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Amazon floodplain fish diversity at different scales: do time
and place really matter?
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Abstract Amazonian floodplain lakes, which are of

different types based on their proximity to the main

river channels, are subjected to a strong seasonal

hydrologic cycle and have different habitat types

within them. We hypothesized that these two spatial

scales (lake type, and habitat type within lakes), and

the temporal scale associated with hydrological sea-

sons help explain the high fish diversity of the Amazon

basin. We sampled three lake types categorized by

proximity and connectivity with the Solimões River

(island, coastal, and mainland) in 2011 during both

high and low water seasons. Within these lakes, we

sampled three habitat types (open water, flooded

forest, and macrophyte banks). Although comparisons

of diversity indices revealed few differences with

respect to overall species numbers, actual species

composition, which is not included in calculation of

diversity indices, differed markedly at all three scales.

Although many species (86) were common to all three

types of lakes, each type also had many unique species

(11–20), as did within-lake habitat type (10–15) and

hydrologic season (26 each). Thus, these temporal and

spatial scales are important to the detection and

understanding of fish species diversity in this region,

and will be important to keep in mind when designing

preserves.
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Introduction

The Amazon River Basin contains the highest fish

species diversity of any region on earth (Reis et al.,

2003), and is facing anthropogenic threats such as

overfishing (Batista et al., 1998; Campos et al., 2015),

construction of dams for hydroelectric generation

(Finer & Jenkins, 2012; Castello et al., 2013), and

droughts exacerbated by global warming (Marengo

et al., 2008; Freitas et al., 2013a). In particular, dams

and droughts threaten the connectivity among habitats

necessary for many fish species to complete their life

cycles (Castello &Macedo, 2015; Hurd et al., 2016). It

is, therefore, important to understand how to measure

and monitor native fish diversity in this region, both to

preserve biodiversity and to ensure sustainable levels

of fish stocks for harvesting. Lakes situated on riverine

floodplains in the neotropics are good habitats for the

study of fish community structure on both local and

regional scales (Agostinho et al., 2001).

A major environmental factor on the floodplain is

the seasonal variation that constitutes an annual

hydrological cycle, with changes in water level that

can exceed 15 m between high and low water periods

that can strongly affect fish assemblages (Junk et al.,

1989; Scarabotti et al., 2011). The important factor

here is connectivity with the river, which is important

for fish migration into and out of the floodplain (Cox-

Fernandes, 1997). During the flooding (rising water)

period, lakes fill up and are connected to the river, with

the consequent addition of a flooded forest habitat

around themargins of lakes (Thomaz et al., 2007). This

ensures that augmented space and newhabitats become

available for different fish species. In the receding

(fallingwater) season, the flooded area shrinks, leading

to reduced habitat availability and relative or complete

isolation from the main river channel. Changes in

environmental variables over the hydrologic seasons of

the year and across the floodplain landscape are likely

to change the relative importance of biotic interactions

such as predation and competition, whichmay increase

when low water crowds populations, creating non-

random assortments of fish species in these lakes

(Fernandes et al., 2009). Abiotic influences such as

temperature, oxygen concentration, and transparency

also change over the hydrologic cycle and differ among

lakes, which can be the basis of habitat selection among

fish (Petry et al., 2003a; Freitas et al., 2010a;Miyazono

et al., 2010; Wolfshaar et al., 2011).

Given the number of potentially important envi-

ronmental variables that may influence species com-

position in Amazonian floodplain lakes, and

previously reported differences in fish species diver-

sity between lake types (Freitas et al., 2013b), we

designed a study to evaluate the relative influence of

components of habitat heterogeneity on diversity and

species composition. Specifically, we examined fish

diversity and species composition in three general

types of lakes that differ in their connectivity with the

main river channel over the hydrologic cycle and in

their geomorphological origin. Within each of these

lake types, we also examined three different habitat

types: open water, floating macrophytes, and flooded

forest. Finally, we added a temporal component by

making our measurements during two different sea-

sons of the hydrological cycle, flooding and receding

water. Our null hypothesis was that fish community

composition does not differ with respect to any of

these variables. Our most likely alternative, assuming

we can reject the hypothesis, is that habitat differences

at multiple spatial and temporal scales invoke differ-

ences in species composition of these floodplain lakes.

