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Biotic Indicators for Ecological State
Change in Amazonian Floodplains

Riverine floodplains are biologically diverse and productive ecosystems. Although tropical floodplains remain relatively conserved and
ecologically functional compared to those at higher latitudes, they face accelerated hydropower development, climate change, and deforestation.
Alterations to the flood pulse could act synergistically with other drivers of change to promote profound ecological state change at a large spatial
scale. State change occurs when an ecosystem reaches a critical threshold or tipping point, which leads to an alternative qualitative state for the
ecosystem. Visualizing an alternative state for Amazonian floodplains is not straightforward. Yet, it is critical to recognize that changes to the
flood pulse could push tropical floodplain ecosystems over a tipping point with cascading adverse effects on biodiversity and ecosystem services.
We characterize the Amazonian flood pulse regime, summarize evidence of flood pulse change, assess potential ecological repercussions, and
provide a monitoring framework for tracking flood pulse change and detecting biotic responses.
Keywords: Global change, climate change, river, flooded forest, aquatic ecosystems

R

iverine floodplains, particularly those in tropical
and subtropical regions, are some of the most biologically diverse and productive ecosystems on Earth, as they
provide a tremendous variety of economic and cultural services (Goulding et al. 1996, Ward et al. 1999, Tockner and
Stanford 2002). Floodplain biodiversity and productivity
stem from natural flooding when the water rises above the
river channel into the alluvial plain, carrying sediments and
replenishing nutrients therein (Meade 2007). In the northern
hemisphere, the function and services of 90% of the floodplain ecosystems have been radically diminished through
deforestation and anthropogenic hydrological modifications
(Tockner and Stanford 2002, Opperman et al. 2017). In
contrast, numerous riverine floodplains in tropical regions
remain relatively conserved and ecologically functional but
face the threat of rapid land-use alteration and environmental change. The extent to which these changes are already
pushing floodplain ecosystems to profound ecological state
change remains poorly known. State change can occur when
an ecosystem reaches a critical threshold or a tipping point
that leads to an alternate qualitative state for the ecosystem
(Scheffer et al. 2001). State change can be quantified relative
to a baseline, but the temporal scale at which a state change
can occur is variable (Lenton 2011). Significant ecosystem
state changes are becoming apparent in disparate terrestrial
and aquatic ecosystems across the globe. They are driven

by various causes, including climate variability and change,
deforestation, nutrient addition, and overharvest, among
others (Scheffer et al. 2001).
The outcomes of state change in ecosystems are contextdependent and include shifts in dominant species to shifts in
entire biomes. For tropical terrestrial ecosystems in general,
such as the Amazonian rainforest biome, large-scale deforestation is predicted to induce a shift from a forest-dominated
to a savanna-dominated state by altering the biotic pump
that regulates the hydrologic cycle (Nobre and Borma 2009,
Lovejoy and Nobre 2018). In temperate river floodplains,
documented state changes include: (i) a shift from a clearwater state dominated by submerged aquatic vegetation to a
turbid-water state with sparse vegetation induced by reduced
natural hydrologic-disturbance after river impoundment
(Bouska et al. 2020); (ii) a shift from a diverse native fish
community to a non-native-dominated fish community
induced by floodplain habitat degradation, overfishing, and
the introduction of non-native invasive carp species (Bouska
et al. 2020); and (iii) a shift from a mosaic of native meadows
and forests to a persistent monospecific meadow induced by
deforestation and non-native grass invasion (Bouska et al.
2020 and reference therein). In nearshore temperate marine
ecosystems, the shift from a kelp forest-dominated state
to an algal-dominated barren state is driven by local-scale
drivers such as sea urchin overgrazing (Filbee-Dexter and
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considerable reduction, of ecosystem services provided
(State B).
Although it is difficult to foresee a single alternative
state for Amazonian floodplains, it is critical to recognize
the role of the flood pulse regime as a potential driver of
state change. This realization would allow evaluating how
fauna and flora may respond to flood pulse alterations and
identifying biological changes that may indicate the onset of
profound longer-term changes at the ecosystem level. Here
we briefly describe Amazonian floodplains, characterize
the Amazonian flood pulse regime, summarize evidence
of flood pulse change, and assess the potential ecological
repercussions of flood pulse alterations. We then provide
a monitoring framework for tracking changes in the flood
pulse and propose four proxies to monitor how key flora
and fauna, and ecological processes modulated by the flood
pulse, would respond to alterations to the flood pulse regime.
The flood pulse and its change
Floodplains form along lowland tributaries under 500
meters above sea level (m.a.s.l.), occupying 16.8% of the
lowland Amazon basin (i.e. total wetland area minus river
channels and permanent to semi-permanent lakes; Hess
et al. 2015). Beginning with the Andean uplift during the
Miocene (23-10 Mya), a predictable annual flood pulse
created stable lateral connectivity in lowland Amazonia,
linking habitats and ecological processes in river channels
and floodplains (Figure 1) (Junk et al. 1989, Wittmann et al.
2010, Wittmann and Householder 2017). Longitudinally,
Amazonian floodplains extend over thousands of kilometers
and have distinct geomorphology, water quality, and seasonally flooded plant communities (Junk et al. 2012, Hess et al.
2015). The flooded forests are the most extensive wetland
types on the Amazonian floodplains covering ≈70-80% of
all wetland area (Amaral et al. 2020, Melack and Hess 2010).
Characterizing the natural flow regime of rivers as deviations from baseline streamflow provides a conceptual
framework to understand the hydrological dynamics of
unregulated rivers (Poff et al. 1997). The predictability (date
of peak flooding), the magnitude of change (m3/s difference between the maximum and minimum flow), and the
duration of flooding (number of days above mean flow)
are essential for characterizing the hydrological regime of
floodplains, given that these factors regulate most ecological
processes therein (Ward 1989, Poff et al. 1997).
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Scheibling 2014, 2017) or global-scale drivers such as ocean
warming and eutrophication (Filbee-Dexter and Wernberg
2018). The alternative states are often maintained through
positive feedback mechanisms involving abiotic or biotic
factors. In temperate river floodplains, for instance, alternative states are maintained by bioturbation (e.g., increased
turbidity by grazing carp) and species interactions (e.g.,
predation and competition) (Bouska et al. 2020). The barren
state of kelp forests is maintained by sea urchin demographics (Filbee-Dexter and Scheibling 2017), while the savanna
state of rainforests is maintained by complex relationships
between precipitation, evapotranspiration, runoff, and surface air temperature (Nobre and Borma 2009).
In alluvial floodplains, like in many other aquatic ecosystems, flooding constitutes the primary mechanism that both
modulates natural succession and contributes to maintaining biodiversity (Odum and Barrett 1971, Junk et al. 1989).
This occurs because flood-generated disturbance keeps
floodplain ecosystems at an intermediate point between
early and late successional stages. In addition to creating a
disturbance, periodic and predictable flooding promotes
speciation because it constitutes a selective pressure that
generates adaptive responses by plants and animals to cycles
of flood and drought (Odum and Barrett 1971, Lytle and Poff
2004). Many lowland river ecosystems are subject to natural
periodic and predictable flood pulses that connect river
channels to adjacent floodplains (Junk et al. 1989). However,
a change in flooding attributes could cause significant and
unpredictable effects on essential ecosystem functions and
the biodiversity these ecosystems sustain. Human-driven
modifications to floodplain ecosystems can affect natural
flood pulse regimes and possibly lead to state change by, for
example, creating unpredictable, strong, and/or arrhythmic
floods that result in oscillatory rather than stable ecosystems
and lead to biodiversity losses (Odum and Barrett 1971).
In rivers where arrhythmic and unpredictable flash floods
occur, frequent disturbance resets and maintains ecosystems
at an early successional stage (Winemiller 2004, Jardine et al.
2015). Floodplains in arrhythmic rivers generally have much
lower aquatic species richness and productivity than those
with a predictable flood pulse (Jardine et al. 2015).
The Amazon River drainage basin has some of the most
extensive floodplains of any river in the world (Keddy
et al. 2009). Amazonian floodplains are under the pressure
of multiple stressors that could synergistically promote
large-scale ecological state change in the mid-to-long term.
Climate change, deforestation, and the development of
hydropower dams have already affected the natural flow
regime of some Amazonian rivers (Almeida et al. 2020,
Melack and Coe 2013, Marengo and Espinoza 2016, Timpe
and Kaplan 2017), possibly leading to flood-pulse disruption across a variety of river basins. Substantial deviations
from the baseline flood pulse could disturb Amazonian
floodplains sufficiently to transition from biodiverse and
functional ecosystems that provide essential ecosystem
services (State A) to depauperate ecosystems with loss, or

Characterization of the Amazonian flood pulse. A generally pre-

dictable monomodal flood pulse characterizes the flow
regime in most of the Amazonian lowlands, with a mean
amplitude over the year of approximately 10 m (Junk et al.
1989, Goulding et al. 2003), corresponding to mean streamflow of ~170,000 m3/s at the Óbidos gauge (Brazil) (Siddiqui
et al. 2021). This annual flood pulse is primarily driven by
precipitation in the upper catchment area which explains
the time lag in flood peaks that exists between upstream
and downstream reaches (Figure 2A). In turn, precipitation
https://academic.oup.com/bioscience
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regimes across the Amazon, and their interannual variability, are influenced by topography, distance from the sea, and
global air circulation (i.e., the Intertropical Convergence
Zone (ITCZ) and El Niño Southern Oscillation (ENSO;
Hamilton et al. 2002, Schöngart and Junk 2007, Furley 2007).
As the ITCZ moves north, the surface trade winds carry
moisture-laden air from the Atlantic Ocean westward, generating heavy rainfall in Western Amazonia from April to July;
the ITCZ then moves to the south and causes heavy rain in
Central Amazonia from August to March (Furley 2007). The
effect of the ITCZ, paired with the extensive latitudinal range
of the Amazon Basin, results in a bimodal distribution in the
timing of peak flooding, with the northern Amazon peaking
in June, while the southern Amazon peaking earlier in midMarch. Moreover, the east to west movement of the ITCZ
seems to slightly amplify upstream to downstream timing
differences in Southern Amazonia and do the opposite in the
Northern part of the basin. As a result, in southern tributaries peak flood generally occurs later closer to the mainstem
Amazon River (i.e., peak flooding occurs earlier in upper
portions of tributaries). But an opposite pattern is observed
in northern tributaries. The date of peak flooding is generally later away from the mainstem Amazon (Figure 2A)
(Siddiqui et al. 2021). The flooding magnitude, measured as
deviations from baseflow, is more variable in the northern
Amazon than the generally low dry-season baseflows in the
southern Amazon (Figure 2B). In turn, the north and south
bimodality in the timing of flooding leads to a longer than
https://academic.oup.com/bioscience
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expected flooding season, or backwater effect, for the main
stem Amazon River and the 400-800 km lower reach of its
tributaries which have monomodal flooding (Figure 2C)
(Meade et al. 1991). Thus, climate and rainfall patterns,
coupled with variable baseflows, result in the formation of
diverse floodplain habitats across the basin.
Evidence of flood pulse change in Amazonia. Across the Amazon

