org/10.1590/1809-43921998283272
http://hdl.handle.net/11858/00-001M-0000-000F-E26D-C
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1111/j.1461-0248.2006.00926.x
https://doi.org/10.1111/j.1365-2486.2011.02432.x
https://doi.org/10.1371/journal.pone.0008767
https://doi.org/10.1371/journal.pone.0008767
https://doi.org/10.1006/bijl.2001.0518
https://doi.org/10.1126/science.1226727


Carabid diversity and community structure in two Amazonian forest types 855

tropical Forests: spatio-temporal dynamics and resource use in the canopy. Cambridge Uni-
versity Press, Cambridge, 17–27. http://aphidophaga.org/png/BassetetalVerticalAF03.pdf

Basualdo CV (2011) Choosing the best non-parametric richness estimator for benthic mac-
roinvertebrates databases. Revista de la Sociedad Entomológica Argentina 70: 27–38. 
https://www.biotaxa.org/RSEA/article/view/24073

Bates D, Maechler M, Bolker BM, Walker S (2015) Fitting linear mixed-effects models using 
lme4. Journal of Statistical Software 67: 1–48. https://doi.org/10.18637/jss.v067.i01

Becker RA, Wilks AR, Brownrigg R, Minka TP (2015) maps: Draw geographical maps. http://
cran.r-project.org/package=maps

Belaoussoff S, Kevan PG, Murphy S, Swanton C (2003) Assessing tillage disturbance on as-
semblages of ground beetles (Coleoptera: Carabidae) by using a range of ecological indices. 
Biodiversity and Conservation 12: 851–882. https://doi.org/10.1023/A:1022811010951

Bivand RS, Pebesma EJ, Gomez-Rubio V (2013) Applied spatial data analysis with R. Second. 
Springer, New York. https://doi.org/10.1007/978-1-4614-7618-4

Blake JG, Mosquera D, Guerra J, Loiselle BA, Romo D, Swing K (2011) Mineral licks as di-
versity hotspots in lowland forest of eastern Ecuador. Diversity 3: 217–234. https://doi.
org/10.3390/d3020217

Bonn A (2000) Flight activity of carabid beetles on a river margin in relation to fluctuating water 
levels. In: Brandmayer P, Lovei GL, Brandmayr TZ, Casale A, Vigna Taglianti A (Eds) Natu-
ral History and Applied Ecology of Carabid Beetles. Pensoft Publishers, Moscow, 147–160.

Bonn A, Hagen K, Wohlgemuth-Von Reiche D (2002) The significance of flood regimes for car-
abid beetle and spider communities in riparian habitats – A comparison of three major rivers 
in Germany. River Research and Applications 18: 43–64. https://doi.org/10.1002/rra.632

Borcard D, Legendre P (2012) Is the Mantel correlogram powerful enough to be useful in eco-
logical analysis? A simulation study. Ecology 93: 1473–1481. https://doi.org/10.1890/11-
1737.1

Borcard D, Gillet F, Legendre P (2011) Numerical Ecology with R. Use R! ser. Gentleman 
R, Hornik K, Parmigiani G (Eds) Springer Science, New York, 319 pp. https://doi.
org/10.1007/978-1-4419-7976-6

Bredin YK, Hawes JE, Peres CA, Haugaasen T (2020) Structure and composition of terra firme 
and seasonally flooded várzea forests in the western Brazilian Amazon. Forests 11: 1–20. 
https://doi.org/10.3390/f11121361

Brose U, Martinez ND (2004) Estimating the richness of species with variable mobility. Oikos 
105: 292–300. https://doi.org/10.1111/j.0030-1299.2004.12884.x

Brown J (1984) On the relationship between abundance and distribution of species. The Amer-
ican Naturalist 124: 255–279. https://doi.org/10.1086/284267

Brunsdon C, Chen H (2014) GISTools: Some further GIS capabilities for R. http://cran.r-
project.org/package=GISTools

Burnham KP, Overton WS (1979) Robust estimation of population size when capture prob-
abilities vary among animals. Ecology 60: 927–936. https://doi.org/10.2307/1936861

Burnham RJ (2002) Dominance, diversity and distribution of lianas in Yasuní, Ecuador: 
Who is on top? Journal of Tropical Ecology 18: 845–864. https://doi.org/10.1017/
S0266467402002559

http://aphidophaga.org/png/BassetetalVerticalAF03.pdf
https://www.biotaxa.org/RSEA/article/view/24073
https://doi.org/10.18637/jss.v067.i01
http://cran.r-project.org/package=maps
http://cran.r-project.org/package=maps
https://doi.org/10.1023/A:1022811010951
https://doi.org/10.1007/978-1-4614-7618-4
https://doi.org/10.3390/d3020217
https://doi.org/10.3390/d3020217
https://doi.org/10.1002/rra.632
https://doi.org/10.1890/11-1737.1
https://doi.org/10.1890/11-1737.1
https://doi.org/10.1007/978-1-4419-7976-6
https://doi.org/10.1007/978-1-4419-7976-6
https://doi.org/10.3390/f11121361
https://doi.org/10.1111/j.0030-1299.2004.12884.x
https://doi.org/10.1086/284267
http://cran.r-project.org/package=GISTools
http://cran.r-project.org/package=GISTools
https://doi.org/10.2307/1936861
https://doi.org/10.1017/S0266467402002559
https://doi.org/10.1017/S0266467402002559


Kathryn N. Riley Peterson et al.  /  ZooKeys 1044: 831–876 (2021)856

Burnham RJ, Pitman NCA, Johnson KR, Wilf P (2001) Habitat-related error in estimating 
temperatures from leaf margins in a humid tropical forest. American Journal of Botany 88: 
1096–1102. https://doi.org/10.2307/2657093

De Cáceres M, Legendre P (2009) Associations between species and groups of sites: indices and 
statistical inference. Ecology 90: 3566–3574. https://doi.org/10.1890/08-1823.1

Cajaiba RL, Périco E, Silva WB, Santos M (2018) When to sample ground beetles (Coleop-
tera: Carabidae) in the neotropics for biodiversity assessments? A case study in the Brazil-
ian Amazon. Applied Ecology and Environmental Research 16: 7833–7846. https://doi.
org/10.15666/aeer/1606_78337846

Campbell DG, Daly DC, Prance GT, Maciel UN (1986) Quantitative ecological inventory of 
terra firme and várzea tropical forest on the Rio Xingu, Brazilian Amazon. Brittonia 38: 
369–393. https://doi.org/10.2307/2807085

Carlton C, Dean M, Tishechkin A (2004) Diversity of two beetle taxa at a western Amazonian 
locality (Coleoptera: Histeridae; Staphylinidae, Pselaphinae). The Coleopterists Bulletin 
58: 163–170. https://doi.org/10.1649/603

Chambers JM (2013) SoDA: functions and examples for “software for data analysis”. https://
cran.r-project.org/web/packages/SoDA/SoDA.pdf

Chao A (1984) Nonparametric estimation of the number of classes in a population. Scandina-
vian Journal of Statistics 11: 265–270. https://www.jstor.org/stable/4615964

Chao A, Lee SM (1992) Estimating the number of classes via sample coverage. Journal of the 
American Statistical Association 87: 210–217. https://doi.org/10.2307/2290471

Chao A, Yang MCK (1993) Stopping rules and estimation for recapture debugging with un-
equal failure rates. Biometrika 80: 193–201. https://doi.org/10.1093/biomet/80.1.193

Chao A, Gotelli NJ, Hsieh TC, Sander EL, Ma KH, Colwell RK, Ellison AM (2014) Rarefaction 
and extrapolation with Hill numbers: A framework for sampling and estimation in species 
diversity studies. Ecological Monographs 84: 45–67. https://doi.org/10.1890/13-0133.1

Charles E, Basset Y (2005) Vertical stratification of leaf-beetle assemblages (Coleoptera: 
Chrysomelidae) in two forest types in Panama. Journal of Tropical Ecology 21: 329–336. 
https://doi.org/10.1017/S0266467405002300

Chazdon RL, Colwell RK, Denslow JS, Guariguata MR (1998) Statistical methods for estimat-
ing species richness of woody regeneration in primary and secondary rain forests of North-
eastern Costa Rica. In: Dallmeier F, Comiskey JA (Eds) Forest Biodiversity Research, Mon-
itoring and Modeling: Conceptual Background and Old World Case Studies. Parthenon 
Publishing, Paris, 285–309. https://www.cifor.org/knowledge/publication/456/?pub=456

Cheng H, Sinha A, Cruz FW, Wang X, Edwards RL, D’Horta FM, Ribas CC, Vuille M, Stott 
LD, Auler AS (2013) Climate change patterns in Amazonia and biodiversity. Nature Com-
munications 4: e1411. https://doi.org/10.1038/ncomms2415

Chung AYC (2004) Vertical stratification of beetles (Coleoptera) using flight intercept traps in 
a lowland rainforest of Sabah, Malaysia. Sepilok Bulletin 1: 29–41. http://citeseerx.ist.psu.
edu/viewdoc/download?doi=10.1.1.520.9673&rep=rep1&type=pdf

