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Understanding how evolutionary history and environmental drivers shape
life-history strategies is essential for predicting the responses of tropical fish
assemblages to environmental change. We analyzed life-history strategies of
117 Amazonian fish species sampled in the Madeira River. Trait variation was
strongly influenced by phylogeny, indicating evolutionary conservatism, with
oocyte size and parental care contributing most to interspecific differences.
Strong correlations were observed among size at first maturation, oocyte size,
and parental care, whereas other trait associations were weak. Environmental
factors, particularly hydrology, also played a significant role in shaping life-
history diversity. Reproductive strategies formed a continuum from equilibrium
species producing few large oocytes with parental care to periodic species
producing many small oocytes, with intermediate forms combining both traits.
These findings demonstrate that life-history diversity emerges from the interplay
between evolutionary history and environmental context and is likely vulnerable
to river regulation. Our dataset provides a framework for predicting species
responses under ongoing environmental change.

Keywords: Amazon basin, Hydrology, Reproductive strategies, River regulation,
Species vulnerability.
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Fish life-history diversity in the Madeira River

Compreender como a histéria evolutiva e os fatores ambientais moldam as
estratégias de historia de vida é essencial para prever respostas das assembleias de
peixes tropicais s mudangas ambientais. Analisamos as estratégias de historia de
vida de 117 espécies de peixes amazonicos amostradas no rio Madeira. A variagio
dos atributos foi fortemente influenciada pela filogenia, indicando conservatismo
evolutivo, com o tamanho dos odcitos e o cuidado parental contribuindo mais
para as diferencas interespecificas. Foram observadas fortes correlagdes entre o
tamanho da primeira maturagio, o tamanho do odcito e o cuidado parental,
enquanto as demais associagdes foram fracas. Fatores ambientais, especialmente
a hidrologia, também desempenharam papel significativo na diversidade das
estratégias de historia de vida. As estratégias reprodutivas formaram um continuo,
desde espécies de equilibrio que produzem poucos odcitos grandes com cuidado
parental até espécies periddicas que produzem muitos odcitos pequenos,
com formas intermedidrias combinando ambos os atributos. Esses resultados
demonstram que a diversidade de estratégias emerge da interagdo entre histéria
evolutiva e contexto ambiental e provavelmente é vulnerdvel 4 regulagio dos
rios. O conjunto de dados fornece base para prever respostas das espécies frente
as mudangas ambientais em curso.

Palavras-chave: Bacia Amazonica, Estratégias reprodutivas, Hidrologia,
Regulagio fluvial, Vulnerabilidade das espécies.

INTRODUCTION

Amazonian fish represent approximately 15% of the world’s freshwater diversity,
making the region the richest hotspot for freshwater species (Jézéquel et al., 2020).
This extraordinary diversity reflects a broad spectrum of morphological, physiological,
and behavioral adaptations related to habitat use, feeding, and reproduction (Wootton,
1998; Helfman er al., 2009). Many of these attributes are interconnected and expressed
through species’ life-history strategies.

Life history theory, a cornerstone concept in ecology, proposes that natural selection
cannot simultaneously optimize all aspects of an organism’s biology. Because resources
such as energy and time are limited, species face trade-offs in their allocation to
growth, survival, and reproduction (Stearns, 1976). These trade-offs shape fundamental
strategies, such as investing in survival versus reproduction, growth versus reproduction,
or producing many small oocytes versus fewer high-quality offspring.

As a result, life-history strategies represent a key dimension of the ecological niche,
encapsulating evolved solutions that maximize fitness under specific environmental
conditions (Olden er al., 2006; Tedesco et al., 2008). Traditionally, these strategies have
been arranged along the r-k continuum: r-selection species reproduce early, are small-
bodied, and thrive in variable environments, whereas k-selected species reproduce
later, grow larger, and persist in more stable habitats (Pianka, 1970). Building on this
foundation, Winemiller, Rose (1992) developed a triangular model that more accurately
captures the diversity of fish strategies. This framework distinguishes opportunistic,
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periodic, and equilibrium strategies based on combinations of age at maturity, fecundity,
and parental investment. Unlike the simple r-K dichotomy, the three-axis continuum
(Winemiller, Rose, 1992) captures trade-offs among age at maturation, fecundity,
and juvenile survival, representing alternative pathways of fitness optimization under
contrasting environmental regimes.

