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GENERAL ABSTRACT

Tropical rainforests are the largest global reservoir of biodiversity and
regulate global climate and biogeochemical cycles. Soil microorganisms are a
key component in the functioning of these environments, but the knowledge of
how they are affected by land use intensification and forest degradation is still
very limited. In the Brazilian Amazon, land use intensification considerably
changes chemical properties, especially acidity, which are known to affect soil
bacteria. In Paper 01 I studied how soil bacteria community structure changes
along a comprehensive gradient of land use intensity (mechanized agriculture,
pasture, secondary forest, disturbed primary forest, and undisturbed primary
forest) in the eastern Amazon using next-generation sequencing. I predicted that
alpha diversity would be higher in more intensive land uses, but that beta
diversity would be reduced, indicating a homogenization of the soil bacterial
community. However, that was only supported for alpha diversity because, in
general, all components of diversity were higher in more intensive land uses.
Soil pH was a strong predictor of alpha diversity, with a linear increase in
operational taxonomic units number with increases in soil pH, which was also
related to land use intensification. Beta diversity was also positively associated
with heterogeneity of the soil acidity, higher in more intensive land uses.
Finally, land use intensification imposes considerable shifts in bacterial
community structure, which is also related to changes in soil fertility. Land use
also affects the predicted functional traits of the community, which is expected
to affect ecosystem processes. In Paper 02, I further evaluated whether
changes in bacterial community structure associated with land use intensification
can alter their stability to drought. For that, I applied a dry/rewet treatment on
microcosms taken from four land uses (mechanized agriculture, pasture,
secondary forest, and undisturbed primary forest) in the eastern Amazon. |
observed that soil bacteria were completely insensitive to a two-month simulated
drought, regardless of the land use. Similarly, the process of ammonia oxidation
did not change with the dry/rewet treatment. These results suggest that bacteria
from these soils are equally adapted to these events in all land uses. Papers 03
and 04 were dedicated to advance some of the methodological limitations that I
faced during this work. The first presents a tool to design primers (for
polymerase-chain reaction — PCR) for genes of functional relevance, especially
developed for gene-targeted metagenomics. In this approach, primers are not
necessarily designed from the same position in the alignment and can differ in
size, contrary to the frequently used degenerate primers. Furthermore, this tool



takes into account thermodynamic properties of the primers to ensure
compatibility among them. I tested this tool on the archaeal ammonia
monooxygenase subunit A (amoA). Results from in silico PCR indicate good
coverage (~80%) and high specificity of the designed primers. When tested on
DNA extracted from Amazonian soil, these primers allowed the amplification of
fragments with the expected length, indicating their suitability for complex
samples like soil. In Paper 04, I explore some properties of an index commonly
used for studies of stability in soil (as in Paper 02). I describe novel properties of
the resilience and resistance indices that were not mentioned in the original or
any subsequent work. These properties may cause spurious/erroneous
conclusions. I provide recommendations that avoid such problems for both
indices.

Keywords: Amazon forest. Below-ground biodiversity. Next-generation
sequencing. Ammonia oxidizing organisms. Drivers of bacterial community
structure. /6S rRNA gene.



RESUMO GERAL

As florestas tropicais s3o as principais reservas mundiais de
biodiversidade e regulam o clima e os ciclos biogeoquimicos no planeta. Os
microrganismos do solo sdo componentes-chave para o funcionamento desses
ecossistemas, mas o conhecimento de como eles sdo afetados pela intensificacao
do uso da terra e pela degradacdo de florestas ainda é muito limitado. Na
Amazdnia brasileira, a intensificacdo do uso da terra altera consideravelmente as
propriedades quimicas do solo, especialmente a acidez, fatores que
conhecidamente afetam as bactérias do solo. No Capitulo 02 eu avaliei como a
estrutura das comunidades de bactérias do solo muda ao longo de um gradiente
abrangente de intensidade de uso da terra (agricultura mecanizada, pastagem,
floresta secunddria, floresta primdria perturbada, floresta priméria ndo
perturbada) na Amazonia oriental usando sequenciamento de nova geracdo. Eu
esperava que a diversidade alfa de bactérias fosse maior em usos da terra mais
intensivos, mas que a diversidade beta fosse reduzida, indicando uma
homogeneiza¢do da comunidade bacteriana do solo. Entretanto, isso foi apenas
confirmado para a diversidade alfa porque, em geral, todos os componentes de
diversidade foram maiores em sistemas de uso mais intensivos. O pH do solo foi
um forte preditor da diversidade alfa, com um aumento linear no nimero de
unidades taxondmicas operacionais com aumentos no pH do solo, que também
foi relacionado a intensificacdo do uso da terra. A diversidade beta também foi
positivamente associada a heterogeneidade da acidez do solo, maior em sistemas
de uso mais intensivos. Finalmente, a intensificacdo do uso da terra também
impde mudancas considerdveis na estrutura das comunidades bacterianas, que
também se relaciona com mudancas na fertilidade do solo. O uso da terra
também afeta os atributos funcionais preditos para a comunidade bacteriana,
com possiveis implicagdes para os processos de ecossistema. No Capitulo 03,
eu avaliei se as mudancas na estrutura da comunidade bacteriana associada a
intensificacdo do uso da terra pode alterar a estabilidade delas frente a secas.
Para isso, eu apliquei um tratamento de secagem/reidratacio em microcosmos
origindrios de quatro usos da terra (agricultura mecanizada, pastagem, floresta
secunddria e floresta primdria) na Amazonia oriental. Eu observei que as
bactérias do solo foram completamente insensiveis a dois meses de secagem,
independentemente do uso da terra. Da mesma forma, o processo de oxidacdo de
amoOnia ndo mudou apds o tratamento de secagem/reidratacdo. Esses resultados
sugerem que as bactérias desses solos sdo igualmente adaptadas a esses eventos
em todos os sistemas de uso. Os Capitulos 04 e 05 foram dedicados a avancgar
algumas das limita¢cdes metodolégicas que enfrentei durante este trabalho. O



primeiro apresenta uma ferramenta para o desenho de iniciadores (para reacdo
em cadeia da polimerase) para genes de relevancia funcional, especialmente
desenvolvida para metagendmica direcionada a genes especificos. Nesta
abordagem, os iniciadores ndo s@o necessariamente desenhados a partir de uma
mesma posicdo no alinhamento e podem diferir em tamanho, ao contrédrio dos
iniciadores degenerados frequentemente utilizados. Além disso, esta ferramenta
leva em considera¢do propriedades termodindmicas dos iniciadores para garantir
que eles sdo compativeis entre si. Eu testei esta ferramenta na subunidade A do
gene da amoOnia monooxigenase (amoA) de arqueobactérias. Os resultados da
PCR in silico indicam uma boa cobertura (~80%) e alta especificidade dos
iniciadores desenhados. Quando testados em DNA extraido de solos da
Amazdnia, esses iniciadores permitiram a amplificacdo de fragmentos com o
comprimento esperado, indicando a capacidade de eles funcionarem em
amostras complexas como o solo. No Capitulo 05, eu explorei algumas
propriedades de um indice comumente utilizado para estudos de estabilidade no
solo (como no Capitulo 03). Eu observei que tanto o indice de resiliéncia quanto
o indice de resisténcia apresentam propriedades que nao foram mencionadas no
trabalho original que o descreveu, ou em qualquer dos artigos que os utilizaram.
Essas propriedades podem causar conclusdes esptrias/erroneas. Eu forneco
recomendacdes que evitam esses problemas para ambos os indices.

Palavras chave: Floresta amazdnica. Biodiversidade do solo. Sequenciamento
de nova geragdo. Organismos oxidantes de amonia. Estruturadores das
comunidades bacterianas. Gene /65 rRNA.
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13

FIRST PART

1 GENERAL INTRODUCTION

1.1 Biodiversity and ecosystem functioning

Biodiversity is defined as the variability among living organisms, including
the diversity within and among species, as well as the diversity of ecosystems
(United Nations, 1992). Its conservation is considered fundamental for the
maintenance of the ecosystem functions and services, which are estimated, in a
global scale, at about $145 trillion/yr (Costanza et al., 2014). Besides its
functional role, the importance of biodiversity also results from aesthetics and
cultural aspects, as well as its intrinsic value (Moonen e Barberi, 2008).

In spite of its importance, biodiversity has declined across the whole
world as a result of human activity, with many changes being driven by the
conversion of natural environments into agricultural lands, and subsequent
intensification of land use (Millennium Ecosystem Assessment, 2005). This loss
of biodiversity may have implications on ecosystem functioning and stability as
indicated by theoretical models (Naeem, 1998; Yachi and Loreau, 1999), and
experimental evidence (Naeem and Li, 1997; Griffiths et al., 2000; Loreau et al.,
2001; Maherali e Klironomos, 2007).

However, given the conditions in which those studies were conducted,
their results can not be directly extrapolated to real ecosystems because the
manipulation of diversity in artificial conditions does not reflect the way
communities are naturally assembled or disassembled, especially for soil
(Bardgett, 2005). Another limitation of most experiments studying the

relationship between biological diversity and soil ecosystem functioning is that
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the number of species manipulated are usually orders of magnitude lower than

the species richness usually found in soil (Nielsen et al., 2011).

1.2 Soil biodiversity

Despite soil’s huge biodiversity and its importance for terrestrial
ecosystems, as soil organisms are key drivers of biogeochemical cycles
(Falkowski et al., 2008), the soil ecology and the functional importance of
below-ground organisms remained poorly considered until recently. For that
reason, soil ecology lags behind the ecology of above ground organisms (Wall et
al., 2005; Maron et al., 2011; Nielsen et al., 2011). This is especially true for
tropical regions because most studies of the functional importance of
biodiversity take place in temperate climates and focus on intensive agriculture
(Giller et al., 2005).

Soil ecology has some peculiarities that distinguish it from the ecology
of above-ground organisms. For instance, the enormous diversity of organisms
that coexist in the soil at very small spatial scales seems to violate the principle
of competitive exclusion, what is known as “the enigma of soil biodiversity”
(Anderson, 1975; Bardgett et al., 2005). It is believed that this phenomenon is a
consequence of some characteristics of the soil habitat, especially the large
spatial heterogeneity even at very small scales, associated with the high degree
of specialization of the soil biota (Nielsen et al., 2010).

Because of its high biodiversity, it is believed that soil communities
have a high degree of functional redundancy, i.e., many species per functional
group (Setdld et al., 2005). Ecosystems with high functional redundancy are
hypothetically more reliable, in the sense of being more stable to perturbation

and to species losses (Walker, 1992; Naeem, 1998). However, this view of high
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functional diversity in soil has to be taken carefully because some processes in
soil are possibly mediated by restricted groups of organisms, such as ammonia
oxidizers and organisms that decompose recalcitrant molecules in soil. These
processes may be more susceptible to instability due to species losses (Schimel
et al., 2005).

Even under high functional redundancy, soil processes are not only
affected by species richness, but also by community structure of soil organisms
(Griffths et al., 2004; Heemsbergen et al., 2004; Maherali & Klironomos, 2007),
in such a way that the loss of key species or functional traits in the community
may cause instability in the system even when the species richness remains high
in that functional group. That is one believed reason for the idiosyncratic
relationship between species richness and soil processes usually observed in soil

(Nielsen et al., 2011).

1.3 Land use intensification and soil biodiversity in the Amazon region

Tropical rainforests are a great reservoir of biodiversity and participate
in the regulation of global climate and biogeochemical processes (Orians et al.,
1996). However, these systems are threatened by human activities, and the
losses resulting from its economic exploitation in terms of biodiversity and
ecosystem functioning stability are poorly understood, especially for soil biota
(Moreira et al., 2008).

Land use intensification in the Amazon region homogenizes plant
communities (Arroyo-Rodriguez, 2013). Consequently, the diversity of organic
substances in the rhizosphere and in the litter, the diversity of soil microhabitats,
and the diversity of plant hosts for symbiotic microorganisms may also be

reduced with land use intensification (Wardle, 2006). Furthermore, slash-and-
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burn practices and the application of fertilizer and lime considerably change soil
fertility and acidity (Moreira et al., 2009), which are known drivers of bacterial
community structure (Fierer et al., 2006; Jesus et al., 2009). Finally, conversion
of tropical forests also has strong impacts on soil physical properties, increasing
the susceptibility to compaction (Martins et al., 2012), reducing water
infiltration rate in soil (Lal et al. 1979; Lal 1989) and increasing soil erosion
(Maeda et al., 2008).

