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Abstract

Aim: We studied the niche evolution and diversification modes in transisthmian
Alpheus shrimps by examining the interplay between environmental niche divergence
and conservatism in allopatric sister species. In a broader perspective, the current
study analysed the evolution of climatic niche and the role of the environment in spe-
cies diversification of Alpheus transisthmian shrimp.

Location: Atlantic and Eastern-Pacific oceans.

Taxon: Alpheus shrimps (Caridea: Alpheidae).

Methods: We assembled georeferenced occurrences for 33 species of Alpheus (with
24 sister species) from a time-calibrated molecular phylogeny. We modelled their eco-
logical niches and assessed niche overlap through pairwise comparisons. Additionally,
we performed phylogenetic reconstructions of the ancestral environmental niche, for
each niche axis.

Results: Our results demonstrate that thermal tolerances, food availability and hydro-
dynamic forces were relevant environmental axes in evolutionary processes in tran-
sisthmian species of Alpheus. Among the 528 paired comparisons, we found that most
niches were divergent, including in 12 clades formed by pairs of sister species (in only
two of these clades were the niches fully equivalent). Phylogenetic reconstructions
of ancestral niches showed an initial niche conservatism in all axes, with divergences
intensifying in the last 12 million years.

Main Conclusions: We found evidence that confirms the relevance of the environ-
mental changes that occurred in the West Atlantic and East Pacific for niche evolu-
tion in transisthmian Alpheus species, as well as for the emergence of some lineages.
Our findings provide evidence for different modes of Alpheus species speciation in a

period consistent with the closure of the Isthmus of Panama.

KEYWORDS
adaptive radiation, allopatric speciation, diversification, ecological niche modelling, niche
overlap, sister species, transisthmian species
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1 | INTRODUCTION

The guestion of how speciation occurs in megadiverse groups re-
mains a fascinating and continually explored topic in evolution-
ary biology (Gavrilets & Losos, 2009; Hiller et al., 2019; Rundle &
Nosil, 2005). Distinct mechanisms can favour the speciation pro-
cess, which is contingent upon the geographic isolation of diverging
populations and the resulting dynamics of gene flow (Papadopulos
et al., 2011). Therefore, the existing biodiversity observed in megad-
iverse groups, like African cichlid fish (Ronco et al., 2021), Heliconius
butterflies (Edelman et al., 201%), and Anolis lizards (Poe et al., 2018),
stands as a compelling manifestation of evolutionary mechanisms
and diverse processes contributing to speciation.

Since the mid-20th century, the prevailing consensus is that spe-
ciation primarily depends on populations with non-overlapping distri-
butions (allopatry), largely attributed to geological or environmental
barriers. Such distribution patterns could arise through vicariance
(Mansion et al., 2009), extinction of intermediate zone populations
(e.g., after local climate changes) (Wiens, 2004), or migration to
isolated regions (Burbrink et al., 2019; Hertwig et al., 2013; Torres-
Cambas et al., 2019). Depending on the isolation scenarios and the
nature of barriers, be they physical or ecological, different modes
of speciation can be identified. These modes are characterized by
variations in levels of gene flow and the degree of similarity or di-
vergence in ecological niches (Nosil, 2007; Wiens & Graham, 2005).
Theoretical and empirical studies suggest that the limited gene flow
between populations, imposed by barriers, can lead to population
divergence and a process of speciation through different modes: [1]
geographical vicariance, when the emergence of a physical barrier
geographically divides two populations; [2] ecological vicariance,
when environmental changes create an area with unsuitable condi-
tions that impede gene flow between populations persisting in suit-
able areas. This disruption of gene flow leads to both geographical
isolation and ecological divergence; [3] ecogeographical vicariance,
when a physical barrier initially emerges and subsequently leads to
adaptation of populations by changes in local environmental condi-
tions; or [4] long-distance dispersal and establishment, when geo-
graphic isolation and limited gene flow lead to divergent populations
after an exceptional dispersal event to isolated regions, independent
of the emergence of vicariant barriers (Crisp et al., 2011). It is note-
worthy that considering the speciation models [1-3], some temporal
congruence between the speciation process and the emergence of
the barrier is expected (Rincén-Barrado et al., 2021).