basin, the construction and operation of hydroelectric dams
have been shown to alter nearly all components of the flow
regime, but especially those related to the frequency of high
and low pulses, the predictability and magnitude of flooding,
and rate of change (or flashiness) from low to high waterlevel conditions (e.g., Assahira et al. 2017, Forsberg et al.
2017, Timpe and Kaplan 2017, Almeida et al. 2020). For
example, computer simulations of the downstream effects of
large dams planned in Western Amazonia showed a reduction in the maximum floodplain inundated area in Peru’s
Loreto region (Forsberg et al. 2017). On the Uatumã River
(Brazil), a small tributary of the Amazon River, the Balbina
dam delayed the flood pulse timing, altered its magnitude
(i.e., lower maximum and higher minimum flows), and
increased the frequency of high pulses downriver of the
impoundment (Assahira et al. 2017). In the Madeira River
(Brazil), the construction of two large dams, Santo Antonio
and Jirau, affected downstream hydrology with significant
increases in short-term (i.e., daily and hourly) flow variability (flashiness) and moderate changes in the annual flood
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Figure 1. Conceptual model representing the Amazonian floodplain ecosystem and the ecological processes occurring in
each habitat which in turn are modulated by the flood pulse. The double dash on the river bed indicates variable river-bed
width. The asterisk indicates emergent trees up to 30-40 m in height. Diagram produced by Yira Tatiana Onzaga Barreto,
Social Communicator, the Wildlife Conservation Society.
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Figure 2. Hydrographs represent contrasting conditions in flood pulse attributes across Amazonia, including (A) timing
(date of peak flooding), (B) the magnitude of change (m3/s difference between maximum and minimum flow), and (C)
flood duration (number of days above mean flow (m3/s)). Notice differences in median streamflow magnitude. Gauge
stations for hydrographs include (i) Pituna (Colombia), (ii) Palmeiras do Javari (Brazil), (iii) Maloca Ailan (Brazil), (iv)
Óbidos (Brazil), (v) Tamisyacu (Peru), and (vi) Itacoatiara (Brazil). Streamflow stations mapped were selected as those
within floodplain areas (designated by Venticinque et al., 2016) under 500 masl. Location of study area is shown in a
rectangle in (A) with reference to the South American continent. Major tributaries are outlined as thick lines (Lehner &
Grill, 2013) and the river network (Mayorga et al., 2012) is shown as thinner lines.
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Long-term consequences of flood pulse alteration for floodplain
ecosystems. On the basis of their exceptionally high bio-

diversity and numerous species interactions, Amazonian
floodplains are home to complex ecosystems. Therefore,
the ecological consequences of flood pulse change might
be neither immediately apparent nor easily measurable.
However, through progressive cascading effects, even subtle
hydrological change could, in the longer term, lead to a
substantial loss of biodiversity and ecosystem services in
Amazonian floodplains. We focus here on the potential
ecological consequences of change in three different aspects
of the flood pulse: the timing, duration, and magnitude of
https://academic.oup.com/bioscience
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flooding (Figure 3). While we acknowledge that changes in
other components of the flood pulse (e.g., water velocity)
may also impact floodplain ecosystems, these three components exert a dominant effect on the composition and
functioning of floodplain ecosystems (Ward 1989; Poff et al.
1997). In addition, we acknowledge that the components of
flood pulse change listed below have partially overlapping
ecological effects. Thus, some of the potential ecological
consequences discussed are not restricted to only one hydrological change factor.
When?—The effects of changes in the timing (predictability) of
flooding. Numerous plant families that dominate Amazonian

flooded forests originated ≈100 million years ago (Correa
et al. 2015). Flooded forests have persisted and dominated
wetlands and river floodplains since the Andes uplift during
the Miocene, which facilitated the evolution of adaptations
to the flood pulse and strong species interactions (Wittmann
and Householder 2017). Changes in the timing and predictability of flooding can affect plants and animals’ life-history
adaptations (i.e., synchronized life-cycle events) (Lytle and
Poff 2004). For example, one remarkable adaptation of trees
in Amazonian floodplains involves the community-wide
synchronicity of fruit ripening with the annual flood season
(Haugaasen and Peres 2005a, Hawes and Peres 2016). This
adaptive strategy facilitates seed dispersal by water (Parolin
et al. 2013, Correa et al. 2018) and by the numerous vertebrate frugivores that migrate to the flooded forest during
the annual flood, including fish (Correa et al. 2015, Correa
and Winemiller 2018), birds, and mammals (Haugaasen and
Peres 2007, Bodmer et al. 2018). These interdependencies
also suggest that alterations to the flood pulse and its predictability could lead to mismatches between tree fruiting
and the presence of dispersal agents, such as fish, disrupting
coevolutionary seed dispersal networks (Valiente-Banuet
et al. 2015). The importance of effective seed dispersal for
plant community resistance (ability to withstand disturbance) and resilience (recovering ability) is well established.
Therefore, the disturbance of seed dispersal networks could
profoundly affect forest regeneration (Araujo et al. 2021)
and the abundance of animals dependent on tree seeds
and fruits.
Alterations to the flood pulse and concomitant trophic
mismatches between frugivores and fruit can also lead to
behavioral and physiological changes in vertebrate frugivores. Under a normal flood pulse regime, the seasonal
hyper-abundance of fruit drives seasonal shifts in the diet
of frugivores from a fruit-dominated diet during the flood
season to alternative, less preferred food types during the
dry season (Correa and Winemiller 2014). If fruits are no
longer available or become scarce, permanent diet shifts are
likely. Permanent diet shifts among frugivorous fishes have
been reported in response to translocation (e.g., Piaractus
brachypomus, Serrasalmidae; Correa et al. 2014) or hydrological alteration after damming (e.g., Mylossoma duriventre,
Serrasalmidae, Brycon gouldingi and B. falcatus, Bryconidae;
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pulse (Almeida et al. 2020). Hydrological analysis of 33 dams
in the Brazilian Amazon showed downstream alterations
to the frequency and rate of change attributes of the flood
pulse; the magnitude of such alterations increased at lower
elevations with reservoir size (Timpe and Kaplan 2017).
Despite efforts to quantify the downstream effect of dams on
the flood pulse, we ignore how many floodplains basin-wide
show evidence of flood pulse change, the size of affected
areas, and the magnitude of such change.
In addition to dams, climate change may influence the
flood pulse through increased variability of the strength
of the El Niño and La Niña Southern Oscillations, effectively decreasing or increasing precipitation and streamflow,
respectively (Costa et al. 2009). During the twentieth century, the extent of inundated floodplains was reduced by up
to 12% in El Niño years (e.g., in 1952 and 1982; Foley et al.
2002). When El Niño coincides with the dry phase of the
flood pulse (e.g., 1992–1993), exceptional low streamflow
can result in a 45% reduction of the inundated floodplain
area (Melack and Coe 2013). Moreover, such extreme
drought events reduce the amount of water stored in floodplain lakes which play a crucial role in the basin’s hydrological cycle by replenishing in-channel river flow (reviewed by
Melack and Coe 2013). Climate change-induced variation
in precipitation and concomitant effects on discharge and
flooding can be exacerbated by deforestation, given the
forest’s contribution to the hydrological cycle (Nobre and
Borma 2009).
Computer simulations of basin-wide deforestation scenarios show contrasting effects on climate and flooding.
Modest deforestation (i.e., 35%) can decrease potential
evapotranspiration rates relative to precipitation, thereby
increasing runoff rates (Costa et al. 2009) and the extent of
the inundated area by 6% average on the main stem Amazon
River floodplain. However, drastic deforestation (i.e., 55% of
the basin) can decrease precipitation relative to evapotranspiration, leading to a 5-10% decrease in the inundated floodplain area, particularly in El Niño years (Melack and Coe
2013). Drastic deforestation also can reduce flood duration.
For instance, the number of years in which the inundated
floodplain area was 50% smaller during four consecutive
months nearly doubled in a 51-year time series simulation
(Melack and Coe 2013).
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How long? – The effects of changes in the duration of flooding. The

Figure 3. Conceptual model representing the ecological
consequences of alterations to three attributes of the flood
pulse: (A) timing, (B) duration, and (C) magnitude of
flooding. Diagram produced by Yira Tatiana Onzaga Barreto,
Social communicator, the Wildlife Conservation Society.
Albrecht et al. 2009, Melo et al. 2019). A fruit-dominated
diet, rich in carbohydrates, provides the energy that supports
the metabolism of frugivores (Correa and Winemiller 2018).
Trophic mismatches between frugivores and fruit availability would no longer sustain fat deposits in frugivores (Junk
1985). Such mismatch can affect the health of frugivores
through a reduction in body condition (i.e., lower weight
for a given length), and alterations to their reproductive
phenology. Community-wide alterations in body condition,
with increasing or decreasing trends, driven by changes in
food availability and quality have been reported in a broad
array of consumers (e.g., Neotropical freshwater fish, Pereira
and Agostinho 2019; frugivorous birds, Campo-Celada
et al. 2022; marine fish, birds, and mammals, Harwood
et al. 2015). Long-term consequences of low body condition
include decreased growth rate, shorter individuals, smaller
stocks, and reduced fitness (Harwood et al. 2015).
The flood pulse also triggers fish migrations at different times relevant to spawning, dispersal and feeding. For
758 BioScience • August 2022 / Vol. 72 No. 8
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effects of changes in flooding duration are complex and
highly species-specific. For floodplain trees, long-term
flooding is ultimately a stress factor. Tree root systems are
susceptible to oxygen deprivation during prolonged flooding. Floodplain trees exhibit strategies to alleviate hypoxic
and anoxic conditions (e.g., Parolin et al. 2004, Haase and
Rätsch 2010, Piedade et al. 2010). Therefore, the ability
to withstand prolonged flooding is a strong driver of tree
species composition in Amazonian floodplain forests (e.g.,
Ferreira 1997; Wittmann et al. 2004; Householder et al.
2021). An increase in flooding duration can lead to tree
mortality, as it was recently shown for tree species at the
lowest floodplain topographies on the Uatumã River in the
Central Amazon basin (Assahira et al. 2017, Resende et al.
2019). Tree mortality occurred during periods of consecutive years of inundation caused by implementing a hydropower dam. Although many floodplain tree species also
occur outside floodplains (Wittmann et al. 2013), shortening
of the flooding duration, on the other hand, may cause an
increased dominance of tree species primarily associated
with higher topographies on the floodplain and upland forest. Thus, changes in flooding duration could lead to floodplain truncation (see below) and to a substantial turnover of
species in floodplain forests (Wittmann et al. 2019).
For most Amazonian fish in main river channels, the
dry season is a period of limited food availability due to
low in-situ productivity (Goulding et al. 1988). In contrast,
the flooding season furnishes a period of plenty due to the
elevated availability of allochthonous foods in a greatly
expanded aquatic environment. Many fish species, and most
migratory characiforms, rely primarily on fat reserves, built
up by heavy feeding during the floods, to survive the dry
season (Goulding 1980, Junk 1985). The dry season is also
a period of high predation risk for fish, given that in most
areas, their aquatic habitat retracts to a volume that is only
a fraction of that during the flooding season (Crampton
2011). Therefore, changes in the duration of flooding affect
the productivity of fish populations and survival rates, ultimately affecting fishery yields. Long floods have been found
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migrating species, most of which spawn at the onset of the
flooding season, a fast-rising river constitutes a strong signal
to start the spawning migration and accelerate gonad development (e.g., Brito and Petrere 1990, Barthem et al. 2017).
Other behavioral aspects of fish reproductive cycles —not
just for regional or continental migratory species but also
for sedentary or locally migratory species— rely on cues
related to the flood pulse. For example, falling waters prompt
Arapaima spp. (Arapaimidae) populations to migrate from
flooded floodplains to permanent lakes and their connecting
channels, where they build nests and spawn (Castello 2008).
Loss of reliable hydrological cues relevant for successful
spawning may reduce and delay reproductive output, with
negative effects on the age class of that year (Ribeiro and
Petrere-Jr 1990).
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species spend most of the year within flooded forests.
Yet others are entirely dependent on flooded forests (e.g.,
Cacajao calvus calvus, Saimiri vanzolinii: Paim et al. 2019)
and may respond strongly. Leaf and fruit production timing in flooded and non-flooded adjacent habitats is nonsynchronous (Haugaasen and Peres 2005a; Hawes and Peres
2016). Such divergence in the temporal distribution of food
resources influences the movement of flooded-forest specialist primates (e.g., Cacajao ouakary, Barnett et al. 2005;
Chiropotes albinasus, de Oliveira et al. 2016) to the adjacent
non-flooded forest when suitable resources are no longer
present in viable quantities. The presence of the two adjacent
habitats appears key to population survival; uakari monkeys
(Cacajao spp.) are absent from areas of the lower Rio Negro
that lack flooded forest, while populations are sparse in
flooded forests that lack an adjacent non-flooded hinterland
(Rocha 2016).
How high? – The effects of changes in the magnitude of f looding. The