The impact of land use intensification on soil biodiversity is not yet well
understood, but it usually reduces the diversity of soil arthropods (Lo-Man-Hung
et al., 2011; Braga et al., 2013; Solar 2014). Soil microorganisms seem to
respond differently, as arbuscular mycorrhizal fungi (Picone, 2000; Stiirmer and
Siqueira, 2011) and soil bacteria (Jesus et al., 2009; Rodrigues et al., 2013;
Mendes et al., 2015) both tend to have a higher local (alpha) diversity in human-
modified environments than in pristine forests.

On the other hand, after conversion of forest to pasture in the western
Amazon region, reductions in the bacterial turnover across space (beta-diversity)
have been reported (Rodrigues et al., 2013), indicating that total diversity of soil
bacteria may be reduced by land use intensification, despite the higher local
diversity. This biotic homogenization of soil bacteria may compromise
ecosystem stability (Naeem and Li, 1997), especially when larger spatial and

temporal scales are considered (Hooper et al., 2005).

1.4 Ammonia-oxidizing microorganisms (AOM)

Ammonia oxidation was proposed as a model process for molecular
studies of microbial ecology (Kowalchuk and Stephen, 2001). This process, in

which ammonia is converted to nitrite by non-obligate autotrophic
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microorganisms (Arp et al., 2007), is the limiting step for nitrification, i.e.,
conversion of ammonia to nitrate.

Ammonia oxidizers form a very restricted group of organisms, although
new insights suggest this may not be as restricted as it was previously thought
(Schimel et al., 2005). Until recently, it was believed that ammonia oxidation
was only performed by two lineages of aerobic bacteria called ammonia-oxidizer
bacteria (AOB). The first lineage belongs to the betaproteobacteria (beta-AOB)
and comprises Nitrosomonas (including Nitrosococcus mobilis) and
Nitrosospira (including Nitrosolobus and Nitrosovibrio) species. The second
lineage, affiliated with the gammaproteobacteria (gamma-AOB), contains
Nitrosococcus oceani and Nitrosococcus halophilus (Junier et al., 2010).

The recent discovery of ammonia oxidizer Archaea (AOA) in sea water
(Venter et al., 2004) and in soil (Treusch et al., 2005) through metagenomic
studies, also confirmed by later cultivation of these organisms (Konneke et al.,
2005; de la Torre et al., 2008), had a great impact on the study of nitrification.
Further studies showed that AOA can not only be found in soil, but can also
predominate over AOB in abundance (Leininger et al., 2006) and that they can
be more important than AOB to the nitrification process in agricultural soils
(Gubry-Rangin et al., 2010), though the opposite may also occur (Jia e Conrad,
2009; Glaser et al., 2010).

These two groups of ammonia oxidizers (AOA and AOB) occupy
distinct niches regarding ammonia oxidation due to the differentiated kinetics of
the ammonia monooxigenase present in each of them. In AOB, this enzyme is
more efficient at high ammonia concentrations, whereas in AOA it is more
efficient at low ammonia concentrations (Martens-Habbena et al., 2009).
Besides, soil pH strongly influences the dynamic of AOA and AOB
communities by favoring AOA at acidic conditions (Nicol et al., 2008). The

volume of soil pores occupied by water also affects these two groups, especially
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AOB (Gleeson et al., 2010). Other factors such as soil type and land use (Colloff
et al., 2008; Hayden et al., 2010; Taketani and Tsai, 2010), and fertilization
regime (He et al., 2007; Kong et al., 2010) also influences the AOM dynamics.
Their responsiveness to environmental conditions and the importance of
ammonia oxidation in the nitrogen cycle make this functional group an
interesting model for the impact of anthropogenic pressures on soil processes

mediated by soil bacteria.

1.5 Next-generation sequencing technologies applied to microbial ecology

The development of molecular techniques revolutionized microbial
ecology by considerably reducing the time and cost of microbial communities
assessments when compared to traditional culture-based methods. It also
allowed for a more comprehensive analysis of microbial communities by giving
access to uncultured organisms, which comprise the majority (99%) of all
microorganisms (Xu, 2006).

In the last seven years, microbial ecology has benefited from the
development of next-generation sequencing (NGS). This technology allows
large-scale sequencing at high speed and can generate billions of reads at costs
about 10,000x smaller than that of first-generation sequencing. The application
of NGS for studying microbial communities is usually done by whole genome
shotgun (WGS) sequencing (Thomas et al., 2012) or by gene-targeted
metagenomics (Iwai et al., 2011). The first method is based on sequencing of
entire metagenomes from multiples organisms simultaneously. The second
approach is based on sequencing amplicons from polymerase chain reaction

(PCR).
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The advantages of WGS include its suitability for the discovery of novel
organisms, genes and pathways (Treusch et al., 2005; Culligan et al., 2013); it
allows a detailed functional profile of microbial communities (Langille et al.,
2013); it can be used for evaluating differential gene expressions by combining
RNA and DNA sequencing (Dupont et al., 2014), among others (Myrold et al.,
2014). However, the application of this technique for soil microorganisms is still
very limited because the least abundant microorganisms, including many
important functional groups (e.g. ammonia oxidizers, nitrogen-fixing bacteria),
are not well covered. An alternative to circumvent this limitation is to increase
the depth of sequencing, but current limitations in data storage and data
processing are still prohibitive for large sample collections (Langille et al.,
2013), although novel methods for metagenomics data processing are under
development to reduce those limitations (Howe et al., 2014). Another difficulty
for applying WGS for soil microorganism is the limited availability of reference
genomes or genes for assembling the short reads generated by NGS and to
annotate the assembled reads (Myrold et al., 2014).

In gene-targeted metagenomics, the use of PCR coupled with barcoding
allows a detailed analysis of specific genes for hundreds of samples
simultaneously, considerably reducing the sequencing costs and, consequently,
making this technique especially suitable for large sample collections (Iwai et
al., 2011). Because of that, it has been widely used on hypervariable regions of
ribosomal genes to taxonomically characterize microbial communities
(Caporaso et al., 2012; Wang et al., 2007). It has also been used on specific
functional genes, allowing the assessment of the diversity within functional
groups of the soil biota (Iwai et al., 2009; Wang et al., 2013). However,
designing primers with good coverage for functional genes is fundamental to
minimize the bias of this approach (Penton et al., 2013), but this remains

difficult due to limitations of current available tools for primer design.



20

1.6 Objectives

The main objective of this thesis was to investigate changes in the diversity and
community structure of soil bacteria along a gradient of land use intensity in the
eastern Amazon (Paper 01), and the implications of those changes on the ability
of these communities to cope with a simulated dry/rewet event (Paper 02). I also
aimed to provide two methodological advances for the study of soil ecology.
First, I developed a tool for designing primers in gene-targeted metagenomics
(Paper 03). Second, I undertook a detailed analysis of the circumstances under
which two commonly used indices for resilience/resistance in soil may lead to

spurious/erroneous conclusions (Paper 04).

2 CONCLUDING REMARKS

This thesis addressed the impact of land use intensification on bacterial
community structure, activity, and stability in the eastern Amazon. It builds on
previous work in the Amazon (Jesus et al., 2009; Rodrigues et al., 2013; Mendes
et al., 2015) by including a comprehensive gradient of land use intensity in a
region that has high anthropogenic pressure on the remaining Amazon forest. It
also provides two novel methodological advances for the study of soil ecology,
namely, a tool for primer design developed for gene-targeted metagenomics and
a detailed description of some pitfalls in two commonly used indexes for

measuring stability of soil processes.
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2.1 Impact of land use intensification on bacterial communities in Amazon

Increases in local alpha diversity for bacterial communities have been
frequently found after conversion of Amazon rainforest to human-modified
environments (Jesus et al., 2009; Rodrigues et al., 2013; Mendes et al., 2015). I
found similar results for a comprehensive gradient of land use in the eastern
Amazon. In addition, I present evidence that reduction in soil acidity in more
intensive land uses is the main driver for this frequently observed increase. This
is further supported by previous observations of the strong effect of soil pH on
bacterial richness in other ecosystems (Fierer and Jackson 2006; Lauber et al.,
2009; Rousk et al., 2010).

The sampling scheme used in this study allowed for the assessment of
all components of diversity, with at least four replicates for all five land uses. I
observed that, at the spatial scale of this study, not only alpha, but also beta and
gamma diversities increased in more intensive land uses. This higher
heterogeneity (beta diversity) of the bacterial community in more intensive land
uses has not yet been reported in the Amazon region and it challenges the
hypothesis of homogenization of soil bacterial communities with land use
intensification (Rodrigues et al., 2013). I also found that soil pH heterogeneity,
higher in more intensive land uses, predicts bacterial beta diversity.
Accordingly, changes in soil fertility, especially soil acidity, are closely
associated with shifts in bacterial community structure imposed by land use
intensification. These changes also altered the predicted functional traits of the

bacterial community, with possible implications for ecosystem processes in soil.
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2.2 Ability of bacteria from Amazonian soil to cope with a dry/rewet event

Based on known differences among bacteria to cope with drought
(Schimel et al., 2007; Placella et al., 2012), I predicted that shifts in bacterial
community structure associated with land use intensification alters the stability
of soil bacterial communities, and the processes they mediate, to a dry/rewet
event. However, these predictions were not supported by the observation that,
regardless of the land use, bacterial communities were completely stable to the
artificial dry/rewet event used in this study. Similarly, the process of ammonia
oxidation was not changed by this event, indicating that this bacteria-mediated
process is also highly stable to the experimental treatment.

To the best of my knowledge, this is the first study testing the stability
of bacterial community structure to a dry/rewet event in Amazonian soils. It is
possible that the observed stability is caused by previous selection of drought
tolerant bacteria or the induction of changes in bacterial strategies to cope with
dry/rewet events due to previous exposure to drought (Evans and Wallenstein,
2012, 2014; Goransson et al., 2013). However, it is not known to what extent the
stability observed here in a two-month simulated drought will continue under the
longer dry seasons that occur with increasing intensity of El Nifio—Southern
Oscillation (ENSO) and Atlantic sea surface temperature oscillations (Chen et

al. 2011).

2.3 Methodological advances

Primer Design
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In Paper 03, I studied the effect of land use intensity on bacterial
community structure using the 16S rRNA gene. Another interesting approach is
to sequence genes of ecological relevance (e.g. amoA, nosZ, nifH), which can
give insights on how land use intensification impacts specific functional groups.
But primer design for these genes is still a bottleneck for the application of gene-
targeted metagenomics for functional genes.

I developed a thermodynamic-based tool to design primers using
sequence data available in online repositories like Fungene (Fish et al., 2013). I
used this tool to design primers for the archaeal amoA gene, specifically for the
Nitrosophaera group. These primers were predicted to have high coverage, high
specificity, and good thermodynamic properties (e.g. absence of hairpins,
primer-primer interactions, differences in melting temperature) based on in-
silico PCR. When tested in DNA extracted from Amazonian soils, the primers

allowed the amplification of fragments with the predicted length.

Stability Indexes

During the analysis of the data collected for Paper 02, I realized that a
commonly used index for soil resilience and resistance (Orwin and Wardle,
2004) have mathematical properties that can lead to spurious or erroneous
conclusions in naturally stochastic system processes. Based on this observation,
I provided computer code to calculate the predicted value of the resistance index
under the null model of no disturbance effect. These predictions can be used to
assess whether or not values of this index applied on real data can be explained
by natural variability.

Because these aspects are not mentioned in the original or any
subsequent work, I believe that the Paper 04 makes an important contribution to

the understanding of these indexes, showing conditions where it should not be
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used, and what exactly they express. This will certainly increase the accuracy of

conclusions based on this index.

2.4 Future research

In the studied region, soil bacteria seems to be favored by land use
intensification, but assessments of bacterial biomass or quantification of
bacterial genes are needed to confirm that. Furthermore, it is possible that the
observed increase in bacterial diversity occurs to the detriment of fungal
diversity. In addition to analysis of fungal diversity and community structure,
analysis of bacteria and fungi biomass, and their ratio, may also give a more
comprehensive picture of the impacts of human activities on microbial
communities in Amazon.

An important limitation of the approach used here is that biodiversity
losses in less abundant functional groups may be masked by the tolerance of the
most abundant/generalist groups to land use intensification. Consequently,
studies targeting specific groups of soil bacteria may be able to detect hidden
biodiversity losses, which are likely to influence ecosystem processes. Finally,
analyses focused on microbial genes, rather than on their identity, as in shotgun
metagenomics, can also help to clarify the functional implications of the strong
shifts in bacterial community structure after rainforest conversion observed in
this study.

Experiments manipulating soil pH in the Amazon would help to
disentangle the effect of soil acidity on bacterial community structure from other
human-induced impacts. Particularly, it would be interesting to investigate
whether bacterial communities from agricultural soils would be able to maintain

soil functioning after reducing soil pH to levels similar to those under natural
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conditions. On the other hand, experiments increasing pH in the forest soil
would give interesting insights of whether reduced acidity alleviates the
selective pressure on less abundant bacteria and, consequently, increases the
(detectable) diversity of soil bacteria.

