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The pitfalls of biodiversity proxies:
Differences in richness patterns

of birds, trees and understudied
diversity across Amazonia

Camila D. Ritter**3*, Seren Faurby*3, Dominic J. Bennett®3, Luciano N. Naka*,
Hans ter Steege®®, Alexander Zizka’, Quiterie Haenel?, R. Henrik Nilsson?31° &
Alexandre Antonelli%3°:10

Most knowledge on biodiversity derives from the study of charismatic macro-organisms, such as birds
and trees. However, the diversity of micro-organisms constitutes the majority of all life forms on Earth.
Here, we ask if the patterns of richness inferred for macro-organisms are similar for micro-organisms.
For this, we barcoded samples of soil, litter and insects from four localities on a west-to-east transect
across Amazonia. We quantified richness as Operational Taxonomic Units (OTUs) in those samples using
three molecular markers. We then compared OTU richness with species richness of two relatively well-
studied organism groups in Amazonia: trees and birds. We find that OTU richness shows a declining
west-to-east diversity gradient that is in agreement with the species richness patterns documented
here and previously for birds and trees. These results suggest that most taxonomic groups respond to
the same overall diversity gradients at large spatial scales. However, our results show a different pattern
of richness in relation to habitat types, suggesting that the idiosyncrasies of each taxonomic group and
peculiarities of the local environment frequently override large-scale diversity gradients. Our findings
caution against using the diversity distribution of one taxonomic group as an indication of patterns of
richness across all groups.

Despite significant advances in our understanding of global biodiversity, a fundamental question remains poorly
understood': Do the same ecological patterns apply to macro and micro-organisms? In fact, our understanding of
biodiversity is biased towards charismatic and relatively easily identifiable taxa. For instance, for birds and flow-
ering plants, an estimated 98%>? and 69%? respectively of the extant species have been formally described. Yet,
even in these taxonomically well-described groups, the geographic distribution of many species remains poorly
understood (the ‘Wallacean shortfall®). The overwhelming majority of the extant biodiversity, however, does not
belong to these groups. All vertebrates combined represent only 0.7%, and all flowering plants only 3%, of the
total estimated number of eukaryotic species. Many species, particularly of invertebrates and micro-organisms,
are yet to be described (the ‘Linnaean shortfall®) and their distribution has yet to be documented.

A pre-requisite to overcoming these shortfalls is the ability to record and recognize species. Species identifi-
cation, however, requires taxonomic expertise, which in turn requires a substantial and long-term investment of
resources, time and infrastructure, especially when species are vouchered and deposited in natural history collec-
tions®. Recently, high-throughput DNA sequencing approaches, in combination with DNA metabarcoding?, have
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enabled the identification of organisms and the estimation of diversity from bulk (unsorted) biological samples,
facilitating the documentation of spatial diversity patterns across the tree of life”®.

Besides geographic differences, large-scale biodiversity patterns vary among taxonomic groups. Some stud-
ies have already assessed the correlations between the diversity of macro and micro-organisms. On a global
scale, a mismatch of diversity was found between below-ground organisms (bacteria, fungi and mesofauna) and
above-ground organisms (mammal, birds, amphibians and vascular plants)®. Furthermore, bacterial diversity
was higher in temperate regions, while fungi showed a weak latitudinal pattern'®. In another study, fungal diver-
sity displayed a latitudinal gradient but was uncorrelated with plant diversity'!. For Neotropical forests, protists
showed the same pattern of diversity as macro-organisms'?, and fungi and bacteria followed the elevational gra-
dient of diversity in the Andes"’. The pattern of richness of fungi and bacteria in the mineral soil, however, was
different from that of plants, not linear, with fungi having the lowest richness in median elevation and bacteria
the highest'?. In this context, the congruence or divergence in diversity across taxa remains unclear. This is prob-
lematic, since micro-organims are the most diverse and abundant groups in any habitat'* and are essential for
ecosystem function' and the fitness of higher organisms'®, meaning that general insights into the distribution
and drivers of diversity require their inclusion'”.

Although insufficient biological knowledge prevails in nearly all ecosystems around the world, this problem is
most conspicuous in tropical environments, and in particular in tropical forests. Amazonia is the world’s largest
and most biodiverse tropical forest. On a large spatial scale, most macroscopic taxa show consistent patterns of
diversity, possibly as a response to abiotic conditions and processes'®-*’. In this region, one of the most conspicu-
ous patterns of species richness in well-studied groups, such as birds and trees, is a west-to-east diversity gradient:
from the highly diverse areas on the eastern Andean slopes to the relatively less diverse areas on the Guiana Shield
in the north and eastern Amazonian lowlands'®-?2. Several explanations for this pattern have been suggested,
including the effects of marine incursions*?*, bedrock geology®®, mountain base formation'®, soil fertility'$%’
and, more recently, a diversification process driven by moisture®.

While most of Amazonia is covered by lowland non-flooded terra-firme forests, several other vegetation types,
such as flooded forests or white sand ecosystems, are common and widespread throughout the basin. Patterns
of plant and avian diversity vary dramatically with vegetation type; as a general rule, terra-firme forests are more
diverse than seasonally flooded forests?®-*1. Forests that are seasonally flooded by nutrient-rich, white-water rivers
(vérzeas) are more diverse than forests seasonally flooded by acidic, nutrient-poor black-water rivers (igapds*"*?).
Finally, both types of flooded forests are more diverse than naturally open areas on nutrient-impoverished sandy
soils (campinas®-**-%). The drivers of these patterns remain elusive but may be associated with geological pro-
cesses, soil fertility, inundation gradient, type of water®” and also with the size and fragmented distribution of
these “smaller vegetation types” on which the colonization of species may be in part attributed to chance®®*’.
However, such patterns could in principle be specific to plants and vertebrates. Other taxa, such as fungi, bacteria
and other micro-organisms could display different diversity patterns. Indeed, in a previous study using part of our
data, we found different patterns for micro-organismal richness among Amazonian habitat types*’, but a similar
pattern of higher terra-firme diversity than campina diversity was found for fungi in Colombian Amazonia*'. The
contrasting patterns between micro- and macro-organisms may have major implications for our understanding
of general diversity patterns and for conservation.

In this study, we test whether patterns of tree and avian species richness are similar to those found in
Operational Taxonomic Units (OTU*?) mainly targeting micro-organisms. For this purpose, we compare OTU
richness generated from environmental sequencing in four Amazonian localities, with richness estimates from
existing taxonomic inventories for trees and birds in the vicinity (Fig. 1). For the OTU analyses, we examine
three different sample types (soil, litter and insect bulk samples) and three sequence markers (the ribosomal
16S, 18S and the mitochondrial COI, which target prokaryotes, eukaryotes and metazoans, respectively). We test
if large-scale diversity patterns known from plants and birds (increasing richness from east-to-west and from
campinas to flooded forests and to terra-firme forests) can be recovered with our OTU and inventory data. If
OTUs and traditional taxonomic species richness show approximately the same diversity patterns, metabarcoding
could offer a rapid and cost-effective alternative for biodiversity assessments, without the demand for taxonomic
expertise. In that case, the detection and protection of high diversity areas would be facilitated*~**, and taxono-
mists could focus on species descriptions and other important directions of research, rather than spending time
on routine identifications. If, however, OTU richness and species richness are decoupled, the idiosyncrasies of
each taxonomic group would make generalizations difficult and call into question our current understanding
of the distribution of biodiversity in the world’s largest rainforest. Importantly, a rapid and reliable assessment
of Amazonian diversity is increasingly crucial, as deforestation rates are currently escalating to alarmingly high
levels*S.

