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APRESENTAÇÃO

A tese inclui Introdução Geral, três capítulos em formato de artigos e Considerações Finais. Na

Introdução  Geral  eu  apresento  os  principais  referenciais  teóricos  que  me  motivaram  na

elaboração desta tese. Cada capítulo representa um artigo científico que foi publicado ou será

submetido. No primeiro capítulo, “You don’t belong here: explaining the excess of rare species in

terms of habitat, space and time”, investiguei se as espécies raras em um determinado local são

comuns: 1) em outros tipos de habitats no mesmo local e ano, 2) em outros locais no mesmo

habitat e ano, 3) em outros anos no mesmo local e mesmo habitat. Este trabalho foi desenvolvido

com dados de abundância de macroinvertebrados de riachos já disponíveis (Melo 2002; Costa e

Melo 2008). Este capítulo foi publicado no periódico Oikos. No segundo capítulo, “Rarity and

commonness on elevational gradients: a cross-regional and multi-taxa assessment”, testei se a

abundância  intraespecífica  varia  de  forma  unimodal  ou  linear  em  gradientes  de  elevação.

Especificamente,  testei  se  as  espécies  tendem  a  se  tornar  mais  raras  conforme  elas  são

observadas distantes ambientalmente (acima, abaixo ou em ambas as direções) de sua elevação

ótima. Utilizei dados de abundância, compilados da literatura para diversos grupos taxonômicos,

amostrados  em  gradientes  de  elevação  ao  longo  de  todo  o  mundo.  No  terceiro  capítulo,

“Sampling effort and information quality provided by rare and common species in estimating

community  structure  of  stream insects”,  testei  qual  o  efeito  da  exclusão  das  espécies  raras,

comuns  ou  de  modo  aleatório  na  detecção  ou  recuperação  dos  padrões  de  estrutura  de

originalmente observado nas comunidades. Utilizei dados de abundância de insetos de riacho

amostrados  no  Brasil  e  na  Finlândia.  Estes  dados  são  proveniente  de  um projeto  chamado

“Scaling biodiversity  in tropical and boreal streams: implications for diversity mapping and

environmental assessment (ScaleBio)”, coordenado no Brasil pelo Prof. Dr. Tadeu Siqueira e na

Finlândia pelo Profs Drs Jani Heino e Janne Soininen. Por fim, na seção Considerações Finais

busco sintetizar as conclusões gerais e perspectivas obtidas na tese.
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RESUMO

Um padrão repetidamente observado na natureza é que as espécies variam em abundância entre

os locais, sendo que em poucos locais a espécie é abundante, enquanto que na maioria a espécie

é rara. Esta distribuição intraespecífica de abundância, por sua vez, gera um padrão recorrente

que é o excesso de espécies raras nas comunidades biológicas. Este excesso de espécies raras

pode complicar análises ao nível de comunidade visto que produzem conjuntos de dados com

muitos zeros. Nesta tese busquei  entender quais são as causas para a raridade das espécies e

como excesso de espécies raras influência a detecção de padrões ao nível de comunidades. No

primeiro  capítulo  observei  que  espécies  classificadas  como  raras,  foram comuns  em outros

habitats, em outros locais e em outros anos. No entanto, entre estes três fatores, a raridade foi

melhor explicada pelo tipo de habitat em que ela foi amostrada. No segundo capítulo observei

que as espécies tendem a se tornar mais raras conforme elas se distanciam (acima, abaixo ou em

ambas as direções) de sua elevação ótima. Este padrão foi bastante robusto pois foi independente

do grupo taxonômico ou da região geográfica. No terceiro capítulo, observei que a remoção das

espécies raras têm pouco efeito na recuperação dos padrões de estrutura das comunidades. Além

disso, o efeito da remoção de espécies raras foi similar ao observado quando exclui as espécies

comuns, ou exclui as espécies de forma aleatória.
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ABSTRACT

A recurrent pattern seen in nature is that species vary in abundance among sites, being common

in a few sites and rare at the majority of sites. This intraspecific distribution of abundance, in

turn,  generates  an  excess  of  rare  species  in  biological  communities.  This  excess  may cause

problems in data analyses as datasets include many zeros. In this thesis I studied the causes of

species  rarity  and how the  excess  of  rare  species  influence  the  detection  of  patterns  at  the

community level. In the first chapter I observed that species classified as rare were common in

other habitat types, in other sites elsewhere, and in other years. However, among these three

factors, the rarity was explained mainly by the habitat type. In the second chapter I observed that

species tend to become rarer as they distance themselves (above, below or in both directions)

from their optimal elevation. This pattern was quite robust and independent of taxonomic group

or geographic region. In the third chapter, I observed that remotion of rare species in general did

not have effects on the recovery of community structure patterns. In addition, the effect of that

remotion  of  rare  species  was similar  to  that  observed for  the  common species  exclusion  or

random species exclusion.
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INTRODUÇÃO GERAL

Um dos  padrões  mais  conhecidos  em comunidades  biológicas  é  que  a  abundância  não está

distribuída uniformemente entre todas as espécies, sendo que algumas espécies são altamente

abundantes enquanto a maioria é extremamente rara (Preston 1948). No entanto, esta variação na

abundância é uma característica muito importante, pois pode prever diversos aspectos ecológicos

e evolutivos. Por exemplo, pode-se indicar o número de gerações que uma espécie tem por ano

(Kunin & Gaston 1997), o número de locais ocupados (Gaston et al. 2000) e o tamanho da área

de distribuição da espécie (Gaston et al. 1997). Essa variação na abundância das espécies pode

também estar ligada à competição (Jelks et  al.  2008) ou ao uso de recursos (Sugihara et  al.

2003),  ao nível  trófico e  ao tamanho corporal  (Kunin & Gaston 1997).  Em muitos casos,  a

abundância de uma espécie  está  diretamente relacionada ao seu risco  de extinção,  tanto  em

escala local (Brown & Kodric-Brown 1997) como em escala regional ou global (Ricklefs & Cox

1972). 

Por outro lado, sabe-se que existe também variação intraespecífica na abundância. Esta

abundância normalmente varia seguindo uma distribuição unimodal (Brown et al. 1995) onde as

espécies  tendem a  ocupar  alguns  poucos  lugares  com abundância  elevada  enquanto  que  na

maioria dos locais a espécie é rara. De fato, sabemos que esta variação existe e ocorre de tal

modo que boa parte das espécies localmente raras ocorrem em maiores abundâncias em outros

locais ao longo de sua área de distribuição (Murray & Lepschi 2004) ou em outros períodos

(Stenseth  et  al.  2002).  Existem várias  teorias  para  explicar  essa  variação  intraespecífica  da

abundância, e em geral estão relacionadas à dispersão e nicho das espécies.

A dispersão  pode  ser  um dos  fatores  responsáveis  pela  variação  intraespecífica  na

abundância pois pode tamponar os efeitos da estocasticidade demográfica local (variações em

taxas de natalidade e mortalidade dentro da população local; Gonzalez et al. 1998). Isto ocorre

pois entre populações conectadas há um forte fluxo de indivíduos de locais com alta abundância

para locais com poucos indivíduos e baixas taxas de crescimento (Gonzalez et al. 1998). Desse
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modo,  as  taxas  de  crescimento  populacional  local  teriam  menos  efeito  sobre  os  tamanhos

populacionais, mantendo-os constantes ao longo do tempo e do espaço (Gonzalez et al. 1998).

Por  outro  lado,  populações  muito  isoladas  tendem  a  sofrer  mais  com  a  estocasticidade

demográfica, já que devido ao isolamento, a troca de indivíduos entre populações é reduzida e

assim  o  tamanho  populacional  local  é  mais  dependente  das  taxas  de  crescimento  locais

(Gonzalez et al. 1998). Assim, a variabilidade na abundância das espécies ao longo do espaço

pode  depender,  além  da  capacidade  de  dispersão  das  espécies,  do  grau  de  isolamento

populacional. A dispersão também pode gerar variação da abundância entre manchas que diferem

em qualidade  ambiental  (Pulliam 1988).  Neste  caso,  a  dispersão é  responsável  por  fornecer

indivíduos  de  locais  com  adequabilidade  alta  (Fonte;  onde  a  espécie  apresenta  taxas  de

crescimento populacional positivas) para locais com adequabilidade baixa (Sumidouro; onde as

taxas de crescimento populacional são nulas ou negativas), através de uma dinâmica denominada

“fonte-sumidouro” (source-sink dynamics; Brown & Kodric-Brown 1977; Pulliam 1988). 

A abundância de uma espécie tende a ser relacionada com a adequabilidade local, por

exemplo,  a quantidade/disponibilidade de recursos ou a severidade das condições (Whittaker

1956). Assim, espécies que usam recursos limitados em um determinado ambiente tendem a ser

menos  abundantes  localmente,  enquanto  que  espécies  que  utilizam  recursos  com  alta

disponibilidade localmente tendem a ter abundâncias maiores (Sugihara et al. 2003). No entanto,

a adequabilidade ambiental e a disponibilidade de recursos variam ao longo do espaço fazendo

com que a espécie também apresente diferentes abundâncias, nos diferentes locais em que ela é

observada (Whittaker 1956). Estes processos relacionados ao nicho partem da premissa de que

maiores abundâncias são geradas em locais onde a espécie está melhor adaptada (VanDerWall et

al.  2009)  e  a  abundância  decai  gradualmente  conforme  as  condições  tornam-se  diferentes

daquela a qual a espécie está adaptada.

As  espécies  também variam em abundância  ao  longo do tempo,  de  acordo com as

variações na adequabilidade ambiental experimentada por cada espécie (Stenseth et al. 2002).
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Em alguns casos há uma variação que ocorre em pequenas escalas temporais, como a variação

diária  nas condições  ambientais  de lagos (Grossart  et  al.  2010).  Em outros casos,  como nos

pulsos de recursos em regiões áridas, estas variações ambientais ocorrem em intervalos de anos

ou várias décadas (Schwinning & Sala 2004). No entanto, em ambos os exemplos, essa variação

temporal nas condições ambientais faz com uma espécie seja mais favorecida em um período

enquanto   outras  espécies  sejam favorecidas  em  outros  períodos.  Embora  a  adequabilidade

ambiental seja importante para a variação temporal na abundância, a habilidade de uma espécie

resistir a uma condição extrema para colonizar novamente o local no futuro, quando as condições

se  tornem  mais  favoráveis,  pode  ser  muito  mais  importante.  Por  exemplo,  a  variação  em

abundância diária de plâncton só é possível por que a espécie migra para outros extratos do lago

quando  as  condições  não  são  adequadas,  e  “recoloniza”  conforme  as  condições  tornam-se

adequadas (Grossart et al. 2010). No caso das regiões áridas a ocorrência de uma espécie de

planta só é possível após várias décadas de seca devido ao acúmulo de indivíduos dormentes

(neste caso sementes) que podem potencialmente permanecer no solo por várias décadas, para

então ressurgir no futuro quando as condições ambientais se tornem favoráveis (Lennon & Jones

2011). Em casos mais extremos, uma bactéria pode ficar em estado dormente por 250 milhões de

anos (Vreeland et al. 2000) e se tornar ativa quando as condições voltem a se tornar adequadas

(Vreeland et al. 2000).

O entendimento da variação na abundância é importante para compreendermos padrões

ao nível de comunidades. Por exemplo, espécies raras carregam mais informação e/ou são mais

efetivas em identificar um determinado padrão ecológico do que as espécies comuns? Este ainda

é um tópico bastante controverso e já gerou uma série de debates na literatura especializada (Cao

et al. 1998; Faith & Norris 1989; Marchant 2002; Yu et al. 2017). De um lado estão aqueles que

defendem o uso das espécies mais abundantes (Marchant 2002; Yu et al. 2017) por que não seria

necessário um grande esforço amostral para se ter boas estimativas das abundâncias relativas das

espécies ao passo que estimar abundâncias relativas confiáveis para espécies raras pode ser algo
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muito exaustivo, gastando muito tempo e dinheiro (Yu et al. 2017). Além disso, há quem defenda

que espécies raras só geram ruídos nas análises, pois são pouco adaptadas àquele local/habitat

(Marchant 2002). Por outro lado, há quem defenda o uso também de espécies raras, pois essas

espécies  carregam informação  importante,  por  apresentarem mais  sensibilidade  às  variações

ambientais e por consequência seriam essenciais para identificar pequenas mudanças ao nível de

comunidades (Cao et al. 1998; Faith & Norris 1989).