With regard to the stability of soil ecosystems to environmental changes
in Amazon, further studies could test longer and more severe drought treatments,
as well as simulated wildfires, because the frequency and intensity of those
events are expected to increase in Amazon (Chen et al. 2011). Other components
of the soil biota (e.g. fungi, arthropods, nematodes) should also be studied in that
respect as they are more likely to be sensitive to those disturbances, especially in

human-modified environments.

2.5 Conclusions

In summary, the results presented here indicate that the main impact of land use
intensification on soil bacteria in the eastern Amazon is related to shifts in
bacterial community structure, and not to losses in bacterial diversity. These
shifts are accompanied by changes in the predicted abundance of functional
genes, with possible implications for the soil processes mediated by bacteria. I
provided evidences that increased soil fertility and reduced soil acidity are the
main mediators of the effects of land use intensification on bacteria community
structure and diversity in soils from the eastern Amazon. Finally, bacterial
communities and the process of ammonia oxidation in the studied soils are also
highly stable to dry/rewet events, with no detectable effect of land use on their

stability.
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ABSTRACT

Anthropogenic pressures on tropical forests are rapidly intensifying, but our
understanding of their implications on biological diversity is still very limited,
especially with regard to soil biota, and in particular soil bacteria communities.
Here we evaluated bacterial community structure and diversity across a gradient
of land use intensity in the eastern Amazon from undisturbed primary forest,
through primary forests varyingly disturbed by fire, regenerating secondary
forest, pasture, and mechanized agriculture. Soil bacteria were assessed by
paired-end Illumina sequencing of 16S rRNA gene fragments (V4 region). The
resulting sequences were clustered into operational taxonomic units (OTU) at a
97% similarity threshold. Land use intensification increased the observed
bacterial diversity (both OTU richness and community heterogeneity across
space) and this effect was strongly associated with changes in soil pH.
Moreover, land use intensification and subsequent changes in soil fertility,
especially pH, alter bacterial community structure, with pastures and areas of
mechanized agriculture displaying the most contrasting communities in relation
to undisturbed primary forest. Together, these results indicate that tropical forest
conversion impacts soil bacteria not through loss of richness, as previously
thought, but mainly by imposing marked shifts on bacterial community
structure, with unknown yet potentially important implications for ecological

functions and services performed by these communities.

Keywords: Amazon forest, below-ground biodiversity, next-generation

sequencing, drivers of bacterial community structure, 16S rDNA.



36

INTRODUCTION

Tropical rainforests harbor some of the most biodiverse fauna and flora
on the planet, and have major participation in global climate regulation and
biogeochemical cycles (Malhi et al. 2014). These ecosystems are threatened by
both widespread forest degradation (e.g. fire, logging, and overhunting), and
clearance for agriculture and cattle production, as well as changes in
temperature, precipitation and atmospheric chemistry (Malhi et al. 2014).
Marked reductions in animal and plant diversity after forest conversion has been
widely reported (Turner, 1996; Gibson et al., 2011), but its impact on soil fauna,
and in particular on soil bacterial communities, is still poorly understood, despite
the key role of these microorganisms in the functioning of terrestrial ecosystems
(Bardgett and van der Putten, 2014) and their relevance for agricultural
production systems.

In the Brazilian Amazon, rainforest conversion into agricultural systems
can increase the availability of mineral nutrients and reduce soil acidity (Moreira
et al., 2009; Braz et al., 2013), which is expected to stimulate bacterial growth
(Bardgett and Cook, 1998; Rousk et al., 2009). Furthermore, land use
intensification can drive the homogenization of plant communities and
vegetation structure (Arroyo-Rodriguez, 2013), possibly reducing the diversity
of food resources in the rhizosphere and in the litter, the diversity of soil
microhabitats, and the diversity of hosts for symbiotic bacteria (Wardle, 2006).

Intriguingly, available evidence suggests that bacteria may respond
differently from other taxa, with a number of studies reporting higher alpha
(local) diversity following rainforest conversion (Jesus et al., 2009; Tripathi et
al., 2012; Rodrigues et al., 2013; Mendes et al., 2015). However, Rodrigues et al
(2013) found that, although conversion of primary forest to pasture increases

alpha diversity, it can also decrease beta diversity, possibly resulting in lower
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gamma (regional) diversity. Yet their suggestion that land use intensification
homogenizes bacterial communities in Amazon has to be tested along a
comprehensive land use gradient.

This study aims to address this knowledge gap by evaluating changes in
bacterial community structure and diversity in the eastern Amazon across a
broad land use intensification gradient from undisturbed primary forest, through
primary forests varyingly disturbed by fire, regenerating secondary forest,
pasture, and mechanized agriculture. Specifically, we test the following
hypotheses: (i) Land use intensification homogenizes soil bacterial communities,
with increased alpha, but reduced beta and gamma diversities in more intensive
land uses; (ii) soil pH and its heterogeneity are positively associated with soil
bacterial alpha and beta diversities, respectively, with the former increasing and
the latter decreasing in more intensive land uses; (iii) land use intensification in
the eastern Amazon changes soil bacterial community structure, including the
dominance of two important phyla (Proteobacteria and Acidobacteria); and (iv)
this effect is partly associated with increased nutrient availability and reduced

acidity in more intensive land uses.

MATERIAL AND METHODS

Sampling

This study was conducted in the eastern Amazon, in the Santarém and Belterra
municipalities in the state of Pard, Brazil (see Figure 1 for geographical
coordinates). The mean annual temperature for this area is 26 °C and the mean
annual rainfall is 2,150 mm. This region was chosen because it encompasses a
land use intensification gradient that is typical of many areas in the eastern
Amazon, and across the human-modified tropics more generally, including the

expansion of mechanized agriculture, extensive cattle production, and high rates
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of forest degradation from unsustainable logging and wildfires (Gardner et al.,
2013). Five land uses were chosen as follows:

¢ Undisturbed primary forest (UPF). Well-preserved primary forests with
no signal of logging or previous fire regimes.

* Disturbed primary forest (DPF). Primary forests recently subjected to
fire as evidenced by fire scars on trees and/or by remote sensing (Gardner et
al. 2013). We did not find any evidence of logging within this disturbance
class.

* Secondary forest (SF). Areas previously deforested for agriculture, 13-
20 years after abandonment.

* Pastures (Pa). Areas covered with Brachiaria sp. and used for cattle
production.

* Mechanized agriculture (MA). Areas under intensive agriculture for
production of maize, soybean, and upland rice (often in the same year).

All areas of secondary forest, pasture, or mechanized agriculture were
deforested more than 20 years ago. Although land use classification is
straightforward for UPF, Pa and MA, in some cases it can be much harder to
distinguish between DPF and SF: forests that have suffered multiple burns
become increasingly similar to secondary forests (e.g. Barlow and Peres, 2008),
and it can be difficult to detect fine-scale spatial heterogeneity in historical
patterns of forest clearance or burn intensity. As such, these two categories
should be considered as broad indicators of forest disturbance and regeneration
status. Details about the land use classification used in this work are provided in
Gardner et al. (2013). Additional information about changes in forest structure
can be found in Berenguer et al. (2014).

The sampling was conducted in April 2013, during the rainy season, in
four micro-catchments selected from 18 catchments sampled as part of the

Sustainable Amazon Network (Gardner et al. 2013). Four 250 m transects per
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land use were distributed using a stratified-random sampling design among these
catchments (Figure 1; see Gardner et al., 2013, for details). The exception was
MA, with five transects. At five sampling points equally spaced (50 m) along
each transect, two composite soil samples (one with 50 g for molecular analyses
and another with 500 g for physicochemical analysis) were taken separately by
pooling three subsamples collected from the 0-10 cm depth, after removing the
soil litter layer. All samples for molecular analysis were immediately placed on
ice for transport and permanently stored at -80 °C until being lyophilized. Soil
chemical and physical attributes were analyzed at the Department of Soil

Science of the Federal University of Lavras, Minas Gerais, Brazil.

DNA Extraction

DNA was extracted from 0.5 g of lyophilized soil using the PowerSoil DNA
Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA) following the
protocol suggested by Marty et al. (2012). Briefly, after adding the soil to the
tubes containing the beads, a solution of sterilized skim milk 80 mg g"' (Thermo
Scientific™ Oxoid™ Skim Milk) was added to the soil suspension, which was
heated at 70 °C for 10 min and subjected to bead-beating at maximum speed for
2 min. All subsequent steps were performed according to the manufacturer’s

instructions.

PCR Amplification and Sequencing

For PCR amplification, the primers 515f/806r targeting the V4 hypervariable
region of the 16S rRNA gene were used as described in Caporaso et al. (2012).
The amplicons were pooled in equimolar concentration using the SequalPrep
plate normalization kit (Invitrogen), and the final concentration was quantified
with a Qubit 2.0 Fluorometer (Invitrogen), and the Qubit dSDNA HS Assay Kit

(Invitrogen). Illumina MiSeq paired-end (2 x 150 bp) sequencing was carried
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out in the Research Technology Support Facility of the Michigan State
University, U.S.A.

Sequence Analysis

The UPARSE pipeline (Edgar, 2013) was used for reads merging and quality
filtering by truncating the sequence length at 250 bp, with a conservative maxee
value of 0.25 (equivalent to one incorrect nucleotide for each of four sequences).
Sequences were dereplicated and, after singletons were removed, they were
clustered into OTU’s (operational taxonomic units) at 97% similarity threshold
using UPARSE. After that, the filtered sequences were mapped to the
representative OTU's. To assign taxonomy for each representative OTU, the

RDP classifier was used (Wang et al., 2007) with a threshold of 0.5.

Diversity Analysis

Hill’s number, also known as true diversity index, was used to measure diversity
because it integrates the most commonly used diversity indices in a single
framework and it has desirable mathematical properties that make it intuitively
interpretable with regards to the diversity concept (Hill, 1973; Jost, 2006). This

diversity measure is calculated based on the formula:

s 1/(1-a)
o~ (3

i=1

Where p; is the abundance of the i-th species in the community, § is the
total number of species (OTU’s in this study), and ¢, referred as the order of the
index, determines the measure’s sensitivity to the presence of rare species.
Following the recommendation of Chao et al. (2014), we measured diversity
with three values of q, as follows: diversity of all OTU’s (q = 0), “typical”
OTU’s (q = 1), and dominant OTU’s (q = 2). To standardize the sampling effort,
the OTU table was rarefied to the minimum sequencing depth (19,203 reads).
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The variation in the identities/abundances of species among sampling units (§
diversity in the sense of Whitttaker (1972)) was calculated separately for each
transect by dividing the total diversity observed in the transect (y diversity) by
the mean diversity across sampling points in each transect (o diversity)
according to the multiplicative partitioning framework presented by Jost (2007).

The effect of land use on the calculated diversity measures was
evaluated using linear models estimated by generalized least square, due to
heteroscedasticity, with the undisturbed primary forest as the baseline group.

To assess the relationship between OTU richness (response variable)
and soil pH (explanatory variable), a linear mixed effects model was used with a
random intercept for transects to account for the dependence among sampling
points within transect. The significance of the effect of pH was assessed by the
likelihood ratio test (Zuur et al., 2009). A regression analysis was used to assess
the relationship between true beta diversity (using Hill’s number of order 1) and

the standard deviation of soil pH for each transect.

Community Analysis

For studying the community structure, the relative abundance of each OTU was
estimated by repeatedly sampling from a Dirichlet distribution as outlined by
Fernandes et al. (2014). The estimated relative abundances were square-root
transformed to obtain the equivalent to the Hellinger transformation.
Redundancy analysis (RDA) was used to assess the effect of each explanatory
matrix (land use, soil fertility, and spatial variables) on the community structure.
To verify the robustness of the ordination to the relative abundance estimation,
the analysis was repeated 1000 times, resulting in practically no difference in the
final ordination. The soil explanatory matrix used was based on the first two
principal components calculated from the standardized soil physicochemical

dataset containing the variables indicated in Appendix A. The spatial variables
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were obtained through principal coordinates of neighbor matrices as described in
Declerck et al (2011). Partial RDA was used to partition the community
variation into the three explanatory matrices. To test the effect of land use on the
individual abundances of the most generalist OTU’s (those occurring in more
than 20% of all sites), the ALDEx2 package was used in R according to
Fernandes et al. (2014).

For comparing the (log-transformed) relative abundances of
Acidobacteria, Proteobacteria, and the Proteobacteria: Acidobacteria ratio among
land uses, linear mixed effects models were used with random intercept for
transects. After verifying the significance of the model using likelihood ratio
tests, the significance of treatment contrasts was assessed with the arm package
in R, using a Markov chain Monte-Carlo method (MCMC; 10,000 simulations)
according to Gelman and Hill (2007).

