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Abstract. Artificial reefs have barely been used in Neotropical reservoirs (about five
studies in three reservoirs), despite their potential as a fishery management tool to create new
habitats and also to understand fish ecology. We experimentally assessed how reef material
(ceramic, concrete, and PVC) and time modulated fish colonization of artificial reefs deployed
in Itaipu Reservoir, a large reservoir of the mainstem Parana River, Brazil. Fish richness,
abundance, and biomass were significantly greater in the reef treatments than at control sites.
Among the experimental reefs, ceramic followed by the concrete treatments were the materials
most effectively colonized, harboring the majority of the 13 fish species recorded. Although
dependent on material type, many of the regularities of ecological successions were also
observed in the artificial reefs, including decelerating increases in species richness, abundance,
mean individual size, and species loss rates with time and decelerating decreases of species gain
and turnover rates. Species composition also varied with material type and time, together with
suites of life history traits: more equilibrium species (i.e., fishes of intermediate size that often
exhibit parental care and produce fewer but larger offspring) of the Winemiller-Rose model of
fish life histories prevailed in later successional stages. Overall, our study suggests that
experimental reefs are a promising tool to understand ecological succession of fish
assemblages, particularly in tropical ecosystems given their high species richness and low

seasonality.
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INTRODUCTION

Fishery managers have long recognized the potential
of artificial reefs to attract and yield fish (Wills et al.
2004). Since the 1930s, the use of artificial reefs in
reservoirs has become widespread, especially in North
America, where numerous studies have been undertaken
to elucidate their role on the attraction, concentration,
and enhancement of fishery resources (Bolding et al.
2004). The understanding of whether artificial reefs are
effective in attracting fishery resources or restoring fish
habitats in reservoirs is, however, complicated by the
stochastic factors inherent to large-scale field experi-
ments. For instance, depth, temperature, and other
environmental variables of the sites where the reefs are
deployed may determine their effectiveness (Walters et
al. 1991). Material type, size, age, and complexity of the
reefs are other crucial factors that affect fish coloniza-
tion (Wills et al. 2004). Although habitat management
represents an interesting opportunity to mitigate the
impacts of dam construction and operation routines
(Agostinho et al. 2005), the use of artificial reefs has
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received little attention in South America. Few studies,
all performed in Brazil, have investigated the use of
artificial reefs by fish in Neotropical reservoirs (Freitas
et al. 2002, 2005, Santos et al. 2008), and the majority
have only described the general use of artificial
structures by fish assemblages. Neotropical reservoirs
are quite different from those in temperate zones, mainly
because of greater constancy of environmental variables
and more diverse fish assemblages (Lowe-McConnell
1987).

In addition to the applied interest of artificial reefs in
Neotropical environments, they might also help to
understand the mechanisms of ecological succession in
aquatic ecosystems. Succession refers to the changes
observed in an ecological community following a
perturbation that opens up a relatively large space;
these changes often involve a sequence of species and
increases in biomass and diversity (Connell and Slatyer
1977). Succession has been mostly studied in terrestrial
ecosystems (Anderson 2007) and experimental reefs
have been widely used in marine ecology (e.g., Molles
1978, Talbot et al. 1978) but barely in freshwater
environments, probably because of their low fish
richness at temperate latitudes. Verifying succession
theory is also central to disentangle specific issues within
artificial reef research, such as the attraction vs.
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Geographic location of Itaipu Reservoir (Brazil), where the experimental reefs were deployed. The final pyramidal

arrangement of the reef replicates and the sites where controls (solid circle), ceramic (solid triangle), concrete (gray triangle), and

PVC (open triangle) treatments were located are also shown.