annual advance and retreat of river waters over their adjacent floodplains induce lateral exchanges of organic and
inorganic materials between river channels and floodplains
that increase primary production (Melack and Forsberg
2001). Andean-origin tributaries deposit nearly 500 Tg
of sediment and nutrients onto their floodplain annually
(Dunne et al. 1998, McClain and Naiman 2008), and in the
process create and maintain thousands of square kilometers
of floodplain habitat in the lowland Amazon (Lessmann
et al. 2016). Lower or higher flooding magnitude may affect
deposition rates and floodplain soil fertility in the long term.
Reduction of flooding magnitude will also effectively
reduce the size of the floodplains as it will inhibit flooding at higher topography. As mentioned above, numerous
herbivorous, insectivorous, and omnivorous fishes store fat
by exploiting foods seasonally available in floodplain forests
during the annual flood pulse’s high- and falling-water periods (Junk 1985). As a result, they time gonad maturation
and spawning to the subsequent dry- and rising-water seasons, respectively, to capitalize on accumulated fat (Röpke
et al. 2019). Fish fecundity, for instance, increases in females
reproducing a year after a strong flood season (i.e., long
duration and magnitude; Röpke et al. 2019). A decline in
floodplain forest extent will lower fish biomass and decrease
fisheries yields for all if not most trophic groups, including
surface and benthic dwellers (Castello et al. 2018, Arantes
et al. 2019b, de França Barros et al. 2020). Consequently,
shrinkage of floodplain forest extent will ultimately affect
the livelihoods of millions of people who are dependent on
fishery resources in the Amazon basin.
The loss of floodplain forest extent induced by a lower
flood pulse may also influence ecosystem processes and
functions via a decline in structural complexity (Mensah
et al. 2020) and by reducing or eliminating permanent water
bodies such as oxbow lakes (Reis et al. 2019). Habitat heterogeneity at a landscape scale, in combination with habitat
size, likely explains the high concentration of species in
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to boost fishery yields in subsequent years (Castello et al.
2015, Lima et al. 2017), whereas long dry seasons promote
smaller-than-normal catches. Alternatively, in some areas,
the accumulation of dry organic matter can be an important
driver for aquatic productivity during the following flood
season. This means that the duration of the dry period could
also be significant for some aquatic species (Sabo et al. 2017).
Many Amazonian fish species also depend on floodplain
forests as breeding and rearing grounds (e.g. van der Sleen
and Albert 2017, van der Sleen et al. 2020). A shortening of
the flooding period may reduce the recruitment season for
several species. In addition, lengthening of the low-water
season may reduce fish body condition and thus reproductive output at the start of the flooding season. Indeed,
the recruitment of long-distance migratory fish is known
to be positively related to flooding duration and timing
(Agostinho et al. 2004, Suzuki et al. 2009). On the other
hand, a shorter dry season may affect species that depend on
sandbanks for nesting sites, such as bird and reptile species
(e.g., birds–Phaetusa, Rhynchops, Sternula: Zarza et al. 2013;
turtles–Podocnemis: Escalona et al. 2009). For turtles, shortening the time when unflooded areas are available could
increase mortality by drowning of unhatched turtles and
by increased nest disturbance by predators and other laying
females (Eisemberg et al. 2016). Interspecific differences in
breeding behavior make some species more vulnerable than
others to changes in flood regimes. Podocnemis expansa,
for instance, nests on the upper part of sandbanks, while P.
unifilis nests closer to the water (Ferreira Júnior and Castro
2010). For sandbank-using birds, reductions in physical
areas available for nesting are expected to be severe (Austad
2016). As nesting requirements are quite precise, populations are likely to decline not only from the loss of available
breeding space but also because of increased aggression
between nest-holders which is already a significant cause of
mortality (Ramos 2003; Villanueva-Gomila et al. 2009). In
addition, nesting sites for several species of river turtles (e.g.,
Peltocephalus dumerilianus, Vogt et al. 1994) and crocodilians (e.g., Melanosuchus niger, Villamarín-Jurado and Suárez
2007) often is limited due to their prolonged incubation
times and need of large volumes of vegetation for nest construction (e.g., M. niger, Banon et al. 2019). This may lead
to an increased frequency of communal nesting sites (e.g.,
Caiman crocodilus, Cunha et al. 2016) under climate change
conditions (Villamarín et al. 2011). Changes in water levels
following dam construction have been recorded as severely
disrupting caiman reproductive patterns (Campos 2019).
In addition, all Neotropical crocodilians have temperaturerelated sex-determination (Piña et al. 2003), thus alterations
to nesting sites driven by flood pulse changes may also have
long-term effects on sex-ratios (Valenzuela 2001).
Changes in flooding duration causing tree mortality
and turnover of tree species in floodplains can have cascade effects on dependent mammal communities. While
some primate species visit flooded forests occasionally
(Haugaasen and Peres, 2005b, 2007, 2009), several primate
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many animal and plant groups associated with floodplain
landscapes (Figure 4). Studies of a variety of Amazonian
taxa provide support for this hypothesis. For example,
the structural complexity of floodplain habitats in the
Central Amazon drives fish species richness (Henderson
and Robertson 1999) and beta diversity (Siqueira-Souza
et al. 2016). Floodplain forest loss has been directly linked
to spatial homogenization of fish assemblages and reduced
functional diversity (Arantes et al. 2018, 2019b). A lower
flood pulse can also affect the availability of floating meadow
habitat for juvenile fishes (Petry et al. 2003), with negative consequences for biodiversity as adjacent floodplain
meadow and forest habitat support different fish assemblages (Correa et al. 2008; Siqueira-Souza et al. 2016). Thus,
habitat heterogeneity is fundamental at a local scale because
it facilitates spatial segregation, species coexistence, and the
maintenance of biodiversity (Rosenzweig 1995, Morris 2003,
Leibold and McPeek 2006).
A lower flood pulse may also increase the area covered
by relatively shallow water. Shallower habitats support
lower fish species diversity and abundance (Petry et al.
2003, Arantes et al. 2013). A change in depth shifts community composition (Miranda 2005). In particular, shallower
waters associated with low dissolved oxygen (DO) favor airbreeding and hypoxia-tolerant species (Miranda 2005) and
negatively affect pelagic piscivore species that are intolerant
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of hypoxic conditions (Junk et al. 1997). Even species that
tolerate hypoxia (e.g., Arapaima spp. and Hoplias malabaricus) can be affected by hydrogen sulfide (H2S), which is
often associated with low DO (Petry et al. 2003). Therefore,
a smaller flood pulse and the associated reduction, or loss,
of floodplain habitat can have profound cascading effects on
biodiversity.
A lower flood pulse may also affect dry-season food availability within the floodplain forest, with potential community-level consequences. Numerous terrestrial vertebrates
consume seeds as receding water deposits floating seed mats
on the forest floor (Antunes et al. 2019). A lower flood pulse
will reduce the size of the inundated area and hence restrict
the extent of such seed mats to the river’s shore. These seed
mats are present at a period when seed availability is low in
the adjacent non-flooded forest, leading to high visitation
rates and voluminous seed removal (Haugaasen and Peres
2005a). Consumers include floodplain-forest-dependent
primates that descend from the canopy (Barnett et al. 2012),
as well as granivores (e.g., rodents) and herbivores (e.g., deer
and tapir that feed on the germinating shoots) that migrate
from the adjacent non-flooded forest (Antunes et al. 2019).
Carnivores (e.g., jaguar and ocelots) track both groups
(Barnett et al. 2012; Antunes et al. 2019). Lower seed availability could increase the frequency of caiman-egg removal
by primates (Torralvo et al. 2017) and nest-guarding caiman
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Figure 4. The habitat heterogeneity —largely determined by the mosaic structure of meadow and forest habitats associated
with the floodplains (A)— most likely promotes the number of niches (B) (Carvalho et al. 2016) and species diversity per
unit area (C, D) (Henderson and Robertson 1999).
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Tracking flood pulse alterations in Amazonian
Within a floodplain, slight differences in elevation of a few
centimeters per kilometer make a difference in flood duration (i.e., water retention time) and the direction of water
flow (Melack and Coe 2021). Hydrological (vertical flow)
and hydraulic (lateral flow) modeling of Amazonian floodplains advanced tremendously over the last three decades
thanks to improved remote sensing technology and multisatellite analytical approaches (reviewed by Fassoni-Andrade
et al. 2021). Yet modeling the flood pulse within dense floodplain forests and floating macrophytes is still hindered by the
lack of high-resolution digital elevation models that capture
fine-scale changes in topography (Fassoni-Andrade et al.
2021, Melack and Coe 2021). Although the daily discharge
of many large rivers is currently monitored by water-level
gauges, mainly in the Brazilian Amazon, these gauges are
located in river channels and do not capture fine-scale
hydrological variability within floodplains (e.g., overbank
flooding versus flooding through channels; Melack and Coe
2021). Exacerbating these challenges is the reality that different institutions independently manage river gauges within
the eight countries and one overseas territory that comprises
the Amazon basin. Limited coordination between institutions and governments makes it extremely difficult to access
data for basin-level analyses.
Monitoring flood pulse change in Amazonia. As climate change