Within this framework the (i) opportunistic strategists mature early, have low
fecundity, and low juvenile survival with fitness optimization for resource variable
and low predictable environments; (ii) periodic strategists mature later, exhibit high
fecundity, but also low juvenile survival, an adaptation to environments that are variable
but predictable; and (iii) equilibrium strategists mature later, show lower fecundity,
but achieve high juvenile survival, often through parental care, in stable environments
(Winemiller, Rose, 1992). Although many life-history strategies may evolve within
phylogenetically diversified fish fauna, environmental conditions seem to act as filters,
favoring strategies that optimize fitness under unpredictable, predictable, or stable
hydrological regimes, respectively (Tedesco et al., 2008).

In aquatic environments, ecological strategies emerge from the interplay between
intrinsic physiological traits and extrinsic environmental factors, including habitat
quality, species interactions, and hydrological regimes (Lowe-McConnel, 1987). One of
the most influential drivers of environmental heterogeneity in the Amazon is the flood
pulse, which plays a critical role in ecosystem functioning and community assembly (Junk
et al., 1989). Seasonal inundations dynamically reshape habitat availability, promoting
adaptive behaviors such as longitudinal and lateral fish migrations (Fernandes, 1997;
Duponchelle er al., 2021; Herrera et al., 2024). For instance, many species migrate to
riparian forests during high-water periods as a refuge and to exploit the increased food
availability in flooded areas, storing energy for subsequent reproduction (Junk, Furch,
1985; Neves dos Santos et al., 2008). Predictable seasonal fluctuations in habitat and
food resources likely drive the evolution of capital breeding strategies and flood-season
reproduction (Winemiller, 1989).

Despite these ecological insights, the evolutionary pathways of trophic and
reproductive attributes in Neotropical fish remain understudied, particularly regarding
phylogenetic constraints (Iglesias-Rios er al., 2022). For example, certain trophic
strategies, such as detritivory in Curimatidae and Prochilodontidae, or piscivory in
various lineages, are deeply rooted in morpho-physiological adaptations and tend to
be conserved within clades. Nevertheless, the spatial and seasonal variability of food
resources appears to drive the prevalence of generalist feeding strategies, with relatively
few species showing strict trophic specialization (Albert ef al., 2020).

Fluctuating food availability also directly affects energy allocation (Neves dos Santos
et al., 2008; Répke e al., 2019). Many non-piscivorous species allocate energy reserves
as water levels recede, enabling them to mature oocytes and spawn during the late-low
or rising water periods, timed to maximize larval access to favorable habitats and food
(Bayley et al., 2018; Castello et al., 2018, 2019). Consequently, the seasonal shifts further
underscore the trade-offs between survival and reproduction, growth and reproduction,
and offspring number versus quality.

Neotropical freshwater fish are among the most phenotypically and functionally
diverse worldwide and exceed any other group of continental aquatic ecosystems in
trait variation (Su et al., 2019). Nevertheless, detailed data on functional attributes,
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particularly for life-history strategies, remain scarce for many species (Albert er al.,
2025), and trait-based assessments of fish assemblages are inherently dependent on the
availability of such data. Exploring the diversity of fish life-histories in the Amazon is
crucial for understanding the ecological dynamics and conservation needs of this highly
biodiverse and fishery-relevant region.

Aspartofthe Amazonbasin, the MadeiraRiveris characterized by complex hydrological
patterns that strongly influence fish functional attributes, including growth, fecundity,
reproductive investment, feeding strategies, and movement patterns (Tedesco ef al.,
2008). We hypothesize that life-history strategies of Amazonian fishes are shaped by both
environmental conditions, particularly river hydrology, and phylogenetic constraints.
Specifically, we expect a predominance of periodic strategists, with functional attributes
showing strong phylogenetic structure, such that closely related species share similar
attributes in response to the seasonal and predictable environmental variation. This
perspective allows us to move beyond descriptive biodiversity assessments and provides
insights into the mechanisms that shape community structure and species’ ecological
responses in a major Amazonian River system. In this study, we examine 117 fish
species sampled with gillnets in the Madeira River to evaluate variation in reproductive
strategies, trophic ecology, migratory behavior, and habitat use. More specifically, we
aim to (i) characterize patterns of variation in functional attributes, including habitat use,
diet, reproductive strategies, and migration; (ii) test correlations among these attributes;
and (iii) assess the degree of phylogenetic conservatism or convergence associated with
observed reproductive strategies.