Clarke KR (1993) Non-parametric multivariate analyses of changes in community structure. 
Australian Journal of Ecology 18: 117–143. https://doi.org/10.1111/j.1442-9993.1993.
tb00438.x

https://doi.org/10.2307/2657093
https://doi.org/10.1890/08-1823.1
https://doi.org/10.15666/aeer/1606_78337846
https://doi.org/10.15666/aeer/1606_78337846
https://doi.org/10.2307/2807085
https://doi.org/10.1649/603
https://cran.r-project.org/web/packages/SoDA/SoDA.pdf
https://cran.r-project.org/web/packages/SoDA/SoDA.pdf
https://www.jstor.org/stable/4615964
https://doi.org/10.2307/2290471
https://doi.org/10.1093/biomet/80.1.193
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1017/S0266467405002300
https://www.cifor.org/knowledge/publication/456/?pub=456
https://doi.org/10.1038/ncomms2415
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.520.9673&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.520.9673&rep=rep1&type=pdf
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x


Carabid diversity and community structure in two Amazonian forest types 857

Colwell RK, Coddington JA (1994) Estimating terrestrial biodiversity through extrapolation. 
Philosophical transactions of the Royal Society of London Series B 345: 101–118. https://
doi.org/10.1098/rstb.1994.0091

Colwell RK, Mao CX, Chang J (2004) Interpolating, extrapolating, and comparing incidence-
based species accumulation curves. Ecology 85: 2717–2727. https://doi.org/10.1890/03-0557

Colwell RK, Chao A, Gotelli NJ, Lin SY, Mao CX, Chazdon RL, Longino JT (2012) Models 
and estimators linking individual-based and sample-based rarefaction, extrapolation and 
comparison of assemblages. Journal of Plant Ecology 5: 3–21. https://doi.org/10.1093/
jpe/rtr044

Condit R, Pitman N, Leigh EG, Chave J, Terborgh J, Foster RB, Núñez P, Aguilar S, Valencia 
R, Villa G, Muller-Landau HC, Losos E, Hubbell SP (2002) Beta-diversity in tropical for-
est trees. Science 295: 666–669. https://doi.org/10.1126/science.1066854

Connell JH (1978) Diversity in tropical rain forests and coral reefs. Science 199: 1302–1310. 
https://doi.org/10.1126/science.199.4335.1302

Draper FC, Asner GP, Honorio Coronado EN, Baker TR, García-Villacorta R, Pitman NCA, 
Fine PVA, Phillips OL, Zárate Gómez R, Amasifuén Guerra CA, Flores Arévalo M, Vásquez 
Martínez R, Brienen RJW, Monteagudo-Mendoza A, Torres Montenegro LA, Valderrama 
Sandoval E, Roucoux KH, Ramírez Arévalo FR, Mesones Acuy Í, Del Aguila Pasquel J, 
Tagle Casapia X, Flores Llampazo G, Corrales Medina M, Reyna Huaymacari J, Baraloto 
C (2019) 100 Ecology Dominant tree species drive beta diversity patterns in western Ama-
zonia. Ecology 100(4): e02636. https://doi.org/10.1002/ecy.2636

Dufrene M, Legendre P (1997) Species assemblages and indicator species: the need for a 
flexible asymmetrical approach. Ecological Monographs 67(3): 345–366. https://doi.
org/10.2307/2963459

Duivenvoorden JF, Lips JM (1995) A land-ecological study of soils, vegetation, and plant di-
versity in Colombian Amazonia. Tropenbos Foundation, Leiden, 438 pp. https://www.
cabdirect.org/cabdirect/abstract/19976769237

Dunn RR (2005) Modern insect extinctions, the neglected majority. Conservation Biology 19: 
1030–1036. https://doi.org/10.1111/j.1523-1739.2005.00078.x

Dyer LA, Singer MS, Lill JT, Stireman JO, Gentry GL, Marquis RJ, Ricklefs RE, Greeney HF, 
Wagner DL, Morais HC, Diniz IR, Kursar TA, Coley PD (2007) Host specificity of Lepi-
doptera in tropical and temperate forests. Nature 448: 696–699. https://doi.org/10.1038/
nature05884

Ellis LM, Crawford CS, Molles Jr MC (2001) Influence of annual flooding on terrestrial ar-
thropod assemblages of a Rio Grande riparian forest. Regulated Rivers: Research and Man-
agement 20: 1–20. https://doi.org/10.1002/1099-1646(200101/02)17:1%3C1::AID-
RRR603%3E3.0.CO;2-L

Erwin T (1982) Tropical forests: their richness in Coleoptera and other arthropod species. 
Coleopterists Bulletin 36: 74–75. https://repository.si.edu/bitstream/handle/10088/4383/
Classic_papers_in_Foundations.pdf

Erwin T, Micheli C, Hevel G (2012) The beetle family Carabidae of Guyane (French Guyana): 
the tribes, genera, and number of species known, with notes on their ways of life. Bulletin 
“Le Coleopteriste” 5: 1–88.

https://doi.org/10.1098/rstb.1994.0091
https://doi.org/10.1098/rstb.1994.0091
https://doi.org/10.1890/03-0557
https://doi.org/10.1093/jpe/rtr044
https://doi.org/10.1093/jpe/rtr044
https://doi.org/10.1126/science.1066854
https://doi.org/10.1126/science.199.4335.1302
https://doi.org/10.1002/ecy.2636
https://doi.org/10.2307/2963459
https://doi.org/10.2307/2963459
https://www.cabdirect.org/cabdirect/abstract/19976769237
https://www.cabdirect.org/cabdirect/abstract/19976769237
https://doi.org/10.1111/j.1523-1739.2005.00078.x
https://doi.org/10.1038/nature05884
https://doi.org/10.1038/nature05884
https://doi.org/10.1002/1099-1646(200101/02)17:1%3C1::AID-RRR603%3E3.0.CO;2-L
https://doi.org/10.1002/1099-1646(200101/02)17:1%3C1::AID-RRR603%3E3.0.CO;2-L
https://repository.si.edu/bitstream/handle/10088/4383/Classic_papers_in_Foundations.pdf
https://repository.si.edu/bitstream/handle/10088/4383/Classic_papers_in_Foundations.pdf


Kathryn N. Riley Peterson et al.  /  ZooKeys 1044: 831–876 (2021)858

Erwin TL (1979) Thoughts on the evolutionary history of ground beetles: hypotheses generated 
from comparative faunal analyses of lowland forest sites in temperate and tropical regions. 
In: Erwin TL, Ball GE, Whitehead DR, Halpern AL (Eds) Carabid Beetles their Evolu-
tion, Natural History, and Classification. Dr W. Junk by Publishers, Dordrecht, 539–592. 
https://doi.org/10.1007/978-94-009-9628-1_30

Erwin TL (1983a) Beetles and other arthropods of the tropical forest canopies at Manaus, Bra-
zil, sampled by insecticidal fogging. In: Sutton S, Whitmore T, Chadwick A (Eds) Tropical 
rainforest: ecology and management. Blackwell Scientific, Oxford, 59–75.

Erwin TL (1983b) Tropical forest canopies: the last biotic frontier. Bulletin of the Entomologi-
cal Society of America 29(1): 14–20. https://doi.org/10.1093/besa/29.1.14

Erwin TL (1985) The taxon pulse: a general pattern of lineage radiation and extinction among 
carabid beetles. In: Ball GE (Ed.) Taxonomy, Phylogeny and Zoography of Beetles and 
Ants. Dr. W. Junk Publishers, Dordrecht, 438–472. https://repository.si.edu/bitstream/
handle/10088/3381/TaxonPulse.pdf

Erwin TL (1991a) How many species are there?: Revisited. Conservation Biology 5: 330–333. 
https://doi.org/10.1111/j.1523-1739.1991.tb00145.x

Erwin TL (1991b) Natural history carabid beetles BIOLAT Biological Station, Rio Manu, Pa-
kitza, Peru. Revista Peruana de Entomologia 33: 1–85. https://200.62.146.19/BVRevistas/
entomologia/v33/pdf/a01v33.pdf

Erwin TL, Kavanaugh DH (1981) Systematics and zoogeography of Bembidion Latreille: I. The 
carlhi and erasum groups of western North America (Coleoptera: Carabidae, Bembidiini). 
Entomologica Scandinavica Supplement 15: 33–72.

Erwin TL, Adis J (1982) Amazonian inundation forests their role as short-term refuges and 
generators of species richness and taxon pulses. In: Prance GT (Ed.) Biological Diversifica-
tion in the Tropics. Proc. 5th Int. Symposium of Assoc Tropical Biology, Venezuela, 1979, 
Caracas, 358–371.

