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Abstract: A central problem in evolutionary biology is to determine whether adaptive phenotypic
variation within species (microevolution) ultimately gives rise to new species (macroevolution).
Predation environment can select for trait divergence among populations within species. The implied
hypothesis is that the selection resulting from predation environment that creates population
divergence within species would continue across the speciation boundary such that patterns of
divergence after speciation would be a magnified accumulation of the trait variation observed
before speciation. In this paper, we test for congruence in the mechanisms of microevolution and
macroevolution by comparing the patterns of life history divergence among three closely related species
of the livebearer genus Brachyrhaphis (Poeciliidae), namely B. rhabdophora, B. roseni, and B. terrabensis.
Within B. rhabdophora, populations occur in either predator or predator-free environments, and have
been considered to be at a nascent stage of speciation. Sister species B. roseni and B. terrabensis are
segregated into predator and predator-free environments, respectively, and represent a post-speciation
comparison. Male and female size at maturity, clutch size, and offspring size (and to a lesser extent
reproductive allocation) all diverged according to predation environment and differences were
amplified through evolutionary time, i.e., across the speciation boundary. Variation observed among
nascent species differentiated by predation environment is a good predictor of variation among
established species differentiated by predation environment. We found no evidence for different
processes or different levels of selection acting across the speciation boundary, suggesting that
macroevolution in these species can be understood as an accumulation of micro-evolutionary changes.

Keywords: microevolution; speciation; macroevolution; life history; Poeciliidae; predation
environment

1. Introduction

An unresolved issue of the modern evolutionary synthesis is whether or not evolutionary
diversification prior to speciation, i.e., early in the speciation continuum, is fundamentally different
from evolutionary divergence after new species have formed, i.e., at later stages of the speciation
continuum [1–4]. This potential distinction between ‘micro’ and ‘macro’-evolution has engendered
a long-running argument in biology and the philosophy of science (see recent reviews in [1–5]),
and provided a line of demarcation for some opponents of the theory of evolution who concede
microevolution but reject speciation. Yet, early architects of modern synthesis generally drew no
distinction between mechanisms of micro and macro-evolutionary change (reviewed in [4]).
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Those who view macroevolution as distinct in some fundamental way argue that processes that
govern divergence among species are based on the selection of emergent properties of species (or higher
taxonomic levels), and thus are different from processes that cause variation among populations and
individuals within species [2,6]. Unfortunately, although recent studies have begun to address this
important issue (e.g., [7,8]), we still have relatively few studies that explore evolution on both sides of
the speciation boundary, particularly where similar forces of selection are at play. Many recent efforts to
understand variation throughout the speciation process have focused on the initiation of the speciation
process by evaluating patterns of divergence in so called nascent or incipient species [9–18]. Although
these studies have informed trait divergence in early stages of speciation, they do little to answer
the question of whether there is a fundamental distinction between micro- and macro-evolutionary
processes. Similarly, studies of variation among species and higher taxonomic groups are largely
based on describing patterns from the fossil record and inferring mechanisms of macro-evolutionary
change [19–21]. However, many traits relevant to species diversification are not preserved in the fossil
record. Thus, these studies also provide a poor comparison to evolutionary processes occurring prior
to speciation. One way to bridge this gap and test the idea of similar evolutionary processes operating
on both sides of the species boundary is to compare evolutionary diversification patterns within
species prior to speciation to evolutionary change after speciation has occurred (see, for example [7,8]).
If patterns of divergence among populations within a species (i.e., nascent species) are in similar
directions and magnified among more divergent species, then this provides support for the hypothesis
that macroevolution is mainly an accumulation of micro-evolutionary change [3]. Alternatively,
if patterns of divergence among populations within a species (i.e., nascent species) are in different
directions and of differing magnitude among more divergent species, then this would suggest that
macroevolution is somehow distinct from microevolution [2].

Livebearing fishes of the family Poeciliidae have been the subject of numerous studies evaluating
the impact of different environments on life history strategies (e.g., [7,8,13–18,22–26]). The effect of
divergent predation environments has been of particular interest, with among population patterns of
divergence in life history being characterized by a relatively large size at maturity, low reproductive
allocation, large offspring size, and low number of offspring in predator-free or low mortality sites
contrasted with small size at maturity, high reproductive allocation, small offspring size, and high
number of offspring in predator or high mortality sites [22–24,27,28]. Although these patterns are
well documented, what is not known is how these patterns compare across the species boundary.
In other words, do the patterns of variation observed among populations (i.e., micro-evolutionary
patterns) in response to predation environment correspond to the pattern of divergence among species
(macro-evolutionary patterns) that occur in different predation environments?

The livebearing fish genus Brachyrhaphis has emerged in recent years as a model for understanding
trait evolution and natural selection at different stages of divergence [29–33]. Within Brachyrhaphis,
several species contain populations that occur in different predation environments, where they have
independently and repeatedly evolved divergent adaptations in traits such as life-history [23,24] and
morphology [30]. For example, populations of B. rhabdophora (Regan) from predator environments
have evolved life-history strategies that include younger age and smaller size at maturity relative to
predator-free populations [23,34]. Similar patterns may be present at deeper levels of evolutionary
divergence, for example, between sister species B. terrabensis (Regan) and B. roseni (Bussing)
which have existed in contrasting predation environments over longer evolutionary periods [35].
Brachyrhaphis roseni is distributed in lowland streams and rivers along the Pacific coast of southwestern
Costa Rica and western Panama. Average body size in B. roseni is smaller than in B. rhabdophora, and it
co-occurs with several other fish species including many predatory species. Brachyrhaphis terrabensis
occurs in small streams and large rivers in and around the Valle de General in south central Costa
Rica and at higher elevations in streams and rivers on the Pacific versant of western Panama. Average
body size in B. terrabensis is larger than in B. rhabdophora, and in many locations where it occurs,
there are few (if any) other fish species and relatively few large-bodied piscivores [36,37]. These species
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that occur in differing predation environments provide a comparison for the differentiation of life
history patterns among species, and corresponding development of reproductive isolation [31,38].
This unique system thus provides an excellent model to test for correspondence between micro- and
macro-evolutionary patterns of divergence, where similar agents of selection appear to be driving
repeated trait divergence [31], and will help test how generalizable these patterns are when coupled
with similar work in closely related species that occur in divergent selective regimes (e.g., [7,8]).