production debate, which has lasted for decades
(Lindberg 1997, Brickhill et al. 2005). Despite the many
efforts to appraise whether artificial marine reefs
increase fish abundance by merely attracting fishes from
surrounding habits or actually providing new individu-
als by production (Brickhill et al. 2005), the attraction
vs. production issue has received little attention in fresh
waters (but see Bassett 1994, Santos et al. 2008). In this
paper, we analyzed the colonization patterns of fish
assemblages in artificial reefs deployed at Itaipu
Reservoir, a large impoundment of the main Parana
River channel. Our objective was to experimentally
address how reef material and time mediate fish
colonization of artificial reefs, under a recent conceptual
framework of ecological succession (Anderson 2007),
which has the power to appraise the importance of
competition, dispersal, or abiotic limitations as succes-
sional mechanisms, through temporal analyses of species
gain, loss, and turnover. We analyzed how reef material
and time affected general community descriptors (rich-
ness, abundance, and size structure), species composi-
tion, and functional attributes (life history traits) of fish
assemblages. Following Anderson (2007), we evaluated
species turnover rate as the average of gain and loss of
species in order to understand the successional changes
in fish richness. We predicted that most attributes such
as richness, abundance, or fish size would increase in a
decelerating manner with time but would depend on reef
material. We also expected that, because of the features
of our study system (high species richness, relatively

short time scale of our study, and no resource
depletion), we should observe a nonlinear relationship
of turnover rates with time (Anderson 2007).

METHODS
Study area

Itaipu Reservoir (24°05'-25°33" S; 54°00'-54°37' W) is
a 1350-km? impoundment of the Parana River located
on the Brazil-Paraguay border (Fig. 1), which was filled
in 1982 for hydroelectric purposes. This reservoir is 151
km long, covers a drainage basin area of ~820000 km?,
and has a mean depth of 22 m. With a mean discharge of
8200 m?/s, the reservoir has a water residence time of
~40 days and becomes thermally stratified from spring
to summer (Agostinho et al. 2007). Although the
reservoir is mesotrophic according to its concentrations
of phosphorus (22 mg/m?) and chlorophyll (3.6 mg/m?)
(Andrade et al. 1988), it displays a strong longitudinal
gradient, in which the environmental characteristics,
including fish richness and composition (Okada et al.
2005), agree well with the riverine, transitional, and
lacustrine zones proposed by Thornton et al. (1990; Fig.
1). Since 1983, more than 100 fish species have been
recorded in the Itaipu Reservoir, mostly from complex
and productive habitats in the littoral zone (Agostinho
et al. 1999). The dominant species in experimental
fisheries are two siluriforms (Hypophthalmus edentatus
and Aucheniperus nuchalis) and the invasive freshwater
croaker, Plagioscion squamosissimus (Agostinho et al.
1999).
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Mean values and range (in parentheses) of environmental variables taken bimonthly, November 2005-December 2006,

at experimental sites in Itaipu Reservoir on the Brazil-Paraguay border.

Reef treatment

Environmental
variable Pooled values Ceramic Concrete PVC

Depth (m) 3.17 (1.7-5.4) 2.58 (1.9-3.6) 2.77 (1.7-4.2) 3.76 (2.0-5.4)
Transparency (m) 2.16 (0.6-3.4) 2.08 (0.7-3.2) 2.09 (0.6-3.3) 2.27 (0.8-3.4)
Temperature (°C) 25.67 (21.3-29.8) 25.76 (21.6-29.8) 25.33 (21.5-29.6) 25.63 (21.6-29.6)
Oxygen (mg/L) 7.85 (6.2-11.6) 7.79 (6.4-8.8) 7.93 (6.7-9.2) 7.92 (6.3-11.6)
Oxygen (% saturation) 95.89 (79.6-149.0) 95.28 (83.0-111.8) 96.43 (88.6-109.1) 96.80 (81.9-149.0)
pH 7.35 (6.4-8.3) 7.34 (6.6-7.9) 7.39 (6.6-8.0) 7.32 (6.6-7.8)
Conductivity (uS/cm) 54.42 (48.7-57.8) 54.34 (48.7-57.2) 54.27 (48.7-57.0) 54.42 (48.7-57.5)

Experimental design and visual censuses

Three materials were experimentally tested as artificial
reefs: ceramic, concrete, and polyvinylchloride (PVC).
Each artificial reef was constructed by piling 1.0 m long
X 0.3 m diameter pipes in a pyramidal frame (10 pipes in
a 4:3:2:1 base-to-top arrangement), that yielded 0.72 m?
of total volume (Fig. 1). Once controlled for dimensions
and complexity, a total of nine experimental reefs (three
replicates per treatment) were built to assess fish
colonization.

