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Multiple dimensions of biodiversity within and across producer and consumer guilds in 

the food web affect an ecosystem’s functionality and stability.  Tropical and subtropical aquatic 

ecosystems, which are extremely diverse, have received much less attention than terrestrial 

ecosystems in regards to the effects of biodiversity on ecosystem functioning. We conducted a 

field experiment that tested for effects of macrophyte functional diversity on diversity and 

stability of associated fish assemblages in floodplain lakes of the Upper Paraná River floodplain, 

Brazil. Three levels of macrophyte functional diversity were maintained through time in five 

floodplain lakes and response variables included various components of fish taxonomic and 

functional diversity and stability. Components of functional diversity of fish assemblages were 

quantified using a suite of ecomorphological traits that relate to foraging and habitat use. 

Response variables primarily distinguished macrophyte treatments from the control. Macrophyte 

treatments had, on average, double the number of species and total abundance than the control 

treatment, but only limited effects on stability. The high diversity treatment was essentially 

nested within the low diversity for assemblage structure and had similar or even slightly lower 

levels of species richness and abundance in most cases. Gymnotiformes and young-of-year were 

diverse and relatively abundant in macrophyte treatments contributing to the large differences in 

diversity between macrophyte and control treatments. Higher fish diversity in structured habitats 

compared to more homogenous habitats is likely associated with increased ecomorphological 

diversity to exploit heterogeneous microhabitats and resources provided by the macrophytes. 
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CHAPTER 1 

GENERAL INTRODUCTION 

The last several decades saw many advancements in understanding the connection 

between biological diversity and functionality of ecosystems (i.e. biodiversity and ecosystem 

functioning or BEF). Major findings correlate the number of species and individuals, or species 

richness and abundance, present in an ecosystem to an ecosystem’s function and stability 

(Naeem et al. 2009). These functions can include primary production (i.e. energy created by 

photosynthetic organisms), secondary production (i.e. biomass of consumers), benthic organic 

matter accumulation (i.e. detrital recycling), invasion resistance and community stability (Naeem 

et al. 2009). Yet, the majority of BEF research is dominated by studies on temperate grasslands 

and other primary producer assemblages, and studies are needed to expand to other types of 

systems (Hooper et al. 2005). For example, tropical and subtropical aquatic ecosystems, which 

are extremely diverse (e.g. Balian et al. 2008), have received much less attention in regards to the 

effects of biodiversity on ecosystem functioning and services. 

A central component of BEF research is to mechanistically explain why higher species 

richness and abundance increases number of functions, type of functions and their stability in an 

ecosystem (Gamfeldt et al. 2008, Zavaleta et al. 2010). One approach describes species based on 

their morphological and physiological traits, or functional diversity. A community’s functional 

diversity is more directly associated with the functions provided by the species present 

(Hillebrand and Matthiessen 2009). Generally, functional diversity is measured by placing 

species into catergories representing their primary function relevant to the community. The 

number of functional groups present is typically dependent on the number of species present and 

functional richness may relate more strongly to ecosystem functioning that species richness due 
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to redundancies of species within functional groups (Cadotte et al. 2008, Baiser et al. 2011). In 

addition to catorgorizing species, measuring species’ relevant ecomorphological features would 

include the spectrum of characteristics found with a community (Villegar et al. 2008). Changes 

in the ecomorphological diversity of communities may be due to changes in the environment 

(e.g. invasive species, loss of habitat; Villegar et al. 2008, Mouillet et al. 2013).  

Functional groups of aquatic plants, or macrophytes, are generally assigned based on how 

their morphology occupies the water column. These groups range from free floating plants 

occupying the water’s surface to submerged plants which remain underwater until reproduction. 

Macrophytes can also alter the physical and chemical environment, thereby indirectly affecting 

the distribution and diversity of fishes and other organisms (Carpenter & Lodge 1986, Agostinho 

et al. 2007). The greatest contribution of macrophytes to community dynamics is likely from 

provisioning of habitat for other organisms (Miranda et al. 2000, Petry et al. 2003).  Macrophytes 

provide habitat where various organisms (e.g. zooplankton, aquatic invertebrates, fish) feed, 

reproduce and seek refuge. Many studies identified the importance of habitat complexity on 

animal species richness (Price et al. 2011), composition (Kelaher and Castilla 2005), abundances 

(Patrick et al. 2008), trophic interactions (Kareiva and Sahakian 1990), and behavior (Johnson 

2006). In freshwater ecosystems, macrophytes provide highly structured habitats which attract 

species ranging from algae to large-bodied predators (Warfe and Barmuta 2006, Padial et al. 

2009, Thomaz and Cunha 2010). 

Similarly, organisms associated with aquatic macrophytes are functionally diverse. One 

way to classify the functional composition of consumer taxa is based on what they eat.  For 

example, fishes in this study include, but are not limited to, piscivores (i.e. feeds on other fishes), 

algivores (i.e. feeds on algae), invertivores (i.e. feeds on invertebrates), zooplanktivores (i.e. 
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feeds on zooplankton), and detritivores (i.e. feeds on decaying organic material). Species within 

these trophic groups often have similar morphological features, but morphology can vary greatly 

among trophic groups and even within groups depending on what or where species feed (Adite 

and Winemiller 1997, Fontes-Oliveira et al. 2010). This broad ecomorphological diversity allows 

fishes to occupy numerous trophic levels and habitats, making them model organisms to study 

trophic interactions and food webs (Winemiller 1990). In addition, the more ecomorphologically 

diverse a community is, the more efficiently the community can utilize resources available in the 

environment and thereby increase rates of ecosystem functioning (Winemiller 1991, Web et al. 

2002, Fontes-Oliveira et al. 2010).  

Biodiversity research is increasing realistic designs that include the integration of 

multiple trophic levels (Duffy et al. 2007, Reiss et al. 2009, Thompson et al. 2012, Pendleton et 

al. 2014) and studies in aquatic ecosystems with large-scale field investigations (Caliman et al. 

2010). In this thesis (Chapter 2), I summarize results from a large field experiment that tested for 

effects of macrophyte functional diversity on diversity and stability of associated fish 

assemblages in floodplain lakes of the Upper Paraná River floodplain, Brazil. The floodplain is 

an excellent setting for this research because it is characterized by diverse macrophyte (Ferreira 

et al. 2011) and fish (Agostinho et al. 2013) assemblages and is important for maintenance of 

regional biodiversity. The field experiment followed similar methodology as used in 

foundational BEF research in grasslands (Naeem et al. 1994, Tilman et al. 1996, Hooper and 

Vitousek 1997) with the addition of recent advances incorporating dynamics of upper trophic 

levels (Haddad et al. 2011) and quantification of functional diversity (Villegar et al. 2008).  

Specifically, three levels of macrophyte functional diversity (i.e. treatments) were maintained 

through time in five floodplain lakes (blocks) and response variables included various 
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components of fish taxonomic and functional diversity and stability (e.g. species richness, 

composition, trophic structure, functional richness).  Components of functional diversity of fish 

assemblages (i.e. functional richness, evenness and divergence) were quantified using a suite of 

ecomorphological traits that relate to foraging and habitat use. We show that macrophyte 

functional diversity plays a central role in the structure and function of the ecosystem by 

increasing fish species richness and abundance, mediating trophic interactions, and increasing 

functional diversity among fish species.  
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CHAPTER 2 

MACROPHYTE FUNCTIONAL DIVERSITY AFFECTS TAXONOMIC AND 

FUNCTIONAL DIVERSITY AND STABILITY OF TROPICAL FLOODPLAIN FISH 

ASSEMBLAGES 

2.1  Introduction 

Multiple dimensions of biodiversity (i.e. taxonomic, phylogenetic, and functional) within 

and across producer and consumer guilds in the food web (i.e. primary producers, and primary, 

secondary and higher consumers) affect an ecosystem’s functionality and stability (Naeem et al. 

2009, Cardinale et al. 2011, Rzanny and Voigt 2012, Pendleton et al. 2014).  Functional diversity 

(FD; i.e. based classifications or quantitative traits associated with functional morphology and 

resource use) is argued to be more closely tied to ecosystem processes when compared to other 

dimensions of biodiversity (Diaz and Cabido 2001, Cadotte et al. 2011).  Functional diversity is 

often correlated with species richness in a positive saturating relationship, such that increasing 

species richness affects the number of ecosystem functions performed through increased FD 

(Hector et al. 1999, Hector and Bagchi 2007, Cadotte et al. 2008, Gamfeldt et al. 2008, Baiser et 

al. 2011, Zavaleta et al. 2010).  In addition to mediating commonly-studied ecosystem processes 

such as nutrient cycling and productivity, functional diversity of non-mobile species, such as 

plants and corals, may affect other populations in the ecosystem by providing habitat and 

mediating trophic interactions (Warfe et al. 2008, Kovalenko et al. 2012, Rzanny and Voigt 

2012). 