We use these three species to compare patterns of life history divergence in contrasting
environments before and after speciation. By comparing the effect of predation environment on
life history evolution within a species that inhabits both predator and predator-free environments
(B. rhabdophora), to two fully-derived species that exclusively inhabit either predator or predator-free
environments (B. roseni and B. terrabensis, respectively), we can compare the effects of predation
environment across the speciation boundary. We test the hypothesis that divergent patterns of variation
in life history traits observed between predator and predator-free environments within a species
(microevolution) should be amplified in species that have fully differentiated into separate species
in predator and predator-free environments (macroevolution). In brief, we test the prediction that
there would be no difference between micro- and macro-evolutionary patterns in the divergence of life
history traits.

2. Materials and Methods

2.1. Collection and Trait Measurement

To compare variation in life history within and among species, we collected samples from multiple
locations for each of the three species of Brachyrhaphis throughout their range in Costa Rica and Panama.
We used data from 22 populations of B. rhabdophora (11 from predator-free locations, female N = 263,
male N = 474; and 11 from predator locations, female N = 271, male N = 508; data from some of these
populations were published in Johnson and Belk [23]), 13 populations of B. roseni (female N = 530,
male N = 580), and 13 populations of B. terrabensis (female N = 287, male N = 545; Figure 1). All
samples were collected during the dry season (late April to June). Samples of B. rhabdophora were
collected in 1996, 1997, and 1998. Samples of B. terrabensis were collected in 1997, 2007, 2011, and 2013.
Samples of B. roseni were collected in 1997, 2005, 2007, and 2011. Within species, all samples were
collected from locations that were separated in different streams and drainages, and previous work
suggests that each collection represents an independent sample at the population level [38]. We treat
location as a random effect in the analysis to adjust for any lack of independence among locations,
including years of collection or environmental variation specific to a given location. Previous work
indicated that mean life history traits varied little among years, but one trait, namely reproductive
allocation, did vary between wet and dry seasons [23]. Restricting our comparisons to samples collected
during the dry season avoids potential confounding of seasonal and among location variation in
reproductive allocation. We do not have representative samples for wet season analysis. However,
based on comparisons made by Johnson and Belk [23], an analysis based on wet season samples would
be unlikely to change our general results. Fish were collected with a handheld seine (2 mm mesh),
and were immediately preserved in ethyl alcohol.

We designated four species by predation environment population groups for subsequent
comparison as follows. Brachyrhaphis terrabensis represents the fully-derived species found mainly in
predator-free environments. Brachyrhaphis roseni represents the fully-derived species found in predator
environments. Brachyrhaphis rhabdophora populations are divided into two categories representing
nascent species in predator-free environments or nascent species in predator environments based on
collection location. Hereafter, we refer to these four groups as species-predation groups.
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For each sample, we sorted fish into three categories based on characteristics of the anal
fin (gonopodium development): mature males (fully developed gonopodium), immature males
(developing gonopodium), and females plus juveniles (undifferentiated anal fin). We measured standard
length, total length, and wet mass for each individual in the female/juvenile group, and dissected them
to directly observe the gonads to determine reproductive maturity. We considered all individuals with
mature ova or developing embryos as mature females. For mature females, we removed and counted
the number of ova or embryos (clutch size) and assigned developmental stage of embryos according
to Haynes [39]. Depending on the number of females available, the entire sample or a subsample of
females (we haphazardly selected ~25 females from across the full size range of females available) and
their clutches were dried at 50 ◦C for 48 h and dry mass of the female and her clutch was measured
on a digital scale to the nearest 0.1 mg. We removed the entire digestive tract of females before we
dried them to avoid bias due to differential fullness of undigested material. Sample sizes among
B. rhabdophora predator-free locations ranged from 22 to 76 for males and from 15 to 28 for females.
Sample sizes among B. rhabdophora predator locations ranged from 27 to 63 for males and from 18 to 29
for females. Sample sizes among B. roseni locations ranged from 14 to 90 for males and from 8 to 99 for
females. Sample sizes among B. terrabensis locations ranged from 15 to 89 for males and from 9 to 46
for females.

From the above measurements we derived six life history variables. The variables were: (1) adult
male standard length; (2) adult female standard length; (3) minimum reproductive female standard
length; (4) reproductive allocation, i.e., dry mass of clutch adjusted by stage of development and female
dry mass; (5) mean offspring size, i.e., clutch dry mass divided by offspring number (adjusted by stage
of development and female dry mass); and (6) offspring number or clutch size (adjusted for female
dry mass).
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2.2. Statistical Analysis

To determine how life history traits varied among species-predation groups, we used a mixed
model in an analysis of covariance design (mixed ANCOVA). We used individual life history trait values
for all individuals from each of the 48 populations as response variables, with the exception of minimum
reproductive female size which was analyzed as a population minimum (n = 48). All life history trait
response variables were log10 transformed prior to analysis to better meet the assumption of normality
of residuals. Residual plots were inspected for each model, and residuals met the assumptions of the
parametric models. The predictor variables for each of the six life history response variables were
(1) predation regime (predator or predator-free environment) and (2) position relative to the speciation
boundary or speciation position (‘before’ for the two types of populations of B. rhabdophora, and ‘after’
for B. roseni, and B. terrabensis). The interaction between the two main effects was included in the
model and used to test for the effect of predation environment on life history over evolutionary time.
Reproductive allocation, i.e., clutch dry mass, and offspring size, i.e., mean dry mass of offspring,
vary with female dry mass and developmental stage of embryos (all three species are lecithotrophic,
so dry mass is expected to decline during development; [40]). To derive a measure of reproductive
allocation and offspring size that is independent of developmental stage and size of female across
all locations and species, we included the developmental stage of embryos and dry mass of females
(log10 transformed prior to analysis) in the model as covariates and included a random effect for
their intercept. This adjustment yields least-squares means that are evaluated at a common value for
developmental stage and female dry mass across all populations and species. Clutch size varies with
female dry mass, so we used the dry mass of females (log10 transformed prior to analysis) as a covariate
and included a random effect for the intercept in this model as well. In addition, in all models for all five
of the individual-level response variables, we included location as a random effect to account for any
degree of non-independence among sampling locations including years of collection or environmental
variation specific to a given location. We evaluated differences among species-predation groups by
evaluating 95% confidence intervals around the least squares means. If confidence intervals of a given
mean did not overlap an adjacent mean the two means were considered significantly different.

