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large piscivores to relatively small opportunistic omnivores. Notably, statistically sig-
nificant changes in shape and morphological disparity were observed in all species.
Moreover, the documented changes tended to be associated with functionally rel-
evant aspects of anatomy, including head, fin, and body shape. Our data offer insights
into the ways cichlids have responded, morphologically, to a novel lake environment
and provide a robust foundation for exploring the mechanisms through which these
changes have occurred.
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1 | INTRODUCTION of habitat destruction and fragmentation (Allan & Flecker, 1993;
Geladi et al., 2019; Helfman, 2007; Lau, Lauer, & Weinman, 2006;
Anthropogenic alterations to an ecosystem can provide opportu- Trautman, 1939). Dam and reservoir construction, in particu-
nities for studying how populations respond to rapid ecological lar, can have long reaching ecological effects on fish communities
change. Over the past 80 years, there has been mounting evidence (Agostinho, Pelicice, & Gomes, 2008), including shifts in local fish as-
that modifications to waterways can have immediate, and last- semblages (Platania, 1991), impeding the movement of migrating spe-
ing, ecological consequences that may result in varying degrees cies (Dugan et al., 2010; Liermann, Nilsson, Robertson, & Ng, 2012)
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and disrupting the reproductive success of species that depend on
the flow of water for egg dispersal (Alo & Turner, 2005; Platania
& Altenbach, 1998). Further, there is significant concern that such
drastic changes increase the risk of extirpation or extinction of local
populations, due to reduced genetic diversity (Alo & Turner, 2005;
Higgins & Lynch, 2001; Nei, Maruyama, & Chakraborty, 1975).

With the human population continuing to increase, so too is the
demand for energy. To meet these needs, there is an increasing re-
liance on exploiting lotic freshwater systems, with over 3,700 dams
either currently under construction or planned, many of which are
in developing countries (Winemiller et al., 2016; Zarfl, Lumsdon,
Berlekamp, Tydecks, & Tockner, 2014). The Tocantins River is one
such system that is increasingly being utilized to meet the energy
demands of a growing population. Historically characterized by
fast flowing rapids, sand and rock covered waterbeds, and rich sea-
sonal floodplains (de Mérona, 1987), the Tocantins is one of the
largest clearwater rivers in South America. With a total length of
roughly 2,450 km, the Tocantins River passes through four Brazilian
states and serves as the major drainage for both the Tocantins and
Araguaia watersheds. Over the past 30 years, the Tocantins River
has seen increased anthropogenic activity, including deforestation,
agriculture, and the construction of numerous dams. The Tucurui
Hydroelectric Dam is the largest and oldest of these, and its con-
struction has resulted in the establishment of a large (2,850 km?)
permanent reservoir, stretching nearly 70 km in length and 40 km
wide (ELETROBRAS/DNAEE, 1997).

Since the completion and subsequent closure of the Tucurui
Hydroelectric Dam in 1984, the Tocantins River has experienced
drastic hydrological, ecological, and geomorphological changes
(Fearnside, 2001). For instance, the once historic rapids and streams
that characterized the system have disappeared from the surround-
ing area, which in turn has affected the abundance and variety of
food sources available to native fishes (Aradjo-Lima, Agostinho, &
Fabré, 1995). Alterations such as these may create opportunities for
fishes that are inclined to be trophic generalists (Angermeier, 1995;
Wilson et al., 2008), while greatly impairing trophic specialists that
rely on specific habitats for various life stages, behaviors, and feed-
ing ecologies. Changes in the local fish assemblages within the reser-
voir have already been observed, including a reported 20% reduction
in species diversity since 1984 (Santos, Jégu, & de Mérona, 1984;
Santos, de Mérona, Juras, & Jégu, 2004).

Habitat destruction and fragmentation are a significant threat
to biodiversity (Vitousek, Mooney, Lubchenco & Melillo, 1997),
and such rapid ecological alterations require populations to adapt
or face local extinction. Indeed, habitat fragmentation can spur the
contemporary evolution of populations and has even been shown to
result in increased speciation and rapid genetic divergence in natural
systems (Dias, Cornu, Oberdorff, Lasso, & Tedesco, 2013). Generally
speaking, fishes are well known to be capable of quickly responding
to rapid ecological shifts (Collyer, Hall, Smith, & Hoagstrom, 2015;
Hulsey, Hendrickson, & Garcia de Ledn, 2005; Riber & Adams, 2001),
including anthropogenic change (Candolin, 2009; Franssen, 2011;

Franssen, Harris, Clark, Schaefer, & Stewart, 2013). However, there
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remains a pressing need to evaluate native fish species that have
been subjected to such rapid changes to assess if, how, and why pop-
ulations respond to sudden human-induced change.

Cichlids (Cichliformes:Cichlidae) are a highly diverse and
well-studied family of fishes that have repeatedly undergone exten-
sive adaptive radiations (Arbour & Lopez-Fernandez, 2013; Lépez-
Fernandez, Honeycutt, & Winemiller, 2005), and are well known to
adapt quickly to ecological change, especially those that influence
the foraging environment (Muschick, Barluenga, Salzburger, &
Meyer, 2011; Wimberger, 1991, 1992). Native cichlid populations
in and around the Tocantins River and Tucurui reservoir exhibit a
wide range of life-history strategies, breeding, and food preferences.
Such diversity allows for the exploration and assessment of several
foraging ecomorphs, from large, piscivorous predators to small mud
sifters. This system, and the alterations it has experienced, provides
a unique opportunity to examine how large-scale alterations to an
aquatic system can spur incidents of rapid adaptation in complex fish
communities.

In this study, we compared the morphology of six cichlid species
collected from the Tucurui reservoir in 2018 (postdam) to that of
cichlids collected at the same locality prior to or just after the closure
of the Tucurui Hydroelectric Dam in 1984 (predam). Our primary
aim is to acquire insights into if, and how, the cichlid community has
adapted, in terms of shape, during the past 34-48 years to this novel
environment. While traditional morphometrics can provide a direct
and intuitive link to specific, functionally relevant characters, species
rarely change in just one trait, and adaptation often involves subtle,
coordinated shifts across a suite of characters (Adams, Rohlf, & Slice,
2004; Rohlf & Marcus, 1993). By focusing on geometry, geometric
morphometric complements and extends traditional linear measures
to provide a more holistic understanding of variation in organismal
shape (Zelditch, Swiderski, Sheets, & Fink, 2012). Further, by using
species that represent different ecotypes we will be able to assess
the extent to which feeding behavior and ecology can predict the
magnitude or pattern of anatomical change. Our hope is that this
study will provide insights as to how species respond to rapid envi-
ronmental change, especially anthropogenic change, and how it may
affect the Amazon.

Our overarching hypothesis is that the formation of the Tucurui
reservoir has induced shifts in habitat and foraging behavior and
concomitant changes in the anatomy of resident cichlid popula-
tions as they adapt to novel environmental conditions. This study
represents a first step toward assessing this hypothesis. Given the
varied ecologies, foraging behaviors, and life histories of species in-
cluded in our analysis, a number of more specific predictions arise
from this study. Cichla are large piscivorous fishes, capable of easily
navigating a lotic system. Proposed similarities between C. kelberi
and C. pinima included prognathous lower jaws and maxillae that
extended below the middle of the orbit. We expected contempo-
rary specimens of Cichla to converge on a phenotype that includes
deeper heads and bodies to reflect the change to a large, deep lentic
system (Collin & Fumagalli, 2011; Gaston & Lauer, 2015). Our anal-

yses also included four smaller species: two foraging generalists
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(G. neambi and S. jurupari) and two specialists (C. spectabilis and H.
efasciatus). Broadly speaking, habitat degradation and global change
are drivers of the observed replacement of specialists by generalists
(Clavel, Julliard, & Devictor, 2011). In principle, generalists should
be more resilient than specialists to ecological changes that influ-
ence resource availability (Vazquez & Simberloff, 2002), a scenario
that has been widely observed in numerous taxa, including fishes
(Angermeier, 1995; Wilson et al., 2008). Thus, we predicted that G.
neambi and/or S. jurupari would exhibit changes in shape and poten-
tially morphological disparity as a result of the introduction of new
niche space from flooded riparian and altered hydrology. C. specta-
bilis are ambush predators that consume a variety of prey items in-
cluding arthropods and smaller fishes. H. efasciatus also consume a
variety of food items but are inclined toward being a frugivore. Given
the relatively narrow feeding repertoires of these two species, we

expected to observe less conspicuous changes in their shapes.

2 | MATERIALS AND METHODS
2.1 | Study site

The Tocantins River presents several dams along its course, such as
the Serra da Mesa and Lageado, but the Tucurui is the largest with
the most substantial impact (Akama, 2017). The Tucurui reservoir
(Figure 1; Appendix S1) covers more than 2.875 km?, 400 km up-
stream from the river mouth (de Mérona, Mendes Dos Santos, &
Gonccalves de Almeida, 2001; Santos et al., 2004). Its shape is den-

dritic with a maximum depth of 75 m close to the dam and a mean

depth of 17 m, with some shallow areas that can become exposed

during the dry season (dos Santos et al., 2004). Fish inventories were
conducted prior to closure in 1980-1982, specimens from which are
housed in the Instituto Nacional de Pesquisas da Amazénia (INPA) fish
collection. Before this, during the 1970s, expeditions in Para state
(Expedicdo Permanente na Amazdnia, “Permanent Expedition to
Amazon”) also collected in pristine areas of the Tocantins River, with
specimens housed at the Museu de Zoologia da Universidade de Sdo
Paulo (MZUSP). Many of these specimens were used in this study.

2.2 | Fish collections

To investigate whether native cichlid populations have experienced
a rapid change in trophic and body shape morphology, we compared
museum specimens (Table S1) collected in the region <1984 to fishes
collected from the Tucurui reservoir in 2018. However, Cichla pin-
ima samples were from 1987, collected shortly after the dam was
closed, and just as the reservoir appears to have reached its current
size (Figure S1). Issues for comparing fixed museum specimens with
fresh specimens were considered. However, such comparisons are
not uncommon in evolutionary studies and while fixation can influ-
ence overall specimen size, the effects on shape have been shown
to be minimal (Gaston & Lauer, 2015; Larochelle, Pickens, Burns, &
Sidlauskas, 2016). Further, the aspects of shape we assessed tended
to be associated with specific bony elements (e.g., jaw length, orbit
size, anal fin insertion) that would presumably be less prone to the
effects of fixation. Contemporary specimens were obtained fresh
from the Association of Fisherman in Tucurui and directly from fish-
ermen at the margin of Tucurui reservoir, March 2018, and imaged

in the field, apart from Geophagus neambi which were collected in

FIGURE 1 Google Earth imagery
(Landsat/Copernicus) of Tucurui
Hydroelectric dam vicinity, before

(left; December 1984) and after (right;
December 2016) dam construction. Scale
bar represents ~48.3 km (30 miles)
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January of 2018. Specimens were obtained from multiple fisher-
man and, therefore, came from multiple collection events around
the reservoir. Since nearly all contemporary specimens were col-
lected from local vendors, viscera (including gonads) were often not
present, making it impossible to include sex as a trait in our study.
These specimens were accessioned in the fish collection at Museu
Paraense Emilio Goeldi (MPEG) in Belém, PA, Brazil. In total, we ex-
amined six species across five genera that encompassed a range of

trophic ecologies.

2.3 | Study taxa (Ecology)

Cichla kelberi and C. pinima. The peacock basses are large, piscivo-
rous fishes that are commercially important and widely distributed
throughout the Amazon basin. Cichla species have been reported to
rapidly colonize, and undergo population expansion, within dammed
sections of rivers (Santos, 1995; Santos & Oliveira Jr.,, 1999). This is
likely because they will readily consume a wide variety of fish spe-
cies (Fugi, Luz-Agostinho, & Agostinho, 2008; Novaes, Caramaschi,
& Winemiller, 2004; Williams, Winemiller, Taphorn, & Balbas, 1998).
Further, while cannibalism is a common phenomenon in this genus
(e.g., C. monoculus, C. kelberi), it has been reported to occur more fre-
quently in systems affected by dam operation (Novaes et al., 2004;
Rosemara Fugi et al., 2008).

Geophagus neambi. G. neambi is a recently described species
(Lucinda, Lucena, & Assis, 2010) from the Tocantins drainage. Across
the genus Geophagus, a range of reproductive strategies are uti-
lized, including mouthbrooding (e.g., G. steindachneri) and substrate
spawning (e.g., G. brasiliensis), the former which may create func-
tional constraints on how trophic morphology is allowed to change.
The diet of certain Geophagus species (i.e., G. brasiliensis) suggests a
generalist/opportunistic diet that includes gastropods, vegetation,
and fish scales (Bastos, Condini, Varela, & Garcia, 2011). Previous
studies have shown Geophagus species to be phenotypically plastic,
both in terms of jaw and body shape morphology, when presented
with different diets (Wimberger, 1991, 1992). Further, a related spe-
cies, G. surinamensis (possibly misidentified G. neambi), was found
to have shifted from an ancestrally omnivorous diet to one more
characteristic of a detritivore, whereas within the Tucurui reservoir
this species appeared to adopt an unspecialized carnivorous diet (de
Mérona et al., 2001).