Methods

Study area

The study area comprised a set of nine floodplain lakes,

located in the Solimões River between themouth of the

Purus River and the confluence of the Solimões and

Negro rivers (Fig. 1) at Manaus, Amazonas, Brazil.

Whitewater rivers, such as the Solimões, carry a high

load of transported sediments and nutrients from pre-

Andean headwaters. These rivers are highly productive

and support high fish species diversity and productive

fish stocks for human exploitation (Lowe-McConnell,

1999; Freitas et al., 2010b). The lakes we included in

the present study were selected because they represent

three different categories of connectivity with the

river. In the descriptions below, lake area in km2 is

given for typical high water periods for comparison

because lake area is highly variable over the hydro-

logic cycle, and between years.

Coastal lakes (CT) are common on the banks of the

Solimões River, in shallow depressions. The water in

this type of lake originates from the water table or
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from the overflow of the river during the high water

season, or from canals connecting other lakes. In our

study, coastal lakes were represented by lakes Padre

(-3,19661S, -59,93148W; 0.35 km2), Camaleão

(-3,664323S, -60,909816W; 1.26 km2), and

Cacauzinho (-3,668614S,-60,871198W; 0.16 km2).

Island lakes (IL) are located on islands in the main

channel of the river that are formed by the accumu-

lation of sediments of the Solimões over the years.

They are also supplied by groundwater and by the river

during high season, and lose their connections to the

main river in the low water season. They are repre-

sented by lakes Central on Marchantaria Island

(-3,253823S, -59,970098W; 0.42 km2), Sacambú

on Paciência Island (-3,306744S, -60,243298W;

0.27 km2), and Camboa on Linda Nova Island

(-3,584226S, -60,844022W; 1.63 km2).

Mainland lakes (MD) are located in lowland areas

more distant from the river than CT lakes, close to the

nearby higher ground called Tertiary Plateau (Soares,

1977), showing dendritic conformation due to occur-

rence of streams (igarapés) flowing into the floodplain.

These lakes receive waters from the ground water

table, from the main river during high water, and from

the surrounding igarapés. The three lakes representing

this category are Calado (-3,313896S,-60,580843W,

2.12 km2), Santo Antonio (-3,245241S, -60,244719W;

0.27 km2), and Laguinho (-3,393994S,-60,244719W;

0.23 km2).

Within these lakes, there are three distinct habitat

types: open water (OW) in the central areas that vary

from 0.5 to 10.0 m deep according to the season of the

hydrologic cycle, floating macrophyte banks (MA)

nearer to the shorelines, and the flooded forest (FF),

consisting of trees that are partially or entirely

submerged when the water is high enough. Although

there are at least 388 species of aquatic macrophytes

recorded (Junk & Piedade, 1997), the plant species

that were most abundant in MA for all of our lakes

were Pistia stratiotes L., Eichhornia crassipes (Mart.)

Fig. 1 Map of the study area between the municipalities of Iranduba and Manacapuru, Amazonas, Brazil, showing the nine floodplain

lakes of three main types that were examined in this study: coastal, island, and mainland lakes
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Solms., Salvinia auriculata Aublet, Echinochloa

polystachya (Kunth) A.S. Hitch., Paspalum repens

Berg., and Paspalum fasciculatum Wild. Ex Flügge.

These floating plant assemblages are important

sources of food and refuge for many fish species

(Junk & Robertson, 1997; Sánchez-Botero & Araújo-

Lima, 2001). The FF habitat is available to fish when

the water is high enough to permit entry, and as with

MA, this habitat provides shelter as well as food from

allochthonous sources such as seeds, fruit, and insects

from the trees. This habitat was structurally similar for

all of our lakes, with the most abundant tree species

being Cecropia sp., Hevea spruceana (Benth.) Müll.

Arg., Alchornea schomburgkiana (Miq.) Baill., Pi-

ranha trifoliate Baill., and Eschweilera sp.