and dam construction progress, the flood pulse needs to
be monitored at a high temporal and spatial resolution that
reflects hydrological influences on ecological processes
(e.g., plant zonation and lateral fish migrations). Adequately
monitoring alterations to the flood pulse requires establishing a network of regional observatories that are equipped
with sensors within floodplains at different reaches (upper,
middle, lower) in the large northern and southern tributaries
https://academic.oup.com/bioscience
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(e.g., Japura, Negro, Madeira, Trombetas, and Tapajos rivers). Other priority areas are wetlands in large depressions
(e.g., Pacaya-Samiria National Reserve, Peru). A network
can be established by building upon existing infrastructure
in national parks, sustainable use and nature reserves, and
biological stations across the basin and creating infrastructure within indigenous territories. Training local staff and
indigenous peoples and investing in internet connectivity
can facilitate the maintenance of equipment and data collection in remote areas. Protocols from ongoing efforts
to monitor flood pulses in other regions (e.g., United
States Environmental Protection Agency, https://www.epa.
gov/wetlands/how-do-i-develop-wetlands-monitoring-program) can be adapted to the context of the Amazon region.
Data loggers that record flooding on an hourly basis can be
deployed in transects within floodplains to access spatiotemporal variability. Other variables of importance that influence the flood pulse include precipitation, temperature, and
groundwater storage. A network approach will allow data
sharing, standardization of methodologies (sensor types,
variables recorded, and frequency of data collection), data
access to the scientific community, calibration of remote
sensing data, and data integration.
Assessing flood pulse change in Amazonia. Leveraging tools from

the early warning signals and tipping point literature (e.g.,
Scheffer et al., 2012; Dakos et al., 2012) may further contextualize the scale and pace of ongoing and future hydrologic
alterations in the Amazon Basin. Yet, the concept of tipping
points has been scarcely applied in hydrological studies for
several reasons. A major issue is that hydrology tends to be
used both as a driver and a control variable in tipping point
studies, which hinders inference on cause-effect (Jaramillo
et al., 2020). The spatial-temporal scale at which hydrologic tipping points are identified requires long-term data
series which often are not available (e.g., time series when
the hydrologic record has greater length and sampling frequency relative to its potential drivers – climate and deforestation; Krueger et al., 2019). In addition, hydrologic tipping
points are often thought to be driven by shifts in climate
and landscape which precludes searching for other drivers
(Jaramillo et al., 2020). Acknowledging these shortcomings,
we propose that the inclusion of hydrological tipping point
analyses (e.g., early warning signal analysis; Scheffer et al.
2012, Dakos et al. 2012) could be used to quantify the effects
of large-scale drivers of change on hydrological systems.
In general, the determination of early warning signals may
use metrics-based and/or model-based approaches. Metrics
such as variance, critical slowing down, and conditional
heteroskedasticity have been shown to be useful at monitoring signals of early warning tipping points in climate and
forest cover change (Scheffer et al. 2012, Dakos et al. 2012).
A model-based approach quantifies changes in time-series
data (i.e. time-varying or threshold-based autoregressive
models) to simulate environmental conditions and occasional shifts in alternative stable states. The advantage of a
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predation by jaguars (da Silveira et al. 2017). The importance of resource pulses such as these seed mats in supporting terrestrial vertebrate diversity has yet to be quantified
(e.g., see Correa and Winemiller 2014 for fish).
In contrast, a higher flood pulse may affect the survival
of sandbank-nesting turtles and birds in the Amazon. Some
river turtles excavate nests up to 60 cm deep, creating the
potential to place them below the water table as waters rise
(Norris et al. 2018a). Low elevation coupled with lateral
infiltration of water in sandy soils, means that effective areas
suitable for nesting may be much smaller than what appears
above the water level (Norris et al. 2020). For sandbanknesting turtles and birds, inundation and erosion of existing sites are likely to lead to crowding, resulting in reduced
reproductive success because of interference (Santos Arraes
et al. 2016). In addition, some nesting sites may be lost
completely, and the capacity for adjustment at the individual- and population-level is currently little studied,
although transplantation is a management option (Ribeiro
and Navarro 2020; Norris et al. 2018b).
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Table 1. Proposed monitoring proxies to detect large-scale ecological change induced by alterations to the flood pulse
regime in Amazonian floodplains
Drivers

Responses

Indicators

1) Floodplain forests

• Flooding stress
• Drought stress
• Fire

• Tree mortality

• % forest cover
• Floodplain extent
• Habitat heterogeneity

2) Fish assemblages

• Flow regime
• Environmental cues

• P
 redictable shifts in
assemblage composition
(functional groups)
• Loss of early life stages
• Reduced fisheries

•
•
•
•
•
•

Species composition
Distribution
Abundance
Life stage
Catch per effort
Body size

3) F loodplain-forest-specialist
fauna

• Trophic mismatches

• Permanent diet shifts
• Lower survival
• Decreased fitness

•
•
•
•

Diet
Health (weight/length)
Reproductive timing
Reproductive effort

4) Beach-specialist fauna

• Flow regime

• Loss of beach nesting habitat
• Loss of riparian nursery habitat

•
•
•
•

Sex ratio
Age structure
Birth rates
Mortality rates

model-based approach is that sensitivity analysis and testing model parameters can isolate the role of a driver on
short to long-term hydrologic variability (Ives & Dakos,
2012). Prior to calculation, it should be noted that the data
is appropriately related to a hydrologic response variable,
be of sufficiently long-time span, and have a measurement
frequency suitable for determining proximity to a tipping
point (Thompson and Seiber, 2011).
Biotic indicators of ecosystem state change in
Amazonian floodplains
Given the potential ecological consequences of changes in
the flood pulse to biodiversity, as described above (figure 3),
here we identify biotic indicators that could flag the onset of
significant ecosystem change, and that should have a high
priority in long-term monitoring efforts. We identify four
biotic proxies likely to show strong responses to alterations
of the flood pulse and that may serve as indicators of floodplain ecosystem state change (Table 1, Figure 5).
Floodplain forests. Tree mortality can follow almost imme-

diately after inundation periods that extend beyond a tree’s
maximum flooding tolerance (Assahira et al. 2017, Resende
et al. 2019). Thus, tree mortality, particularly at the lowest part of the flooding gradient, could be one of the first
apparent consequences of flood pulse change. However,
changes in the flood pulse can also lead to tree mortality
at higher topographies since shorter flooding seasons may
induce drought stress for trees during the dry season and/
or increase the risk of forest fire (Flores et al. 2016, 2017).
Tree mortality could ultimately lead to a loss of tree cover
in floodplains, and a shift to a more open vegetation state,
as observed in the Rio Negro basin (Figure 5A-B; Flores
and Holmgren 2021). Thus, the percentage of tree cover per
unit area can be used as one of the primary indicators of
floodplain ecosystem state change. In addition, monitoring
landscape attributes can help identify landscape complexity
losses and if mitigation is implemented, avoid species losses
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given the positive relations between habitat area and heterogeneity with species richness (Figure 4). We recommend
monitoring changes in floodplain extent and the percent of
habitat types (e.g., lakes, channels, forests) per unit area.
Changes in tree cover, habitat area, and landscape heterogeneity in floodplains could be identified using remote
sensing data (but see Kalacska et al. 2020 for methodological considerations), as well as by extending the network of
permanent forest sampling plots in Amazonian floodplains
(e.g., Amazon Tree Diversity Network, Amazon Forest
Inventory Network-Rainfor and Center for Tropical Forest
Science-CTFS). Still, vast areas in the Amazon currently
lack any inventory- and/or long-term monitoring plots,
particularly in the western and southeastern Amazon. For
both inventory plot- and remote sensing data, it is essential
to recognize that floodplains consist of gradients in flooding duration that drive patterns in tree species composition
(Ferreira 1997; Wittmann et al. 2004; Householder et al.
2021). Such gradients, and thus site selection, are important
to acknowledge and account for when using monitoring
networks or remote sensing approaches to assess the impact
of flood pulse change, as its impact may depend on site
topography.
Fish assemblages. Alteration of the flood pulse, and associated

changes in floodplains, can result in relatively predictable
shifts in fish assemblage composition (Arantes et al. 2019a).
Thus, monitoring fish assemblage structure can serve as an
indicator of state change. For example, generalist species
with pelagic behavior and low dispersal capacity (including
piscivores adapted to lentic environments) and species with
high diet plasticity may be relatively tolerant to change in the
duration and magnitude of flooding. Indeed, some species in
the genera Cichla (Cichlidae), Serrasalmus (Serrasalmidae),
and Hypophthalmus (Pimelodidae) have been reported to
increase in abundance in areas affected by hydrologic alterations from hydropower dams (Figure 5C-D; Arantes et al.
2019a). On the other hand, periodic strategists (i.e., those
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with late maturity, high fecundity and low juvenile survival),
rapid (rheophilic) and/or bottom dwellers, and feeding
specialists may be particularly vulnerable to changes in flow
characteristics, and so are likely to experience rapid declines
(Miranda 2005, Arantes et al. 2019a). Likewise, reduction of
floodplain extent can be followed by declines in the abundance/biomass of species that have strong associations with
flooded forests. These include frugivores, detritivores, and
https://academic.oup.com/bioscience
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Figure 5. Proposed biotic indicators of state change in Amazonian floodplains.
Floodplain forest tree mortality in the middle Rio Negro (Brazil), photographed
in 2017, at a recently burned site (A), and at a site that remains in an
open vegetation state after burning in 2010 (B). Species adapted to lentic
environments include Catoprion mento (C) and Cichla spp. (D). Flooded forest
specialist fauna includes frugivorous species such as Myloplus asterias (E) and
White Uakari ( Cacajao calvus calvus) (F). Beach specialist fauna includes
beach-nesting Podocnemis expansa (G) and Rynchops niger (H). Photo
credits: (A-C) Peter van der Sleen, (D) Caroline Arantes, (E, H) Jorge GarciaMelo, (F) Michael Goulding, (G) Barthira Rezende de Oliveira.

equilibrium strategists (i.e., those with
late maturity, low fecundity, and high
juvenile survival) (Arantes et al. 2019b).
The resulting would be a fish assemblage
likely dominated by species that benefit from increased primary production
in open waters (e.g., planktivores). Fish
monitoring-data can be used as input
for threshold indicator analysis (e.g.,
TITAN, Gradient Forest; Baker and King
2010, Chen and Olden 2020) to detect
effects of flood pulse change and landscape disturbance on fish assemblages.
Additionally, the monitoring of earlier life stages of fish assemblages has
been relatively overlooked (Zacardi
et al. 2020) but can provide insights
into flood-pulse-change influences
on reproduction dynamics, spawning
grounds, and fish species recruitment.
Like incubation of eggs and larval development, the initiation of fish spawning is strongly related to flood pulse
timing, magnitude, and duration and
responds to these attributes in various
degrees depending on species identity
(Zacardi et al. 2020, Mariac et al. 2021).
Monitoring data on egg and larval composition, distribution, and abundance
can thus provide valuable early indicators of the effects of flood pulse change
and ecosystem state change.
Ultimately, alterations in fish assemblage composition can cause profound
effects on fisheries, with potential
declines in the yields of those species that
are less resilient to changes in flooding
attributes. Thus, although responses are
likely to be slower than observed for the
fish assemblages (e.g., potential delays in
responses may be observed), or can be
initially hidden by shifts in fishing gear
and fishing effort, monitoring fishery
aspects, including catch per unit effort,
as well as species composition, body
size and weight in yields can inform the
status of fishery production in relation to
flood pulse changes.