If divergence in life history before speciation based on predator environment is amplified after
speciation, then this would be indicated by a significant interaction of the two main effects (of course
other patterns can generate a significant interaction, but we are focusing on the pattern where life history
differences are amplified at later stages of speciation). For example, large relative clutch sizes in the
nascent species would correspond to even larger relative clutch sizes in the fully differentiated species
in predator environments. The reverse pattern would be observed in predator-free environments,
thus smaller relative clutch sizes in the nascent species would correspond to even smaller clutch
sizes in the fully differentiated species. The lack of an interaction between the two main effects
indicates no differential effect of predator and predator-free environments on life history across the
speciation boundary, and consequently, no role of predation environment in life history trait divergence
after speciation.

To determine patterns of covariation among life history traits and subsequent patterns among
species-predation groups we used principal components analysis (PCA). We used five mean life history
trait values for each of the 48 populations as input for the PCA. We excluded the minimum size of
mature females as a trait because of the high correlation with mean adult female size. If predation
environment accounts for variation in life history among species-predation groups, we would expect
the major axis of phenotypic variation in life history, i.e., the first principal component, to correspond
to a predation by speciation position gradient. Brachyrhaphis roseni and B. terrabensis should occupy
the extremes of the axis and B. rhabdophora populations should occupy the central region of the axis.
Furthermore, B. rhabdophora populations from predator environments should be closer to B. roseni and
B. rhabdophora from predator-free environments should be closer to B. terrabensis. We used SAS version
9.4 (Statistical Analysis Systems, SAS Institute, Cary, North Carolina, USA) to run all statistical analyses.
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3. Results

Male and female body size and minimum size of reproductive females varied significantly by
predation regime, but not by speciation position, i.e., before and after speciation. The interaction
between predation regime and speciation position was significant for all three response variables
(Table 1), indicating continued differentiation among predator and predator-free environments before
and after speciation. For male and female body size analyses, all means differed significantly from
all others based on inspection of confidence intervals. For minimum female body size, B. roseni did
not differ from B. rhabdophora in predator environments, but the other two species-predation groups
differed from these two and from each other. In both sexes, predator-free B. rhabdophora were larger
than predator B. rhabdophora, whereas B. roseni (predator environment, fully-derived species) and
B. terrabensis (predator-free environment, fully-derived species) were the smallest and largest of the
four species-predation groups, respectively (Figure 2).

Table 1. Analysis of variance table for male size (SL), female size (SL), and minimum size of.
reproductive females (SL) in response to predation environment and speciation position. Significant
values are bolded.

Response Effect df num/den F p-Value

Male size
Predation environment 1/44.1 68.12 <0.0001

Speciation position 1/44.1 2.70 0.11
Predation environment*speciation position 1/44.1 15.88 0.0002

Female size
Predation environment 1/44 87.55 <0.0001

Speciation position 1/44 1.02 0.32
Predation environment*speciation position 1/44 22.72 <0.0001

Min. female size
Predation environment 1/44 40.7 <0.0001

Speciation position 1/44 3.63 0.063
Predation environment*speciation position 1/44 6.41 0.015
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Similar to body size traits, clutch size and offspring size varied significantly by predation regime,
but not by speciation position, i.e., before and after speciation. The interaction between predation
regime and speciation position was significant for both clutch size and offspring size (Table 2), indicating



Diversity 2020, 12, 179 7 of 14

a continuing pattern of divergence among predator and predator-free environments, both before and
after speciation. Clutch size was larger in the nascent predator group (B. rhabdophora) compared to the
nascent predator-free group (B. rhabdophora), and clutch size was largest in the fully-derived species
in the predator environment (B. roseni), and smallest in the fully derived species in the predator-free
environment (B. terrabensis). Clutch size in the predator-free B. rhabdophora locations did not differ from
clutch size in B. terrabensis, but all other means differed from each other (Figure 3A). Offspring size
varied inversely to clutch size, and all means differed significantly from all others. Offspring size was
smaller in the nascent, predator group (B. rhabdophora) compared to the nascent, predator-free group
(B. rhabdophora), and was smallest in the fully-derived species in the predator environment (B. roseni),
and largest in the fully derived species in the predator-free environment (B. terrabensis: Figure 3B).

Table 2. Analysis of covariance table for clutch size, offspring size, and reproductive allocation in
response to predation environment and speciation position. Significant values are bolded.

Response Effect df num/den F p-Value

Clutch size
Predation environment 1/37.3 34.6 <0.0001

Speciation position 1/35.5 1.96 0.17
Predation environment*speciation position 1/35.8 7.52 0.0095

Female mass 1/447 869.4 <0.0001
Offspring size

Predation environment 1/44.2 65.02 <0.0001
Speciation position 1/38.2 0.56 0.46

Predation environment*speciation position 1/39.4 25.13 <0.0001
Female mass 1/898 111 <0.0001

Developmental stage 1/81.5 51.69 <0.0001
Reproductive

allocation
Predation environment 1/43.2 4.99 0.03

Speciation position 1/39.7 0.62 0.44
Predation environment*speciation position 1/40.3 1.00 0.32

Female mass 1/637 1084 <0.0001
Developmental stage 1/56 51.97 <0.0001

Reproductive allocation varied significantly by predation regime, but not by speciation position
and the interaction was not significant (Table 2). Reproductive allocation exhibited high variance within
species-predation groups compared to other life history traits. Reproductive allocation in B. roseni
(the fully-derived species in the predator environment) was significantly higher than reproductive
allocation in the nascent, predator-free group (B. rhabdophora) and in the fully-derived species in the
predator-free environment (B. terrabensis; Figure 3C).