Nessa  tese  testei  algumas  supostas  causas  para  o  excesso  de  espécies  raras  em

comunidades  biológicas  em  escala  local/regional  (Capítulo  I)  e  em  escala  regional/global

(Capítulo II).  No primeiro  capítulo testei  como o ambiente,  o  espaço e  o tempo podem ser

responsáveis pelo excesso de espécies raras em comunidades biológicas. O efeito de cada um

destes fatores foi separado e a significância de cada fator foi avaliada por meio de um modelo

nulo proposto no primeiro capítulo.  No segundo capítulo procurei  entender  se a variação na

abundância  ocorre  de  modo  previsível  ao  longo  de  gradientes  de  altitude,  avaliando  se  a

abundância das espécies decai de modo contínuo, conforme a espécie se distancia do seu ótimo

ambiental. No terceiro capítulo investiguei o efeito do excesso de espécies raras na detecção de

padrões  ao  nível  de  comunidades,  avaliando  se  espécies  raras  carregam  mais  informação

relevante do que  as  comuns,  por  meio  de  desconstrução sequencial  da riqueza.  Além disso,

avaliei qual o efeito da dominância numérica de algumas espécies na recuperação de padrões

ecológicos.
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CAPÍTULO I

You don’t belong here: explaining the excess of rare species in terms of habitat, space

and time*

* Sgarbi, L. F., & Melo, A. S. You don’t belong here: explaining the excess of rare species in terms of habitat,
space and time. - Oikos. <https://doi.org/10.1111/oik.04855>
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ABSTRACT

Ecological communities are composed of a few common and several rare species. Many studies

have evaluated the shape of abundance distribution curves, but few studies have assessed the

causes  of  rarity.  Using  a  dataset  of  stream macroinvertebrates,  we  investigated  whether  the

excess of rare species in three focal communities of stones in riffles were common i) in other

habitats at the same stream site and period of sampling (Environment), ii) in other stream sites in

the same habitat and period of sampling (Space), and iii) in other years in the same stream site

and habitat (Time). We observed that around 28% of the rare species were common in other

habitats (Environment), stream sites (Space) or years (Time). Among the three factors, rarity was

mostly explained by habitat type, whereas a significant portion of the rare species in riffles were

common in pools, submerged roots of terrestrial plants or in partially submerged moss patches.

This result suggests that the presence in non-optimum habitat is a strong determinant of the rarity

observed  in  natural  communities  and  most  rare  species  are  due  to  sampling  artifacts  or

accidentally sampled transient species.

1. INTRODUCTION

A recurrent  pattern  in  ecological  communities  is  that  the  numbers  of  individuals  are  not

uniformly distributed among species (Ulrich et al. 2010). In most, if not all communities, many

species are present in very low abundance, while a few are present in high abundance (Preston

1948).  Rare  and  common  species  may  differ  in  many  traits,  such  as  reproductive  success,

reproductive  investment,  number  of  offspring  per  reproductive  event  and/or  number  of

generations per year (Kunin & Gaston 1997), competition ability (Jelks et al. 2008), resource

usage (Sugihara et al. 2003), habitat specialization (Silcock & Fensham 2014), trophic levels and

body  sizes  (Kunin  &  Gaston  1997).  Moreover,  for  several  species,  the  rarity  over  large

timescales generally precedes their regional or global extinction (see taxon cycle; Ricklefs &

Cox 1972).
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Among the several theories to explain the intraspecific variation in abundance, those

based on niche are frequently used and commonly accepted (Sugihara 1980). Thus, intraspecific

variation in abundance over ecological time (Stenseth et al. 2002), among different habitat types

(Menin et al. 2008) and patches (Novotný & Basset 2000) is often associated with spatial or

temporal  variation in  the amount,  availability  and quality  of resources and in  environmental

suitability  (Magurran  & Henderson 2003;  VanDerWal  et  al.  2009).  Accordingly,  it  could  be

hypothesized  that  a  rare  species  at  a  certain  site  and  time  may  indicate  that  resources  and

conditions are not optimal and that the species may be common at a different site and time. For

instance,  a  given  site  varies  over  time  regarding  the  amount  and  quality  of  resources  and

conditions (e.g. resource pulses in arid regions; Schwinning & Sala 2004) and several rare (or

common)  species  may  become common  (or  rare)  as  succession  proceeds.  This  variation  in

abundance  over  time has  been observed for  several  taxonomic  groups,  including liverworts,

mosses, lichens (Crites & Dale 1998), birds (Schieck et al. 1995), mammals (Greenville et al.

2012) and arthropods (Kwok et al.  2016). In this case, a species may be detected as rare or

abundant depending on the time of sampling.

Different  habitats  provide  different  availability  and types  of  resources  and  different

conditions that influence the intraspecific variation in abundance. Indeed, the abundance of tree

species may differ across phytophysiognomies in a spatial scale of a few meters (Carlucci et al.

2011, Geiger et al. 2011). Moreover, species that use atypical or marginal resources of a site tend

to be less abundant than species that use typical or widespread resources, and this  has been

observed for a variety of taxonomic groups, including birds (Gregory & Gaston 2000), fishes

(Magurran  &  Henderson  2003,  Tales  et  al.  2004,  Giam  &  Olden  2018),  insect  herbivores

(Novotný  &  Basset  2000)  and  stream  macroinvertebrates  (Brown  &  Brussock  1991).

Accordingly, a common species may be classified as rare if it has been sampled in a non-optimal

habitat.

Intraspecific variation in abundance may also occur among sites of similar or partially
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similar suitability but differing in dispersal limitation (Mouquet & Loreau 2003, Altermatt et al.

2011, Nislow et al. 2011). Dispersal reduces the probability of local extinction due to the rescue

effect  (Brown  &  Kodric-Brown  1977).  Indeed,  if  ecological  processes  (i.e.  disturbances,

antagonist  interactions  and  temporary  changes  in  the  amount  and  quality  of  resources  or

conditions)  act  to  decrease  the  abundance  of  species,  dispersal  plays  an  important  role  in

preventing extinction and maintaining population persistence (Gonzalez et al. 1998) or simply

controlling the variation of species abundance among sites (Altermatt et al. 2011). However, if

dispersal  is  not  high  enough,  ecological  processes  may  cause  local  extinctions  or  decrease

species  abundance  and,  thus,  generate  high  variation  in  abundance  among  sites  (Brown  &

Kodric-Brown 1977, Lawton 1993, Gonzalez et al. 1998). Therefore, it can be hypothesized that

species may be rare (or absent) at a given site and period of time but common at another site and

time with similar suitability if the latter receives a constant influx of migrants (Nislow et al.

2011).

Specific  properties  of  ecological  systems may modulate  their  dynamics  wherein the

variation in abundance occurs across spatial and temporal scales or among habitat types. Streams

present high variation in characteristics such as substrate, refuges, and amount of resources over

space  and  time,  generating  a  high  variety  of  different  microhabitats  in  a  scale  of  a  few

centimeters or meters. This heterogeneity in habitat characteristics supports a high diversity of

species with different traits which are adapted to live in different stream habitats. Streams also

present  high  temporal  variability  in  physical  and  chemical  conditions  and  are  prone  to

disturbances caused by high discharge events (Poff et al. 1997) or, in some regions, droughts

(Datry et al. 2014). These disturbance events may depress the abundance of susceptible species,

and  sampling  soon  after  these  events  may  indicate  some  species  are  rare.  Indeed,  there  is

empirical evidence of reductions in macroinvertebrate abundances after high disturbance events

(McCabe & Gotelli 2000) or a redistribution of individuals, making some species rare in some

habitat  patches (Melo et  al.  2003). However,  although species recovery and redistribution in
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streams are fast (Melo et al. 2003, Melo & Froehlich 2004), empirical data has shown that the

abundances of macroinvertebrates are subjected to high demographic stochasticity due to the

reproductive success of a few individuals (Bunn & Hughes 1997). It could be expected, thus, that

rare (or common) species in a year may be common (or rare) in other years in the same site and

habitat.

We evaluated whether species rarity in a particular community is the result of niche-

related  processes  (i.e.  habitat  type),  spatial  processes  (i.e.  limited  dispersal  among  sites)  or

demographic  stochasticity  (variation  in  abundance  over  time  in  the  same habitat).  We used

aquatic macroinvertebrates associated with stones in stream riffles to test if the set of observed

rare species were common in other i) habitats (Environment) at the same stream site and period

of sampling, ii) stream sites (Space) in the same habitat type and same period of sampling, and

iii) years (Time) in the same stream site and habitat. Additionally, we evaluated the concordance

of relative abundances of species in focal communities with the relative abundances of the same

species in other habitats, stream sites and years. 

2. MATERIAL AND METHODS

2.1 Study area

The  study  was  conducted  in  stream sites  belonging  to  the  Carmo  River  catchment,  Parque

Estadual  Intervales  (48º25’W,  24º18’S),  São  Paulo  state,  Brazil  (Supplementary  material

Appendix 1, Fig. A1). The vegetation is Tropical Ombrophilous Submontane-Montane Forest

(Atlantic Rain Forest). The study area has two distinct seasons. The rain is concentrated in the

warm  season  (September–March),  when  the  air  temperature  varies  from  15  to  30  ºC  and

precipitation varies from 150 to 400 mm/month. The cold season (April–August) receives only

60–150 mm/month and air temperature varies from 0 to 25 ºC. The mean precipitation in the

study area is 2040 mm/yr.

All studied stream sites have high canopy cover (84–100%), forested catchments with
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well-preserved vegetation and are free of pollution. The streambeds are composed mainly of

stones,  predominantly of sedimentary origin.  Stream sites were selected based on geological

similarity, and the single notable differing factor was stream width (ranging from 1 to 10 m) and

discharge (0.010–1.281 m3/s in the wet season and 0.005–0.750 m3/s in the dry season) (Melo &

Froehlich 2001).

2.2 Sampling design

We sampled stones in riffles of three focal communities (hereafter A, B and C; Appendix 1, Fig.

A1) in March 2004, during the wet season (Costa & Melo 2008). Each of the focal communities

(Appendix 1, Fig. A2 A) were contrasted to a number of other samples collected in other i)

habitat types (in the same stream site and period but in other three different habitats; Appendix 1,

Fig. A2 B), ii)  stream sites (stones in riffles sampled at  the same period in other four sites;

Appendix 1, Fig. A2 C), and iii) years (stones in riffles sampled at the same sites over five years,

twice a year; Appendix 1, Fig. A2 D). This design aimed to assess whether species rare in focal

samples  were  abundant  in  other  samples.  Each  focal  sample  included  25  sampling  units

consisting of individual stones (ca. 18 cm diameter) in riffles. Stones were sampled in a reach of

at  least  50  m  using  a  U-net  sampler.  The  material  collected  in  the  U-net  was  preserved

individually and each stone was carefully examined for attached individuals. Only stones that

were totally submerged and free of moss were sampled (Melo & Froehlich 2001, Costa & Melo

2008).

We collected, in the same reaches of the three focal streams and in the same period

(March 2004), samples of three different habitats (Appendix 1, Fig. A2 B): i) accumulated leaves

in pools, ii) submerged roots of terrestrial plants, and iii) mosses attached to the air–water region

of large boulders. We obtained 10 sampling units of each habitat in each focal stream. Each

sampling unit consisted of 1.5–2.0 l of leaves from a single pool, 1.0–1.5 l of roots of a single

plant individual and 250 ml of mosses from a single boulder. Leaves in pools were collected
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using a rectangular net, roots using large scissors and a net, and mosses by scraping the air–water

region of partially submerged stones.

In addition to riffle samples of the three focal streams, we obtained riffle samples from

two other streams in the same period (Appendix 1, Fig. A2 C). These samples were used to

assess the effect of space. These five stream sites differed in size (Appendix 1, Fig. A1), although

a  previous  study  indicated  that  this  factor  was  not  as  important  as  habitat  type  in  the

determination of community structure (Costa & Melo 2008).

To assess the time effect, stones in riffles of the three focal stream sites were sampled

from 1997 to 2001 during the wet (February–March) and dry seasons (July–August; Appendix 1,

Fig.  A2 D).  Sampling in the wet  season of 2001 occurred in  December 2000.  Each sample

consisted of 25 individual stones (ca. 18 cm diameter) collected in riffles and following the same

methodology  described  above  for  the  focal  communities.  All  samples  of  this  study  were

collected by a single person (A. S. Melo).

The study included three focal samples (riffles in three stream sites in 2004). For each

focal sample, three samples in other habitat were sampled to evaluate habitat effects; samples of

riffles of the four different riffle sites were used to evaluate the spatial effects; and ten samples in

the focal streams over time, twice a year from 1997 to 2001, were used to evaluate temporal

effects (Appendix 1, Fig. A2). Thus, each focal sample was contrasted with a focal matrix that

included 17 different samples (three habitats + four sites + ten sampling periods). 

2.3 Macroinvertebrate identification

The macroinvertebrates were identified at the lowest taxonomic level, using available literature,

and then separated into morphospecies (for details see Melo & Froehlich 2001, Costa & Melo

2008). For consistency in morphospecies determination, identifications were performed mostly

by A. S. Melo (all those sampled in riffles). Those initially sorted by a different person (the other

three habitats sampled in 2004, Costa & Melo 2008) were later fully checked by A. S. Melo.
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Consistency in morphospecies designation was further aided by use of a reference collection,

description  notes,  drawings  and  photographs.  First  instar  larvae  of  some  insects  were  not

included because they lacked diagnostic features. Chironomidae and Acari were not included.

Oligochaeta  were  included  but  were  not  separated  into  morphospecies.  For  simplicity,

morphospecies  are  called  species  hereafter.  Additional  information  about  macroinvertebrate

identification,  family list and other details can be found elsewhere (Melo & Froehlich 2001,

Costa & Melo 2008). Data available from Sgarbi and Melo 2017.