Thus, when speciation coincides temporally with the emergence
of a physical barrier, a critical aspect of understanding the speciation
modes lies in assessing the degree of niche conservatism exhibited
by sister species (Kozak & Wiens, 2006). Phylogenetic niche con-
servatism (PNC) is the tendency of lineages to retain their ancestral
ecological niche during speciation events (Harvey & Pagel, 1991).
Notably, the closure of the Isthmus of Panama resulted in the iso-
lation of distinct populations in the Caribbean and Pacific oceans;
later, they differentiated into different species (transisthmian sis-
ter species) (Hurt et al., 2013; Knowlton et al., 1993; Knowlton &

Weigt, 1998; Mathews et al., 2002). Nonetheless, the exact mech-
anism driving the appearance of these species remains ambiguous,
leaving uncertain whether it was due to ecological speciation (result-
ing from niche divergence) or non-ecological speciation (stemming
from niche conservatism).

In this study, we employ a comparative approach, analysing sister
species and reconstructing ancestral niches, to investigate how en-
vironmental niche changes have influenced the radiation of Alpheus
shrimp, a megadiverse genus that comprises 325 species (not includ-
ing subspecies and uncertain taxonomic assignments) (WoRMS on
May 6, 2022). These shrimps thrive in several habitats across multi-
ple regions, exhibiting a wide geographic and ecological distribution,
with a notable prevalence in coastal marine environments of tropical
and subtropical areas (Elias et al., 2019; Hurt et al., 2021; Williams
et al., 2001). The most recent estimates on the origin of this genus,
based on multiple phylogenetic tree calibrations, corroborate a rel-
atively ancient origin, in the Oligocene (see Hyzny et al., 2017), with
great diversification from the Miocene (Hurt et al., 2021).

Considering the closure of the Isthmus of Panama, which led
to the isolation of populations in environmentally distinct oceans,
we propose that ecogeographic vicariance (ecological speciation),
in which the resulting Alpheus sister species have divergent niches
(Figure 1), should be the predominant mode of speciation. However,
we also consider the geographic vicariance (non-ecological specia-
tion) as an alternative mode to elucidate potential modes of spe-
ciation among Alpheus sister species (Figure 1). Thus, we intend to
generate insights into the role of climatic niche in the diversification
of transisthmian species within the genus Alpheus. In a megadiverse
group such as this, the role of niche divergence in speciation is ex-
pected to be high, suggesting low levels of niche conservatism. This
prediction is particularly applicable to lineages undergoing rapid
diversification through adaptive radiation, driven by ecological, be-
havioural, or physiological differentiation (Schluter, 2000).

2 | MATERIALS AND METHODS

2.1 | Species selection and phylogeny

To estimate the role of the climatic niche in Alpheus speciation, we
chose to focus on Eastern Pacific (EP) and Western Atlantic (WA)
species of Alpheus, an assemblage which has been intensively stud-
ied in terms of taxonomy (23 new species described in this region
since 2007), divergence times (Hurt et al., 2009), and speciation
(Hurt et al., 2013). Thus, we selected 33 species of Alpheus (with
24 sister species) from a dated ultrametric tree consisting of >50
Alpheus lineages based on three loci commonly used in alpheid
phylogenetics (see supplementary material, for details about the
construction and calibration of the phylogeny; Appendix S1). After
loading the ultrametric and dated tree in R (v. 3.6.1), we deleted all
lineages not considered for this study, and included one tip taxa per
species (ape package, v.5.0, Paradis & Schliep, 2019). Consequently,
we kept the dated phylogenetic distances for further analyses.
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FIGURE 1 Conceptual framework supporting our hypotheses about speciation modes in megadiverse Alpheus shrimps. Populations (p)
become isolated following a vicariant event; the divergence between transisthmian sister species (sp) takes place with niche divergence or
retention of the ancestral niche (similar niches), leading to the proposition of two alternative hypothetical modes of speciation. PC, principal