A protected area located near the dam and within the
lacustrine zone of the reservoir was selected for
deploying the reefs (Fig. 1). The sites in which artificial
reefs were put in place were totally depleted of natural
vegetation and the substrate was composed mainly of
clay and sand. Environmental characteristics of these
sites are shown in Table 1, supporting that the variation
among sites was negligible compared to seasonal
changes.

Acrtificial reefs were deployed in the reservoir between
11 and 20 October 2005 by scuba divers. Ceramic and
concrete pipes were piled directly onto the substrate of
the reservoir until they conformed to a pyramidal shape.
The PVC pipes were arranged previously with metallic
clips in the 4:3:2:1 frame. In addition, three naturally
unstructured sites located in the same area were also
assigned as experimental controls (Fig. 1). A minimum
distance of 30 m was set between sites to minimize the
risk of fish interaction and of environmental interference
among treatments. Each treatment was randomly
assigned to each location and received a numbered
floater attached to a concrete ballast to facilitate
location.

All fish associated with treatments were identified and
counted by underwater censuses. Visual censuses began
in November 2005 and extended monthly to December
2006 (no data were collected in December 2005). Two
scuba divers, supported by a boat with an air
compressor and cables, inspected the sites between
9:30 and 16:30 to optimize visibility and fish identifica-
tion. The order in which sites were surveyed on each
sampling occasion was determined at random. Fish
survey methods followed Santos et al. (2008): all fish up
to 1 m from the structures were considered to be
associated with artificial reefs, visually identified and

counted, and recorded separately by each diver on an
underwater writing tablet. The total length (TL) of fish
was estimated visually, comparing fish size with adjacent
objects of known size. Except for Cichla sp., all fish were
identified to species level, and the two divers’ counts
were averaged (for each experimental unit by month and
species) for analysis. Fish mass was estimated for each
individual from published length-body mass equations
(Benedito-Cecilio et al. 1997b).

Data analyses

Fish richness, abundance, biomass (g), and size (mm
TL) were compared with treatment and time with
generalized estimating equations (GEEs), which are an
extension of generalized linear models to accommodate
repeated-measures designs (Diggle et al. 2002). Gen-
eralized estimating equations were computed with the
statistical package SPSS 15 (SPSS 2006). The effects of
treatment and time on species composition were assessed
with canonical correspondence analysis (CCA). This
technique constrains the ordination of species composi-
tion to be a linear function of the environmental
variables, thus using the environmental and fish
composition matrices simultaneously in a single analysis
(Leps and Smilauer 2003). Canonical correspondence
analysis was performed with CANOCO 4.5 (Lep$ and
Smilauer 2003), downweighting rare species and testing
the significance of environmental variables with Monte
Carlo permutation tests (499 permutations).

Generalized additive models (GAMs), as available in
the CANOCO 4.5, were also fitted to appraise the
influence of temporal colonization of artificial reefs on
fish size, richness, abundance, biomass, and nine life
history traits (from Lowe-McConnell 1987, Agostinho
et al. 2003, Suzuki et al. 2004): spawning mode
(multiple/total), spawning duration (in months), oocyte
size (mm), total fecundity (number of vitellogenic
oocytes), size at first maturity (mm of standard length),
gonadosomatic index (GSI), migratory behavior (sed-
entary species, short-distance [up to ~30 km] migrators,
and long-distance [>100 km] migrators), territorial
behavior (yes/no), and parental care (as in Winemiller
and Rose 1992). Generalized additive models are an
extension of generalized linear models that do not
assume a particular functional relationship between the
response variable and the predictor (time in our case)
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(Leps and Smilauer 2003). The model complexity of
GAMs was chosen by the stepwise selection procedure
using the Akaike information criterion (AIC), as
available in CANOCO 4.5. AIC considers not only the
goodness of fit but also parsimony, penalizing more
complex models (Burnham and Anderson 1998). The
data of life history traits were weighted by species
occurrence (i.e., the number of reef replicates in which a
species was present in a given survey) to summarize the
temporal changes in functional attributes of the fish
assemblages. Total fecundity and size at first maturity
data were log;o-transformed for the analyses.