Results

After rarefaction, we obtained a total of 15,563 OTUs for 16S; 17,017 for 18S; and 14,964 for COI (see
Supplementary Table S1 for the DNA concentration, number of reads, number of OTUs and Shannon estimate
for each plot). The taxa with the highest number of identified OTUs across all samples were: Alphaproteobacteria
(15%), Acidobacteria (10%), Planctomycetes (10%), Bacteroidetes (10%), Actinobacteria (10%) and Chloroflexi
(10%) (Fig. 2A) for prokaryotes (the 16S marker); and Fungi (20%, mainly Ascomycota and Basidiomycota),
Cercozoa (15%) and Alveolata (10%) (Fig. 2B) for eukaryotes (the 18S marker). For the COI marker, the taxa with
the highest number of OTUs were Fungi (30%, mainly Ascomycota and Basidiomycota) followed by Hexapoda
(10%; Fig. 2C). The proportion of unclassified OTUs was around 10%, 25% and 40% for 16S, 18S and COI,
respectively, reflecting the incompleteness of public databases for these markers, beyond the possible sequence
errors/chimeras. The lack of representative sequences is more problematic for COI, since usually this marker is
sequenced just for metazoans.
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Figure 1. Map of sampling localities. Circles represent plots pertaining to the Amazon Tree Diversity Network
(ATDN) used in this study, which represent different forest types: igapds (orange), varzeas (blue) and terra-
firme (green). The semi-transparent polygons show the interfluves from which those plots were selected.
Squares represent the locations of the metabarcoding sampling that were compared to the ATDN data. In each
locality, we sampled different habitats: in Benjamin Constant (BC) we sampled terra-firme, igapds and vérzeas;
in Jau (JAU) and Cuieras (CUT) we sampled terra-firme, campinas and igap6s. At each of the three localities we
sampled nine plots. In Caxiuana we sampled terra-firme, campinas, varzeas and igapds, totaling 12 plots. The
map was contructed with Qgis v.3.6.2%.
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Figure 2. Taxonomic composition of OTU communities. The plots show the breakdown of OTUs into
taxonomic groups from (A) 16S, (B) 18S and (C) COI, respectively, coloured by sample type. There is no clear
taxonomic variation between soil and litter samples other than some variation in the taxonomic composition

for insect samples in the 16S and 18S data sets.
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Figure 3. Regression between plot-level species richness of trees and regional species richness of birds for the
localities sampled. The thick blue line shows the linear regression with standard error indicated by the shaded
area. The thin solid black line shows x =y (perfect correlation). There is a weak but significant relationship
between the species richness of these two taxonomic groups (posterior mean=0.01; p < 0.001). The colour
represents the localities: BC =Bejamin Constant, CUI = Cuieras, CXN = Caxiuani, JAU = Jat. The symbols
represent the habitat type: IG =igapds. TF =terra-firmes, VZ = vérzeas.

Regional species richness for birds was poorly related to the average plot-level species richness for trees (pos-
terior mean = 0.01, p < 0.001; Fig. 3). When divided by habitat, the regressions were significant for terra-firme
(adjR*=0.21, p=0.002) and igap6 (adjR>*=0.11, p=0.03). Only two datapoints were available for vérzeas.

The average species richness of trees (1 ha plot-level), plot-level DNA-based OTU richness and regional bird
species richness all decline along a west-to-east gradient (Table 1; Fig. 4). Species and OTU richness were gen-
erally decoupled across vegetation types. The species richness of birds and trees showed the richness gradient
terra-firme > vérzea > igap6 > campinas did not show the same gradient among vegetation types, with campinas
having the highest richness (Table 1; Fig. 4). The number of species (trees and birds) and DNA-based OTUs per
habitat in each locality is available in Supplementary Table S2.

The relationship between plot-level DNA-based OTU and plot-level tree and regional bird richness was not sig-
nificant (posterior mean =0, p > 0.05 for both tests that were analyzed separately; Table 2). Only the metabarcoding
predictors (sample and marker type) were significant in both models (plot-level DNA-based OTU richness versus
nearby plot-level tree richness and plot-level DNA-based OTU richness versus regional birds richness; Table 2). We
found the same pattern when we subdivided the metabarcoding data based on taxonomy (prokaryotes, protists,
fungi and metazoan; Table S3). The random effects of “locality” and “habitat” type were not significant. We found
a significant positive relationship between plot-level DNA-based OTU richness and plot-level species richness of
nearby tree plots (eight positive regressions out of nine tests; p=0.039; Table 3; Fig. 5) when considering a binomial
distribution. In contrast, there was no clear relationship between plot-level OTU richness and regional bird species
richness (five negative regressions out of nine tests; two-tailed probability 0.51; Table 3; Fig. 5).

Discussion

Our study indicates that OTU and species richness shows a declining west-to-east diversity gradient, yet the
biodiversity patterns of macro- and DNA-based OTUs are largely decoupled across Amazonia. We found no
relationship between DNA-based OTU richness estimated from metabarcoding of environmental samples and
species richness estimated from previous field inventories. These results suggest that at the regional scale, the
diversity distribution of one taxonomic group should not be used as a general proxy for diversity of another, nor
as an indication of overall patterns of richness. At small spatial scales, the idiosyncrasies of each taxonomic group
and the peculiarities of each environment appear to be more important than general diversity patterns, which
differ among organism types.
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Meta 16S Protists 18S | Protists COI | Fungi 18S | Fungi COI | Metazoa 18S | Metazoa COI | Birds Trees (average
(OTUs) | (OTUs) | (OTUs) (OTUs) (OTUs) (OTUs) (OTUs) (OTUs) (regional species) | species, 1 ha plot)

Locality

Benjamin Constant | 907 1525 262 18 263 83 205 38 205 152

Jau 813 1336 213 32 212 125 163 65 203 86

Cuieras 714 1074 199 28 200 126 155 61 194 66

Caxiuana 877 1338 220 39 222 157 171 84 170 166

Habitat

Terra-firme 808 1266 214 32 215 127 166 63 265 164

Varzea 843 1358 234 21 236 106 187 56 194 82

Igapd 757 1212 215 19 214 97 170 44 147 89

Campina 973 1511 239 48 241 176 178 95 150 N/A

Table 1. Mean number of all OTUs (‘meta’; comprising prokaryotes and eukaryotes), OTUs by taxonomic
groups and species (‘birds’ and ‘trees’) for locality and habitat. OTUs were divided by the main taxonomic group;
16S comprises mostly bacteria, and 18S and COI were divided into protists, fungi and metazoan. For localities,
the mesuared richness shows a gradient from west to east: Benjamin Constant > Ja > Cuieras > Caxiuana. For
habitat type, the measured richness reflects the order expected based on the literature for macro-organisms: terra
firme > varzea >igap6 > campinas. The highest richness in each category is highlighted in bold. The patterns are
different from our expectations for localities, with Caxiuana being richer than expected for metabarcoding and
trees. For habitats, OTU richness is also different from the expected, but for birds and trees the species richness
reflects the previously documented pattern. Tree richness is not reported for campinas since it does not capture
the known flora of those habitats and is dominated by other growth forms (e.g., herbs and shrubs).