Erwin TL, Johnson PJ (2000) Naming species, a new paradigm for crisis management in taxon-
omy: rapid journal validation of scientific names enhanced with more complete descriptions 
on the internet. The Coleopterists Bulletin 54: 269–278. https://doi.org/10.1649/0010-
065X(2000)054[0269:NSANPF]2.0.CO;2

Erwin TL, Geraci CJ (2009) Amazonian rainforests and their richness of Coleoptera, a domi-
nant life form in the critical zone of the Neotropics. In: Foottit R, Adler PB (Eds) In-
sect biodiversity: science and society. Blackwell Publishing, Oxford, 49–67. https://doi.
org/10.1002/9781444308211.ch4

Erwin TL, Zamorano LS (2014) A synopsis of the tribe Lachnophorini, with a new genus of Ne-
otropical distribution and a revision of the Neotropical genus Asklepia Liebke, 1938 (Insecta, 
Coleoptera, Carabidae). ZooKeys 430: 1–108. https://doi.org/10.3897/zookeys.430.8094

Erwin TL, Pimienta MC, Murillo OE, Aschero V (2005) Mapping patterns of β – diversity for 
beetles across the western Amazon Basin: A preliminary case for improving inventory methods 
and conservation strategies. Proceedings of the California Academy of Sciences 56: 72–85. 
https://repository.si.edu/bitstream/handle/10088/2843/Beta_Diversity_amazon.pdf

Fine PVA, Metz MR, Lokvam J, Mesones I, Zuniga JMA, Lamarre GPA, Pilco MV, Baraloto C 
(2013) Insect herbivores, chemical innovation, and the evolution of habitat specialization 
in Amazonian trees. Ecology 94: 1764–1775. https://doi.org/10.1890/12-1920.1

https://doi.org/10.1007/978-94-009-9628-1_30
https://doi.org/10.1093/besa/29.1.14
https://repository.si.edu/bitstream/handle/10088/3381/TaxonPulse.pdf
https://repository.si.edu/bitstream/handle/10088/3381/TaxonPulse.pdf
https://doi.org/10.1111/j.1523-1739.1991.tb00145.x
https://200.62.146.19/BVRevistas/entomologia/v33/pdf/a01v33.pdf
https://200.62.146.19/BVRevistas/entomologia/v33/pdf/a01v33.pdf
https://doi.org/10.1649/0010-065X(2000)054%5B0269:NSANPF%5D2.0.CO;2
https://doi.org/10.1649/0010-065X(2000)054%5B0269:NSANPF%5D2.0.CO;2
https://doi.org/10.1002/9781444308211.ch4
https://doi.org/10.1002/9781444308211.ch4
https://doi.org/10.3897/zookeys.430.8094
https://repository.si.edu/bitstream/handle/10088/2843/Beta_Diversity_amazon.pdf
https://doi.org/10.1890/12-1920.1


Carabid diversity and community structure in two Amazonian forest types 859

Finer M, Jenkins CN, Pimm SL, Keane B, Ross C (2008) Oil and gas projects in the Western 
Amazon: Threats to wilderness, biodiversity, and indigenous peoples. PLoS ONE 3: e2932. 
https://doi.org/10.1371/journal.pone.0002932

Finer M, Vijay V, Ponce F, Jenkins CN, Kahn TR (2009) Ecuador’s Yasuní Biosphere Reserve: 
a brief modern history and conservation challenges. Environmental Research Letters 4: 
034005. https://doi.org/10.1088/1748-9326/4/3/034005

Fox J, Weisberg S (2010) An {R} companion to applied regression. 2nd edn. Sage, Thousand 
Oaks, CA. http://socserv.socsci.mcmaster.ca/jfox/Books/Companion

Gadagkar R, Chandrashekara K, Nair P (1990) Insect species diversity in the tropics: sampling 
methods and a case study. Journal of the Bombay Natural History Society 87: 337–353. 
http://repository.ias.ac.in/75475/1/43-PUB.pdf

Gascon C, Malcolm JR, Patton JL, da Silva MN, Bogart JP, Lougheed SC, Peres CA, Neckel 
S, Boag PT (2000) Riverine barriers and the geographic distribution of Amazonian spe-
cies. Proceedings of the National Academy of Sciences of the United States of America 97: 
13672–13677. https://doi.org/10.1073/pnas.230136397

Gaston KJ, Lawton JH (1988) Patterns in the distribution and abundance of insect popula-
tions. Nature 331: 709–712. https://doi.org/10.1038/331709a0

Godfray HCJ, Lewis OT, Memmott J (1999) Studying insect diversity in the tropics. Philo-
sophical transactions of the Royal Society of London – Series B 354: 1811–1824. https://
doi.org/10.1098/rstb.1999.0523

Goslee S, Urban D (2013) Package ‘ecodist.’ http://socserv.socsci.mcmaster.ca/jfox/Books/
Companion

Gotelli NJ, Colwell RK (2001) Quantifying biodiversity: procedures and pitfalls in the meas-
urement and comparison of species richness. Ecology Letters 4: 379–391. https://doi.
org/10.1046/j.1461-0248.2001.00230.x

Gotelli NJ, Colwell RK (2011) Estimating species richness. In: Magurran AE, McGill BJ (Eds) 
Biological Diversity: Frontiers in Measuring and Assessment. Oxford University Press, 
New York, 39–54. http://www.uvm.edu/~ngotelli/manuscriptpdfs/Chapter 4.pdf

Guevara J, Encarnación F (2012) Am 12 Bosque inundado de la llanura aluvial de la Amazonía. 
In: Sistema de clasificación de los ecosistemas del Ecuador continental. Ministerio del Am-
biente del Ecuador, Quito, 108–110. http://www.ambiente.gob.ec/wp-content/uploads/
downloads/2012/09/LEYENDA-ECOSISTEMAS_ECUADOR_2.pdf

Grimbacher PS, Stork NE (2009) Seasonality of a diverse beetle assemblage inhabiting lowland 
tropical rain forest in Australia. Biotropica 41: 328–337. https://doi.org/10.1111/j.1744-
7429.2008.00477.x

Haffer J, Prance GT (2001) Climatic forcing of evolution in Amazonia during the Cenozoic: 
On the refuge theory of biotic differentiation. Amazoniana 16: 579–607.

Hamilton AJ, Basset Y, Benke KK, Grimbacher PS, Miller SE, Novotný V, Samuelson GA, Stork 
NE, Weiblen GD, Yen JDL (2010) Quantifying uncertainty in estimation of tropical arthro-
pod species richness. The American naturalist 176: 90–95. https://doi.org/10.1086/652998

Hamilton AJ, Novotný V, Waters EK, Basset Y, Benke KK, Grimbacher PS, Miller SE, Samu-
elson GA, Weiblen GD, Yen JDL, Stork NE (2013) Estimating global arthropod species 
richness: refining probabilistic models using probability bounds analysis. Oecologia 171: 
357–365. https://doi.org/10.1007/s00442-012-2434-5

https://doi.org/10.1371/journal.pone.0002932
https://doi.org/10.1088/1748-9326/4/3/034005
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion
http://repository.ias.ac.in/75475/1/43-PUB.pdf
https://doi.org/10.1073/pnas.230136397
https://doi.org/10.1038/331709a0
https://doi.org/10.1098/rstb.1999.0523
https://doi.org/10.1098/rstb.1999.0523
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1046/j.1461-0248.2001.00230.x
http://www.uvm.edu/~ngotelli/manuscriptpdfs/Chapter
http://www.ambiente.gob.ec/wp-content/uploads/downloads/2012/09/LEYENDA-ECOSISTEMAS_ECUADOR_2.pdf
http://www.ambiente.gob.ec/wp-content/uploads/downloads/2012/09/LEYENDA-ECOSISTEMAS_ECUADOR_2.pdf
https://doi.org/10.1111/j.1744-7429.2008.00477.x
https://doi.org/10.1111/j.1744-7429.2008.00477.x
https://doi.org/10.1086/652998
https://doi.org/10.1007/s00442-012-2434-5


Kathryn N. Riley Peterson et al.  /  ZooKeys 1044: 831–876 (2021)860

Hammond P (1992) Species inventory. In: Groombridge B (Ed.) Global biodiversity: Sta-
tus of the Earth’s Living Resources. Chapman and Hall, London, 17–39. https://doi.
org/10.1007/978-94-011-2282-5_4

Hanski I (1982) Dynamics of Regional Distribution: The Core and satellite species hypothesis. 
Oikos 38: 210–221. https://doi.org/10.2307/3544021

Haugaasen T, Peres CA (2005) Mammal assemblage structure in Amazonian flooded and 
unflooded forests. Journal of Tropical Ecology 21: 133–145. https://doi.org/10.1017/
S026646740400207X

Heltshe JF, Forrester NE (1983) Estimating species richness using the Jackknife procedure. 
Biometrics 39: 1–11. https://doi.org/10.2307/2530802

Herrera-MacBryde O, Neill DA (1997) Yasuní National Park and the Waorani Ethnic Reserve, 
Ecuador. In: Davis SD, Heywood VH, Herrera-MacBryde O, Villa-Lobos J, Hamilton AC 
(Eds) Centres of plant diversity: A guide and strategy for their conservation. WWF and 
IUCN, Cambridge, 344–348 pp.

Hijmans RJ (2015) raster: geographic data analysis and modeling. http://cran.r-project.org/
package=raster

Höffer H (1997) The spider communities. In: Junk WJ (Ed.) The Central Amazon Floodplain, 
Ecology of a Pulsing System. Springer-Verlag, Berlin Heidelberg, 373–383. https://doi.
org/10.1007/978-94-011-2282-5_4

Holm S (1979) A simple sequentially rejective multiple test procedure. Scandinavian Journal of 
Statistics 6: 65–70. https://www.jstor.org/stable/4615733?seq=1

Hoorn C, Wesselingh FP, ter Steege H, Bermudez MA, Mora A, Sevink J, Sanmartín I, Sanchez-
Meseguer A, Anderson CL, Figueiredo JP, Jaramillo C, Riff D, Negri FR, Hooghiemstra 
H, Lundberg J, Stadler T, Sarkinen T, Antonelli A (2010) Amazonia through time: An-
dean uplift, climate change, landscape evolution, and biodiversity. Science 330: 927–931. 
https://doi.org/10.1126/science.1194585

Hortal J, Borges PAV, Gaspar C (2006) Evaluating the performance of species richness estima-
tors: sensitivity to sample grain size. Journal of Animal Ecology 75: 274–287. https://doi.
org/10.1111/j.1365-2656.2006.01048.x

Hothorn T, Bretz F, Westfall P (2008) Simultaneous Inference in general parametric models. 
Biometrical Journal 50: 346–363. https://doi.org/10.1002/bimj.200810425

Hsieh TC, Ma KH, Chao A (2015) iNEXT: An R package for interpolation and extrapolation 
of species diversity (Hill numbers). R package version 2.0.8. http://chao.stat.nthu.edu.tw/
blog/software-download