Species gain, loss, and turnover rates were calculated
for consecutive censuses following Anderson (2007) and
then compared among treatments and time with GEEs.
Rates were calculated including species that temporarily
abandoned the reefs, assuming that the reappearance of
a previously present species that had disappeared is
related to a biologically meaningful event rather than to
an artifact of sampling or population stochasticity
(Anderson 2007). Generalized additive models were also
fitted to evaluate the relationship of species gain, loss,
and turnover with time for each reef treatment.

Our experimental reefs were separated from each
other by a distance of at least 30 m. Previous
experiments with freshwater reefs have used similar
distances between replicates, ranging from 3 to 100 m
(median = 40 m) (Wilbur 1978, Walters et al. 1991,
Hayse and Wissing 1996, Rold et al. 1996, Samdstrom
and Karas 2002, Wills et al. 2004, Freitas et al. 2005,
Santos et al. 2008). We are confident that our results
are not severely affected by confusion with spatial
variation or spatial dependence because: (1) the three
material types were spatially interspersed (Fig. 1), i.e.,
adjacent reefs corresponded to different treatments, to
avoid confusion of treatment effects with spatial
variation (Hurlbert 1984); and (2) the sampling method
used (visual censuses) is quite selective toward seden-

tary fish species closely associated with submersed
habitats (Bohnsack et al. 1991). In addition, to verify
that the results were not affected by spatial dependence,
we also used the method of principal coordinates of
neighbor matrices (PCNM) (Borcard et al. 2004) in the
analyses of fish richness, abundance, and biomass.
PCNM obtains spatial predictors of the response
variables by a principal coordinate analysis of a
truncated matrix of geographic distances among the
sampling sites; these predictors can then be included in
further analyses (GEEs in our case) to account for
spatial autocorrelation.

REsuULTS
Community metrics

Fish richness (GEE: F; 15 = 63.6, P < 0.01),
abundance (F5 156 = 89.5, P < 0.01), and biomass
(F3,156 = 179.2, P < 0.01) varied significantly among
treatments, and were much higher in the artificial reefs
than in the control sites, where only two individuals (one
C. niederleinii and one H. strigaticeps) were recorded
(GEE contrasts: P < 0.01 for all; Fig. 2). Similar
conclusions were observed for fish richness (GEE: F3_ ;56
=37.3, P <0.01), abundance (F5 15¢=11.1, P=0.01), or
biomass (F3 156 = 19.7, P < 0.01) after accounting for
spatial autocorrelation through PCNM. Fish richness
was generally highest in ceramic reefs (mean = 1.31
species), intermediate in concrete reefs, and lowest in
PVC reefs (0.56 species) (GEE excluding control sites:
F> 417 = 15.1, P < 0.01; Fig. 2). A similar trend was
observed for biomass (£ 117 = 12.0, P < 0.01), with
ceramic treatments yielding 171.5 g on average, com-
pared to only 62.5 and 28.9 g for concrete and PVC
treatments, respectively. Abundance also differed signif-
icantly with reef material (#5117 = 8.2, P = 0.02) but
differences occurred mainly between ceramic (3.0
individuals) and the other two treatments (<1.8
individuals; Fig. 2). Again, the same conclusions were
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observed for fish richness (GEE: F, |17=26.5, P < 0.01),
abundance (F5, 117 ="7.7, P=0.02), or biomass (/> ;7=
16.2, P < 0.01) after accounting for spatial autocorre-
lation, indicating that the treatment differences were not
due to spatial variation.