It is important to acknowledge that we compared data aggregated at different spatial scales and generated
using different methods in order to produce the richness estimates used here. In addition, there are differences in
the exact locations of the trees surveyed and the metabarcoding plots sampled for this study. These considerations
make a direct comparison of richness challenging and worth further exploration by future studies based on pri-
mary inventories. However, our primary aim was to assess correlations between proxies of species richness. This
means that despite these challenges, if the regional-scale processes are important (locality, habitat type), the levels
of alpha diversity should increase as a function of the source pool (unsaturated type I relation*”#%). Therefore, if
the west-to-east gradient or habitat differences hold true for all samples, a positive and significant relationship
should be found across our data sets. If not, this would suggest that other factors may be more important in deter-
mining richness from local to regional scales.

For prokaryotes, diversity is often high in pastures and agricultural fields, which generally have low animal and
plant diversity at the local to regional scale*->*. However, some bacterial groups, such as the Alphaproteobacteria
and Planctomycetes®, are more diverse in undisturbed forests. Both of these groups were abundant in our sam-
ples, accounting for 35% of our 16S data (Fig. 2A). As a result, when looking for general patterns of richness
in bacteria, a negative correlation with trees and birds could be expected, but these effects could be masked
by other groups that are positively correlated with macro-organisms, as is the case in Alphaproteobacteria and
Planctomycetes.

Patterns of diversity can be distinct for different taxonomic groups, and the wide taxonomic range of metabar-
coding studies can mask taxon-specific patterns. Furthermore, different markers target different species and may
have added some noise in our analysis. For instance, for fungi in litter samples, 18S and COI displayed the oppo-
site pattern (Fig. S1). Previous studies have reported a decoupling between fungi and plant diversity worldwide!!
whereas others have found a positive relationship’>*! and a similar community turnover**. For other groups, such
as insects, diversity is often positively correlated with plant diversity>>*°. Additionally, soil protists can have sim-
ilar biogeographic patterns to macro-organisms in lowland Neotropical rainforests'?, which is expected to have
a positive effect in the regression of protist OTUs and tree and bird species richness. Our data showed similar
patterns overall for metazoans, fungi and protists for these same markers (Table S2, Fig. S1). However, our results
highlight the need for further exploration of biotic interactions and diversity metrics, as contrasting results can be
found within the same taxonomic groups (e.g. fungi sequenced with 18S and COI, Fig. S1).

A west-to-east decline in diversity has repeatedly been documented in birds®”*® and plants®**"*” for Amazonia
and is also partly reflected in our metabarcoding data, other than for the easternmost locality (Table 1). A positive
correlation with this diversity should be found if all groups shared the same overall diversity pattern due only
to the same abiotic conditions (e.g. moisture?, nutrient levels® or geology*®), yet regional and local deviations
appear idiosyncratic among taxa. For instance, the combined data from the Amazon Tree Diversity Network
across the entire Amazon basin cleary show a west-to-east diversity gradient, but contain multiple outliers in the
eastern part of the Negro River close to the Cuieiras area surveyed here?!. This is consistent with the observed
higher-than-expected tree richness in terra-firme from Cuieras as revealed from our data (Fig. 4D) and this may
have affected the results of our regressions due to our limited sampling. In addition, Benjamin Constant has the
poorest bird inventories, possibly resulting in underestimated richness for this area in our data.

By adding more data and analyses to our previous study*, we could provide further evidence that the plot-level
DNA-based OTU richness gradient differs from the plot-level tree species richness and from the regional bird
species richness across vegetation types. The general richness pattern for vertebrates and plants, also reported here
with our bird and tree data, is: terra-firme > varzea > igap6 > campina®**-3¢. However, we found that campinas
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Figure 4. Metabarcoding OTU and species richness of birds and trees per longitude and habitat type. The
plots show OTU richness measured from metabarcoding samples of (A) insects, (B) litter and (C) soil. Plot

(D) shows the known species richness for trees and birds from which those samples were obtained. The colour-
coding in A-C indicates marker type and in D the taxonomic group and the symbols indicate habitat type
(CAM: campinas, IG: igap6, TF: terra firme and VZ: varzea). The results for A-C indicate that OTU richness
varies significantly with location and habitat type, with the highest overall richness obtained from 16S data.
For species richness of trees and birds, a consistency between environment richness (TF > VZ >1G > CAM)
can be observed, and a west-to-east gradient, as generally expected based on large-scale inventories. For OTUs,
an overall pattern with the highest richness in campinas is observed. The west-to-east gradient is observed in
general, except for COl litter and 18S and COI soil.

make up the richest habitat in our OTUs data (Table 1, Fig. 4). This habitat is usually considered less diverse for
macro-organisms than more forested habitats in Amazonia, such as terra-firme and flooded forests!®221:3336 3
relationship confirmed for Colombian Amazonian fungi*'. Previous studies have reported on the importance
of campinas for beta-diversity®, but these habitats have long been considered species-poor environments®. In
contrast, our results suggest that these environments may be hyperdiverse for microbial diversity (Fig. 4A-C).
However, we note that campinas have an insular distribution in Amazonia, being surrounded by a “sea” of
terra-firme forests®"%2. OTU diversity in these patches could, potentially, be over-estimated due to DNA trans-
ported from nearby forest species, for instance through leaves, fungal spores and other debris®. This effect will be
hard to test, but it is important to stress that the community composition of campinas was significantly different
from the other habitats*®%* and there is a rich micro-organismal community that is genuinely from campinas.
The different spatial scales for our analyses — plots of 28 m of radius for metabarcoding data, 1 ha plots for
trees and species pools in the interfluvia for birds, influences our species richness comparison. However, within
each taxonomic group, the species richness should be consistent across these scales if the west-to-east and habitat
gradients are the dominating factors explaining the richness gradient. The outliers in our data (e.g. tree richness
in Cuieras and OTU richness in campinas) may have had the strongest effect in the general regression between
the OTUs and species richness for birds and for trees. For trees, the pattern we recovered reflects outliers already
identified in a previous study?!. These considerations suggest that even with the different spatial scales used here
and in other studies, if the west-to-east gradient was the strongest factor explaining diversity, it should produce
a positive correlation. However, the outliers showed that the specifity of localities affected the general pattern.
There are still numerous uncertainties in the underlying biodiversity data and in our ability to generalize over-
all diversity patterns and identify their main determinants from local to regional scales. We therefore recommend
the further validation of the patterns reported here through the generation and analysis of independent data, sam-
pled under standardised conditions for multiple organism groups. With a standardized protocol and additional
analyses, such as, for example, that of the metatranscriptome® to target only metabolically active organisms, it
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Taxon Effect Variables postmean |1-95% CI | u-95% CI | eff.samp pMCMC
Richness taxa 0.00 0.00 0.00 693.3 0.464
Marker 16S 5.73 5.47 6.04 1000.00 <0.001
. Marker 18S 5.00 4.67 5.28 1000.00 <0.001
Fixed Marker COIL 4.17 3.88 4.47 1000.00 <0.001
Trees Sample Litter 1.80 1.58 2.02 1136.00 <0.001
Sample Soil 1.68 1.45 1.91 1000.00 <0.001
Random Locality 0.14 0.00 0.07 107.5 NA
Habitat 0.00 0.00 0.00 1000.00 NA
Richness taxa 0.00 0.00 0.00 873.78 0.902
Marker 16S 5.81 5.39 6.20 1000.00 <0.001
. Marker 18S 5.03 4.66 5.44 1000.00 <0.001
L Fixed Marker COI 4.29 3.90 4.69 1000.00 <0.001
Birds Sample Litter 1.89 1.67 2.10 1000.00 <0.001
Sample Soil 1.75 1.53 1.95 1000.00 <0.001
Random Locality 0.01 0.00 0.04 338.1 NA
Habitat 0.01 0.00 0.02 711.6 NA