MATERIAL AND METHODS

Study area. The Madeira River, one of the largest rivers in South America, is an 8% order
river (Albert, Reis, 2011) spanning approximately 3,250 km (2,020 miles; Fig. 1). It is
classified as a muddy (turbid) system due to its high sediment load, primarily derived from
Andean tributaries, which strongly influences water quality and aquatic communities.
The study area spans approximately 580 km of the Madeira River channel, from Nova
Mamoré, Rondénia, to Humaiti, Amazonas, measured as fluvial distance (Cella-Ribeiro
et al., 2016). Until 2011, this stretch included the Jirau and Teotonio waterfalls, which
acted as geographic barriers limiting fish dispersal (Torrente-Vilara et al., 2011). In this
segment, the channel was narrow and deep, with water velocity reaching up to 2.5 m
s-1 during flood season. Since 2012, however, the construction of the Santo Antdnio
and Jirau dams has permanently submerged these rapids and waterfalls, altering the
natural landscape and homogenizing habitat diversity along the river.

The dataset was collected prior to dam construction, providing a rare opportunity
to study fish biology in a largely pristine environment. Previous studies have described
the composition and dynamics of the ichthyofauna in this region (Torrente-Vilara
et al., 2011; Queiroz et al., 2013; Cella-Ribeiro et al., 2016), offering a baseline for
understanding species’ functional attributes and ecological strategies. The Madeira River,
a major tributary within the world’s largest hydro basin, represents a unique natural
laboratory for studying fish life-history diversity of strategies. Its complex hydrology

and heterogeneous habitats create a wide range of ecological conditions, allowing
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FIGURE 1 | Map of the study area showing ten fish sampling sites along the Madeira River, Ronddnia, Brazil, including tributary mouths and
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species to express diverse strategies of growth, reproduction, feeding, and movement.
By examining these traits in such a system, we can better identify patterns of life-history
strategies and understand how environmental variability shapes the ecological responses
of Amazonian fishes.

Fish sampling and biological analyses. Fish sampling was conducted over 23
events during both flood and dry seasons between November 2008 and August 2011,
before the closure of the Santo Antonio and Jirau dams. Sampling was carried out at
the mouths of eight major tributaries and two wetlands (10 sites in total) along the
Brazilian portion of the Madeira River (Fig. 1). Thirteen-gillnets (mesh sizes from 30
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to 200 mm between opposite knots; total catching area = 431 m2) were deployed for 24
h, with catches retrieved every four hours. Captured specimens were stored in insulated
boxes with ice and transported to the laboratory at Universidade Federal de Rondénia
(UFRO), in Porto Velho, for further analysis.

Specimens were identified following Queiroz ef al. (2013) and voucher specimens
were deposited in the Fish Collection of UFRO (UFRO-I; Ohara et al., 2015). Fish
sampling was conducted as part of the ichthyofauna monitoring program associated
with the environmental licensing of the Santo Antdnio and Jirau hydropower
plants. Standard lengths (SL, in mm) and body weight were recorded. Gonads were
macroscopically staged based on vascularization, size, coloration, and shape. Female
gonads were classified into six maturity stages, immature, maturing, mature, spawning,
spawned, and recovering, based on criteria including abdominal cavity occupancy and
oocyte characteristics, following Nufiez, Duponchelle (2009) and Brown-Peterson et al.
(2011). Males were categorized as either immature or mature based on testis development
and abdominal cavity occupancy. Mature ovaries and stomachs containing food were
preserved; dietary analyses are presented in Cella-Ribeiro et al. (2016).