The first two principal components accounted for 92% of the variation in life history among
all 48 population samples (PC1 = 72% and PC2 = 20%). The first principal component exhibited
eigenvector loadings of about equal magnitude on four of the five variables: male size at maturity,
female size, offspring size, and clutch size, whereas the loading for reproductive allocation is somewhat
lower (Table 3). The first principal component represents the predicted pattern of variation in response
to a predation gradient—large body size and offspring size, and lower clutch size and reproductive
allocation in predator-free environments compared to small body size and offspring size, but higher
clutch size and reproductive allocation in predator environments. The four species-predation groups
show clear patterns of divergence along the PC1 axis. The two nascent species-predation groups
represented by B. rhabdophora in predator and predator-free environments are located in the center of
the axis with predator populations shifted to the left and predator-free populations shifted toward
the right. The two fully-derived species-predation groups occupy the extremes of the axis with
B. roseni (predator environments) on the left and B. terrabensis (predator-free environments) on the
right (Figure 4). The second principal component loads heavily only on reproductive allocation, and
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thus represents variation in reproductive allocation only (Table 3). On PC2 species show almost
complete overlap (Figure 4). Variation among populations on PC2 represents variation within each of
the species-predation groups rather than among species-predation groups as observed on PC1.Diversity 2020, 12, x FOR PEER REVIEW 8 of 14 
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4. Discussion

One way to frame the macroevolution–microevolution debate is to suggest that selection within
species acts on individuals to create divergence in trait values among populations; whereas, selection
among species or higher taxonomic groups, acts on emergent properties of species that cannot be
reduced to the individual or population level, e.g., species range size or relative abundance, [2,3].
If macroevolution is thus qualitatively different from an accumulation of micro-evolutionary responses,
then life history traits among species of Brachyrhaphis may not show patterns consistent with those
predicted from a predator/predator-free comparison. Our data suggest that intraspecific trait differences
do in fact scale up to the between-species level. In other words, our findings are consistent with the idea
that micro-evolutionary diversification mirrors macro-evolutionary diversification. Other researchers
have suggested that both micro- and macro-evolutionary mechanisms can operate among taxa
and that the question is which of those processes seems to have a greater effect or occur more
frequently [3]. Our data support the position that micro-evolutionary processes occurring over
sufficient time can explain patterns of variation among species and that it may not be necessary to
invoke macro-evolutionary processes, i.e., higher level selection. These results seem to corroborate
recent work in poeciliids that has demonstrated a strong correlation between the strength of divergent
natural selection, and the magnitude of population differentiation achieved [8].

We found that variation observed among nascent species differentiated by predation environment
is a good predictor of variation among established species differentiated by predation environment.
This result suggests a central role for selection arising from the predation environment in the divergence
of these species over evolutionary time. Patterns observed among populations within Brachyrhaphis
species appear to be magnified through evolutionary time. Such a pattern could result from the
sustained directional selection on life history traits, like that observed over multiple generations as
documented in Trinidadian guppies, Poecilia reticulata [41], or that observed in species of Gambusia and
Poecilia from habitats with different concentrations of hydrogen sulfide [8]. However, in Trinidadian
guppies and in B. rhabdophora, the effects of habitat-specific directional selection may be opposed and
reduced by homogenizing effects of gene flow. Gene flow, albeit modest, certainly exists between
populations in predator and predator-free environments in these systems [42,43]. Over evolutionary
time we would expect isolating mechanisms to arise between predator and predator-free environments,
which could further diminish gene flow and allow for greater divergence among populations [31],
as has been observed in other species within Poeciliidae [8].

What mechanisms might lead to a reduction in gene flow and allow the evolution of isolating
mechanisms such that speciation can proceed? Recent work on morphology and performance of
these same species of Brachyrhaphis shows how predation environment creates reproductive isolation
through immigrant inviability. An assessment of alternative morphology-performance-fitness pathways
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indicates that selection from predation plays an important role in driving population differentiation
and reproductive isolation at early and late stages of divergence [31]. In addition, predation may act
directly to reduce gene flow by reducing movement in predator environments [44]. Furthermore,
reproductive isolating mechanisms may arise directly from results of selection on life history traits.
For example, differences in size at maturity evolve rapidly between predator and predator-free
environments due to size specific mortality rates [29,32,41]. Size is also a strong component of female
mate choice in many poeciliids [45]. Thus, small males from predator environments may experience
reduced mating success in predator-free environments, where the larger predator-free males have
an advantage, potentially resulting in reproductive isolation through female discrimination against
immigrant males. Reproductive isolation may evolve indirectly as a result of selection on other
traits, or tradeoffs with other traits. For example, selection by predators affects patterns of coloration
in male Trinidadian guppies leading to reduced levels of coloration in predator environments [46].
In predator-free environments, and to a lesser extent in predator environments, females prefer colorful
males. Thus, males from predator environments could suffer reduced mating opportunities in
predator-free environments because of their relatively dull coloration [46,47]. Furthermore, body shape
could play a role in driving divergence and reproductive isolation between predator and predator-free
environments. Brachyrhaphis that occur with predators tend to have a more streamlined body with
a robust tail region relative to those that occur in predator-free environments [30]. Difference in
body shape results in strong differences in swimming ability, with fish from predator environments
having much higher burst speed swimming ability, but reduced endurance, relative to predator-free
populations [48]. These differences in body shape, and the resulting effects on burst speed, have a
direct relationship with survival in the presence of predators, with faster, more streamlined fish
enjoying significantly higher survival rates when encountering piscine predators [48]. Given that
these patterns have been found in numerous species of poeciliids [49,50], and that female choice can
be largely based on differences in body shape independent of body size [51,52], it is reasonable to
speculate that adaptive differences in body shape could also influence premating reproductive isolation
in Brachyrhaphis. Premating reproductive isolation can develop relatively quickly in sympatric settings
in African cichlids [53]. Similarly, traits related to or covarying with life history may result in rapid
reproductive isolation in poeciliids in contrasting environments.