Satanoperca jurupari. Formerly named Geophagus jurupari, S. ju-
rupari is widely distributed throughout the Amazon Basin and is gen-
erally characterized by a more omnivorous diet. In the Lake Tucurui
system, S. jurupari was classified as a broad invertivore prior to the
closure of the Tucurui Hydroelectric Dam, but has since been found
to consume more of an omnivore diet both within Lake Tucurui and
downstream of the dam (de Mérona et al., 2001). Reproductive
behavior includes mouth brooding following ~24 hr of substrate
spawning (Reid & Atz, 1958). Further, parents have been observed
to actively move nest sites in response to changing water levels for
the first 24 hr postspawning (Cichocki, 1976). Much like Geophagus,
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mouth brooding behavior in this genus may create constraints on the
functional aspects of trophic morphology and the degree to which it
can respond to different feeding regimes.

Caquetaia spectabilis. Caquetaia species are carnivorous preda-
tors, well known for their extreme jaw protrusion, which is reported
to be an adaptation that enhances foraging efficiency on elusive
prey (Waltzek & Wainwright, 2003). Altered hydrologic cycles have
been reported to influence the activity and feeding behavior of C.
spectabilis, notably during dry or low periods where individuals seem
to become increasingly sedentary and feed on a greater variety of
food items (Ropke, Ferreira, & Zuanon, 2014).

Heros efasciatus. H. efasciatus is an omnivore, and one of few
cichlid species that acts a frugivore, especially during flood peri-
ods when it is able to exploit riparian zones and floodplains (Favero,
dos Pompeu, & Prado-Valladares, 2010). H. efasciatus spawn during
October and December, presumably so that the eggs will hatch
during the flood season (Favero et al., 2010). Fecundity of individu-
als has been reported to be low (Favero et al., 2010), suggesting that
populations could be highly susceptible to rapid ecological change.

2.4 | Data collection

We photographed the left-lateral surface of museum and field col-
lected specimens using a tripod and digital camera (Olympus E520).
A scale bar was included alongside each photograph to later scale
landmark data, and dorsal, caudal, anal, and pelvic fins were pinned
when they obscured the body profile. A range of sizes were avail-
able from museum collections, whereas sizes from freshly collected
specimens tended to be larger (Table S1). Since sample sizes from
the museum were often limited, all museum specimens in workable
condition were included, and size effects were later corrected for
mathematically (see below). Here, workable condition is defined as
lacking conspicuous bending and severe tissue deformation. Total
sample sizes for all species:year groups are given in figure legends.
Landmark configurations for Cichla consisted of 22 “fixed” an-
atomical landmarks and 38 sliding semilandmarks. For the remain-
ing species, the landmark configurations consisted of 21 “fixed”
anatomical landmarks and 27 sliding semilandmarks (Figure 2). We
used a greater number of landmarks in Cichla because they possess
two distinct dorsal fins, as opposed to the more continuous dorsal
fins seen in the remaining four genera. They also exhibited interest-
ing patterns of variation in the positioning of the lateral canal along
the body that we wished to quantify. While fixed landmarks corre-
spond to homologous anatomical points of interest, semilandmarks
allow for more nuanced variation found in complex structures, such
as curves, to be “captured” and quantified. Being allowed to slide
along curves during a generalized Procrustes analysis (GPA; Rohlf &
Slice, 1990), semilandmarks allow for the minimizing of Procrustes
distances between landmarks of curves and permit one to quantify
the curvature of complex structures (Gunz & Mitteroecker, 2013).
Landmarking provided X, Y Cartesian coordinates that we used

to generate Procrustes residuals during GPA. GPA works by
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FIGURE 2 Anatomical landmarks used for geometric
morphometric analysis. Large, blue circles represent fixed
landmarks, small black circles represent semi/sliding landmarks.
Cichla (top). A total of 60 landmarks were used, 22 of which were
fixed landmarks, including one fixed landmark at the beginning
of the second lateral line. Other cichlids (bottom). A total of 48
landmarks were used, 21 of which were fixed landmarks. Fixed
landmarks include premaxillary groove, end of nape, insertion

of dorsal fin (second dorsal for Cichla), end of dorsal fin, upper
and lower ends of the caudal peduncle, insertion and end of anal
fin, beginning of breast and insertion of pelvic fin, pectoral fin
insertion, opercle & preopercle beginning and end, lower jaw
insertion and anterior tip, tip and posterior end of premaxilla,
posterior end of maxillary groove, center of the eye, and insertion
of the lower lateral line (Cichla only). lllustrations hand-drawn by
Emma R Masse

mathematically removing the effects of size, scale, and orientation
to allow for one to determine mean shapes (Goodall, 1991) to gener-
ate said Procrustes residuals around the mean that reflect specimen
variation. All specimens were digitized using STEREOMORPH (Olsen
& Westneat, 2015).

In addition to collecting 2-D geometric morphometric data, we
also collected four linear measures across all specimens, predam and
postdam. This was done as a supplement of our geometric morpho-
metric data to assess possible changes in specific traits with explicit
ecological relevance. Linear measurements were taken digitally
using TPSdig software (v2.2; Rohlf, 2016) and consisted of body

depth (indicator of maneuverability and swimming speed), jaw length

(relevance to prey capture mechanism and preference), caudal pe-
duncle length (indicator of swimming performance, e.g., cruising or
noncruising), and eye diameter (pertinent to prey preference). Figure
S2 illustrates how and where each measurement was taken. We cal-
culated slopes from linear measurements within species groups and
used ANOVA on least squared means to compare pre/postdam val-
ues, allowing us to determine whether trajectories were parallel or
divergent. We also corrected for allometric effects via linear regres-
sion where linear traits were the dependent variable and standard
length was the predictor variable. Residuals were subjected to Welch
two-sample t tests to test for pairwise significance (predam versus
postdam) for all species, with the exception of Cichla which we sub-
jected to a Tukey honest significant difference test in order to make
comparisons between the two species and year collected. While the
comparison of residual, size-corrected values assumes that slopes
are parallel (McCoy, Bolker, Osenberg, Miner, & Vonesh, 2006), our
sampling scheme was not intended to describe and compare allo-
metric trajectories. Specifically, we only sampled a limited range of
age/sizes, with an emphasis on older fishes, and therefore, we are
careful not to overinterpret these results. Accordingly, we chose to
proceed with such comparisons even in the few cases where slopes
were statistically divergent, but encourage caution when interpret-
ing these results. In general, we consider the linear measures to be a

supplement to the geometric morphometric methods.

2.5 | Geometric morphometric analyses

GPA-aligned coordinate data were subjected to various statistical
tests to assess differences between < 1984 collections and our 2018
collection. Comparisons of shape were performed within cichlid
genera. We chose this taxonomic level, as cichlid genera are gener-
ally defined by ecomorphological differences. Cichla was the only
genus containing two species, and represented the only instance of
a 4-way comparison. All other comparisons were between a single
species at two different times. We conducted a Procrustes ANOVA
among each genus to determine the effect of each variable, as well
as interaction terms, on shape [e.g., (shape ~ centroid size
* year)]. Both R? and Z-scores were used to assess and compare
variables and interaction terms. In all analyses, the null model con-
sisted of shape and the effect of size alone (shape ~ centroid
size), while the full model also included the date collected as the
independent variable (shape ~ centroid size + year).In
this way, we are able to evaluate the effects of year on shape while
also accounting for any effects that may be associated with allom-
etry. The only exception being in Cichla, where the full model used
the interaction term species:year in place of year alone. All sta-
tistical tests, when appropriate, utilized a randomized residual per-
mutation procedure (RRPP), ultimately subjected to 10,000 random
permutations, and were done using GEOMORPH (Adams, Collyer, &
Kaliontzopoulou, 2018; Adams, Collyer, & Sherratt, 2015) in R (R
Core Team, 2018). RRPP is a method that randomizes the residual

values from a null model to compare the statistics associated with a
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full model (Collyer & Adams, 2007; Collyer, Sekora, & Adams, 2015).
We also performed tests of morphological disparity (i.e., variation
in geometric shape) utilizing Procrustes variances (Collyer, Sekora,
et al., 2015). For the purpose of significance testing, o = 0.05 was
used for all analyses.

For visualization of our data, we performed a principal compo-
nent analysis (PCA) on the allometry-corrected Procrustes residuals.
We generated convex hulls using the first three principal compo-
nents to project the region of morphospace that each species:year
group occupied. This not only allowed for us to visually assess the
region of overlap between years within a species group, but also pro-
vided a visual representation of changes in shape that we observed
in many of our groups.

3 | RESULTS
3.1 | Cichla species

For all species, we initially tested the effect of size, year, and the
interaction of size with year, with the exception of Cichla, which
contained a third variable distinguishing species. We then quantified
both mean morphological shape and disparity within and between
species collected before and after closure of the dam (Table 1, 2).
An initial Procrustes ANOVA revealed that no interactions were
meaningful and that the effect of year alone (R? = 0.069; Z = 4.25;
p = <.0001) was comparable to or greater than the effect of size
(R? = 0.088; Z = 4.20; p = <.0001) alone (Table S2). Predam spe-
cies comparisons (predam C. kelberi vs. C. pinima) revealed no sig-
nificant differences in shape (p = .3683) or morphological disparity
(p = .9098). A postdam comparison showed a significant difference
in the shape of C. kelberi and C. pinima (p = .0002), but not a dif-
ference in disparity (p = .5181). Across years and within species (C.
kelberi predam vs. postdam; C. pinima predam vs. postdam), shape
was significantly different for both species (C. kelberi, p = .0001;
C. pinima, p = .0269). Further, the postdam collection showed sig-
nificant increases in disparity for both species, C. kelberi (p = .0147,
Procrustes Variance: predam = 0.00063, postdam = 0.00130)
and C. pinima (p = .0593; Procrustes Variance: predam = 0.00066,
postdam = 0.00116).

TABLE 1 Pairwise comparisons of
shape between species:year groups

Cichla kelberi,
<1984

Cichla kelberi,
2018

Cichla pinima,
1987

Cichla pinima,
2018
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Deformation grids of predam Cichla showed that both species
were relatively long and possessed slender bodies. Predam spec-
imens of Cichla kelberi possessed somewhat larger heads than
their C. pinima counterparts, but differences were not significant.
Deformation grids of postdam Cichla (Figure 3) illustrate morpho-
logical differences between the two species, with contemporary C.
kelberi possessing deeper bodies and heads. This is in contrast to the
elongated bodies and heads observed in postdam C. pinima.

The first three principal component axes (Figure 3) accounted
for 58% of the total variance in shape. PC1 accounted for 25.6%
of the variance. Negative scores along this axis were associated
with elongated bodies, smaller heads, and a more anteriorly elon-
gated second lateral line, while positive scores were associated with
shorter bodies, relatively deeper heads, and a shorter second lateral
line. Predam specimens exhibited more negative PC1 scores on av-
erage, whereas postdam specimens occupied the full range of this
axis. PC2 accounted for 17.8% of the variance. Negative scores on
this axis were associated with larger eyes, deep heads, superiorly
oriented mouths, and short caudal peduncles. In contrast, positive
scores were associated with comparatively narrow heads, terminally
positioned mouths, and longer caudal peduncles. Similar to PC1, pre-
dam specimens were largely restricted to one end of this axis (i.e.,
positive PC2 scores), whereas postdam specimens spanned most of
this axis of shape space. PC3 accounted for 14.6% of the variance
and captured variation in body and head size. Cichla with negative
PC3 scores had slender bodies and robust heads, while Cichla with
positive scores can be characterized as having a deep body and nar-
row head. Mean shapes along this axis were largely similar between
groups; however, postdam specimens occupied a greater amount
of shape space. Contrary to our predictions, our results suggest
that contemporary C. kelberi and C. pinima are not converging on
a single “reservoir” ecomorph, but instead appear to be spreading
into distinct regions of morphospace. We had predicted that both
Cichla species would develop deeper bodies and larger mouths in
response to the change to a lentic system. Our prediction was ac-
curate only for C. kelberi, and opposite to what we observed in C.
pinima, which appear to have developed more streamlined bodies
over time. Further, predam specimens are highly constrained in mor-
phospace on both PC1 axes and mean population shapes appear to

be similar. However, postdam population means for both C. kelberi

Cichla kelberi, Cichla kelberi, Cichla pinima, Cichla
<1984 2018 1987 pinima, 2018

5.4862 0.2287 2.1289
0.0001 - 6.1372 5.0857
0.3683 0.0001 - 2.2114
0.0307 0.0002 0.0269 -