Functional attributes recorded. In this study, we use the term functional attributes
to describe species-level characteristics related to reproduction, feeding, and behavior.
Whereas functional traits are commonly defined as measurable, continuous features of
organisms that directly influence performance or fitness (Violle ef al., 2007), functional
attributes provide broader categorical descriptors that group species into ecological
roles, such as life history strategies, trophic guilds, or migratory types. This terminology
is particularly appropriate for fishes, where many key ecological aspects (eg., parental
care, migratory behavior) are expressed as categorical rather than continuous variables.
Life-history strategies were organized in approaches considering 1) habitat use and
migration, and 2) biological aspects, as follows:

1. Habitat use and migration. Habitat use, and migration patterns were compiled
from published literature, with all sources detailed in the supplementary material (Tab.
S1), which lists the attributes of the 117 species and their respective references. Habitat
use was classified into three categories, nektonic, nektobenthic, and benthic, based
on an adaptation of the criteria provided in FishBase (Froese, Pauly, 2025). Migration
patterns were categorized as long-distance, medium-distance, or short-distance
migrators, as well as resident (sedentary) species, following Duponchelle er al. (2021).
Long-distance migrators are rheophilic species that undertake extensive seasonal or
life-cycle migrations upriver for reproduction or feeding. Medium-distance migrators
follow similar seasonal patterns but travel shorter distances. Short-distance migrators
move seasonally between adjacent environments. Resident species are largely confined
to specific habitats (eg., wetlands) and only occasionally move between environments.
The migration behavior was numerically coded as follows: resident (1), short-distance
(2), medium-distance (3), and long-distance (4).

2. Biological aspects. Feeding. Trophic categories and levels were determined from
the Alimentary Index values (Cella-Ribeiro er al., 2016) and classified following
Hahn er al. (1999) as: 1 (detritivore, periphytivore, and herbivore), 1.5 (omnivore), 2
(invertivore, insectivore, and planktivore), 2.5 (carnivore), and 3 (piscivore) (Tab. S1).
Cetopsis coecutiens, although necrophagous, was classified as a carnivore.
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Reproduction. (i) Reproductive tactics refer toalternative means of achieving fertilization
or, more broadly, reproduction (Taborsky, Brockmann, 2010). In fish, reproductive
tactics are described using traits such as maximum standard length recorded, length
at 50% maturity (L50), oocyte size, reproductive strategy, habitat use, and migration
status (Vazzoler, 1996) (Tab. S1). Maximum standard length (mm) was defined as the
length of the largest individual recorded of each species (Cella-Ribeiro ef al., 2015).
L50 (length at which 50% of individuals are sexually mature) was estimated by fitting
logistic regression to the proportion of mature individuals by length class (King, 1995),
applied separately for females, males, or combined sexes when low juvenile abundance
limited sex-specific analysis. Individuals classified as immature were considered
juveniles; all others were considered adults. When logistic modeling was unfeasible, the
smallest mature female and male were recorded. Oocyte size was measured (in mm) for
the largest oocytes in well-developed ovaries using a stereomicroscope. A gravimetric
method was used to extract ovary aliquots (Duponchelle er al., 2007). Parental care
was categorized according to Winemiller (1989), ranging from no care (score 1) to
prolonged care by one or both parents (score 6).

Reproductive sirategies. Refer to sets of characteristics (tactics) that enhance a species’
reproductive success and contribute to population stability (Vazzoler, 1996, for
fish). Based on oocyte size and parental investment, species were further grouped
into reproductive strategies following Winemiller, Rose (1992), with refinements
proposed by Ropke ef al. (2017) and Arantes et al. (2019). These included: periodic-
large, periodic-small, equilibrium-large, equilibrium-small, and intermediate. Periodic
strategists typically produce many small oocytes with minimal or no parental care,
whereas equilibrium strategists invest in fewer, larger oocytes accompanied by greater
parental care. Opportunistic strategists were not identified in this study, likely due to
the use of gillnets, which favor midwater species and underrepresent small-bodied taxa
commonly found in streams and shallow margins.