Floodplain forest specialists. Floodplain forest specialists can act

as sentinels for floodplain ecosystems, based on their dependence on floodplain habitat and food resources. Specialists
include frugivorous fishes such as Colossoma macropomum,
Piaractus brachypomus, Myloplus spp. and Myleus spp.,
birds such as the Varzea Piculet (Picumnus varzeae) and
Scaled Spinetail (Cranioleuca muelleri), and primates such
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Beach specialists. Animals specialized in foraging and nesting

in fluvial beaches have their natural histories deeply connected to the hydrological cycle and, as such, are susceptible
to flood pulse alterations. Detection of demographic changes
in populations of beach-dependent species (e.g., turtles and
shorebirds) can be a highly effective indicator of ecosystem
state change (Figure 5G-H). This strategy can capitalize
on an existing network of nest-site conservation programs
(Fagundes et al. 2021; Mogollones et al. 2010) and combine academic and citizen science approaches (Norris et al.
2018b) to facilitate implementation.
Conclusions and recommendations
River floodplains constitute a critical ecosystem that supports unique biodiversity and ecosystem services in the
Amazon. Just as rainfall modulates ecosystem processes
in rainforests (Malhi et al. 2008) and can drive ecosystem
state change (Lovejoy and Nobre 2018), we emphasize how
flood pulses drive the functioning of Amazonian floodplain
ecosystems. Along with controlling headwater, upland, and
wetland deforestation and pollution effects on water quality,
the long-term conservation of aquatic biodiversity in the
basin also depends on maintaining the key attributes of the
flood pulse: timing, duration, and magnitude (Figure 3).
Aside from a few studies assessing changes to the flood pulse
downstream from hydropower dams and computer simulations of the effects of climate change and deforestation, there
is very limited documentation of how the flood pulse of
Amazonia is changing. To advance this knowledge gap, it is
critical to track flood pulse change and monitor biotic indicators of ecosystem state change which will provide crucial
information for policy decisions aimed at mitigation.
Long-term environmental and biological monitoring in
the Amazon is challenging due to the region’s enormous
size, remoteness, and lack of institutional monitoring infrastructure in many areas, the scarcity of research institutions,
and limited funding for long-term monitoring. Given these
challenges, proxies are needed to identify ecological state
changes. Such biotic proxies could include tree mortality,
fish assemblage structure, the abundance and health of
floodplain-forest plant and animal specialists, and beach
764 BioScience • August 2022 / Vol. 72 No. 8
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specialist species. In addition, we recommend creating a
basin-wide network of automated data loggers to monitor
hydrological change in floodplains specifically, to complement the current monitoring of river channel flow dynamics. A network approach will ensure adapting standardized
protocols and create opportunities for remote sensing and
in-situ data integration.
Scientists working in collaboration with subsistence fishers and hunters will benefit from their long-term local
ecological knowledge of past and current conditions (GarciaQuijano 2007). Local communities can play an essential role
in monitoring change, while their involvement can empower
youth to pursue advanced education and training. Such
an approach would be fruitful for ensuring the continuity
and quality of data collection and enhancing stakeholders’
understanding of the long-term consequences of environmental change for Amazonian aquatic ecosystems and the
people that depend on them.
Acknowledgments
We are grateful to Roberto E. Reis, Mark Sabaj, and an anonymous reviewer for valuable comments on a previous version of this manuscript. This work was part of a collaborative
effort funded by the Gordon and Betty Moore Foundation
through the Wildlife Conservation Society (WCS). We thank
Mariana Varese and Mariana Montoya (WCS) for their help
with coordinating the effort. The hydrologic analyses are
based upon work supported by the USA National Science
Foundation Graduate Research Fellowship (Grant no. DGE1842473 to S. F. Siddiqui). S.B. Correa was supported by
the Forest and Wildlife Research Center of Mississippi State
University, USA (McIntire Stennis project #1026075). C. C.
Arantes was supported by the USDA National Institute of
Food and Agriculture (McIntire Stennis project #1026124).
A. A. Barnett’s work in igapó has been supported by the
LSB Leakey, Primate Action Fund, and WCS. E.P. Anderson
acknowledges the MacArthur Foundation (grant #16-1607151053-CSD) and the Tinker Foundation for support.
References

Agostinho AA, Gomes LC, Veríssimo S, Okada EK. 2004. Flood regime,
dam regulation and fish in the Upper Paraná River: effects on assemblage attributes, reproduction and recruitment. Reviews in Fish Biology
and Fisheries 14: 11–19.
Albrecht MP, Caramaschi ÉP, Horn MH. 2009. Population responses of two
omnivorous fish species to impoundment of a Brazilian tropical river.
Hydrobiologia 627: 181–193.
Almeida RM, Hamilton SK, Rosi EJ, Barros N, Doria CR, Flecker AS,
Fleischmann AS, Reisinger AJ, Roland F. 2020. Hydropeaking operations of two run-of-river mega-dams alter downstream hydrology of
the largest Amazon tributary. Frontiers in Environmental Science 8:120.
Amaral JHF, Melack JM, Barbo PM, MacIntyre S, Kasper D, Cortés A et al.
2020. Carbon dioxide fluxes to the atmosphere from waters within
flooded forests in the Amazon Basin. Journal of Geophysical Research:
Biogeosciences 125: e2019JG005293.
Antunes AC, Baccaro F, Caetano Andrade VL, Ramos JF, da Silva Moreira
R, Barnett AA. 2019. Igapó seed patches: a potentially key resource
for terrestrial vertebrates in a seasonally flooded forest of central
Amazonia. Biological Journal of the Linnean Society 128: 460–472.

Downloaded from https://academic.oup.com/bioscience/article/72/8/753/6605714 by guest on 09 September 2022

as Golden-backed uacari (Cacajao ouakary), White Uakari
(Cacajao calvus calvus), and Black Squirrel Monkey (Saimiri
vanzolinii) (Figure 5E-F). Monitoring floodplain frugivores’
feeding habits and health could help detect permanent diet
shifts or lower body condition, respectively, which can serve
as indicators of ecosystem state change. Lastly, the detection
of delays in reproduction or lower fecundity by monitoring the reproductive phenology and reproductive effort
of floodplain-forest specialists can also serve as indicators
of ecosystem state change. Multi-year monitoring should
focus on small-sized/short-living vertebrates that are likely
to respond faster than long-living species to changes in the
flood pulse. Ideally, monitoring of consumers should be
coupled with monitoring of food production.

https://academic.oup.com/bioscience

18-07-2022 08:35:11 PM

Overview Articles

https://academic.oup.com/bioscience

753-768-biac038_COW.indd 765

Castello L, Hess LL, Thapa R, McGrath DG, Arantes CC, Renó VF, Isaac VJ.
2018. Fishery yields vary with land cover on the Amazon River floodplain. Fish and fisheries 19: 431–440.
Castello L, Isaac VJ, Thapa R. 2015. Flood pulse effects on multispecies
fishery yields in the Lower Amazon. Royal Society Open Science 2:
150299.
Chen K, Olden JD. 2020. Threshold responses of riverine fish communities to land use conversion across regions of the world. Global Change
Biology 26: 4952–4965.
Correa SB, Betancur-R R, Mérona B de, Armbruster JW. 2014. Diet shift of
Red Belly Pacu Piaractus brachypomus (Cuvier, 1818) (characiformes:
Serrasalmidae), a Neotropical fish, in the Sepik-Ramu River Basin,
Papua New Guinea. Neotropical Ichthyology 12: 827–834.
Correa SB, Costa-Pereira R, Fleming T, Goulding M, Anderson JT. 2015.
Neotropical fish-fruit interactions: Eco-evolutionary dynamics and
conservation. Biological Reviews 90: 1263–1278.
Correa SB, Crampton WGR, Chapman LJ, Albert JS. 2008. A comparison
of flooded forest and floating meadow fish assemblages in an upper
Amazon floodplain. Journal of Fish Biology 72: 629–644.
Correa SB, de Oliveira PC, Nunes da Cunha C, Penha J, Anderson JT.
2018. Water and fish select for fleshy fruits in tropical wetland forests.
Biotropica 50: 312–318.
Correa SB, Winemiller K. 2018. Terrestrial–aquatic trophic linkages support fish production in a tropical oligotrophic river. Oecologia 186:
1069–1078.
Correa SB, Winemiller KO. 2014. Niche partitioning among frugivorous
fishes in response to fluctuating resources in the Amazonian floodplain
forest. Ecology 95: 210–224.
Costa MH, Coe MT, Guyot JL. 2009. Effects of climatic variability and
deforestation on surface water regimes. Amazonia and global change
186: 543–553. AGU.
Crampton WGR. 2011. An ecological perspective on diversity and distributions. Pages 165–189 in Albert JS, Reis RE, eds. Historical biogeography
of Neotropical freshwater fishes. University of California Press.
Cunha FAG, Barboza RSL, Rebêlo GH. 2016. Communal nesting of Caiman
crocodilus (Linnaeus, 1758) (Crocodylia: Alligatoridae) in Amazon forest floodplain, Brazil. Herpetology Notes 9: 141–144.
Dakos V, Carpenter SR, Brock WA, Ellison AM, Guttal V, Ives AR, Kéfi S,
Livina V, Seekell DA, van Nes EH. 2012. Methods for detecting early
warnings of critical transitions in time series illustrated using simulated
ecological data. PloS one 7: e41010.
de Brito RMC, Petrere JM. 1990. Fisheries ecology and management of the
Jaraqui (Semaprochilodus taeniurus, S. insignis) in central Amazonia.
River Research and Applications 5: 195–215.
de França Barros D, Petrere MJr, Lecours V, Butturi-Gomes D, Castello
L, Isaac VJ. 2020. Effects of deforestation and other environmental
variables on floodplain fish catch in the Amazon. Fisheries Research
230: 105643.
de Oliveira TG, Mazim FD, Vieira OQ, Barnett APA, Silva G do N, Soares
JBG, Santos JP, da Silva VF, Araujo PA, Tchaika L. 2016. Nonvolant
mammal megadiversity and conservation issues in a threatened central Amazonian hotspot in Brazil. Tropical Conservation Science 9:
1940082916672340.
Dunne T, Mertes LAK, Meade RH, Richey JE, Forsberg BR. 1998.
Exchanges of sediment between the flood plain and channel of the
Amazon River in Brazil. Geological Society of America Bulletin 110:
450–467.
Eisemberg CC, Machado Balestra RA, Famelli S, Pereira FF, Diniz
Bernardes VC, Carl Vogt R. 2016. Vulnerability of giant South
American turtle (Podocnemis expansa) nesting habitat to climatechange-induced alterations to fluvial cycles. Tropical Conservation
Science 9: 1940082916667139.
Escalona T, Valenzuela N, Adams DC. 2009. Nesting ecology in the freshwater turtle Podocnemis unifilis: spatiotemporal patterns and inferred
explanations. Functional Ecology 826–835.
Fagundes CK, Fath F, Côrtes LG, Uhlig V, Andrade PCM, Vogt RC, Pezzuti
JCB, Júnior PDM. 2021. A large scale analysis of threats to the nesting