RESULTS

Diversity and land use intensification. About 6 million good quality sequences
were obtained from all samples, from which 323,431 were discarded for
occurring only once (singletons) as they may result from sequencing errors and
inflate diversity measures (Huse et al., 2010). Clustering them at 97% similarity
resulted in 12,928 operational taxonomic units (OTU’s).

Bacterial diversity was generally higher in the disturbed systems than in
the undisturbed primary forest (UPF) (Figure 2). Based on the Hill’s number
(D), for all OTU’s (q = 0), “typical” OTU’s (q = 1), and dominant OTU’s (q =
2), we observed that all components of diversity (alpha, beta, and gamma) were
consistently higher in mechanized agriculture (MA) than in UPF, except for the
beta diversity of dominant OTU’s. The same was observed for pasture, except
for alpha diversity of typical OTU’s and for all components of diversity for
dominant OTU’s. Compared to UPF, disturbed primary forest (DPF) and
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secondary forest (SF) showed higher gamma diversity for all OTU’s, but lower
alpha and gamma diversity for dominant OTU’s. Beta diversity was higher in SF
than in UPF for all OTU’s and typical OTU’s.

Combining the results of all land uses, observed OTU richness was

positively associated with soil pH (P < 0.001, 4*(1) = 62) (Figure 3-A). In the

same way, beta diversity (Hill’s number of order 1) for each transect was
positively related to the standard deviation of soil pH in the transect, regardless
the land use (P < 0.001, DF,, ;45 = 19, F = 46) (Figure 3-B).
Community structure and land use intensification. The bacterial community
structure varied significantly along the gradient of land use intensity as revealed
by redundancy analysis (RDA, P < 0.001; F = 16.527, DF . juas = 99, 1000
permutations). Variance partitioning using soil variables and land use as
constraining factors showed that land use explained 38% (adjusted R’) of the
total variation in community structure, while the soil variables explained 34%
(adjusted R?). The covariation between soil and land use uniquely explained
25% (adjusted R°) of the total community variation. The projection of soil
variables, especially pH, on the ordination axis resulting from RDA — using land
use as constraining factor — showed that the soil variables were strongly
associated with the first axis, which represented about 80% of the variance
explained by land use (Figure 4). Spatial variables explained 45% (adjusted R?)
of the total community variation (RDA, P < 0.001, F = 2.72, DF, s = 88,
1000 permutations). However, 75% of the spatial structure of the community
(variation explained by spatial variables) was explained by land use and soil
variables.

For the 4,893 most generalists OTU’s (those occurring in more than
20% of all sites), a significant effect of land use on abundance was observed in
3,776 (Kruskal-Wallis test; P < 0.05 after false discovery rate correction)
(Figure 5).
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For the phyla Proteobacteria and Acidobacteria, we observed reduced
dominance of the former in MA (P < 0.001) and PA (P < 0.05) in relation to
UPF; and increased dominance of the latter in MA (P < 0.05) in relation to UPF.
The Proteobacteria:Acidobacteria ratio was significantly lower in MA (P <
0.001) and PA (P =< 0.05) than in UPF (Figure 6-A). The dominant taxonomic

classes were also contrasting among land uses (Figure 6-B).

DISCUSSION

Diversity and land use intensification. Microbial diversity is considered an
indicator of soil health (Nielsen and Winding, 2002) because more diverse
ecosystems are predicted to be more reliable (Naeem and Li, 1997; Naeem,
1998) and productive (Yachi and Loreau, 1999). However, our results suggest
that bacterial diversity may not reflect soil biological quality in Amazon, if one
accepts overall diversity as quality. In this study, all components of diversity
(alpha, beta, and gamma) were generally higher in the more intensive land uses,
especially mechanized agriculture (MA) and pasture (PA), than in the
undisturbed primary forest (UPF). This was mainly due to the less abundant
operational taxonomic units (OTU’s) because as the sensitiveness of the index to
rare species was reduced (increasing the order g) the difference in diversity
either disappeared or was inverted, except for MA (Figure 2).

Increased bacterial alpha diversity after conversion of rainforests to
anthropogenic systems has been extensively reported (Jesus et al., 2009; Tripathi
et al., 2012; Rodrigues et al., 2013; Mendes et al., 2015). The clear relationship
that we observed between OTU richness and soil pH indicates a likely
mechanism by which land use intensification increases bacterial alpha diversity
in Amazon (Figure 3a), supporting previous studies that report a linear increase

in OTU richness with increasing soil pH (within the range of pH of our study,
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3.7 - 7.4) in other ecosystems (Fierer and Jackson, 2006; Lauber et al., 2009;
Rousk et al., 2010; Tripathi et al., 2012).

The natural acidic and nutrient-poor conditions of the soils studied here
are unsuitable for agriculture and cattle production, usually requiring large
quantities of lime to neutralize the pH and fertilizers to elevate the nutrient
content (Sanchez et al., 1983). To a smaller extent, slash-and-burn practices or
occasional forest fires may elevate soil pH and increase nutrient contents in
secondary and disturbed primary forests through the deposition of ashes from
combusted forest biomass (Ohno and Erich, 1990; Giardina et al., 2000; Moreira
et al., 2009).

Liming of acidic soils increases bacterial growth (Lupawayi et al., 2009;
Rousk et al., 2009) and soil fertilization favors bacteria to the detriment of fungi,
leading to a bacteria-dominated food web (Bardgett and Cook, 1998; de Vries et
al., 2006). This dominance is related to increased mineralization rates (Wardle et
al., 2004) and N-losses by leaching (de Vries et al., 2006, 2012). In this context,
the observed increases in bacterial diversity after forest conversion should
probably be interpreted as decreased, rather than increased, soil biological
quality for farming systems and forest regeneration.

While our results regarding the alpha diversity of soil bacteria are
closely aligned with those of other researchers, the fact that we found higher
beta diversity in more intensive land uses (Figure 2) challenges the hypothesis of
biotic homogenization of bacterial communities after rainforest conversion
(Rodrigues et al., 2013). However, these authors studied only two contrasting
land wuses (primary forest and pasture) whereas we studied a more
comprehensive gradient with at least four replicates for each of the
five studied land uses. In fact, this gradient is clearly reflected by the structure of
bacterial communities (Figure 4). The differences between our results and those

of Rodrigues et al. (2013) may also be explained by differences in forest
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structure and dynamics between the two studied Amazon regions. In the western
Amazon studied by Rodrigues et al. (2013), the rate of stem turnover (rate in
which trees die and are replaced) is higher than in the eastern Amazon (region
used in our study) partly because of differences in soil age and type of parent
material (Quesada et al., 2011) and their implications on soil fertility and
physical conditions (Quesada et al., 2012). It could be that the higher intrinsic
rate of natural disturbances in western Amazonian forests (Quesada et al., 2012)
results in higher heterogeneity of bacterial communities in these soils when
compared to those in eastern Amazonia.

The high levels of beta diversity we observed in soil bacteria may be
related to concomitantly high levels of heterogeneity in soil pH in more
intensive land uses diversity (Figure 3b). This is not the first report of increased
bacterial beta diversity after rainforest conversion (Lee-Cruz et al., 2014), but
the first to relate it to soil pH heterogeneity. A recent study of bacterial diversity
in grasslands reported pH and plant richness as predictors of bacterial beta
diversity (mean community dissimilarity) (Prober et al., 2015). But in our study,
pH heterogeneity had a remarkably dominant effect on bacterial beta diversity,
in spite of the much higher plant diversity in UPF as compared to MA and PA.
Therefore, at the scale of our study, all components of diversity of soil bacteria
appear to be uncoupled from plant diversity.

Community structure and land use intensification. Supporting our last two
hypothesis, we found evidence that changes in soil parameters, especially pH,
mediate the effect of land use intensification on bacterial community structure,
as indicated by the results of the redundancy analysis and variance partitioning.
Mechanized agriculture results in a completely distinct bacterial community in
relation to that of UPF as indicated by the analysis of the most generalist OTU’s
(Figure 5), whereas PA and SF have an intermediary impact, sharing both some

of the OTU’s most abundant in MA and some of those most abundant in UPF.
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Members of Acidobacteria subdivisions were among the dominant classes in all
land uses (Figure 6) and they also were strongly related to the first ordination
axis (Figure 4). In agreement with previous studies, Acidobacteria subdivisions
1, 2, 3, and 13 were more dominant in acidic, nutrient-poor conditions; and
subgroups 4, 6, 7, and 16 were more dominant in neutral, nutrient-rich
conditions (Jones et al., 2009; Lauber et al., 2009; Navarrete et al., 2013).

At the phylum level, Acidobacteria dominance was higher in MA than
in UPF, while the dominance of Proteobacteria was considerably reduced in MA
and PA in relation to UPF (Figure 6). These two phyla, and their abundance
ratio, have been extensively used as indicators of the soil nutritional status
because Proteobacteria usually prefers labile organic C pools, whereas
Acidobacteria is adapted to low organic C quality and/or quantity (Fierer et al.,
2007). This ratio is usually higher in the rhizosphere or when sucrose is
artificially added to soil (Fierer et al., 2007), and reduced when the vegetation is
removed (Thomson et al., 2010, 2013). The observed reduction of that ratio in
PA and MA suggests that the removal of the forest cover reduces the availability
of labile substrates in the soil or that other unrecognized factors are shifting this
ratio in these tropical soils.

These results have implications for ecosystem conservation and the
long-term sustainability of agricultural land-uses because, although forest
conversion does not seem to reduce bacterial diversity, it considerably changes
bacterial community structure, even after establishment of secondary vegetation.
These changes are expected to affect ecosystem processes mediated by bacteria
(Waldrop et al., 2006; McGuire et al., 2010; Kaiser et al., 2010). In fact, the
metagenome predictions (Appendix B) suggest that these changes in bacterial
community structure are altering its functional traits, especially in MA, when
compared to UPF, although further studies targeting functional genes or using

shotgun metagenomics are necessary to confirm those predictions.
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Consequently, assessments of the impacts of land use intensification on tropical
biota should include soil bacteria, but focus on changes in bacterial community
structure and their effects on ecosystem functioning, rather than on diversity
losses. Future research is also needed to verify whether the apparent favoring of
soil bacteria after land use intensification in tropical forest landscapes is

occurring at the detriment of soil fungi.
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mean clay content for each transect as shown in the legend. The x and y axis represent the latitude and
longitude, respectively, in decimal degrees.
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Figure 2. Alpha, beta and gamma bacterial diversity for all OTU’s (g = 0), “typical” OTU’s (q = 1), and dominant
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APPENDIX A. Soil properties in the sampled sites.
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APPENDIX B. Metagenome predictions using PICRUSt
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Metagenome prediction

Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt 1.0.0) was used to predict gene abundances from 16S rRNA
data, according to the recommended protocol (Langille et al. 2013) available at
http://picrust.github.com/picrust/. Briefly, paired-end merged and filtered 16S
sequences were clustered into OTU’s at 94% similarity threshold using closed-
reference OTU picking in QIIME 1.8.0 (Corporaso et al., 2010). The OTU’s
abundances were normalized by 16S rRNA gene copy number before
metagenome predictions. The obtained gene abundances were aggregated into

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (level 3).
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PAPER 2

Standards of the journal — Soil Biology and Biochemistry

Soil bacterial communities are highly stable to a dry/rewet event in the

eastern Amazon

ABSTRACT

Soil bacteria may experience increased exposures to drought after rainforest
degradation and conversion to agricultural systems, especially under the
predicted effects of climate change. Because soil bacteria differ in their ability to
cope with dry/rewet events, we hypothesized that changes in bacterial
community structure associated with land use intensification alter the stability of
bacterial communities, and of the processes they mediate, to those events. To
test these hypotheses, we conducted a greenhouse experiment with a total of 200
microcosms (undisturbed soil samples) taken from four land uses (primary
forest, secondary forest, mechanized agriculture, and pasture) in the eastern
Amazon. Half of these microcosms were left with no water addition for a 60
days period, after which the soil was rewetted to 80% of the field capacity
(dry/rewet treatment). The remaining microcosms were used as control and kept
at 80% of the field capacity for the whole duration of the experiment. At 1, 5,
10, 20, and 40 days after rewetting, microcosms from both treatments were
destructively analyzed for the potential of ammonia oxidation and for the
bacterial community structure using next-generation sequencing. Regardless of
the land use, bacterial community structure and richness were insensitive to the
dry/rewet treatment at both the OTU or phyla level. Similarly, the potential of
ammonia oxidation was not affected by the dry/rewet treatment in any land use,

but it was higher in primary forest.