Irion G, Junk WJ, de Mello JASN (1997) The large central Amazonian river floodplains near 
Manaus: Geological, climatological, hydrological, and geomorphological aspects. In: Junk 
WJ (Ed.) The Central Amazon Floodplain, Ecology of a Pulsing System. Springer-Verlag 
Berlin Heidelberg, 23–46. https://doi.org/10.1007/978-3-662-03416-3_2

Irion G, Müller J, Nunes de Mello J, Junk WJ (1995) Quaternary geology of the Amazonian 
Lowland. Geo-Marine Letters 15: 172–178. https://doi.org/10.1007/BF01204460

Irion G, de Mello JASN, Morais J, Piedade MTF, Junk WJ, Garming L (2010) Development 
of Amazon valley during the middle to late Quaternary: sedimentological and climatologi-
cal observations. In: Junk WJ, Piedade MTF, Parolin P, Wittmann F, Schöngart J (Eds) 

https://doi.org/10.1007/978-94-011-2282-5_4
https://doi.org/10.1007/978-94-011-2282-5_4
https://doi.org/10.2307/3544021
https://doi.org/10.1017/S026646740400207X
https://doi.org/10.1017/S026646740400207X
https://doi.org/10.2307/2530802
http://cran.r-project.org/package=raster
http://cran.r-project.org/package=raster
https://doi.org/10.1007/978-94-011-2282-5_4
https://doi.org/10.1007/978-94-011-2282-5_4
https://www.jstor.org/stable/4615733?seq=1
https://doi.org/10.1126/science.1194585
https://doi.org/10.1111/j.1365-2656.2006.01048.x
https://doi.org/10.1111/j.1365-2656.2006.01048.x
https://doi.org/10.1002/bimj.200810425
http://chao.stat.nthu.edu.tw/blog/software-download
http://chao.stat.nthu.edu.tw/blog/software-download
https://doi.org/10.1007/978-3-662-03416-3_2
https://doi.org/10.1007/BF01204460


Carabid diversity and community structure in two Amazonian forest types 861

Amazonian floodplain forests: ecophysiology, biodiversity and sustainable management. 
Springer Science+Business Media B.V., Dordrecht, 27–42. https://doi.org/10.1007/978-
90-481-8725-6_2

Irmler U (1973) Population-dynamic and physiological adaption of Pentacomia egregia Chaud. 
(Col. Cicindelidae) to the Amazonian inundation forest. Amazoniana 4: 292–227. http://
hdl.handle.net/21.11116/0000-0004-9939-0

Irmler U (1979a) Abundance fluctuations and habitat changes of soil beetles in Central Ama-
zonian inundation forests (Coleoptera: Carabidae, Staphylinidae). Studies on Neotropical 
Fauna and Environment 14: 1–16. https://doi.org/10.1080/01650527909360544

Irmler U (1979b) Considerations on structure and function of the “Central-Amazonian Inun-
dation Forest Ecosystem” with particular emphasis on selected soil animals. Oecologia 43: 
1–18. https://doi.org/10.1007/BF00346668

Jost L (2006) Entropy and diversity. Oikos 113: 363–375. https://doi.org/10.1111/
j.2006.0030-1299.14714.x

Junk WJ (1997) General aspects of floodplain ecology with special reference to Amazonian flood-
plains. In: Junk WJ (Ed.) The Central Amazon Floodplain, Ecology of a Pulsing System. 
Springer-Verlag Berlin Heidelberg, 3–18. https://doi.org/10.1007/978-3-662-03416-3_1

Junk WJ (2000) Mechanisms for development and maintenance of biodiversity Neotropi-
cal. In: Gopal B, Junk WJ, Davis JA (Eds) Biodiversity in wetlands: assessment, function 
and conservation, volume 1. Backhuys Publishers, Leiden, 119–139. http://hdl.handle.
net/11858/00-001M-0000-000F-E04C-2

Junk WJ, Piedade MTF (2010) An introduction to South American wetland forests: distribu-
tion, definitions and general characterization. In: Junk WJ, Piedade MTF, Wittmann F, 
Schöngart J, Parolin P (Eds) Amazonian floodplain forests: ecophysiology, biodiversity and 
sustainable management. Springer Science+Business Media B.V., New York, 3–25. https://
doi.org/10.1007/978-90-481-8725-6_1

Junk WJ, Bayley PB, Sparks RE (1989) The flood pulse concept in river-floodplain systems. 
In: Dodge DP (Ed.) Proceedings of the International Large River Symposium. Cana-
dian Special Publication of Fisheries and Aquatic Sciences 106, 110–127. https://ftp.
cs.ru.nl/toinesmits/Recommended_readings_IWRM_2009/Water_Ecomorphological_
principles/1989JunkThe flood pulse concept in.pdf

Kalliola R, Salo J, Puhakka M, Rajasilta M (1991) New site formation and colonizing vegeta-
tion in primary succession on the western Amazon floodplains. Journal of Ecology 79: 
877–901. https://doi.org/10.2307/2261087

Kapos V, Pallant E, Bien A, Freskos S (1990) Gap frequencies in lowland rain forest sites 
on contrasting soils in Amazonian Ecuador. Biotropica 22: 218–225. http://www.scopus.
com/inward/record.url?eid=2-s2.0-0025629820&partnerID=40&md5=cedfd6af1b2315
257b0ee00f729185b6

Kellert SR (1993) Values and perceptions of invertebrates. Conservation Biology 7: 845–855. 
https://doi.org/10.1046/j.1523-1739.1993.740845.x

Kim D, Sexton JO, Townshend JR (2015) Accelerated deforestation in the humid tropics 
from the 1990s to the 2000s. Geophysical Research Letters 42: 3495–3501. https://doi.
org/10.1002/2014GL062777

https://doi.org/10.1007/978-90-481-8725-6_2
https://doi.org/10.1007/978-90-481-8725-6_2
http://hdl.handle.net/21.11116/0000-0004-9939-0
http://hdl.handle.net/21.11116/0000-0004-9939-0
https://doi.org/10.1080/01650527909360544
https://doi.org/10.1007/BF00346668
https://doi.org/10.1111/j.2006.0030-1299.14714.x
https://doi.org/10.1111/j.2006.0030-1299.14714.x
https://doi.org/10.1007/978-3-662-03416-3_1
http://hdl.handle.net/11858/00-001M-0000-000F-E04C-2
http://hdl.handle.net/11858/00-001M-0000-000F-E04C-2
https://doi.org/10.1007/978-90-481-8725-6_1
https://doi.org/10.1007/978-90-481-8725-6_1
https://ftp.cs.ru.nl/toinesmits/Recommended_readings_IWRM_2009/Water_Ecomorphological_principles/1989JunkThe
https://ftp.cs.ru.nl/toinesmits/Recommended_readings_IWRM_2009/Water_Ecomorphological_principles/1989JunkThe
https://ftp.cs.ru.nl/toinesmits/Recommended_readings_IWRM_2009/Water_Ecomorphological_principles/1989JunkThe
https://doi.org/10.2307/2261087
http://www.scopus.com/inward/record.url?eid=2-s2.0-0025629820&partnerID=40&md5=cedfd6af1b2315257b0ee00f729185b6
http://www.scopus.com/inward/record.url?eid=2-s2.0-0025629820&partnerID=40&md5=cedfd6af1b2315257b0ee00f729185b6
http://www.scopus.com/inward/record.url?eid=2-s2.0-0025629820&partnerID=40&md5=cedfd6af1b2315257b0ee00f729185b6
https://doi.org/10.1046/j.1523-1739.1993.740845.x
https://doi.org/10.1002/2014GL062777
https://doi.org/10.1002/2014GL062777


Kathryn N. Riley Peterson et al.  /  ZooKeys 1044: 831–876 (2021)862

Kim KC (1993) Biodiversity, conservation and inventory: Why insects matter. Biodiversity and 
Conservation 2: 191–214. https://doi.org/10.1007/BF00056668

Kirichenko-Babko M, Danko Y, Musz-Pomorksa A, Widomski MK, Babko R (2020) The im-
pact of climate variations on the structure of ground beetle (Coleoptera: Carabidae) as-
semblage in forests and wetlands. Forests 11: 1–16. https://doi.org/10.3390/f11101074

Kitching RL (2006) Crafting the pieces of the diversity jigsaw puzzle. Science 313: 1055–1057. 
https://doi.org/10.1126/science.1131117

Kitching RL, Li D, Stork NE (2001) Assessing biodiversity “sampling packages”: How similar 
are arthropod assemblages in different tropical rainforests? Biodiversity and Conservation 
10: 793–813. https://doi.org/10.1023/A:1016627220773

Koivula M, Kukkonen J, Niemelä J (2002) Boreal carabid-beetle (Coleoptera, Carabidae) as-
semblages along the clear-cut originated succession gradient. Biodiversity and Conserva-
tion 11: 1269–1288. https://doi.org/10.1023/A:1016018702894

Kubitzki K (1989) The ecogeographical differentiation of Amazonian inundation forests. Plant 
Systematics and Evolution 162: 285–304. https://doi.org/10.1007/BF00936922

Lamarre GPA, Hérault B, Fine PVA, Vedel V, Lupoli R, Mesones I, Baraloto C (2016) Tax-
onomic and functional composition of arthropod assemblages across contrasting Ama-
zonian forests. Journal of Animal Ecology 85: 227–239. https://doi.org/10.1111/1365-
2656.12445