Sampling

Fish collections with gillnets were carried out in 2011

during the flooding season (F) in May and in the

receding season (R) in August. In each lake, the

collections were taken in mixed macrophyte banks

(MA), in the open water (OW) of the lake, and in the

flooded forest area (FF) surrounding the lake. We used

floating gillnets that were 150 m long by 2 m high,

composed of 10 segments of 15 m each with different

mesh sizes: 30, 40, 50, 60, 70, 80, 90, 100, 110, and

120 mm. They were deployed at 0600 (daybreak) and

left for 48 h at each collection site, and fish were

collected from them every 6 h. The location of gillnets

in each habitat was moved across the lake at the end of

24 h, in order to reduce the damage done by predators

attracted to the trapped fish. Each fish was initially

identified in the field, fixed in 10% formalin and later

identified by specialists at the Instituto Nacional de

Pesquisas da Amazônia (INPA) and Universidade

Federal do Amazonas (UFAM). Specimens of special

interest were preserved in 70 % alcohol and deposited

in the UFAM fish reference collection. Sampling effort

was held constant throughout this study, so different

numbers and biomass of fish caught over time and space

represent differences in catch per unit effort (CPUE).

Data analysis

We used rarefaction curves to determine sampling

efficacy of obtaining representative samples of species

numbers in each type of lake, habitat, and hydrological

season. The diversity of fish assemblages was

measured as species richness (S), Shannon’s diversity

(H0), and Pielou’s evenness (J0). Complementarity

measures proposed by Colwell & Coddington (1994)

were used to estimate the distinctness of fish assem-

blages sampled by lake types (CT, IL, MD), habitats

(OW, MA, FF), and hydrological seasons (F, R). Venn

diagrams were constructed using presence/absence

data of species to highlight how many species were

unique to, or shared among, habitats (OW, MA, FF)

within each type of lake.

To test the effect of hydrologic season (flooding or

receding water) and spatial scale (type of lake and

habitat within the lake) on the diversity of fish

assemblages, we applied a factorial ANOVA

(3 9 3 9 2) where the response variables are S, H’,

and J’. The Hommel’s method to adjust P values was

employed since it reduces type I errors (Hommel

1988). Tukey’s HSD test was used when the null

hypothesis of no differences was rejected. This

statistical analysis was accomplished using R Statis-

tical Software (R Development Core Team, 2012).

Assumptions of normality, linearity, and homoscedas-

ticity were graphically inspected employing the

residuals before running these three ANOVAs.

We evaluated species composition of fish assem-

blages in the two spatial scales: types of lakes and

habitats through non-metric multidimensional scaling

(NMDS) based on a matrix of Bray-Curtis distance

(Borcard et al., 2011). After testing the multivariate

homogeneity of groups (permdisp), this same distance

matrix was employed to run a two-way PerMANOVA,

with 5000 permutations, to test the null hypothesis of

the same species composition between types of lakes

and between habitats, and of no interaction effects

between types of lakes and habitats (Anderson, 2001).

Where the null hypothesis was rejected, a pairwise

comparison was done using PerMANOVA. Both

NMDS and PerMANOVA were done using the Vegan

Package (Oksanen et al., 2011) of R Statistical

Software (R Development Core Team, 2012).

We employed the package Betapart (Baselga et al.

2013) to estimate the multiple-site dissimilarity mea-

sures proposed by Baselga et al. (2007) and Baselga

(2010) as measures of b diversity due to their ability to

identify the predominance of species loss or species

turnover. We used the Sorensen-based multiple-site

dissimilarity (bSOR), Simpson-based multiple-site dis-

similarity (bSIM), and Nestedness-resultant multiple-

site dissimilarity (bNES) (Baselga, 2010).
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Results

A total of 18,783 fish were caught, equivalent to

1406 kg, distributed among 167 species, 27 families,

and nine orders (Supplementary material Appendix I).