2.4 Statistical analyses

2.4.1 Community similarity

We summarized overall similarity among each focal sample and samples of its respective focal

matrix using non-metric multidimensional scaling (NMDS) with Bray-Curtis dissimilarity and

log(x+1) transformed data. The analyses were performed using the R package vegan (Oksanen et

al. 2015, The R Core Team 2015). 

2.4.2 Defining common and rare species

There are several criteria to define rare species. A traditional approach is the use of Gaston’s

quartile  criterion  (Gaston  1994),  which  consists  of  the  determination  of  rare  species  as  a

percentage (usually the first quartile) of the least frequent species in the sample. This criterion,

however, delimits a fixed portion of the community richness (e.g. 25% of the total richness) and

is not based solely on the relative abundance of a species in a sample. In this sense, we opted to

classify species as rare (or common) according to their relative abundance in the sample (i.e.

percentage of the individuals of each species in a sample). Specifically, we defined those species

with  relative  abundance  of  lower  than  or  equal  to  0.5% (i.e.  a  species  with  three  or  fewer

individuals in a sample of 600 individuals) as rare and those with relative abundance greater than

or equal to 3% (i.e. a species with 18 or more individuals in a sample of 600 individuals) as
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common. Due to the differences in sampling methods (among different habitats) and abundance

among  samples,  relative  abundances  were  obtained  within  samples  (species  abundance  in  a

sample divided by the total abundance of the sample).

Results  may  depend  on  the  criteria  used  to  define  rare  and  common  species.

Accordingly, we repeated analyses using different values of relative abundance to define rare and

common species. For rare species, we used values from 0.25 to 2.5% at intervals of 0.25%. For

common species,  we used values from four times greater than the value used to define rare

species to 10% at intervals of 0.25%, generating 190 combinations. We summarized the results

by  plotting  the  percentage  of  explained  rarity  or  effect  size  in  relation  to  combinations  of

abundances used to classify common and rare species for each factor studied and for each focal

community.

2.4.3 Explaining species rarity

We assessed whether rare species in the focal samples were common in samples of other i)

habitats (environment [E]), ii) stream sites (space [S]), or iii) period (time [T]). We computed the

relative abundance of the species in each sample and recorded the rare species in each focal

sample that  were common in any other  17 samples  of  its  respective focal  matrix.  Next,  we

computed the percentage of rare species in the focal samples that were common exclusively in

samples of the different three habitats [E], four stream sites [S], ten sampling periods [T], in

more than one sample category [E+S], [E+T], [S+T] or in all categories [E+S+T]. The explained

rarity was calculated as the proportion of all rare species in a focal sample that were abundant in

other focal matrix samples. The procedure was repeated for the three focal samples.

2.4.4 Null model

The explained rarity of each of the three studied factors depended on the number of samples. For

instance, for each focal sample, there were 10 samples to evaluate time effects but only three to
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evaluate the habitat effects and four to evaluate spatial effects. Accordingly, we developed a null

model to test the statistical significance of the rarity explained by each component ([E], [S], [T],

[E+S], [E+T], [S+T] and [E+S+T]). The null model consisted of equiprobably permuting the

relative species abundance values among non-empty cells within columns (species) of each focal

matrix (Fig. 1). The relative abundances of species in the focal sample were not permuted (Fig.

1). Accordingly, the sum of the relative abundances of each species, the original frequency of

occupied sites per species, species richness per site, the total relative abundance and fill in the

entire matrix were preserved. The single modification in matrix property was the change in the

sum of relative abundances within samples (Fig.  1).  As relative abundances  in the observed

matrix were obtained within sites, the sum of the observed relative abundances within a site is

100% (Fig. 1A). This is modified in the randomized matrices, although, on average, permuted

relative abundances within a site sums to 100% (Fig. 1B). 

For each run of the null model, the total explained rarity is always equal to the observed

value. However, the amount of explanation of each factor varies among runs of the null model.

Our null model presented some caveats regarding cases in which permutations were not possible

or did not effectively change the randomized matrix: i) a rare species in a focal sample and that is

common but present on a single sample of the focal matrix could not be permuted; ii) a rare

species in a focal sample and that is common in samples of a single factor of the dataset could be

permuted but explained rarity remained unchanged as it is restricted to a single factor; and iii)

rare species in focal sample and that are common in all other samples of the focal matrix could

not be permuted. These caveats make our null model conservative and, thus, prone to type II

error (i.e. failure to detect a statistically significant pattern when the null hypothesis is false).
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Figure 1. Simplified example of the operation of the null model using a hypothetical observed matrix. Only species
present in the focal sample were included in the respective focal matrix. The first part of each figure (A – observed;
B  –  randomized)  corresponds  to  the  focal  community.  The  null  model  employed  randomizes  values  among
nonempty cells of each column (species). Thus, the randomized matrix (B) maintains the number of occupied sites
per  species,  total  relative  abundance  per  species,  local  richness,  matrix  grand total  and  matrix  fill.  The  single
modification is the sum of total relative abundances within samples. 
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We assessed  the  rate  of  the  type  I  error  of  our  null  model  using  random matrices,

generated by two methods. For each method, we simulated 1000 matrices with similar structure

of  each  of  the  three  focal  matrices.  We  expected  that  our  null  model  would  fail  to  detect

significant structure (p ≤ 0.05) in random matrices in a proportion lower than 0.05 (i.e.,  <50

structured  matrices  in  1000;  Gotelli  2000).  Our  null  model  performed  very  well  because  it

identified structure in random matrices in a proportion always smaller than 0.05 (Supplementary

material Appendix 2, Table A1), indicating that our model has a low type I error rate. Details

about the creation of null matrices and details about the performance of our null model can be

found in the Supplementary material Appendix 2.

For  each focal  community,  we measured  the  explained rarity  for  the  observed data

(Robs) using the procedure described above (in Explaining species rarity). Next, we permuted

the observed data using our null model described above and recorded the explained rarity for

randomized data  (Rrand).  We repeated  the  permutations  999 times  and obtained  999 Rrand

values. The explained rarity for each component  i (Robsi) ([E], [S], [T], [E+S], [E+T], [S+T],

[E+S+T]) was contrasted with the mean (Mrandi) and standard deviation (SDrandi) of the 999

Rrandi values of each component  i. We obtained the standardized effect sizes (SESi) of each

component as: SESi = (Robsi - Mnulli) / Sdnulli.

Positive SES values indicate that rarity explained by a factor is higher than expected by

chance. In our case, this means that rarity is not uniformly distributed among different samples,

but concentrated in samples of a given factor ([E], [S], [T]) or combinations of factors ([E+S],

[E+T], [S+T], [E+S+T]). Negative SES values indicate that observed explained rarity is lower

than expected by chance. This means that samples of a given factor or their combinations have

too few common species that are rare in the focal sample in relation to that expected by chance.

ES values similar or equal to zero indicate that observed explained rarity is equal or very similar

to that expected by chance.
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2.4.5 Rank-abundance diagrams

Rank-abundance  diagram  (RAD)  is  a  particular  representation  of  the  species  abundance

distribution  that  allows  comparisons  among communities  (McGill  et  al.  2007).  The RAD is

constructed by plotting the abundance of each species on the y-axis and the order of species,

from the most to the least abundant species, on the x-axis. We used the RAD to evaluate how

individual species abundance varies between focal community and i) habitats, ii) stream sites and

iii)  years. We constructed a RAD for each focal community and then added the median and

maximum relative abundance of species in samples of other habitats, stream sites and years. We

assessed  concordance  of  species  relative  abundances  from  RADs  using  a  Spearman’s  rank

correlation  (rho)  among the abundance  in  focal  sample and both  the  median  and maximum

abundances in other samples. Species absent in the focal sample were not used in the correlation

analysis. All analytical and computational procedures described above were performed using R

(The R Core Team 2015).

3. RESULTS

Focal samples were most similar to samples in the same habitat (riffles) and stream site collected

in other years (Fig. 2). In contrast, samples of the other sites and, particularly, other habitats were

dispersed over the ordination space and scored far from focal samples, indicating high variability

in species composition among samples in different sites and habitats and among them and their

respective focal sample (Fig. 2).

The relative abundances of species in focal communities were only moderately rank-

correlated to median or maximum abundances in other habitats (Fig. 3 A–C). Similarly, rank

correlations between focal communities and those of other stream sites were moderate (Fig. 3 D–

F).  These results  indicate high variability  in  relative abundances among different  habitats  or

among stream sites. On the other hand, the species relative abundances were more concordant

over time than among habitats or stream sites, with rank correlations always greater than 0.58
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(Fig. 3 G–I).

Figure 2. NMDS ordination of communities for each focal matrix (A, B and C) in two dimensions. The distance
between any two samples represents the difference in species composition. The ordinations were based on Bray-
Curtis dissimilarities of focal matrices using log(x+1)-transformed abundance data. Focal communities are indicated
by a blue diamond, samples in other time periods by orange circles, samples in other sites by yellow triangles and
samples in other habitat types by green squares.

Figure  3. The  relationships  between  the  relative  abundance  (%)  of  macroinvertebrate  species  in  each  focal
community (orange squares) and i) median (green circle) and ii) maximum (purple triangle) relative abundance in
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Environment (A, B and C), Space (D, E and F) and Time (G, H and I). Spearman’s rank correlation between relative
abundance  in  focal  community  and  median  relative  abundance  (rmd)  and  between  relative  abundance  in  focal
community and maximum relative abundance (rmx) indicates concordance level and the statistical significance of the
relationship (Abbreviations: ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 0.05,  ns., p > 0.05). The inferior gray polygons
indicate relative abundance wherein species are classified as rare. Superior gray polygons indicate common species.
The y-axis was log-transformed for best viewing.

The total dataset (44 samples) included 45,948 individuals and 276 species. The average

species richness per sample was 56.54 (SD = 8.49), with a minimum of 40 and a maximum of 80

species. The number of occupied sites per species varied from 1 to 44 (mean = 9.01; SD =

11.63). The number of individuals per sample ranged from 384 to 3288 (mean = 1044.27; SD =

633.26). The number of individuals per species varied from 1 to 5237 (mean = 166.48; SD =

499.01). The focal communities A, B and C included 54, 53 and 57 species and 746, 641 and 891

individuals, respectively.

We found that 33 (61.11%), 30 (56.6%) and 26 species (45.61%) of those in the focal

communities  A,  B  and  C,  respectively,  were  classified  as  rare  (i.e.  species  with  relative

abundances ≤0.5% of the total sample). Of all species classified as rare in focal communities, 4

(12.12%), 12 (40%), and 8 (30.77% of the rare species) were common in at least one of the other

samples in their respective focal matrix.

Rarity was mostly explained by the environment factor (Fig. 4; Table 1). Specifically,

the  environment  [E]  exclusively  explained  9.09% (SES =  3.05),  23.33% (SES =  4.46)  and

15.38% (SES = 2.57) of the rarity in focal samples A, B and C, respectively (Fig. 4; Table 1).

The space [S] factor explained 0.00% (SES = -0.74), 3.33% (SES = -0.82) and 7.69% (SES =

0.30) and the time [T] factor explained 3.03% (SES = -1.23), 6.67% (SES = -1.96) and 0.00%

(SES = -2.76) of the rarity in focal samples A, B and C, respectively (Fig. 4; Table 1). For all

focal samples, only the effect of the environment factor was statistically significant in explaining

rarity (Table 1). Moreover, we observed that the different combinations of relative abundance

used to define rare and abundant species produced similar results in terms of explained rarity

(Appendix 1, Fig. A3), effect sizes (Appendix 1, Fig. A4) and statistical significance (Appendix
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1, Fig. A5), with the environment factor being more important than the space and time factors.

Table 1. Percentage (Exp), standardized effect size (SES) and p-value (p) of rarity explained for each focal 
community (A, B and C) and each studied factor (E = Environment, S = Space, T = Time) and their combinations 
([E+S], [E+T], [S+T], [E+S+T]).

Focal Matrix Statistic E S T ES ST ET EST

A

Exp (%) 9.091 0.000 3.030 0.000 0.000 0.000 0.000

SES 3.055 -0.739 -1.234 -0.095 -0.639 -0.599 -0.395

p 0.019 0.999 0.966 0.999 0.999 0.999 0.999

B

Exp (%) 23.333 3.333 6.667 3.333 0.000 0.000 3.333

SES 4.460 -0.825 -1.961 2.121 -1.293 -1.050 -0.245

p <0.001 0.907 0.990 0.152 0.999 0.999 0.877

C

Exp (%) 15.385 7.692 0.000 0.000 3.846 3.846 0.000

SES 2.566 0.299 -2.763 -0.179 -0.302 1.494 -0.418

p 0.022 0.577 0.999 0.999 0.917 0.309 0.999

Figure 4. Venn diagrams representing the portions of rarity explained and their standardized effect size exclusively
by Environment [E], Space [S] and Time [T] as well as those shared by their combinations. A–C show results for
focal communities A, B and C, respectively. Bold values indicate that the standardized effect sizes were statistically
significant (p < 0.05).