components of relevant environment data,

2.2 | Ecological modelling procedures
We obtained occurrence points for each of the selected species, to-
taling 14,692 occurrences from: three databases GBIF (n=12,503)
(https://www.gbif.org/), OBIS (n=1212) (https://obis.org/), SPLINK
(h=127) (https://specieslink.net/), specialized literature (n=141)
and field collection (=709, Hultgren, K., personal database). A rig-
orous cleaning procedure was applied to all occurrences, ensuring
high data quality. This procedure involved excluding occurrences
that were: (1) doubtful, such as those with latitude and longitude
equal to zero; (2) outside the known native range, including occur-
rences in non-native oceans or points distant from the species’ na-
tive marine provinces; (3) outside the extent of climate variables,
characterized by imprecise points; and (4) outside the coastal marine
regions delimited by polygons (Spalding et al., 2007). Because many
species complexes of Alpheus have been taxonomically revised over
the last two decades, we carefully examined all records against the
taxonomic descriptions to ensure records were categorized with the
current species name. Furthermore, the occurrence points were re-
duced to the same resolution as the environmental variables.

We obtained from Bio-Oracle (https://bio-oracle.org/) 22 envi-
ronmental layers, representing mean and range values of 11 marine

variables. After correlation and collinearity analyses, using Pearson's

tests (rz|0.65|) and variance inflation factor (VIF <5), respectively,
we selected eight environmental variables to be used in modelling
the ecological niche of Alpheus shrimps. These variables include:
mean currents velocity (Curr_Mean), mean dissolved molecular
oxygen (Oxyg_Mean), nitrate range (Nitr_Range), mean primary
productivity (Prod_Mean), mean salinity (Sali_Mean), silicate range
(Sili_Range), temperature range (Temp_Range), and mean tempera-
ture (Temp_Mean).

Ecological niche models (ENMs) of Alpheus species were gener-
ated using the maximum entropy algorithm implemented in Maxent
version 3.3.3 (Elith et al., 2011; Phillips et al., 2006). For this, we
tested different combinations of MaxEnt parameters, such as regu-
larization multiplier (rm) and features classes (fc) (ENMeval package,
v.2.0, Kass et al., 2021; Muscarella et al., 2014). Twenty alternative
models were generated with different combinations of rm (0.5-4.0)
and fc (L=linear, Q =quadratic, and H=Hinge). The model with the
best parameter adjustment was selected by comparing the AIC‘
values generated for each alternative model. The selection of the
best model was based on the criterion of AAIC=0, following recom-
mended practices in ecological niche modelling (Zurell et al., 2020).
This rigorous parameter adjustment test aims to prevent both under-
fitting and overfitting of the models, ensuring optimal model perfor-

mance. From the selection of the best fit of the MaxEnt parameters,
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we used the block method to partition the occurrences (Muscarella
et al., 2014) to generate 10 ENMs replicates for each species. We
used two metrics to evaluate the accuracy of the ENM of each spe-
cies: the Area Under the Curve (AUC) (Fielding & Bell, 1997) and
True Skill Statistics (TSS) (Allouche et al., 2006). The average model
of the 10 replicates generated was used to predict the environmen-

tal suitability of each Alpheus species.

2.3 | Niche comparisons

To test the similarity between the niches occupied among the 33
alpheids under study, we compared all possible pairs of species,
totaling 528 comparisons (see details about ENMs comparisons in
Appendix 51). For these comparisons, we selected four environmen-
tal axes (Temp_mean, Temp_range, Curr_mean, and Prod_mean) that
had the highest average percentage contributions to the generated
models (see Supplementary Material, Appendix 51, Table 51.2). We
use a 'PCA-env’ approach (see Broennimann et al., 2012), to verify
the overlapping of niches in e-space of each pair of species, using the
Humboldt package and the concepts of niche and niche evolution
(Brown & Carnaval, 2019).