Table 2. Coeflicients for the general linear model fitted in a Bayesian framework using Markov chain Monte
Carlo (MCMC) methods for OTU richness against species richness of trees and birds. The model was adjusted
with the Poisson family distribution considering taxonomic richness, marker and sample type as fixed effects,
and locality and habitat type as random effects. For trees and birds, the taxonomic richness is not significant,
whereas the marker and sample type are. Significant values of the post mean of the coefficients (at p < 0.05) are
shown in bold.

Taxon Sample type 16S 18S Cco1
Insect 0.26 0.01 0.004

Trees Litter 0.17 0.13 —0.02
Soil 0.09 0.38 0.18
Insect 0.09 —0.08 —0.10

Birds Litter —0.08 —0.18 0.29
Soil —0.01 0.23 0.32

Table 3. Results for the generalized linear mixed effects models considering each marker and sample type
separately. For each model, the coefficient is presented. No single regression is significant after Bonferroni
correction for multiple tests (p < 0.00275). In order to illustrate the pattern in the sign of the effect, we have
given all positive slopes in bold and all negative ones in italics. It is evident that the vast majority of slopes
are positive between OTU and tree richness (8/9 P =0.039), while there is no consistency for the relationship
between OTU and bird richness (4/5 n.s.).

will be possible to avert these shortcomings and to draw stronger conclusions on species interactions®®’, abiotic
diversity drivers®*®® and above-ground and below-ground feedback®.

A recent global study comparing below-ground organisms (bacteria, fungi and mesofauna) with
above-ground organisms (mammal, birds, amphibians and vascular plants) found a diversity mismatch of 27%°.
The findings from this and previous studies that micro- and macro-organismal diversity are often decoupled has
important implications for conservation. It is genuinely worrying in the context of bioversity loss”, since a large
proportion of the world’s biodiversity may be lost without notice, particularly in Amazonia*’. Micro-organisms
are essential for ecosystem functioning, as they constitute the majority of the diversity of any ecosystem. As high-
lighted by O’Malley & Dupré!’, the excessive focus on macro-organisms may have distorted our understanding
of general patterns of biodiversity. There is therefore a danger that conservation strategies may be inadequate, if
their primary focus is to maintain ecosystem functionality and the biotic interactions”".

Conclusions

In this study, we found that other than displaying a declining west-to-east gradient at large spatial scale, spe-
cies richness patterns are not consistent across taxa in Amazonia. In particular, patterns in the diversity of
micro-organisms (which comprise the bulk of the total diversity) differ strongly from patterns in birds and plants,
particulary in connection with habitat type. Furthermore, we found large differences in species richness and
diversity patterns between i) metabarcoding of environmental samples and nearby taxonomic inventories, and
ii) different genetic markers used for DNA barcoding. Importantly, our results suggest that diversity patterns
differ considerably among taxonomic groups, making the use of single taxa as a proxy for total diversity prob-
lematic, especially for conservation purposes. This study highlights the importance of integrative and data-rich
approaches to studying and describing diversity.
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Figure 5. Regression between OTU and species richness. The lines show the regressions between OTUs and
tree richness in (A, B) and between OTU and bird richness in (C, D). The samples are coloured per marker in
(A, C) and per sample type in (B, D). The vast majority of slopes are positive between OTU and tree richness.
However, for birds there is no consistency in the relationship between DNA-based OT'U and bird species
richness.

Material and Methods

Study areas. We sampled four localities across a west-to-east transect in Brazilian Amazonia (Fig. 1*°). These
areas include: Benjamin Constant (a municipality which is the westernmost locality in our sampling scheme,
located south of the Amazon river); Jau (a national park in central Amazonia situated west of the Negro river and
north of the Amazon river); Cuieras (a biological reserve east of the Negro river and north of the Amazon river);
and Caxiuana (the easternmost locality in our sampling: a national forest situated south of the Amazon river;
Fig. 1). We chose these localities to maximize geographic distance and to cover all major vegetation types, i.e.
terra-firme, vdrzeas, igapds and campinas (see ref. ** for a more detailed description of the locations surveyed).

Sampling of metabarcoding data. We collected mineral soil, litter (the organic matter above the mineral
soil) and insects in three plots in each major vegetation type present at each locality (3 to 4 depending on the
locality; see ref. *° for more details) in November 2015. First, we installed a SLAM trap in the middle of each plot.
SLAM traps are dome-shaped, tent-like insect traps made of fine mesh-netting, widely used in entomological
studies and aimed at capturing strong-flying insects that typically fly upwards after hitting a fine-scale net (e.g.
wasps, mosquitos and butterflies). These insects were ultimately trapped in a bottle filled with ethanol at 96%
concentration. The traps were kept open for 24 hours in each plot. After capture, the insects were preserved in a
clean plastic bottle with new 96% ethanol until DNA extraction.

We sampled soils and litter following Tedersoo et al.!' to minimize information loss while keeping compara-
bility between this and other large-scale studies. First, 20 trees were randomly selected within a 28 m radius of
each SLAM trap. To reduce the risk of contamination, we wore gloves and a nose-and-mouth mask and replaced
the gloves between each sampled tree. We sampled litter and soil cores in opposite directions of each selected tree.
In total, 40 soil and 40 litter samples were collected per plot. The soil and litter samples were subsequently pooled
into one combined soil and one combined litter sample for each plot. The litter consisted of all organic material
above the mineral soil and varied from 0-50 cm in thickness. We then collected soil in the same places, with the
samples taken from the top 5cm of the mineral soil using a metal probe with a 2.5 cm diameter. The soil probe was
sterilized with fire after collecting soil from both sides of each tree to prevent cross-contamination between sam-
ples. The samples were stored in plastic bags with the same weight of sterilized white silica gel (14 mm silica grain
size). The silica was pre-treated for two minutes in a microwave oven (800 W) and exposed to 15min of UV light
to prevent contamination in our samples from any micro-organisms present in the silica. All plots were tagged
with GPS coordinates. All dry soil, litter samples and ethanol insect samples were processed at the University of
Gothenburg, Sweden. For more details of the collection protocol, see ref. .
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DNA extraction. For soil, 10 g (dry weight) of each sample and 15ml of each litter sample (corresponding
to 3-10 g of dry weight litter, depending on texture and composition of each sample) and a negative control
were processed for total DNA extraction using the PowerMax® Soil DNA Isolation Kit (MO BIO Laboratories),
according to the manufacturer’s instructions (see details in ref. *°). For insects, we followed the non-destructive
protocol described in Aljanabi and Martinez’?, we also included a negative control for insect extractions.