Habitat complexity plays an important role in organizing ecological communities.  In a 

highly influential paper, MacArthur and MacArthur (1961) found bird species distributions were 

related to structural variation in foliage diversity in trees.  Many subsequent studies further 
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identified effects of habitat complexity on animal species richness (Price et al. 2011), 

composition (Kelaher and Castilla 2005), abundances (Patrick et al. 2008), trophic interactions 

(Kareiva and Sahakian 1990), and possibly morphological features (Wegener et al. 2014) from a 

variety of ecosystem types (e.g. Cunha et al. 2012).  When considering habitat complexity as a 

product or attribute of biodiversity, plant species richness and functional diversity in grasslands 

is positively correlated with species richness of upper trophic levels (e.g. Siemann 1998, Haddad 

et al. 2011).  In these studies, the role of plant diversity on upper trophic levels was due to 

increased and more stable primary production while also mediating the behavior and 

subsequently the interactions between herbivores and their predators.  

In freshwater ecosystems, aquatic macrophyte functional diversity is a key component 

that contributes to community structure and dynamics by mediating habitat complexity.  

Macrophytes provide highly structured habitats due to the variety of growth forms and the 

possibility of developing into dense mats comprised of multiple species.  Diverse macrophyte 

mats are ‘hotspots’ for resource production and biodiversity (Carpenter and Lodge 1986, 

Meerhoff et al. 2003, Crippa et al. 2009, Shupryt and Stelzer 2009).  Composition and abundance 

of macrophytes affects composition, abundance and distribution of fish and aquatic invertebrate 

assemblages (Pelicice and Agostinho 2006, Shupryt and Stelzer 2009), provides surface area for 

periphyton colonization (Engelhardt and Ritchie 2001, Thomaz and Cunha 2010), mediates 

predator-prey interactions (Dionne et al. 1990, Warfe and Barmuta 2006, Padial et al. 2009, Saha 

et al. 2009), and alters the physical and chemical environment both spatially and temporally 

(Carpenter and Lodge 1986, Petry et al. 2003).  High habitat heterogeneity increases abundance 

of diverse prey organisms thus attracting a diversity of upper trophic-level species in a process 

known as the “bird feeder effect” (Eveleigh et al. 2007).  Furthermore, aquatic macrophytes 
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(primarily consumed as detritus) can support dominant pathways of carbon flow to upper trophic 

levels and mediate food web structure in tropical floodplains (Hoeinghaus et al. 2007, 2008).  

Thus, diversity of aquatic macrophytes is expected to affect aquatic ecosystems in a similar 

manner to that observed for plant diversity in terrestrial ecosystems. 

Unlike experiments in terrestrial ecosystems (e.g. grasslands) which have contributed 

significantly to our understanding of the role of biodiversity on ecosystem structure and function, 

field experiments manipulating aquatic macrophyte diversity are far less common. Fishes 

perform diverse functional roles in tropical river systems (including some roles primarily 

performed by invertebrates in temperate ecosystems; Winemiller et al. 2011), and fish 

composition and diversity has been shown to affect ecosystem multifunctionality (Pendleton et 

al. 2014, 2015).  Despite these important roles of fish assemblages in aquatic ecosystems, the 

way in which different aspects of fish diversity are mediated by macrophyte diversity is poorly 

known. In this study, we manipulated functional diversity of macrophyte mats in situ and tested 

for effects of macrophyte functional diversity on abundance, diversity and stability of associated 

fish assemblages in a tropical floodplain ecosystem.  Fish diversity was assessed using species 

richness as well as trophic guilds and a suite of quantitative ecomorphological traits associated 

with foraging mode and habitat use.  Our field experiment was designed to test the following 

hypotheses: (1) species richness and abundance will increase with increasing macrophyte 

functional diversity, and unique components of species composition will be observed among 

treatments; (2) the number and diversity within fish trophic guilds will increase with macrophyte 

functional diversity; (3) metrics of fish functional diversity will exhibit positive saturating 

relationships with fish species richness; (4) functional composition of fish assemblages will 

differ among treatments due to unique species in each; and (5) temporal stability of species 
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richness, abundance, assemblage structure/composition and functional diversity will increase 

with macrophyte functional diversity. 

2.2 Materials And Methods 

2.2.1  Study Location And Experimental Design 

Research was conducted in floodplain lakes of the Baía River subsystem of the Upper 

Paraná River floodplain, Brazil (Fig. 1).  The Paraná River is the tenth largest river in the world 

in annual discharge (5.0 x 108 m3yr-1) and fourth in drainage area (2.8 x 106 km2).  The upper 

third of the basin (891,000 km2), referred to as the Upper Paraná, is extensively impounded, with 

the last free-flowing stretch located between Porto Primavera Reservoir and Itaipu Reservoir 

(Thomaz et al. 2004a).  This 230 km reach is accompanied by a wide floodplain (≤ 20 km) on the 

west margin and experiences a relatively predictable seasonal flood pulse influenced by several 

important free-flowing tributaries (e.g. Ivinheima and Baía rivers) from December through April.  

The Upper Paraná floodplain is strongly affected by the consequences of basin-wide 

impoundments and other human activities, including alterations of inundation dynamics, 

community structure and ecosystem processes (Agostinho et al. 2004b, Thomaz et al. 2004a, 

Agostinho et al. 2013).  As the last remaining free-flowing stretch, the functioning of the 

floodplain is critical for maintenance of regional biodiversity.  Approximately 4,500 species have 

been recorded from the Upper Paraná River floodplain, including up to 155 aquatic macrophyte 

and 170 fish species (Agostinho et al. 2013).  The Baía subsystem has the highest macrophyte 

diversity of the floodplain (de Souza Filho and Stevaux 2004, Thomaz et al. 2004b, Thomaz et 

al. 2009).  

The field experiment was conducted during the low-water hydrologic period (October 10 

– December 14) in five lakes of the Baía River that maintain a year-round connection to the main
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river channel (Fig. 1).  Macrophyte functional diversity treatments were assigned in a 

randomized block design across the five lakes (i.e. blocks).  Macrophyte species were classified 

into functional groups following Michelan et al. (2010) and included emergent, free-floating, 

rooted-floating, free-submersed, and rooted emergent leaves with long, rooting stems.  Using 

existing macrophyte mats, specific macrophyte functional groups were removed, as needed, to 

yield the experimental treatments.  Macrophyte functional diversity treatments included a control 

(0 functional groups, i.e. macrophytes absent), a low (1 functional group; 1-7 plant species 

present) and high (3 functional groups; 4-11 plant species present) functional diversity treatments 

(Fig. 1), and included the most common functional groups in terms of abundance and species 

richness within the lakes (Agostinho et al. 2004a, Thomaz et al. 2004a, Thomaz et al. 2009).  

Treatments were 10m x 1m along the open water edge of the macrophyte mat, with the longest 

side (10m) along the edge of the mat and 1m in towards the littoral zone (i.e. treatment area of 

10m2).  Each treatment replicate included 2m on each side except the open water edge that was 

manipulated in the same manner as the treatment area to serve as a buffer to reduce outside 

functional group influences on response variables. Each treatment replicate and its buffer zone 

were maintained over time by ‘weeding’ invading macrophyte groups after each sampling in a 

manner similar to methods employed in grassland diversity studies (e.g. Tilman et al. 1997, 

Hector et al. 1999, Marquard et al. 2009).   

During each sampling event, multiple variables were quantified within each replicate to 

characterize physical and chemical conditions, primary production and sediment organic content. 

Depth, temperature, dissolved oxygen concentration (DO, mg/L), conductivity (µS/cm), and pH 

were measured at three random locations within each replicate. Periphyton density (estimated 

from chl a concentration) and benthic organic matter (BOM) content were quantified to represent 
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primary production and detrital accumulation.  Periphyton was collected from all stems and 

leaves inside a 10cm3 area at three locations for each replicate.  Stems and leaves were removed 

and periphyton was brushed from those substrates yielding a slurry with deionized water that was 

filtered (45µm). Cholorphyll a was extracted from the pulverized filter with ethanol and the 

solution was run through a spectrophotometer (Ohnstad et al. 1978).  Substrate samples for BOM 

were collected from three random locations in each replicate using 80mm diameter petri dishes.  

Samples were homogenized and filtered through a 62µm sieve and three subsamples (2g) were 

dried in an oven then combusted in a muffle furnace at 560ºC for four hours to attain ash-free dry 

mass (AFDM, Allen et al. 1976). 