Characiformes and Siluriformes were the orders with

the greatest abundance and richness. The families

Characidae and Curimatidae constituted groups with

the highest numerical abundance, while the highest

species richness was observed in the families Characi-

dae, Doradidae, and Cichlidae. The most abundant

species were in the family Curimatidae, Psectrogaster

rutiloides (Kner, 1858) and Potamorhina latior (Spix

& Agassiz, 1829), which together accounted for 22%

of numerical abundance and 16% of biomass, fol-

lowed by the piranha, Pygocentrus nattereri (Kner,

1858) with 11% and 8% in number and biomass,

respectively (Supplementary material Appendix I).

Rarefaction curves (Fig. 2a–c) reached asymptotes

for types of lakes, habitats and seasons of the

hydrologic cycle, indicating that our collections were

representative with regards to species richness. Total

species richness was exactly the same in both seasons,

and the proportions of abundance and biomass were

not substantially different during receding water than

flooding (Table 1). There were no marked differences

in the distribution of species richness among lake

types or habitats, and the majority of fish species were

common to all three types of lakes. However, each

lake type had an appreciable number of unique species

(i.e., found in only one type, whether abundant or

rare), and island and coastal lakes were more similar

between them than in comparison with mainland lakes

(Table 1). Mainland lakes had about twice the number

of unique species as the other two types. In all, about

one-third of all species caught were found in only one

type of lake, while about one-quarter were shared by

only two lake types. Most species unique to coastal or

island lakes belonged to the order Siluriformes, while

Characiformes were dominant among species unique

to mainland lakes (Appendix I). The three habitats

shared the majority of species; however, only a few

species were common to both the open area and the

aquatic macrophytes. Similarly, few were found in

both the open area and the flooded forest. About four

times as many of fish species were found both in

aquatic macrophytes and the flooded forest as were

shared among any other pair of habitats. The highest

complementarity was observed between samples

taken in macrophyte and flooded forest habitats

(Table 1). Also, there were no marked differences in

the species composition found in the two hydrologic

seasons, with a complementarity measure of approx-

imately 31%.

The numbers of species shared by the three habitats

were almost the same for all three types of lakes

(Fig. 3). However, the number of unique species per

habitat shows different patterns for each type of lake.

In coastal and island lakes, the flooded forest was the

habitat with the highest number of unique species. In

coastal lakes, the open water area showed more than

twice the number of unique species as at island lakes,

and an opposite pattern was observed for macrophytes.

Mainland lakes exhibited a more equitable pattern

with approximately equal numbers of unique species

in each habitat. Seventy-seven species, including 43

from the family Characiformes, 26 Siluriformes, four

Perciformes, three Clupeiformes, and one Osteoglos-

siformes, were common to all type of lakes, habitats,

and both hydrologic seasons (Supplementary material

Appendix I).

The graphical check for normality, linearity, and

homoscedasticity showed no violations for all three

response variables. There were differences in species

richness only among habitats (Table 2), with greater

richness in flooded forest and aquatic macrophytes

than in open water (P\ 0.01 and \0.001, respec-

tively), and no differences between aquatic macro-

phytes and flooded forest (P = 0.47). There were

detectable effects of types of lakes and habitats with

diversity measured by Shannon’s index (Table 2),

with lower values in coastal than in island lakes

(P = 0.03) and no differences either between coastal

and mainland lakes (P = 0.09) or between island and

mainland lakes (P = 0.86). Higher values of Shan-

non’s index were obtained for flooded forest and

aquatic macrophytes in comparison to open water

(P\ 0.001 and P\ 0.01, respectively) and no differ-

ences between flooded forest and aquatic macrophytes

(P = 0.14). There were differences only among

habitats when using J0 as the response variable

(Table 2), with greater evenness in flooded forest than

in open water (P\ 0.01) and no differences between

flooded forest and aquatic macrophytes (P = 0.12) or

between flooded forest and aquatic macrophytes

(P = 0.19).

The NMDS stress value for data clustering types of

lakes and habitats was 0.04 (non-metric R2 = 0.99)
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suggested an excellent representation by a two

dimensional solution. There were clear differences

among types of lakes, both for biomass and numerical

abundance. Mainland lakes were ordered for the right/

upper part of the graph and the other two types of lakes

were grouped together on the left (Fig. 4).