66

INTRODUCTION

Soil bacteria mediate several ecosystems processes and are key
components in biogeochemical cycles (Falkowski et al., 2008). In the Amazon
region, land use intensification alters bacterial community structure in soil at
several taxonomic levels (Jesus et al., 2009; Rodrigues et al., 2013; Paper 01)
with possible impacts on ecosystem processes. Rainforest conversion can also
degrade the soil structure and increase the susceptibility to compaction (Martins
et al., 2012), reducing water infiltration rate in soil (Lal et al. 1979; Lal 1989),
and favoring runoff and erosion processes (Maeda et al., 2008) that reduce water
availability in soil. Furthermore, changes in the global climate are expected to
alter precipitation regimes and increase drought periods (Bernstein et al., 2007),
specially in areas where primary forests were degraded or deforested (Laurance
and Willianson, 2001).

There are several mechanisms that soil bacteria use to resist/recover
from drought, including: accumulation of osmolytes within the cell (Schimel et
al., 2007), production of exopolysaccharides (Chang et al., 2007; Ward et al.,
2009), differentiation into dormant life forms such as cyst-like cells (Soina et al.,
2004) and spores (Laubach and Rice, 1916). The ability of soil bacteria to cope
with dry/rewet events is apparently conserved in some phyla like Actinobacteria,
Chloroflex, and Verrucomicrobia (Placella et al., 2012). These differences
among bacterial taxa may lead to competitive advantages for drought tolerant
bacteria after a dry/rewet event that can result in transient changes in bacterial
community structure after these events. The magnitude of these changes
possibly depends on previous exposures to drought, which may select drought
tolerant bacteria in the community, or change bacteria strategy to survive under

low moisture conditions (Evans and Wallenstein, 2014).
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Because land use intensification alters the soil moisture regime and
imposes considerable changes in bacterial community structure in the Amazon
region, we hypothesized that the ability of soil bacterial communities to cope
with dry/rewet events varies among land uses. We also hypothesized that the
same occurs for the processes that soil bacteria mediate. We tested these
hypotheses by applying a dry/rewet event on microcosms containing undisturbed
soil samples taken from four land uses (mechanized agriculture, pasture,
secondary forest, and primary forest) in the eastern Amazon, and by analyzing
the subsequent impacts on bacterial community structure and on the process of

ammonia oxidation.
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MATERIAL AND METHODS

Sampling

The sites used in this study are located in the Eastern Amazon, in the Belterra
municipality (Pard state, Brazil). In this region, the mean annual temperature is
26 °C and mean annual pluviosity is 2,150 mm. Geographical coordinates of the
area are given in Figure 1.

To assess how land use affects the ability of bacterial communities to
resist/recover from drought, we selected four land uses as follows: well-
preserved primary forest; secondary forest with 20 years of regeneration; pasture
covered with Brachiaria sp. and used for cattle production; and mechanized
agriculture mainly destined to soybean production.

The sampling was conducted in April 2013, during the rainy season. For
each land use, one transect with 250 m was used with five sampling points
equally spaced (50 m). These transects were sampled as part of the Rede
Amazonia Sustentdvel project (Gardner et al. 2013). In each sampling point, 10
undisturbed soil samples were taken in pairs by manually inserting PVC
cylinders with 10 cm of height and 8.5 cm of diameter in the soil (Figure 1). The
resulting 200 samples were kept at room temperature and carefully transported
to the Departament of Soil Science at the Federal University of Lavras (Lavras,

Minas Gerais, Brazil).

Dry/Rewet Experiment

Microcosms were prepared by placing the PVC cylinders with soil (undisturbed
samples) in plastic pots with a sterilized cotton fabric in the bottom. To allow
the leachate to return to the soil, a cotton cord was used to connect the bottom of
the soil cylinder to the bottom of the plastic pot used as support. They were kept

in a greenhouse with uncontrolled temperature ranging from 20 to 29 °C.
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For each pair of microcosms, one was randomly assigned to the
dry/rewet (DR) treatment and did not receive any water addition for 60 days,
what reduced their moisture content by about 20% (+2%). After that period, they
were rehydrated and kept at 80% of the field capacity (0.50 gyuer-8eoii' fOr
primary and secondary forest; 0.32 g,.e2oi for pasture and mechanized
agriculture) for the rest of the experiment. The microcosms assigned to the
control treatment were kept at constant moisture content (80% field capacity) by
weekly adding an amount of sterilized deionized water equivalent to the water

lost by evaporation, as measured by the weight loss for each microcosm.

Potential of ammonia oxidation (PAO) and samples for molecular analysis

At 1, 5, 10, 20, and 40 days after the end of the DR treatment, one pair of
microcosm (DR and control) was destructively analyzed for each sampling point
in each land use, totalizing 40 microcosms at each time. Two soil samples were
taken from each microcosm, one for the PAO analysis (15 g) and one for
molecular analysis (30 g). The samples for molecular analysis were immediately
frozen at -80°C and further lyophilized. The samples for the potential of
ammonia oxidation were immediately used in the assay described by Norton &
Stark (2011). Briefly, 7 g of fresh soil was suspended in 50 mL of a 1 mM
NH,SO, solution buffered with phosphate (1 mM PO,” at pH 7.2) in an
Erlenmeyer flask. The soil suspension was shaken at 200 rpm during 24 hours at
25 °C. After 2, 4, 22, and 24 hours of agitation, a 2 mL aliquot was taken
without interrupting the shaking to keep the proportion soil:solution constant.
These aliquots were centrifuged, filtered, and analyzed for nitrate/nitrite
concentration by ion chromatography (ICS 1100, Dionex, USA). The POA for
the first sampling after the end of the drought period could not be determined

due to problems in the equipment.



70

Bacterial community

To assess the bacterial community structure, the V4 region of the 16S rRNA
gene was sequenced using the Illumina MiSeq platform. DNA extraction from
soil, polymerase chain reaction conditions, sequencing, and sequence analysis

were performed as described in Paper O1.

Statistical Analysis

To model the potential of ammonia oxidation, a two-level hierarchical linear
model was used Gelman and Hill (2007). In the first level, the rate of increase in
nitrate concentration along time (2, 4, 22, and 24h) was estimated for each
combination of the three factors studied (land use, time after rewetting, and
treatment). In the second level, means for that rate in each combination of the
three factors were estimated, as well as the variances for combinations of
treatment and land use. The model was estimated using the no-U-turn Bayesian
sampler (Hoffman and Gelman, 2014) in Stan 2.5 with uninformative priors.
Four Markov chains with 10,000 iterations were used, and convergence for all
parameters was checked using the Gelman—Rubin Rhat statistic (Gelman and
Rubin, 1992). Treatment contrasts were calculated using samples from the
posterior distribution as outlined in Gelman and Hill (2007).

The effect of DR treatment on bacterial community structure at the OTU
level was tested separately for each land use with Principal Response Curves
(den Brink and Ter Braak, 1999) after removing the effect of sampling site using
the residuals of linear models as outlined in Borcard et al. (2011). To test the
effect of DR treatment on the (log-transformed) relative abundances of the
dominant phyla, a linear mixed effect model was used with a random intercept
for sampling point and time after rewetting. The significance of the DR
treatment was tested using log-likelihood ratio tests (Zuur et al., 2009). To test

for differences in the bacterial community structure among sampling points
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within land use, a permutational multivariate analysis of variance (Permanova)
(Anderson, 2001) was performed on the distance matrix calculated from the

hellinger-transformed OTU table, only for the control treatment.
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RESULTS AND DISCUSSION

This is the first report of the tolerance of soil bacterial communities to a
dry/rewet event in the Amazon region. In general, regardless of the land use, the
soil bacterial communities were highly stable and did not respond to the
dry/rewet (DR) treatment at any time for all evaluated parameters.

To asses bacterial community structure, we sequenced the V4 region of
the 16S rRNA gene using the Illumina MiSeq platform. In total, about 8 millions
good quality sequences were obtained for all 200 samples. From these, 650,791
occurred only once (singletons) and were removed because they may be the
result of sequencing errors and can inflate diversity measures (Huse et al., 2010).
Using a similarity threshold of 97%, these sequences were clustered into 11,891
operational taxonomic units (OTU’s). In agreement with the results presented in
Paper 01, the observed OTU number was lower in primary forest than in any
other land use (P < 0.001), but it was not affected by the DR treatment (P >
0.05; likelihood ratio tests) (Figure 2). Similarly, the dominant phyla were
contrasting among land uses, but their relative abundances did not change after
DR treatment (P > 0.05; likelihood ratio tests) (Figure 3).

The principal response curves analysis of the community structure at the
OTU level also indicated no effect of DR (P > 0.05) for all land uses. The
nonmetric multidimensional scaling ordinations for each land use confirm those
results by showing that, for each pair of microcosms, the separation between DR
and control treatments are not higher than the natural variability in those
communities (Figure 4). In addition, the bacterial communities are spatially
structured and differ significantly among sampling points as indicated by
Permanova (P < 0.001). Therefore, if there were an undetected effect of DR on

the community structure, it would be smaller than the spatial variability.
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The ability of bacteria to recover from dry/rewet stresses seems to be
phylogenetically conserved (Placella et al., 2012). For instance, Actinobacteria,
Chloroflexi, and Verrucomicrobia are expected to recover their activity after
rewetting relatively quickly (4-24 hours), whereas Proteobacteria and
Acidobacteria may respond slowly and recover their activity only 72 hours after
rewetting. These differences can give competitive advantage to fast responders
and cause a transient change on the community structure following a dry/rewet
event.

On the other hand, a recent study showed that bacterial taxa can shift
their strategy to respond to dry/rewet events when they are previously exposed
to drought (Evans et al., 2014). Therefore, previous exposure to low soil water
availability may not only select drought tolerant bacteria but also induce drought
sensitive bacteria to invest C and N resources in exopolysaccharides or
protectant osmolytes (Schimel et al., 2007). This effect may reduce differences
in competitive ability among bacteria after dry/rewet events and is a possible
reason for the stability of bacterial community structure to these events. Similar
increases in soil microbial community stability to drought after previous
exposures have been recently reported (De Vries et al., 2012; Evans and
Wallenstein, 2012; Goransson et al., 2013). That is a likely explanation for the
bacterial community stability observed in our study because the region from
where samples were taken have a tropical monsoon climate (Am — Koppen’s
classification) with a dry season lasting 4-5 months (Guimberteau et al., 2014).

Another recent work using next-generation sequencing analysis on 16S
rRNA gene and transcripts revealed that bacterial community structure can be
completely insensitive to extreme dry/rewet events even though bacterial
activity can be strongly affected (Barnard et al., 2013). These authors detected
strong changes in the relative abundances of RNA transcripts for some bacterial

phyla during dry-down, which completely disappeared 2 hours after soil
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rewetting. Because the transcript relative abundances returned to pre-drought
levels in such a short time, this recovery could not be attributed to bacterial
growth (increase in the number of cells), but rather indicated that the bacterial
community structure was indeed stable as shown by their DNA-based analysis.
Other studies using PLFA (Gordon et al., 2008) or DNA-based techniques
(Fierer et al., 2003; Griffiths et al., 2003; Kaisermann et al., 2015) also support
the stability of bacteria to variations in soil moisture.

With regard to the potential of ammonia oxidation (PAQO), although an
effect of land use was observed, with higher values of this variable in primary
forest than in any other land use, the DR treatment did not affect the PAO in any
land use, indicating that this process is highly stable in these soils (Figure 5).
Because we only started to measure POA 5 days after rewetting, we can not
know whether the process was unchanged by the DR treatment or if it recovered
in that period. Previous works reported that the impact of dry/rewet events on
nitrification potential or on ammonia oxidizers depends on historical soil
moisture regimes (Fierer and Schimel, 2002; Placella and Firestone, 2013; Thion
and Prosser, 2014)). Therefore, the lack of response of the POA to DR treatment
in our study is possibly due to previous drought events in these soils. The higher
nitrification potential in primary forest than in other land uses is consistent with
previous reports of decreased abundance of amoA gene (Paula et al. 2014) and
decreased nitrification rates (Neil at al., 1995) after conversion of Amazonian

rainforests to pastures.
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A new approach for designing primers for functional genes with emphasis

on gene-targeted metagenomics

ABSTRACT

Motivation: Design of primers is a critical step to adequately assess the
diversity of specific components of soil diversity using gene-targeted
metagenomics. Although some databases with thousands of sequences for
genes of functional relevance are currently available, tools that easily
allow their usage for primer design are still limited because they can not
handle large datasets, are very computationally intensive, do not use a
flexible approach to design degenerate primers, and/or do not allow
primer design on specific regions of a multiple alignment of sequences to
ensure a minimum overlap between amplicons.