Note: Effect sizes (Z-scores) are above, p-values below diagonal. (-) indicates diagonal.
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TABLE 2 Pairwise comparisons

Cichla kelberi, Cichla kelberi, Cichla pinima, Cichla of morphological disparity between
1984 2018 1987 pinima, 2018 orpholog party
species:year groups
Cichla kelberi, - 0.00066 0.00004 0.00053
<1984
Cichla kelberi, 0.0147 - 0.00064 0.00015
2018
Cichla pinima, 0.9098 0.0171 - 0.00049
1987
Cichla pinima, 0.0467 0.5181 0.0593 -
2018
Absolute Variance  0.0006 0.0013 0.0007 0.0012

Note: Effect sizes (Z-scores) are above, p-values below diagonal. (-) indicates diagonal. Absolute

variance for each group provided in the last row.
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FIGURE 3 Cichla principal component plot (X-axis = PC1 (25.6%), Y-axis-left = PC2 (17.8%), Y-axis-right = PC3 (14.6%)) indicating regions
of morphospace occupied by each of the four species:year groups, as illustrated by colored convex hulls. Circles indicate individuals, and
triangle represents the mean shape of each group within morphospace. Deformation grids are indicative of the minimum and maximum
shape values for respective axes. Postdam collections showed significant increases in disparity for both species, C. kelberi (p = .0147,
Procrustes Variance: predam = 0.00063, postdam = 0.00130) and C. pinima (p = .0593; Procrustes Variance: predam = 0.00066,

postdam = 0.00116). Pre-, postdam sample sizes: Cichla kelberi, n = 11, 21. Cichla pinima, n = 12, 25

and C. pinima appear much how Kullander and Ferreira (2006) had
described them with C. kelberi having a deeper body (~33% of its
standard length) compared to C. pinima (~28% of its standard length)
(Kullander & Ferreira, 2006). In more general terms, Cichlia species
found in river systems tend to vary in head size and body depth,
which may correspond to differences in microhabitat preference
(e.g., fast flowing or more stagnant water).

Tests of allometry on geometric morphometric data failed to re-
ject (p = .2412; Table S3) the null hypothesis that allometries were
parallel, indicating that there has been no significant alteration of

allometric trajectories over the past ~34 years since the Tucurui dam

was constructed. Across our four linear measurements, only two
showed significant differences between species (Table S4). Both
body depth and eye diameter differed between species, regardless
of whether they were collected before or after the dam was closed.
No significant differences were detected within species over time;
however, trajectory analyses revealed significant differences in both
jaw length and eye diameter. Slopes for C. kelberi (Figure S3) jaw
length were significantly different (p = .0353), with predam speci-
mens exhibiting accelerated jaw growth. Slopes also differed for eye
diameter in both C. kelberi (p = .0013) and C. pinima (p = .0002), with

accelerated eye size development in predam specimens. However,
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we note that size distributions for predam and postdam specimens
were different, especially for C. kelberi, which suggests that differ-

ences in slopes should be interpreted with caution.

3.2 | Geophagus neambi

An initial Procrustes ANOVA revealed that no interactions were
meaningful and that the effect of year alone (R? =0.114; Z = 3.87;
<0.0001) was comparable to the effect of size (R? = 0.130;
Z = 3.8781; p = <0.0001) alone (Table S2). G. neambi pre/postdam
groups had significantly different shapes (p = .0003), but disparity
was not different between the two groups (p = .1681; Procrustes
Variance: predam = 0.0010, postdam = 0.0012). Deformation grids
of mean shapes revealed that predam G. neambi have larger eyes and
jaws, and more rounded preorbital region of the skull compared to
postdam specimens. These data are consistent with our prediction
that foraging generalists would be susceptible to anatomical change
over time in this system.

The first three principal component axes (Figure 4) accounted
for 59% of the total variance. PC1 explained 29.3% of the variance
and was associated with relative head and body size and shapes.
Negative PC1 scores represented relatively smaller jaws, acutely
angled faces, and larger bodies. On average, postdam specimens ex-
hibited negative PC1 scores compared to predam specimens. PC2
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accounted for 17.9% of the variance and was primarily associated
with variation in head size. G. neambi with negative PC2 scores pos-
sessed relatively short and deep heads. Pre/postdam specimens ex-
hibited considerable overlap along this axis. PC3 explained 11.9% of
the variance and captured variation in body depth and head profile,
with negative scores associated with animals that possessed more
shallow head profiles and less deep bodies. Similar to PC2, pre/post-
dam specimens exhibited overlapping distributions along this axis.
Tests of allometry on geometric morphometric data rejected
(p = .0312; Table S3) the null hypothesis that allometries were
parallel, suggesting that there has been an alteration of allometric
trajectories over the ~34 years since the Tucurui dam was con-
structed. Linear models on measurements revealed that body depth
(p = .0120) and jaw length (p = .0284) were significantly different
from predam G. neambi (Table S5). Predam G. neambi possessed both
deeper bodies and longer jaws than the contemporary specimens.
Neither caudal peduncle (p = .2983) nor eye diameter (p = .4967)
was significantly different between the pre/postdam group. Slopes
between pre/postdam (Figure S4) collections were significantly dif-
ferent for both jaw length (p =.0012) and body depth (p =.0049). In
both cases, predam G. neambi experienced accelerated growth rel-
ative to their postdam counterparts. Similar to the Cichla data pre-
sented above, these data should also be interpreted with care. In this
case, pre- and postdam specimens had similar size distributions, but
size ranges were limited, meaning that slopes were highly dependent
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FIGURE 4 Geophagus neambi principal component plot (X-axis = PC1 (29.3%), Y-axis-left = PC2 (17.9%), Y-axis-right = PC3 (11.9%))
indicating regions of morphospace occupied by each year group, as illustrated by colored convex hulls. Circles indicate individuals, and
triangle represents the mean shape of each group within morphospace. Deformation grids are indicative of the minimum and maximum
shape values for respective axes. Morphological disparity test reveals no significant (p = .1681) reduction in disparity between pre/postdam
groups (Procrustes variance = 0.00096 and 0.00117, respectively). Pre-, postdam sample sizes: n = 19, 15
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upon a handful of individuals at the periphery of the distributions.
Given the current sampling scheme, interpretations of the size-cor-
rected linear measures should therefore be made with caution.

3.3 | Satanoperca jurupari

Procrustes ANOVA revealed that no interactions were meaningful
and that the effect of year alone (R? = 0.165; Z = 5.22; p = <.0001)
was greater than the effect of size (R? = 0.088; Z = 3.70; <.0001)
alone (Table S2). Pre/postdam groups had significantly differ-
ent shapes (p = <.0001), but differences in disparity between the
two groups were not significant (p = .1306; Procrustes Variance:
predam = 0.0008, postdam = 0.0007). Deformation grids of mean
shapes revealed conspicuous differences in head shape. In particular,
predam S. jurupari possessed an elongated preorbital regions of the
skull, upturned jaws, smaller eyes, and larger opercles, compared to
postdam specimens. Differences were also apparent in the size and
shape of the caudal peduncle. Similar to G. neambi, these data were
consistent with our predictions with respect to trophic generalists.
The first three principal component axes (Figure 5) accounted for
61.1% of the total variance. PC1 accounted for 26.7% and described
variation in head and body size, as well as eye placement. Negative
scores were associated with short, rounded faces and more ven-
trally positioned eyes. Postdam specimens exhibited more nega-
tive PC1 scores on average. PC2 accounted for another 21.6% of

the variance and described variation in mouth orientation and body
shape. Negative scores were associated with a more terminally posi-
tioned mouth, and a slender body with a more pronounced posterior
tapering toward the tail. In contrast, positive scores were associated
with a more upturned mouth, and rounded body shape. Postdam
specimens exhibited more positive PC2 scores. PC3 accounted for
12.8% of the variance and largely described variation in the opercu-
lar region of the skull. S. jurupari with negative scores tended to have
larger opercles, whereas specimens with positive scores possessed
smaller opercles. Postdam specimens exhibited slightly more posi-
tive PC3 scores on average.

Tests of allometry on geometric morphometric data failed to re-
ject (p = .1026; Table S3) the null hypothesis that allometries were
parallel, indicating that there has been no significant alteration of
allometric trajectories over the past ~34 years since the Tucurui dam
was constructed. Across all four linear measurements, we observed
no significant difference in absolute group means (Figure S4; Table
S5). Additionally, we found no significant differences among slope

trajectories in any comparison.
3.4 | Caquetaia spectabilis
Procrustes ANOVA revealed that interaction between size and year

was meaningful (R? = 0.056; Z = 2.71; p = .0051) and that, despite
being significant, the effect of year alone (R? = 0.040; Z = 1.84;
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p = .039) was less meaningful than the effect of size (R? = 0.167;
Z = 4.49; <0.0001) alone (Table S2). Pre/postdam groups were
significant at alpha = 90% in terms of both shape (p = .0935) and
disparity (p = .0604; Procrustes Variance: predam = 0.0009, post-
dam = 0.0007). Deformation grids of mean shapes suggested that
predam C. spectabilis possess slightly more upturned mouths, shal-
lower bodies and anteriorly positioned eyes and pectoral fins com-
pared to postdam specimens. Thus, while subtle differences were
noted, predam and postdam C. spectabilis specimens were not as
divergent as the two generalist species, which is largely consistent
with our predictions.

The first three PC axes (Figure 6) accounted for 54.3% of the
total variance. PC1 accounted for 28.3% and was largely associated
with differences in mouth orientation and body size. Negative PC1
scores were associated with a slightly shorter mouth and shorter,
deeper bodies. The distribution of predam and postdam specimens
overlapped along this axis. PC2 accounted for 15.1% of the variance
and was predominantly associated with eye size and body shape and
head length, with negative scores associated with relatively small
eyes, short, rounded bodies, and shorter heads. Postdam specimens
exhibited slightly more negative PC2 scores on average. PC3 ac-
counted for 10.8% of the variance and was associated with variation
in head and caudal peduncle size, as well as positioning of the pec-
toral fin base. Negative scores along this axis were associated with
small heads and caudal peduncles, and a larger pectoral fin base.
Predam and postdam specimens overlapped along this axis.
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Tests of allometry on geometric morphometric data rejected
(p = .0110; Table S3) the null hypothesis that allometries were
parallel, indicating that there has been a significant alteration of
allometric trajectories since the Tucurui dam was constructed. No
significant differences in group means were observed across all four
linear measures (Figure S4; Table S5). Additionally, we detected no
significant differences among slope trajectories in any comparison.

3.5 | Heros efasciatus

Procrustes ANOVA revealed that interaction between size and year
was not meaningful (R? = 0.027; Z = 2.88; p = .0045) and that, de-
spite being significant, the effect of year alone (R?=0.045;Z = 3.66;
p = .0002) was less meaningful than the effect of size (R? = 0.439;
Z = 5.72; p = <0.0001) alone (Table S2). Pre/postdam groups
showed significant differences in both shape (p = .0103) and dis-
parity (p = .0025; Procrustes Variance: predam = 0.00115, post-
dam = 0.00061). Notably, postdam specimens exhibited lower levels
of morphological disparity than predam H. efasciatus. Deformation
grids of mean group shapes showed that predam H. efasciatus have
relatively larger eyes, smaller jaws, deeper heads and bodies, dorsal
fin insertions behind operculum (postdam specimens appear to have
dorsal fins that insert just above the operculum), and a shorter cau-
dal fin base. These results were not consistent with our predictions
regarding trophic specialists.
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FIGURE 6 Caquetaia spectabilis principal component plot (X-axis = PC1 (28.3%), Y-axis-left = PC2 (15.1%), Y-axis-right = PC3 (10.8%))
indicating regions of morphospace occupied by each year group, as illustrated by colored convex hulls. Circles indicate individuals, and
triangle represents the mean shape of each group within morphospace. Deformation grids are indicative of the minimum and maximum
shape values for respective axes. Morphological disparity test reveals a significant (p = .0604) reduction in disparity between pre/postdam
groups (Procrustes variance = 0.00092 and 0.00067, respectively). Pre-, postdam sample sizes: n = 8, 26

25L60 17 SUOLLLOD BATER1D 3|qedtjdde aU) A PauiRA0B a1 DI YO 13N 0 S3IN! 0j ATRIgIT BUIIUO AB|IAA UO (SUONIPUOD-pUE-SLULIBILI0D A3 | ARG 1PUIUO//SIL) SUONIPUOD PU S | 8U) 295 *[520Z/T0/EZ] Uo ArIqI18UIIUO B1IM ‘1pOS O1])ULIE asuse g nasni Aq 080ET BAS/TTTT OT/10p/LI00" A3 1M ALe.1q1Ru!|Uo//Sdy WoJ) papeojumod ‘0T ‘020Z ‘T/SHZSLT



GILBERT ET AL.