Lambeets K, Vandegehuchte ML, Maelfait J-P, Bonte D (2008) Understanding the impact 
of flooding on trait-displacement and shifts in assemblage structure of predatory arthro-
pods on river banks. Journal of Animal Ecology 77: 1162–1174. https://doi.org/10.1111/
j.1365-2656.2008.01443.x

Lambeets K, Vandegehuchte ML, Maelfait JP, Bonte D (2009) Integrating environmental con-
ditions and functional life-history traits for riparian arthropod conservation planning. Bio-
logical Conservation 142: 625–637. https://doi.org/10.1016/j.biocon.2008.11.015

Lee S-M, Chao A (1994) Estimating population size via coverage for closed capture-recapture 
models. Biometrics 50: 88–97. https://doi.org/10.2307/2533199

Legendre P, Anderson MJ (1999) Distance-based redundancy analysis: Testing multispecies 
responses in multifactorial ecological experiments. Ecological Monographs 69: 1–24. 
https://doi.org/10.1890/0012-9615(1999)069[0001:DBRATM]2.0.CO;2

Legendre P, Legendre L [Eds] (2012) Numerial Ecology (Vol. 24). 3rd edn. Elsevier, Amsterdam, 
990 pp. https://books.google.bg/books?id=6ZBOA-iDviQC&lpg=PP1&dq=Numerical%20
Ecology&lr&pg=PP1#v=onepage&q&f=false

Leimbeck RM, Balslev H (2001) Species richness and abundance of epiphytic Araceae on ad-
jacent floodplain and upland forest in Amazonian Ecuador. Biodiversity and Conservation 
10: 1579–1593. https://doi.org/10.1023/A:1011865611683

Levin SA, Paine RT (1974) Disturbance, patch formation, and community structure. Pro-
ceedings of the National Academy of Sciences 71: 2744–2747. https://doi.org/10.1073/
pnas.71.7.2744

van Lieshout SHJ, Kirkby CA, Siepel H (2016) Avian distribution and life-history strategies in 
Amazonian terra-firme and floodplain forests. Tropical Conservation Science 9: 465–502. 
https://doi.org/10.1177/194008291600900125

https://doi.org/10.1007/BF00056668
https://doi.org/10.3390/f11101074
https://doi.org/10.1126/science.1131117
https://doi.org/10.1023/A:1016627220773
https://doi.org/10.1023/A:1016018702894
https://doi.org/10.1007/BF00936922
https://doi.org/10.1111/1365-2656.12445
https://doi.org/10.1111/1365-2656.12445
https://doi.org/10.1111/j.1365-2656.2008.01443.x
https://doi.org/10.1111/j.1365-2656.2008.01443.x
https://doi.org/10.1016/j.biocon.2008.11.015
https://doi.org/10.2307/2533199
https://doi.org/10.1890/0012-9615(1999)069%5B0001:DBRATM%5D2.0.CO;2
https://books.google.bg/books?id=6ZBOA-iDviQC&lpg=PP1&dq=Numerical%20Ecology&lr&pg=PP1#v=onepage&q&f=false
https://books.google.bg/books?id=6ZBOA-iDviQC&lpg=PP1&dq=Numerical%20Ecology&lr&pg=PP1#v=onepage&q&f=false
https://doi.org/10.1023/A:1011865611683
https://doi.org/10.1073/pnas.71.7.2744
https://doi.org/10.1073/pnas.71.7.2744
https://doi.org/10.1177/194008291600900125


Carabid diversity and community structure in two Amazonian forest types 863

Lövei GL, Sunderland KD (1996) Ecology and behavior of ground beetles (Coleoptera: Car-
abidae). Annual Review of Entomology 41: 231–256. https://doi.org/10.1146/annurev.
en.41.010196.001311

Lucky A, Erwin TL, Witman J (2002) Temporal and spatial diversity and distribution of arbo-
real Carabidae (Coleoptera) in a western Amazonian rain forest. Biotropica 34: 376–386. 
https://doi.org/10.1111/j.1744-7429.2002.tb00551.x

Magura T, Tóthmérész B, Elek Z (2006) Changes in carabid beetle assemblages as Norway spruce 
plantations age. Community Ecology 7: 1–12. https://doi.org/10.1556/ComEc.7.2006.1.1

Majer JD, Delabie JHC (1994) Comparison of the ant communities of annually inundated and 
terra firme forests at Trombetas in the Brazilian Amazon. Insectes Sociaux 41: 343–359. 
https://doi.org/10.1007/BF01240639

Mantel N (1967) The detection of disease clustering and a generalized regression approach. 
Cancer Research 27: 209–220. https://cancerres.aacrjournals.org/content/canres/27/2_
Part_1/209.full.pdf

May RM (2010) Tropical arthropod species, more or less? Science 329: 41–42. https://doi.
org/10.1126/science.1191058

McArdle BH, Anderson MJ (2001) Fitting multivariate models to community data: A 
comment on distance-based redundancy analysis. Ecology 82: 290–297. https://doi.
org/10.1890/0012-9658(2001)082[0290:FMMTCD]2.0.CO;2

McCune B, Grace JB (2002) Analysis of Ecological Communities. MjM software design, 
Gleneden Beach, Oregon, 304 pp.

Mertl AL, Wilkie KTR, Traniello JFA (2009) Impact of flooding on the species richness, den-
sity and composition of Amazonian litter-nesting ants. Biotropica 41: 633–641. https://
doi.org/10.1111/j.1744-7429.2009.00520.x

Minchin PR (1987) An evaluation of the relative robustness of techniques for ecological ordi-
nation. Vegetatio 69: 89–107. https://doi.org/10.1007/BF00038690

Missa O, Basset Y, Alonso A, Miller SE, Curletti G, Meyer M, Eardley C, Mansell MW, Wag-
ner T (2009) Monitoring arthropods in a tropical landscape: relative effects of sampling 
methods and habitat types on trap catches. Journal of Insect Conservation 13: 103–118. 
https://doi.org/10.1007/s10841-007-9130-5

Mora C, Tittensor DP, Adl S, Simpson AGB, Worm B (2011) How many species are there 
on earth and in the ocean? PLoS Biology 9: 1–8. https://doi.org/10.1371/journal.
pbio.1001127

Müller J, Irion G, Nunes de Mello J, Junk WJ (1995) Hydrological changes of the Amazon 
during the last glacial-interglacial cycle in Central Amazonia (Brazil). Naturwissenschaften 
82: 232–235. https://doi.org/10.1007/BF01133597

Myster RW (2014) Várzea forest vs. terra firme floristics and physical structure in the Ecuado-
rean Amazon. Ecotropica 20: 35–44.

Myster RW (2016) The Physical Structure of Forests in the Amazon Basin: a Review. Botanical 
Review 82: 407–427. https://doi.org/10.1007/s12229-016-9174-x

Nekola JC, Šizling AL, Boyer AG, Storch D (2008) Artifactions in the log-transformation of 
species abundance distributions. Folia Geobotanica 43: 259–268. https://doi.org/10.1007/
s12224-008-9020-y

https://doi.org/10.1146/annurev.en.41.010196.001311
https://doi.org/10.1146/annurev.en.41.010196.001311
https://doi.org/10.1111/j.1744-7429.2002.tb00551.x
https://doi.org/10.1556/ComEc.7.2006.1.1
https://doi.org/10.1007/BF01240639
https://cancerres.aacrjournals.org/content/canres/27/2_Part_1/209.full.pdf
https://cancerres.aacrjournals.org/content/canres/27/2_Part_1/209.full.pdf
https://doi.org/10.1126/science.1191058
https://doi.org/10.1126/science.1191058
https://doi.org/10.1890/0012-9658(2001)082%5B0290:FMMTCD%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082%5B0290:FMMTCD%5D2.0.CO;2
https://doi.org/10.1111/j.1744-7429.2009.00520.x
https://doi.org/10.1111/j.1744-7429.2009.00520.x
https://doi.org/10.1007/BF00038690
https://doi.org/10.1007/s10841-007-9130-5
https://doi.org/10.1371/journal.pbio.1001127
https://doi.org/10.1371/journal.pbio.1001127
https://doi.org/10.1007/BF01133597
https://doi.org/10.1007/s12229-016-9174-x
https://doi.org/10.1007/s12224-008-9020-y
https://doi.org/10.1007/s12224-008-9020-y


Kathryn N. Riley Peterson et al.  /  ZooKeys 1044: 831–876 (2021)864

Niemelä JK, Spence JR (1994) Distribution of forest dwelling carabids (Coleoptera): spa-
tial scale and the concept of communities. Ecography 17: 166–175. https://doi.
org/10.1111/j.1600-0587.1994.tb00090.x

Niemelä JK, Langor D, Spence JR (1993) Effects of clear-cut harvesting on Boreal ground-
beetle assemblages (Coleoptera, Carabidae) in Western Canada. Conservation Biology 7: 
551–561. https://doi.org/10.1046/j.1523-1739.1993.07030551.x

Novotný V, Basset Y (2000) Rare species in communities of tropical insect herbivores: pon-
dering the mystery of singletons. Oikos 89: 564–572. https://doi.org/10.1034/j.1600-
0706.2000.890316.x

Oden NL, Sokal RR (1986) Directional autocorrelation: An extension of spatial correlograms 
to two dimensions. Systematic Zoology 35: 608–617. https://doi.org/10.2307/2413120

Oksanen J (2015) Multivariate analysis of ecological communities in R: vegan tutorial. 43 pp. 
https://www.mooreecology.com/uploads/2/4/2/1/24213970/vegantutor.pdf

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, Simpson GL, Soly-
mos P, Stevens MHH, Wagner H (2016) vegan: Community Ecology Package. http://
cran.r-project.org/package=vegan

Oliver I, Beattie AJ (1996) Designing a cost-effective invertebrate survey: a test of methods 
for rapid assessment of biodiversity. Ecological Applications 6: 594–607. https://doi.
org/10.2307/2269394

Paarmann W (1986) Seasonality and its control by environmental factors in tropical ground 
beetles (Col., Carabidae). In: den Boer P (Ed.) Carabid beetles: Their adaptations and 
dynamics.llm mji XVIIth International Congress of Entomology, Hamburg, 1984. Gustav 
Fischer, New York, 157–171.