Theoretically, reproductive allocation is predicted to vary between predator and predator-free
environments [54–56]. High reproductive allocation is predicted to be favored in predation
environments, while low reproductive allocation is predicted to be favored in predator-free
environments. This prediction is met in Trinidadian guppies, which exhibit clear and repeated
patterns of differences in reproductive allocation between predator and predator-free environments [22].
However, populations of B. rhabdophora found in predator and predator-free environments do not
show differences in reproductive allocation ([23], this study). In contrast, the fully-derived species
(B. roseni and B. terrabensis) show a significant difference in reproductive allocation and the pattern is
consistent with expectations from theory [54–56]. Reproductive allocation is highly variable among
locations within species-predation groups in this study, suggesting that some other factor, in addition
to predation environment, influences reproductive allocation.

Two other selective influences may constrain the evolution of reproductive allocation in response
to predation environment in these species. First, reproductive allocation varies among populations in
these species-predation groups apparently in response to resource availability [23], a pattern observed
in several species of poeciliids [25,57]. Resources in streams and rivers of Central America can vary
dramatically between wet and dry seasons [58,59], creating an annually fluctuating pattern of resource
availability. Temporal variability in the environment may select for plasticity in response to resource
environment [60], and this effect may overwhelm selective effects on reproductive allocation in response
to predation environment. Second, reproductive allocation may vary as a function of ontogeny over
the reproductive lifespan. Predictions from the cost of reproduction hypothesis [61] suggest that young
females will allocate relatively less to current reproduction compared to future reproduction; whereas
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older females will allocate more to current reproduction because their future opportunities are limited.
This within-lifetime variation is obscured by the use of population means combining females from
many different age classes. Different types of predation environments may select for different patterns
of allocation over a lifetime. In B. rhabdophora, females in predation environments exhibit little change
in reproductive allocation over their lifetime. In contrast, females in predator-free environments exhibit
patterns consistent with the cost of reproduction hypothesis, i.e., young females show low levels of
reproductive allocation (less than young females in predator environments) and old females show
high levels of reproductive allocation (more than old females in predator environments [62]. Predation
environment may select for the pattern of allocation over a lifetime rather than for differences in the
mean overall. Thus, mean reproductive allocation may operate somewhat independent of predation
environment because of the influence of temporal variability on resource environment and variation in
pattern of reproductive allocation within an individual’s lifetime.

In summary, patterns of life history divergence in response to predation environment within
and among closely related species of Brachyrhaphis fishes support the idea that an accumulation of
micro-evolutionary changes are sufficient to explain divergence both before and after speciation in
this group. Predation environment selects for differences in life history that are magnified through
evolutionary time on both sides of the speciation boundary. There is no evidence for selection at higher
taxonomic levels or on emergent properties of species, i.e., distinct macro-evolutionary processes.
Given the large number of poeciliid species and their distribution across a wide range of contrasting
environments, further comparisons similar to our study and those conducted recently in poeciliids
from other types of divergent environments [7,8] may be possible among species and populations of
poeciliids, providing a test of generality for our results [63].

Author Contributions: Conceptualization, M.C.B., J.B.J.; Data curation, M.C.B., S.J.I.; Formal analysis, M.C.B.;
Funding acquisition, M.C.B., S.J.I., J.B.J.; Investigation, M.C.B., S.J.I., J.B.J.; Methodology, M.C.B., S.J.I., J.B.J.; Project
administration, M.C.B., J.B.J.; Resources, J.B.J.; Supervision, M.C.B; Visualization, M.C.B., S.J.I.; Writing—original
draft, M.C.B., S.J.I., J.B.J.; Writing—review & editing, M.C.B., S.J.I., J.B.J. All authors have read and agreed to the
published version of the manuscript.

Funding: Several Mentoring Environment Grants, a Sant Endowment Grant, and the Mollie and Karl Butler
Young Scholar Award, all from BYU, helped support field work. SJI was supported by a National Science
Foundation Graduate Research Fellowship while at BYU. Additional funding came from a National Geographic
Young Explorers Grant, a Theodore Roosevelt Memorial Grant from the American Museum of Natural History,
an Exploration Fund Grant from The Explorers Club, and a student research award from the American Society of
Naturalists, all awarded to SJI during graduate school.

Acknowledgments: Data for this project have been compiled over the past three decades. Over this time, we are
especially grateful for the cooperation of Javier Guevara Sequerra at the Vida Silvestre de Costa Rica who issued
collecting permits, and to Bill Bussing for helpful insight on Costa Rican fishes as we started this work. We thank
the BYU Biology Department and College of Life Sciences for support to involve undergraduates and graduate
students in this long-term research project. Thanks to numerous students who helped with field collection and
laboratory dissection of samples. All collections of fishes for data contained in this paper were done according to
Guidelines for The Use of Fishes in Research provided by The American Fisheries Society, the American Institute
of Fisheries Research Biologists, and the American Society of Ichthyologists and Herpetologists. Earlier collections
referenced in this paper were done prior to IACUC required protocols for field research. Later collections were
covered by BYU IACUC protocols 11-0901 and 12-0607.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Reznick, D.N.; Ricklefs, R.E. Darwin’s bridge between microevolution and macroevolution. Nature 2009, 457,
837–842. [CrossRef] [PubMed]

2. Erwin, D.H. Microevolution and macroevolution are not governed by the same processes. In Contemporary
Debates in Philosophy of Biology; Ayala, F., Arp, R., Eds.; Wiley-Blackwell: Sussex, UK, 2010; pp. 180–193.