4. DISCUSSION

We found that around 28% of the species detected as rare in a focal sample were common 

elsewhere. In addition, we observed that the niche-related process (habitat type) explained most 

of the rarity, whereas the spatial process (i.e. dispersal among sites of similar suitability) and 

demographic stochasticity (variation in abundance over time in the same habitat) explained a 

small and non-significant portion of the rarity. Moreover, the NMDS ordination indicated that 
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samples collected in different habitats (mosses, pools and submerged roots) were the most 

dissimilar to and presented the lowest rank-correlations with the focal samples (riffles).

Habitat type was the most important factor to explain the rarity of species. Many species

rare in riffles were common in leaves in pools, submerged roots of terrestrial plant and/or moss

attached to  rocks.  Furthermore,  the  species  relative  abundances  in  focal  riffle  samples  were

weakly concordant among different habitat types. In a previous study in the same studied basin

and including the five streams studied here, Melo & Froehlich (2001) found that samples of

riffles  of  streams  with  distinct  physical  and  chemical  characteristics  presented  very  distinct

fauna. They also presented circumstantial evidence that some rare species in a site were common

in stream sites that were distinct in environmental variables (Melo & Froehlich 2001). Moreover,

other studies found that the occurrence of some stream benthic invertebrates at low abundance in

a given habitat may be the result of dispersal from another habitat where the species is better

adapted and maintains  high abundance (Brown & Brussock 1991).  This  pattern seems to be

consistent  and  extends  to  other  taxonomic  groups  and  systems.  For  example,  Magurran  &

Henderson (2003) used a comprehensive data set of estuarine fishes and observed that many fish

species  known to be common in  other  habitat  types  were only  sporadically  detected  at  low

abundance in estuaries over time in repeated sampling. Novotný & Basset (2000) also observed

that  herbivorous  insects  rare  in  a  given  host  plant  were  common  in  other  hosts  species.

Accordingly, our results and those found in other ecological systems provide strong evidence that

the excess of rare species in ecological communities may be the result of a mass effect (Shmida

& Wilson 1985) due to a constant influx of individuals from other habitats where the species are

better adapted.

Only a very small fraction of rarity was explained by spatial processes, as only a few

rare species in focal samples were common in the same habitat and period of sampling but in

other stream sites. In a previous study in the same basin and using part of the data of this study,

Costa & Melo (2008) observed that spatial location of the community (site) was less important
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than  the  environment  (habitat)  in  determining the  variation  in  community  structure.  Indeed,

similar studies (Heino et al. 2012, Siqueira et al. 2012, Landeiro et al. 2012, Al-Shami et al.

2013) revealed that spatial variables were less important than environmental variables to explain

the variation in community structure of stream macroinvertebrates, particularly on a small scale

(tens of kilometers), where dispersal is not likely to be limited (Brown & Swan 2010, Landeiro

et al.  2012). Our results for rarity and previous results  for community structure suggest that

dispersal- and spatial-related processes are of minor importance to explain the rarity observed in

natural  communities,  at  least  on  small  spatial  scales  similar  to  our  samples,  spaced  a  few

kilometers apart.

Abundance was concordant over time and only a small fraction of the rare species in

focal samples was abundant in the same habitat and stream site over time. Variation in abundance

on a short time scale (ecological time) is expected due to the variation in amount and quality of

resources and in  suitability  of  the conditions over  time.  Moreover,  the abundance of  stream

macroinvertebrates  can  be  subject  to  demographic  stochasticity  due  to  oviposition  of  a  few

females (Bunn & Hughes 1997). However, our results indicate that demographic stochasticity or

other temporal factors were of minor importance in explaining rarity.  Similarly,  Magurran &

Henderson (2003) observed that species with low abundance typically occur in low abundance

over  time  or  are  infrequent  in  samples.  Furthermore,  the  NMDS ordinations  indicated  that

samples collected in other years, in the same site and habitat, were most similar to the focal

samples,  and  the  rank-correlation  of  focal  samples  with  those  in  other  years  were  mostly

concordant. This result provides some evidence that all species react similarly to factors that vary

over time and influence total abundance (e.g. disturbance by spates). In this sense, it seems that

the loss of individuals among species due to spates occurs independently of its rarity status.

Indeed, Flecker & Feifarek (1994) observed that abundance of total invertebrates varied broadly

over time, although the variance was experienced by both common and rare species. Moreover,

there  is  empirical  evidence that  the  spatial  heterogeneity  of  the stream and river  systems is
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positively related to the number of refugia (Brown 2003). Accordingly, the high availability of

refugia is responsible for rapid recolonization of habitat patches, and, consequently, reducing

temporal variability of assemblages (Brown 2003). 

Ecological studies frequently associate high abundance values with adaptation to site

characteristics and, thus, species are present in a suitable habitat (VanDerWal et al. 2009) with a

high quantity of available resources (Beisel et al. 1998, Sugihara et al. 2003). In our study, we

showed that rare species are probably the result of accidental sampling or are present in non-

optimum habitats. We also observed that most rare species were also rare in other years or sites.

Streams are very diverse systems in terms of the habitat types, and it is likely that most of the

excess of rare species, observed and unexplained, may be explained by other habitat types not

included in our study. In this sense, we suggest that the diversity of habitats may increase the

number of rare species because of the influx of immigrants from suitable sites due to the mass

effect.
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SUPPLEMENTARY MATERIAL - APPENDICES 1–2

Appendix 1 – Additional figures

Figure A1. Location of the study area in São Paulo, Brazil, showing the five stream sites. The focal sites (A, B and
C) included samples of stones in riffles, leaves in pools, submerged roots of terrestrial plants and mosses attached to
boulders sampled in March 2004. Stones in riffles of focal streams were also available for the summer and winter
seasons in 1997 to 2001. Sampling in riffles in 2004 also included two other stream sites (D and E).
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Figure A2. Schematic representation of the sampling design for a focal community. For each focal sample (A) we
sampled: at the same period and stream, three other habitat types (B), at the same habitat (riffles) and period, four
other stream sites (C) and at the same site and habitat, samples twice a year over five years (D).
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Figure A3. Percentage of rarity explained in relation to abundance used to classify common species (x-axis) and
rare  species  (y-axis).  Each  line  of  each  diagram  shows  the  portion  of  rare  species  explained  exclusively  by
Environment [E], Space [S], Time [T] or shared among them. Each column of diagrams shows the results for each
focal community A, B and C, respectively. The arrow and associated value shows the combination of criteria for
rarity (≤0.5%) and commonness (≥3%) used to obtain the observed explained rarity described in the main text and
shown in Table 1 and Fig. 4.
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Figure A4. The effect size of explained rarity in relation to abundance used to classify common species (x-axis) and
rare species (y-axis). Each line of each diagram shows the effect size of explained rarity by Environment [E], Space
[S], Time [T] or shared among them. Each column of diagrams shows the results for each focal community A, B and
C,  respectively.  The  arrow and  the  associated  value  shows the  combination  of  criteria  for  rarity  (≤0.5%) and
commonness (≥3%) used to obtain the effect size of the observed explained rarity described in the main text and
shown in Table 1 and Fig. 4.
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Figure A5. The p-values of explained rarity in relation to abundance used to classify common species (x-axis) and
rare  species  (y-axis).  Each  line  of  each  diagram shows  the  p-value  for  the  portion  explained  exclusively  by
Environment [E], Space [S], Time [T] or shared among them. Each column of diagrams shows the results for each
focal community A, B and C, respectively. The arrow and the associated value shows the combination of criteria for
rarity (≤0.5%) and commonness (≥3%) used to obtain the effect size of the observed explained rarity described in
the main text and shown in Table 1.
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Appendix 2 - Type I error of the null model employed in analyses

METHODS

Type I error is related to the proportion or probability that a null model (or any other statistical

test) detects a statistically significant pattern when the null hypothesis is true. We assessed the

robustness  of  our  null  model  regarding  type  I  error  by  generating  random  matrices  with

properties similar to those observed in our three focal matrices (A, B and C; see Methods in main

text). Random matrices were created, maintaining several internal (species occurrence, matrix

fill) and external (grand total abundance, number of sites occupied per species, species richness

per  sample,  number of samples and species  richness  in  total  matrix)  properties of  our focal

matrices. We removed the potential biological effect of these matrices in two ways, as follows. 

Random  RM-1  matrices  were  created  simply  by  permutation  of  abundance  values

equiprobably among all non-empty cells of the entire observed matrix. This was repeated for all

three  focal  matrices  (Figs.  A6A,  A6C and  A6E).  Random matrices  maintained  the  original

species occurrence, richness per site and the total abundance of the entire matrix, whereas the

total abundance per sites (row sums) and total abundance per species (column sums) changed

(Figs. A6A, A6C and A6E).

Random RM-2 matrices were created by assigning individuals among the non-empty

cells  of  the  entire  matrix  with  probability  proportional  to  observed  row  and  column  total

abundances (Figs. A6B, A6D and A6F). We first included one individual in all non-empty cells

and then sequentially assigned the remaining individuals among non-empty cells with probability

proportional to observed row and column total abundance. The procedure continued until the

total abundance in the original observed matrix was reached (Figs. A6B, A6D and A6F). The

total abundance in the entire matrix, the original occurrence per species and richness per site

were maintained similar to the original matrix, whereas the original abundance values in cells,

total abundance per site (row sums) and total abundance per species (column sums) changed

(Figs. A6A, A6D and A6F). 
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Figure A6.  Procedure used to generate random RM-1 matrices (C and E) and RM-2 matrices (D and F) from
observed data (A and B). In RM-1 matrices, the abundance (Abund.) values are reshuffled among all non-empty
cells equiprobably in the entire matrix (C and E). For RM-2 matrices, the individuals are assigned among all non-
empty cells with a probability proportional to row and column sums (D and F). Note that for both models (RM-1
and RM-2), the number of occupied sites by the species (Occup.), local richness (richness) and total abundance in
the entire matrix are fixed, while species abundance and local abundance changes.

For  each  observed  matrix  corresponding  to  each  focal  sample  (A,  B  and  C)  we

generated 1000 RM-1 and 1000 RM-2 matrices totaling 6000 random matrices. Next, for each

random matrix, we applied our null model, described in the main text, to generate 999 simulated

matrices. We evaluated the proportion of the simulated matrices generated by our null model that

produced a statistically significant pattern (p ≤ 0.05). We considered that the null model test was

robust to type I error when the null hypothesis was rejected (at a significance level of 0.05) in a
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proportion lower than 0.05 (<50 out of 1000 matrices) in its positive tail. 

RESULTS

The null model had a satisfactory Type I error, correctly identifying random patterns in more

than 98% of the random matrices as random (Table A1). Specifically, for random RM-1 matrices,

our null model failed to indicate random matrices as random in two cases (proportion >0.05,

Table A1). On the other hand, for random RM-2 matrices, our null model correctly identified the

random pattern for all matrices (Table A1). In this sense, we concluded that our model is robust

to type I error.

Table A1. Proportion of random matrices in which our null model detected a statistically significant pattern for each
partition of the original data.

Random matrix E S T E+S S+T E+T E+S+T

RM-1A 0.014 0.021 0.043 0.010 0.030 0.023 0.018

RM-2A < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

RM-1B 0.008 0.022 0.080 0.005 0.043 0.012 0.014

RM-2B < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

RM-1C 0.017 0.036 0.042 0.015 0.060 0.013 0.011

RM-2C < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
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CAPÍTULO II

Rarity and commonness on elevational gradients: a cross-regional and multi-taxa

assessment*

* Sgarbi, L. F. & Melo A. S. Rarity and commonness on elevational gradients: a cross-regional and multi-taxa
assessment In Preparation
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ABSTRACT 

The  abundances  of  a  species  usually  varies  widely  along  its  geographical  range  and

environmental  controls  are  the  most  accepted  explanation.  Accordingly,  species  should  be

common  where  environmental  suitability  is  high  and  rare  in  poor  conditions.  Elevational

gradients present consistent variation in climatic variables, and thus environmental suitability, on

scales  of  a  few  hundreds  of  meters.  Accordingly,  we  could  expect  intraspecific  species

abundances should respond gradually to these environmental changes. However, historical (e. g.

local disturbances) or microscale idiosyncrasies (e. g. rock outcrops, nearby water bodies) factors

may blur the effect of elevational gradient, making species distribution multimodal or random.

We used an macroecological approach and assessed whether intraspecific abundance variation

follows elevational gradients, and presents unimodal or linear responses, or are affected by local

particularities.  We  used  the  maximum  observed  relative  abundance  as  a  proxy  for  highest

environmental suitability and assessed whether species tend to become rarer as they distance

themselves (up, down or both) from their optimum elevational position. We compiled 20 datasets

of  several  taxonomic  groups  sampled  in  elevational  gradients  around  the  world.  We  found

consistent  support  for  our  hypothesis  that  species  tend  to  become  rarer  as  they  distance

themselves from the elevation where it is most common, independently of the taxonomic group

or geographical location. Our results suggest that elevational gradients surpass historical or local

factors and are the major determinant of abundance variation. As the major variables translated

on elevational  gradients  are  the  same ones  that  influence  the  patterns  in  large  geographical

scales, we suggest that similar patterns should be observed for species across their geographical

range of distribution.