Downloaded from https://academic.oup.com/bioscience/article/72/8/753/6605714 by guest on 09 September 2022

Arantes CC, Castello L, Cetra M, Schilling A. 2013. Environmental
influences on the distribution of arapaima in Amazon floodplains.
Environmental Biology of Fishes 96: 1257–1267.
Arantes CC, Fitzgerald DB, Hoeinghaus DJ, Winemiller KO. 2019a.
Impacts of hydroelectric dams on fishes and fisheries in tropical rivers
through the lens of functional traits. Current Opinion in Environmental
Sustainability 37: 28–40.
Arantes CC, Winemiller KO, Asher A, Castello L, Hess LL, Petrere M,
Freitas CEC. 2019b. Floodplain land cover affects biomass distribution
of fish functional diversity in the Amazon River. Scientific Reports 9:
1–13.
Arantes CC, Winemiller KO, Petrere M, Castello L, Hess LL, Freitas
CEC. 2018. Relationships between forest cover and fish diversity
in the Amazon River floodplain. Journal of Applied Ecology 55:
386–395.
Araujo JM, Correa SB, Penha J, Anderson J, Traveset A. 2021. Implications
of overfishing of frugivorous fishes for cryptic function loss in a
Neotropical floodplain. Journal of Applied Ecology 58: 1499–1510.
Assahira C, Resende AF de, Trumbore SE, Wittmann F, Cintra BBL,
Batista ES. 2017. Tree mortality of a flood-adapted species in response
of hydrographic changes caused by an Amazonian river dam. Forest
Ecology and Management 396: 113–123.
Austad M. 2016. Nesting behaviour of Black Skimmers (Rynchops niger)
along the Manu River, Peru. Master’s thesis, Norwegian University of
Life Sciences, Ås.
Baker ME, King RS. 2010. A new method for detecting and interpreting
biodiversity and ecological community thresholds. Methods in Ecology
and Evolution 1: 25–37.
Banon GPR, Banon GJF, Villamarín F, Arraut EM, Moulatlet GM, Rennó
CD, Banon LC, Marioni B, Novo EMLDM. 2019. Predicting suitable
nesting sites for the Black caiman (Melanosuchus niger Spix 1825) in the
Central Amazon basin. Neotropical Biodiversity 5: 47–59.
Barnett AA, Almeida T, Spironello WR, Silva WS, MacLarnon A, Ross C.
2012. Terrestrial foraging by Cacajao melanocephalus ouakary (primates) in Amazonian Brazil: is choice of seed patch size and position
related to predation risk? Folia Primatologica 83: 126–139.
Barnett AA, de Castilho CV, Shapley RL, Anicácio A. 2005. Diet, habitat
selection and natural history of Cacajao melanocephalus ouakary in
Jaú National Park, Brazil. International Journal of Primatology 26:
949–969.
Barthem RB, Goulding M, Leite RG, Cañas C, Forsberg B, Venticinque
E, Petry P, Ribeiro ML, Chuctaya J, Mercado A. 2017. Goliath catfish
spawning in the far western Amazon confirmed by the distribution
of mature adults, drifting larvae and migrating juveniles. Scientific
Reports. 7:41784.
Bodmer R et al. 2018. Major shifts in Amazon wildlife populations from
recent intensification of floods and drought. Conservation Biology 32:
333–344.
Bouska KL, Houser JN, de Jager NR, Drake DC, Collins SF, GibsonReinemer DK, Thomsen MA. 2020. Conceptualizing alternate regimes
in a large floodplain-river ecosystem: Water clarity, invasive fish, and
floodplain vegetation. Journal of Environmental Management 264:
110516.
Campo-Celada M, Jordano P, Benítez-López A, Gutiérrez-Expósito C,
Rabadán-González J, Mendoza I. 2022. Assessing short and long-term
variations in diversity, timing and body condition of frugivorous birds.
Oikos. 2022:2.
Campos Z. 2019. Disruption of reproductive behaviour of black caiman, Melanosuchus niger in the Santo Antônio hydroeletric dam,
Madeira River, Brazilian Amazon. The Herpetological Bulletin 148:
26–28.
Carvalho LN, Zuanon J, Sazima I. 2016. Natural history of Amazon fishes.
Pages 113–44 in DelClaro K, Marquis RJ, eds. Tropical Biology and
Natural Resources Theme, Encyclopedia of Life Support Systems
(EOLSS). Eolss Publishers.
Castello L. 2008. Lateral migration of Arapaima gigas in floodplains of the
Amazon. Ecology of Freshwater Fish 17: 38–46.

August 2022 / Vol. 72 No. 8 • BioScience 765

18-07-2022 08:35:11 PM

Overview Articles

766 BioScience • August 2022 / Vol. 72 No. 8

753-768-biac038_COW.indd 766

Haugaasen T, Peres CA. 2005b. Primate assemblage structure in Amazonian
flooded and unflooded forests. American Journal of Primatology 67:
243–258.
Haugaasen T, Peres CA. 2007. Vertebrate responses to fruit production in Amazonian flooded and unflooded forests. Biodiversity and
Conservation 16: 4165–90.
Haugaasen T, Peres CA. 2009. Interspecific primate associations in
Amazonian flooded and unflooded forests. Primates 50: 239–251.
Hawes JE, Peres CA. 2016. Patterns of plant phenology in Amazonian seasonally flooded and unflooded forests. Biotropica 48: 465–475.
Henderson PA, Robertson BA. 1999. On structural complexity and fish
diversity in an Amazonian floodplain. Advances in Economic Botany
13: 45–58.
Hess LL, Melack JM, Affonso AG, Barbosa C, Gastil-Buhl M, Novo EMLM.
2015. Wetlands of the lowland Amazon Basin: Extent, vegetative cover,
and dual-season inundated area as mapped with JERS-1 Synthetic
Aperture Radar. Wetlands 35: 745–756.
Householder JE, Schöngart J, Piedade MTF, Junk WJ, ter Steege H, Montero
JC, de Assis RL, de Aguiar DPP, Pombo MM, Quaresma AC. 2021.
Modeling the ecological responses of tree species to the flood pulse
of the Amazon Negro River floodplains. Frontiers in Ecology and
Evolution 9: 195.
Ives AR, Dakos V. 2012. Detecting dynamical changes in nonlinear time
series using locally linear state-space models. Ecosphere 3: 1–15.
Jaramillo F. 2020. Hydrological tipping points: Can we tip the bucket?
EGU
Blogs.
https://blogs.egu.eu/divisions/hs/2020/06/03/
hydrological-tipping-points-can-we-tip-the-bucket/
Jardine TD et al. 2015. Does flood rhythm drive ecosystem responses in
tropical riverscapes? Ecology 96: 684–692.
Junk WJ. 1985. Temporary fat storage, an adaptation of some fish species
to the water level fluctuations and related environmental changes of the
Amazon River. Amazoniana: 9: 315–351.
Junk WJ, Bayley PB, Sparks RE, others. 1989. The flood pulse concept in
river-floodplain systems. Canadian Special Publication of Fisheries and
Aquatic Sciences 106: 110–127.
Junk WJ, Soares MGM, Saint-Paul U. 1997. The Fishes. Pages 385–408 in
Junk WJ, ed. The Central Amazon floodplain. Ecology of a pulsing
system. Springer-Verlag.
Junk WJ, Teresa M, Wittmann F. 2012. A classification of major natural
habitats of Amazonian white-water river floodplains. Wetlands Ecology
and Management, 20: 461–475.
Kalacska M, Arroyo-Mora JP, Lucanus O, Sousa L, Pereira T, Vieira T. 2020.
Deciphering the many maps of the Xingu River Basin–an assessment of
land cover classifications at multiple scales. Proceedings of the Academy
of Natural Sciences of Philadelphia 166:1–55.
Keddy PA, Fraser LH, Solomeshch AI, Junk WJ, Campbell DR, Arroyo
MTK, Alho CJR. 2009. Wet and wonderful: The world’s largest wetlands
are conservation priorities. BioScience 59: 39–51.
Krueger EH, Borchardt D, Jawitz JW, Klammler H, Yang S, Zischg J, Rao
PSC. 2019. Resilience dynamics of urban water supply security and
potential of tipping points. Earths Future 7, 1167–1191.
Leibold M, McPeek MA 2006. Coexistence of the niche and neutral perspectives in community ecology. Ecology 87: 1399–1410.
Lehner B, Grill G. 2013. Global river hydrography and network routing:
baseline data and new approaches to study the world’s large river systems. Hydrological Processes 27: 2171–2186. Data is available at www.
hydrosheds.org.
Lenton TM. 2011. Early warning of climate tipping points. Nature Climate
Change 1: 201–209.
Lessmann J, Guayasamin JM, Casner KL, Flecker AS, Funk WC, Ghalambor
CK, Gill BA, Jácome-Negrete I, Kondratieff BC, Poff LN. 2016.
Freshwater vertebrate and invertebrate diversity patterns in an AndeanAmazon Basin: Implications for conservation efforts. Neotropical
Biodiversity 2: 99–114.
Lima MAL, Kaplan DA, Rodrigues da Costa Doria C. 2017. Hydrological
controls of fisheries production in a major Amazonian tributary.
Ecohydrology 10: e1899.