The assumption of multivariate homogeneity by

groups was accepted for type of lakes (F = 0.63,

df = 2, 6, P = 0.56) and for habitat (F = 0.12,

df = 2, 6, P = 0.88). The PerMANOVA showed

effects of type of lakes (pseudo F = 3.74, df = 1, 5,

R2 = 0.33, P\ 0.01), but no effects for habitats

(pseudo F = 2.08, df = 1, 5, R2 = 0.23, P = 0.06)

and interactions (pseudo F = 1.67, df = 1, 5,

R2 = 0.15, P = 0.12). The pairwise comparisons

between types of lakes showed significant differences

between Mainland and Coastal lakes (pseudo

F = 3,84, df = 1, 4, R2 = 0.49, P = 0.04) and

between Mainland and Island lakes (pseudo

F = 2.31, df = 1, 4, R2 = 0.37, P = 0.05), but no

difference between Coastal and Island lakes (pseudo

F = 1.95, df = 1, 4, R2 = 0.33, P = 0.10).

We found high b diversity, mainly among type of

lakes, since the nestedness component, bNES, was

much lower than the component accounting for pure

spatial turnover, bSIM, for both factors: type of lakes

(bSIM = 0.253, bNES = 0.023 and bSOR = 0.276) and

habitats (bSIM = 0.165, bNES = 0.056 and

bSOR = 0.221).

Discussion

Our study indicates that no single lake type, habitat, or

hydrologic season was representative of the species

composition of fish assemblages in this floodplain

Fig. 2 Rarefaction curves for the three types of lakes used in this study: A coastal, B island,C mainland. Marked areas around curves

are 0.95 confidence limits
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region. The high degree of uniqueness to lake type,

habitat type, and hydrologic season, whether

attributable to adaptive specialization or merely

stochastic variation that may change from 1 year to

the next, may be a key reason that species diversity

among lakes (b diversity) has been shown to be at least
as important as within-lake diversity (a) in character-

izing regional diversity (c) in these floodplain lakes

(Freitas et al., 2013b).

Discovery of differences in fish assemblages here

was not only a matter of scale but also depended on

how the data were analyzed. If we had used just the

numbers in Table 1 to describe this system, we would

have concluded that spatial and temporal scale of

environmental heterogeneity were not very important.

Traditional diversity measures based on information

theory, Shannon’s diversity (H’), and Pielou’s mea-

sure of evenness (J’) detected some differences among

habitat types and lake types but not between seasons of

the hydrologic cycle. The problem with these indices

is that they are static measures, i.e., not always useful

in comparing species assemblages over space or time

(Cornell et al., 1976). Shannon’s H’ measures the

interaction between species richness and evenness and

is thus subjected to compensatory changes in these

separate values, i.e., a positive change in either one

can cancel out a negative effect in the other. Pielou’s J0

measures the evenness of relative abundances in an

assemblage independently of species richness but still

cannot detect compensations such as a switch in the

identity of species occupying a given rank in relative

abundance when one species is replaced by another or

becomes rare when another one becomes more

common. Therefore, there is no substitute for retaining

species identity in a dataset if we want an accurate

comparison of species composition among

communities.

Table 1 Richness (S), numerical abundance (%), abundance

in weight (%), and matrices of complementarity indexes (%)

considering seasons, type of lake, and habitat

Factor S N (%) B (%) Complementarity (%)

Season Receding

Flooding 147 47 44 31.14

Receding 147 53 56

Type of lake Island Mainland

Coast 126 43 38 32.65 35.90

Island 120 31 35 37.66

Mainland 130 26 27

Habitat Macrophyte Flooded forest

Open water 121 32 29 30.26 31.61

Macrophyte 137 40 39 23.57

Flooded Forest 140 28 32

Fig. 3 Numbers of species

shared among within-lake

habitats for each of the three

lake types, where data from

all three lakes of each type

are combined
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In instances where measures of species diversity

showed no difference in these fish assemblages, as was

the case between hydrologic seasons, species compo-

sition differed markedly: nearly one-third of the 167

species caught, in our study, were found only during

one of the two hydrologic seasons. Further, no one

habitat type within lakes contained all or nearly all of

the fish species in a given lake. Thus, the most

important information we obtained in our study were

the data on species that were unique or shared among

lakes sampled at different spatial scales and over time.