PCR Amplification. We used three genetic markers to target different organisms: 16S for prokaryotes, 18S
and COI for eukaryotes in general. For amplification of ribosomal small subunit (SSU) 18S rRNA in soil and litter
samples, we targeted the V7 region of the gene using the forward and reverse primers (5-TTTGTCTGSTTA
ATTSCG-3') and (5'-TCACAGACCTGTTATTGC-3') designed by Guardiola et al.” to yield 100 to 110 base pair
(bp) fragments (see details in ref. ?). For the ribosomal small subunit (SSU) 16S rRNA, we targeted the V3-V4
region (~460 bases) of the 16S rRNA gene using the forward primer (5-CCTACGGGNGGCWGCAG-3’) and
reverse primer (5'-GACTACHVGGGTATCTAATCC-3') from Klindworth et al.”*. For the cytochrome c oxidase
subunit I mitochondrial gene (COI), we amplified a region of ~313 bases using an internal forward primer (5’-
GGWACWGGWTGAACWGTWTAYCCYCC-3"7) and the COI degenerate reverse primer (5-TAAACTTCA
GGGTGACCAAARAAYCA-3"7%). Amplification and sequencing were carried out by Macrogen (Republic of
Korea) following standard protocols using the Illumina MiSeq. 2 x 250 (18S) and 2 x 300 (16S and COI) plat-
form, including the negative control to check possible sequences errors and cross-sample contaminations’”. Part
of the data presented here has already been published. The soil and litter data for 16S and 18S were already ana-
lysed in previous studies****. Soil for COI and insect samples for the three markers were previously analysed in
Benjamin Constant*’. Here we present new data for COI for litter (all data), and COI for soil; as well as16S, 18S
and COI for insects for Jat, Cuieras and Caxiuana. All raw sequences are available in GenBank under Bioproject
PRJNA464362.

Sequence analyses and taxonomic assessments. We used the USEARCH/UPARSE v9.0.2132
[lumina paired reads pipeline’® to merge the paired sequences with a maximum of five mismatches allowed,
truncate by the length (80bp for 18S, 400 bp for 16S and 290 bp for COI), filter sequence reads for quality and
discard reads with >1 total expected errors for all bases in the read after truncation, de-replicate and sort reads
by abundance, infer OTUs by 97% of similarity and remove singletons. We filtered the data to discard artifi-
cial sequences (e.g. chimeras), and we clustered sequences into OTUs at a minimum similarity of 97% using a
“greedy” algorithm that performs chimera filtering and OTU clustering simultaneously’®. We address all OTUs
registered in the negative controls (185 =595 OTUs, 16S =379 OTUS, negative control fail in sequencing for
COI) and excluded them from our data sets (Tables S4. and S5). For 16S and 18S data, we used SILVA 1.37° for
assessment of the taxonomic composition of the OTUs, using a representative sequence from each OTU as query
sequence and the SINA v1.2.10 reference data for ARB SVN (revision 21008%) for local BLAST searches®! of both
markers. As reference COI data, we used all COI sequences deposited in GenBank until August 2018%? in our
BLAST searches. All searches were conducted with the same criterion: a minimum 80% similarity and an e-value
0f 0.001.

Compilation of taxonomic data. We compared the OTU diversity estimated from our environmental
samples with morphology-based taxonomic estimates of species richness for trees and birds. For trees, we used
the data from the Amazon Tree Diversity Network (http://atdn.myspecies.info/). That project links plots across all
Amazonia from different vegetation types, where a full inventory was made of all free-standing trees up to 10cm
in diameter at breast height (dbh). Trees were identified to the level of species or morphospecies. We compiled
the mean richness of tree species in all 1-ha plots within each ecosystem type and interfluvial for which we had
metabarcoding data (Fig. 1). For two plots that had an area of 1.3 ha, we estimated the number of individuals
expected in 1ha (number of individuals / 1.3). We then rarefied the plot by the number of expected species using
the “rarefy” function in the package vegan v. 2.4-3% in R v3.3.2%. Since trees are only a minor component of
the vegetation in campinas®®, we considered them a poor proxy for plant diversity in such plots. We therefore
excluded campinas in the analyses of the relationship between trees and OTU richness.

For birds, we used published compilations for our study sites whenever available. This was the case for Jau
National Park®*%¢, and Caxiuana National Forest®”. For Cuieiras, we used data from Manaus, a well-studied nearby
locality®® that is situated in the same interfluvium area and should therefore have a very similar species pool. For
Benjamin Constant, which lacks available published sources, we created a hypothetical species list based on data
from the Global Biodiversity Information Facility (GBIF, www.gbif.org) (Fig. 1), which was carefully validated by
an expert on Amazonian avian distribution patterns (author’s acronym, L.N.). For each locality, L.N. classified all
species by habitat type(s) based on his field experience, complemented by published sources. Bird species lists and
habitat classification are available as Supplementary material (Table S4).

Statistical analyses. Since the number of observed OTUs was dependent on the number of reads, we first
rarefied all samples to the lowest number of reads obtained from any one plot (23,132 for 168, 25,144 for 18S and
25,280 for COI; Fig. S1) using the function “rarefy” of the R package vegan v. 2.5-4%. For 18S, we discarded one
sample (“SJAUTFP1”) with a very low number of reads (1,395). As the rarefaction and richness estimates could
be biased by rare OTUs®, we also calculated OTU diversity of order q= 1, which is equivalent to the exponential
of the Shannon entropy®. We did so by transforming the read counts using the “varianceStabilizingTransforma-
tion” function in DESeq. 2°! as suggested by McMurdie & Holmes®2. This transformation normalizes the count
data with respect to sample size (number of reads in each sample) and variances, based on fitted dispersion-mean
relationships®’. As the results were virtually identical (Pearson correlation >0.99 for all data sets) we used the
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richness based on rarefaction of OTUs for further analyses, since we had no abundance data for birds and just
richness measurements was possible. The results of both richness by rarefaction and Shannon estimated are pre-
sented in Table S2. As we had three plots in each environment at each locality, we used the mean of the three plots
for each environment at each locality.

We tested the relationship between the mean species richness per habitat type of trees and birds by fitting
a generalized linear mixed effects model in a Bayesian framework, using Markov chain Monte Carlo (MCMC)
methods implemented in the R package MCMCglmm v.2.28%. We used this method to control for nested sam-
pling®, because our plots are nested in the habitat types and we pooled all of them into one regression, but they
might differ in their intercept. In this case a mixed effects model would be better suited, since it allows different
intercepts. To test the relationship between OTU richness and species richness, we also fitted generalized linear
mixed effects models using the OTU richness as the response variable and the genetic marker (168, 185 and COI),
sample type (soil, litter and insects) and tree or bird richness as explanatory variables. We used the Poisson family
distribution in the model and considered locality and habitat type as random effects in both analyses. Because the
organisms’ body size®> and/or the taxonomic reponses to environmental conditions'® could affect the diversity pat-
terns, we also divided our data into 16S that comprises mostly bacteria and divided our 18S and COI data between
protists, fungi and metazoan, and fitted generalized linear mixed effects models separately for each data sets.