2.2.2 Response Variables 

Response variables for this experiment describe aspects of abundance and diversity of 

fish assemblages.  Fishes and associated environmental parameters were sampled every three 

weeks over a period of 12 weeks (four sampling events).  In order to obtain a representative 

sample of the fish assemblage at each location, multiple sampling methods were used over the 

course of 24 hours for each sampling event.  Three gillnets with different mesh sizes (4cm, 5cm, 

and 7cm between opposite knots) were placed 1m apart from one another in the open water 

adjacent to the mat, starting with the smallest mesh gillnet 0.5m from the edge of the macrophyte 

mat and the largest mesh size net furthest from the mat.  Two floating minnow traps (30cm3) 

were placed within the treatment approximately 3m apart from one another.  Gill nets and 

minnow traps were deployed in the evening and checked the next morning and subsequent early 

evening.  Following each check of our passive sampling methods, we actively sampled fishes 

associated with each location using a large basket (1m x 1.5m) that was swept six times in 

towards and across the edge of the mat.  This method was employed cautiously to limit 
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disturbance to the macrophyte mats.  All sampling methods were also conducted in the control 

treatments, with minnow traps and gill nets tethered to stakes at analogous positions (e.g. 

distance from shore, depth) as deployed in macrophyte treatments and the basket used in open 

water. 

All individuals captured were identified to species, measured for standard length (mm) 

and enumerated.  Smaller-bodied individuals collected using the minnow traps and basket were 

preserved for later processing whereas larger individuals collected using gill nets were processed 

on site.  Fish species were assigned to one of five trophic guilds (Table 1) based on data from 

Hahn et al. (2004a, 2004b): piscivore (i.e. primarily consumes fishes), piscivore-invertivore (i.e. 

consumes fishes and aquatic/terrestrial insects or zooplankton in relatively equal proportions), 

invertivore (i.e. primarily consumes aquatic/terrestrial insects and/or zooplankton), omnivore 

(i.e. consumes animal and plant material in relatively equal proportions), and herbivore-

detritivore (i.e. consumes primarily plant material, algae, and/or detritus). 

A suite of functional traits associated with foraging mode, locomotion and habitat use 

(i.e. ecomorphology) were quantified for species collected within macrophyte mats using either 

minnow traps or the basket (Table 2).  As our focus was on functional differences among 

species, rather than phenotypic differences within species, 20 individuals (when available) were 

randomly selected for morphological analyses from all of the individuals of that species collected 

across all replicates during the experiment.  Measurements for each individual were taken from 

the left side on a 1mm-gridded board with fins pinned open, or from a dorsal perspective for 

measures associated with body width.  Pictures of each individual were taken with a digital 

camera, and the following features were measured for every individual using the geometric 

morphometric software tpsDig2 Ver. 2.18 (Rohlf 2006; Fontes-Oliveira et al 2010): standard 
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length (SL), maximum body height (MBH), maximum body width (MBW), caudal peduncle 

length (CPdL), caudal peduncle height (CPdH), caudle peduncle width (CPdW), head length 

(HdL), head height (HdH), head width (HdW), length of snout with the mouth closed (LSC), 

length of snout with the mouth open (LSO), eye height (EH), mouth height (MH), mouth width 

(MW), dorsal fin length (DL), dorsal fin height (DH), caudal fin length (CL), caudal fin height 

(CH), anal fin length (AL), anal fin height (AH), pectoral fin length (PtL), pectoral fin height 

(PtH), pelvic fin length (PvL), and pelvic fin height (PvH). Areas were measured using ImageJ 

Ver. 1.48 (Rasband 2014) for the eye (EA), dorsal fin (DA), caudal fin (CA), anal fin (AA), 

pectoral fin (PtA), and pelvic fin (PvA).  The aforementioned metrics quantified for each 

individual were combined into 21 indices (Table 3) that describe functional aspects of 

morphology (Fontes-Oliveira et al. 2010). 

2.2.3 Data Analyses 

Principal components analysis (PCA) was used to reduce the dimensionality of 

environmental parameters (i.e. depth, DO, temperature, conductivity, pH, chl a, BOM) measured 

for each replicate and point in time.  Environmental parameters include the mean from multiple 

measures of each parameter for each replicate at a sampling event as well as the variability 

(measured as the coefficient of variation) among measures from each replicate in a sampling 

event (e.g. DO mean and DO CV).  Parameters were z-transformed and the broken-stick model 

was used to assess the number of significant axes for interpretation (Peres-Neto et al. 2005).  

Sample scores were retained as composite values representing environmental conditions in 

subsequent analyses (i.e. mixed effects models details provided below).   

Species richness was calculated as the number of species collected from all sampling 

methods at each replicate during each sampling event.  Similarly, total abundance was the 
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number of individuals of all species collected in a replicate during a sampling event.  Stability of 

species richness and abundance for each sampling location (i.e. macrophyte mat) was calculated 

as the inverse of the coefficient of variation (i.e. CV-1) of the four samples over time (Haddad et 

al. 2011).  Species richness, abundance, and stability of both were analyzed using mixed effects 

models (details below).  Differences in fish assemblage structure (i.e. taxonomic composition 

and relative abundances) among treatments and over time were evaluated using non-metric 

multidimensional scaling (NMDS) and permutational multivariate analysis of variance 

(PERMANOVA; Anderson 2001). NMDS and PERMANOVA were calculated using the Bray-

Curtis dissimilarity matrix and 1000 permutations. Bray-Curtis and Jaccard similarity indices 

were used to test for step-wise stability of assemblage structure and composition, respectively, 

for treatments over time. Bray-Curtis similarity values were generated with 1-n, where n is the 

dissimilarity value, and by using species abundances, whereas Jaccard similarity values were 

generated using species presence-absence.  To test for differences in the trophic structure of 

assemblages among treatments and over time, species richness and abundance were calculated 

for each trophic guild for each sample and analyzed using mixed effects models (details below). 

PCA was used to reduce the dimensionality in the full suite of z-transformed 

ecomorphological traits (i.e. indices values quantified for individuals of each species) to 

principal components that encapsulate the primary gradients in ecomorphological diversity 

among species.  The broken-stick model was used to assess the number of significant axes for 

interpretation (Peres-Neto et al. 2005).  For each sample, mean PC scores for each species on 

retained principal components were used to calculate dimensions of functional diversity (i.e. 

function richness, evenness and divergence; Villéger et al. 2008).  Functional richness is 

calculated as the convex hull volume (i.e. volume occupied by an assemblage in trait space), 



14 

functional evenness is quantified as the distribution of abundances along the minimum spanning 

tree that links all species present in the assemblage (i.e. regularity in species abundances in 

functional space), and functional divergence was calculated as the weighted deviations from the 

center of gravity for the assemblage (i.e. the degree of divergence of species abundances from 

the center of trait space for the assemblage).  Stability of each functional diversity metric was 

calculated using CV-1 as described above.  The functional diversity metrics measure aspects of 

area and dispersion but not specific location in trait space, therefore we retained the center of 

gravity for each assemblage on each axis to test for differences in functional composition across 

treatments and time.  Three samples, all from control treatments but from different lakes, were 

excluded from analyses because they had fewer than five species.  Effects of treatment and time 

on functional diversity, stability and composition were tested using mixed effects models (see 

below). 

Mixed effects models were used to test if environmental conditions, species richness, 

abundance, trophic guild richness and abundance, functional diversity, functional composition, 

and stability of species richness, abundance, assemblage structure/composition, and functional 

diversity and composition differed among treatments, time and the interaction between treatment 

and time.  Fixed effects were treatment, time and the interaction, or just treatment when 

modeling stability (i.e. no repeated measures of those response variables quantified as CV-1).  

Model selection procedures followed Zuur et al. (2009), and started with the beyond optimal 

model fit with restricted maximum likelihood estimation (REML) to identify the most 

appropriate random effects structure based on AIC and log likelihood ratio tests, followed by 

validation of the optimal model (i.e. significant fixed effects modeled with selected random 

effects) via graphical examination of normalized residuals, and refitting following selection of a 
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variance structure or data transformation as needed to attain heterogeneity of residuals.  The 

selected random effects structure was a random intercept model with ‘mat’ nested within ‘lake’ 

for all the standard response variables (e.g. abundance) and ‘lake’ for all the stability response 

variables (e.g. abundance CV-1).  These nested random effects control for the spatial (i.e. block) 

and temporal (i.e. repeated measures) non-independence of sampling, and was either the best-fit 

random effects structure during model selection or was not significantly different from the 

structure with the lowest AIC in all cases.  All statistical analyses were performed using R 

version 3.0.1 (R Core Team 2014). 