3. Dietrich, M.R. Microevolution and macroevolution are governed by the same processes. In Contemporary
Debates in Philosophy of Biology; Ayala, F., Arp, R., Eds.; Wiley-Blackwell: Sussex, UK, 2010; pp. 169–179.

http://dx.doi.org/10.1038/nature07894
http://www.ncbi.nlm.nih.gov/pubmed/19212402


Diversity 2020, 12, 179 12 of 14

4. Folguera, G.; Lombardi, O. The relationship between microevolution and macroevolution, and the structure
of the extended synthesis. Hist. Phil. Life. Sci. 2012, 34, 341–360.

5. Simons, A.M. The continuity of microevolution and macroevolution. J. Evol. Biol. 2002, 15, 688–701.
[CrossRef]

6. Vrba, E. What is species selection? Sys. Zool. 1984, 33, 318–328. [CrossRef]
7. Riesch, R.; Plath, M.; Schlupp, I.; Tobler, M.; Langerhand, R.B. Colonisation of toxic environments drives

predictable life-history evolution in livebearing fishes (Poescilidae). Ecol. Lett. 2014, 17, 65–71.
8. Riesch, R.; Tobler, M.; Lerp, H.; Jourdan, J.; Douman, T.; Nosil, P.; Langerhans, R.B.; Plath, M. Extremophile

Poescilidae: Multivariate insights into the complexity of speciation along replicated ecological gradients.
BMC Evol. Biol. 2016, 16, 136. [CrossRef]

9. Bernatchez, L.; Vuorinen, J.A.; Bodaly, R.A.; Dodson, J.J. Genetic evidence for reproductive isolation and
multiple origins of sympatric trophic ecotypes of whitefish (Coregonus). Evolution 1996, 50, 624–635.

10. Pigeon, D.; Chouinard, A.; Bernatchez, L. Multiple modes of speciation involved in the parallel evolution of
sympatric morphotypes of lake whitefish (Coregonus clupeaformis, Salmonidae). Evolution 1997, 51, 196–205.

11. McKinnon, J.S.; Mori, S.; Blackman, B.K.; David, L.; Kingsley, D.M.; Jamieson, L.; Chou, J.; Schluter, D.
Evidence for ecology’s role in speciation. Nature 2004, 429, 294–298. [CrossRef]

12. Nosil, P.; Vines, T.H.; Funk, D.J. Perspective: Reproductive isolation caused by natural selection against
immigrants from divergent habitats. Evolution 2005, 59, 705–719. [CrossRef]

13. Riesch, R.; Muschick, M.; Lindtke, D.; Villoutreix, R.; Comeault, A.A.; Farkas, E.F.; Lucek, K.; Hellen, E.;
Soria-Carrasco, V.; Dennis, S.R.; et al. Transitions between phases of genomic differentiation during
stick-insect speciation. Nat. Ecol. Evol. 2017, 1, 0082. [CrossRef] [PubMed]

14. Ouyang, X.; Gao, J.; Xie, M.; Liu, B.; Zhou, L.; Chen, B.; Jourdan, J.; Riesch, R.; Plath, M. Natural and sexual
selection drive multivariate phenotypic divergence along climatic gradients in an invasive fish. Sci. Rep.
2018, 8, 11164. [CrossRef] [PubMed]

15. Tobler, M.; Kelley, J.L.; Plath, M.; Riesch, R. Extreme environments and the origins of biodiversity: Adaptation
and speciation in sulphide spring fishes. Mol. Ecol. 2018, 27, 843–859. [CrossRef] [PubMed]

16. Meyers, P.J.; Doellman, M.M.; Ragland, G.J.; Hood, G.R.; Egan, S.P.; Powell, T.H.Q.; Nosil, P.; Feder, J.L.
Can the genomics of ecological speciation be predicted across the divergence continuum from host races to
species? A case study in Rhagoletis. Philos. Trans. R. Soc. Lond. B. 2010, in press.

17. Nosil, P.; Villoutreix, R.; de Carvalho, C.F.; Farkas, T.E.; Soria-Carrasco, V.; Feder, J.L.; Crepsi, B.J.; Gompert, Z.
Natural selection and the predictability of evolution in Timema stick insects. Science 2018, 359, 765–770.
[CrossRef] [PubMed]

18. Schilling, M.P.; Mullen, S.P.; Kronforst, M.; Safran, R.J.; Nosil, P.; Feder, J.L.; Gompert, Z.; Flaxman, S.M.
Transitions from single- to multi-Locus Processes during speciation with gene flow. Genes 2018, 9, 274.
[CrossRef] [PubMed]

19. Jablonski, D.; Hunt, G. Larval ecology, geographic range, and species survivorship in Cretaceous mollusks:
Organismic versus species-level explanations. Am. Nat. 2006, 168, 556–564. [CrossRef]

20. Jablonski, D. Origination patterns and multilevel processes in macroevolution. In Evolution, The Extended
Synthesis; Pigliucci, M., Müller, G., Eds.; MIT Press: Cambridge, MA, USA, 2010; pp. 335–354.

21. Eldredge, N.; Gould, S. Punctuated equilibria: An alternative to phyletic gradualism. In Models in Paleobiology;
Schopf, T., Ed.; Freeman, Cooper & Co: San Francisco, CA, USA, 1972; pp. 82–115.

22. Reznick, D.N.; Endler, J.A. The impact of predation on life history evolution in Trinidadian guppies
(Poecilia reticulata). Evolution 1982, 36, 160–177.

23. Johnson, J.B.; Belk, M.C. Predation environment predicts divergent life-history phenotypes among populations
of the livebearing fish Brachyraphis rhabdophora. Oecologia 2001, 126, 142–149. [CrossRef]

24. Jennions, M.D.; Telford, S.R. Life-history phenotypes in populations of Brachyrhaphis episcopi (Poeciliidae)
with different predator communities. Oecologia 2002, 132, 44–50. [CrossRef]

25. Johnson, J.; Bagley, J. Ecological drivers of life history divergence. In Ecology and Evolution of Poeciliid Fishes;
Evans, J., Pilastro, A., Schlupp, I., Eds.; University of Chicago Press: Chicago, IL, USA, 2011; pp. 38–49.