To further assess whether there was any tendency for a positive or negative relationship between OTU and
taxonomic diversity, we fitted separate generalized linear models between each OTU richness variable (3 markers
and 3 sample types, totaling 9 response variables) against the tree and bird richness separately. We assessed the
relationship of these variables based on a two-tailed binomial distribution only focusing on the sign of the rela-
tionship. The null expectation is that ~50% of all relationships would be positive and ~50% would be negative if
there were no underlying patterns and the relationships were independent of each other. An overabundance of
either positive or negative relationships can therefore be seen as a significant deviation from the null-expectation.
In our analyses, we carried out a total of nine tests (OTU richness for 3 markers and 3 sample types). The com-
bined probability of achieving 0, 1, 8 or 9 positive outcomes out of nine attempts if both positive and negative
relationships are equally likely is 0.039. We therefore considered a relationship where 0, 1, 8 or 9 of the slopes were
positive as significant.

Permit(s). Collection permits for this study were granted by the Brazilian authorities ICMBio (registration
number 48185-2) and IBAMA (registration number 127341). The SisGen registration number is ASA9AB7.

Received: 27 August 2019; Accepted: 25 November 2019;
Published online: 16 December 2019

References
1. Sutherland, W. ]. et al. Identification of 100 fundamental ecological questions. J. Ecol. 101, 58-67 (2013).
2. Bebber, D. P, Marriott, E. H. C., Gaston, K. J., Harris, S. A. & Scotland, R. W. Predicting unknown species numbers using discovery
curves. Proc. R. Soc. B Biol. Sci. 274, 1651-1658 (2007).
3. Chapman, A. D. Numbers of living species in Australia and the world. (2009).
4. Bini, L. M., Diniz-Filho, J. A. F, Rangel, T. E, Bastos, R. P. & Pinto, M. P. Challenging Wallacean and Linnean shortfalls: knowledge
gradients and conservation planning in a biodiversity hotspot. Divers. Distrib. 12, 475-482 (2006).
5. Campbell, G., Kuehl, H., Diarrassouba, A., N'Goran, P. K. & Boesch, C. Long-term research sites as refugia for threatened and over-
harvested species. Biol. Lett. 7, 723-726 (2011).
6. Taberlet, P,, Coissac, E., Pompanon, E,, Brochmann, C. & Willerslev, E. Towards next-generation biodiversity assessment using DNA
metabarcoding. Mol. Ecol. 21, 2045-2050 (2012).
7. Leray, M. & Knowlton, N. DNA barcoding and metabarcoding of standardized samples reveal patterns of marine benthic diversity.
Proc. Natl. Acad. Sci. 112, 2076-2081 (2015).
8. Stat, M. et al. Ecosystem biomonitoring with eDNA: metabarcoding across the tree of life in a tropical marine environment. Sci. Rep.
7, 12240 (2017).
9. Cameron, E. K. et al. Global mismatches in aboveground and belowground biodiversity. Conserv. Biol. 0, 1-6 (2019).
10. Bahram, M. et al. Structure and function of the global topsoil microbiome. Nature 560, 233-237 (2018).
11. Tedersoo, L. et al. Global diversity and geography of soil fungi. Science 346(6213), 1256688 (2014).
12. Lentendu, G. et al. Consistent patterns of high alpha and low beta diversity in tropical parasitic and free-living protists. Mol. Ecol. 27,
2846-2857 (2018).
13. Nottingham, A. T. et al. Microbes follow Humboldt: temperature drives plant and soil microbial diversity patterns from the Amazon
to the Andes. Ecology 99, 2455-2466 (2018).
14. Mora, C,, Tittensor, D. P, Adl, S., Simpson, A. G. B. & Worm, B. How many species are there on earth and in the ocean? PLoS Biol.
9,1-8 (2011).
15. Dominati, E., Patterson, M. & Mackay, A. A framework for classifying and quantifying the natural capital and ecosystem services of
soils. Ecol. Econ. 69, 1858-1868 (2010).
16. Zilber-Rosenberg, I. & Rosenberg, E. Role of microorganisms in the evolution of animals and plants: the hologenome theory of
evolution. FEMS Microbiol. Rev. 32,723-735 (2008).
17. O’'Malley, M. A. & Dupré, . Size doesn’t matter: Towards a more inclusive philosophy of biology. Biology and Philosophy 22, (2007).
18. Hoorn, C. et al. Amazonia Through Time: Andean. Science (80-.). 330, 927-931 (2010).
19. Rangel, T. F. et al. Modeling the ecology and evolution of biodiversity: biogeographical cradles, museums, and graves. Science (80-.).
361, eaar5452 (2018).
20. Zizka, A., Steege, H., ter, Pessoa, M., do, C. R. & Antonelli, A. Finding needles in the haystack: where to look for rare species in the
American tropics. Ecography (Cop.). 41, 321-330 (2018).
21. ter Steege, H. T. et al. A spatial model of tree alpha-diversity and tree density for the Amazon. Biodivers. Conserv. 12, 2255-2277
(2003).
22. Bass, D. & Cavalier-Smith, T. Phylum-specific environmental DNA analysis reveals remarkably high global biodiversity of Cercozoa
(Protozoa). Int. J. Syst. Evol. Microbiol. 54, 2393-2404 (2004).
23. Bates, J. M. Avian diversification in Amazonia: evidence for historical complexity and a vicariance model for a basic diversification
pattern. Divers. bioldgica e Cult. da Amaz. 119-137 (2001).

SCIENTIFIC REPORTS |

(2019) 9:19205 | https://doi.org/10.1038/s41598-019-55490-3


https://doi.org/10.1038/s41598-019-55490-3

www.nature.com/scientificreports/

24.
25.
26.
27.

28.
29.

30.

31.
32.

33.
34,
35.
36.
37.
38.
39.
40.
41.
42,
43.
44.
45.
46.
. Ricklefs, R. E. Community diversity: relative roles of local and regional processes. Science (80-.). 235, 167-171 (1987).
48.
49.
50.
51.
52.
53.
54.
55.

56.

57.
58.

59.
. Adeney, J. M, Christensen, N. L., Vicentini, A. & Cohn-Haft, M. White-sand ecosystems in Amazonia. Biotropica 48, 7-23 (2016).
61.

62.
. Edwards, M. E. et al. Metabarcoding of modern soil DNA gives a highly local vegetation signal in Svalbard tundra. The Holocene 28,

64.
65.
66.

67.
68.

69.
70.

Lovejoy, N. R., Albert, J. S. & Crampton, W. G. R. Miocene marine incursions and marine/freshwater transitions: Evidence from
Neotropical fishes. J. South Am. Earth Sci. 21, 5-13 (2006).

Antonelli, A., Nylander, J. A. A., Persson, C. & Sanmartin, I. Tracing the impact of the Andean uplift on Neotropical plant evolution.
Proc. Natl. Acad. Sci. 106, 9749-9754 (2009).

Tuomisto, H. et al. Effect of sampling grain on patterns of species richness and turnover in Amazonian forests. Ecography (Cop.). 40,
840-852 (2017).

Ter Steege, H. et al. Continental-scale patterns of canopy tree composition and function across Amazonia. Nature 443, 444-447
(2006).