Data analyses. As a first approach, we described the total number of species by habitat
use, incorporating migration behavior, trophic categories, and reproductive strategies.
This analysis was structured by taxonomic order, Characiformes, Cichliformes, and
Siluriformes, which also represent the most speciose groups in the Madeira River
(109 out of 117 species; Tab. S1). Teleost fish exhibit a variety of size-independent
reproductive tactics that involve allocating size-dependent reproductive effort between
fecundity and egg size (Duarte, Alcaraz, 1989). Early life stages, such as eggs and larvae,
experience high mortality rates (Fortier, Leggett, 1985; McGurk, 1986), which requires
substantial reproductive investment to ensure population persistence. Reproductive
effort is commonly measured as the total egg mass or volume produced per female,
combining both the number of eggs (fecundity) and their size. However, fecundity
alone does not necessarily increase the survival probability of offspring, since egg
mortality is often size-dependent (McGurk, 1986). As a result, the same reproductive
effort allocated to either many small eggs or fewer large ones can lead to very different
recruitment outcomes (Ware, 1975).

Regardless of how reproductive strategies are categorized, traits such as oocyte size,
maximum standard length (SLmax), length at 50% maturity (L50), and parental care
tend to be filtered within taxa as adaptive responses to optimize reproductive energy
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investment. To investigate the associations between reproductive tactics (specifically
maximum standard length, female and male L50, oocyte size, and parental care), we
analyzed correlations among these attributes (treated as continuous variables) using
Spearman’s rank correlation coefhcients with p > 0.60.

We performed a Phylogenetic Principal Component Analysis (pPCA) using a matrix
of continuous attributes. Categorical attributes were transformed into ordinal variables
and numerically coded. The phylogenetic tree was obtained from the Fish Tree of Life
(Rabosky et al., 2018), with polytomies introduced at the genus level for species lacking
phylogenetic resolution. Species with missing functional trait data were excluded to
ensure a complete dataset for subsequent analyses. As a result, 31 species were removed,
and the phylogenetic tree was constructed using the remaining 86 species. All attributes
were standardized (z-score; mean = 0, SD = 1), and the pPCA was conducted using
a correlation-based method that incorporates the phylogenetic tree as a covariance
structure. The resulting principal components were examined across taxonomic
groups and reproductive strategies to assess whether certain life-history strategies
are phylogenetically conserved or represent convergent patterns among functionally
similar groups. To test the assumption of homogeneity of multivariate dispersions
among groups, we applied a PERMDISP (Permutational Analysis of Multivariate
Dispersions; Anderson, 2006) using the betadisper and permutest functions in the vegan
R package (Oksanen er al., 2025). This analysis was based on a Bray-Curtis dissimilarity
matrix constructed from species traits data with group dispersions compared, using
999 permutations. A non-significant PERMDISP result indicates no differences in
within group variation, thus supporting the assumption of homogeneity of variances.
In this context, PERMDISP confirmed that variation within each order is sufhciently
homogeneous, supporting the interpretation of the phylogenetically structured patterns
observed in the PCA. This approach allows us to infer how phylogenetic structure, and
environmental drivers jointly shape life-history strategies variation across Amazonian
fish assemblages. All statistical analyses and visualizations were conducted in R (R
Development Core Team, 2025), with significance set at p < 0.05.

RESULTS

We evaluated attributes of 117 fish species across 24 families and seven orders (Tab. S1).
The most species-rich families were Serrasalmidae (16 species), Pimelodidae (13), and
Curimatidae (10), followed by Auchenipteridae (9), Cichlidae (8), and Anostomidae (7).
Several families were represented by six or fewer species, with five families represented
by a single species.

We recorded nine trophic categories, with piscivores being the most diverse (37
species, 32%), followed by detritivores, herbivores, and omnivores (Fig. 2A). The
periodic-small reproductive strategy predominated (45 species, 38%; Fig. 2B). Regarding
migratory behavior, 46 species (39%) were residents, while 71 (61%) exhibited migratory
patterns from short- to long-distance movements (Fig. 2C). Characiformes (64 species)
and Siluriformes (37 species) were the most representative orders, comprising 77% of
all species analyzed.
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The phylogenetic principal component analysis (pPCA) revealed that the first two
axes captured a substantial proportion of the variation in reproductive attributes (78%
of variation). Species scores showed clear phylogenetic clustering, with closely related
taxa occupying similar regions of the multivariate space. Species within the same order
tended to group, reflecting similarities in life-history strategies. The orientation of the
trait vectors indicated that attributes such as oocyte size and parental care were the
main contributors to variation along the first component. Overall, the pPCA provides
evidence of phylogenetic conservatism in reproductive strategies among Amazonian
fishes. The multivariate dispersion of strategies did not differ significantly among
fish orders (PERMDISP, p = 0.34), indicating comparable variability within groups.
This supports the assumption of homogeneous multivariate variances across orders,
with the observed variation largely driven by the broad range of attributes expressed.
Cichliformes are distinct from other orders (on the right of Fig. 3), mainly due to larger
oocyte size and the presence of parental care.