2.3 Results 

The broken stick model identified three significant axes in the PCA of environmental 

parameters, combining to explain 48.5% of the variability in conditions across samples (i.e. PC1 

explained 20.2% of the variability, PC2 15.2%, and PC3 13.1%).  Conditions in the 1FD and 

3FD treatments were more variable (i.e. broader range along each axis), and characterized by 

generally lower and more variable DO concentrations and more variable temperature (i.e. 

negative values on PC1; Fig. 2).  That said, the large degree of overlap among treatments along 

PC1 precluded a significant treatment effect (Table 4), and much of the overlap was due to 

differences in environmental conditions among lakes.  Time was significantly correlated with 

PC2 (Table 4, Fig. 2b-d), with later sampling events corresponding with higher temperatures, pH 

and chl a (i.e. negative values on PC2).  Time was also the dominant factor distinguishing 

samples along PC3 (results not shown). 

A total of 17,267 individuals was caught during the experiment, representing 79 fish 

species (Table 1).  Species richness was significantly higher and increased over time in the 1FD 

and 3FD treatments, whereas richness was lower and relatively stable over time in the control 
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(Fig. 3a; Table 4).  Total abundance was significantly higher in the 1FD and 3FD treatments, and 

abundance in all treatments was higher during the second and third sampling events (Fig. 3c; 

Table 4).  Macrophyte functional diversity did not affect stability of species richness, but 

stability of total abundance was significantly higher in the 1FD treatment (Fig. 3b and d; Table 

4).  Assemblage structure (i.e. species composition and relative abundances) was significantly 

different between both macrophyte diversity treatments and the control and changed over time 

(Fig. 4a; Table 1; PERMANOVA, both p=0.001).  Similarity of assemblage structure between 

subsequent sampling periods was higher in 1FD and 3FD (Fig. 4b; Table 4), whereas similarity 

of assemblage composition between adjacent sampling events was significantly higher for the 

control, and declined over time for all treatments (Fig. 4c; Table 4).  The aforementioned 

differences in species richness, abundance, assemblage structure and stability among treatments 

and over time are primarily due to significantly greater species richness of invertivores (the most 

specious and abundant trophic guild; Fig. 5e and f) in 1FD and 3FD treatments, with differences 

from the control increasing over time (Fig. 5e; Table 5).  This pattern is especially noticeable for 

the knifefishes (Gymnotiformes), with eight of the nine taxa only collected in the macrophyte 

treatments (Table 1; Fig. 4), and the single species present in control treatments was only very 

sporadically collected there.  All other trophic guilds except piscivores also had significantly 

higher species richness in the 1FD and 3FD treatments (Fig. 5c,e,g,i), with increasing species 

richness over time for herbivores/detritivores and omnivores (Table 5). 

Ecomorphological traits were quantified for 605 individuals of 46 species (Table 2). 

Based on the broken stick model, the first four PCA axes were significant and explained 66.7% 

of the variation in traits (Fig. 6).  PC loadings for the ecomorphological indices and average 

species scores are provided in Tables 6 and 7, respectively.  PC1 accounted for almost half of the 
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explained variation (31.2%), and primarily distinguished the knifefishes (Gymnotiformes) at 

extreme positive values of PC1 from the remaining species (Fig. 6a,b,d).  Positive values on PC1 

are correlated with greater aspect ratio of the anal fin (ARA), whereas negative axis values are 

correlated with larger relative areas of the eye (RAE), and dorsal and caudal fins (RAD and 

RAC, respectively), along with larger relative head length (RLHd).  Positive values on PC2 were 

correlated with higher compression index (CI; e.g. the Characiformes Astyanax altiparanae and 

Roeboides descalvadensis) and negative values correlated with higher relative height of the 

caudal peduncle and head (RHPd and RHHd, respectively; e.g. Perciformes, 

Cyprinodontiformes, some Siluriformes; Fig. 6a and c).  Species with positive values on PC3 

have higher aspect ratio of the pectoral fin (e.g. Moenkhausia bonita, Acestrorhynchus lacustris) 

and negative values correspond with higher relative area of the pectoral and anal fins (RAPt and 

RAA, respectively) along with larger aspect ratio for the caudal fin (ARC; e.g. Astyanax 

altiparanae; Fig. 6b and c).  PC4 primarily distinguished the catfishes Loricariichthys 

platymetopon and Pterygoplichthys ambrosetti at negative values with higher relative width of 

the head and mouth (RWHd and RWM, respectively; Fig. 6d). 

Results from functional diversity analyses did not change if all four significant PCA axes 

or just the first two axes were used in calculations, therefore results are presented based on only 

the first two axes to facilitate interpretations.  Functional richness was positively correlated with 

species richness (Fig. 7a), whereas functional evenness decreased with increasing species 

richness and functional divergence exhibited an asymptotic relationship with species richness 

(Fig. 7b and c).  Functional richness was significantly higher and increased over time in the 1FD 

and 3FD treatments, whereas functional richness was lower and relatively consistent over time in 

the control (Fig. 8a; Table 4).  Functional divergence was higher in the 1FD and 3FD treatments 
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(Fig. 8e; Table 4), and functional evenness did not differ among treatments or over time.  No 

treatment or time effects were observed for stability of functional diversity, except for a 

significant treatment effect for functional divergence, with 1FD and 3FD treatments exhibiting 

greater stability than the control (Fig. 8f; Table 4).  The center of gravity on PC1 and PC2 (GvX 

and GvY, respectively) differed among treatments and changed over time in different ways 

(Table 4).  More specifically, GvX of 1FD and 3FD treatments increased over time but control 

did not, whereas GvY of the control treatment increased over time and 1FD and 3FD did not 

(Fig. 8g).  

2.4 Discussion 

Macrophyte treatments (1FD and 3FD) differed from open water habitats (CON) in their 

physical and chemical conditions.  Specifically, macrophyte mats were more variable among 

samples as well as within each individual mat (i.e. CV of DO and temperature), and generally 

had higher sediment BOM and lower DO compared to the control.  Similar patterns have been 

observed in other studies, and patterns for temperature and DO likely result from dense 

macrophytes spread within the water column and across the surface reducing mixing of the water 

by flow or wind (Carter et al. 1991, Goodwin et al. 2008).  Although the variable physical and 

chemical conditions within and among macrophyte mats may contribute to microhabitat 

complexity and thus promote diversity of associated species, dense macrophyte mats can also 

lead to extremely harsh or stressful conditions, especially when combined with increasing 

temperatures, and thus limit diversity (Miranda et al. 2000, Miranda and Hodges 2000).  Over 

the duration of the experiment, i.e. continuing until the end of the dry season, temperatures 

increased and DO decreased in a general pattern across all treatments, and extreme physical and 

chemical conditions likely contributed to the decrease in abundances in all treatments.  The 
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pattern of increasing abundances and species richness (especially for 1FD and 3FD treatments) 

over the first three sampling periods may represent initial phases of colonization of macrophyte 

edge habitats as refugia from increasingly extreme conditions in interior portions of macrophyte 

mats (Agostinho et al. 2007), prior to those regions also becoming less hospitable in the final 

sampling event.  On the other hand, periphyton density increased over time, perhaps indicating 

that temporal patterns for species richness and abundance were driven by bottom-up effects 

(Ware and Thomson 2005).  This topic and the ‘bird-feeder effect’ (Eveleigh et al. 2007) is 

discussed in more detail below. 

Macrophyte treatments had, on average, double the number of species and total 

abundance than the control treatment.  In addition, fish assemblage structure and composition 

were significantly different between macrophyte and control treatments.  These results were 

different from our expectations in that the 3FD treatment was essentially nested within the 1FD 

treatment for assemblage structure as indicated by the overlap in the NMDS and had similar or 

even slightly lower levels of species richness and abundance in most cases.  For this ecosystem 

and the levels of macrophyte functional richness examined, the primary pattern is that associated 

fish assemblages differed primarily between macrophytes being present or absent.  Higher 

similarity of abundances for a subset of common species in the macrophyte treatments (i.e. 

higher Bray-Curtis similarity values) are also complemented by relatively more sporadically 

encountered rare species than in the control treatments (i.e. lower Jaccard similarity values). 

Higher fish diversity in structured habitats compared to more homogenous habitats (Arrington 

and Winemiller 2006, Montaña et al. 2010) is likely associated with increased ecomorphological 

diversity to exploit heterogeneous microhabitats and resources (Willis et al. 2005).  
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The order Gymnotiformes (Neotropical knifefishes) was diverse and relatively abundant 

in macrophyte treatments and almost completely absent from the control, contributing to the 

large difference in the number of invertivore species between macrophyte and control treatments.  

These species are highly adapted for complex and extreme environments.  For example, their 

unique morphology (discussed in more detail below) allows for rapid forward and backward 

movements in restricted spaces, electroreception aids in foraging and communication in dark or 

turbid water, and they are able to breathe air when dissolved oxygen concentrations in water are 

low (Albert & Crampton 2005).  Hoplias sp. 1 were also collected frequently and only in 

macrophyte treatments and its congeners were also more common in macrophyte treatments.  