The selected environmental variables were synthesized into two
axes of a Principal Component Analysis (PCA). Subsequently, the
PCA scores of each species were projected onto a grid of 100x 100
cells. Then, to estimate the Schoener's D niche overlap metric, the
smoothed occurrence density of each species along the grid was cal-
culated by means of the Kernel density function. The Schoener's D
ranges from O (completely non-overlapping) to 1 (completely over-
lapping) (Rédder & Engler, 2011). To assess its statistical significance
(a=0.05), two randomization statistics, equivalence and background
tests, were employed. These tests evaluated whether the niches
were equivalent or divergent by generating random conditions in
1000 repetitions. Such a procedure was repeated using the entire
distribution of the species being compared (Niche Overlap Test
- NOT) and using only the environment shared by species (Niche
Divergence Test - NDT) (Brown & Carnaval, 2019).

24 | Niche evolution
To examine the role of environmental niche evolution in the ra-
diation of Alpheus shrimps, we initiated the analysis by generating
predicted niche occupation (PNO) profiles for each of the 33 spe-
cies across the four main environmental axes (phyloclim package.
v.0.9.5, Heibl & Calenge, 2022). The PNOs were obtained to verify
the probabilities of species occurrence (derived from MaxEnt) along
the gradients of each environmental variable (bin n=100). Then, we
calculated the weighted average of the PNOs for each species and
environmental axis.

To quantitatively assess the phylogenetic signal within each cli-
matic axis of the niche, we employed various metrics. A strong phy-
logenetic signal indicates that ecological similarity among species is

correlated with their phylogenetic relatedness (Losos, 2008). Here,
a strong phylogenetic signal recorded for a given climate axis im-
plies that such shrimp evolved along that axis in a manner similar
to Brownian motion (BM), which involves minimal random change
in any phylogenetic interval (see Losos, 2008). To investigate the
phylogenetic signal, we first conducted simulations considering the
topology of the Alpheus tree used in the present study. We simu-
lated the behaviour of five different metrics, including Abouheif's
Cmean, Moran's |, Blombergs K and K*, and Pagel's Lambda (phy-
losignal package, v.1.3, Keck et al., 2016). These simulations were
performed under varying amounts of BM, with 1000 simulated
solutions and 99 replicates for p-value estimation. Subsequently,
using the PNO weighted average values of each species and each
niche axis, we tested the phylogenetic signal within each axis. We
obtained the values of the five metrics mentioned and determined
their significance using a randomization test with 999 repetitions.
Next, we ran correlograms to quantify the relationship between
phylogenetic distance and each axis of the niche. Finally, we tested
the Local Indicator of Phylogenetic Association (LIPA) for each tree
species, using 'two-sided’ alternative hypotheses.

To visualize niche evolution in Alpheus, we initially tested the
fit of three evolutionary models: Brownian motion (BM), Ornstein-
Uhlenbeck (OU), and Early-Burst (EB), individually for each en-
vironmental axis of the niche (geiger package, v.2.0.10, Pennell
et al., 2014). We compared the fit of each model, for each environ-
mental axis, through the values obtained from AIC_ (best model,
AAIC=0). Once the best-fit evolutionary model was determined for
each environmental axis, we performed ancestral reconstructions of
the mean values of the four bioclimatic variables (phytools package,

v. 0.4-60, Revell, 2012).

3 | RESULTS

The occurrence probability generated by PNOs (derived from
MaxEnt models; see details about ENMs in Appendix 51) indicated
that Alpheus shrimp can tolerate a wide range of mean temperatures,
from 2 to 30°C (Figure 2), with some lineages preferring colder re-
gions (0-5°C) and others preferring warmer regions (25-30°C)
(Figure 2). Regions with minimal annual temperature variation (<1°C
of Temp_range) are most suitable for alpheids. However, regions with
Temp_range of ~5°C can also have some suitability for several line-
ages (Figure 2). Alpheus shrimp are specialists in two other environ-
mental axes of significant contributions, Curr_mean and Prod_mean.
Restricted ranges of these axes seem to be suitable for most species.
with a similar occurrence probability among them (mean currents ve-
locity «0.25m™ and mean primary productivity <0.025g.m'3.daf1,
Figure 2).