The PCA of fish reproductive strategies revealed a clear continuum of life-history
patterns. Along the first principal component (PC1), species range from periodic -
characterized by high fecundity (many small oocytes) and little or no parental care -
through intermediate, to equilibrium strategies, which produce fewer, larger oocytes
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FIGURE 3 | Phylogenetic Principal Component Analysis (pPCA) of fish life-history strategies. Points
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and exhibit high parental investment. The main axis of variation thus reflects a trade-oft
between reproductive output and parental investment (Fig. 4).

Spearman correlation analysis revealed several strong associations among the studied
life-history strategies (Ipl > 0.60, p < 0.05, n = 78; Fig. S2). Parental care was negatively
correlated with migration distance (p = —0.61), indicating that species exhibiting higher
levels of parental care tend to migrate shorter distances. Oocyte size showed a positive
correlation with parental care (p = 0.68), suggesting that species with larger eggs invest
more in parental care. The size at first maturity of males and females (L50) was strongly
positively correlated (p = 0.73), and maximum standard length (SL Max) was positively
associated with L50 of both males (p = 0.60) and females (p = 0.63), indicating that
larger species tend to mature at larger sizes. These patterns highlight coordinated life-
history strategies among Amazonian fishes, reflecting trade-offs between reproductive
investment, growth, and movement patterns.
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FIGURE 4 | Principal Component Analysis (PCA) of fish reproductive strategies based on functional attributes related to body size, migration,
and reproduction. Points represent species, colored according to reproductive strategy, while vectors indicate the direction and relative
strength of each functional attribute along the first two principal components (PC1 and PC2). The ordination reveals a continuum of
reproductive strategies primarily associated with oocyte size and the presence of parental care, which drive the main axis of variation

among species.
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DISCUSSION

Over evolutionary timescales, natural selection favors specific attribute combinations
that optimize fitness in fishes, leading to distinct life-history and trophic strategies.
We found nine trophic categories, five reproductive strategies, and four patterns of
migration distributed in seven fish orders. Our results reveal substantial interspecific
variation within broad taxonomic groups, with patterns structured by phylogeny,
as shown by the pPCA and supported by PERMDISP. This pattern indicates that
evolutionary relationships influence attribute diversity within taxonomic groups, while
species also exhibit distinct reproductive strategies in response to environmental drivers
and biotic interactions. For example, equilibrium strategists are characterized by high
parental investment and the production of few, large oocytes (Winemiller, 2005).
These tradeofls are particularly evident in Cichliformes (Winemiller, Rose, 1992). This
strategy is often associated with lentic environments, such as tropical wetlands, where
food availability and breeding opportunities are extended (Winemiller, 2005). In the
Madeira River, however, this strategy was very poorly represented compared to the
periodic strategy, which was more prevalent and phylogenetically diverse.

Large rivers like the Madeira are strongly structured by seasonal flood pulses (Junk
et al., 1989), which impose selective pressures on fish assemblages. Periodic strategists,
dominant in the Madeira River, are adapted to these dynamics by producing numerous
small oocytes, lacking parental care, and reproducing synchronously during brief
favorable periods (Winemiller, Rose, 1992), closely tracking discharge rates (Ropke er
al., 2024). This synchrony, especially prominent among Characiformes, coincides with
the onset of the flooding (Menezes, Vazzoler, 1992; Amadio, Bittencourt, 2005; Ropke
et al., 2024). In these systems, most fish species synchronize their reproduction with the
annual flood pulse. Migratory species especially time reproduction to coincide with the
flood pulse, taking advantage of newly inundated floodplains for feeding and spawning
(Vazzoler, 1996; Agostinho et al., 2004; Bailly er al., 2008).