Downloaded from https://academic.oup.com/bioscience/article/72/8/753/6605714 by guest on 09 September 2022

sites of Podocnemis species and the effectiveness of the coverage of these
areas by the Brazilian Action Plan for Amazon Turtle Conservation.
Journal for Nature Conservation 61: 125997.
Fassoni-Andrade AC et al. 2021. Amazon hydrology from space: scientific advances and future challenges. Reviews of Geophysics 59:
e2020RG000728.
Ferreira Júnior PD, Castro P de TA. 2010. Nesting ecology of Podocnemis
expansa (Schweigger, 1812) and Podocnemis unifilis (Troschel, 1848)
(Testudines, Podocnemididae) in the Javaés River, Brazil. Brazilian
Journal of Biology 70: 85–94.
Ferreira LV. 1997. Effects of the duration of flooding on species richness
and floristic composition in three hectares in the Jaú National Park in
floodplain forests in central Amazonia. Biodiversity and Conservation
6: 1353–1363.
Filbee-Dexter K, Scheibling RE. 2014. Sea urchin barrens as alternative
stable states of collapsed kelp ecosystems. Marine Ecology Progress
Series 495: 1–25.
Filbee-Dexter K, Scheibling RE. 2017. The present is the key to the past:
linking regime shifts in kelp beds to the distribution of deep-living sea
urchins. Ecology 98: 253–264.
Filbee-Dexter K, Wernberg T. 2018. Rise of turfs: a new battlefront for globally declining kelp forests. Bioscience. 68:64–76.
Flores BM, Fagoaga R, Nelson BW, Holmgren M. 2016. Repeated fires trap
Amazonian blackwater floodplains in an open vegetation state. Journal
of Applied Ecology 53: 1597–1603.
Flores BM, Holmgren M. 2021. White-Sand savannas expand
at the core of the Amazon after forest wildfires. Ecosystems. 24:
1624–1637.
Flores BM, Holmgren M, Xu C, van Nes EH, Jakovac CC, Mesquita RCG,
Scheffer M. 2017. Floodplains as an Achilles’ heel of Amazonian forest resilience. Proceedings of the National Academy of Sciences. 114:
4442–4446.
Foley JA, Botta A, Coe MT, Costa MH. 2002. El Niño–Southern oscillation and the climate, ecosystems and rivers of Amazonia. Global
Biogeochemical Cycles. 16: 1132.
Forsberg BR, Melack JM, Dunne T, Barthem RB, Goulding M, Paiva
RC, Sorribas MV, Silva ULJr, Weisser S. 2017. The potential impact
of new Andean dams on Amazon fluvial ecosystems. PloS One 12:
e0182254.
Furley PA. 2007. Tropical savannas and associated forests: vegetation and
plant ecology. Progress in Physical Geography 31: 203–211.
Garcia-Quijano CG. 2007. Fishers’ Knowledge of Marine Species
Assemblages: Bridging between Scientific and Local Ecological
Knowledge in Southeastern Puerto Rico. American Anthropologist
109: 529–536.
Goulding M. 1980. The Fishes and The Forest: Explorations in Amazonian
Natural History. University of California Press.
Goulding M, Carvalho ML, Ferreira EJG. 1988. Rio Negro. Rich Life in Poor
Water. SPB Academic Publishing.
Goulding M, Barthem R, Ferreira EJ. 2003. The Smithsonian Atlas of the
Amazon. Smithsonian Institution.
Goulding M, Smith NJ, Mahar DJ. 1996. Floods of fortune: ecology and
economy along the Amazon. Columbia University Press.
Haase K, Rätsch G. 2010. The morphology and anatomy of tree roots and
their aeration strategies. Pages 141–161 in Junk WJ, Piedade MTF,
Wittmann F, Schöngart J, Parolin P, eds. Central Amazonian floodplain forests: ecophysiology, biodiversity and sustainable management.
Springer.
Hamilton SK, Sippel SJ, Melack JM. 2002. Comparison of inundation patterns among major South American floodplains. Journal of Geophysical
Research: Atmospheres 107: LBA–5.
Harwood LA, Smith TG, George JC, Sandstrom SJ, Walkusz W, Divoky GJ.
2015. Change in the Beaufort Sea ecosystem: Diverging trends in body
condition and/or production in five marine vertebrate species. Progress
in Oceanography 136: 263–273.
Haugaasen T, Peres CA. 2005a. Tree phenology in adjacent Amazonian
flooded and unflooded forests. Biotropica 37: 620–630.

https://academic.oup.com/bioscience

18-07-2022 08:35:11 PM

Overview Articles

https://academic.oup.com/bioscience

753-768-biac038_COW.indd 767

Opperman JJ, Moyle PB, Larsen EW, Florsheim JL, Manfree AD. 2017.
Floodplains: Processes And Management For Ecosystem Services.
University of California Press.
Paim FP, el Bizri HR, Paglia AP, Queiroz HL. 2019. Long-term population
monitoring of the threatened and endemic black-headed squirrel monkey (Saimiri vanzolinii) shows the importance of protected areas for
primate conservation in Amazonia. American Journal of Primatology
81: e22988.
Parolin P et al. 2004. Central Amazonian floodplain forests: Tree adaptations in a pulsing system. The Botanical Review 70: 357–380.
Parolin P, Wittmann F, Ferreira LV. 2013. Fruit and seed dispersal in
Amazonian floodplain trees–a Review. Ecotropica 19: 19–36.
Pereira LS, Agostinho AA. 2019. Do advantages in resource exploration lead to better body condition?. Environmental Biology of Fishes
102:997–1008.
Petry P, Bayley PB, Markle DF. 2003. Relationships between fish assemblages, macrophytes and environmental gradients in the Amazon River
floodplain. Journal of Fish Biology 63: 547–579.
Piedade MTF, Ferreira CS, de Oliveira Wittmann A, Buckeridge M, Parolin
P. 2010. Biochemistry of Amazonian floodplain trees. Pages 127–139 in
Junk WJ, Piedade MTF, Wittmann F, Schöngart J, Parolin P, eds. Central
Amazonian floodplain forests: ecophysiology, biodiversity and sustainable management. Springer.
Piña CI, Larriera A, Cabrera MR. 2003. Effect of incubation temperature
on incubation period, sex ratio, hatching success, and survivorship in
Caiman latirostris (Crocodylia, Alligatoridae). Journal of herpetology
199–202.
Poff NL, Allan JD, Bain MB, Karr JR, Prestegaard KL, Richter BD, Sparks
RE, Stromberg JC. 1997. The natural flow regime. BioScience 47:
769–784.
Ramos JA. 2003. Intraspecific aggression by Roseate Tern adults on chicks
in a tropical colony. Waterbirds 26: 160–165.
Reis V, Hermoso V, Hamilton SK, Bunn SE, Fluet-Chouinard E, Venables
B, Linke S. 2019. Characterizing seasonal dynamics of Amazonian
wetlands for conservation and decision making. Aquatic Conservation:
Marine and Freshwater Ecosystems 29: 1073–1082.
Resende AF de, Schöngart J, Streher AS, Ferreira-Ferreira J, Piedade MTF,
Silva TSF. 2019. Massive tree mortality from flood pulse disturbances
in Amazonian floodplain forests: The collateral effects of hydropower
production. Science of the Total Environment 659: 587–598.
Ribeiro TNL, Navarro RD. 2020. Transplantation of nest of amazonian
turtle Podocnemis expansa (Schweigger, 1812). Bioscience Journal 36:
2255–2265.
Rocha A. 2016. Disponibilidade de recursos e antropização estruturando
assembleia de primatas na floresta de igapó. M.S. Thesis, Ecology
Program, National Amazon Research Institute, Manaus, Brazil.
Röpke CP, Pires THS, Winemiller KO, de Fex Wolf D, Deus CP, Amadio S.
2019. Reproductive allocation by Amazon fishes in relation to feeding
strategy and hydrology. Hydrobiologia 826: 291–305.
Rosenzweig ML. 1995. Species Diversity in Space and Time. Cambridge
University Press.
Sabo JL, Ruhi A, Holtgrieve GW, Elliott V, Arias ME, Ngor PB, Räsänen TA,
Nam S. 2017. Designing river flows to improve food security futures in
the Lower Mekong Basin. Science 358: eaao1053.
Santos Arraes DR, Albuquerque Cunha HF, Tavares-Dias M. 2016.
Anthropogenic impacts on yellow-spotted river turtle Podocnemis
unifilis (Reptilia: Podocnemididae) from the Brazilian Amazon. Acta
Biológica Colombiana 21: 413–421.
Scheffer M, Carpenter S, Foley JA, Folke C, Walker B. 2001. Catastrophic
shifts in ecosystems. Nature 413: 591–596.
Scheffer M et al. 2012. Anticipating critical transitions. Science 338: 6105.
Schöngart J, Junk WJ. 2007. Forecasting the flood-pulse in Central
Amazonia by ENSO-indices. Journal of Hydrology 335: 124–132.
Siddiqui SF, Zapata-Rios X, Torres-Paguay S, Encalada AC, Anderson
EP, Allaire M, da Costa Doria CR, Kaplan DA. 2021. Classifying flow
regimes of the Amazon basin. Aquatic Conservation: Marine and
Freshwater Ecosystems 31: 1005–1028.

Downloaded from https://academic.oup.com/bioscience/article/72/8/753/6605714 by guest on 09 September 2022