These sit-and-wait piscivores are known to associate with structure and also for resisting harsh 

conditions in remnant floodplain habitats (Fernandes et al. 1994, Montaña et al. 2010).  In 

contrast, species that dominated the control treatment were better adapted for open water, such as 

the piranha Serrasalmus marginatus which occurred in almost all samples but was far more 

abundant in control replicates, and benthic grazing armored catfish Loricariichthys platymetopon 

and Hemiodus orthonops.  These species are also all invasive in the Upper Paraná floodplain, 

having colonized following the flooding of a downstream biogeographic barrier (Sete Quedes 

Falls) by the formation of Itaipu Reservoir and construction of a fish pass (Julio Jr et al. 2009, 

Agostinho et al. 2015).  Other species also occurred primarily in control or macrophyte 

treatments but were encountered very infrequently and thus are not considered indicative of 

primary differences among treatments (e.g. the freshwater stingray Potamotrygon motoro only in 

CON).  Young-of-year (YOY) of several species, including open-water taxa such as Serrasalmus 

spp., were commonly collected in high densities in macrophyte treatments. Various fish species 

spawn during the rising flood waters in November to December (Agonstinho et al. 2004c) and 
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likely used the structured environment as a nursery and refuge from predation (Meschiatti et al. 

2000, Grenouillet et al. 2002, Meerhoff et al. 2003). 

The relatively large number of significant principal components (e.g. as compared with 

similar studies, Fontes-Oliveira et al. 2010, Pease et al. 2012, Montaña et al. 2014) indicates high 

ecomorphological diversity of fishes collected during this experiment.  The first axis 

distinguished the knifefishes from all other taxa based on their unique morphology (primarily the 

aspect ratio of the anal fin).  As mentioned above, undulating the elongate anal fin allows for 

rapid forward and backward movement in restricted spaces (e.g. Albert and Crampton 2005, 

Yougerman et al. 2014) and is also well-developed (though less extreme) in other invertivorous 

fish species (Oliveira et al. 2010).  The second axis distinguished species with high compression 

index, and lower relative head and caudal peduncle height at positive values on PC2 (i.e. highly 

maneuverable species that feed on small prey such as insects and zooplankton or in the case of 

Roeboides descalvadensis scales of other fishes; Hahn et al. 2004a) versus the opposite at 

negative values of PC2 (i.e. more robust-bodied species, including some that consume larger 

prey, such as Hoplias spp., all Perciformes, all catfishes except Loricariichthys platymetopon, 

and both Cyprinodontiformes species).  Both cyprinodontid species, the killifish Melanorivulus 

apiamici and the liverbearer Pamphorichthys sp., are representatives of families known to utilize 

macrophyte mats and withstand extreme conditions in tropical floodplains such as high 

temperatures and low dissolved oxygen (Meffe et al. 1995).  Subsequent principal components 

primarily distinguished Astyanax altiparanae (PC3), and the herbivorous/detritivorous armored 

catfishes Loricariichthys platymetopon and Pterygoplichthys ambrosetti (PC4). 

The relationship with species richness differed for each metric of functional diversity, 

and the only one that exhibited the expected asymptotic relationship was functional divergence.  
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Functional richness was linearly related with species richness, indicating limited functional 

redundancy within increasing species richness and yielding similar responses to macrophyte 

diversity and over time for functional richness as observed for species richness.  Increasing 

species richness corresponded with consistently greater ecomorpological richness associated 

with foraging and habitat use (i.e. large volume occupied in trait space) as well as increasing 

functional divergence (i.e. higher abundances at the extremes of the occupied trait space).  Thus, 

increasing species richness increases the variety of ways that species are using habitats and 

acquiring resources (i.e. complementarity of resource use).  Complementarity of resource use is 

one of the key mechanisms underlying the positive relationship between biodiversity and 

ecosystem functioning (Loreau and Hector 2001).  That is, the degree of resource capture or 

energy flow through subsequent trophic levels may be higher in the macrophyte treatments, 

corresponding with previous studies that have characterized macrophyte mats as ‘hotspots’ of 

primary and secondary productivity (Carpenter and Lodge 1986, Meerhoff et al. 2003, Crippa et 

al. 2009, Shupryt and Stelzer 2009).  Functional evenness decreased with increasing species 

richness, likely due to the addition of rare species as species richness increased.   

Perhaps in contrast to the above discussion related to harsh environmental conditions and 

the colonization of edge habitats as refugia, we also observed an increase in periphyton density 

over time.  It is possible that increasing algal production led to increased species and functional 

richness over time through the so-called ‘bird feeder effect’ (Eveleigh et al. 2007).  That is, 

greater algal productivity supported increased density and diversity of algivorous invertebrates 

which attracted and supported a greater diversity of invertivorous fishes, and so on.  

Invertivorous fishes were the functional guild that contributed most strongly to the differences 

among treatments and over time, and herbivores/detritivores and omnivores also increased over 
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time.  Algal production increased over time for all treatment types, but the observed treatment by 

time interaction for these guilds as well as diverging functional composition (i.e. center of 

gravity in trait space) may indicate a greater relative effect in the macrophyte treatments.  If the 

observed patterns in fish diversity and abundance are in fact primarily driven by bottom-up 

processes, the importance of these processes appear to decline at upper trophic levels as 

piscivores and piscivore-invertivores did not show similar increasing trends over time.  We 

expect that changing productivity, increasingly harsh environmental conditions (i.e. temperature 

and DO) and even recruitment of YOY into macrophyte mats as nursery habitats are occurring 

simultaneously, and the relative importance of each factor over time requires further 

experimentation to disentangle. 

Based on the classic work by Elton (1958) and findings from recent grassland 

experiments (e.g. Haddad et al. 2011), increasing macrophyte functional diversity was expected 

to increase stability in the associated fish assemblages.  For example, Hadded et al. (2011) found 

an increase in trophic group diversity and stability with increasing plant species diversity.  In 

contrast, our results indicate increasing species and functional diversity of consumer 

assemblages, but only limited effects on stability.  More specifically, stability was only higher in 

macrophyte assemblages for total abundance and functional divergence, and stability of total 

abundance was actually highest in the 1FD treatment.  A key difference between our study and 

the aforementioned grassland experiments is the temporal scale.  Our analysis of stability 

essentially asks the question “does macrophyte functional diversity differently buffer 

assemblages to deterioration of conditions during the continuation of the low-water period?”, 

whereas Haddad et al. (2011) and others test for effects across multi-year to decadal scales.  Such 
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long term studies are logistically prohibitive for our study system due to the dynamic nature of 

flooding and rate of movement for some macrophyte functional groups. 

As mentioned above, our response variables primarily distinguished macrophyte 

treatments from the control, in contrast with other studies that found varying levels of response 

to differences in aquatic macrophyte diversity or density (e.g. Grenouillet et al. 2002, Meerhoff 

et al. 2003, Pelicice and Agostinho 2006).  Grassland experiments have also found gradients of 

response in relation to plant diversity (e.g. Haddad et al. 2011, Rzanny & Voigt 2012).  The lack 

of a difference in most response variables between 1FD and 3FD may be due to attributes of the 

species and functional types included.  Macrophyte life forms or the individual macrophyte 

functional group could possibly affect community dynamics more than the number of functional 

groups. The most abundant functional group and primary component of the low diversity 

treatments was rooted emergent leaf, primarily the water hyacinth Eichhornia azurea.  This 

particular species has high structural plasticity and thus may provide various levels of 

complexity even within monocultures (Padial et al. 2009).  Also, specific functional groups 

within the treatments may contribute to inhospitable conditions for some fish species.  Free-

floating species, a functional group found in all high diversity treatments, is found to decrease 

oxygen concentrations and algal abundance (Meerhoff et al. 2003).  Additionally, macrophyte 

life form may affect predator-prey interactions more than macrophyte density, macrophyte 

surface area, or predator behavior (Warfe & Barmuta 2004, 2006).  Thus, the similarity in fish 

community responses for 1FD and 3FD treatments may be due to a combination high structural 

plasticity in the species used for most of the 1FD replicates combined with potential negative 

effects from floating macrophytes that were present in all replicates of the 3FD treatment.  