Changes of these community metrics through time
were less clear, although they were significant for
abundance (GEE: F, 1,7 =30.3, P < 0.01) and biomass
(F1,117=28.8, P < 0.01) but not for richness (F} 117 =
2.0, P=0.16). No GAM was selected by AIC for PVC
reefs, and significant models were recorded only for
biomass in both ceramic (F);; = 9.6, P = 0.01) and
concrete (F; ;; =14.4, P < 0.01) treatments, with a trend
of exponential increase with time (Fig. 3). The response
curves for concrete reefs suggested a decelerating
increase of richness with time (linear Fy, = 2.2, P =
0.17) and a sharp increment of abundance (nonlinear
Fy ;1 = 3.0, P =0.12) in the last censuses. Conversely,
response curves for ceramic reefs indicated a stabiliza-
tion of richness (nonlinear Fy;; =4.0, P =0.07) and a
unimodal response of abundance (nonlinear F ;; = 4.4,
P =10.06) with time (Fig. 3).

Fish assemblage variation with material type and time

In total, 261 individuals of 13 fish species were
recorded in the artificial reefs (Table 2). The most
diverse group was the Siluriformes (53.8%, 7 species),
which alone accounted for 23.6% of total abundance,
whereas the Perciformes, represented solely by three
cichlid species, accounted for 74.1% of total abundance.
Crenicichla niederleinii was the most abundant species,
followed by Hypostomus strigaticeps, Pimelodella grac-
ilis, Megalancistrus parananus, and Satanoperca pappa-
terra, which together accounted for 95.4% of total
abundance (Table 2).

The relationship of species composition with artificial
reef type and time was summarized by the two first CCA
axes (Monte Carlo test, P = 0.03), which respectively
explained 82.6% (eigenvalue = 0.26) and 11.4% (eigen-
value = 0.04) of the variation (total inertia = 6.1). The
CCA biplot showed that ceramic and concrete reefs
exhibited similar fish assemblages, typically with P.
gracilis, S. pappaterra, and E. virescens, whereas some
species, namely R. paranensis and H. ancistroides,
occurred exclusively in PVC reefs (Fig. 4). The CCA
also showed clear temporal effects on fish colonization:
the characid R. paranensis was the first species to
colonize the reefs, being subsequently replaced by an
assortment of cichlids (C. niederleinii, S. pappaterra, and
juvenile Cichla sp.), Doradidae (juvenile P. granulosus),
and small Heptapteridae (P. gracilis) species. The
Gymnotiformes E. virescens and S. macrurus appeared
afterward, while the Loricaridae species were the last
fishes to colonize the reefs.

The size of the fishes associated with artificial reefs
ranged from 30 mm (S. pappaterra) to 350 mm (M.
parananus) of TL (Table 2) but most fish were 50—150
mm long (Fig. 5). The three treatments did not differ
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significantly in overall fish size attained (GEE: F, |17 =
0.7, P=0.71) but on its temporal dynamics (Fig. 5). A
positive linear trend of fish size was recorded only for
ceramic treatments (AIC; linear Fy 15, =5.7, P=0.02). A
nonlinear response was found for concrete treatments
(AIC; nonlinear F g6=22.5, P < 0.01), with size initially
increasing with time but then becoming highly variable
after October. A similar but more unimodal relationship
was found for PVC treatments (AIC; nonlinear Fj ¢5 =
64.0, P < 0.01).

Seven of the nine life history traits of the fish species
(Table 3) displayed variation with time, according to the
AlC-selected GAM models (Fig. 6). AIC revealed a
negative linear trend for spawning mode (F; jg9 = 25.5,
P < 0.01) and parental care (F, 199 =2.7, P=0.10), with
species with low parental care and total spawners being
more common in late successional stages (Fig. 6).
Oocyte size and length at first maturity were positively
related to time (F 199 = 18.8 and 11.0, respectively; P <
0.01 for both). AIC also suggested a nonlinear
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TABLE 2.
Reservoir, November 2005-December 2006.
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Fish species recorded through scuba diving surveys in the experimental reefs at Itaipu

Total Total length
Fish species abundance range (mm)