Results: We present a fast, thermodynamics-based approach to select
primers from a multiple alignment of sequences, which is specifically
suited for designing primers for gene-targeted metagenomics. Instead of
designing degenerate primers, as in most commonly used tools, this
algorithm uses a more flexible approach based on the selection of two sets
of thermodynamically compatible forward/reverse sub-primers that can
be multiplexed in a single polymerase chain reaction (PCR). We tested
this tool on the archaeal amoA gene (encoding for the alpha-subunit of

ammonia monooxygenase) and obtained a set of primers that are predicted to
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specifically amplify sequences from the Nitrososphaera subgroup. When tested
with DNA extracted from Amazonian soils, the designed primers allowed
the amplification of fragments with the predicted length, indicating their

suitability for PCR in difficult samples, like soil.

Availability: The source code is freely available, under the MIT license at
www.github.com/teodecarvalho/PrimerDesign/blob/master/functions_definition.
py

Instructions and examples of usage are available at

www.github.com/teodecarvalho/PrimerDesign
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INTRODUCTION

Gene-targeted metagenomics offers the possibility of studying specific
components of microbial diversity at an unprecedented scale. It is especially
useful for studying genes of functional relevance because of its higher
sensitiveness compared to other metagenomic approaches like shotgun-
metagenomics (Iwai et al., 2010). However, because polymerase chain reaction
(PCR) is used in this technique, it can be highly biased toward the sequences
used to design primers. Consequently, when used for studying the ecology of
functional groups of microorganisms, especially in soil, gene-targeted
metagenomics is strongly dependent on primer design to capture the diversity of
these genes.

Many software have been proposed for primer design, but their
application for gene-target metagenomics is still limited because they can not
handle large databases (Kaderali et al., 2002; Li et al., 2008; Gervais et al., 2010;
Untergasser et al., 2012); are very computationally intensive and do not allow
specification of positions for primer enumeration (Gans et al., 2012); or can only
design degenerate primers in the sense of Linhart and Shamir (2002), where a set
of sub-primers are combined into one degenerate primer for which only some
bases are allowed to vary (Figure 1), restricting the primer design to conserved
regions (Boyce et al., 2009; Najafabadi et al., 2008; Brodin et al., 2013; Yoon
and Leitner, 2014).

Here we present an approach that helps to circumvent these limitations
by enumerating sub-primers along regions of a multiple alignment without
trying to combine them into a single degenerate primer. Instead, this tool allows

the sub-primers to be enumerated from several positions and to vary in length.
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ALGORITHM AND IMPLEMENTATION

This tool was primarily written in the python programming language using
[Python (Perez and Granger, 2007), with minor portions of the code written in R
(R Development Core Team, 2014). It runs in the IPython Notebook and is
compatible with Unix/Linux systems. It is divided in three main sections as

detailed below.

Section 01 : screening of the alignment

In this section, which requires a FASTA file containing a set of aligned
nucleotide sequences, a screening is performed to evaluate regions of the
alignment that are suitable for the enumeration of compatible forward and
reverse primers, taking into account the coverage (number of sequences
detected) and predicted melting temperatures (T,,).

At each position (column) of the alignment, all valid primers (according
to a set of user-defined constraints as illustrated in Table S1) are enumerated,
and a greedy algorithm is performed to select the optimal set of primers (up to
the maximal degeneracy allowed by the user). After that, the proportion of
sequences detected (coverage), the number of valid primers, and the range of T,,
is calculated for the selected set of primers. This process is repeated in parallel
using multiprocessing for every position in the alignment, and the final result is
plotted as in Figure S1 and S2, allowing for a visual inspection of the
alignment.

Nearest-neighbor thermodynamic models are used to calculate the
predicted T, of candidate primers, primer-primer interactions (hetero and
homodimers), and the stability of potential hairpin structures (Figure 2),

according to the parameters suggested in SantalLucia and Hicks (2004) using
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primer3 (Untergasser et al., 2012). These models have higher accuracy than
those based only on nucleotide composition because they take into account the

actual stacking of neighboring base pairs in the sequence (SantalLucia, 1998).

Section 02: primer enumeration and selection
Based on the results of the first section, the user must choose two regions of the
alignment that will be used for forward and reverse primer design. The main
steps performed in this section are as follows:

1. For every position of the two chosen regions (forward and reverse) in the
alignment, all possible candidate primers are enumerated (Figure 3) in
parallel using multiprocessing, and filtered based on user-defined
constraints as those illustrated in Table S2.

2. To reduce the number of candidate sub-primers to be tested, they are
combined into groups of redundant candidates (those occurring in the
same sequences in the alignment).

3. A list containing one representative candidate for each group from the
previous step is formed for forward and reverse candidate primers.

4. They are further combined in all possible forward/reverse candidate pairs.

5. A greedy algorithm is performed to select the combination of compatible
pairs that maximizes the coverage.

The outcome of these steps is a set of compatible candidate forward and
reverse primers that can be combined, behaving as a degenerate primer, except
that the sub-primers do not necessarily come from the same position in the

alignment and do not necessarily have the same length as illustrated in Figure 1.

Section 03: test of the primers
In the final section, the specificity of the set of primers selected in section 02 is

assessed by in silico polymerase chain reaction (PCR) using MFEprimer-2.0 (Qu
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et al., 2012). At this point, the user can check the selected primers against target
or non-target sequences provided in a FASTA file. By evaluating the primers
against target sequences, it is possible to further reduce the total number of
selected sub-primers because some redundancy (detection of the same sequences
by different primers) will arise due to mismatches with low impact on T,,. If
non-target sequences are amplified, the user can go back to step 02 and choose a
different region of the alignment or change the constraints for the selection of a

new set of primers.

TEST OF THE TOOL

Database

The archaeal amoA gene (encoding for the alpha-subunit of ammonia
monooxygenase) was chosen to illustrate the usage of this tool because of the
functional relevance of ammonia-oxidizing archaea Pester et al. (2012).

A total of 21,663 nucleotide sequences classified as archaeal amoA, and
their respective amino acid sequences, were retrieved from the fungene
repository (Fish et al., 2013) using a threshold of 400 for the hidden markov
model (HMM) score. The amino acid sequences were aligned using hmmalign
from HMMER (Eddy, 2009) with the HMM profile available in the repository.
Nucleotide sequences were dereplicated and aligned based on the protein
alignment with in-house Python scripts, resulting in 15,400 unique sequences.

These nucleotide sequences were classified into five major groups of
ammonia-oxidizing archaea (Nitrosopumilus, Nitrosotalea, Nitrosocaldus,
Nitrososphaera, and Nitrososphaera sister cluster) by matching them against the
database provided by Pester et al. (2012) using a similarity threshold of 97% in
USEARCH (Edgar, 2013). In total, 96% of all sequences were unambiguously

classified into those five groups.
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Primers were designed only for the Nitrososphaera group, containing
6,824 unique sequences in this database, whereas those sequences classified in
other groups (8,576 unique sequences) were used to test the specificity of the
primers.

All tests were performed in a desktop computer with a quad-core i7 2.6
GHz processor and 16 Gb of RAM.
Polymerase chain reaction

The designed primers were further tested on DNA extracted from soils
collected in the eastern Amazon (see Paper 01 for sampling details). The PCR
was performed on 20 pL solutions containing 2 L of a equimolar (10 uM)
mixture of forward/reverse primers, 10 uL of KAPA2G Robust (Kapa
Biosystems) mastermix, 1 pyL of the template, and 7 uLL of PCR grade water.
The PCR conditions were as follows: initial denaturation at 95 °C for 3 min; 40
cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 15 s, and
extension at 72 °C for 15 s. A final extension at 72 °C for 10 min was also

performed.
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RESULTS AND DISCUSSION

Using this tool, we were able to design a set of primers for the archaeal amoA
gene that were specific for the Nitrososphaera group. The time required to
complete the analysis, not including database preparation, was 20 min. The
designed primers are predicted to amplify fragments (amplicons) with about
235-280 base pairs (bp); and the amplicons are predicted to have a minimum
overlap of 235 bp based on the multiple alignment. This overlap is relevant for
sequencing because it allows comparisons among amplicons, which is necessary
for clustering them into operational taxonomic units (Huse et al., 2010).

In total, 12 forward and 13 reverse sub-primers were selected, being
equivalent to two degenerate primers with 12 and 13-fold degeneracy,
respectively. However, in contrast to degenerate primers in the sense of Linhart
and Shamir (2002) (Figure 1), these primers produce amplicons with varied
length depending on the combination of forward/reverse sub-primer.

Considering only the nucleotide identities, they are predicted to detect
82% (allowing 1 mismatch) and 96% (allowing 2 mismatches) of all sequences
available in the database used for primer design (Figure S3). When considering
thermodynamic parameters, these primers are expected to detect 70% of these
sequences. In those simulations, they did not amplify any amoA sequences from
other ammonia-oxidizing archaea groups, indicating high specificity of these
primers for the Nitrososphaera group. Unfortunately, we can not assess the
coverage of the most commonly used set of primers for archaeal amoA (Francis
et al., 2005) because the positions where these primers are expected to anneal
are missing for most sequences available in the fungene database.

In the PCR performed on DNA extracted from Amazonian soils, the
designed primers allowed the amplification of fragments with the predicted

sample size, with no sign of nonspecific amplification (Figure 4). Polymerase
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chain reaction on DNA extracted from soil is particularly difficult because of the
high microbial diversity in soil, which increases the opportunity for loss of
specificity (Gans et al., 2012), and because of the presence of PCR inhibitors

that reduces the efficiency of the reaction (Vishnivetskaya et al., 2014).

LIMITATIONS AND FUTURE WORK

The two most important limitations of the current implementation of this
approach are as follows:

Specificity is only checked after the primers are selected. This is
potentially a problem for closely related genes. Extensions of this algorithm
could allow the user to specify a set of (previously tested) primers to be
excluded during the selection step. Another approach would be the inclusion of
specificity checking during primer selection, but this would considerably
increase the processing time.

Cost of primer synthesis. Despite the higher flexibility of the
enumeration method, the resulting primers usually can not be combined into
single degenerate primers, what increases their synthesis cost. Modifications of
this algorithm during the selection step could favor small sets of sub-primers
differing in only a few bases so that they could be combined into several

degenerate primers with 2 or 3-fold degeneracy.
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CONCLUSIONS

We presented a new approach to designing primers for functional genes, which
is especially suited for gene-targeted metagenomics. When tested on archaeal
amoA gene fragments, this tool provided a fast method to design primers that:
have high predicted coverage; have desirable thermodynamic properties;
produce overlapping amplicons; and are suitable for complex samples like DNA

extracted from soil.
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AYCTGGCTATATCNAGCGT Degenerate Primer

|

ACCTGGCTATATCAAGCGT

ATCTGGCTATATCAAGCGT
ACCTGGCTATATCCAGCGT

ATCTGGCTATATCCAGCGT
ACCTGGCTATATCTAGCGT
ATCTGGCTATATCTAGCGT
ACCTGGCTATATCGAGCGT
ATCTGGCTATATCGAGCGT

Sub-Primers

Figure 1. Hypothetical degenerate primer with 8-fold degeneracy.
Degenerate bases are used to indicate possible variations in the
positions 2 and 13. In this representation, the degenerate primer is
composed by a equimolar mixture of all possible variants (sub-
primers).



99

Homodimer Tm: 57°C

5’ 3
<«—— AGGCGCGCGCCTGACACTCAAGGTTAGA
, [T1, >
¥AGATTGGAACTCACAGTCCGCGCGCGGA®

Heterodimer Tm: 28°C
5 3
GAGCCCAACGGATAGTTAGCAAGTTACC ——>»

<—— ¥ATCTTTCAATGGTGATAGGCAACCCGAG ¥

Hairpin Tm: 58°C

T
G\TS. "c/

Figure 2. Examples of homodimer, heterodimer, and hairpin structures of

oligonucleotides.
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CATGTATACATGTATTGAC
%CATGTATACATGTATTGA‘ ‘

TACATGTATACATGTATTG L

‘ATACATGTATACATGTAT‘T ‘
TATACATGTATACATGTAT

‘CTATACCTG'IIATACATGTA‘ ‘

‘ATCTATACCTGTATACAT e e

ACATCTATACCTGTATACAl ‘

Region Used for Enumeration

Figure 3. lllustration of the primer enumeration process. All possible
oligonucleotides (oligos) are enumerated from each position of a given
target sequence. For the Section 02 of the algorithm, this process is
repeated for all sequences in the alignment and the length of the oligos
varies according to a range specified by the user (usually 18-28

nucleotides).

AACATCTATACCTGTATA[ATGTATACATGTATTI"GA‘C‘..