The timing of reproduction reflects the strong influence of the flood pulse on life
history strategies in Amazonian fishes (Junk, Furch, 1985; Menezes, Vazzoler, 1992;
Winemiller, 1989). Offspring survival peaks during floods, providing clear reproductive
advantages (Neves dos Santos ef al., 2008; Bailly et al., 2008). Flooding also increases
food availability and creates extensive floating vegetation zones that serve as nurseries
for juveniles of periodic strategists (Sinchez-Botero, Aratijo-Lima, 2001). Thus, flood
dynamics shape reproductive strategies by triggering spawning events and providing
access to floodplains. These areas function as feeding areas, spawning grounds, and
nurseries for early life stages (Junk er al., 1989; Agostinho et al., 2004; Winemiller e
al., 2008).

Reproductive strategies of Amazonian fishes align closely with predictions based on
environmental and hydrological variability. Larval survival and reproductive investment
appear to be influenced by habitat-specific pressures and predation (Winemiler, Rose,
1992). Species spawning in lotic, high-flow environments tend to maximize fitness
by producing many small eggs, reflecting adaptations to hydrological stochasticity;
however, this pattern is especially present in large rivers, where abundance and
diversity of piscivorous fish are high. In contrast, species in more stable habitats, such
as wetlands, invest in fewer but larger eggs, enhancing larval survival (Dahlberg, 1979;
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Morrongiello ef al., 2012). This trade-off between egg size and fecundity is constrained
by female body size, as observed in our dataset, where species with larger eggs exhibited
lower fecundity, and vice versa (Kolm, Ahnesjs, 2005). These patterns highlight how
the heterogeneous hydrology of the Madeira River shapes the diversity of life-history
strategies in its fish assemblages. A minimum viable egg size may constrain further
miniaturization, potentially interacting with evolutionary pressures on body size (eg.,
Winemiller, Rose, 1992; Kolm, Ahnesjd, 2005). This trade-off helps explain the presence
of large migratory species in major rivers worldwide, such as cathshes that spawn
thousands of tiny oocytes (Zuanon, Torrente-Vilara, 2025). During the reproductive
season, long-distance migratory fish move upriver to reach spawning habitats typically
located near the headwaters (Hauser ef al., 2019; Silva et al., 2025). Spawning occurs in
the main river channel, after which eggs drift passively downstream and larvae hatch
further along the river (Lopes ef al., 2014).

The high fish diversity in the Madeira River (Queiroz et al., 2013) supports a wide
range of ecological adaptations. Variation in reproductive effort, expressed through the
trade-off between fecundity and egg size, is not solely constrained by phylogeny but
is also shaped by habitat and interaction-related ecological pressures. This variation is
particularly pronounced within Siluriformes.

While many large riverine species rely on the production of numerous small oocytes
(the most prevalent trade-off among the Characiformes studied), Hypostomus pyrineusi
(Loricariidae) represents the opposite end of the spectrum, exhibiting the largest oocytes
among the species analyzed (Tab. S1). In Hypostomus, reproductive effort aligns with
an equilibrium strategy of low fecundity, large oocytes, and parental care. This species
has a prolonged spawning period extending from the late dry season to the peak of
the wet season. Eggs are deposited in shoreline burrows, with both sexes participating
in offspring care (Lowe-McConnell, 1987). Such extended spawning enhances
recruitment success by distributing mortality risk across early developmental stages
(Begg, Marteinsdottir, 2000). As bottom-dwelling species, Hypostomus are well adapted
to fast-flowing lotic environments, where they feed on microalgae attached to rocky
substrates (Buck, Sazima, 1995; Garavello, Garavello, 2004).

A positive correlation between parental care and oocyte size supports the presence
of an equilibrium strategy, typified by low fecundity and large oocytes. The evolution
of parental care plays a key role in constraining the trade-oft between egg size and
number (Stearns, 1998). Iglesias-Rios ef al. (2022) proposed a threshold oocyte diameter
of 1.6 mm as a phylogenetically informed indicator of parental care. However, our data
reveal broader variation: species without parental care had oocytes ranging from 0.5 to
2.0 mm, while those with parental care ranged from 1.0 to 4.0 mm. Parental care was
primarily observed in Loricariidae, Serrasalmidae, Osteoglossiformes, and Cichliformes,
phylogenetically distinct groups exhibiting varying levels of investment.