1. INTRODUCTION

It  is  widely  known that  the  species  abundance  varies  across  their  distribution  range,  being

commonest in a few sites and rarest in the majority (Brown et al.  1995; Murray et al. 1999;
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Murphy et  al.  2006).  The species  abundance  variation  across  the  distribution  range may be

known as  “peak and tail  pattern”  (McGill  & Collins  2003) or  “abundant-center  hypothesis”

(Sagarin  &  Gaines  2002;  Guo  et  al.  2005).  The  distribution  of  abundances  of  a  species  is

expected to follow an unimodal distribution, with low densities at the edges and high densities at

the center of its distribution range (Maguire Jr. 1973; Brown et al. 1995; Holt et al. 1997; Sagarin

& Gaines 2002; Mcgill & Collins 2003; Guo et al. 2005; Sagarin et al. 2006; Yañez-Arenas et al.

2012). The most commonly accepted explanations for the variation in abundance of a species are

dispersal (Brown & Kodric-Brown 1977; Pulliam 1988) and niche-related processes (Maguire Jr.

1973; Brown et al. 1995; Novotný & Basset 2000; Yañez-Arenas et al. 2012; Martínez-Meyer et

al. 2013). The dispersal-related processes refer to controls of abundance in terms of probabilities

of local extinction and subsequent colonization or maintaining of population size by regular flux

of migrants from the central  zones  (the species  optimum, where it  attains  high densities)  to

marginal (non-optimal or distant) zones (Brown & Kodric-Brown 1977; Pulliam 1988). Niche-

related  processes  refer  to  controls  of  species  abundance  according  to  ecological  conditions

(environmental suitability) and/or resources (amount, availability and quality; Maguire Jr. 1973;

Novotný & Basset 2000; VanDerWal et al. 2009; Yañez-Arenas et al. 2012; Martínez-Meyer et

al.  2013;  Giam &  Olden  2018).  It  should  be  noted  that  dispersal-related  processes  do  not

disregard the importance of niche related processes, because it is based on the assumption of

different  suitabilities  between  source  (suitable)  and  sink  (unsuitable)  sites  (Pulliam  1988).

Indeed,  empirical  evidences  indicate  that  dispersal  limitation  among  sites  is  not  enough  to

generate  variation  on  abundance  in  a  scale  of  few  kilometers  among  sites  with  similar

suitabilities (Sgarbi & Melo 2018) and this contrasts to differences on environmental suitability

that may cause high variation in abundance causing a species to be common or rare (Magurran &

Henderson 2003) even on a scale of meters (Sgarbi & Melo 2018). In this sense, it is possible

that  niche-related  processes  (changes  in  ecological  conditions  and  resources)  are  the  major

determinants  of  the  abundance  variation  observed  for  species  from  small  (Magurran  &
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Henderson 2003;  Sgarbi  & Melo 2018) to  large geographical  scales  or in  short  but  definite

environmental gradients. 

Elevational  gradients  have  attracted  much  attention  of  ecologists  and  have  been

documented  as  an  important  determinant  of  variation  of  several  facets  of  biodiversity

(Rahbek,1995;  Gaston  2000;  Guo  et  al.  2013).  Diversity  patterns  observed  on  elevational

gradients occurs mainly due to the combined effect of climatic variables (temperature, rainfall,

available water, seasonality, productivity) that vary in a consistent way with altitude, changing

the ecological conditions and resources drastically even on scales of a few hundreds of meters

(Lomolino 2001). As previously noted, variation in ecological conditions and resources may be

the major determinant of abundance of a species and, thus, elevational gradients may be an ideal

system  to  synthesize  the  relationship  between  environmental  suitability  and  intraspecific

variation on abundance. Moreover, there are good evidence that many environmental variables

that  affect elevational  patterns (Rahbek,1995;  Lomolino 2001) also affect  latitudinal  patterns

(Rahbek,1995;  Willig  et  al.  2003).  Accordingly,  altitudinal  patterns  may be the reduced-size

version  of  more  widespread spatial  patterns  (Rahbek,1995).  Indeed,  many of  the  large-scale

ecological patterns have been documented in mountains, like the climate-diversity relationship

(Rahbek,1995;  Willig  et  al.  2003),  the diversity-energy relationship (Rohde 1992),  diversity-

productivity  relationship  (Liew  et  al.  2010),  species  range  distribution  (Rapoport’s  rule;

Almeida-Neto et al. 2006) and abundance-range size relationship (Wen et al. 2018). Thus, an

assessment of species abundance variation (or any other pattern) on elevational gradients may

lead to conclusions applicable to global scale or any other scale/system where there is a definite

environmental gradient.

We  assessed  the  association  between  intraspecific  variation  of  abundance  and

elevational gradients. From the premise that optimum suitability will result in larger population

sizes (Pulliam 1988; Brown et al. 1995), and that the optimum of each species is the site where it

is sampled with maximum abundance (Minchin 1987 and references therein; Brown et al. 1995;
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Cade et al. 1999; Vaz et al. 2007; VanDerWal et al. 2009), we assessed whether intraspecific

differences in relative abundances is associated to the difference in elevation where the species

was observed and where it attains its maximum abundance. We expected a unimodal distribution

of species abundance, where species tend to become rarer as they distance themselves (up, down

or both) from their optimum elevational position. We evaluated our hypothesis using datasets of

several taxonomic groups sampled in elevational gradients around the world. 

2. METHODS

2.1 Datasets

We searched and compiled datasets from the literature (data papers, papers and thesis) for all

taxonomic  groups,  regarding  a  well-determined  elevational  gradients.  We  assembled  28

elevational gradients, from 21 studies, although only 20 gradients derived from 15 studies met

the criteria of at least 5 species sampled in at least in 5 sites and including a well-determined

elevational  gradient  (Table 1).  These studies  were distributed around the world (Fig.  1) and

included 16 taxonomic groups (Table 1): amphibians (number of studies: 1), birds (1), blow flies

(1), bryophytes (1), butterflies (1), dung beetles (1), fishes (1), grasshoppers (1), harvestmans

(1),  mosquitoes  (2),  moths  (1),  periphytic  algae  (1),  pteridophytes  (1),  reptiles  (1),  small

mammals (4) and trees (1). The complete reference list of studies used here can be found in the

Supplementary material - Appendix 1.
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Table 1. Summary of characteristics of the datasets used in this study. Longitude and Latitude are in decimal degrees. Min. Elevation (m) refers to the lower elevation than any
species was observed in full dataset and Elev. range the amplitude that all species were observed in full dataset.

Reference Taxon Region Longitude Latitude
Min.
Elev. (m)

Elev.
Range (m)

Sites Species

Almeida-Neto et al. 2006 harvestmans South America -45.07 -23.43 0 950 11 25

Baz et al. 2007 blow flies Europe -3.95 40.85 1100 800 9 11

Berman et al. 1995 grasshoppers North America -138.67 61.23 821 790 11 9

Chantanaorrapint 2010 bryophytes Asia 99.56 8.50 400 900 6 138

Choi & An 2010 moths Asia 127.71 35.33 295 1077 7 664

Eisen et al. 2008 mosquitoes North America -105.40 40.40 1510 850 10 25

Eisen et al. 2008 mosquitoes North America -105.40 40.40 1520 1080 13 21

Errouissi et al. 2004 dung beetles Europe 6.36 43.74 1060 960 5 48

Hofer et al. 1999 amphibians Africa 9.71 4.80 900 1100 12 30

Hofer et al. 1999 reptiles Africa 9.71 4.80 900 1100 12 19

Lujan et al. 2013 fishes South America -70.45 -13.15 419 2211 18 43

Lujan et al. 2013 periphytic algae South America -70.45 -13.15 419 3885 19 223

MacDonald 2001 birds Australia -43.10 146.66 80 1220 14 21

Paciencia 2008 pteridophytes South America -48.64 -25.54 0 1400 9 166

Paterson et al. 1989 small mammals South America -71.17 -41.14 425 710 7 10

Pyrcz et al. 2009 butterflies South America -78.13 0.82 1600 1000 21 48

Ramesh et al. 2010 trees Asia 74.46 14.38 55 515 16 218

Wen et al. 2018 small mammals Asia 102.60 29.57 2500 1470 6 23

Wen et al. 2018 small mammals Asia 99.38 27.65 1200 2800 8 23

Wen et al. 2018 small mammals Asia 94.83 29.82 2000 2400 9 17



Figure 1. Geographical locations of the 20 datasets included in analyses.

2.2 Statistical analyses

We computed for each species the difference between the maximum relative abundance of the

species  and the relative  abundances  observed in  each site.  Similarly,  we computed for  each

species the absolute elevation difference between the elevation where the species attained its

maximum relative abundance and each elevation where it occurred. Thus we obtained for each

species n paired values (n = number of occurrences of the species in the gradient) of relative-

abundance differences and their corresponding absolute elevation differences. We excluded the

paired  values  regarding  to  the  site  where  the  species  was  observed with  maximum relative

abundance. We then evaluated the association of the relative abundance difference and absolute

elevation difference using Spearman’s rank correlation for each species in each dataset.

The  obtained  correlations  quantified  the  intraspecific  strength  of  the  association

between  differences  in  relative  abundances  in  relation  to  its  maximum  and  the  respective

(absolute) altitudinal difference.  Positive and near to one (expected effect)  correlation values

indicate that abundance varies according to the variation in elevation,  i.e. the species has an

optimal location within the elevation gradient where it attains its maximum relative abundance

and has decreased relative abundances up or down that optimal elevation. Positive correlations
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may also be produced by linear gradients, whereas maximum abundance is attained at peak or at

the bottom of the mountain. Negative or close to zero (unexpected effect) values indicate weak,

nonexistent or non-linear or multimodal association between abundance and elevational gradient.

In order to summarize the consistency of the abundance of species - elevational gradient

associations, we computed the average correlation of the species for each dataset weighted by the

product of intraspecific site occupancy and intraspecific observed elevational range. Accordingly,

species with high occupancy and observed in larger elevational ranges had more weight in the

average correlation estimates of each dataset.

3. RESULTS

We computed correlations for 393 species (that occupied at least 5 sites in their gradients; Table

2), from 20 elevational gradients. These gradients included on average 19.65 species (min = 5,

max = 83; Table 2). The species analysed occupied on average 7.06 sites within their elevation

gradient (min = 5, max =10.28; Table 2). The average species elevational range in each dataset

ranged from 454.9 to 3065.9 m with average of 1026.8 m (Table 2).

We observed positive average correlations for all taxonomic groups and gradients and

they ranged from weak (r = 0.004) to strong (r = 0.691; Fig. 2; Table 2). The average correlation

for all 20 gradients was moderate and positive (r = 0.325; Table 2). 
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Table 2. Summary of statistics computed for each dataset. Species Used refers to the number of species included in the analyses; Species Occup. (Average) refers to the average
number of occupied sites for all species that were included in the analyses; Species Occup. (Min.) and (Max.) refer to the lowest and highest species site-occupancy whithin
dataset; Species Elev. Range (Average), the average of elevational range occupied by all species that were included analyses; Species Elev. Range (Min.) and (Max.), the lowest
and highest species elevational range; Spearman (Average), the weighted average rank correlation for all species; Spearman (Min.) and (Max.), the lowest and highest species
rank correlation values.

Reference Taxon
Species
Used

Species
Occupancy
(Average)

Species
Occupancy
(Min.)

Species
Occupancy
(Max.)

Species
Elev. 
Range
(Average)

Species
Elev. 
Range
(Min.)

Species
Elev. 
Range
(Max.)

Spearman
(Average)

Spearman
(Min.)

Spearman
(Max.)

Almeida-Neto et al. 2006 harvestmans 6 6.8 5 10 683.3 400 950 0.180 −0.655 0.800

Baz et al. 2007 blow flies 7 7.9 5 9 685.7 400 800 0.691 0.193 0.975

Berman et al. 1995 grasshoppers 6 6.3 5 9 668.5 365 790 0.190 −0.406 0.894

Chantanaorrapint 2010 bryophytes 9 5.1 5 6 755.6 700 900 0.526 0.056 0.949

Choi & An 2010 moths 83 5.8 5 7 947.0 628 1077 0.197 −0.949 1.000

Eisen et al. 2008 mosquitoes 5 9.0 5 10 750.0 350 850 0.554 −0.017 0.979

Eisen et al. 2008 mosquitoes 5 6.8 5 10 932.0 700 1080 0.557 0.105 0.771

Errouissi et al. 2004 dung beetles 7 5.0 5 5 960.0 960 960 0.347 −0.400 0.800

Hofer et al. 1999 amphibians 13 7.2 5 12 653.8 400 1100 0.328 −0.526 1.000

Hofer et al. 1999 reptiles 7 7.3 6 10 728.6 500 1000 0.237 −0.761 0.876

Lujan et al. 2013 fishes 11 6.3 5 10 624.3 228 1296 0.004 −0.795 1.000

Lujan et al. 2013 periphytic algae 52 8.1 5 15 3065.9 413 3885 0.247 −0.800 0.883

MacDonald 2001 birds 15 10.1 7 14 900.0 620 1220 0.392 −0.197 0.982

Paciencia 2008 pteridophytes 34 6.5 5 9 1147.1 750 1400 0.212 −0.949 1.000

Paterson et al. 1989 small mammals 9 6.2 5 7 653.3 395 710 0.086 −0.618 0.812

Pyrcz et al. 2009 butterflies 25 10.3 5 19 674.0 200 1000 0.326 −0.894 0.928

Ramesh et al. 2010 trees 80 8.5 5 16 454.9 175 515 0.027 −0.8 0.949

Wen et al. 2018 small mammals 8 5.6 5 6 1432.5 1170 1470 0.564 0.000 0.892

Wen et al. 2018 small mammals 6 6.3 6 7 2200.0 2000 2800 0.638 0.541 0.821

Wen et al. 2018 small mammals 5 6.0 5 7 1620.0 1500 1800 0.202 −0.872 0.789



Figure 2. Average Spearman’s  rank correlation (r)  between relative abundance difference (y-axis) and absolute
elevation difference (x-axis), for each dataset (plots). Blue polygons indicates positive average correlations in the
dataset. Red polygons indicate the opposite. Abbreviations: S, richness used to estimates the average correlation
values for each dataset; r, Average Spearman’s rank correlation.