Subsequent work could compile macrophyte assemblages to examine such interactions rather 
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than using existing mats like in our study.  This would be relevant for identifying potential 

changes in the structuring role of macrophyte mats in aquatic ecosystems under altered 

macrophyte compositions such as due to invasion (Michelan et al 2010).  At the same time, it is 

worth mentioning that due to the unique aspects of fish assemblages in open versus macrophyte 

habitats, landscape-scale diversity is enhanced when both are present.  Thus, although we 

illustrate strong effects of macrophyte functional diversity on fish diversity and stability, the 

unique attributes of assemblages found in open habitats also contribute to beta and gamma 

diversity of floodplain ecosystems. 
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TABLE 1. Species list with trophic category, frequency of occurrence, total abundance, presence/absence across treatments, and NMDS 

coordinates. Frequency of occurrence is out of 60 possible replicates. Presence/absence columns identify whether the species was 

captured in the respective treatment (Con = control; 1FD = low diversity; and 3FD = high diversity). 

Species 
Trophic 
Group 

Freq. of 
Occur. 

Total 
Abundance Con 1FD 3FD NMDS1 NMDS2 

MYLIOBATIFORMES             
Potamotrygon motoro Invertivore 1 1      -0.676 -0.0759 
CHARACIFORMES             
Cyphocharax modestus Herb-Det 1 1       1.1675 -0.0677 
Cyphocharax spp. Herb-Det 1 1      1.0607 0.5586 
Steindachnerina brevipinna Herb-Det 3 3      -0.5725 0.7812 
Prochilodus lineatus Herb-Det 14 25       0.4494 0.385 
Leporinus friderici Omnivore 1 1      0.0454 -1.0218 
Leporinus lacustris Omnivore 48 180       -0.0625 0.1455 
Leporinus macrocephalus Omnivore 1 1       0.3557 0.2163 
Schizodon borelli Omnivore 37 105       0.0124 0.1548 
Characidium spp. Invertivore 18 168       0.6881 0.1774 
Hemiodus orthonops Herb-Det 11 34       -0.5161 0.6924 
Astyanax altiparanae Omnivore 27 229       0.4017 0.1682 
Astyanax spp. Omnivore 1 1      1.0607 0.5586 
Bryconamericus stramineus Invertivore 2 4      -0.5645 1.5194 
Hemigrammus ora Invertivore 8 12       -0.0376 0.5962 
Hyphessobrycon eques Omnivore 47 2150       0.2949 0.1836 
Hyphessobrycon guarani Omnivore 14 109       -0.3825 0.4878 
Hyphessobrycon moniliger Omnivore 2 2       0.9336 0.3948 
Moenkhausia bonita Invertivore 53 1315       -0.2161 0.3906 
Moenkhausia forestii Invertivore 43 1723       0.3706 -0.0214 
Moenkhausia YOY Invertivore 17 104       0.5807 0.2839 
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Species 
Trophic 
Group 

Freq. of 
Occur. 

Total 
Abundance Con 1FD 3FD NMDS1 NMDS2 

Psellogrammus kennedyi Herb-Det 43 444       0.1858 0.0701 
Metynnis lippincottianus Herb-Det 1 1      0.985 0.3889 
Serrasalmus maculatus Pisc-Invert 4 4      0.2762 -0.0617 
Serrasalmus marginatus Pisc-Invert 55 267       -0.4691 -0.0631 
Serrasalmus YOY Invertivore 33 718       0.4751 -0.0895 
Aphyocharax anisitsi Invertivore 52 1182       0.0926 0.1542 
Aphyocharax dentatus Invertivore 1 2       0.3064 0.681 
Roeboides descalvadensis Invertivore 12 30       0.3055 0.1185 
Serrapinnus calliurus Invertivore 50 5349       0.2605 0.1328 
Serrapinnus notomelas Invertivore 43 792       0.1398 0.1792 
Acestrorhynchus lacustris Pisc-Invert 14 28       -0.211 0.155 
Rhaphiodon vulpinus Piscivore 3 3       -1.225 -0.2689 
Erythrinus erythrinus Piscivore 1 2       1.1675 -0.0677 
Hoplerythrinus unitaeniatus Piscivore 2 3      0.6022 -0.4915 
Hoplias sp 1  Piscivore 35 73       0.5984 -0.1705 
Hoplias sp 2  Piscivore 15 26       -0.1767 -0.1699 
Hoplias sp 3  Piscivore 10 16       0.2298 -0.1208 
Hoplias YOY Invertivore 26 113       0.5793 0.1063 
Pyrrhulina australis Invertivore 21 65       0.5671 -0.2322 
SILURIFORMES             
Hoplosternum littorale Invertivore 10 12       0.4599 0.124 
Lepthoplosternum pectorale Invertivore 4 4       0.7899 -0.5957 
Loricariichthys platymetopon Herb-Det 49 149       -0.4747 0.2305 
Loricariichthys rostratus Herb-Det 1 1      0.1601 0.1049 
Hypostomus ancistroides Herb-Det 1 1      0.0454 -1.0218 
Pterygoplichthys ambrosettii Herb-Det 27 294       0.4749 -0.034 
Rhamdia quelen Pisc-Invert 1 1       0.5867 -1.0865 
Hemisorubim platyrhynchos Piscivore 3 3       -1.329 -0.8437 
Hypophthalmus edentatus Invertivore 4 14       -0.9411 -0.949 
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Species 
Trophic 
Group 

Freq. of 
Occur. 

Total 
Abundance Con 1FD 3FD NMDS1 NMDS2 

Pimelodus mysteriorus Omnivore 4 6      -1.7329 -0.3895 
Pseudoplatystoma corruscans Piscivore 2 2       0.0764 1.0081 
Sorubim lima Piscivore 5 5       0.2399 0.7923 
Trachydoras paraguayensis Invertivore 11 32       -1.1334 -0.0287 
Auchenipterus osteomystax Invertivore 7 13       -1.2942 0.3829 
Parauchenipterus galeatus Invertivore 47 301       -0.3915 -0.2264 
Tatia neivai Invertivore 1 1      0.3115 -1.1601 
GYMNOTIFORMES             
Gymnotus inaequilabiatus Invertivore 12 24       0.189 -0.4461 
Gymnotus sylvius Pisc-Invert 2 2       0.7456 -0.357 
Gymnotus spp. Invertivore 13 69       0.8885 -0.6421 
Eigenmannia trilineata Invertivore 19 57       0.5019 -0.5674 
Sternopygus macrurus Invertivore 1 1       0.901 -0.5007 
Rhamphichthys hahni Invertivore 5 28       0.514 -0.3579 
Brachyhypopomus gauderio Invertivore 13 43       0.5361 0.5054 
Brachyhypopomus 
pinnicaudatus Invertivore 1 1       0.8812 -0.2052 
Brachyhypopomus spp. Invertivore 3 3      0.6382 -0.3648 
CYPRINODONTIFORMES             
Melanorivulus apiamici Invertivore 13 33       0.5724 -0.6171 
Pamphorichthys sp. Invertivore 25 101       0.4913 0.073 
PERCIFORMES             
Plagioscion squamosissimus Piscivore 10 12       -0.7752 -0.5182 
Aequidens plagiuzonatus Omnivore 1 1       1.1675 -0.0677 
Apistogramma commbrae Omnivore 44 478       0.3793 -0.1589 
Astronotus crassipinnis Pisc-Invert 5 5       0.3191 -0.2035 
Cichlasoma paranaense Pisc-Invert 13 33       0.7471 0.0596 
Crenicichla britskii Invertivore 32 56       0.1388 -0.1502 
Crenicichla spp. Invertivore 3 4      0.0491 0.7764 
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Species 
Trophic 
Group 

Freq. of 
Occur. 

Total 
Abundance Con 1FD 3FD NMDS1 NMDS2 

Geophagus proximus Invertivore 1 1       0.6694 0.5767 
Geophagus spp. Invertivore 14 35       0.4081 -0.0485 
Laetacara araguaiae Invertivore 16 44       0.4348 -0.5939 
Satanoperca pappaterra Invertivore 13 13       -0.2168 -0.3957 
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TABLE 2. Species list for ecomorphological analyses, including number of individuals measured for ecomorphology, range and average 

standard length (mm) for all individuals captured, and range and average standard length (mm) for individuals measured for 

ecomorphology. 