Among the 528 pairwise comparisons made using NOT and NDT
(as an example, Supplementary material, Appendix S1, Figure 51.4),
the niche was fully equivalent in 233 comparisons, while in another
262 species pairs, the niches were fully divergent (Figure 3). Finally,
for 33 pairs of species, although NOT indicated that the niches



ALVES ET AL 5
EEM e
-]
el |
o
(-] @
(=]
e
b= b
o
| 3
8 o
o (=]
0.0 05 1.0 15 0.0 0.1 0.2 0.3
Mean currents velocity (m’) Mean primary productivity (g.m”.day ")
w -
5 S
g =]
o
(=]
8
w =
o
8 FAa o
o (=]
] 5 10 15 20 0 5 10 15 20 25 30
Mean temperature (°C) Temperature range (°C)
B A arenensis B A bahamensis B A. bouvieri @ A chacei @ A. colombiensis
O A. cristulifons O A. cylindricus @ A. estuariensis @ A. floridanus @ A. formosus
B A. galapagensis B A. hebes B A. hephaestus B A hyeyoungae B A. javieri
@ A. malleator @ A nuttingi @ A panamensis B A. paraformosus B A. peasei
B A platycheirus B A. saxidomus B A schmitti W A simus B A sulcatus
B A tenuis B A. thomasi B A umbo B A. utriensis B A. vanderbilti
| A verilli B A websteri B A wonkimi
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the species' environmental specificity or generality, with narrow profiles reflecting higher specificity. Overlapping peaks suggest that taxa
have similar environmental tolerances, while non-overlapping peaks indicate different tolerances among species.

were not equivalent, the NDT results suggest that the niche occu-
pied by the species is similar (Figure 3 and Supplementary Material,
Appendix S2, Table 52.1). This comparison is especially interesting in
12 clades formed by pairs of sister species (clades 5, 8, 12, 13, 14,
17, 20, 22, 25, 28, 30, and 32) having each species restricted to dif-
ferent sides of the Isthmus of Panama (Atlantic or Pacific) (Figure 3a
and Supplementary Material, Appendix 52, Table 52.1). In seven of
those clades (5, 8, 12, 20, 22, 25, and 32) niche were recognized
as divergent (Figure 3a and Supplementary Material, Appendix 52,
Table 52.1). In only three of these clades (17, 28, and 30) niches
were equivalent between sister species. Finally, for two other spe-
cies pairs, niches were recognized as not equivalent (Figure 3a and
Supplementary Material, Appendix 52, Table 52.1). The proportion
of pairs with niche divergent was higher between sister species
(59%) compared to non-sister species (49%) (Figure 3b).

The simulations generated to compare the performance of the
different phylogenetic signal metrics, given the topology of the
Alpheus tree used in the present study, yielded similar results across

all five metrics (Supplementary material, Appendix 51, Figure S1.5).

Moreover, such simulations revealed that the topology of the tree
could generate a significant phylogenetic signal with a frequency
higher than 40% for Brownian Motion (Supplementary material,
Appendix 51, Figure 51.5b). Of the five metrics, no statistically sig-
nificant phylogenetic signals were recovered in any of the environ-
mental axes, except for mean current velocity (Curr_mean) in one
of the metrics (Supplementary material, Appendix 51, Table 51.3).
Considering the phylogenetic distance of the analysed species, sig-
nificant correlations were not verified in any of the four environ-
mental axes (Supplementary material, Appendix 51, Figure 51.6).
Significant positive associations were verified in relation to phyloge-
netic distance and environmental similarity in several species, for all
environmental axes, using LIPA analysis (Appendix 51, Figure 51.7).
Most of these significant LIPA values were found in the species A.
schmitti, A. umbo, A. saxidomus, A. simus, A. thomasi, and A. parafor-
mosus (Appendix S1, Figure 51.7).

Based on the reconstruction of the ancestral niche, the niche of
several Alpheus species diverged from that estimated for their ances-

tor during a period congruent with the speciation of the transisthmian
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sister species (between 1.5 and @ million years ago) (Figures 4 and 5).
In general, the alpheid lineages showed an initial niche conservatism
in all axes, with divergences intensifying in the last 12 million years
(Figures 4 and 5). The lineages within clades exhibiting niche diver-
gence (i.e., 5, 8, 12, 20, 22, 25, and 32) significantly contributed to
niche evolution in Alpheus transisthmian species, displaying substan-
tial divergences from the ancestral niche (Figures 4 and 5). In this
context, the upper and lower limits of variation for all environmental
axes were defined by species from clades 32 and 12, respectively
(Figures 4 and 5). Such limits were reached through extremely di-
vergent evolution of the niche between the lineages that form these
clades (Figures 4 and 5). The Ornstein Uhlenbeck (OU) model was
verified as the best-fit evolutionary model for the thermal axes of the
niche, i.e., for mean temperature (Temp_Mean; AlCc=185.670) and
temperature range (Temp_Range; AlCc=104.834) (Supplementary