Cichliformes showed a pronounced phylogenetic effect, with consistently high levels
of parental care. In the Amazon, attributes associated with an intermediate strategy
align with Winemiller’s (1989) continuous model, a framework that has been observed
across diverse marine and freshwater taxa (Winemiller, Rose, 1992; Vila-Gispert e al.,
2002; Olden e al, 2006; Tedesco et al., 2008). In highly dynamic systems such as the
Madeira River, seasonal fluctuations in water levels and flow create variable habitats,
and intermediate strategies can adjust their reproductive timing, offspring number, or
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growth rates accordingly. This flexibility not only enhances their own persistence but
also helps buffer the fish community against hydrological fluctuations, contributing
to overall stability. However, as this and other studies have sampled only a fraction of
Amazonian fish diversity, the full range of life-history strategies remains to be fully
documented.

A negative correlation between oocyte size and migration may be indirectly explained
by body size and reproductive output. Many medium- and long-distance migratory
species are large-bodied and highly fecund. Theoretical models suggest that producing
smaller eggs maximizes reproductive output under high predation and larval mortality
(Andersen er al., 2008). These species invest considerable energy in upstream migration
and synchronize reproduction with peaks in food availability (Winemiller, Rose, 1992).
For instance, Brachyplatystoma filamentosum and B. rousseauxii, which can exceed 80 cm
in length, are reported to breed in the upper Madeira basin (Barthem, Goulding, 1997;
Barthem e al., 2017; Cella-Ribeiro ef al., 2015). Despite this strategy, juvenile survival
remains constrained by predation and environmental mortality, underscoring selective
pressures in shaping life-history strategies in tropical rivers.

A limitation of our study is the exclusive use of gillnets, which likely underrepresent
small and cryptic species with opportunistic strategies. Consequently, the prevalence
of these strategies may be underestimated, although dominant functional patterns of
the assemblage are effectively captured. Our results support the hypothesis that fish
attributes are shaped by both environmental conditions and phylogenetic structure.

Closely related species exhibited similar attributes, reflecting evolutionary constraints,
while environmental factors associated with river hydrology influenced variation across
the community. These findings highlight the dual role of evolutionary history and
ecological context in structuring fish assemblages and underscore their relevance under
ongoing and future hydrological modifications in Amazonian rivers. Alterations such
as flow regulation by dams (Timpe, Kaplan, 2017; Correa ef al., 2022), changes in the
magnitude, timing, and predictability of flood pulses (van der Sleen, Rams, 2023), as
well as an increased frequency of extreme hydrological events are likely to disrupt the
environmental cues (Correa ef al., 2022) that underpin life-history strategies developed
over evolutionary timescales. Strategies adapted to predictable seasonal flooding may be
disproportionately affected, potentially leading to shifts in trait composition, functional
homogenization, and increased vulnerability of phylogenetically constrained lineages as
hydrological regimes depart from their historical dynamics.

This dataset provides a comprehensive synthesis of functional attributes of
Amazonian fishes, offering a valuable resource for functional ecology studies. Beyond
describing patterns of attribute variation, it can be applied in predictive frameworks to
explore potential changes in community composition and functional diversity under
environmental pressures, including damming, altered flow regimes, or climate change.
Trait-based models could, for example, identify species most vulnerable to hydrological
modification, supporting conservation planning in tropical river systems.

We observed distinct patterns in reproductive and migratory strategies, including
correlations among body size, oocyte size, and migration distance, as well as a clear
reproductive continuum encompassing equilibrium, periodic, and intermediate
strategies. These results suggest that species with different life-history strategies may
respond differently to changes in the river’s hydrology. By adopting a functional trait
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approach, we provide evidence that environmental filters (such as seasonal flood pulses

and habitat heterogeneity) shape the distribution of functional strategies in Amazonian

fishes. This perspective extends the habitat template model (Southwood, 1977) and
life history theory (Pianka, 1970; Stearns, 1998) to the context of the Madeira River,
offering insights into how flow regulation may influence community assembly and

biodiversity patterns in tropical freshwater ecosystems.
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