2764
7 L wiey- e —

The first three PC axes (Figure 7) accounted for 52.1% of the
total variance. PC1 accounted for 21.2% and explained variation in
head, mouth, and body size. Negative scores were associated with
shallow bodies and longer faces. Postdam specimens were largely
restricted to one end of this axis (i.e., negative scores on average),
whereas predam specimens occupied the full range of PC1 scores.
PC2 accounted for 17.7% of the variance and describes variation
nape length, dorsal fin insertion, and eye size. Negative scores were
associated with relatively smaller eyes and operculum, dorsal fin in-
sertion just above the opercle (as opposed to positive scores that
represent a more posterior dorsal fin insertion), and size of the pec-
toral fin base. Predam and postdam specimens overlapped along this
axis but predam specimens trended toward more positive scores
while postdam specimens trended toward more negative scores. PC3
accounted for 13.1% of the variance and was associated with eye
position, body length, mouth size, and preopercle angle. Negative
scores were associated with more ventrally positioned eyes, shorter
bodies, and longer mouths, and a more rounded (as opposed to an-
gular) preopercle. While both pre- and postdam specimens occupied
a wide range of the observed PC3 scores, predam specimens had a
somewhat larger occupancy, leaving postdam specimens to occupy
a central position.

Tests of allometry on geometric morphometric data reject
(p = .0045; Table S3) the null hypothesis that allometries were
parallel, indicating that there has been a significant alteration of
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allometric trajectories. No significant differences in absolute group
means were observed across all four linear measures (Figure S4,
Table S5). Despite allometric differences in shape being detected,
we found no significant difference among slope trajectories for our

four linear measures.

4 | DISCUSSION

The capacity of fishes to quickly respond to rapid environmen-
tal change, "natural" or anthropogenic, is well documented
(Candolin, 2009; Franssen, 2011; Riiber & Adams, 2001). However,
the present scenario offers a unique opportunity to explore how
large-scale environmental alterations can alter evolutionary trajec-
tories and spur evolutionary divergence, especially in one of the
most biologically diverse regions on the planet that is under increas-
ing pressure from anthropogenic exploitation. The formation of the
Tucurui reservoir brought about dramatic changes that altered the
local ecosystem from shallow, clearwater rapids to a deep, silty res-
ervoir. While such operatic changes can be detrimental to fish popu-
lations (Agostinho et al., 2008; Alo & Turner, 2005; Fearnside, 2001),
they can also spur instances of speciation (Dias et al., 2013). This
study provides insight into not just how cichlid populations respond
to large-scale ecological changes, but also how different ecotypesre-
spond to an altered landscape. We describe extensive morphological

g 1T 11
% I
(=} b b
1T 1
JHANE L
AOR] T
o ST 11T
tod o LT T TTTTTTL
I O ol O o
<
Q,
(=}
o ® A g
= . 54 =
o oL | S ug
& | o 2 N =
o E s g
O A o a ke
s | O A g ¢ w
P [ & | =] k=1
< W ’g a<
NS g o 2 &5
b_- { =1 v B
=4 2g
[} S =
o —_ =2
(=) — o
= w =
! . 2 2
S =3
<t [TTTT
S | NEEE [
= EEANEEE
& AR AREEEERN
ey
S |
f=3
! T T T T
—-0.02 0.00 0.02 0.04

T
T
11T
T

Body Depth, Face Length, Mouth Size

>

FIGURE 7 Heros efasciatus principal component plot (X-axis = PC1 (21.5%), Y-axis-left = PC2 (17.9%), Y-axis-right = PC3 (14.5%))
indicating regions of morphospace occupied by each year group, as illustrated by colored convex hulls. Circles indicate individuals, and
triangle represents the mean shape of each group within morphospace. Deformation grids are indicative of the minimum and maximum
shape values for respective axes. Morphological disparity test reveals a significant (p = .0025) reduction in disparity between pre/postdam
groups (Procrustes variance = 0.00115 and 0.00061, respectively). Pre-, postdam sample sizes: n = 10, 23
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changes across the body for all cichlid species examined, regardless
of ecotype, over the course of ~34 years following a major ecologi-
cal change. While a subset of our data are limited to what is available
from small historical collections, they ultimately suggest that cichlid
species are experiencing rapid morphological change in response
to large-scale modifications of their environment. These findings
are especially notable, as they stands in contrast to results recently
presented by Geladi et al. (2019), which document little to no mor-
phological change in characid species in response to damming. Thus,
among two of the largest families of fishes worldwide, with espe-
cially high levels of biodiversity in the Neotropics, each appears to
respond differently to major anthropogenic change, underscoring
our limited ability to predict how different lineages will respond to
similar ecological disturbances.

4.1 | Anatomical changes are observed across
cichlid ecomorphs

The peacock basses (e.g., Cichla species) are widespread throughout
the Amazon basin, play important roles as large piscivorous preda-
tors (Fugi, Agostinho, & Hahn, 2001; Sharpe, De Ledn, Gonzalez, &
Torchin, 2017; Williams et al., 1998), and are economically important
for both food and recreation. Despite being native to the Amazon
basin, these species have been widely introduced to numerous non-
native systems where they play prominent roles in the decline of na-
tive fishes (Kovalenko, Dibble, Agostinho, Cantanhéde, & Fugi, 2010;
Sharpe et al., 2017).

The construction of the Tucurui Dam, and subsequent forma-
tion of the Tocantins reservoir, has likely aided the establishment
and success of local Cichla species, which have been reported to
require stable water levels and adequate littoral zones for reproduc-
tion (Williams et al., 1998). Cichla are large bodied cichlids that are
capable of traveling extremely long distances (Hoeinghaus, Layman,
Arrington, & Winemiller, 2003), and have an evolutionary history
largely shaped by the historical hydrology of South America (Willis,
Nunes, Montafa, Farias, & Lovejoy, 2007). Our geometric morpho-
metric data show that both Cichla kelberi and C. pinima appear mor-
phologically similar in predam collections with semielongate bodies.
They also exhibit indifferent disparities and are constrained to a rel-
atively narrow region of morphospace (Figure 3). However, postdam
specimens appear to have experienced changes in morphology that
not only pushed the two species apart in morphospace and distin-
guished them from the historical collections, but also resulted in a
near-identical, twofold increase in disparity (Table 2). The divergence
in shape that we observed in these two species may be due to the al-
tered riverine state of the area and the introduction of a deep, lentic
environment. It has been well documented that lentic environments
promote the development of deep bodies, whereas lotic environ-
ments promote more streamlined body shape in fishes (Collin &
Fumagalli, 2011; Gaston & Lauer, 2015; Geladi et al., 2019) that are
more efficient in reducing drag when navigating such environments

(Gosline, 1971). Mathematically, compressed, deep bodied objects
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(e.g., fish) should be less capable of navigating waters characterized
by high flow, owing to increased drag (Batchelor, 1967; Lamb, 1975).
This is conversely true for more streamlined shapes, which are pre-
dicted to generate less drag in fluidic space and are therefore more
energetically efficient. This appears to be the case for one of our
species, Cichla kelberi, where contemporary collections exhibit a rel-
atively deep, robust overall body shape compared to predam spec-
imens. In contrast, the local C. pinima population appears to have
responded in the opposite way, exhibiting more streamlined bodies
compared to historic collections. This apparent divergence in body
shape between Cichla species is consistent with ecological char-
acter displacement, a hypothesis that may be tested in the future.
Sympatric Cichla species have previously been shown to consume
different ichthyofauna. In one study, C. temensis were found to con-
sume primarily characid fishes, while sympatric C. orinocensis largely
consumed other cichlids (Williams et al., 1998). Thus, the different
reaction of these two species, C. kelberi and C. pinima, could indicate
that niche space across the reservoir is being partitioned to reduce
the effects of competition between two large, predatory fishes. In
addition, differences in the growth trajectories of specific function-
ally relevant traits, such as eye and jaw size, are consistent with niche
shifts over life history within the reservoir that are distinct from
those in ancestral riverine populations.

We had predicted that generalists and specialists would re-
spond differently to large-scale ecological changes. While cichlids
in general are renowned for their flexibility in foraging behavior
(Hulsey et al., 2005; Liem & Osse, 1975), they may be arrayed along
axes of ecomorphology related to foraging (Cooper et al., 2010;
Hahn & Cunha, 2005; Wainwright, Osenberg, & Mittelbach, 1991).
Accordingly, the four smaller species included here were chosen
based on their placement along a continuum between foraging gen-
eralist and specialist. Consistent with our prediction, both generalist
species, Geophagus neambi and Satanoperca jurupari, experienced
significant deviations in shape but not disparity, effectively shifting
position, but not distribution, in morphospace (Figures 4, 5). Both
species experienced changes across the body, but the most strik-
ing shifts were largely associated with head morphology, including
changes in eye size and placement, jaw length, skull dimensions, and
opercle sizes. These shifts are predicted to be associated with alter-
ations in feeding behavior and kinematics and are consistent with
the observation that both G. neambi and S. jurupari have atypical
diets within the reservoir (de Mérona et al., 2001). Notably, the ana-
tomical changes documented here effectively make the two species
appear more similar than they were historically. G. neambi developed
smaller eyes, smaller jaws, and less rounded jaws, while S. jurupari
developed larger eyes, a shorter preorbital region of the head, and
more rounded jaws. Thus, G. neambi and S. jurupari appear to be con-
verging on a common head shape, which predicts that similar feeding
strategies are being employed by these two closely related species
within the reservoir.

In contrast to our prediction, both specialist species, Caquetaia
spectabilis and Heros efasciatus, also exhibited changes in body

and head shape morphology. In addition, both appear to have
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experienced a reduction in morphological disparity. This could sug-
gest that selective pressures experienced in the altered environment
are working to canalize phenotypic variation in these species, gen-
erally reducing observed phenotypic variance. The fact that we saw
relatively low R? values and Z-scores associated with mean shapes,
but more obvious differences in disparity, supports the hypothesis
that these two species (H. efasciatus and C. spectabilis) are experi-
encing phenotypic canalization centered around the mean shape
of their respective populations. A similar trend in a reduction of
morphological variation has been reported for Cyprinella lutrensis
(Cypriniformes:Cyprinidae) in reservoirs when compared to stream
dwelling populations (Franssen, 2011), as well as for characid fishes
(Geladi et al., 2019).

4.2 | Possible mechanisms of morphological change

While it is impossible to explicitly connect changes in cichlid mor-
phology detected here to the construction of the Tucurui dam,
there are many reasons to assume that it has played an important
role. For instance, it is well established that dam construction will
introduce dramatic changes to the hydrology of the immediate area
(Dugan et al., 2010; Maingi & Marsh, 2002; de Mérona, Vigouroux,
& Tejerina-Garro, 2005; Miller, 1961), thereby altering the ecology
of residing taxa, and possibly creating a foundation for ecological
opportunity by introducing novel ecological niches to the system
(Losos, 2010; Schluter, 2000). Furthermore, species diversity has
been shown to be reduced in this area following construction of the
Tucurui dam (dos Santos et al., 2004), which has likely opened up ad-
ditional resources to the remaining species, possibly leading to new
selection regimes (Lahti et al., 2009; Roughgarden, 1972).

A likely mechanism contributing to some of the changes docu-
mented here is phenotypic plasticity, which refers to the capacity for
a single genotype to express various morphological, physiological,
and/or behavioral phenotypes under different ecological conditions.
Plasticity can allow populations to quickly adapt and persist when
faced with new ecological challenges (Ghalambor, McKay, Carroll,
& Reznick, 2007), including the formation of a large reservoir. The
present study does not present information directly regarding plas-
ticity in cichlids, but plasticity has been well documented in fishes
(Alexander & Adams, 2004; Garduno-Paz, Couderc, & Adams, 2010;
Lema & Nevitt, 2006; Lindsey, 1981; Robinson & Parsons, 2002),
and is especially notable within the feeding apparatus (Alexander
& Adams, 2004; Parsons et al., 2016; Wainwright et al., 1991).
Furthermore, plasticity in body and head shape has been well
documented in cichlids (Chapman, Galis, & Shinn, 2000; Muschick
et al., 2011), including Geophagini cichlids (Wimberger, 1991, 1992).
An important topic for future investigation will be to determine the
extent to which phenotypic plasticity has contributed to shape dif-
ferences documented here. Such insights will not only inform a bet-
ter understanding of short-term adaptation to novel environments,
but they may also contribute to an understanding of longer-term

patterns of evolutionary divergence. This is because plasticity has

the capacity to influence longer-term patterns of evolution by bi-
asing the phenotypic variation that is exposed to selection (West-
Eberhard, 1989, 2003). Thus, by recapitulating a river-to-lake
transition that has occurred repeatedly across many fish lineages,
including cichlids, the Tucurui system may provide insights into how
plasticity has contributed to the earliest stages of adaptive radia-
tions, a topic that has largely been a matter of theory and deduction.