Silva, S. M. et al. A dynamic continental moisture gradient drove Amazonian bird diversification. Sci. Adv. 5, eaat5752 (2019).

ter Steege, H. & Hammond, D. S. Character convergence, diversity, and disturbance in tropical rain forest in Guyana. Ecology 82,
3197-3212 (2001).

Haugaasen, T. & Peres, C. A. Floristic, edaphic and structural characteristics of flooded and unflooded forests in the lower Rio Purus
region of central Amazonia, Brazil. Acta Amaz. 36, 25-35 (2006).

Myster, R. W. The physical structure of forests in the Amazon Basin: a review. Bot. Rev. 82, 407-427 (2016).

Assis, R. L. et al. Patterns of tree diversity and composition in Amazonian floodplain paleo-varzea forest. . Veg. Sci. 26, 312-322
(2015).

Borges, S. H. et al. Birds of Jati National Park, Brazilian Amazon: species check-list, biogeography and conservation. Ornitol.
Neotrop. 12, 109-140 (2001).

Fine, P. V. A,, Garcia-Villacorta, R., Pitman, N. C. A., Mesones, I. & Kembel, S. W. A floristic study of the white-sand forests of Peru.
Ann. Missouri Bot. Gard. 283-305 (2010).

Stropp, J., Van Der Sleen, P,, Assungio, P. A., da SILVA, A. L. & ter Steege, H. Tree communities of white-sand and terra-firme forests
of the upper Rio Negro. Acta Amaz. 41, (2011).

Draper, E. C. et al. Peatland forests are the least diverse tree communities documented in Amazonia, but contribute to high regional
beta-diversity. Ecography (Cop.). 41, 1256-1269 (2018).

Bueno, G. T., Cherem, L. E. S, Toni, E, Guimaries, F. S. & Bayer, M. Amazonia. In The Physical Geography of Brazil 169-197
(Springer, (2019).

Ter Steege, H. et al. An analysis of the floristic composition and diversity of Amazonian forests including those of the Guiana Shield.
J. Trop. Ecol. 16, 801-828 (2000).

Ter Steege, H. et al. Rarity of monodominance in hyperdiverse Amazonian forests. Sci. Rep. 9, 1-15 (2019).

Ritter, C. D. et al. Locality or habitat? Exploring predictors of biodiversity in Amazonia. Ecography. 42, 321-333 (2019).
Vasco-Palacios, A. M., Hernandez, J., Pefiuela-Mora, M. C., Franco-Molano, A. E. & Boekhout, T. Ectomycorrhizal fungi diversity
in a white sand forest in western Amazonia. Fungal Ecol. 31, 9-18 (2018).

Blaxter, M. et al. Defining operational taxonomic units using DNA barcode data. 1935-1943 https://doi.org/10.1098/rstb.2005.1725
(2005).

Ritter, C. D. et al. Biodiversity assessments in the 21st century: The potential of insect traps to complement environmental samples
for estimating eukaryotic and prokaryotic diversity using high-throughput DNA metabarcoding. Genome 62, 147-159 (2019).
Deiner, K. et al. Environmental DNA metabarcoding: Transforming how we survey animal and plant communities. Mol. Ecol. 26,
5872-5895 (2017).

Thomsen, P. E & Willerslev, E. Environmental DNA-An emerging tool in conservation for monitoring past and present biodiversity.
Biol. Conserv. 183, 4-18 (2015).

Pereira, E. J. et al. Policy in Brazil (2016-2019) threaten conservation of the Amazon rainforest. Environ. Sci. Policy 100, 8-12 (2019).

Witman, J. D,, Etter, R. J. & Smith, E The relationship between regional and local species diversity in marine benthic communities:
a global perspective. Proc. Natl. Acad. Sci. 101, 15664-15669 (2004).

da CJesus, E., Marsh, T. L., Tiedje, ]. M. & de S Moreira, F. M. Changes in land use alter the structure of bacterial communities in
Western Amazon soils. ISME J. 3, 1004 (2009).

Tripathi, B. M. et al. Tropical soil bacterial communities in Malaysia: pH dominates in the equatorial tropics too. Microb. Ecol. 64,
474-484 (2012).

Rodrigues, J. L. M. et al. Conversion of the Amazon rainforest to agriculture results in biotic homogenization of soil bacterial
communities. Proc. Natl. Acad. Sci. 110, 988-993 (2013).

Mendes, L. W,, de L Brossi, M. J., Kuramae, E. E. & Tsai, S. M. Land-use system shapes soil bacterial communities in Southeastern
Amazon region. Appl. soil Ecol. 95, 151-160 (2015).

de Carvalho, T. S. et al. Land use intensification in the humid tropics increased both alpha and beta diversity of soil bacteria. Ecology
97,2760-2771 (2016).

Mueller, R. C. et al. Links between plant and fungal communities across a deforestation chronosequence in the Amazon rainforest.
ISMEJ. 8,1548-1550 (2014).

Perner, J. et al. Effects of plant diversity, plant productivity and habitat parameters on arthropod abundance in montane European
grasslands. Ecography (Cop.). 28, 429-442 (2005).

Wenninger, E. J. & Inouye, R. S. Insect community response to plant diversity and productivity in a sagebrush-steppe ecosystem. J.
Arid Environ. 72, 24-33 (2008).

Bass, M. S. et al. Global Conservation Significance of Ecuador’ s Yasuni National Park. 5 (1), p.e8767 (2010).

Jenkins, C. N., Pimm, S. L. & Joppa, L. N. Global patterns of terrestrial vertebrate diversity and conservation. Proc. Natl. Acad. Sci.
110, E2602-E2610 (2013).

Moran, E. E et al. Effects of soil fertility and land-use on forest succession in Amazonia. For. Ecol. Manage. 139, 93-108 (2000).

Macedo, M. & Prance, G. T. Notes on the vegetation of Amazonia II. The dispersal of plants in Amazonian white sand campinas: the
campinas as functional islands. Brittonia 30, 203-215 (1978).
Prance, G. T. Islands in Amazonia. Philos. Trans. R. Soc. London. Ser. B Biol. Sci. 351, 823-833 (1996).

2006-2016 (2018).

Ritter, C. D. et al. High-throughput metabarcoding reveals the effect of physicochemical soil properties on soil and litter biodiversity
and community turnover across Amazonia. Peer] 6, 5661 (2018).

Kuske, C. R. et al. Prospects and challenges for fungal metatranscriptomics of complex communities. fungal Ecol. 14, 133-137
(2015).

Urbanov4, M., Snajdr, J. & Baldrian, P. Composition of fungal and bacterial communities in forest litter and soil is largely determined
by dominant trees. Soil Biol. Biochem. 84, 53-64 (2015).

Mahé, E et al. Parasites dominate hyperdiverse soil protist communities in Neotropical rainforests. Nat. Ecol. Evol. 1, 1-8 (2017).
Wood, S. A. et al. Consequences of tropical forest conversion to oil palm on soil bacterial community and network structure. Soil
Biol. Biochem. 112, 258-268 (2017).

Wardle, D. A. et al. Ecological linkages between aboveground and belowground biota. Science (80-.). 304, 1629-1633 (2004).

Koh, L. P. et al. Species coextinctions and the biodiversity crisis. Science (80-.). 305, 1632-1634 (2004).