Characidae

Roeboides paranensis Pignalberi, 1975 3 100
Sternopygidae

Eigenmannia virescens (Valenciennes, 1842) 2 180

Sternopygus macrurus (Bloch & Schneider, 1801) 1 150
Heptapteridae

Pimelodella gracilis (Valenciennes, 1836) 13 120-180
Doradidae

Pterodoras granulosus (Valenciennes, 1821) 1 200
Loricariidae

Hypostomus ancistroides (Ihering, 1911) 1 180

Hypostomus strigaticeps (Regan, 1908) 31 50-250

Loricariichthys rostratus Reis & Pereira, 2000 1 120

Megalancistrus parananus (Peters, 1881) 12 170-350

Rhinelepis aspera Spix & Agassiz, 1829 3 180-200
Cichlidae

Cichla sp. 1 120

Crenicichla niederleinii (Holmberg, 1891) 182 45-300

Satanoperca pappaterra (Heckel, 1840) 10 30-150

Total 261

Note: Total abundance and size range for each species are shown.

relationship with time for the GSI, total fecundity
(Fi.100 =2.2, P=0.14 for both), and spawning duration
(F1.100 = 3.8, P =0.05), which together with spawning
mode and length of first maturity, evidenced a succes-
sion from opportunistic species to a more periodic
strategy (Winemiller and Rose 1992). No relationship of
migratory and territorial behaviors with time was
suggested by AIC.

0.8

Species gain, loss, and turnover rates also varied
significantly among treatments (GEEs: F, ;7 =7.5, P=
002, F2)||7 = 59, P = 005, F2‘||7 = 216, P < 001,
respectively) but mostly with time (F, 1,7 > 77.5, P <
0.01 for all), with a strong treatment X time interaction
(F>, 117 > 31.5, P < 0.01 for the three variables). Ceramic
reefs had significantly lower rates of species gain, loss,
and turnover than concrete and PVC reefs (GEE
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contrasts: P < 0.01). The temporal variation of these
rates varied with material type (Fig. 7). As expected, loss
rates increased and gain and turnover rates decreased
with time, and the relationships were generally nonlinear
and non-monotonic.

Discussion
Species composition and reef material

Although the cichlid C. niederleinii was the prevalent
species in the artificial structures throughout the year,
we observed 13 of the 55 species that have been recorded
in the lacustrine zone of Itaipu Reservoir (Benedito-
Cecilio et al. 1997a). Three siluriform species (H.
strigaticeps, M. parananus, and P. gracilis) also consis-
tently used the artificial reefs, amounting for 21.6% of
total abundance and individually outnumbering S.
pappaterra, the second most abundant cichlid in the
reefs. In temperate reservoirs, other siluriforms
(Ictalurus spp. and Ameiurus spp.) often use diverse
types of artificial structures (including brush piles,
artificial vegetation, and pipe reefs) but except for a
lake in Florida (Wilbur 1978), they never accounted for
>2% of total abundance (Walters et al. 1991, Rold et al.
1996, Bolding et al. 2004). Using our same methodol-
ogy, Santos et al. (2008) proposed that cichlids, as
centrarchids in temperate systems, could be used as
target species for evaluating the effectiveness of artificial
structures as fish habitat in Neotropical ecosystems. The
present results suggest that in addition to cichlids,
siluriforms could also be used for evaluating fish
colonization of Neotropical artificial reefs (Fig. 8a)
and that the taxa prevailing in the reefs can be very
variable, even within regions of similar faunistic
composition.

Ceramic reefs were more promptly colonized by fish
than concrete reefs, whereas PVC treatments had the
lowest richness, abundance, and biomass. Community
change rates indicated that although ceramic reefs were
more promptly colonized, concrete reefs benefited from

TasLE 3. Life history traits of the species recorded in the experimental reefs, compiled from the literature.
Size at Spawning
Spawning Oocyte Total first maturity Parental  duration  Migratory Territorial
Fish species mode size (mm) fecundity (mm) GSI care (months) behavior behavior
R. paranensis multiple 0.92 280 43 16.45 0 6 short no
E. virescens multiple 1.95 1332 125 10.81 2 2 no yes
S. macrurus multiple 2.30 1639 280 9.42 2 3 no yes
P. gracilis multiple 0.64 10955 78 9.88 1 5 short no
P. granulosus multiple 1.06 296 000 337 7.81 0 4 long no
H. ancistroides  total 5.00 2802 67 23.58 4 11 no yes
H. strigaticeps total 5.00 2802 67 23.58 4 11 no yes
L. rostratus multiple 2.81 619 132 14.75 4 6 no no
M. parananus total 4.79 13022 175 14.06 4 3 no yes
R. aspera total 1.34 181200 200 16.46 0 4 long no
Cichla sp. multiple 2.69 33786 200 6.00 6 5 no yes
C. niederleinii multiple 2.34 1786 73 7.52 6 3 no yes
S. pappaterra multiple 2.03 1646 86 3.70 6 4 no yes