61



Figure 3. Associations between relative abundance difference (y-axis) and absolute elevation difference (x-axis), for
each dataset (plots) and each species (lines). Blue lines indicates positive correlations for individual species. Red
lines indicate the opposite. Abbreviations: Sr>0, the number of species that presents positive correlation values; Sr≤0,
the number of species that presents negative or equal to zero correlation values.
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The response of individual species ranged from -0.95 to 1 (Fig 3; Table 2) but, for each

gradient, the proportion of negative or zero correlation values (r ≤ 0; Fig 3) was never higher

than the proportion of positive correlation values (r > 0; Fig 3). In 20% of the datasets (4 of the

20), none species shown negative correlation values (Fig. 3). We did not detect clear tendencies

of difference in abundance-elevation associations across taxonomic groups (Figs. 2 and 3). Our

results, thus, were robust across elevational gradients and taxonomic groups and indicated that

species  become rarer  as  they distance from their  elevational  position where they were most

common.

4. DISCUSSION

The distribution of abundances of a species is an important ecological information and can be

used to predict their evolutionary and ecological characteristics, such as the probability of local

or global extinction (Ricklefs & Cox 1972; Brown & Kodric-Brown 1997), range size (Gaston et

al.  1997),  or  site-occupancy  (Gaston  et  al.  2000).  However,  despite  of  the  importance  of

abundance  for  ecological  studies,  the  causes  of  intraspecific  abundance  variation  have  been

poorly  assessed  using  a  macroecological  approach,  being  in  most  cases  restricted  to  a  few

species and at reduced spatial scales, making spatial abundance patterns elusive for most taxa

(Sagarin et  al.  2006).  On the other hand,  elevational  gradients have long drawn attention of

ecologists (Whittaker 1956) and still  is often used to assess ecological theory. However, few

studies have assessed the intraspecific species abundance variation along elevational gradients

and  most  of  them  focused  on  the  descriptive  evaluation  of  environmental  variables  as  the

determinant of local abundances (Whittaker 1956; Yu 1994). Here, we tested the relationship

between environmental suitability and abundance using extensive data in terms of geographical

coverage  and  diversity  of  taxonomic  groups.  We  observed  a  consistent  positive  association

between  the  differences  in  absolute  relative  abundances  and  elevations  where  a  species  is
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observed and where it  attains its  maximum relative abundance.  Accordingly,  species  tend to

become rarer as they distance themselves from the elevation where it is most common. This

result  reinforces  and gives  quantitative  support  to  the  old  but  poorly tested  idea  of  gradual

decrease in species abundance as species distance from its optimum location (Whittaker 1967). 

We showed a consistent pattern of decrease in intraspecific abundance in sites distant

from the location where the species attain its maximum. This is an important finding because it

can  expand  the  knowledge  about  variation  in  population  sizes  along  definite  ecological

gradientes (like elevational gradients) to other systems or spatial/temporal scales that contain a

definite ecological gradient. In fact, our findings reinforce previous suggestions that most species

observed as rare in a given site may be common elsewhere (Murray & Lepschi 2004) and that

rarity usually is associated to non-optimal sites (Magurran & Henderson 2003; Sgarbi & Melo

2018). Moreover, these previsible changes of abundances along elevational gradients provide

support for the physiological response of species. Accordingly, low abundances should reflect

low reproductive rates in adverse environmental conditions. Alternatively, locally rare species

may derive from populations in suitable sites and are present in unsuitable sites through mass

effects.

Altitude  is  a  good  proxy  of  the  main  climatic  variables  know  to  affect  species

(temperature,  rainfall,  available  water,  seasonality,  productivity)  and  determine  continental

diversity  (Rahbek,1995;  Lomolino  2001).  The  intraspecific  abundance  response  to  elevation

gradients we found, thus, should also occur in climatic gradients in flatlands. Indeed, there are

recent evidence for a negative association between population size and distance to the ecological

niche  centroid  of  species  for  a  diversity  of  taxonomic  groups  (Yañez-Arenas  et  al.  2012;

Martínez-Meyer et al. 2013). This similarity in response of intraspecific species abundance to

climatic  gradients  indicates  that  local  site  characteristics  may  add  some  variability  to

macroecological patterns, but are not enough to mask them.

Despite of the observed positive average correlation values for all taxonomic groups and
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in all geographical regions, we observed a few species presenting weak or negative abundance-

elevation  associations.  These  few exceptions  may  reflect  idiosyncrasies  that  occurs  at  local

scales  and  that  affect  local  population  sizes.  For  instance,  local  disturbances  create  habitat

patches  which  favor  different  species  as  succession  proceeds.  Microscale  conditions  and

resources generated by proximity to a body of water, rock outcrops or tree patches may also

affect population size of a particular species. Moreover, populational synchrony can mask the

effects  of  a  ecological  gradient,  whereas  species  abundance  depends,  besides  the  ecological

suitability, of the sampling period. In summary, several idiosyncratic factors not correlated to

elevational gradients may influence the species abundances and can generate flat or multimodal

abundance distributions.

We observed a positive association between elevation (which encompasses the main

climatic variables that affect diversity on a global scale) and local populations size. This pattern

was very congruent for all taxonomic groups, suggesting that elevational gradients constitute a

major  determinant  of  intraspecific  abundance  variation,  independent  of  taxonomic  group  or

geographical  region.  Accordingly,  we  suggest  that  this  abundance-elevational  gradient

association is a broad pattern which can be observed for most species on rangewide scales. 
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ABSTRACT

Reliable biological assessments of stream communities are essential to answer good questions

and demands well-designed studies and representative sample sizes. However, large sampling

effort demand financial resources and time and may restrict the number of sites studied. In this

sense, we needs methods and protocols capable to make cost effective surveys and, consequently,

accelerate the knowledge about biodiversity. We assessed the minimum sampling effort required

to  correctly  estimate  the  community  structure  of  stream  insects.  We  used  two  different

approaches.  The  first  consists  on  removal  of  individuals  based  on  1)  random or;  2)  count

threshold.  The  second approach  consists  on  richness  deconstruction  based  on:  1)  sequential

removal  from rare  to  common species;  2)  sequential  removal  from the common to  the  rare

species and; 3) random species removal. The efficiency of the approaches was assessed using

Procrustes correlation (which indicates how much reduced community maintains the structure of

full  community)  and  distance-based  Redundancy  Analysis  (indicating  the  reliability  of  the

reduced data to estimate the relationship between community and environmental variables). We

found that in many cases presence-absence data produces estimates as good as those produced

using data from abundance. Also, it was possible to recover multivariate ecological patterns after

the random removal of 90% of individuals or random removal of 50% of the species. From this

considerable reduction of sampling effort observed here, we concluding that sampling designs

can be optimized by reduction of sampling effort, increasing the number of studied communities

and,  consequently,  enlarging  spatial  and  environmental  extents  of  ecological  studies  and

accelerating the knowledge about biodiversity.

1. INTRODUCTION

Reliable assessment of multiple biological communities demands robust sampling effort (Bonar

et al. 2011), particularly when many species are rare and appear as one to two individuals or in

one to two sampling units (Gotelli & Colwell 2009). Extensive sampling is rarely practical in
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large-scale  inventories,  particularly when the  deadline is  close  (Magurran  2017;  Sosef  et  al.

2017)  or  financial  resources  are  scarce  (Angelo  2017;  Magalhães  2017;  Smith  et  al.  2003;

Siqueira  et  al.  2017).  On the other  hand, due to the rapid global  biodiversity loss,  we need

methods and protocols that accelerate our knowledge about variation of biodiversity to properly

guide conservation efforts. Caution should be taken when proposing such methods and protocols

as non-ideal sampling may lead to erroneous conclusions (Cao & Hawkins 2005; Chao et al.

2009) or may be highly time- and cost-ineffective with regard to time and costs. In this sense, a

key issue in ecological studies is to decide how many and which biological groups to collect to

optimize time and financial resources, and still have an adequate sample size. 

Independently of the time spent or financial costs, a well designed study is always best.

How to design an sampling with lower costs and time consumption is the key. One potential way

to  attain  time-  and  cost-effective  sampling  is  the  use  of  minimal,  but  adequate,  number  of

sampled individuals. Although this strategy may be problematic for metrics based on species

richness, due to its strong dependency on accumulated sampling effort (Cao & Hawkins 2005;

Gotelli  &  Colwell  2001),  this  may  not  be  a  major  problem  when  estimating  community

resemblance (Cao et  al.  2002). This is because individuals are sampled haphazardly and, on

average,  the  estimated relative abundances  are  close  to  those observed in  nature.  Moreover,

although  some  rare  species  are  not  detected,  these  species  may  have  a  minor  weight  in

community analysis (see below; Yu et al. 2017), particularly for dissimilarity indices based on

abundance  (Marchant  2002).  Accordingly,  reduced  sample  sizes  may be  enough  to  estimate

common species and, thus, properly reflect general resemblance among communities (Cao &

Hawkins 2005; Legendre & Legendre 2012). In this sense, it may be possible to find optimal

reduced sample sizes that correctly estimate general multivariate community patterns, since the

rate of discovery of rare species is low (Melo 2004).

A second strategy to  obtain  reliable  and cost-  and time-effective  data  is  the  use  of

thresholds  of  individuals  counted  for  a  given  species.  The  threshold  consist  in  counting  a
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maximum  number  of  individuals  per  species  within  a  sample  (Blanchet  et  al.  2016).  The

rationale  is  that  species  presenting  more than  a  given (threshold)  number  of  individuals  are

regarded as common and that further counting, for instance twice that threshold, should not bring

much more information. The use of thresholds may be time- and cost-effective mainly for sorting

small  organisms in the laboratory,  since researchers would not need to pick and separate all

individuals belonging to the most common species. The species-threshold approach is potentially

more advantageous than reducing the total count of individuals per sample, because all species

are identified.

The estimation of resemblance among communities using either rare or common species

is controversial among ecologists (Cao et al. 1998; Marchant 2002; Poos & Jackson 2012; Yu et

al. 2017), although the sole use of one of them may present some methodological advantages. On

the one hand, an argument for the sole use of common species is that low sampling effort is

needed  to  detect  these  species  and  correctly  estimate  their  relative  abundances.  In  fact,

researchers often remove rare species from community datasets because they may add noise to

multivariate analyses (Marchant 2002; Queheillalt et al. 2002). Also, the taxonomy of common

species is generally better known than that of rare species because common species are widely

distributed and usually present in several biological collections. On the other hand, an argument

that favours the use of rare species is that they provide better information than common species

to estimates of resemblance between communities (Cao et al. 1998; Faith & Norris 1989). For

instance,  common  species  may  be  present  everywhere  and  be  poor  indicators  of  difference

among communities, whereas rare species may be more sensitive to environmental differences

and  best  discriminate  communities  (Cao  et  al.  1998).  The  debate  about  the  use  of  rare  or

common species is unresolved, and it is thus necessary that researchers know which group (rare

or common) retains more information about variation in community structure. One approach to

evaluate  the  effectiveness  of  the  sole  use  of  rare  or  common  species  is  through  the

deconstruction  of  community  samples  based  on  removal  from the  rarest  to  the  commonest
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species (or vice versa) and contrast  results  against  random removal of species  (Roque et  al.

2016).

Many studies have evaluated minimum sampling effort using a number of approaches to

estimate reliably species richness (Cao & Hawkins 2005; Gotelli & Colwell 2001; Roque et al.

2016) or to estimate the community structure (Blanchet et al. 2016; Cao et al. 2002; Chao et al.