Genetic mechanisms can also underlie short-term changes in
phenotype, mainly via the sorting of ancestral alleles. For instance,
selection may act against alleles that are maladapted to the new la-
custrine system, resulting in a different distribution of phenotypesin
the new environment (Yoder et al., 2010). Interspecific hybridization
can further alter the genetic pool through the random sorting of al-
leles, leading to the development of novel phenotypes (Salzburger,
Baric, & Sturmbauer, 2002; Smith, Konings, & Kornfield, 2003).
Transgressive segregation is an especially potent mechanism,
whereby novel combinations of alleles in a hybrid population can
lead to the expression of extreme phenotypic variation within just
a couple of generations (Bell & Travis, 2005). Therefore, hybridiza-
tion, coupled with ecological change not unlike that observed in the
Tucurui region, has the potential to lead to conspicuous shifts in
morphology in a brief period of time. Morphological trends in Cichla
are consistent with these factors, including a divergence in shape
over time, as well as a drastic increase in morphological disparity.
Changes in ecologically relevant shape are consistent with a shift in
niche space, while expanded disparity suggests that Cichla species
within the Tucurui reservoir may be hybridizing. Indeed, many of the
diagnostic characteristics of Cichla species were unreliable for our
contemporary collections, including traditional meristics, coloration,
and lateral line patterning. Approximately 10% of Cichla specimens
collected from the reservoir in 2018, exhibited a mosaic of features,
and were excluded from our analyses due to the inability to prop-
erly key them to species. Contemporary Cichla collections overlap
with historical collections in shape space; however, the expansion
of variation that we observe in C. kelberi and C. pinima is consis-
tent with transgressive segregation, and is similar to documented
cases of this phenomenon in East African cichlids (Albertson &
Kocher, 2005). By acting on standing genetic variation, selection has
the capacity to quickly alter patterns of phenotypic variation (Collin
& Fumagalli, 2011; Lande & Shannon, 1996; Smith et al., 2003) and
is credited for contributing to ongoing species divergence in old
world cichlid radiations (Burress, 2014; Kocher, 2004; Malinsky
etal., 2018).

Finally, changes in growth trajectories can explain the emergence
of new morphological forms, as well as increased morphological di-
versity (Collyer, Novak, & Stockwell, 2005; Mina, 2001; Réveillac
et al., 2015; Simonsen et al., 2017). Since we did not set out to spe-
cifically address this question, our experimental design is limited
with respect to these types of analyses (e.g., in general, our samples
only included one life-history stage—adult). In spite of this caveat,
we observed significant differences in allometric trajectories, based
on our geometric morphometric data, for three of our five genera

(Caquetaia spectabilis, Heros efasciatus, and Geophagus neambi).
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Furthermore, for at least one linear measure, slopes were signifi-
cantly different between pre- and postdam Cichla and Geophagus.
For both geometric and linear traits, when differences were noted,
the trend was consistent, with accelerated growth noted for the
predam population relative to its postdam counterpart. This is apart
from the global shape of Geophagus neambi, where postdam slope
was steeper than predam G. neambi. We found almost no significant
difference across our linear measures despite observing significant
differences in shape. Because geometric morphometric data are
measuring global shape change, comprised of relative (and often
subtle) changes across the entire body, they are more sensitive to
detecting mean differences than any single linear measure. They also
enable intuitive interpretations of the results via deformation grids
(Thompson, 1917). From these interpolations, we may identify which
regions of the body are varying more than other regions. While it can
be more difficult to ascribe specific functional relevance to these
types of changes, as compared to the length of a lever arm, for ex-
ample, they are biologically relevant and represent pertinent organ-
ismal change (Adams et al., 2004; Rohlf & Marcus, 1993; Zelditch
et al.,, 2012). Taken together, the allometric deviations in postdam
collections that we document here could be due to a number of eco-
logical changes that reservoir formation has brought to the region—
including changes to turbidity, primary productivity, reproduction
and feeding strategies, community composition, and predator-prey
dynamics. This will be an interesting line of future investigation.

As with most experiments, there are limitations to the conclu-
sions that may be considered. Here, we relied heavily on historical
collections, which were limited in terms of quality (inadequately
preserved for geometric morphometric analyses), quantity, and size
distributions. We acknowledge these shortcomings (e.g., in detect-
ing differences in allometric trajectories of linear measures), but feel
confident nevertheless in our overall interpretations, and our con-
clusion that cichlid species are undergoing rapid phenotypic change
(in levels and patterns of variation) in response to the novel environ-
ment within the Tucurui reservoir. How this has occurred remains an
open question. As a first step, future research should aim to deter-
mine the extent to which the morphological changes documented
here are genetically determined versus the product of phenotypic
plasticity.

4.3 | Predicting outcomes?

The construction of the Tucurui dam has resulted in pronounced
changes to the hydrology of the immediate area, establishing a foun-
dation for ecological opportunity by introducing the local ichthyo-
fauna to novel niches. Among those changes, the most obvious is
the transition from a fast flowing riverine system, to a deep, stagnant
reservoir, significantly altering the flow regime and hydrodynamics
of the system. Morphological changes in fishes following such al-
terations in flow regimes have been recorded in other taxa following
impoundment (Franssen, 2011; Franssen et al., 2013; Haas, Blum, &
Heins, 2010; Kristjansson, Skulason, Noakes, & Kristjansson, 2002;
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Perkin & Bonner, 2011), and these can mimic adaptive divergence
from river to lake systems (Langerhans, Layman, Langerhans, &
Dewitt, 2003). In particular, when examining adaptation from sys-
tems with high flow to a system with no/low flow, stereotypical
morphological shifts are often cited (Webb, 1984), including changes
in body depth (Brinsmead & Fox, 2002; Collyer, Hall, et al., 2015;
Collyer et al., 2005; Cureton Il & Broughton, 2014; Haas et al., 2010;
Langerhans et al., 2003; Santos & Araujo, 2015), mouth orientation
(Franssen et al., 2013; Langerhans et al., 2003), size and location of
paired/medial fin attachment sites (Aguirre, Shervette, Navarrete,
Calle, & Agorastos, 2013; Brinsmead & Fox, 2002; Cureton Il &
Broughton, 2014; Santos & Aradjo, 2015), and eye size and place-
ment (Aguirre et al., 2013). These shifts are almost certainly due to
adaptations to novel flow regimes themselves, as well as to novel
prey items that may be found within them. Notably, many of these
changes are reported, in one or more species, here in our compari-
son between contemporary (reservoir) and historical (riverine) spec-
imens from Tucurui. Although the speed at which anthropogenic
changes occur is much greater than what is typically witnessed in
natural systems, it is possible that the two events can inform one
another. For example, understanding the mechanisms that underlie
adaptive radiations may allow investigators to predict the types of
morphological changes that may arise in lineages subjected to im-
poundment, which in turn may be applied to develop a more holistic
picture of the long-term environmental consequences. In addition,
knowledge gleaned from studying the immediate effects of dam-
ming may provide a glimpse into the early stages of adaptive radia-
tions, a topic that is largely a matter of theory and speculation. Thus,
it is important to note that several dams built in the Amazon Basin,
like the Xingu and Madeira Rivers dams, should also adopt similar
studies monitoring how the fishes will adapt to a new environment.
The outcome could lead to a better understanding of how environ-

mental changes acts through time and space over resilient species.

5 | CONCLUSIONS

The significant changes to the Tocantins, a product of deforesta-
tion, large-scale agriculture, and the construction of the Tucurui
Hydroelectric Dam, have altered the ecological dynamics of the
systems culminating with the Tucurui reservoir. The historic fast
flowing, clearwater rapids have been replaced by an extensive,
deep, lentic system with high levels of turbidity and sediment dep-
osition. Using a combination of museum specimens prior to the
construction of the dam and contemporary specimens collected
34 or more years after the reservoir had been established, this
study shows that native cichlid populations have undergone dra-
matic morphological changes in a short period of time, likely as
a result of the reservoir formation. The closure of the dam has
already resulted in a dramatic reduction in ichthyofauna diversity
(dos Santos et al., 1984, 2004), possibly reducing competition for
remaining species that now have access to an expanded array of

ecological niches. The construction of the Tucurui Hydroelectric
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Plant has allowed for a unique opportunity to witness how fish
populations respond to sudden, large-scale alteration to an eco-
system. This study provides evidence that ecologically related
traits are changing in response to hydrological alteration, changes
that are not limited to generalists alone, but apparent to varying
degrees in all taxa investigated. Given the high number of dams
constructed in the Amazon, particularly on the Tocantins, this
study adds to the growing literature of what we can expect to
occur within resident fish communities, notably in one of the most

diverse freshwater fish communities on Earth.

ACKNOWLEDGEMENTS

The authors are deeply indebted to Fernanda AG de Andrade from
Instituto Federal do Parda—Tucurui for providing us with laboratory
space and to Jacyra Oliver, Luiza Baruch, and Sandro Souza for as-
sistance with processing the specimens. The collections, curators,
and managers at MZUSP, Oswaldo Oyakawa and Alessio Datovo,
and Lucia Rapp Py-Daniel at the INPA fish collection. Michael L
Collyer for help with R code to generate polygon plots. The Natural
History Collections at the University of Massachusetts for providing
travel funds. We also thank members of the Albertson laboratory for

thoughtful comments and suggestions on the data presented here.

AUTHOR CONTRIBUTIONS

CCF and RCA conceived the project. AA, CCF, and RCA collected,
processed, and imaged specimens. MCG performed the morpho-
logical analyses and analyzed linear traits. MCG, CCF, and RCA inter-
preted the morphometric results. MCG and RCA interpreted results
from linear measurements. MCG and RCA wrote the manuscript. All

authors contributed to manuscript revisions.

DATA AVAILABILITY STATEMENT
All raw data (landmark and linear measures) are available as supple-

mental material.

ORCID

R. Craig Albertson https://orcid.org/0000-0002-4120-1840

REFERENCES

Adams, D., Collyer, M. L., & Kaliontzopoulou, A. (2018). Geomorph:
Software for geometric morphometric analysis. R package version
3.0.6. Retrieved from https://cran.r-project.org/package=geomorph

Adams, D. C., Collyer, M. L., & Sherratt, E. (2015). geomorph: Software
for geometric morphometric analysis. Retrieved from http://cran.r-
project.org/web/packages/geomorph/index.html

Adams, D. C., Rohlf, F. J., & Slice, D. E. (2004). Geometric morphomet-
rics: Ten years of progress following the ‘ revolution. Italian Journal
of Zoology, 71(January 2015), 5-16. https://doi.org/10.1080/11250
000409356545

Agostinho, A., Pelicice, F., & Gomes, L. (2008). Dams and the fish fauna of
the Neotropical region: Impacts and management related to diversity
and fisheries. Brazilian Journal of Biology, 68(4), 1119-1132.

Aguirre, W. E., Shervette, V. R., Navarrete, R., Calle, P., & Agorastos, S.
(2013). Morphological and genetic divergence of Hoplias microlepis
(Characiformes: Erythrinidae) in Rivers and Artificial Impoundments

of Western Ecuador. Copeia, 2013(2), 312-323. https://doi.
org/10.1643/CI-12-083

Akama, A. (2017). Impacts of the hydroelectric power generation over
the fish fauna of the Tocantins river, Brazil: Maraba dam, the final
blow. Oecologia Australis, 21(3), 222-231. https://doi.org/10.4257/
0eco0.2017.2103.01

Albertson, R. C., & Kocher, T. D. (2005). Genetic architecture sets limits
on transgressive segregation in hybrid cichlid fishes. Evolution, 59(3),
686-690. https://doi.org/10.1111/j.0014-3820.2005.tb01027.x

Alexander, G. D., & Adams, C. E. (2004). Exposure to a common environ-
ment erodes inherited between-population trophic morphology dif-
ferences in Arctic charr. Journal of Fish Biology, 64, 253-257. https://
doi.org/10.1111/j.1095-8649.2004.00276.x

Allan, J. D., & Flecker, A. S. (1993). Biodiversity conservation in running
waters. BioScience, 43(1), 32-43. https://doi.org/10.2307/1312104

Alo, D., & Turner, T. F. (2005). Effects of habitat fragmentation on ef-
fective population size in the endangered Rio Grande silvery
minnow. Conservation Biology, 19(4), 1138-1148. https://doi.
org/10.1111/j.1523-1739.2005.00081.x

Angermeier, P. L. (1995). Ecological attributes of extinction-prone spe-
cies: Loss of freshwater fishes of Virginia. Conservation Biology, 9(1),
143-158. https://doi.org/10.1046/j.1523-1739.1995.09010143.x

Aratjo-Lima, C., Agostinho, A., & Fabré, N. (1995). Trophic aspects of fish
communities in Brazilian rivers and reservoirs. In J. D. Tundisi, J. G.
Tundisi, C. D. M. Bicudo, & T. Matsumura (Eds.), Limnology in Brazil
(pp. 105-136). Rio de Janeiro: Brazilian Academy of Sciences.