Notes: GSI is the gonadosomatic index. See Methods for the reference sources and the values of parental care.
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Relationship of spawning mode (0, multiple spawner [two or more bouts of reproduction per spawning season]; 1, total

spawner [only one bout of reproduction per spawning season]), spawning duration, oocyte size, total fecundity (log;o[number of
vitellogenic oocytes]), standard length at maturity (log;o[length in millimeters]), gonadosomatic index (investment in reproduction:
percentage of gonad mass to total mass), migratory behavior (0, sedentary species; 1, short-distance [up to ~30 km] migrators; 2,
long-distance [>100 km] migrators), territorial behavior (0, no; 1, yes), and parental care (ranging from 0 [none] to 8 [high], as in
Winemiller and Rose [1992]) with time (months). Dots represent the values of reproductive traits for each species recorded at reef
treatments in a given month. Lines are the generalized additive models selected by the Akaike information criterion.

a secondary increase in species gain rates, following the
initial decrease which is general of most successions
(Anderson 2007). We believe that these differences are
not due to confounding environmental variables or the
physical complexity and size of the reefs, which have
been shown to affect the availability of predation
refuges, food, or spawning substrata (Walters et al.
1991, Rold et al. 1996, Bolding et al. 2004, Wills et al.
2004), because we carefully matched the dimensions and
complexity of the reefs, and we placed the reefs in an
environmentally homogeneous area, with no detectable
differences in physicochemical features among sites.
Although further data are needed to understand the
mechanisms generating these differences among materi-
als, ceramic and concrete were more promptly and
intensively colonized by periphyton than the PVC
treatments (L. N. Santos, personal observation), which
also had a different species composition. The impor-
tance of periphyton and macroinvertebrate communities
on the use of artificial structures by fish has been

previously noted (Pardue 1973, Moring et al. 1986,
Santos et al. 2008).

Fish colonization and successional changes

The theory of ecological succession has been mostly
developed in terrestrial ecosystems (Anderson 2007) but
has also been applied to fish colonization of marine
artificial reefs, which generally achieve a relative stable
assemblage structure within one to five years (Bohnsack
et al. 1991). Our results confirm that colonization of
artificial reefs matches many of the regularities often
observed in ecological successions (Connell and Slatyer
1977, Anderson 2007), including decelerating increases
in species richness, abundance, mean individual size, and
species loss rates, and decelerating decreases of species
gain and turnover rates. Most of these successional
patterns were, however, clearly mediated by material
type, and thus ceramic reefs achieved a higher richness
and biomass more quickly than concrete treatments,
whereas PVC reefs were poorly colonized.
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Species composition (CCA results) also varied with
time and reef material. Interestingly, this temporal
variation in species composition also implied variation
in life history traits. The response curves of life history
traits with time showed that the first species to populate
the reefs corresponded to those of a more opportunistic
strategy (i.e., small rapidly maturing, short lived
fishes), whereas those colonizing the reefs later were
more of the equilibrium strategy (i.e., fishes of
intermediate size that often exhibit parental care and
produce fewer but larger offspring) in the Winemiller-
Rose triangular model (Winemiller and Rose 1992,
Vila-Gispert et al. 2002, Suzuki et al. 2004; see Fig. 8b).
Spawning mode, oocyte diameter, length-at-maturity,
and spawning duration were the traits that changed
more clearly with colonization of the experimental
reefs. As expected, no model was selected by AIC for
migratory and territorial behaviors because the abun-
dance of true rheophilic species (e.g., long-distance
migrators and non-territorial fishes) is presently very
low in the lacustrine zone of the reservoir (Okada et al.
2005). In artificial reefs at a Floridian lake, Wilbur
(1978) showed that centrarchids (Micropterus sal-
moides, Lepomis macrochirus, Lepomis microlophus,
Lepomis gulosus, and Pomoxis nigromaculatus) pre-
vailed in number at brush and pipe reefs within 1218
months after reef deployment, being subsequently
outnumbered by catfishes (Ameiurus catus and
Ameiurus nebulosus). Catfishes correspond to a more
equilibrium strategy than centrarchids (Winemiller and
Rose 1992), so Wilbur’s (1978) results also match our
findings of a replacement of more opportunistic with
more equilibrium species with reef colonization (Fig.
8b). Further studies are necessary to confirm whether
the Winemiller-Rose model is of use in reef experiments
and hence functional traits might be used in addition to
species composition.