Candidate Oligos

— Target Sequence



Figure 4. Validation of the primers designed for archaeal amoA gene from
Nitrososphaera group. Agarose gel (3%) stained with SYBR Green.
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SUPPLEMENTARY MATERIAL
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These results depend on the set of constraints

Nitrososphaera group).

specified by the user (see Table S1).
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Table S1. Parameters for alignment screening in the

Nitrososphaera test.

Parameter Value
k-mer length 18-28
Step size 1
Maximal hairpin T, (°C) 35
Maximal homodimer T, (°C) 35
Minimal oligo T, (°C) 40
Maximal oligo T,, (°C) 70
Minimal oligo occurrence 60
Maximal degeneracy 60
Total primer concentration (nM) 200
Monovalent ion concentration (mM) 50

Divalent ion concentration (mM) 1.5
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Table S2. Parameters for primer enumeration in the

Nitrososphaera test.

Parameter Value
k-mer length 20-28
Maximal hairpin T,, (°C) 35
Maximal homodimer T,, (°C) 30
Maximal heterodimer T,, (°C) 35
Maximal delta T,, (°C) 5
Minimal oligo T, (°C) 55
Maximal oligo T,, (°C) 60
Minimal oligo occurrence 50
Maximal degeneracy 60
Total primer concentration (nM) 200
Monovalent ion concentration (mM) 50
Divalent ion concentration (mM) 1.5
Forward region 90-105
Reverse region 340-370
No-3-T* Yes
No-poly-run® Yes
No-poly-3-GC* Yes

“Three consecutives thymines are not allowed at the 3’ end of the primer.
"Consecutive repetitions of four or more bases are not allowed.

‘Repetitions of 3 guanines or cytosines are not allowed at the 3’ end of the primer.
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PAPER 4

Standards of the journal — Soil Biology and Biochemistry

Pitfalls in a commonly used index for measuring resistance and

resilience of ecosystem processes in soil

ABSTRACT

Ecosystem stability and its dependence on biodiversity are currently among the
main topics in environmental sciences. Here a commonly used index for
measuring resistance and resilience in soil is explored with regard to some
properties that can lead to erroneous conclusions about stability. We use Monte
Carlo simulations to show that the index proposed for resistance is sensitive to
the coefficient of variation (ratio of the underlying standard deviation to mean)
of the process, potentially leading to differences in this index between systems,
even when there is no disturbance effect. Similarly, the resilience index is
sensitive to the standard deviation of the measured process, especially at lower
levels of initial disturbance. As a result, the index may show differences in
resilience for fully recovered systems if they differ in their resistance. Based on
those observations, it is advisable that: (i) the resistance index should only be
compared among systems with similar coefficient of variation in the ecosystem
process of interest; (ii) it should only be interpreted based on the expected value
under the null model (no disturbance effect); (iii) the resilience index should
only be compared between systems with similar standard deviations and initial
disturbance effects because differences may be otherwise explained by
differences in their resistance or in the standard deviations of the process; and

(iv) anyone using these index should be aware that they introduce purely
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artifactual trade-offs between resilience and resistance that have no biological

meaning.
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INTRODUCTION

The functional stability of ecosystems and its dependence on biodiversity are
among the main concerns about the sustainability of human activities. The
concept of stability is divided into resistance (amount of change in a system
process caused by a disturbance) and resilience (ability of a system to recover
after a disturbance) (Pimm, 1984). For soil, several indices have been proposed
for measuring resilience and resistance (Griffiths and Philippot, 2013). Among
them, the two indices proposed by Orwin and Wardle (2004) are frequently used
and have been recently highlighted (Shade et al 2012; Griffiths and Philippot,
2013) because they were formulated in such a way to be easily interpretable and
to have the following properties: monotonic increase with increases in resistance
and resilience; disturbance is measured as absolute difference to the control; it is
bounded by +1 and -1, with +1 indicating no effect of disturbance/full recovery,
for resistance and resilience, respectively; zero can never appear in the
denominator; and the resistance is standardized by the control, whereas
resilience is standardized by the initial change caused by disturbance.
The index proposed for resistance (RS) is:
2|Cy — Pyl
(Co + 1Cy — Pol)

where C, is the value of the response variable in the control and P, is the
respective value in the disturbed soil at the end of the disturbance.
For resilience (RL), the index is calculated for a given time ¢, (x > 0) as

follows:

2|Co— Pyl
(ICx—Px|+ [Co—Po|)

RL(t,) =
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where C, and P, are as above, and C, and P, are the values of the response
variable at the time point (¢,) chosen to measure resilience, in the control and
disturbed soil, respectively.

Based on the formulation of these indices, we hypothesized that they
have the following problems: (i) the resistance index does not necessarily reach
+1 (no disturbance) when random variation is considered; (ii) the resistance
index calculated on any process is influenced by the mean and standard
deviation of its underlying distribution for the control treatment, even when no
disturbance effect occurs; (iii) consequently, this index can falsely indicate
differences in resistance between any two systems if the underlying distributions
of the measured process for the control treatments differ between them; (iv) the
resilience index will always be zero if no disturbance is present at any time; (v)
this index does not necessarily reach +1 (full recovery) when random variation
is considered; (vi) it varies with the standard deviation of the underlying
distribution of the measured process in the control treatment; and (vii) it
introduces an artifactual negative relationship between resistance and resilience,
i.e., for any two equally resilient systems, this index will be higher for the one

with lower resistance.
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MATERIAL AND METHODS
Resistance
Simulations of normally distributed random variables corresponding to
hypothetical ecosystem processes (hereafter referred as process) were conducted
using Monte Carlo methods in R (R Development Core Team, 2015).
To test the resistance index, two treatments were simulated:

¢ (C,: Control treatment at the end of the disturbance.

* P, Disturbed treatment at the end of the disturbance.

All combinations of a sequence of standard deviations (SD) ranging
from 0.1 to 4, and seven means (30, 50, 100, 150, 300, and 500) were used as
parameters for normal distributions from which one set of 1,000 samples were
drawn in each simulation for C,. To further evaluate how the index varies with
disturbance effects, six sets of P, were simulated for each of the controls
described above by combining three levels of disturbance effects on the mean:
no effect, 10, and 20% increase relative to the respective mean in the control;
and two levels of disturbance effects on the standard deviation: no effect and an
increase by 10% of the mean (i.e. SD in P, increased by 10% of the mean in C,).

Finally, the resistance index was calculated on the resulting dataset.

Resilience
To test the resilience index, C, and P, (defined as above) were used with two
additional simulated treatments:
¢ (. Control treatment at any (x > 0) time point chosen to measure
resilience.
¢ P, Disturbed treatment at any (x > 0) time point chosen to measure

resilience.
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Fully Resilient Systems

For the treatments C,, C,, and P,, the process was simulated by drawing three
sets of 1,000 samples in each normal distribution with mean 50 and standard
deviations along a sequence ranging from 0.1 to 8. Because values for P, and C,
were simulated from identical distributions, no disturbance effect was introduced
in the hypothetical time chosen to measure resilience, apart from random
variation.

To introduce a disturbance effect in P,, the simulated values for this
treatment were drawn as above, but with means multiplied by 1, 1.03, 1.05, 1.1,
1.3,1.5,2,4, and 6 to simulate a respective increase of 0, 2, 5, 10, 30, 50, 100,
300, and 500% in the mean of the process in P, as compared to the respective

mean in C,.

Not Fully Resilient Systems

To evaluate the resilience index in a scenario where the system does not fully
recover from disturbance, the simulations were performed as described above
for fully resilient systems, with the exception that the mean in P, was calculated
as the mean in C, multiplied by 1.1 or 2 in order to introduce a respective
increase (disturbance effect) of 10% and 100% at the hypothetical time chosen
to measure resilience. The resilience index was then applied to the resulting
dataset.

The script for all these analyses is given in the supplementary material.
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RESULTS AND DISCUSSION
Resistance

The simulated values of the resistance index monotonically decreased as
the coefficient of variation in the control treatment increased. This relationship
was more pronounced when no disturbance effect was introduced, but was still
present at small effects (Figure 1 and S1). The susceptibility of the index to
variation in the control treatment is potentially very misleading, because two
systems that differ in the control means but have the same variances will be (and
probably have been) considered to differ in their response to disturbance even
when there is no effect of disturbance at all. Therefore, the resistance index
should not be directly compared between any two systems unless the estimated
coefficient of variation for the control treatments do not differ between them,
especially for positive values of this index. Otherwise, simulations as those
performed here would be necessary to verify whether or not differences in this
index are due to those differences in the coefficient of variation.

Our simulations also indicate that when random variation is taken into
account, the index can not be interpreted in the scale +1 (no disturbance effect)
to -1 (maximal disturbance) as originally suggested. Even when no disturbance
effect is present, the index will only approach +1 if the coefficient of variation is
nearly zero. Consequently, this index should only be interpreted in relation to its
expected value under the null model (no disturbance effect), taking into account

the estimated mean and variance in the control treatment.

Resilience
Because the definition of resilience given by Pimm (1984) (how fast a
system recovers from disturbance) was cited in the original work describing this

index, one can assume that the index was proposed to measure resilience under
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that definition. In that case, it makes sense that any two systems should be
equally resilient if they fully recover (the process in the disturbed treatment does
no differ from that in the control) from a disturbance at the same time, regardless
of the magnitude of the initial disturbance. In this context, the index would
correctly represent resilience if and only if there is no random variation in the
system (Proof 1). In that case, if there is no final disturbance effect (IC, - P,| =
0), the index will necessarily yield +1, independently of the initial disturbance.
However, that does not hold true when the stochastic variation of natural
systems is taken into account (Figure 2). In all simulations of fully resilient
systems, differences in the response variable between control and disturbed
treatments at the hypothetical time used to measure resilience (¢,) are only due to
randomness because their respective values were drawn from identical normal
distributions (same means and standard deviations). Consequently, one would
expect this index to indicate a complete recovery of the system (+1) in all cases.
On the contrary, the simulations show that the index not only fails to do that, but
actually yield lower values of resilience for the more resistant systems, despite
the fact that they are all equally resilient. The simulations for not fully resilient
systems also indicate the same negative relationship between the resilience index
and the resistance of the system. This is not only counter-intuitive, it is also very
misleading because it introduces an artifactual trade-off between resistance and
resilience that can be easily confused with that discussed in Pimm (1984).
Furthermore, it should be pointed out that this index is undefined if there
is no disturbance effect at the initial time (7)) and at the time chosen (z,) to
measure resilience (Proof 2). Although this is not mentioned in the original
paper describing the index, it should not be calculated unless an evidence of
disturbance is found. On the other hand, if randomness is taken into account, the
index will yield values near to zero for fully resistant systems (Figure 2).

Although this is coherent with the idea that the index should always yield O if
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the final (absolute) disturbance effect equals the initial (absolute) disturbance
effect, there is no point in measuring resilience if there is no initial response to
disturbance. Therefore, values of zero for this index should be carefully
interpreted as they can either indicate a fully resistant system (which does not
make sense) or an unresilient system for which the (absolute) disturbance effect
did not change between ¢, and .. This ambiguity can be easily avoided by only
calculating this index after testing for and verifying a disturbance effect.

Finally, another aspect of the index that deserves attention is its
dependence on the standard deviation, especially at lower (absolute) initial
disturbance effects. For positive values of this index, it is negatively related to
the standard deviation in the control, whereas for negative values the
relationship is inverted. Therefore, this index should not be compared among
systems with different standard deviations for the process in the control
treatments. Moreover, to be coherent with the definition of resilience as the
ability of a system to recover to pre-disturbance states, this index is only
comparable between any two systems if: (i) the initial or the final disturbance
effects are not null for both of them; (ii) they have similar initial disturbance
effects and similar standard deviations in the controls. Otherwise, any difference
in this index between systems should not be attributed to differences in their
ability to recover from a disturbance because it may be equally explained by
differences in the parameters of the underlying distribution of the measured
process in the control treatments or by differences in their resistances. As
recommended for the resistance index, the use of simulations may help to refute

those hypothesis.

CONCLUDING REMARKS
Our results do not invalidate the two stability indices proposed by Orwin and

Wardle (2004), but rather give a better understanding of their properties under
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naturally stochastic conditions, which will avoid misinterpretations and
erroneous conclusions. We showed that comparing these indices between
systems is not a trivial task and should be performed carefully. Monte Carlo
simulations, like those presented here, can be useful to assess whether
differences in these indexes among systems are really due to disturbance effects

or just the result of differences in the intrinsic properties of the systems.
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disturbed treatment. Point colors indicate the disturbance effect on the
mean and the symbols indicate the disturbance effect on the standard
deviation of the process according to the legend at bottom. Note that the
y-axis does not start at zero.