Paarmann W, Gutzmann B, Stumpe P, Bolte H, Kuppers S, Holzkamp K, Niers C, Adis J, Stork 
NE, da Fonseca CRV, Kuippers S, Holzkamp K, Niers C, Adis J, Stork NE, da Fonseca 
CRV (2002) The structure of ground beetle assemblages (Coleoptera: Carabidae) at fruit 
falls of Melastomataceae trees in a Brazilian terra firme rain forest. Biotropica 34: 368–375. 
https://doi.org/10.1111/j.1744-7429.2002.tb00550.x

Paarmann W, Irmler U, Adis J (1982) Pentacomia egregia Chaud. (Carabidae, Cicindelinae), 
a univoltine species in the Amazonian inundation forest. The Coleopterists Bulletin 36: 
183–188. https://www.jstor.org/stable/4008049

Palmer MW, Dixon PM (1990) Small-scale environmental heterogeneity and the analysis of 
species distributions along gradients. Journal of Vegetation Science 1: 57–65. https://doi.
org/10.2307/3236053

Parolin P, De Simone O, Haase K, Waldhoff D, Rottenberger S, Kuhn U, Kesselmeier J, Kleiss 
B, Schmidt W, Piedade MTF, Junk WJ (2004) Central Amazonian floodplain forests: 
Tree adaptations in a pulsing system. The Botanical Review 70: 357–380. https://doi.
org/10.1663/0006-8101(2004)070[0357:CAFFTA]2.0.CO;2

Payne LX, Schindler DE, Parrish JK, Temple SA (2005) Quantifying spatial pattern with even-
ness indices. Ecological Applications 15: 507–520. https://doi.org/10.1890/03-5029

Pearson DL (1984) The tiger beetles (Coleoptera: Cicindelidae) of the Tambopata reserved 
zone, Madre de Dios, Peru. Revista Peruana de Entomologia 27: 15–24.

https://doi.org/10.1111/j.1600-0587.1994.tb00090.x
https://doi.org/10.1111/j.1600-0587.1994.tb00090.x
https://doi.org/10.1046/j.1523-1739.1993.07030551.x
https://doi.org/10.1034/j.1600-0706.2000.890316.x
https://doi.org/10.1034/j.1600-0706.2000.890316.x
https://doi.org/10.2307/2413120
https://www.mooreecology.com/uploads/2/4/2/1/24213970/vegantutor.pdf
http://cran.r-project.org/package=vegan
http://cran.r-project.org/package=vegan
https://doi.org/10.2307/2269394
https://doi.org/10.2307/2269394
https://doi.org/10.1111/j.1744-7429.2002.tb00550.x
https://www.jstor.org/stable/4008049
https://doi.org/10.2307/3236053
https://doi.org/10.2307/3236053
https://doi.org/10.1663/0006-8101(2004)070%5B0357:CAFFTA%5D2.0.CO;2
https://doi.org/10.1663/0006-8101(2004)070%5B0357:CAFFTA%5D2.0.CO;2
https://doi.org/10.1890/03-5029


Carabid diversity and community structure in two Amazonian forest types 865

Pearson DL, Derr JA (1986) Seasonal patterns of lowland forest floor arthropod abundance in 
southeastern Peru. Biotropica 18: 244–256. https://doi.org/10.2307/2388493

Pebesma EJ, Bivand RS (2005) Classes and methods for spatial data in R. R News 5. http://
cran.r-project.org/doc/Rnews/

Pitman NCA (2000) A large-scale inventory of two Amazonian tree communities. Duke Uni-
versity, Durham, North Carolina.

Pitman NCA, Terborgh JW, Silman MR, Nunez P, Neill DA, Cerón CE, Palacios WA, Aulestia 
M (2001) Dominance and distribution of tree species in upper Amazonian terra firme 
forests. Ecology 82: 2101–2117. https://doi.org/10.1890/0012-9658(2001)082[2101:DA
DOTS]2.0.CO;2

Pitman NCA, Andino JEG, Aulestia M, Cerón CE, Neill DA, Palacios W, Rivas-Torres G, Sil-
man MR, Terborgh JW (2014) Distribution and abundance of tree species in swamp for-
ests of Amazonian Ecuador. Ecography 37: 902–915. https://doi.org/10.1111/ecog.00774

Prance GT (1979) Notes on the Vegetation of Amazonia III. The terminology of Amazonian 
forest types subject to inundation. Brittonia 31: 26–38. https://doi.org/10.2307/2806669

R Core Team (2016) R: A language and environment for statistical computing. https://www.r-
project.org/

Remsen JV, Parker TA (1983) Contribution of river-created habitats to bird species richness in 
Amazonia. Biotropica 15: 223–231. https://doi.org/10.2307/2387833

Riley KN, Browne RA (2011) Changes in ground beetle diversity and community composition 
in age structured forests (Coleoptera, Carabidae). ZooKeys 147: 601–621. https://doi.
org/10.3897/zookeys.147.2102

Riley KN, Browne RA, Erwin TL (2016) Results from two sampling techniques for carabid 
beetles (Coleoptera: Carabidae) in temporarily flooded and terra firme rainforest of west-
ern Amazonia. Studies on Neotropical Fauna and Environment 51: 78–95. https://doi.org
/10.1080/01650521.2016.1164473

Rohr JR, Mahan CG, Kim KC (2007) Developing a monitoring program for invertebrates: 
Guidelines and a case study. Conservation Biology 21: 422–433. https://doi.org/10.1111/
j.1523-1739.2006.00578.x

Rosenzweig ML (1995) Species diversity in space and time. Cambridge University Press, Cam-
bridge, 436 pp. https://doi.org/10.1017/CBO9780511623387

Rothenbucher J, Schaefer M (2006) Submersion tolerance in floodplain arthropod communi-
ties. Basic and Applied Ecology 7: 398–408. https://doi.org/10.1016/j.baae.2006.05.005

Salo J, Kalliola R, Hakkinen I, Makinen Y, Niemelä P, Puhakka M, Coley PD (1986) River 
dynamics and the diversity of Amazon lowland forest. Nature 322: 254–258. https://doi.
org/10.1038/322254a0

Samways MJ (1993) Insects in biodiversity conservation – some perspectives and directives. 
Biodiversity and Conservation 2: 258–282. https://doi.org/10.1007/BF00056672

Santos-Silva L, Pinheiro TG, Chagas-Jr A, Marques MI, Battirola LD (2018) Temporal and 
spatial variation of Myriapoda (Diplopoda and Chilopoda) assemblages in a neotropi-
cal floodplain. Biota Neotropica 18: e20180514. https://doi.org/10.1590/1676-0611-
bn-2018-0514

https://doi.org/10.2307/2388493
http://cran.r-project.org/doc/Rnews/
http://cran.r-project.org/doc/Rnews/
https://doi.org/10.1890/0012-9658(2001)082%5B2101:DADOTS%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082%5B2101:DADOTS%5D2.0.CO;2
https://doi.org/10.1111/ecog.00774
https://doi.org/10.2307/2806669
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.2307/2387833
https://doi.org/10.3897/zookeys.147.2102
https://doi.org/10.3897/zookeys.147.2102
https://doi.org/10.1080/01650521.2016.1164473
https://doi.org/10.1080/01650521.2016.1164473
https://doi.org/10.1111/j.1523-1739.2006.00578.x
https://doi.org/10.1111/j.1523-1739.2006.00578.x
https://doi.org/10.1017/CBO9780511623387
https://doi.org/10.1016/j.baae.2006.05.005
https://doi.org/10.1038/322254a0
https://doi.org/10.1038/322254a0
https://doi.org/10.1007/BF00056672
https://doi.org/10.1590/1676-0611-bn-2018-0514
https://doi.org/10.1590/1676-0611-bn-2018-0514


Kathryn N. Riley Peterson et al.  /  ZooKeys 1044: 831–876 (2021)866

Simpson EH (1949) Measurement of diversity. Nature 163: 688–688. https://doi.
org/10.1038/163688a0

Smith B, Wilson JB (1996) A consumer’s guide to evenness indices. Oikos 76: 70–82. https://
doi.org/10.2307/3545749

Sokal RR (1986) Spatial data analysis and historical processes. In: Diday E, Escoufier Y, Lebart 
L, Pages JP, Schektman Y, Tomassone R (Eds) Data analysis and informatics, IV. North-
Holland, Amsterdam, 29–43.