SCIENTIFIC REPORTS |

(2019) 9:19205 | https://doi.org/10.1038/s41598-019-55490-3


https://doi.org/10.1038/s41598-019-55490-3
https://doi.org/10.1098/rstb.2005.1725

www.nature.com/scientificreports/

71. Andresen, E., Arroyo-Rodriguez, V. & Escobar, F. Tropical biodiversity: The importance of biotic interactions for its origin,
maintenance, function, and conservation. In Ecological networks in the tropics 1-13 (Springer, (2018).

72. Aljanabi, S. M. & Martinez, I. Universal and rapid salt-extraction of high quality genomic DNA for PCR-based techniques. Nucleic
Acids Res. 25,4692-4693 (1997).

73. Guardiola, M. et al. Deep-sea, deep-sequencing: metabarcoding extracellular DNA from sediments of marine canyons. PLoS One
10, €0139633 (2015).

74. Klindworth, A. et al. Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-generation sequencing-
based diversity studies. Nucleic Acids Res. 41, el (2013).

75. Leray, M. et al. A new versatile primer set targeting a short fragment of the mitochondrial COI region for metabarcoding metazoan
diversity: application for characterizing coral reef fish gut contents. Front. Zool. 10, 34 (2013).

76. Meyer, C. P. Molecular systematics of cowries (Gastropoda: Cypraeidae) and diversification patterns in the tropics. Biol. J. Linn. Soc.
79, 401-459 (2003).

77. Zinger, L. et al. DNA metabarcoding—Need for robust experimental designs to draw sound ecological conclusions. Mol. Ecol. 28,
1857-1862 (2019).

78. Edgar, R. C. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996-998 (2013).

79. Quast, C. et al. The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res.
41, D590-D596 (2012).

80. Pruesse, E., Peplies, ]. & Glockner, F. O. SINA: accurate high-throughput multiple sequence alignment of ribosomal RNA genes.
Bioinformatics 28, 1823-1829 (2012).

81. Altschul, S. F. et al. Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Res. 25,
3389-3402 (1997).

82. Benson, D. A. et al. GenBank. Nucleic Acids Res. 46, D41-D47 (2018).

83. Oksanen, J. et al. Vegan: community ecology package. R package version 1.17-4. http://cran.r-project.org. Acesso em 23, 2010
(2010).

84. R Core Team. The R development core team. R: A Language and Environment for Statistical Computing 1, (2003).

85. Guevara, J. E. et al. Low phylogenetic beta diversity and geographic neo-endemism in Amazonian white-sand forests. Biotropica 48,
34-46 (2016).

86. Borges, S. H. Bird species distribution in a complex Amazonian landscape: species diversity, compositional variability and
biotic-environmental relationships. Stud. Neotrop. fauna Environ. 48, 106-118 (2013).

87. Valente, R. de M. Padrdes espaciais em comunidades de aves amazonicas. (2006).

88. Cohn-Haft, M., Whittaker, A. & Stouffer, P. C. A new look at the” species-poor” central Amazon: the avifauna north of Manaus,
Brazil. Ornithol. Monogr. 205-235 (1997).

89. Haegeman, B. et al. Robust estimation of microbial diversity in theory and in practice. ISME J. 7, 1092 (2013).

90. Jost, L. Entropy and diversity. Oikos 113, 363-375 (2006).

91. Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq. 2. Genome
Biol. 15, 550 (2014).

92. McMurdie, P. ]. & Holmes, S. Waste not, want not: why rarefying microbiome data is inadmissible. PLoS Comput. Biol. 10, €1003531
(2014).

93. Hadlfield, J. D. MCMC methods for multi-response generalized linear mixed models: the MCMCglmm R package. J. Stat. Softw. 33,
1-22 (2010).

94. Markowetz, E,, Kostka, D., Troyanskaya, O. G. & Spang, R. Nested effects models for high-dimensional phenotyping screens.
Bioinformatics 23, i305-i312 (2007).

95. Zinger, L. et al. Body size determines soil community assembly in a tropical forest. Mol. Ecol. 28, 528-543 (2019).

96. Team, Q. D. QGIS geographic information system. Open Source Geospatial Found. Proj. Versdo 2, (2015).

Acknowledgements

We thank Rhian Smith and two anonymous reviewers for valuable comments to the manuscript.We thank the
Brazilian authorities ICMBio (registration number 48185-2) and IBAMA (registration number 127341) for the
collection permits granted for this research; Anna Ansebo, Sven Toresson and Ylva Heed for laboratory and
administrative assistance; and Mats Topel for help with bioinformatics. We thank all plot owners of the Amazon
Tree Diversity Network who contributed plot data to the ter Steege et al. (2013) publication for allowing us to use
unpublished data. The authors acknowledge financial support from Alexander von Humboldt Foundation and
CNPq (Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico - Brazil: 249064/2013-8) for CDR, the
Swedish Research Council (B0569601), the European Research Council under the European Union’s Seventh
Framework Programme (FP/2007-2013, ERC Grant Agreement n. 331024), the Swedish Foundation for Strategic
Research, the Biodiversity and Ecosystems in a Changing Climate (BECC) programme for AA. Open access
funding provided by University of Gothenburg.

Author contributions

A.A.,CD.R, and S.E designed the study; C.D.R. conducted fieldwork; C.D.R. led all analyses with contributions
from R.H.N,, S.E, D.].B., and A.Z.; C.D.R. conducted lab work with help from Q.H.; H.t.S. provided the tree
data; C.D.R and L.N. compiled and L.N. verified the bird data; C.D.R. led the writing of the manuscript with
contributions from all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-55490-3.

Correspondence and requests for materials should be addressed to C.D.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2019) 9:19205 | https://doi.org/10.1038/s41598-019-55490-3


https://doi.org/10.1038/s41598-019-55490-3
http://cran.r-project.org
https://doi.org/10.1038/s41598-019-55490-3
http://www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS|  (2079)9:19205 | https://doi.org/10.1038/s41598-019-55490-3


https://doi.org/10.1038/s41598-019-55490-3
http://creativecommons.org/licenses/by/4.0/

	The pitfalls of biodiversity proxies: Differences in richness patterns of birds, trees and understudied diversity across Am ...
	Results

	Discussion

	Conclusions

	Material and Methods

	Study areas. 
	Sampling of metabarcoding data. 
	DNA extraction. 
	PCR Amplification. 
	Sequence analyses and taxonomic assessments. 
	Compilation of taxonomic data. 
	Statistical analyses. 
	Permit(s). 

	Acknowledgements

	Figure 1 Map of sampling localities.
	Figure 2 Taxonomic composition of OTU communities.
	Figure 3 Regression between plot-level species richness of trees and regional species richness of birds for the localities sampled.
	Figure 4 Metabarcoding OTU and species richness of birds and trees per longitude and habitat type.
	Figure 5 Regression between OTU and species richness.
	Table 1 Mean number of all OTUs (‘meta’ comprising prokaryotes and eukaryotes), OTUs by taxonomic groups and species (‘birds’ and ‘trees’) for locality and habitat.
	Table 2 Coefficients for the general linear model fitted in a Bayesian framework using Markov chain Monte Carlo (MCMC) methods for OTU richness against species richness of trees and birds.
	Table 3 Results for the generalized linear mixed effects models considering each marker and sample type separately.