Multivariate analysis, NMDS, and PerMANOVA

showed effects of type of lakes, clustering island,

and coastal lakes apart from mainland lakes. Although

we do not suggest that the exact pattern we detected

will be obtained every time the lakes are sampled, we

do suggest that the kind of heterogeneity we found

here, and Freitas et al. (2013b) found, in their study, is

more the rule than the exception. This means that

representing fish diversity on a regional scale in this

Table 2 Summary of

results of three-way

ANOVAs employing

richness (S), Shannon’s

index (H0), and Pielou’s

evenness (J0) as response
variables

df S H0 J0

F p F p F p

Season (S) 1 0.42 0.51 0.00 0.99 0.002 0.97

Type of lake (TL) 2 0.38 0.45 5.65 0.01 10.48 \0.001

Type of habitat (TH) 2 10.94 \0.001 13.09 \0.001 7.26 \0.001

S * TL 2 0.74 0.48 2.91 0.07 1.34 0.27

S * TH 2 0.20 0.83 1.91 0.16 0.77 0.47

TL * TH 4 1.20 0.33 0.75 0.56 0.51 0.72

S * TL * TH 4 0.27 0.90 0.29 0.88 0.49 0.74

Error 36

Fig. 4 NMDS plots for

numerical abundance and

biomass data using units

composed of lake x habitat.

The first two letters of each

labeled point indicate lake

type (CT coastal, IL island,

MD mainland); the second

two letters indicate within-

lake habitat type (OW open

water, MA macrophytes, FF

flooded forest; and the last

letter indicates biomass

(B) or numerical abundance

(N) of fish
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system will require sampling on multiple spatial and

temporal scales.

From our single-year study, we cannot say how

many of the species that we found to be unique to a

particular habitat are, in fact, adapted specialists to a

particular set of environmental conditions. However,

according to the literature, there has been a general

expectation that the organization of tropical fish

assemblages in floodplains is ecologically and evolu-

tionarily associated with environmental complexity or

heterogeneity (Junk et al., 1997; Saint-Paul et al.,

2000; Petry et al., 2003b; Súarez et al., 2004; Freitas

et al., 2010a). Given this heterogeneity, it is not

surprising that so many of the species we found were

unique to lake types and specific habitats, as well as to

seasons of the hydrologic cycle. This kind of habitat

selection can lead to restricted areas of occurrence for

many species. Mojica et al. (2009) observed that

among the 171 species found in a creek draining into

the Amazon River floodplain, 40 were considered

unique to the immediate flooded area, while 38

reached only as far as 4 km upstream of this area.

In our study, mainland lakes had the greatest

number of unique species, which may be surprising

considering that the annual flood pulse has the

potential to homogenize fish species distributions

across the region at high water (Hoeinghaus et al.,

2003; Freitas et al., 2010a). However, several studies

have reported non-random assortments of fish species

among floodplain lakes, especially during low water

(e.g., Petry et al., 2003b, Arrington & Winemiller,

2006; Fernandes et al., 2009), which supports the

hypothesis that at least some species are specialists to

lake types and the flood pulse does not obliterate the

structure of floodplain fish assemblages. Another

factor is that mainland lakes are connected to numer-

ous creeks (igarapés) whose headstreams are in higher

terrains flowing into the floodplain, and from which

species not found in the main river channel can

migrate, adding to species richness in these lakes

(Taylor & Warren Jr., 2001). Some species that are

both unique to, and typical of, these igarapés are

Bryconops caudomaculatus (Günther, 1864) (Men-

donça et al., 2008), Gymnocorymbus thayeri (Eigen-

mann, 1908), Boulengerella maculata (Valenciennes,

1840), and Leporinus agassizii (Steindachner, 1876)

(Mojica et al., 2009).

The connection between the floodplain and the

main river channel through flooded forests when the

water is high creates important habitats for nutrition,

growth, reproduction and sheltering from predators

(Saint-Paul et al., 2000; Sánchez-Botero & Araújo-

Lima, 2001; Claro-Jr et al., 2004; Correa et al., 2008).