Sombroek W (2000) Amazon landforms and soils in relation to biological diversity. Acta Ama-
zonia 30: 81–100. https://doi.org/10.1590/1809-43922000301100

ter Steege H, Sabatier D, Castellanos H, Van Andel T, Duivenvoorden J, de Oliveira AA, Ek R, 
Lilwah R, Maas P, Mori S (2000) An analysis of the floristic composition and diversity of 
Amazonian forests including those of the Guiana Shield. Journal of Tropical Ecology 16: 
801–828. https://doi.org/10.1017/S0266467400001735

Stork NE (2018) How many species of insects and other terrestrial arthropods are there on 
Earth? Annual Review of Entomology 63: 31–45. https://doi.org/10.1146/annurev-en-
to-020117-043348

Stork NE, McBroom J, Gely C, Hamilton AJ (2015) New approaches narrow global species 
estimates for beetles, insects, and terrestrial arthropods. Proceedings of the National Acad-
emy of Sciences 112: 7519–7523. https://doi.org/10.1073/pnas.1502408112

Stork NE, Grimbacher PS, Storey R, Oberprieler RG, Reid C, Slipinski SA (2008) What de-
termines whether a species of insect is described? Evidence from a study of tropical forest 
beetles. Insect Conservation and Diversity 1: 114–119. https://doi.org/10.1111/j.1752-
4598.2008.00016.x

Terborgh J, Andresen E (1998) The composition of Amazonian forests: Patterns at local 
and regional scales. Journal of Tropical Ecology 14: 645–664. https://doi.org/10.1017/
S0266467498000455

Thiele HU (1977) Carabid beetles in their environments. A study on habitat selection by adap-
tation in physiology and behaviour. Springer-Verlag, Berlin, 369 pp. https://books.google.
bg/books?id=wh_rCAAAQBAJ&lpg=PA1&dq=Carabid%20beetles%20in%20Their%20
Environments&lr&pg=PA1#v=onepage&q&f=false

Tuomisto H, Poulsen AD, Ruokolainen K, Moran RC, Quintana C, Celi J, Canas G 
(2003) Linking floristic patterns with soil heterogeneity and satellite imagery in Ecua-
dorian Amazonia. Ecological Applications 13: 352–371. https://doi.org/10.1890/1051-
0761(2003)013[0352:LFPWSH]2.0.CO;2

Venables WN, Ripley BD (2002) Modern Applied Statistics with S. 4th edn. Springer, New 
York, 495 pp. https://doi.org/10.1007/978-0-387-21706-2

Wagner DL (2020) Insect declines in the Anthropocene. Annual Review of Entomology 65: 
457–480. https://doi.org/10.1146/annurev-ento-011019-025151

Walther BA, Moore JL (2005) The concept of bias, precision and accuracy, and their use 
in testing the performance of species richness estimators, with a literature review of 
estimator performance. Ecography 28: 815–829. https://doi.org/10.1111/j.2005.0906-
7590.04112.x

https://doi.org/10.1038/163688a0
https://doi.org/10.1038/163688a0
https://doi.org/10.2307/3545749
https://doi.org/10.2307/3545749
https://doi.org/10.1590/1809-43922000301100
https://doi.org/10.1017/S0266467400001735
https://doi.org/10.1146/annurev-ento-020117-043348
https://doi.org/10.1146/annurev-ento-020117-043348
https://doi.org/10.1073/pnas.1502408112
https://doi.org/10.1111/j.1752-4598.2008.00016.x
https://doi.org/10.1111/j.1752-4598.2008.00016.x
https://doi.org/10.1017/S0266467498000455
https://doi.org/10.1017/S0266467498000455
https://books.google.bg/books?id=wh_rCAAAQBAJ&lpg=PA1&dq=Carabid%20beetles%20in%20Their%20Environments&lr&pg=PA1#v=onepage&q&f=false
https://books.google.bg/books?id=wh_rCAAAQBAJ&lpg=PA1&dq=Carabid%20beetles%20in%20Their%20Environments&lr&pg=PA1#v=onepage&q&f=false
https://books.google.bg/books?id=wh_rCAAAQBAJ&lpg=PA1&dq=Carabid%20beetles%20in%20Their%20Environments&lr&pg=PA1#v=onepage&q&f=false
https://doi.org/10.1890/1051-0761(2003)013%5B0352:LFPWSH%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2003)013%5B0352:LFPWSH%5D2.0.CO;2
https://doi.org/10.1007/978-0-387-21706-2
https://doi.org/10.1146/annurev-ento-011019-025151
https://doi.org/10.1111/j.2005.0906-7590.04112.x
https://doi.org/10.1111/j.2005.0906-7590.04112.x


Carabid diversity and community structure in two Amazonian forest types 867

Williams CB (1964) Patterns in the balance of nature and related problems of quantita-
tive ecology. Academic Press, London & New York, 324 pp. https://doi.org/10.1002/
iroh.19650500209

Wilson EO (1987) The arboreal ant fauna of Peruvian Amazon forests: A first assessment. Bio-
tropica 19: 245–251. https://doi.org/10.2307/2388342

Wittmann F, Schöngart J, Junk WJ (2010) Phytogeography, species diversity, community 
structure and dynamics of central Amazonian floodplain forests. In: Junk WJ, Piedade 
MTF, Parolin P, Wittmann F, Schöngart J (Eds) Amazonian Floodplain Forests: Ecophysi-
ology, Biodiversity and Sustainable Management. Springer Science+Business Media B.V., 
Dordrecht, 61–102. https://doi.org/10.1007/978-90-481-8725-6_4

Wittmann F, Schöngart J, Montero JC, Motzer T, Junk WJ, Piedade MTF, Queiroz HL, Worbes 
M (2006) Tree species composition and diversity gradients in white-water forests across the 
Amazon Basin. Journal of Biogeography 33: 1334–1347. https://doi.org/10.1111/j.1365-
2699.2006.01495.x

Worbes M (1997) The forest ecosystem of the floodplains. In: Junk WJ (Ed.) The Central 
Amazon Floodplain, Ecology of a Pulsing System. Springer-Verlag, Berlin Heidelberg, 
223–265. https://doi.org/10.1007/978-3-662-03416-3_11

Zerm M, Adis J (2001a) Further observation on natural history and survival strategies of riv-
erine tiger beetles (Coleoptera: Cicindelidae) from open habitats in central Amazonian 
floodplains (Brazil). Ecotropica 7: 115–137. http://hdl.handle.net/11858/00-001M-
0000-000F-DED9-4.

Zerm M, Adis J (2001b) Spatio-temporal distribution of larval and adult tiger beetles (Co-
leoptera: Cicindelidae) from open areas in Central Amazonian floodplains (Brazil). 
Studies on Neotropical Fauna and Environment 36: 185–198. https://doi.org/10.1076/
snfe.36.3.185.2123

Zerm M, Adis J (2003) Survival strategy of bombardier beetle, Pheropsophus rivieri, (Col.: Car-
abidae) in central Amazonian blackwater floodplain (Brazil). Amazoniana XVII: 503–508. 
http://hdl.handle.net/11858/00-001M-0000-000F-DB8D-C

Zerm M, Adis J, Paarmann W, Amorim MA, da Fonseca CRV (2001) On habitat specific-
ity, life cycles and guild structure in tiger beetles of Central Amazonia (Brazil) (Coleop-
tera: Cicindelinae). Entomologia Generalis 25: 141–154. https://doi.org/10.1127/entom.
gen/25/2001/141

Zhang Z-Q (2013) Animal biodiversity: An update of classification and diversity in 2013. 
Zootaxa 3703: 1–82. https://doi.org/10.11646/zootaxa.3703.1.3

https://doi.org/10.1002/iroh.19650500209
https://doi.org/10.1002/iroh.19650500209
https://doi.org/10.2307/2388342
https://doi.org/10.1007/978-90-481-8725-6_4
https://doi.org/10.1111/j.1365-2699.2006.01495.x
https://doi.org/10.1111/j.1365-2699.2006.01495.x
https://doi.org/10.1007/978-3-662-03416-3_11
http://hdl.handle.net/11858/00-001M-0000-000F-DED9-4
http://hdl.handle.net/11858/00-001M-0000-000F-DED9-4
https://doi.org/10.1076/snfe.36.3.185.2123
https://doi.org/10.1076/snfe.36.3.185.2123
http://hdl.handle.net/11858/00-001M-0000-000F-DB8D-C
https://doi.org/10.1127/entom.gen/25/2001/141
https://doi.org/10.1127/entom.gen/25/2001/141
https://doi.org/10.11646/zootaxa.3703.1.3


Kathryn N. Riley Peterson et al.  /  ZooKeys 1044: 831–876 (2021)868

Appendices

Appendix A

Figure A1. Water height for the Tiputini River at Tiputini Biodiversity Station, Ecuador. (A) Monthly 
values represent overall mean river height and the mean maxima and minima based on data from 2009–
2014 (B) three years before and after the sampling period for this study. Monthly river height values 
during the sampling periods, 2011 (B) and 2012 (C) for mean river height in addition to water height 
maxima and minima.
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Appendix B

Table B1. Numbers of carabid individuals collected in FP and TF forests, as well as combined totals, are 
shown in the table below. The summed totals of individuals for each tribe and morphospecies/species are 
shown in bold, along with the identification code used for each morphospecies. If a species has been scien-
tifically described and given a taxonomic name, it is noted to the left of the identification code. Lastly, ABL 
(mm) for singletons or mean ABL if > 3 specimens collected for each morphospecies or species. In the length 
column, “NA” signifies no intact specimens were collected so measurements could not be taken.