26. Santi, F.; Petry, A.C.; Plath, M.; Riesch, R. Phenotypic differentiation in a heterogeneous environment:
Morphological and life-history responses to ecological gradients in a livebearing fish. J. Zool. 2020, 310,
10–23. [CrossRef]

http://dx.doi.org/10.1046/j.1420-9101.2002.00437.x
http://dx.doi.org/10.2307/2413077
http://dx.doi.org/10.1186/s12862-016-0705-1
http://dx.doi.org/10.1038/nature02556
http://dx.doi.org/10.1554/04-428
http://dx.doi.org/10.1038/s41559-017-0082
http://www.ncbi.nlm.nih.gov/pubmed/28812654
http://dx.doi.org/10.1038/s41598-018-29254-4
http://www.ncbi.nlm.nih.gov/pubmed/30042477
http://dx.doi.org/10.1111/mec.14497
http://www.ncbi.nlm.nih.gov/pubmed/29368386
http://dx.doi.org/10.1126/science.aap9125
http://www.ncbi.nlm.nih.gov/pubmed/29449486
http://dx.doi.org/10.3390/genes9060274
http://www.ncbi.nlm.nih.gov/pubmed/29795050
http://dx.doi.org/10.1086/507994
http://dx.doi.org/10.1007/s004420000504
http://dx.doi.org/10.1007/s00442-002-0942-4
http://dx.doi.org/10.1111/jzo.12720


Diversity 2020, 12, 179 13 of 14

27. Gorini-Pacheco, B.; Zandona, E.; Mazzoni, R. Predation effects on matrotrophy, superfetation and other life
history traits in Phalloceros harpagos. Ecol. Freshw. Fish 2018, 27, 442–452. [CrossRef]

28. Riesch, R.; Martin, R.A.; Langerhans, R.B. Multiple traits and multifarious environments: Integrated
divergences of morphology and life history. Oikos 2020, 129, 480–492. [CrossRef]

29. Johnson, J.B.; Zúñiga-Vega, J.J. Differential mortality drives life-history evolution and population dynamics
in the fish. Brachyrhaphis rhabdophora. Ecology 2009, 90, 2243–2252. [CrossRef] [PubMed]

30. Ingley, S.J.; Billman, E.J.; Belk, M.C.; Johnson, J.B. Morphological divergence driven by predation environment
within and between species of Brachyrhaphis fishes. PLoS ONE 2014, 9, e90274. [CrossRef] [PubMed]

31. Ingley, S.J.; Johnson, J.B. Divergent natural selection promotes immigrant inviability at early and late stages
of evolutionary divergence. Evolution 2016, 70, 600–616. [CrossRef] [PubMed]

32. Ingley, S.J.; Johnson, J.B. Selection is stronger in early-versus-late stages of divergence in a Neotropical
livebearing fish. Biol. Lett. 2016, 12, 20151022. [CrossRef]

33. Brown, H.N.; Gale, B.H.; Johnson, J.B.; Belk, M.C. Testes mass in the livebearing fish Brachyrhaphis rhabdophora
(Poeciliidae) varies hypoallometrically with body size but not between predation environments. Ecol. Evol.
2018, 8, 11656–11662. [CrossRef]

34. Johnson, J.B. Divergent life histories among populations of the fish Brachyrhaphis rhabdophora: Detecting
putative agents of selection by candidate model analysis. Oikos 2002, 96, 82–91. [CrossRef]

35. Ingley, S.J.; Reina, R.G.; Bermingham, E.; Johnson, J.B. Phylogenetic analyses provide insights into the
historical biogeography and evolution of Brachyrhaphis fishes. Mol. Phyl. Evol. 2015, 89, 104–114. [CrossRef]

36. Bussing, W.A. Freshwater Fishes of Costa Rica. Int. J. Trop. Biol. Conserv. 1998, 46 (Suppl. 2), 1–468.
37. Mojica, C.L. Comparative ecology and historical biogeography of the genus Brachyrhaphis. Environ. Biol. Fishes

1998, 51, 117–127. [CrossRef]
38. Johnson, J.B. Hierarchical organization of genetic variation in the Costa Rican livebearing fish

Brachyrhaphis rhabdophora (Poeciliidae). Biol. J. Linn. Soc. 2001, 72, 519–527. [CrossRef]
39. Haynes, J.L. Standardized classification of poeciliid development for life-history studies. Copeia 1995, 1995,

147–154. [CrossRef]
40. Reznick, D.N.; Miles, D.B. Poeciliid life history patterns. In Ecology and Evoluton of Livebearing Fishes

(Poeciliidae); Meffe, G.K., Snelson, F.F.J., Eds.; Prentice Hall: Englewood Cliffs, NJ, USA, 1989; pp. 373–381.
41. Reznick, D.N.; Bryga, H.; Endler, J.A. Experimentally induced life-history evolution in a natural population.

Nature 1990, 346, 357–359. [CrossRef]
42. Johnson, J.B. Adaptive life-history evolution in the livebearing fish Brachyrhaphis rhabdophora: Genetic basis

for parallel divergence in age and size at maturity and a test of predator-induced plasticity. Evolution 2001,
55, 1486–1491. [CrossRef] [PubMed]

43. Reznick, D.N.; Shaw, F.H.; Rodd, F.H.; Shaw, R.G. Evaluation of the rate of evolution in natural populations
of guppies (Poecilia reticulata). Science 1997, 275, 1934–1937. [CrossRef]

44. Fraser, D.F.; Gilliam, J.F.; Yip-Hoi, T. Predation as an agent of population fragmentation in a tropical watershed.
Ecology 1995, 76, 1461–1472. [CrossRef]

45. Rios-Cardenas, O.; Morris, M.R. Precopulatory sexual selection. In Ecology and Evolution of Poeciliid Fishes;
Evans, J.P., Pilastro, A., Schlupp, I., Eds.; University of Chicago Press: Chicago, IL, USA, 2011; pp. 187–196.