Species n 
measured 

All Ecomorphology 
range  mean  range mean 

CHARACIFORMES      
Cyphocharax modestus 1 24.3 24.3 24.3 24.3 
Leporinus lacustris 6 31.8 - 78.9 48.0 31.8 - 78.9 48.0 
Schizodon borelli 10 10.6 - 23.4 14.8 18.8 - 23.4 21.1 
Characidium spp. 20 18.3 - 27.6 25.4 23.56 - 28.51 25.9 
Astyanax altiparanae 20 15.0 - 56.3 28.3 24.0 - 47.0 30.7 
Bryconamericus stramineus 4 16.0 - 19.1 17.6 16.0 - 19.1 17.6 
Hemigrammus ora 8 24.4 - 32.8 29.3 24.4 - 32.8 29.3 
Hyphessobrycon eques 20 9.7 - 33.2 23.2 21.3 - 28.5 24.9 
Hyphessobrycon guarani 20 11.8 - 32.8 22.8 22.4 - 29.3 25.0 
Hyphessobrycon moniliger 1 27.2 27.2 27.7 27.2 
Moenkhausia bonita 20 7.1 - 39.7 27.2 22.9 - 36.9 30.8 
Moenkhausia forestii 20 17.4 - 35.1 29.0 25.3 - 32.9 28.3 
Moenkhausia spp. YOY 20 90.0 - 24.4 19.0 20.8 - 25.0 22.5 
Psellogrammus kennedyi 20 18.3 - 42.5 35.4 32.5 - 42.4 36.0 
Serrasalmus spp. YOY 20 3.0 - 31.2 14.3 22.3 - 31.2 26.1 
Aphyocharax anisitsi 20 4.3 - 32.5 26.3 23.3 - 31.2 27.5 
Aphyocharax dentatus 2 29.9 - 34.0 32.0 29.9 - 34.0 32.0 
Roeboides descalvadensis 20 39.5 - 65.7 47.6 40.6 - 63.4 46.8 
Serrapinnus calliurus 20 11.3 - 23.2 17.9 18.4 - 22.8 20.7 
Serrapinnus notomelas 20 10.6 - 31.1 24.2 20.4 - 30.6 27.8 
Acestrorhynchus lacustris 9 32.1 - 57.5 45.8 32.1 - 57.5 45.8 
Hoplias sp 1  14 30.4 - 112.7 60.5 30.4 - 112.7 60.5 
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Species n All Ecomorphology 
 measured range mean range mean 
Hoplias sp 3  5 26.5 - 59.3 40.8 26.5 - 59.3 40.8 
Hoplias spp. YOY 20 8.1 - 182 21.7 22.7 - 41.7 28.4 
Pyrrhulina australis 20 8.4 - 30.1 21.5 20.2 - 29.6 27.2 
SILURIFORMES      
Lepthoplosternum pectorale 4 15.8 - 28.5 21.0 15.8 - 28.5 21.0 
Loricariichthys platymetopon 8 23.1 - 35.5 29.8 23.1 - 35.5 29.8 
Pterygoplichthys ambrosettii 20 10.4 - 29.7 14.5 14.7 - 30.9 19.5 
Rhamdia quelen 1 42.6 42.6 42.6 42.6 
Tatia neivai 1 19.8 19.8 19.8 19.8 
GYMNOTIFORMES      
Gymnotus inaequilabiatus 11 63.8 - 193.7 132.3 63.8 - 193.7 132.3 
Gymnotus spp. YOY 20 18.2 - 59.3 36.1 32.0 - 68.3 48.4 
Eigenmannia trilineata 20 13.5 - 147.5 72.8 64.2 - 147.5 103.3 
Sternopygus macrurus 1 61.2 61.2 61.2 61.2 
Rhamphichthys hahni 15 14.3 - 80.4 36.4 26.9 - 76.1 46.5 
Brachyhypopomus gauderio 20 20.3 - 124.0 57.8 27.2 - 122.0 64.3 
Brachyhypopomus pinnicaudatus 1 132.0 132.0 132.0 132.0 
CYPRINODONTIFORMES      
Melanorivulus apiamici 20 13.6 - 25.6 18.3 16.5 - 25.6 20.2 
Pamphorichthys sp. 20 6.9 - 24.4 14.6 11.8 - 24.4 17.6 
PERCIFORMES      
Aequidens plagiuzonatus 1 58.9 58.9 58.9 58.9 
Apistogramma commbrae 14 14.6 - 33.2 26.2 14.6 - 33.2 26.2 
Cichlasoma paranaense 6 9.2 - 24.4 13.4 20.2 - 33.5 24.7 
Crenicichla britskii 20 20.1 - 130.0 42.5 20.2 - 88.7 39.8 
Crenicichla spp. 4 28.7 - 63.3 46.6 28.7 - 63.3 46.6 
Geophagus spp. 18 12.8 - 37.6 20.7 19.4 - 37.6 25.7 
Laetacara araguaiae 20 10.1 - 39.2 29.4 25.6 - 38.0 31.8 
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TABLE 3. Ecomorphological indices and their ecological relevance.  Abbreviations of indices coincide with Figure 6, and abbreviations 

in formulas relate to metrics measured for each individual. 

 

Index Abbrev. Formula Ecological relevance 

Compression Index CI MBH/MBW Species with high values typically located in habitats with low water velocity  

Relative Length of 
Caudal Peduncle RLPd CPdL/SL Swimming capability (e.g. rapid acceleration and turning) increases with higher 

values 
Relative Height of 
Caudal Peduncle RHPd CPdH/MBH Maneuverability increases at lower values 

Relative Width of 
Caudal Peduncle RWPd CPdW/MBW Ability for continuous swimming increases at higher values 

Relative Length of 
Head RLHd HdL/SL Size of prey increases with higher values 

Relative Height of 
Head RHHd HdH/MBH Size of prey increases with higher values 

Relative Width of 
Head RWHd HdW/MBW Size of prey increases with higher values 

Relative Height of 
Mouth RHM MH/MBH Size of prey increases with higher values 

Relative Width of 
Mouth RWM MW/MBW Relative size of prey consumed increases with higher values 

Protusion Index PI LSO/LSC Degree of mouth protrusion. Higher values for smaller mouths indicating 
consumption of small prey 

Eye Position EP EH/HdH Higher values represent eye positions towards top of head. Indicate position in the 
water column relative to prey items.  

Relative Area of 
Eye RAE EA/SL2 Visual acuity and ability to detect food and predators  
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Index Abbrev. Formula Ecological relevance 
Relative Area of 
Dorsal fin RAD DA/SL2 Higher values indicate better ability to stabilize 

Relative Area of 
Caudal fin RAC CA/SL2 Higher values indicate more rapid acceleration 

Aspect Ratio of 
Caudal fin ARC CH2/CA Higher values can indicate greater ability for continuous swimming 

Relative Area of 
Anal fin RAA AA/SL2 Maneuverability and stabilization increases at higher values 

Aspect Ratio of 
Anal fin ARA AL2/AA Ability of rapid back and forth movement increase at higher values 

Relative Area of 
Pectoral fin RAPt PtA/SL2 Higher values indicate slow swimming species or those that inhabit high velocity 

waters 
Aspect Ratio of 
Pectoral fin ARPt PtL2/PtA Ability to swim continuously and rapidly; higher values indicate long and narrow 

fins which increases ability of each. 
Relative Area of 
Pelvic fin RAPv PvA/SL2 Habitat use; higher values indicate benthic and smaller values pelagic 

Aspect Ratio of 
Pelvic fin ARPv PvL2/PvA Habitat use; higher values indicate pelagic and smaller values benthic 
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TABLE 4. Results from mixed effects models for environmental conditions and assemblage-level response variables.  Values are p-values 

of main effects for each response variable.  Random effects were ‘mat’ nested within ‘lake’ for all of the standard response variable 

models (e.g. Species Richness, Abundance), and ‘lake’ for the stability response variable models (e.g. Species Richness CV-1).  Figure 

identifies the corresponding figure in which the data are presented, and transformation identifies the data transformation applied to each 

response variable, if any. 

Response variable Figure Transformation Treatment Time Treatment*Time 
Environmental PC1 2 None 0.1506 0.7591 0.9135 
Environmental PC2 2 None 0.3935 <0.0001 0.2336 
Species Richness 3a None 0.0001 <0.0001 0.0205 
Abundance 3c Log10X 0.0152 0.0328 0.6303 
Bray-Curtis 4b None 0.0109 0.5441 0.6686 
Jaccard 4c None 0.0051 0.0006 0.9789 
Functional Richness 8a None 0.0002 <0.0001 0.0088 
Functional Evenness 8c None 0.6186 0.6023 0.5684 
Functional Divergence 8e None 0.0266 0.7269 0.1618 
GvX 8g None 0.2442 0.0013 0.0426 
GvY 8g None 0.0492 0.1867 0.0202 

      
Species Richness CV-1 3b Log10X 0.3584 - - 
Abundance CV-1 3d Log10X 0.0122 - - 
Functional Richness CV-1 8b Log10X 0.3806 - - 
Functional Evenness CV-1 8d Log10X 0.9258 - - 
Functional Divergence CV-1 8f Log10X 0.0068 - - 
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TABLE 5. Results from mixed effects models for trophic guilds.  Values are p-values of main effects 

for each response variable.  Random effects were ‘mat’ nested within ‘lake’.  Figure identifies the 

corresponding figure in which the data are presented, and transformation identifies the data 

transformation applied to each response variable, if any. 