2009;  Saito  et  al.  2015).  However,  a  few  studies  have  evaluated  simultaneously  different

sampling effort approaches, and, consequently, little is known about the importance of sampling

effort and its influence on the detection of ecological patterns. Here, we evaluated the minimal

effort  needed  to  correctly  estimate  the  similarity  among  communities  using  two  different

sampling effort approaches: 1) random removal of individuals within a biological community,

and 2) removal of individuals based on counting thresholds. Moreover, we evaluate which set of

species,  rare or common, best recovers the structure observed in original communities using

three  approaches  of  richness  deconstruction:  1)  species  removal  from  the  rarest  to  the

commonest species (RtoC); 2) removal from the commonest to the rarest species (CtoR) and; 3)

random species removal. The efficiency of the two methods to reduce sampling effort and the

three  approaches  using  different  sets  of  species  was  evaluated  using  Procrustes  correlation,

which demonstrates  how much of  the full  community structure is  recovered by the reduced

community,  and environmental  variation explained in a distance based Redundancy Analysis

(db-RDA), indicating the reliability of reduced datasets to estimate the community-environment

relationship.  We used data  from stream insect  communities,  in  view that  they  present  high

diversity and are typically the dominant group of macroinvertebrates in stream communities.

However, the identification of the immature stages of aquatic insects demand high taxonomic

expertise.  Thus,  their  quantification  and  identification  is  typically  very  time  and  money

consuming.

2. MATERIAL AND METHODS
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2.1 Study Area

We used two independent datasets. The first dataset (BR dataset; Valente-Neto et al. 2018) was

obtained by sampling 90 riffles from nine streams located in the Carmo River Catchment, Parque

Estadual Intervales (24°S, 48°W), São Paulo state, Brazil. The vegetation in the studied basin is

tropical ombrophilous submontane-montane forest (Melo & Froehlich 2001; Valente-Neto et al.

2018).  The  whole  basin  has  high  vegetation  cover  with  well  preserved  and  pollution-free

streams. The studied streams were characterized by neutral to slightly alkaline, well oxygenated

and oligotrophic waters (Valente-Neto et al. 2018). The bedrock is composed by several types of

rocks, but predominantly by those of sedimentary origin (Melo & Froehlich 2001).

The second dataset (FIN dataset; Heino et al. 2013) was obtained by sampling 90 riffles

from nine streams located in the Oulankajoki basin, Oulanka National Park (66°N, 29°E), north-

eastern Finland. The study area presents considerable altitudinal differences and the vegetation

varies  from pristine  coniferous  forests  to  mixed-deciduous  riparian  woodlands  (Heino  et  al.

2013). The headwater streams are generally near pristine, and water is classified as alkaline, with

low to  high concentrations  of  humic  substances  and low to moderate  nutrient  concentration

(Heino et  al.  2013).  The bedrock is  composed predominantly  by rocks  of  calcareous  origin

(Heino et al. 2013).

2.2 Sampling design

For BR dataset, 10 riffles were sampled in each of the nine streams (9 streams x 10 riffles = 90

riffles) in April 2016. The distance between streams varied from ~ 220 m to ~12 km. In each

stream,  riffles  were  sampled  sequentially,  from  near  its  confluence  with  Carmo  River  to

upstream. The distance between consecutive sampled riffles varied from 25 to 50 m (Valente-

Neto et al. 2018). 

For FIN dataset, 10 riffles were sampled in each of the nine streams (9 streams x 10

riffles = 90 riffles) in the first half of September 2009. The distance between the studied streams
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varied  from 1100  m to  ~19 km.  In  each  stream,  riffles  were  sampled  sequentially  near  its

confluence with the River Oulankajoki, from downstream to upstream. The distance between

consecutive sampled riffles ranged from 50 to 200 m (Heino et al. 2013).

For both datasets, aquatic insects were sampled in each riffle using a kick net (mesh size

= 0.33 mm) during 2 min in an accumulated effort of four 30-seconds sample units (Heino et al.

2013; Valente-Neto et al. 2018). The sampling was designed in order to include all main habitats

of each riffle (Heino et al. 2013; Valente-Neto et al. 2018). Macroinvertebrates sampled in each

riffle were preserved in ethanol and transported to the laboratory, where all individuals were

counted and identified at genus level. Both datasets included the insect orders Ephemeroptera,

Plecoptera, Trichoptera, Coleoptera and Odonata.

We measured nine physical variables at each riffle. Percentage of vegetation cover was

visually estimated; mean riffle width was measured in the initial, middle and final portions of

each riffle; mean riffle depth and mean flow velocity were measured at nine (for BR dataset) and

30  (for  FIN  dataset)  random  points  within  each  riffle  site.  Substratum  particle  cover  was

measured based on five classes according to particles’ maximum diameter: sand (~0.25 – 2 mm),

gravel (>2 – 16 mm), pebble (>16 – 64 mm), cobble (>64 – 256 mm) and boulders (>256 mm).

The estimation of particle cover was performed using a quadrat (50 × 50 cm) with measurements

in three (for BR dataset) and ten (for FIN dataset) random locations within each riffle site. We

computed  the  average  of  each  environmental  variable  at  each  riffle  site  and  summarized

environmental  variation  using  the  first  four  axes  of  a  Principal  Component  Analysis  (PCA)

which were  used  in  subsequent  analyses.  More details  about  sampling  design can  be  found

elsewhere (Heino et al. 2013; Valente-Neto et al. 2018).

2.3 Statistical methods

We considered the set of 10 riffles sampled in a given stream site to constitute a full community

data. Our interest was in the variation among riffles within each stream but not among streams.
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Thus, we repeated analyses for each stream in each dataset independently.

2.3.1 Reduced sampling effort approaches

For each full community data, we generated reduced community data by randomly removing

individuals according to a given proportion that varied sequentially from 0 to 0.95 with intervals

of 0.05. In other words, we created nested community datasets using subsamples of different

proportions of individuals sampled by chance from the full community data. As the removal was

performed at random, some genera with one or few individuals in the full community data may

be  missing  in  the  reduced  community  data.  However,  all  riffles  remained  in  the  reduced

community  data  as  removal  was  performed  within  each  riffle.  We  generated  100  reduced

community data for each proportion value (20) in each of the full community data (9 streams and

2 countries = 18), totalling 36,000 matrices. 

We also created reduced community data by defining a threshold of maximum number

of individuals counted per genus within a riffle (Blanchet et  al.  2016).  The threshold values

started  from  one  individual  and  were  increased  sequentially  up  to  the  largest  number  of

individuals  found  in  a  genus  within  a  riffle  within  a  given  stream.  Threshold  values  were

restricted to observed abundance values in the samples. Note that, in one extreme, the threshold

of one individual equals the use of presence-absence data,  whereas in the other extreme the

threshold of the highest number of individuals in a sample equals the use of the full abundance

data (Blanchet et al. 2016). 

2.3.2 Richness deconstruction approaches

For  each  full  community  data,  we  created  reduced  community  data  by  removing  genera

sequentially either from the rarest to the commonest species (RtoC) or from the commonest to

the  rarest  species  (CtoR).  Genus  abundance  was  defined  with  respect  to  total  number  of

individuals  per  genus  within  the  full  community  data  (riffles  in  streams).  We  sequentially
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removed genus from the rarest (RtoC) or from the commonest (CtoR) until we reached 50% of

the genera present in the full community data. 

We also generated reduced community data by removing genera randomly. The removal

of genera was sequential  from one random genus until  reaching the 50% of the total genera

present in the full community data. We generated 100 reduced community data for each number

of random genera excluded from each full community data. 

2.3.3 Concordance between reduced and full community data

We evaluated the concordance between the full community dataset and their reduced datasets

using a Procrustes association metric (Peres-Neto & Jackson 2001). Procrustes analysis rotates,

retracts and contracts two matrices to obtain the maximum similarity among the corresponding

samples of the two matrices, minimizing the sum of squares of the differences and maximizing

the correlation values among corresponding samples. The comparisons were done using matrices

of sample scores from multivariate ordinations.

We calculated biological dissimilarities for each full and reduced community dataset

using  Bray-Curtis  index for  log (x + 1)  transformed data  and Sørensen index for  presence-

absence  standardized  data.  Due  to  the  characteristics  of  the  threshold  approach  to  reduce

sampling effort (Blanchet et al. 2016), only abundance data were used. Next, we used Principal

Coordinates Analysis (PCoA) to reduce the dimensionality of these biological dissimilarities. We

performed Procrustes analyses based on the first five PCoA axes, obtained the Procrustes Sum

Squares Deviation (ss) between the score matrices, and then calculated the Procrustes association

metric: r = (1 - ss)0.5. Procrustes association metric varies from zero to one. Values close to zero

indicate low or no concordance between matrices. Values close to one indicate high concordance

between matrices.

2.3.4 Community structure and community-environment relationship
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We performed distance-based Redundancy Analyses (db-RDA; Legendre & Anderson 1999) for

both the full and reduced community datasets with the first four PCA axes of the environmental

variables. Biological dissimilarity was computed for each community data (full and reduced)

using Bray-Curtis for log (x + 1) data and Sørensen for presence-absence data (except for the

threshold  method  for  which  only  abundance  data  were  available).  Next,  we  calculated  the

amount of variation explained by the environment (constrained variance; CV) using db-RDA in

full (CVfull) and in reduced community data (CVreduced). We then estimated CVratio, which is

the quantitative relation between the amount of variation explained by environmental variables

on  reduced  and  on  full  community  datasets  (CVratio  =  CVreduced/CVfull).  CVratio  values

above 1 indicate that the use of reduced community data is better than the use of full community

data, whereas values below 1 indicate the opposite.

2.3.5 Efficiency in recovery of the original pattern of community structure

We  fitted  a  local  polynomial  regression  (LOESS)  in  order  to  summarize  and  compare  the

efficiency in  the recovery of the original  patterns  using reduced sampling effort  and sets  of

genera. We used this class of regression due to the nonlinear nature of these relationships. First,

we standardized reduced sampling effort approaches by computing the proportion of individuals

removed in each reduced community. Standardization of richness deconstruction approaches was

done  by  computing  the  proportion  of  genus  richness  removed.  Next,  we  fitted  the  LOESS

between  response  variables  (Procrustes  correlation  or  CVratio)  and  predictor  variables

(proportion of individuals or genera removed). LOESS was fitted with the α parameter equal to

0.5. The α parameter controls the proportion of total points in a neighbourhood in relation to x-

axis, which influence and are used to fit, using weighted least squares, each y-value. Finally, we

computed a 95% confidence interval, based on the Student t distribution, for each fitted y-value.

All analyses were performed using the language R (version 3.4.2; R Core Team 2017).

The  multivariate  analyses  were  performed  using  functions  available  in  the  vegan  package

80



(Oksanen et al. 2017). The LOESS was computed using the function loess of the stats package

(R Core Team 2017). 

3. RESULTS

The BR dataset included a total of 35,382 individuals belonging to 81 genera. The genus richness

per riffle varied from 18 to 50 (mean = 31.86) and the number of individuals varied from 142 to

837 (mean = 393.13). The site-occupancy of genera ranged from 1 to 90 riffles (mean = 35.4),

and  the  abundances  of  genera  were  observed  to  vary  from 1  to  6101  individuals  (mean  =

436.81).

The FIN dataset included 66,710 individuals belonging to 51 genera. The genus richness

varied from 6 to 26 (mean = 15.08) per riffle and the number of individuals per riffle varied from

41 to 3490 (mean = 741.22). The site-occupancy of the genera ranged from 1 to 87 riffles (mean

= 26.61), and the abundances of genera varied from 1 to 34,966 individuals (mean = 1308.04).

3.1 Reduced sampling effort

We observed high values of Procrustes correlation (always above 0.62) even with the removal of

most of the individuals (Figs 1A– B and 2A– B; see Figs S1A– B and S2A– B in supplementary

data, for curves of individual streams). This was valid for both random and threshold removal

approaches and for both BR and FIN datasets (Figs 1A– B and 2A–B). For the random removal

method,  the  transformation  into  presence-absence  data  (Figs  1A and  2A)  resulted  in  lower

procrustes correlations than using abundance data (Figs 1B and 2B). Moreover, we observed that

the use of threshold counting always produced higher Procrustes correlation values than those

produced by the random removal of individuals (Figs 1B and 2B).

The relationship between community structure and environmental variables was robust

to reduced sampling effort (Figs 1C– D and 2C– D; see Figs S1C– D and S2C– D for curves of

individual streams). For instance, we found similar explained variations for full datasets and their

81



reduced versions up to 50% of individuals removed, and this was valid for both datasets and both

methods (Figs 1C– D and 2C–D). The transformation of the reduced datasets  into presence-

absence caused an increase in the explained variation (in relation to the full dataset) in the BR

datasets,  but  the  opposite  for  the  FIN data.  For  abundance  data  in  the  BR dataset,  random

removal of more than 50% of individuals caused a subtle increase in the CVratio, whereas a

subtle decrease was observed in the threshold method (Fig. 1D). We observed slight decreases in

CVratio for both methods in the FIN dataset (Fig. 2D). 