Arbour, J. H., & Lépez-Ferndndez, H. (2013). Ecological variation in
South American geophagine cichlids arose during an early burst of
adaptive morphological and functional evolution. Proceedings of the
Royal Society B: Biological Sciences, 280(1763), 20130849. https://doi.
org/10.1098/rspb.2013.0849

Bastos, R. F., Condini, M. V., Varela, A. S., & Garcia, A. M. (2011). Diet
and food consumption of the pearl cichlid Geophagus brasiliensis
(Teleostei: Cichlidae): Relationships with gender and sexual matu-
rity. Neotropical Ichthyology, 9(4), 825-830. https://doi.org/10.1590/
$1679-62252011005000049

Batchelor, G. (1967). An introduction to fluid dynamics. New York, NY:
Cambridge University Press.

Bell, M. A., & Travis, M. P. (2005). Hybridization, transgressive seg-
regation, genetic covariation, and adaptive radiation. Trends in
Ecology and Evolution, 20(7), 358-361. https://doi.org/10.1016/j.
tree.2005.03.015

Brinsmead, J., & Fox, M. G. (2002). Morphological variation between
lake- and stream-dwelling rock bass and pumpkinseed populations.
Journal of Fish Biology, 61, 1619-1638. https://doi.org/10.1006/
jfbi.2002.2179

Burress, E. D. (2014). Cichlid fishes as models of ecological diversifica-
tion: Patterns, mechanisms, and consequences. Hydrobiologia, 748(1),
7-27. https://doi.org/10.1007/s10750-014-1960-z

Candolin, U. (2009). Population responses to anthropogenic disturbance:
Lessons from three-spined sticklebacks Gasterosteus aculeatus in eu-
trophic habitats. Journal of Fish Biology, 75(8), 2108-2121. https://
doi.org/10.1111/j.1095-8649.2009.02405.x

Chapman, L. G., Galis, F., & Shinn, J. (2000). Phenotypic plasticity and
the possible role of genetic assimilation: Hypoxia-induced trade-offs
in the morphological traits of an African cichlid. Ecology Letters, 3(5),
387-393. https://doi.org/10.1046/j.1461-0248.2000.00160.x

Cichocki, F. (1976). Cladistic history of cichlid fishes and reproductive strat-
egies of the American genera Acarichthys, Biotodoma and Geophagus.
Ph.D. Thesis. Michigan University of Michigan.

Clavel, J., Julliard, R., & Devictor, V. (2011). Worldwide decline of
specialist species: Toward a global functional homogenization?
Frontiers in Ecology and the Environment, 9(4), 222-228. https://doi.
org/10.1890/080216

25L60 17 SUOLLLOD BATER1D 3|qedtjdde aU) A PauiRA0B a1 DI YO 13N 0 S3IN! 0j ATRIgIT BUIIUO AB|IAA UO (SUONIPUOD-pUE-SLULIBILI0D A3 | ARG 1PUIUO//SIL) SUONIPUOD PU S | 8U) 295 *[520Z/T0/EZ] Uo ArIqI18UIIUO B1IM ‘1pOS O1])ULIE asuse g nasni Aq 080ET BAS/TTTT OT/10p/LI00" A3 1M ALe.1q1Ru!|Uo//Sdy WoJ) papeojumod ‘0T ‘020Z ‘T/SHZSLT


https://orcid.org/0000-0002-4120-1840
https://orcid.org/0000-0002-4120-1840
https://cran.r-project.org/package=geomorph
http://cran.r-project.org/web/packages/geomorph/index.html
http://cran.r-project.org/web/packages/geomorph/index.html
https://doi.org/10.1080/11250000409356545
https://doi.org/10.1080/11250000409356545
https://doi.org/10.1643/CI-12-083
https://doi.org/10.1643/CI-12-083
https://doi.org/10.4257/oeco.2017.2103.01
https://doi.org/10.4257/oeco.2017.2103.01
https://doi.org/10.1111/j.0014-3820.2005.tb01027.x
https://doi.org/10.1111/j.1095-8649.2004.00276.x
https://doi.org/10.1111/j.1095-8649.2004.00276.x
https://doi.org/10.2307/1312104
https://doi.org/10.1111/j.1523-1739.2005.00081.x
https://doi.org/10.1111/j.1523-1739.2005.00081.x
https://doi.org/10.1046/j.1523-1739.1995.09010143.x
https://doi.org/10.1098/rspb.2013.0849
https://doi.org/10.1098/rspb.2013.0849
https://doi.org/10.1590/S1679-62252011005000049
https://doi.org/10.1590/S1679-62252011005000049
https://doi.org/10.1016/j.tree.2005.03.015
https://doi.org/10.1016/j.tree.2005.03.015
https://doi.org/10.1006/jfbi.2002.2179
https://doi.org/10.1006/jfbi.2002.2179
https://doi.org/10.1007/s10750-014-1960-z
https://doi.org/10.1111/j.1095-8649.2009.02405.x
https://doi.org/10.1111/j.1095-8649.2009.02405.x
https://doi.org/10.1046/j.1461-0248.2000.00160.x
https://doi.org/10.1890/080216
https://doi.org/10.1890/080216

GILBERT ET AL.

Collin, H., & Fumagalli, L. (2011). Evidence for morphological and adaptive
genetic divergence between lake and stream habitats in European
minnows (Phoxinus phoxinus, Cyprinidae). Molecular Ecology, 20(21),
4490-4502. https://doi.org/10.1111/j.1365-294X.2011.05284.x

Collyer, M. L., & Adams, D. C. (2007). Analysis of two-state multivariate
phenotypic change in ecological studies. Ecology, 88(3), 683-692.
https://doi.org/10.1890/06-0727

Collyer, M. L., Hall, M. E., Smith, M. D., & Hoagstrom, C. W. (2015).
Habitat-morphotype associations of Pecos pupfish (Cyprinodon peco-
sensis) in isolated habitat complexes. Copeia, 2015, 181-199. https://
doi.org/10.1643/0T-14-084

Collyer, M. L., Novak, J. M., & Stockwell, C. A. (2005). Morphological
divergence of native and recently established populations of White
Sands Pupfish (Cyprinodon tularosa). Copeia, 2005(1), 1-11.

Collyer, M. L., Sekora, D. J., & Adams, D. C. (2015). A method for analy-
sis of phenotypic change for phenotypes described by high-dimen-
sional data. Heredity, 115(4), 357-365. https://doi.org/10.1038/
hdy.2014.75

Cooper, W. J,, Parsons, K., Mclintyre, A., Kern, B., McGee-Moore, A., &
Albertson, R. C. (2010). Bentho-pelagic divergence of cichlid feeding
architecture was prodigious and consistent during multiple adap-
tive radiations within African Rift-Lakes. PLoS One, 5(3), https://doi.
org/10.1371/journal.pone.0009551

Cureton I, J. C., & Broughton, R. E. (2014). Rapid morphological diver-
gence of a stream fish in response to changes in water flow. Biology
Letters, 10(6), 8-11. https://doi.org/10.1098/rsbl.2014.0352.

de Mérona, B. (1987). Aspectos ecologicos da ictiofauna no
Baixo Tocantins. Acta Amazénica, 1, 109-124. https://doi.
org/10.1590/1809-43921987171124

de Mérona, B., Mendes Dos Santos, G., & Gonccalves de Almeida,
R. (2001). Short term effects of Tucurui Dam (Amazonia, Brazil)
on the trophic organization of fish communities. Environmental
Biology of Fishes, 60(4), 375-392. https://doi.org/10.1023/A:10110
33025706

de Mérona, B., Vigouroux, R., & Tejerina-Garro, F. L. (2005). Alteration
of fish diversity downstream from Petit-Saut Dam in French Guiana.
Implication of ecological strategies of fish species. Hydrobiologia,
551(1), 33-47. https://doi.org/10.1007/s10750-005-4448-z

del Favero, J. M., dos Pompeu, P. S., & Prado-Valladares, A. C. (2010).
Biologia reprodutiva de Heros efasciatus Heckel, 1840 (Pisces,
Cichlidae) na Reserva de Desenvolvimento Sustentavel Amani-AM,
visando seu manejo sustentavel. Acta Amazénica, 40(2), 373-380.
https://doi.org/10.1590/50044-59672010000200015

Dias, M. S., Cornu, J. F., Oberdorff, T., Lasso, C. A., & Tedesco, P. A.
(2013). Natural fragmentation in river networks as a driver of spe-
ciation for freshwater fishes. Ecography, 36(6), 683-689. https://doi.
org/10.1111/j.1600-0587.2012.07724.x

dos Santos, G., de Mérona, B., Juras, A., & Jégu, M. (2004). Peixes do
Baixo Rio Tocantins: 20 anos depois da Usina Hidroelétrica Tucurui,
215.

dos Santos, G., Jégu, M., & de Mérona, B. (1984). Catalogo de peixes
comerciais do Baixo Rio Tocantins. Projeto Tucurui, 83.

Dugan, P. J., Barlow, C., Agostinho, A. A., Baran, E., Cada, G. F,, Chen, D,
... Winemiller, K. O. (2010). Fish migration, dams, and loss of ecosys-
tem services in the mekong basin. Ambio, 39(4), 344-348. https://
doi.org/10.1007/s13280-010-0036-1

ELETROBRAS/DNAEE. (1997). Manual de Inventdrio Hidrelétrico de Bacias
Hidrogrdficas. Brasilia.

Fearnside, P. M. (2001). Environmental impacts of Brazil’s Tucurui” Dam:
Unlearned lessons for hydroelectric development in Amazonia.
Environmental Management, 27(3), 377-396. https://doi.org/10.1007/
s002670010156

Franssen,N.R.(2011). Anthropogenichabitatalterationinducesrapid mor-
phological divergenceinanative streamfish. Evolutionary Applications,
4(6), 791-804. https://doi.org/10.1111/j.1752-4571.2011.00200.x

T\ || £y

Franssen, N. R., Harris, J., Clark, S. R., Schaefer, J. F., & Stewart, L. K.
(2013). Shared and unique morphological responses of stream fishes
to anthropogenic habitat alteration. Proceedings of the Royal Society
B: Biological Sciences, 280(1752),20122715. https://doi.org/10.1098/
rspb.2012.2715

Fugi, R., Agostinho, A. A., & Hahn, N. S. (2001). Trophic morphology
of five benthic-feeding fish species of a tropical floodplain. Revista
Brasleira De Biologia, 61(1), 27-33. https://doi.org/10.1590/50034
-71082001000100005

Fugi, R., Luz-Agostinho, K. D. G., & Agostinho, A. A. (2008). Trophic in-
teraction between an introduced (peacock bass) and a native (dog-
fish) piscivorous fish in a Neotropical impounded river. Hydrobiologia,
607(1), 143-150. https://doi.org/10.1007/s10750-008-9384-2

Gardufio-Paz, M. V., Couderc, S., & Adams, C. E. (2010). Habitat
complexity modulates phenotype expression through devel-
opmental plasticity in the threespine stickleback. Biological
Journal of the Linnean Society, 100(2), 407-413. https://doi.
org/10.1111/j.1095-8312.2010.01423.x

Gaston, K. A., & Lauer, T. E. (2015). Morphometric variation in bluegill
Lepomis macrochirus and green sunfish Lepomis cyanellus in lentic and
lotic systems. Journal of Fish Biology, 86(1), https://doi.org/10.1111/
jfb.12581

Geladi, I., De Ledn, L. F.,, Torchin, M. E., Hendry, A. P.,, Gonzélez, R., &
Sharpe, D. M. T. (2019). 100-year time series reveal little morpho-
logical change following impoundment and predator invasion in two
Neotropical characids. Evolutionary Applications, 12(7), 1385-1401.
https://doi.org/10.1111/eva.12763

Ghalambor, C. K., McKay, J. K., Carroll, S. P., & Reznick, D. N. (2007).
Adaptive versus non-adaptive phenotypic plasticity and the potential
forcontemporaryadaptationin new environments. Functional Ecology,
21(3), 394-407. https://doi.org/10.1111/j.1365-2435.2007.01283.x

Goodall, C. (1991). Procrustes methods in the statistical analysis of
shape. Journal of the Royal Statistical Society, 53(2), 285-339.

Gosline, W. A. (1971). Functional Morphology and Classification of
Teleostean Fishes. Honolulu: University Press of Hawaii.

Gunz, P., & Mitteroecker, P. (2013). Semilandmarks: A method for quan-
tifying curves and surfaces. Hystrix, 24(1), https://doi.org/10.4404/
hystrix-24.1-6292

Haas, T. C., Blum, M. J,, & Heins, D. C. (2010). Morphological responses
of a stream fish to water impoundment. Biology Letters, 6, 803-806.
https://doi.org/10.1098/rsbl.2010.0401

Hahn, N. S., & Cunha, F. (2005). Feeding and trophic ecomorphology of
Satanoperca pappaterra (Pisces, Cichlidae) in the Manso Reservoir,
Mato Grosso State, Brazil. Brazilian Archives of Biology and Technology,
48(6), 1007-1012. https://doi.org/10.1590/51516-8913200500
0800017

Helfman, G. (2007). Fish Conservation: A guide to understanding and re-
storing global aquatic biodiversity and fishery resources. Washington,
D.C.: Island Press.