Anderson (2007) has recently classified successional
series in a triangular continuum, depending on the
importance of competition, dispersal, or abiotic limi-
tations. We observed a nonlinear decrease in species
gain rates and a rather non-monotonic relationship of
turnover rates with time, which according to Anderson
(2007) corresponds to an ecosystem not limited by
dispersal and confirms our expectations given the
properties of the system studied (high species richness
and large ecosystem size). Although Anderson (2007)
emphasized the role of competition, she also acknowl-
edged that other trophic interactions, such as preda-
tion, can also play an important role. We believe that,
in addition to competition, predation also played a role
in reef colonization at Itaipu Reservoir because several
large (250-550 mm TL) individuals of the freshwater
croaker Plagioscion squamosissimus, an invasive pisciv-
orous fish of nocturnal and benthopelagic habits, were
caught by experimental gill nets deployed near the reefs
(L. N. Santos, unpublished data).
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Fic. 7. Response of fish species gain, loss, and turnover
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reefs. Lines are the generalized additive models selected by the
Akaike information criterion.

Management implications

The attraction vs. production debate, although
extensively discussed for marine reefs (Lindberg 1997,
Brickhill et al. 2005), is a controversial issue that has
been assessed just superficially for freshwater reefs
(Bassett 1994, Santos et al. 2008). We cannot help to
solve this debate on whether reefs actually increase fish
production or merely redistribute fish biomass without
augmenting production, but the two alternatives might
take place with the development of artificial reef
programs in Itaipu Reservoir (Fig. 8c). If ceramic or
concrete pipe reefs are deployed within non-fishing
reserves, in a fashion that a great amount of reef units
(i.e., pyramidal modules) would be placed in an
aggregated spatial configuration and covering extensive
areas, they will have the potential to promote a true
increase on the populations of lithophilic species,
namely Hypostomus spp., M. parananus, and R. aspera.
Such species have been traditionally exploited by local
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FiG. 8. Conceptual models of (a) the use of freshwater reefs in North and South America by the prevalent fish species (the

width of arrows denotes the contribution per fish group); (b) the temporal sequence of fish species substitution with ecological
succession in artificial reefs of the Neotropics (above) and temperate regions (below), showing the general trends expected for life
history strategy and species replacement; (c) the differential management application of artificial reefs in the Itaipu Reservoir,

according to attraction (above) or production (below) interests.

fisheries, but their stocks and capture rates were
adversely affected by the impoundment, which increased
the depth and silted the natural hard substrates (rocky
shores) where these species previously occurred (Okada
et al. 2005). Otherwise, if small-sized pipe reefs are
deployed in a more scattered spatial configuration and
on shallow littoral areas allowed for fishing, such
structures will be prone to function as fish attractor
devices (FADs), enhancing the capture success of those
lithophilic species that would be more concentrated
rather in hard substrates than in the adjacent soft-

bottom areas. Thus, we hypothesize that the extent of
attraction and production effects in Itaipu Reservoir
would be largely dependent on fishery management
protocols.

In conclusion, our results show a clear variation in
fish colonization with reef material type and the
potential of artificial reefs to enhance our understanding
of ecological succession in freshwater fish assemblages.
Our results also highlight the importance of considering
reef material type and successional patterns of fish
colonization in order to improve the positive effects
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(e.g., habitat enhancement for native species) and to
minimize the risks of detrimental impacts (e.g., over-
fishing) of large-scale artificial reef programs.
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