Carabidae taxa FP TF Total ABL (mm)
Bembidiini 65 42 107

Erwinana
Erwia 1 1 3.1
Erwib 1 1 3.1

Geballusa
Gebasp 2 6 8 3.6

Meotachys
Meotsp 2 2 2.3

Micratopus
Micrsp 4 4 2.5

Mioptachys
Miopsp 1 1 NA

New Genus 1
NG1a 3 3 1.4
NG1b 1 1 1.8

New Genus 2
NG2sp 2 2 2.5

Paratachys
Paraa 33 11 44 1.9
Parab 2 13 15 2.7
Parac 14 14 2.5
Parad 1 1 NA
Parae 9 9 2.5

Polyderis
Polysp 1 1 1.4

Callistini 6 6
Dercylus

Derca 4 4 13.0
Dercb 2 2 13.6

Calophaenini 2 4 6
Calophaena

Caloa 2 2 7.1
Calob 3 3 8.9
Caloc 1 1 7.3

Cicindelini 109 329 438
Odontocheila

*Odontocheila cayenensis Lam. Odona* 14 46 60 16.1
Odonb 16 48 64 11.8

Pentacomia
Penta 13 9 22 11.9
Pentb 66 226 292 9.9

Collyridini 1 1
Ctenostoma

Ctensp 1 1 NA
Galeritini 6 6

Galerita
Galea 2 2 17.8
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Carabidae taxa FP TF Total ABL (mm)
Galeb 2 2 17.6
Galec 2 2 17.2

Harpalini 36 24 60
Notiobia

Notia 7 3 10 10.3
Notia_2 2 1 3 9.9
Notia_3 2 7 9 9.8
Notib 8 3 11 8.4
Notib_2 1 1 8.1
Notib_3 1 1 8.2
Notib_4 1 1 9.2
Notic 1 1 13.5

Selenophorus
Selea 3 5 8 6.5
Seleb 2 2 5.7
Selee 9 2 11 7.1
Selee_6 1 1 6.4
Selef 1 1 5.5

Helluonini 6 3 9
Helluobrochus

Hellub_a 1 1 13.7
Hellub_b 1 1 13.5

Helluomorpha
Hellum 1 1 NA

Helluomorphoides
Hella 3 3 17.3
Hellb 1 1 13.9
Hellc 2 2 24.7

Hiletini 5 5
Eucamaragnathus

*Eucamaragnathus batesi Chaudoir Eucabat* 5 5 9.2
Lachnophorini 129 41 170

Amphithasus
Ampha 2 2 6.0
Amphb 1 1 4.7

Eucaerus
Eucaa 6 6 3.9
Eucaa_2 3 3 3.8
Eucab 1 1 3.5

Peruphorticus
Perua 84 5 89 6.3
Perua_2 1 33 34 5.3
Perua_3 13 3 16 6.2
Perub 7 7 4.3
Perub_2 1 1 4.4

Pseudophorticus
Pseua 6 6 6.1
Pseub 4 4 5.3

Lebiini 30 90 120
Apenes

Apena 1 1 5.6
Apena_2 1 1 2 7.1
Apena_3 2 2 5.5
Apenb 1 2 3 6.2
Apenb_2 1 1 6.8
Apenb_3a 1 1 7.6
Apenb_3b 1 1 7.9
Apenb_3c 2 2 6.7
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Carabidae taxa FP TF Total ABL (mm)
Apenb_4 1 1 5.7
Apenb_5 1 1 7.3
Apenbb 1 1 5.7
Apenc 1 1 7.9
Apenc_2 1 1 8.6
Apenc_3 1 1 7.1
Apene 1 1 5.7

Coptodera
Copta 1 1 8.6
Coptb 1 1 8.4

Eucheila
Euchsp 1 1 4.9

Hyboptera
Hybosp 2 2 NA

Lebia
Lebia 3 5 8 3.4
Lebib 1 1 4.4
Lebic 1 1 5.8
Lebid 2 32 34 5.5
Lebid_5 1 1 6.0
Lebie 7 8 15 5.0
Lebif 1 1 3.9
Lebig 2 2 7.5
Lebih 10 10 4.8
Lebij 1 1 5.3
Lebik 4 1 5 3.8
Lebil 2 8 10 5.1
Lebio 1 1 3.6

Negrea
Negrsp 1 1 3.0

Nemotarsus
Nemosp 1 1 4.7

Stenognathus
Stensp 3 3 9.5

Loxandrini 45 47 92
Adrimus

Adrisp 1 1 8.3
Loxandrus

Loxaa 1 1 6.6
Loxab 20 19 39 6.3
Loxac 3 3 7.1
Loxae 7 6 13 6.5
Loxae_2 2 2 6.1
Loxae_3 10 9 19 6.7
Loxae_4 7 7 5.9
Loxae_6 2 2 7.3
Loxaf 1 1 5.1
Loxag 1 1 6.7

Stolonis
Stolsp 3 3 6.2

Odacanthini 8 2 10
Colliuris

Colla 3 3 7.8
Collb 1 1 9.6
Collc 4 4 6.0
Collc_2 1 1 6.0
Colld 1 1 8.5

Oodini 6 6
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Carabidae taxa FP TF Total ABL (mm)
Macroprotus

Macrsp 5 5 10.4
Oodinus

* most likely O. amazonas Chaudoir, O. limbellus 
Chaudoir, or O. piceus Motschulsky

Oodisp* 1 1 4.4

Pentagonicini 17 78 95
Pentagonica

Pentga 1 11 12 4.6
Pentgb 12 33 45 5.5
Pentgd 4 34 38 4.3

Perigonini 1 1
Perigona

Perisp 1 1 5.5
Platynini 6 3 9

Glyptolenus
Glypsp 6 3 9 6.8

Pterostichini 1 23 24
Abaris

Abara 12 12 5.2
Abarb 5 5 6.1

Haplobothynus
Hapla 2 2 8.2
Haplb 1 1 8.8

Pseudabarys
Pseuabsp 1 1 7.2

Trichonillia
Trica 2 2 14.5
Tricb 1 1 15.2

Scaritini 84 3 87
Ardistomis

Ardisp 1 1 9.2
Camptidius

Camptisp 1 1 3.5
Camptodontus

Camptosp 1 1 13.2
Clivina

Cliva 2 2 5.4
Clivb 31 1 32 7.3
Clivc 1 1 9.2
Clivc_2 3 3 8.3
Clivd 1 1 7.6
Clivd_2 4 4 6.8

Nyctosyles
Nycta 11 1 12 8.5
Nyctb 21 21 9.9

Oxydrepanus
Oxyda 1 1 2.2
Oxydb 3 3 3.2
Oxydc 1 1 2.6

Stratiotes
Strasp 3 3 6.9

Zuphiini 1 2 3
Pseudaptinus

Pseuapa 1 1 6.0
Pseuapb 2 2 5.5

Column totals 564 691 1255
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Appendix C

Table C1. Carabidae tribes with higher numbers of ‘common’ morphospecies than expected. The num-
ber of morphospecies collected in this study are listed under ‘observed’, whereas the expected number of 
morphospecies was calculated (see methods). Analyses were conducted on the combined values for both 
FP and TF forests. The number of abundant morphospecies among carabid tribes were significantly dif-
ferent than the expected number of morphospecies (chi-square χ2 = 33.6, P < 0.001). Differences in the 
distribution of ‘rare’ morphospecies among tribes were not significantly different.

Abundant No. of S
Direction of difference Tribe Observed Expected Difference
More than expected Bembidiini 3 1.99 1.01

Cicindelini 4 0.53 3.47
Lachnophorini 3 1.59 1.41

Loxandrini 3 1.59 1.41
Pentagonicini 2 0.40 1.60

Approximately equal Scaritini 2 1.99 0.01

Fewer than expected Lebiini 2 4.65 -2.65

Figure C1. Number of individuals for the morphospecies cicindelid Pentacomia species b (Pentb) for FP 
and TF forests (P = 0.02).

Figure C2. Number of rare morphospecies for the FP and TF forest (P = 0.04).
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Figure C3. Morphospecies relative abundance by the number of sampling sites at which they were pre-
sent. Point markers represent the 143 morphospecies coded according the three rarity categories: ‘domi-
nant’ (circle), ‘common’ (triangles) and ‘rare’ (diamonds). Morphospecies classified as ‘dominant’ occurred 
at a higher number of sampling sites than ‘common’ morphospecies. ‘Common’ morphospecies occurred 
at a higher number of sampling sites than ‘rare’ morphospecies (P < 0.001).

Appendix D

Figure D1. Numbers of individuals for Carabidae tribes with significant differences (P < 0.05) between 
FP and TF forests.

Figure D2. Numbers of morphospecies for Carabidae tribes with significant differences (P < 0.05) be-
tween FP and TF forests.
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Appendix E

To determine the influence of abundance on NMDS, ordination analysis was also com-
pleted with presence/absence data using Jaccard dissimilarity values. The resulting pat-
terns for FP and TF forest are highly similar to the results based on abundance data with 
the morphospecies assemblages for FP and TF forest significantly different (F = 3.86, df 
= 1, P < 0.001; Fig. E1). The mean Jaccard dissimilarly value between FP and TF forest 
was 0.87 while mean within forest type values were 0.80 for FP forest and 0.76 for TF 
forest. Using presence/absence data had a minimal effect on the within forest type dis-
similarity values and even less so for the dissimilarity value between FP and TF forests.

Figure E1. Non-metric multidimensional scaling (NMDS) ordination based on Jaccard dissimilarity 
values (presence/absence data) of Carabidae morphospecies assemblages for FP and TF forests (stress = 
13.7, k = 2). Each data point represents one of the 24 sampling sites. Significant differences (P < 0.001) 
in morphospecies assemblages occurred between FP and TF.
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Supplementary material 1

Geolocation data for sampling sites at Tiputini Biodiversity Station
Authors: Kathryn Riley Peterson
Data type: geospatial
Explanation note: Latitude and longitude in DDM format for the 24 sampling sites at 

Tiputini Biodiversity Station.
Copyright notice: This dataset is made available under the Open Database License 

(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/zookeys.1044.62340.suppl1

http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zookeys.1044.62340.suppl1
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