Lytle DA, Poff NL. 2004. Adaptation to natural flow regimes. Trends in
Ecology and Evolution, 19: 94–100.
Lovejoy TE, Nobre C. 2018. Amazon tipping point. Science Advances 4:
1–2.
Malhi Y, Roberts JT, Betts RA, Killeen TJ, Li W, Nobre CA. 2008. the Fate of
the Amazon. Science 319: 169–172.
Marengo JA, Espinoza JC. 2016. Extreme seasonal droughts and floods
in Amazonia: Causes, trends and impacts. International Journal of
Climatology 36: 1033–1050.
Mariac C, Renno J, Vigouroux Y, Mejia E, Angulo C, Castro Ruiz D,
Estivals G, Nolorbe C, García Vasquez A, Nuñez J. 2021. Species-level
ichthyoplankton dynamics for 97 fishes in two major river basins of
the Amazon using quantitative metabarcoding. Molecular Ecology 00:
1–22.
Mayorga E, Logsdon MG, Ballester MVR, Richey JE. 2012. LBA-ECO
CD-06 Amazon River Basin land and stream drainage direction maps.
ORNL DAAC. https://doi.org/10.3334/ORNLDAAC/1086
McClain ME, Naiman RJ. 2008. Andean influences on the biogeochemistry
and ecology of the Amazon River. BioScience 58: 325–338.
Meade RH. 2007. Transcontinental moving and storage: the Orinoco and
Amazon Rivers transfer the Andes to the Atlantic. Pages 45–63 in Gupta
A, ed. Large Rivers: Geomorphology and Management. Wiley.
Meade RH, Rayol JM, Da Conceicão SC, Natividade JR. 1991. Backwater
effects in the Amazon River basin of Brazil. Environmental Geology and
Water Sciences 18:105–14.
Melack JM, Coe MT. 2013. Climate change and the Floodplain Lakes of the
Amazon Basin. Pages 295–310 in Goldman CR, Kumagai M, Robarts R,
eds. Climatic Change and Global Warming of Inland Waters: Impacts
and Mitigation for Ecosystems and Societies. Wiley.
Melack JM, Coe MT. 2021. Amazon floodplain hydrology and implications
for aquatic conservation. Aquatic Conservation: Marine and Freshwater
Ecosystems 31: 1029–1040.
Melack JM, Forsberg BR. 2001. Biogeochemistry of Amazon floodplain.
The Biogeochemistry of the Amazon Basin. Oxford University Press.
Melack JM, Hess LL. 2010. Remote sensing of the distribution and extent
of wetlands in the Amazon basin. Pages 43–59 in Junk W, Piedade M,
Wittmann F, Schöngart J, Parolin P, eds. Amazonian floodplain forests.
Springer.
Melo T, Torrente-Vilara G, Röpke CP. 2019. Flipped reducetarianism: A vegan fish subordinated to carnivory by suppression of the
flooded forest in the Amazon. Forest Ecology and Management 435:
138–143.
Mensah S, Salako VK, Seifert T. 2020. Structural complexity and large-sized
trees explain shifting species richness and carbon relationship across
vegetation types. Functional Ecology 34: 1731–1745.
Miranda LE. 2005. Fish assemblages in oxbow lakes relative to connectivity with the Mississippi River. Transactions of the American Fisheries
Society 134: 1480–1489.
Mogollones SC, Rodríguez DJ, Hernández O, Barreto GR. 2010. A demographic study of the arrau turtle (Podocnemis expansa) in the Middle
Orinoco River, Venezuela. Chelonian Conservation and Biology 9:
79–89.
Morris D. W. 2003. Toward an ecological synthesis: a case for habitat selection. Oecologia 136: 1–13.
Nobre CA, Borma LD. 2009. ‘Tipping points’ for the Amazon forest.
Current Opinion in Environmental Sustainability 1:28–36.
Norris D, Michalski F, Gibbs JP. 2018a. Beyond harm’s reach? Submersion
of river turtle nesting areas and implications for restoration actions after
Amazon hydropower development. PeerJ 6: e4228.
Norris D, Michalski F, Gibbs JP. 2018b. Community involvement works
where enforcement fails: conservation success through communitybased management of Amazon river turtle nests. PeerJ 6: e4856.
Norris D, Michalski F, Gibbs JP. 2020. Community-based actions save
Yellow-spotted river turtle (Podocnemis unifilis) eggs and hatchlings
flooded by rapid river level rises. PeerJ 8: e9921.
Odum EP, Barrett GW. 1971. Fundamentals of ecology. Saunders
Philadelphia.

August 2022 / Vol. 72 No. 8 • BioScience 767

18-07-2022 08:35:11 PM

Overview Articles

768 BioScience • August 2022 / Vol. 72 No. 8

753-768-biac038_COW.indd 768

Wittmann F, Householder E. 2017. Why rivers make the difference: A
review on the phytogeography of forested floodplains in the Amazon
Basin. Pages 125–144 in Myster RW, ed. Forest structure, function and
dynamics in Western Amazonia. Wiley.
Wittmann F, Householder E, Piedade MTF, Assis RL de, Schöngart
J, Parolin P, Junk WJ. 2013. Habitat specifity, endemism and the
Neotropical distribution of Amazonian white-water floodplain trees.
Ecography 36: 690–707.
Wittmann F, Junk WJ, Piedade MTF. 2004. The várzea forests in Amazonia:
flooding and the highly dynamic geomorphology interact with natural
forest succession. Forest ecology and Management 196: 199–212.
Wittmann FK, Schöngart J, Damm C. 2019. Der Sandwich-Effekt:
Einengung von Habitaten durch Staudämme gefährdet die größten und
artenreichsten Flussauen der Erde. 15: 49–53.
Wittmann F, Schöngart J, Junk WJ. 2010. Phytogeography, species diversity,
community structure and dynamics of central Amazonian floodplain
forests. Pages 61–102 in Amazonian floodplain forests. Springer.
Zacardi DM, Santos JA dos, Oliveira LS de, Cajado RA, Pompeu PS.
2020. Ichthyoplankton studies as referential for the management and
monitoring of fishery resources in the Brazilian Amazon basin. Acta
Limnologica Brasiliensia 32. doi.org/10.1590/S2179-975×6619.
Zarza R, Cintra R, Anciäes M. 2013. Distribution, abundance and habitat
selection by breeding Yellow-billed Terns (Sternula superciliaris), LargeBilled Terns (Phaetusa simplex) and Black Skimmers (Rynchops niger) in
the Brazilian Amazon. Waterbirds 36: 470–481.
Sandra B. Correa (sbc257@msstate.edu) studies ecosystem functions of river
floodplain-forests, including supporting biodiversity, aquatic food webs, and
fisheries. She is an Assistant Professor in the Department of Wildlife, Fisheries,
and Aquaculture at Mississippi State University, USA. Peter van der Sleen is
an ecologist with a focus on the relationships between environmental conditions and the vital rates of organisms, such as growth and recruitment, in both
aquatic and terrestrial ecosystems. He is associated with the Wildlife Ecology
and Conservation Group and the Forest Ecology and Management Group of
the Wageningen University and Research Centre, The Netherlands. Sharmin
F. Siddiqui’s research is focused on characterizing natural flow regimes across
the Amazon Basin and determining impacts of natural and anthropogenic
disturbance on Amazon hydrology and ecosystem resilience. She is a PhD
student and USA National Science Foundation Fellow in the Department
of Environmental Engineering Sciences at the University of Florida, USA,
working with Dr. David Kaplan. Juan David Bogotá-Gregory studies mechanisms that generate observed patterns of species distributions of Amazonian
fishes. He is based at the Amazonian Institute of Scientific Research Sinchi,
in Leticia, Colombia. Carol. C. Arantes studies the ecology and management
of fish and fisheries in relation to environmental changes processes affecting
freshwater ecosystems, including ecosystem alteration and fishing pressure.
She is an assistant professor in the Division of Forestry and Natural Resources
at West Virginia University, USA. Adrian A. Barnett studies primates,
parrots and multi-species, multi-trophic interactions in Amazon flooded
forest. He is based at the Amazon Mammal Research Unit, at the National
Amazon Research Institute (INPA) in Manaus, Brazil. Thiago B. A. Couto
is a freshwater ecologist and conservationist. He is currently a postdoctoral
associate at Florida International University Institute of Environment and
a member of the Tropical Rivers Lab, where he is working on varied projects
on citizen science, fish migrations and fisheries management in the Amazon
Basin. Michael Goulding studies Amazonian ecosystems and fisheries. He is a
senior freshwater research scientist at the Wildlife Conservation Society, USA.
Elizabeth P. Anderson is a freshwater conservation scientist and Associate
Professor at Florida International University in Miami, FL.

Downloaded from https://academic.oup.com/bioscience/article/72/8/753/6605714 by guest on 09 September 2022

Siqueira-Souza FK, Freitas CE, Hurd LE, Petrere M. 2016. Amazon floodplain fish diversity at different scales: do time and place really matter?
Hydrobiologia 776: 99–110.
Silveira R, Ramalho EE, Thorbjarnarson JB, Magnusson WE. 2010.
Depredation by jaguars on caimans and importance of reptiles in the
diet of jaguar. Journal of Herpetology 44: 418–424.
Suzuki HI, Agostinho AA, Bailly D, Gimenes MF, Júlio-Junior HF, Gomes
LC. 2009. Inter-annual variations in the abundance of young-of-theyear of migratory fishes in the Upper Paraná River floodplain: relations with hydrographic attributes. Brazilian Journal of Biology 69:
649–660.
Timpe K, Kaplan D. 2017. The changing hydrology of a dammed Amazon.
Science Advances 3: 1–14.
Thompson JMT, Sieber J. 2011. Predicting climate tipping as a noisy
bifurcation: a review. International Journal of Bifurcation Chaos 21:
399–423.
Tockner K, Stanford JA. 2002. Riverine flood plains: Present state and future
trends. Environmental Conservation 29: 308–330.
Torralvo K, Rabelo RM, Andrade A, Botero-Arias R. 2017. Tool use by
Amazonian capuchin monkeys during predation on caiman nests in a
high-productivity forest. Primates 58: 279–283.
Valenzuela N. 2001. Maternal effects on life-history traits in the Amazonian
giant river turtle Podocnemis expansa. Journal of Herpetology
368–378.
Valiente-Banuet A et al. 2015. Beyond species loss: The extinction of
ecological interactions in a changing world. Functional Ecology 29:
299–307.
van der Sleen P, Albert JS. 2017. Field Guide to the Fishes of The Amazon,
Orinoco, and Guianas. Princeton University Press.
van der Sleen P, Lugo-Carvajal A, Zuanon J, Holmgren M. 2020. Cats singing in the dark? Spawning aggregations of sound-producing fish in
Amazonian floodplain forests. Environmental Biology of Fishes 103:
1265–1267.
Venticinque E, Forsberg B, Barthem R, Petry P, Hess L, Mercado A, Cañas
C, Montoya M, Durigan C, Goulding M. 2016. An explicit GIS-based
river basin framework for aquatic ecosystem conservation in the
Amazon. Earth System Science Data 8: 651–661.
Villamarín F, Marioni B, Thorbjarnarson JB, Nelson BW, Botero-Arias
R, Magnusson WE. 2011. Conservation and management implications of nest-site selection of the sympatric crocodilians Melanosuchus
niger and Caiman crocodilus in Central Amazonia, Brazil. Biological
Conservation 144: 913–919.
Villamarín-Jurado F, Suárez E. 2007. Nesting of the black caiman
(Melanosuchus niger) in Northeastern Ecuador. Journal of Herpetology
41: 164–167.
Villanueva-Gomila L, Gatto A, Cabral K, Yorio P. 2009. Aggression by
adult South American Terns toward conspecific chicks. Journal of Field
Ornithology 80: 344–350.
Vogt RC. 1994. Reproduction of the cabeçudo, Peltocephalusdumerilianus,
in the Biological Reserve of Rio Trombetas, Pará, Brazil. Chelonian
Conservation Biology 1: 145–148.
Ward JV. 1989. The four-dimensional nature of lotic ecosystems. Journal of
the North American Benthological Society 8: 2–8.
Ward JV, Tockner K, Schiemer F. 1999. Biodiversity of floodplain river
ecosystems: ecotones and connectivity. Regulated Rivers: Research &
Management 15: 125–139.
Winemiller KO. 2004. Floodplain river food webs: generalizations and
implications for fisheries management. Proceedings of the second international symposium on the management of large rivers for fisheries.
Mekong River Commission, Phn 285–309.

https://academic.oup.com/bioscience

18-07-2022 08:35:11 PM