46. Houde, A.E.; Endler, J.A. Correlated evolution of female mating preferences and male color patterns in the
guppy Poecilia reticulata. Science 1990, 248, 1405–1408. [CrossRef]

47. Endler, J.A.; Houde, A.E. Geographic variation in female preferences for male traits in Poecilia reticulata.
Evolution 1995, 49, 456–468. [CrossRef]

48. Ingley, S.J.; Camarillo, H.; Willis, H.; Johnson, J.B. Repeated evolution of local adaptation in swimming
performance: Population level trade-offs between burst and endurance swimming in Brachyrhaphis
freshwater fish. Biol. J. Linnean Soc. 2016, 119, 1011–1026. [CrossRef]

49. Langerhans, R.B.; De Witt, T.J. Shared and unique features of evolutionary diversification. Am. Nat. 2004,
164, 335–349. [CrossRef] [PubMed]

50. Langerhans, R.B.; Gifford, M.E.; Joseph, E.O. Ecological speciation in Gambusia fishes. Evolution 2007, 61,
2056–2074. [CrossRef] [PubMed]

51. Langerhans, R.B.; Makowicz, A.M. Sexual selection paves the road to sexual isolation during ecological
speciation. Evol. Ecol. Res. 2013, 15, 633–651.

http://dx.doi.org/10.1111/eff.12359
http://dx.doi.org/10.1111/oik.06344
http://dx.doi.org/10.1890/07-1672.1
http://www.ncbi.nlm.nih.gov/pubmed/19739386
http://dx.doi.org/10.1371/journal.pone.0090274
http://www.ncbi.nlm.nih.gov/pubmed/24587309
http://dx.doi.org/10.1111/evo.12872
http://www.ncbi.nlm.nih.gov/pubmed/26831519
http://dx.doi.org/10.1098/rsbl.2015.1022
http://dx.doi.org/10.1002/ece3.4618
http://dx.doi.org/10.1034/j.1600-0706.2002.960109.x
http://dx.doi.org/10.1016/j.ympev.2015.04.013
http://dx.doi.org/10.1023/A:1007415928796
http://dx.doi.org/10.1111/j.1095-8312.2001.tb01335.x
http://dx.doi.org/10.2307/1446809
http://dx.doi.org/10.1038/346357a0
http://dx.doi.org/10.1111/j.0014-3820.2001.tb00668.x
http://www.ncbi.nlm.nih.gov/pubmed/11525470
http://dx.doi.org/10.1126/science.275.5308.1934
http://dx.doi.org/10.2307/1938148
http://dx.doi.org/10.1126/science.248.4961.1405
http://dx.doi.org/10.1111/j.1558-5646.1995.tb02278.x
http://dx.doi.org/10.1111/bij.12852
http://dx.doi.org/10.1086/422857
http://www.ncbi.nlm.nih.gov/pubmed/15478089
http://dx.doi.org/10.1111/j.1558-5646.2007.00171.x
http://www.ncbi.nlm.nih.gov/pubmed/17767582


Diversity 2020, 12, 179 14 of 14

52. Greenway, R.; Drexler, S.; Arias-Rodriguez, L.; Tobler, M. Adaptive, but not condition-dependent, body
shape differences contribute to assortative mating preferences during ecological speciation. Evolution 2016,
70, 2809–2822. [CrossRef]

53. Stelkens, R.B.; Young, K.A.; Seehausen, O. The accumulation of reproductive incompatibilities in African
cichlid fish. Evolution 2010, 64, 617–633. [CrossRef]

54. Law, R. Optimal life histories under age-specific predation. Am. Nat. 1979, 114, 399–417. [CrossRef]
55. Michod, R.E. Evolution of life histories in response to age-specific mortality factors. Am. Nat. 1979, 113,

531–550. [CrossRef]
56. Gasser, M.; Kaiser, M.; Berrigan, D.; Stearns, S.C. Life-history correlates of evolution under high and low

adult mortality. Evolution 2000, 54, 1260–1272. [CrossRef]
57. Reznick, D.N.; Yang, A.P. The influence of fluctuating resources on life history: Patterns of allocation and

plasticity in female guppies. Ecology 1993, 74, 2011–2019. [CrossRef]
58. Winemiller, K.O. Patterns of variation in life history among South American fishes in seasonal environments.

Oecologia 1989, 81, 225–241. [CrossRef] [PubMed]
59. Winemiller, K.O. Seasonality of reproduction by livebearing fishes in tropical rainforest streams. Oecologia

1993, 95, 266–276. [CrossRef] [PubMed]
60. Robinson, B.W.; Dukas, R. The influence of phenotypic modifications on evolution: The Baldwin effect and

modern perspectives. Oikos 1999, 85, 582–589. [CrossRef]
61. Williams, G.C. Natural selection, the cost of reproduction and a refinement of Lack’s principle. Am. Nat.

1966, 100, 687–690. [CrossRef]
62. Jones, A.D. Generality of the terminal investment hypothesis: Effects of extrinsic mortality and resource

availability on age-related reproductive investment. Master’s Thesis, Brigham Young University, Provo, UT,
USA, 2014.

63. Endler, J.A. Integrative commentary on Ecology and Evolution of Poeciliid Fishes. In Ecology and Evolution of
Poeciliid Fishes; Evans, J.P., Pilastro, A., Schlupp, I., Eds.; University of Chicago Press: Chicago, IL, USA, 2011;
pp. 301–309.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/evo.13087
http://dx.doi.org/10.1111/j.1558-5646.2009.00849.x
http://dx.doi.org/10.1086/283488
http://dx.doi.org/10.1086/283411
http://dx.doi.org/10.1111/j.0014-3820.2000.tb00559.x
http://dx.doi.org/10.2307/1940844
http://dx.doi.org/10.1007/BF00379810
http://www.ncbi.nlm.nih.gov/pubmed/28312542
http://dx.doi.org/10.1007/BF00323499
http://www.ncbi.nlm.nih.gov/pubmed/28312951
http://dx.doi.org/10.2307/3546709
http://dx.doi.org/10.1086/282461
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Collection and Trait Measurement 
	Statistical Analysis 

	Results 
	Discussion 
	References