Figure 1. Smooth curves fitted by LOESS and their respective 95% confidence interval (polygons) for the effects of
the proportion of individuals randomly removed (orange) or threshold counting (blue) on (A and B) multivariate
procrustes correlation between reduced and full community data and (C and D) the ratio of the amount of variation
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explained  by  environmental  variables  of  reduced  and  full  community  data.  Analyses  were  performed  using
presence-absence (A and C) and log abundance data (B and D). Threshold counting could be performed only for
abundance data. Data are from nine streams sampled in Brazil. The range of the y-axes follows the variation among
individual streams (available in the Fig. S1 in the supplementary data).

Figure 2. Smooth curves fitted by LOESS and their respective 95% confidence interval (polygons) for the effects of
the proportion of individuals randomly removed (orange) or threshold counting (blue) on (A and B) multivariate
procrustes correlation between reduced and full community data or (C and D) the ratio of the amount of variation
explained  by  environmental  variables  of  reduced  and  full  community  data.  Analyses  were  performed  using
presence-absence (A and C) and log abundance data (B and D). Threshold counting could be performed only for
abundance data.  Data are from nine streams sampled in Finland. The range of the y-axes follows the variation
among individual streams (available in the Fig. S2 in the supplementary data).

3.2 Richness deconstruction

Procrustes correlations were always high, even with the removal of 50% of the genera present in
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the matrices (Figs 3A–B and 4A– B; see Figs S3A– B and S4A– B for curves of individual

streams).  For  presence-absence  data,  we  did  not  observe  differences  among  RtoC,  CtoR or

random removal of species for both datasets (Figs 3A and 4A). On the other hand, analyses

based on abundance data were dependent on the three richness deconstruction approaches (Figs

3B and 4B). Specifically, RtoC richness deconstruction had the highest Procrustes correlation

values, while the CtoR approach was the poorest in recovering the structure observed in the full

community data. Random removal of genera produced intermediate results (Figs 3B and 4B). 

Figure 3. Smooth curves fitted by LOESS and their respective 95% confidence interval (polygons) for the effects of
the proportion of species richness removed from the rarest to the commonest (RtoC, red),  commonest to rarest
(CtoR, green) or randomly removed (purple) on (A and B) multivariate procrustes correlation between reduced and
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full community data or (C, D) the ratio of the amount of variation explained by environmental variables of reduced
and full community data. Analyses were performed using presence-absence (A and C) and log abundance data (B
and D).  Data  are  from nine  streams sampled  in  Brazil.  The  range of  the  y-axes  follows  the  variation  among
individual streams (available in the Fig. S3 in the supplementary data).

Figure 4. Smooth curves fitted by LOESS and their respective 95% confidence interval (polygons) for the effects of
the proportion of species richness removed from the rarest to the commonest (RtoC, red),  commonest to rarest
(CtoR, green) or randomly removed (purple) on (A and B) multivariate procrustes correlation between reduced and
full community data or (C, D) the ratio of the amount of variation explained by environmental variables of reduced
and full community data. Analyses were performed using presence-absence (A and C) and log abundance data (B
and D). Data are from nine streams sampled in Finland.  The range of  the y-axes follows the variation among
individual streams (available in the Fig. S4 in the supplementary data).

Although CVratio values varied widely among streams (see Figs S3C and S4C), we did

not observe consistent differences among the richness deconstruction approaches using presence-

absence  data  (Figs  3C  and  4C).  Moreover,  reduced  communities  produced  by  the  three
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approaches had a slightly lower association to environmental variables compared to their full

community data (Figs 3C and 4C). Variability in CVratio among streams using abundance data

was lower than using incidence data (see Figs S3C and S4C). Also, we observed that the random

removal of genera or the RtoC richness deconstruction did not affect the relationship between

community structure and environmental variables for the abundance data (Fig. 3D and Fig. 4D).

On the other hand, the CtoR richness deconstruction tended to produce slightly lower explained

variation values than the use of full community data, particularly for the FIN dataset (Figs 3D

and 4D).

4. DISCUSSION

The results support our hypothesis that it is not necessary to use a large sampling effort to obtain

a reliable resemblance between sampled and entire biological communities. We also found that

the use of abundance data produced higher correlation values than the use of presence-absence

data  (see  Procrustes  correlations),  although  this  difference  was  not  so  apparent  for  the

community-environment relationship. Despite the high correlation values for both the random

removal of individuals and the counting threshold approaches, the latter was able to retain much

more  information,  even  when  using  a  notably  reduced  proportion  of  the  total  number  of

individuals  in  the original  community.  However,  the two methods of  removal  of  individuals

produced similar results regarding the community-environment relationship. The three forms of

richness  deconstruction  on  presence-absence  data  produced  similar  correlations  to  the  full

datasets  and similar community-environment relationships.  In contrast,  we observed a strong

negative effect of the removal of common species for Procrustes correlation based on abundance

data.  A striking  result  was that  even removing 90% of  the  sampled individuals,  or  50% of

species, we still found congruent datasets that indicated the same ecological conclusions. 

Presence-absence data are easier to obtain and more accessible than abundance data.

Instead,  abundance  data  are  more  informative,  but  require  more  time  and  resources  to  be
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obtained, particularly for high-density communities, such as those of invertebrates. We found

that as individual are removed from samples, the presence-absence data lose information about

community  structure  at  much  greater  rate  than  abundance  data.  However,  both  data  types

performed  similarly  in  the  recovery  of  the  genus-environment  relationship  using  reduced

sampling  effort.  Accordingly,  while  reduced  abundance  data  was  suitable  for  both  analyses,

reduced presence-absence data was less effective in the recovery of resemblance among full

communities. In fact, studies investigating this issue reinforce the suitability of using presence-

absence data. For instance, Legendre et al. (2005) found that abundance and presence-absence

data produced similar species-environment relationships, while others observed that presence-

absence  may  also  provide  stronger  species-environment  relationships  than  abundance  data

(Bastow Wilson 2012). Further, Podani & Csányi (2010), also found that the presence per se of

indicator  species  provided  a  stronger  signal  than  their  abundance  in  the  discrimination  of

community groups. Accordingly, depending on the study purpose, the use of presence-absence

data,  even  at  reduced  sampling  effort,  may  be  sufficient  in  community  ecology  studies.

Considering that the data we used was gathered in two contrasting regions (boreal and tropical),

showed strong differences in abundance and richness patterns, and results were very similar for

both studied regions, our findings support robusts conclusions, at least in the context of stream

insects. 

Threshold  counting  performed  very  well  and  produced  more  reliable  results  than

random removal of individuals. The approach keeps incidence information for all species and

maintains partial  information about the abundance of species Therefore,  it  is  able to recover

much of  the  information  present  in  full  community  samples,  even with low sampling  effort

(Blanchet  et  al.  2016).  However,  its  practical  use  is  hampered because  individuals  must  be

identified  before  being  discarded  from  counting.  While  this  may  be  effective  for  samples

containing abundant and easily-recognized species, it is impractical when individuals need to be

carefully  examined.  In contrast,  the random removal  of  individuals  can be easily  performed
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using  subsamples  (Saito  et  al.  2015)  and,  despite  its  lower  performance  in  relation  to  the

threshold counting method, it still produced acceptable Procrustes correlation values.

Although little is  known about which processes modulate the distribution of rare or

common species (Connolly et al. 2014; Magurran & Henderson 2003; Sgarbi & Melo 2018) and

the importance of the use of common (Marchant 2002; Queheillalt et al. 2002) or rare species

(Faith  & Norris  1989;  Cao et  al.  1998)  in  multivariate  analyses,  our  results  provided some

practical guidelines. The removal of the rare or common genera produced similar community-

environment relationships in comparison to the full dataset, independent of the use of presence-

absence or abundance data. Also, both deconstructions provided similar Procrustes correlations

using presence-absence data. On the other hand, common genera were very important to estimate

resemblance among communities using abundance data. There is some evidence that rare species

can be as  important  as the common ones in  studies  of community-environment  associations

(Faith & Norris  1989;  Wilson & Meurk 2011;  Siqueira  et  al.  2012).  In  contrast,  many rare

species may constitute transient species, collected accidentally (Magurran & Henderson 2003;

Sgarbi & Melo 2018), and it can be argued that their inclusion may bring noise to analyses

(Marchant 2002; Queheillalt  et  al.  2002). Our results  indicate that the removal of these rare

species does not affect estimates of resemblance among communities or community-environment

relationships.

Our results showed that random species removal performed similarly as the removal of

rare or common genera in the recovery of resemblance among communities  using presence-

absence  data  and  in  the  association  with  environmental  variables  for  both  data  types.

Accordingly, it can be suggested that, in many cases, selecting only those species that are easy to

count  or  identify  may  still  retain  good  estimates  of  species  composition  or  community-

environment associations.

We conclude that any numerical resolution between full abundance data and presence

absence data may produce similar results, depending on the purpose of the study. The use of
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reduced sample of individuals may be sufficient to maintain resemblance with entire community

to  estimate  relationships  of  community  to  environmental  variables.  Finally,  the  sole  use  of

common species alone or a random subset of species may represent full community samples and

their relationships to environmental variables. Thus, sampling designs can be optimized in many

cases  by  reducing  sampling  effort  and  increasing  the  number  of  studied  communities  and,

consequently,  enlarging  spatial  and  environmental  extents  of  ecological  studies.  This  is

particularly relevant in studies involving small invertebrates, where much time is spent with the

sorting and identification of individuals. 
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SUPPLEMENTARY MATERIAL - APPENDIX 1

Appendix 1 – Additional figures

Figure S1. Smooth curves fitted by LOESS (solid lines) for the effects of the proportion of individuals randomly
removed (orange circles)  or threshold counting (blue squares) on (A and B) multivariate procrustes  correlation
between  partial  and  full  community  data  and  (C  and  D)  the  ratio  of  the  amount  of  variation  explained  by
environmental variables of partial and full community data. Analyses were performed using presence-absence (A
and C) and log abundance data (B and D). Points connected by dashed lines indicate the same stream.Threshold
counting could be performed only for abundance data. Data are from nine streams sampled in Brazil.
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Figure S2. Smooth curves fitted by LOESS (solid lines) for the effects of the proportion of individuals randomly
removed (orange circles)  or threshold counting (blue squares) on (A and B) multivariate procrustes  correlation
between  partial  and  full  community  data  and  (C  and  D)  the  ratio  of  the  amount  of  variation  explained  by
environmental variables of partial and full community data. Analyses were performed using presence-absence (A
and C) and log abundance data (B and D). Points connected by dashed lines indicate the same stream.Threshold
counting could be performed only for abundance data. Data are from nine streams sampled in Finland.
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Figure S3. Smooth curves  fitted by  LOESS (solid  lines)  for  the  effects  of  the  proportion of  species  richness
removed  from  the  rarest  to  the  commonest  (RtoC,  red  inverted  triangles),  commonest  to  rarest  (CtoR,  green
triangles) or randomly removed (purple diamonds) on (A and B) multivariate procrustes correlation between partial
and full community data or (C, D) the ratio of the amount of variation explained by environmental variables of
partial and full community data. Analyses were performed using presence-absence (A and C) and log abundance
data (B and D). Points connected by dashed lines indicate the same stream. Data are from nine streams sampled in
Brazil.
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Figure S4. Smooth curves  fitted by  LOESS (solid  lines)  for  the  effects  of  the  proportion of  species  richness
removed  from  the  rarest  to  the  commonest  (RtoC,  red  inverted  triangles),  commonest  to  rarest  (CtoR,  green
triangles) or randomly removed (purple diamonds) on (A and B) multivariate procrustes correlation between partial
and full community data or (C, D) the ratio of the amount of variation explained by environmental variables of
partial and full community data. Analyses were performed using presence-absence (A and C) and log abundance
data (B and D). Points connected by dashed lines indicate the same stream. Data are from nine streams sampled in
Finland.
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CONSIDERAÇÕES FINAIS

A principal  conclusão da  tese  é  que  a  variação na  abundância  das  espécies  e  o  excesso  de

espécies raras é resultado principalmente da adequabilidade ambiental.  No primeiro capítulo,

observei que uma espécie  rara em um local pode ser abundante em outro habitat e, em menor

grau, em outro local ou ano de amostragem. No segundo capítulo eu encontrei, para todos os

grupos taxonômicos e em todas as regiões geográficas estudadas, que as espécies tendem a se

tornar mais raras conforme elas se distanciam de seu local de maior adequabilidade dentro do

gradiente. A conclusão direta é que as espécies tendem a ser mais abundantes em locais onde são

melhor adaptadas. Finalmente, encontrei que baixos esforços amostrais podem ser suficientes

para  obter  estimativas  aceitáveis  dos  padrões  de  comunidades.  Os  resultados  mostram  que

mesmo excluindo 50% das espécies, (independente da espécie ser rara, comum ou ser excluída

ao  acaso)  ou  removendo  90%  dos  indivíduos  (ao  acaso  ou  das  espécies  numericamente

dominantes) ainda assim podemos ter boas estimativas da estrutura e de resposta às variáveis

ambientais muito parecidas àquelas que observamos quando utilizamos a comunidade completa.

Isto indica que com a redução de tempo e recursos financeiros para estimar a diversidade em um

determinado local podemos realocar os recursos financeiros e o tempo para estimar a diversidade

de um maior número de locais distintos, acelerando o conhecimento sobre a biodiversidade.
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