 

Response variable Transformation Treatment Time Treatment*Time 
Piscivore     
 Species Richness None 0.9090 0.4705 0.4437 
 Abundance Log10(X+1) 0.6577 0.5053 0.4635 
Piscivore-Invertivore     
 Species Richness None 0.0026 0.0960 0.1327 
 Abundance Log10(X+1) 0.6036 0.2013 0.9693 
Invertivore     
 Species Richness None 0.0001 <0.0001 0.0185 
 Abundance Log10X 0.0380 0.0708 0.8477 
Omnivore     
 Species Richness None 0.0032 0.0247 0.6495 
 Abundance Log10(X+1) 0.0012 0.0345 0.2326 
Herbivore/Detritivore     
 Species Richness None 0.0598 <0.0001 0.6514 
  Abundance Log10(X+1) 0.0359 <0.0001 0.4404 
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TABLE 6. PC scores for ecomorphological indices and variance explained by each axis.  Indices 

with the largest positive and negative loadings on each axis are in bold.  Refer to Table 3 for details 

of each index and Figure 6 for PCA biplots. 

Index PC1 PC2 PC3 PC4 
CI -0.148 0.454 -0.047 0.223 
RLPd 0.132 0.142 -0.027 -0.368 
RHPd -0.250 -0.484 0.167 0.046 
RWPd -0.324 0.280 0.275 -0.080 
RLHd -0.466 -0.245 -0.023 -0.108 
RHHd 0.241 -0.414 -0.034 -0.379 
RWHd 0.049 0.110 0.061 -0.645 
RHM -0.188 -0.087 0.296 -0.045 
RWM -0.250 0.281 0.067 -0.511 
PI -0.388 0.286 0.214 -0.121 
EP -0.339 0.280 -0.008 -0.223 
RAE -0.499 0.014 -0.107 0.142 
RAD -0.423 -0.217 -0.170 -0.095 
RAC -0.411 -0.186 0.253 0.074 
ARC -0.158 0.234 -0.467 -0.003 
RAA -0.268 0.342 -0.468 0.125 
ARA 0.426 0.185 -0.103 -0.056 
RAPt -0.357 -0.164 -0.487 -0.097 
ARPt -0.202 0.299 0.459 0.227 
RAPv -0.373 -0.296 -0.144 0.032 
ARPv -0.397 -0.097 0.093 -0.052 
Eigenvalue 6.56 3.21 2.24 2.00 
Explained variability 31.24 15.27 10.66 9.53 
Accumulated variability 31.24 46.50 57.16 66.70 
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TABLE 7. Averge PC scores for species included in ecomorphological analyses.  Refer to Table 2 

for number of individuals and size ranges measured for each species and Figure 6 for PCA biplots. 

Species PC1 PC2 PC3 PC4 
CHARACIFORMES       
Cyphocharax modestus -0.032 -0.288 -0.046 0.039 
Leporinus lacustris -0.024 -0.157 0.092 0.013 
Schizodon borelli 0.051 -0.195 0.012 -0.025 
Characidium spp. 0.065 -0.197 0.033 0.107 
Astyanax altiparanae -0.452 0.488 -0.863 -0.023 
Bryconamericus stramineus 0.062 -0.217 -0.102 0.012 
Hemigrammus ora 0.025 -0.012 -0.016 0.095 
Hyphessobrycon eques -0.269 0.327 0.253 0.151 
Hyphessobrycon guarani 0.167 -0.029 0.127 0.284 
Hyphessobrycon moniliger -0.092 -0.050 -0.024 -0.029 
Moenkhausia bonita -0.256 0.319 0.409 0.058 
Moenkhausia forestii -0.392 0.180 -0.033 0.085 
Moenkhausia spp. YOY -0.116 0.175 0.157 0.074 
Psellogrammus kennedyi -0.012 0.234 -0.033 0.160 
Serrasalmus spp. YOY -0.151 0.196 -0.040 0.050 
Aphyocharax anisitsi -0.128 0.066 0.255 0.049 
Aphyocharax dentatus 0.117 -0.106 0.074 0.085 
Roeboides descalvadensis -0.227 0.464 0.070 -0.055 
Serrapinnus calliurus -0.185 0.247 0.260 0.161 
Serrapinnus notomelas 0.080 0.089 0.075 0.215 
Acestrorhynchus lacustris 0.026 -0.120 0.345 -0.034 
Hoplias sp 1  -0.086 -0.263 0.220 -0.076 
Hoplias sp 3  -0.078 -0.282 0.113 -0.129 
Hoplias spp. YOY -0.124 -0.263 0.162 -0.200 
Pyrrhulina australis 0.021 -0.251 -0.009 0.126 
SILURIFORMES       
Lepthoplosternum pectorale 0.010 -0.449 0.074 0.002 
Loricariichthys platymetopon 0.192 0.233 0.113 -1.261 
Pterygoplichthys ambrosettii -0.164 -0.144 0.153 -0.616 
Rhamdia quelen 0.068 -0.316 -0.009 -0.136 
Tatia neivai 0.213 -0.231 0.095 -0.013 
GYMNOTIFORMES       
Gymnotus inaequilabiatus 0.670 0.137 -0.185 0.161 
Gymnotus spp. YOY 0.560 0.168 -0.099 -0.214 
Eigenmannia trilineata 0.670 0.187 -0.153 0.041 
Sternopygus macrurus 0.665 0.131 -0.100 -0.118 
Rhamphichthys hahni 0.656 0.087 -0.142 -0.092 
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Species PC1 PC2 PC3 PC4 
Brachyhypopomus gauderio 0.680 0.141 -0.151 -0.082 
Brachyhypopomus pinnicaudatus 0.724 0.068 -0.207 0.259 
CYPRINODONTIFORMES       
Melanorivulus apiamici 0.184 -0.316 0.087 0.145 
Pamphorichthys sp. 0.208 -0.466 -0.013 0.252 
PERCIFORMES       
Aequidens plagiuzonatus -0.448 -0.558 -0.589 0.029 
Apistogramma commbrae -0.338 -0.393 -0.318 -0.026 
Cichlasoma paranaense -0.053 -0.257 -0.155 -0.024 
Crenicichla britskii -0.224 -0.173 -0.008 -0.052 
Crenicichla spp. -0.032 -0.336 -0.023 -0.128 
Geophagus spp. -0.207 -0.334 -0.217 -0.152 
Laetacara araguaiae -0.468 -0.289 -0.319 0.044 
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FIG. 1. Location of the Upper Paraná River Floodplain and the Baía River (black square) within Brazil, including protected areas 

and parks. A close up of the Baía River with numbers indicating location of lakes for the experiment: (1) Onça Lake (2) Unnamed Lake 

(3) Maria Luiza Lake (4) Aurelio Lake (5) Porcos Lake. Each lake contained one of the treatments depicted: Control (open water near 

littoral region), low diversity (1 functional group), high diversity (3 functional groups). 
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FIG. 2: (a) PCA of environmental parameters measured in all treatments and over time. (b-

d) Mean ±1SD of sample scores on PC1 and PC2 for each time period for each treatment. 
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FIG. 3. Mean ±1SD (a) species richness and (b) total abundance among treatments and over 

time. Mean ±1SD stability for (c) species richness and (d) total abundance across treatments.
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FIG. 4. a) NMDS biplot of assemblage structure among treatments. Stepwise stability of b) 

assemblage structure and c) assemblage composition using Bray-Curtis and Jaccard indice scores, 

respectively. Tx-Ty identify the time periods (x and y) being compared. 



43 

 

FIG. 5: Mean ±1SD of species richness and total abundance for each trophic guild: (a-b) 

piscivores, (c-d) piscivore-invertivores, (e-f) invertivores, (g-h) omnivores, (i-j) 

herbivore/detritivores. 
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FIG. 6. Ecomorphology PCA biplots for all significant axes (PC1-PC4). Smaller points are scores for each individual replicate, 

and larger circles with error bars are the mean ±1SD for each species.  Symbols are color-coded according to taxonomic order (key in 

panel b).  Percent values listed for each axis are the percent variance explained by that axis.  The ecomorphological indices with the 

highest and lowest loadings are listed next to each axis (see Table 6).  Outlines of representative species are place near the species means 

to provide a visualization of ecomorphological patterns in trait space. 
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FIG. 7. Relationships between species richness and (a) functional richness, (b) functional 

evenness, and (c) functional divergence.
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FIG. 8. Mean ±1SD of (a) functional richness, (c) functional evenness, and (e) functional 

divergence among treatments and over time.  Mean ±1SD stability of (b) functional richness, (d) 

functional evenness, and (f) functional divergence among treatments.  (g) Center of gravity, with 

each individual sample provided as small symbols and treatment means ±1SD at each point in time 

indicated by larger symbols with error bars (numbered according to sampling period).
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