Higgins, K., & Lynch, M. (2001). Metapopulation extinction caused by mu-
tation accumulation. Proceedings of the National Academy of Science,
98(5), 2928-2933. https://doi.org/10.1073/pnas.031358898

Hoeinghaus, D. J., Layman, C. A., Arrington, D. A., & Winemiller, K. O.
(2003). Movement of Cichla species (Cichlidae) in a Venezuelan
floodplain river. Neotropical Ichthyology, 1(2), 121-126. https://doi.
org/10.1590/51679-62252003000200006

Hulsey, C. D., Hendrickson, D. A., & Garcia De Ledn, F. J. (2005). Trophic
morphology, feeding performance and prey use in the polymorphic
fish Herichthys minckleyi. Evolutionary Ecology Research, 7, 303-324.

Kocher, T. D. (2004). Adaptive evolution and explosive speciation: The
cichlid fish model. Nature Reviews Genetics, 5(4), 288-298. https://
doi.org/10.1038/nrg1316

Kovalenko, K. E., Dibble, E. D., Agostinho, A. A., Cantanhéde, G., &
Fugi, R. (2010). Direct and indirect effects of an introduced pi-
scivore, Cichla kelberi and their modification by aquatic plants.

25L60 17 SUOLLLOD BATER1D 3|qedtjdde aU) A PauiRA0B a1 DI YO 13N 0 S3IN! 0j ATRIgIT BUIIUO AB|IAA UO (SUONIPUOD-pUE-SLULIBILI0D A3 | ARG 1PUIUO//SIL) SUONIPUOD PU S | 8U) 295 *[520Z/T0/EZ] Uo ArIqI18UIIUO B1IM ‘1pOS O1])ULIE asuse g nasni Aq 080ET BAS/TTTT OT/10p/LI00" A3 1M ALe.1q1Ru!|Uo//Sdy WoJ) papeojumod ‘0T ‘020Z ‘T/SHZSLT


https://doi.org/10.1111/j.1365-294X.2011.05284.x
https://doi.org/10.1890/06-0727
https://doi.org/10.1643/OT-14-084
https://doi.org/10.1643/OT-14-084
https://doi.org/10.1038/hdy.2014.75
https://doi.org/10.1038/hdy.2014.75
https://doi.org/10.1371/journal.pone.0009551
https://doi.org/10.1371/journal.pone.0009551
https://doi.org/10.1098/rsbl.2014.0352
https://doi.org/10.1590/1809-43921987171124
https://doi.org/10.1590/1809-43921987171124
https://doi.org/10.1023/A:1011033025706
https://doi.org/10.1023/A:1011033025706
https://doi.org/10.1007/s10750-005-4448-z
https://doi.org/10.1590/S0044-59672010000200015
https://doi.org/10.1111/j.1600-0587.2012.07724.x
https://doi.org/10.1111/j.1600-0587.2012.07724.x
https://doi.org/10.1007/s13280-010-0036-1
https://doi.org/10.1007/s13280-010-0036-1
https://doi.org/10.1007/s002670010156
https://doi.org/10.1007/s002670010156
https://doi.org/10.1111/j.1752-4571.2011.00200.x
https://doi.org/10.1098/rspb.2012.2715
https://doi.org/10.1098/rspb.2012.2715
https://doi.org/10.1590/S0034-71082001000100005
https://doi.org/10.1590/S0034-71082001000100005
https://doi.org/10.1007/s10750-008-9384-2
https://doi.org/10.1111/j.1095-8312.2010.01423.x
https://doi.org/10.1111/j.1095-8312.2010.01423.x
https://doi.org/10.1111/jfb.12581
https://doi.org/10.1111/jfb.12581
https://doi.org/10.1111/eva.12763
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.4404/hystrix-24.1-6292
https://doi.org/10.4404/hystrix-24.1-6292
https://doi.org/10.1098/rsbl.2010.0401
https://doi.org/10.1590/S1516-89132005000800017
https://doi.org/10.1590/S1516-89132005000800017
https://doi.org/10.1073/pnas.031358898
https://doi.org/10.1590/s1679-62252003000200006
https://doi.org/10.1590/s1679-62252003000200006
https://doi.org/10.1038/nrg1316
https://doi.org/10.1038/nrg1316

GILBERT ET AL.

2770
7 Lwiey- e —

Hydrobiologia, 638, 245-253. https://doi.org/10.1007/s1075
0-009-0049-6

Kristjansson, B. K., Skulason, S., Noakes, D. L. G., & Kristjansson,
B. (2002). Rapid divergence in a recently isolated population of
threespine stickleback (Gasterosteus aculeatus L.). Evolutionary
Ecology Research, 4, 659-672.

Kullander, S. O., & Ferreira, E. J. G.(2006). A review of the South American
cichlid genus Cichla, with descriptions of nine new species (Teleostei:
Cichlidae). Ichthyological Exploration of Freshwaters, 17(4), 289-398.

Lahti, D. C.,Johnson, N. A., Ajie, B. C., Otto, S. P., Hendry, A. P., Blumstein,
D. T, ... Foster, S. A. (2009). Relaxed selection in the wild. Trends in
Ecology and Evolution, 24(9), 487-496. https://doi.org/10.1016/j.
tree.2009.03.010

Lamb, H. (1975). Hydrodynamics. New York, NY: Dover.

Lande, R., & Shannon, S. (1996). The Role of genetic variation in adapta-
tion and population persistence in a changing environment. Evolution,
50(1), 434-437. https://doi.org/10.1111/j.1558-5646.1996.tb045
04.x

Langerhans, R. B., Layman, C. A, Langerhans, A. K., & Dewitt, T. J. (2003).
Habitat-associated morphological divergence in two Neotropical
fish species. Biological Journal of the Linnean Society, 80(4), 689-698.
https://doi.org/10.1111/j.1095-8312.2003.00266.x.

Larochelle, C. R., Pickens, F. A. T., Burns, M. D., & Sidlauskas, B. L. (2016).
Long-term isopropanol storage does not alter fish morphometrics.
Copeia, 104(2), 411-420. https://doi.org/10.1643/CG-15-303

Lau, J. K., Lauer, T. E., & Weinman, M. L. (2006). Impacts of channeliza-
tion of stream habitats and associated fish assemblages in east cen-
tral Indiana. American Midland Naturalist, 156(2), 319-330.

Lema, S. C., & Nevitt, G. A. (2006). Testing an ecophysiological mech-
anism of morphological plasticity in pupfish and its relevance to
conservation efforts for endangered Devils Hole pupfish. The
Journal of Experimental Biology, 209(Pt 18), 3499-3509. https://doi.
org/10.1242/jeb.02417

Liem, K. F., & Osse, J. (1975). Biological versatility, evolution, and food re-
source exploitation in African cichlid fishes. American Zoologist, 15(2),
427-454. https://doi.org/10.1093/icb/15.2.427

Liermann, C. R., Nilsson, C., Robertson, J., & Ng, R. Y. (2012). Implications
of dam obstruction for global freshwater fish diversity. BioScience,
62(6), 539-548. https://doi.org/10.1525/bi0.2012.62.6.5

Lindsey, C. C. (1981). Stocks are chameleons: Plasticity in gill rakers of
coregonid fishes. Canadian Journal of Fisheries and Aquatic Sciences,
38, 1497-1506. https://doi.org/10.1139/f81-202

Lopez-Fernandez, H., Honeycutt, R. L., & Winemiller, K. O. (2005).
Molecular phylogeny and evidence for an adaptive radiation of
geophagine cichlids from South America (Perciformes: Labroidei).
Molecular Phylogenetics and Evolution, 34(1), 227-244. https://doi.
org/10.1016/j.ympev.2004.09.004

Losos, J. B. (2010). Adaptive radiation, ecological opportunity, and evo-
lutionary determinism. The American Naturalist, 175(6), 623-639.
https://doi.org/10.1086/652433

Lucinda, P. H., Lucena, C. A., & Assis, N. C. (2010). Two new species of
cichlid fish genus Geophagus Heckel from the Rio Tocantins drainage
(Perciformes: Cichlidae). Zootaxa, 2429(1), 29-42.

Maingi, J. K., & Marsh, S. E. (2002). Quantifying hydrologic impacts fol-
lowing dam construction along the Tana River. Kenya. Journal of Arid
Environments, 50(1), 53-79. https://doi.org/10.1006/jare.2000.0860

Malinsky, M., Svardal, H., Tyers, A. M., Miska, E. A., Genner, M. J., Turner,
G. F.,, & Durbin, R. (2018). Whole-genome sequences of Malawi cich-
lids reveal multiple radiations interconnected by gene flow. Nature
Ecology and Evolution, 2(12), 1940-1955. https://doi.org/10.1038/
s41559-018-0717-x

McCoy, M. W,, Bolker, B. M., Osenberg, C. W., Miner, B. G., & Vonesh,
J. R. (2006). Size correction: Comparing morphological traits among
populations and environments. Oecologia, 148(4), 547-554. https://
doi.org/10.1007/s00442-006-0403-6

Miller, R. R. (1961). Man and the Changing fish fauna of the American
Southwest. Alma: Michigan Academy of Science, Arts, and Letters.

Mina, M. V. (2001). Morphological diversification of fish as a conse-
quence of the divergence of ontogenetic trajectories. Ontogenez,
32(6), 471-476. https://doi.org/10.1023/A:1012842221732

Muschick, M., Barluenga, M., Salzburger, W., & Meyer, A.(2011). Adaptive
phenotypic plasticity in the Midas cichlid fish pharyngeal jaw and its
relevance in adaptive radiation. BMC Evolutionary Biology, 11(1), 116.
https://doi.org/10.1186/1471-2148-11-116

Nei, M., Maruyama, T., & Chakraborty, R. (1975). The Bottleneck effect
and genetic variability in populations. Evolution, 29(1), 1-10. https://
doi.org/10.1111/j.1558-5646.1975.tb00807.x

Novaes, J. L. C., Caramaschi, E. P., & Winemiller, K. O. (2004). Feeding
of Cichla monoculus Spix, 1829 (Teleostei: Cichlidae) during and
after reservoir formation in the Tocantins River. Central Brazil. Acta
Limnologica Brasiliensia, 16(1), 41-49. https://doi.org/10.5829/idosi.
mejsr.2016.24.04.23231

Olsen, A., & Westneat, M. (2015). StereoMorph: An R package for
the collection of 3D landmarks and curves using a stereo camera
set-up. Methods in Ecology and Evolution, 6, 351-356. https://doi.
org/10.1111/2041-210X.12326

Parsons, K. J., Concannon, M., Navon, D., Wang, J., Ea, |, Groveas, K.,
... Albertson, R. C. (2016). Foraging environment determines the ge-
netic architecture and evolutionary potential of trophic morphology
in cichlid fishes. Molecular Ecology, 25(24), https://doi.org/10.1111/
mec.13801

Perkin, J. S., & Bonner, T. H. (2011). Long-term changes in flow regime
and fish assemblage composition in the Guadelupe and San Marcos
rivers of Texas. River Research and Applications, 27, 566-579. https://
doi.org/10.1002/rra

Platania, S. (1991). Fishes of the Rio Chama and Upper Rio Grande,
New Mexico, with preliminary comments on their longitudinal dis-
tribution. The Southwestern Naturalist, 36(2), 186-193. https://doi.
org/10.2307/3671919

Platania, S. P., & Altenbach, C. S. (1998). Reproductive strategies and egg
types of seven Rio Grande Basin cyprinids. Copeia, 1998(3), 559-569.
https://doi.org/10.2307/1447786

R Core Team (2018). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.
Retrieved from http://www.r-project.org/

Reid, M., & Atz, J. (1958). Oral incubation in the cichlid fish Geophagus
jurupari. Zoologica, 43, 77-88.

Robinson, B. W., & Parsons, K. J. (2002). Changing times, spaces, and faces:
Tests and implications of adaptive morphological plasticity in the
fishes of northern postglacial lakes. Canadian Journal of Fisheries and
Aquatic Sciences, 59(11), 1819-1833. https://doi.org/10.1139/f02-144

Rohlf, F. J. (2016). tpsDig, digitize landmarks and outlines, version 2.22.
Department of Ecology and Evolution, State University of New York
at Stony Brook.