119

Fully Resilient +10% Final Effect on the Mean +100% Final Effect on the Mean

1.0 T Initial Disturbance
% i Effect on the Mean

No Effect
05- - —— +3%
° +5%
o ®e0 o0
—— +10%

I T 4
+30%
o | = +50%

5 +100%

esgole® +300%
+500%

00000090000000,
ecooe 100000000400,0,
pad LTINS
o0,
000,
00000

000000000404,0000000000000% 0000000 250000002%88
8 tegeTectes vOTe 0

0.0-

Resilience

-0.5

-1.0 -

1 1 1 1 1 1 1 1
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Standard Deviation in the Control
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effect on the mean (increase in the mean of the process in the disturbed treatment relative to the
mean in the control at the end of disturbance — t;). The x-axis represents the standard deviation of
the process in the control, also used for the other treatments.
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SUPPLEMENTARY MATERIAL

Proof 1

The resilience index proposed by Orwin and Wardle (2004) can be written as
2|Co — Py

(Cc =Pl + 1C = Pol)

RL(t,) = 1

where C, and P, are respectively the values of the response variable for the
control and disturbed treatments at the end of the disturbance; and C, and P, are
the values of the response variable at the time point (¢,) chosen to measure
resilience, in the control and disturbed soil, respectively.

Rewriting IC, — Pyl as D, and IC, — Pl as D,, the index can be written:
RL(t)=2D,/(D,+ D,) - 1
In a deterministic scenario (with no random variation, i.e. null variance), if there
is no disturbance effect, D, =0, yielding:

RL(t)=2D,/(D,+0) - 1
RL(t)=2D,/D,—-1
RL(t)=2-1

RL(t) =1

In that case, the index would always yield 1 for any fully resilient
system (D, = 0), regardless of the initial disturbance D,,. That is true because (D,
+ D,) necessarily equals D, and cancel D, in the numerator.

However, considering random variation, if for simplicity we
assume that C, and P, are two normally and independently distributed random
variables with means y. and pp, and standard deviations o, and o, respectively;
and denoting C, — P, as a new random variable D, it necessarily follows that D is
also normally distributed with mean and standard deviation as follows
Hp =M~ Pp )
ap =V(02 + o)) 2)
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Consequently, following Leone (1961), IDI will be a random variable

with a “folded normal distribution” with the following expectation:
E(DD) = opy/2/m e /27 + pp [1 - 29 (- £2)] 3)
where ¢() denotes the cumulative distribution function of a standard normal
distribution.
If there is no disturbance effect: C, and P, will be identically distributed.

Therefore, from (1) and (2) it follows that u, = 0 and o, = 062«/2, respectively.
Substituting that in (3)
E(ID]) = o.V2\/2/m e’ + 0
E(ID]) = g.2Vw

As a consequence, when there is no disturbance effect, the expected
value for D, is dependent on the standard deviation and will equals zero if, and
only if, o, = 0, that is, if there is no random variation. Only under that
(unrealistic) condition, the index would give 1 for all equally resilient systems,
regardless of the initial disturbance.

Under this scenario, when the standard deviation of the process in the
control is not null (what is naturally true for any real process), the resilience
index vary with the standard deviation and with the initial disturbance, even for

fully resilient systems.

Proof 2

Not accounting for random variation, if there is no disturbance effect at any
time, it follows that

IC,)— Pyl =0

IC.—Pl=0

Therefore
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RL(t)=0/0-1
Which is undefined because of the zero division.
This is not true when randomness is taken into account for the reasons presented

in Proof 1.

Reference

Leone FC, Nelson LS & Nottingham RB (1961) The Folded Normal
Distribution. Technometrics 3: 543-550.
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R Script Used for the Simulations

Resistance

library(dplyr)
library(magrittr)
library(reshape2)
library(ggplot2)
library(stringr)

quartz()

# To allow full reproducibility, | set the

# seed to day when this analysis was done
set.seed(03132015)

n.sims <- 1000
#####H# RESISTANCE
#### Simulation of resistance under varying means and standard deviations

# Function to calculate resistance
calc_resistance <- function(ctrl, trat){
if(any(c(ctrl, trat) < 0)) stop("Values cannot be negative!")
DO <- abs(ctrl - trat)
RS<-1-2*DO0/ (ctrl + DO)
return(RS)
}

# Function to simulate the resistance given the means and standard deviations
# of the control
simulate <- function(mu_c, mu_p, sigma_c, sigma_p, n.sims, return_summary = TRUE){
trat <- rnorm(n.sims, mean = mu_p, sd = sigma_p)
ctrl <- rnorm(n.sims, mean = mu_c, sd = sigma_p)
resistance <- calc_resistance(ctrl, trat)
if(return_summary){
return(c(Mean = mean(resistance),
SE = sd(resistance) / sqrt(n.sims),
mu_c, mu_p, sigma_c, sigma_p))
}else {
return(resistance)
}
}
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# Simulation of the effect of varing means, standard deviations, and effect sizes
# onresistance
levels_sigma <- ¢("No Effect", "+10% of the Mean")
levels_mean <-¢('1' = "No Effect", '1.1" = "10% Increase", ‘1.2 = "20% Increase")
means <- ¢(30, 50, 100, 150, 300, 500)
sigmas <- seq(.1, 4, length.out = 50)
resistance <- expand.grid(mu_c = means,
sigma_c = sigmas) %>%
do({rbind(mutate(., effect_mean = 1, effect_sigma = 0), # No effect on mean or SD

mutate(., effect_mean = 1.1, effect_sigma = 0), # +10% on mean, no effect on SD
mutate(., effect_mean = 1.1, effect_sigma = 1), # +10% on mean, +10% of mean on SD
mutate(., effect_mean = 1, effect_sigma = 1), # No effect on mean, +10% of mean on SD
mutate(., effect_mean = 1.2, effect_sigma = 1), # +20% on mean, +10% of mean on SD

mutate(., effect_mean = 1.2, effect_sigma = 0))}) %>% # +20% on mean, no effect on SD
mutate(mu_p = mu_c * effect_mean,
sigma_p = sigma_c + effect_sigma * 0.1 * mu_c) %>%
apply(1, function(row){
simulation <- simulate(mu_c = row["mu_c"],
mu_p =row["mu_p"],
sigma_c = row["sigma_c"],
sigma_p = row["sigma_p"],
n.sims = n.sims)
return(simulation)
}) %>%
t() %>%
data.frame() %>%
mutate(Effect_Sigma = ifelse(sigma_c/sigma_p == 1, levels_sigmal[1], levels_sigma[2]),
Effect_Mean = levels_meanl[as.character(round(mu_p/mu_c, 1))]) %>%
mutate(Effect_Sigma = factor(Effect_Sigma, levels = levels_sigma),
Effect_Mean = factor(Effect_Mean, levels = levels_mean))

ggplot(resistance) +
aes(y = Mean,
X = (sigma_c / mu_c),
colour = Effect_Mean,
shape = Effect_Sigma) +
geom_point() +
geom_errorbar(aes(ymin = Mean - SE,
ymax = Mean + SE),
width =0,
size =.3) +
scale_colour_brewer(palette = "Set2") +
geom_hline(y = 1, linetype = "dashed", colour = "grey") +
theme(panel.grid = element_blank(),
legend.position = "bottom") +
labs(x = "Coefficient of Variation in the Control",
y = "Resistance Index",
colour = "Effect of Disturbance on the Mean",
shape = "Effect of Disturbance on the SD")
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Resilience

HEHHE R RESILIENCE

###H#t Simulation of resistance under varying means and standard deviations
calc_resilience <- function(ctrlO, trat0, ctrll, trat1){
if(any(c(ctrlO, ctrll, trat0, tratl) < 0)) stop("Values cannot be negative!")
DO <- abs(ctrlO - trat0)
Dx <- abs(ctrl1 - trat1)
RL<- (2 * DO/ (Dx + D0)) - 1
return(RL)

simulate_resilience <- function(mu_c0, mu_p0, mu_c1, mu_p1,
sigma_cO0, sigma_p0, sigma_c1l,
sigma_p1, n.sims, return_summary = TRUE){
trat0 <- rnorm(n.sims, mean = mu_p0, sd = sigma_p0)
ctrl0 <- rnorm(n.sims, mean = mu_c0, sd = sigma_p0)
tratl <- rnorm(n.sims, mean = mu_p1, sd = sigma_p1)
ctrll <- rnorm(n.sims, mean = mu_cl, sd = sigma_p1)
resilience <- calc_resilience(ctrl0 = ctrl0, trat0 = trat0,
ctrll = ctrl1, tratl = tratl)
if(return_summary){
return(c(Mean = mean(resilience),
SE = sd(resilience) / sqrt(n.sims),
mu_c0, mu_p0, mu_cl, mu_pl,
sigma_cO0, sigma_p0, sigma_c1,
sigma_p1))
}else {
return(resilience)
}
}

levels_recovery <- c("Fully Resilient", "+10% Final Effect on the Mean", "+100% Final Effect on the Mean")
levels_effect <- c("No Effect", "+3%", "+5%", "+10%", "+30%", "+50%", "+100%", "+300%", "+500%")

sigmas <- seq(.1, 8, length.out = 50)
resilience <- expand.grid(mu_c0 = 50,
sigma_c0 = sigmas,

d0_mean =c(1,1.03,1.05,1.1,1.3,1.5, 2,4, 6),
dl_mean=c(1, 1.1, 2)) %>%
mutate(mu_cl = mu_c0,

mu_pl=mu_cl * d1_mean,

mu_p0 = mu_c0 * d0_mean,

sigma_c1 = sigma_c0,

sigma_p0 = sigma_cO,

sigma_p1 = sigma_c0) %>%
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apply(1, function(row){
simulation <- simulate_resilience(
mu_cO = row["mu_c0"],
mu_pO0 = row["mu_p0"],
mu_cl = row["mu_c1"],
mu_p1l =row["mu_p1l"],
sigma_c0 = row(["sigma_c0"],
sigma_p0 = row(["sigma_p0"],
sigma_cl = row(["sigma_c1"],
sigma_p1 = row(["sigma_p1"],
n.sims = n.sims)
simulation_resistance <- simulate(mu_c = row["mu_c0"],
mu_p = row["mu_p0"],
sigma_c = row["sigma_c0"],
sigma_p = row["sigma_p0"],
n.sims = n.sims)
return(c(simulation, Resistance = simulation_resistance["Mean"]))
}) %>%
t() %>%
data.frame() %>%
mutate(Effect_DO = 100 * (mu_p0/mu_c0 - 1),
Effect_DO = sprintf("+%d%%", round(Effect_DO)),
Effect_DO = ifelse(Effect_D0 == "+0%", "No Effect", Effect_DO),
Recovery = round(100 * (mu_p1/mu_cl - 1)),
Recovery = sprintf("+%d%% Final Effect on the Mean", Recovery),
Recovery = ifelse(Recovery == "+0% Final Effect on the Mean",
levels_recovery[1], Recovery)) %>%
mutate(Recovery = factor(Recovery, levels = levels_recovery),
Effect_DO = factor(Effect_DO, levels = levels_effect))

#quartz()

theme_set(theme_bw())
ggplot(resilience) +
aes(x = sigma_cO,
y = Mean,
colour = factor(Effect_DO0)) +
facet_wrap(~Recovery, ncol = 3) +
geom_point(size = 1.5) +
scale_colour_brewer(palette = "Paired") +
geom_errorbar(aes(ymin = Mean - SE,
ymax = Mean + SE),
width =0,
size =.3) +
geom_hline(y =1) +
labs(x = "Standard Deviation in the Control",
y = "Resilience",
colour = "Initial Disturbance\nEffect on the Mean")
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APPENDIX A: Other outcomes
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Abstract

Science has a critical role to play in guiding more sustainable development trajectories.
Here, we present the Sustainable Amazon Network (Rede Amazonia Sustentdvel, RAS):
a multidisciplinary research initiative involving more than 30 partner organizations
working to assess both social and ecological dimensions of land-use sustainability in
eastern Brazilian Amazonia. The research approach adopted by RAS offers three
advantages for addressing land-use sustainability problems: (i) the collection of
synchronized and co-located ecological and socioeconomic data across broad gradients
of past and present human use; (ii) a nested sampling design to aid comparison of
ecological and socioeconomic conditions associated with different land uses across
local, landscape and regional scales; and (iii) a strong engagement with a wide variety of
actors and non-research institutions. Here, we elaborate on these key features, and
identify the ways in which RAS can help in highlighting those problems in most urgent
need of attention, and in guiding improvements in land-use sustainability in Amazonia
and elsewhere in the tropics. We also discuss some of the practical lessons, limitations

and realities faced during the development of the RAS initiative so far.