The forest there supplies allochthonous food for fish

during high water, such as fruits, seeds, and inverte-

brates falling from the canopy (Goulding, 1980; Junk

& Robertson, 1997; Araújo-Lima & Goulding, 1998).

The flooded forest of island lakes represents an

ecotone both between adjacent lakes and between the

lakes and the main channel of the river, which is not

the case for forests adjacent to the other two types of

lakes. Therefore, the reason for the substantially

higher number of species found exclusively in the

flooded forest habitat of these lakes probably is due to

contributions of species both from the lake and from

the river. There is not yet enough information about

the basic life cycle of many of the fish we caught in the

flooded forest to know how many of them are river-

dwelling species that migrate into the flooded forest

during high water. We do know that schooling species

are constantly moving in and out of lakes when the

water is high, becoming common and abundant in the

central areas of these lakes (Siqueira-Souza & Freitas,

2004; Martelo et al., 2008). Soares et al. (2009)

reported catching many individuals of Potamorhina

latior, Triportheus albus (Cope, 1872), and Pygocen-

trus nattereri, which reach high abundances in open

water in floodplain lakes near Manacapuru when the

water is high.

For many fish species, population densities are

relatively low during high water, and resources are

diluted. Conversely, during low water plankton and

other food sources become more concentrated for

grazing species, and predation pressure from carniv-

orous species increases as a function of crowding

among fish (Soares et al., 2007; Petry et al., 2010). The

open water area of the center of a lake does not have

the same refuge properties as afforded by macrophytes

and the flooded forest, and so prey species are more

vulnerable to predators in this habitat (Rodrı́guez &

Lewis, 1997). Even in open water, however, rising

water enriches the lakes with organic material from

decaying aquatic and semi-aquatic vegetation, and

animal remains from the surrounding forest (Gould-

ing, 1980; Forsberg et al., 1993; Junk & Piedade,

1997). Environmental anomalies such as extended

drought can enhance this effect: Freitas et al. (2013a)

found that 1 year after an extreme drought, in the
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Amazon basin in 2005, the fish fauna was composed

mainly of small algivorous and detritivorous fish.

They advanced the hypothesis that the predominance

of these trophic groups of fish could be attributed to

fertilization from a combination of the carcasses of

dead fish stranded in shrinking lakes during drought,

and the death and decomposition of grasses that

colonized the exposed soil and were submerged when

the water level began to rise.

The estimates of b diversity revealed a dominance

of spatial turnover on nestedness components for both

spatial scales: types of lakes and habitats, slightly

higher for the former. A dominance of spatial turnover

implies a substitution of some species for others and

could represent the effects of environmental differ-

ences among sites (Qian et al., 2005). These results

corroborate those of a previous study of fish diversity

partitioning in Amazonian floodplain lakes (Freitas

et al., 2013b) that showed the importance of differ-

ences in diversity (b) between types of lakes to

regional fish diversity.

Our results are relevant to the growing concern

among conservationists about the declining state of

the world’s biodiversity. Freshwater biodiversity has

decreased more than that of any other major

ecosystem (Jenkins, 2003; Pittock et al., 2008).

The anthropogenic drivers, including dams, alien

species, overfishing, and climate change, have

different consequences in terms of species loss,

and the combination of these environmental pertur-

bations is potentially catastrophic. In particular,

construction of dams obviously will inhibit migra-

tion of many species, and global warming may

extend droughts beyond the adaptive limits of even

non-migratory species (Hurd et al., 2016). Both of

these perturbations are likely to change the compo-

sition of fish assemblages in floodplain lakes in

ways that are currently hard to predict with preci-

sion. However, in order to conserve biodiversity, it

is first necessary to measure it and understand the

biological and physical factors that are important to

generating and maintaining it. This will require

many more studies that consider the kinds of spatial

and temporal heterogeneity we examined, and

probably other levels besides that will become

evident upon closer examination. This kind of

information will be critical in the design of nature

preserves, as well as in understanding the basic

ecology of this threatened ecosystem.
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