Rohlf, F. J., & Marcus, L. F.(1993). Arevolution in morphometrics. Trends in
Ecology and Evolution, 8(4), 129-132. https://doi.org/10.1016/0169-
5347(93)90024-)

Rohlf, F. J., & Slice, D. E. (1990). Extensions of the Procrustes method for
the optimal superimposition of landmarks. Systematic Zoology, 39(1),
40-59. https://doi.org/10.2307/2992207

Ropke, C. P., Ferreira, E., & Zuanon, J. (2014). Seasonal changes in the
use of feeding resources by fish in stands of aquatic macrophytes in
an Amazonian floodplain, Brazil. Environmental Biology of Fishes, 97,
401-414. https://doi.org/10.1007/s10641-013-0160-4

Roughgarden, J. (1972). The Evolution of niche width. The American
Naturalist, 106(952), 683-718. https://doi.org/10.1086/282807

Riber, L., & Adams, D. C. (2001). Evolutionary convergence of body
shape and trophic morphology in cichlids from Lake Tanganyika.
Journal of Evolutionary Biology, 14, 325-332. https://doi.
org/10.1046/j.1420-9101.2001.00269.x

25L60 17 SUOLLLOD BATER1D 3|qedtjdde aU) A PauiRA0B a1 DI YO 13N 0 S3IN! 0j ATRIgIT BUIIUO AB|IAA UO (SUONIPUOD-pUE-SLULIBILI0D A3 | ARG 1PUIUO//SIL) SUONIPUOD PU S | 8U) 295 *[520Z/T0/EZ] Uo ArIqI18UIIUO B1IM ‘1pOS O1])ULIE asuse g nasni Aq 080ET BAS/TTTT OT/10p/LI00" A3 1M ALe.1q1Ru!|Uo//Sdy WoJ) papeojumod ‘0T ‘020Z ‘T/SHZSLT


https://doi.org/10.1007/s10750-009-0049-6
https://doi.org/10.1007/s10750-009-0049-6
https://doi.org/10.1016/j.tree.2009.03.010
https://doi.org/10.1016/j.tree.2009.03.010
https://doi.org/10.1111/j.1558-5646.1996.tb04504.x
https://doi.org/10.1111/j.1558-5646.1996.tb04504.x
https://doi.org/10.1111/j.1095-8312.2003.00266.x
https://doi.org/10.1643/CG-15-303
https://doi.org/10.1242/jeb.02417
https://doi.org/10.1242/jeb.02417
https://doi.org/10.1093/icb/15.2.427
https://doi.org/10.1525/bio.2012.62.6.5
https://doi.org/10.1139/f81-202
https://doi.org/10.1016/j.ympev.2004.09.004
https://doi.org/10.1016/j.ympev.2004.09.004
https://doi.org/10.1086/652433
https://doi.org/10.1006/jare.2000.0860
https://doi.org/10.1038/s41559-018-0717-x
https://doi.org/10.1038/s41559-018-0717-x
https://doi.org/10.1007/s00442-006-0403-6
https://doi.org/10.1007/s00442-006-0403-6
https://doi.org/10.1023/A:1012842221732
https://doi.org/10.1186/1471-2148-11-116
https://doi.org/10.1111/j.1558-5646.1975.tb00807.x
https://doi.org/10.1111/j.1558-5646.1975.tb00807.x
https://doi.org/10.5829/idosi.mejsr.2016.24.04.23231
https://doi.org/10.5829/idosi.mejsr.2016.24.04.23231
https://doi.org/10.1111/2041-210X.12326
https://doi.org/10.1111/2041-210X.12326
https://doi.org/10.1111/mec.13801
https://doi.org/10.1111/mec.13801
https://doi.org/10.1002/rra
https://doi.org/10.1002/rra
https://doi.org/10.2307/3671919
https://doi.org/10.2307/3671919
https://doi.org/10.2307/1447786
http://www.r-project.org/
https://doi.org/10.1139/f02-144
https://doi.org/10.1016/0169-5347(93)90024-J
https://doi.org/10.1016/0169-5347(93)90024-J
https://doi.org/10.2307/2992207
https://doi.org/10.1007/s10641-013-0160-4
https://doi.org/10.1086/282807
https://doi.org/10.1046/j.1420-9101.2001.00269.x
https://doi.org/10.1046/j.1420-9101.2001.00269.x

GILBERT ET AL.

Salzburger, W., Baric, S., & Sturmbauer, C. (2002). Speciation via intro-
gressive hybridization in East African cichlids? Molecular Ecology, 11,
619-625. https://doi.org/10.1046/j.0962-1083.2001.01438.x

Santos, B. A. I, & Aradjo, F. G. (2015). Evidence of morphological differ-
ences between Astyanax bimaculatus (Actinopterygii : Characidae)
from reaches above and below dams on a tropical river. Environmental
Biology of Fishes, 98, 183-191. https://doi.org/10.1007/s1064
1-014-0248-5

Santos, G. (1995). Impactos da hidrelétrica Samuel sobre as comunidades
de peixes do Rio Jamari (Ronddnia, Brasil). Acta Amazénica, 25, 247-
280. https://doi.org/10.1590/1809-43921995253280

Santos, G., & Oliveira, A. Jr (1999). A Pesca no reservatério da hidrelétrica
de Balbina (Amazonas, Brasil). Acta Amazénica, 29, 147-163. https://
doi.org/10.1590/1809-43921999291163

Schluter, D. (2000). The ecology of adaptive radiation. Oxford, UK: Oxford
University Press.

Sharpe, D. M. T, De Leén, L. F.,, Gonzéalez, R., & Torchin, M. E. (2017).
Tropical fish community does not recover 45 years after predator
introduction. Ecology, 98(2), 412-424. https://doi.org/10.1002/
ecy.1648

Smith, P. F., Konings, A., & Kornfield, I. (2003). Hybrid origin of a cich-
lid population in Lake Malawi: Implications for genetic variation and
species diversity. Molecular Ecology, 12(9), 2497-2504. https://doi.
org/10.1046/j.1365-294X.2003.01905.x

Thompson, D. (1917). On growth and form. Cambridge, UK: Cambridge
University Press.

Trautman, M. (1939). The Effects of man-made modifications on the fish
fauna in Lost and Gordon Creeks, Ohio, between 1887-1938. The
Ohio Journal of Science, 39(5), 275-288.

Vazquez, D. P., & Simberloff, D. (2002). Ecological specialization and sus-
ceptibility to disturbance: Conjectures and refutations. The American
Naturalist, 159(6), 606-623. https://doi.org/10.1086/339991

Vitousek, P. M., Mooney, H. A., Lubchenco, J., & Melillo, J. M. (1997).
Human Domination of Earth’s Ecosystems. Science, 277(5325), 494-
499. https://doi.org/10.1126/science.277.5325.494

Wainwright, P. C., Osenberg, C. W., & Mittelbach, G. G. (1991). Trophic
Polymorphism in the pumpkinseed sunfish (Lepomis-Gibbosus
Linnaeus) - effects of environment on ontogeny. Functional Ecology,
5(1), 40-55. https://doi.org/10.2307/2389554

Waltzek, T. B., & Wainwright, P. C. (2003). Functional morphology of ex-
treme jaw protrusion in Neotropical cichlids. Journal of Morphology,
257,96-106. https://doi.org/10.1002/jmor.10111

Webb, P. W. (1984). Body form, locomotion and foraging in aquatic verte-
brates. American Zoologist, 24(1), 107-120. https://doi.org/10.1093/
icb/24.1.107

West-Eberhard, M. J. (1989). Phenotypic plasticity and the origins of
diversity. Annual Review of Ecology and Systematics, 20, 249-278.
https://doi.org/10.1146/annurev.es.20.110189.001341

West-Eberhard, M. J. (2003). Developmental Plasticity and Evolution. New
York, NY: Oxford University Press.

T\ || £y

Williams, J. D., Winemiller, K. O., Taphorn, D. C., & Balbas, L. (1998).
Ecology and Status of Piscivores in Guri, an Oligotrophic Tropical
Reservoir. North American Journal of Fisheries Management, 18(2),
274-285. https://doi.org/10.1577/1548-8675(1998)018<0274:EA-
SOPI>2.0.CO;2

Willis, S. C., Nunes, M. S., Montaia, C. G, Farias, I. P., & Lovejoy,
N. R. (2007). Systematics, biogeography, and evolution of the
Neotropical peacock basses Cichla (Perciformes: Cichlidae).
Molecular Phylogenetics and Evolution, 44(2007), 291-307. https://
doi.org/10.1016/j.ympev.2006.12.014

Wilson, S. K., Burgess, S. C., Cheal, A. J., Emslie, M., Fisher, R., Miller, 1.,
... Sweatman, H. P. A. (2008). Habitat utilization by coral reef fish:
Implications for specialists vs. generalists in a changing environ-
ment. Journal of Animal Ecology, 77, 220-228. https://doi.org/10.11
11/j.1365-2656.2007.0

Wimberger, P. H. (1991). Plasticity of jaw and skull morphology in the neo-
tropical cichlids Geophagus brasiliensisand Geophagus steindachneri.
Evolution, 45(7), 1545-1563. https://doi.org/10.2307/2409778

Wimberger, P. H. (1992). Plasticity of fish body shape. The effects of diet,
development, family and age in two species of Geophagus (Pisces:
Cichlidae). Biological Journal of the Linnean Society, 45, 197-218.

Winemiller, K. O., Mclntyre, P. B., Castello, L., Fluet-Chouinard, E.,
Giarrizzo, T., Nam, S., ... Saenz, L. (2016). Balancing hydropower and
biodiversity in the Amazon, Congo, and Mekong. Science, 351(6269),
128-129. https://doi.org/10.1126/science.aac7082

Yoder, J. B., Clancey, E., Desroches, S., Eastman, J. M., Gentry, L., Godsoe,
W., ... Harmon, L. J. (2010). Ecological opportunity and the origin of
adaptive radiations. Journal of Evolutionary Biology, 23(8), 1581-1596.
https://doi.org/10.1111/j.1420-9101.2010.02029.x

Zarfl, C., Lumsdon, A. E., Berlekamp, J., Tydecks, L., & Tockner, K. (2014).
A global boom in hydropower dam construction. Aquatic Sciences,
77(1), 161-170. https://doi.org/10.1007/s00027-014-0377-0

Zelditch, M. L., Swiderski, D., Sheets, H., & Fink, W. (2012). Geometric
morphometrics for biologists: A primer. Amsterdam, The Netherlands:
Elsevier/Academic Press.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Gilbert MC, Akama A, Fernandes CC,
Albertson RC. Rapid morphological change in multiple cichlid
ecotypes following the damming of a major clearwater river in
Brazil. Evol Appl. 2020;13:2754-2771. https://doi.org/10.1111/
eva.13080

25L60 17 SUOLLLOD BATER1D 3|qedtjdde aU) A PauiRA0B a1 DI YO 13N 0 S3IN! 0j ATRIgIT BUIIUO AB|IAA UO (SUONIPUOD-pUE-SLULIBILI0D A3 | ARG 1PUIUO//SIL) SUONIPUOD PU S | 8U) 295 *[520Z/T0/EZ] Uo ArIqI18UIIUO B1IM ‘1pOS O1])ULIE asuse g nasni Aq 080ET BAS/TTTT OT/10p/LI00" A3 1M ALe.1q1Ru!|Uo//Sdy WoJ) papeojumod ‘0T ‘020Z ‘T/SHZSLT


https://doi.org/10.1046/j.0962-1083.2001.01438.x
https://doi.org/10.1007/s10641-014-0248-5
https://doi.org/10.1007/s10641-014-0248-5
https://doi.org/10.1590/1809-43921995253280
https://doi.org/10.1590/1809-43921999291163
https://doi.org/10.1590/1809-43921999291163
https://doi.org/10.1002/ecy.1648
https://doi.org/10.1002/ecy.1648
https://doi.org/10.1046/j.1365-294X.2003.01905.x
https://doi.org/10.1046/j.1365-294X.2003.01905.x
https://doi.org/10.1086/339991
https://doi.org/10.1126/science.277.5325.494
https://doi.org/10.2307/2389554
https://doi.org/10.1002/jmor.10111
https://doi.org/10.1093/icb/24.1.107
https://doi.org/10.1093/icb/24.1.107
https://doi.org/10.1146/annurev.es.20.110189.001341
https://doi.org/10.1577/1548-8675(1998)018%3C0274:EASOPI%3E2.0.CO;2
https://doi.org/10.1577/1548-8675(1998)018%3C0274:EASOPI%3E2.0.CO;2
https://doi.org/10.1016/j.ympev.2006.12.014
https://doi.org/10.1016/j.ympev.2006.12.014
https://doi.org/10.1111/j.1365-2656.2007.0
https://doi.org/10.1111/j.1365-2656.2007.0
https://doi.org/10.2307/2409778
https://doi.org/10.1126/science.aac7082
https://doi.org/10.1111/j.1420-9101.2010.02029.x
https://doi.org/10.1007/s00027-014-0377-0
https://doi.org/10.1111/eva.13080
https://doi.org/10.1111/eva.13080