material, Appendix S1, Table 51.4). On the other hand, the Early
Burst (EB) model was the best-fit evolutionary model for mean cur-
rents velocity (Curr_Mean; AlCc=-16%.090) and mean primary pro-
ductivity (Prod_Mean; AlCc=-277.820) (Supplementary material,
Appendix 51, Table 51.4).

4 | DISCUSSION

The phylogenetic tree constructed for this study was highly sup-
ported (Supplementary material, Appendix 51, Figure 51.8) and
corresponded to the last previous phylogeny of East Pacific/West
Atlantic Alpheus (Williams et al., 2001), as well as more recent inves-
tigations of Alpheus species complexes. Our phylogeny recovered

the same three major clades of Williams et al. (2001), as well as eight
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well-established transisthmian pairs (Hurt et al., 2009; Knowlton
et al., 1993; Knowlton & Weigt, 1998) or species complexes
(Anker, 2012; Anker et al., 2008a, 2008b, 2008c, 2009; Bracken-
Grissom et al., 2014) investigated over the last ~ two decades.

4.1 | Niche evolution

Qur results suggest that thermal tolerances, food availability and hy-
drodynamic forces must be relevant in determining the limits of dis-
tribution, in the interactions between species, and consequently, in
the evolutionary processes that were affected by such interactions
in Alpheus transisthmian species. We found support for the influence
of environmental transformations in the shallow marine ecosystems
during the closure of the Isthmus of Panama on the evolutionary
dynamics of niche among lineages of the Alpheus genus. Our results
indicate that during the time period in which the Isthmus of Panama
was closed, between ~12 and 3.5 million years ago (Mya') (Hou &
Li, 2018), there was also a significant evolution of the climatic niche
of the Alpheus transisthmian species. The tectonic events associated
with climate change and ocean currents that accompanied the clo-
sure of the Isthmus of Panama were responsible for major environ-
mental changes in WA and EP (Leigh et al., 2014).

Regarding the niche axes investigated in the present study, tem-
perature began to diverge between WA and EP earlier, in the mid-
Miocene, compared to productivity, which appears to have diverged
significantly around 4 million years ago, with the extinction of an
area of seasonal upwelling in the Caribbean, consequently decreas-
ing productivity in WA (Leigh et al., 2014). Furthermore, current
patterns were completely modified after the complete closure of
the Isthmus of Panama, that is, about 3 million years ago. Therefore,
the best-fit evolutionary model found for average current velocity
and average productivity is consistent with the scenario that such
parameters diverged only earlier (around 3-4 Mya') between WA
and EP. Such regions presented contrasting environments after the
complete closure of the Isthmus of Panama, including in the envi-
ronmental variables related to the main axes used here to describe
the niche of Alpheus species (temperature, productivity and cur-
rent). The WA has lower productivity, lower salinity, higher surface
temperature, narrower tidal range and more corals than the EP side
(Lessios, 2008; Schwartz et al., 2012).

The thermic niche evolution of Alpheus transisthmian species
seems to show a regression trend towards the mean, which was
supported by the best fit to the Ornstein-Uhlenbeck. This pattern
is observed, despite important divergences in the environmental
profiles between lineages that were verified in the interval between
1.5 and 9 Mya! (see Figures 4 and 5). For example, the sister spe-
cies A. utriensis and A. cristulifrons (with the split taking place in the
late Miocene ~9 Mya!) presented divergent niches, with distinct
specializations in the thermal axes, with A, utriensis occurring in re-
gions of the eastern Pacific with warmer average temperatures, but
with greater temperature range, compared to A. cristulifrons which

occurs in the western Atlantic. This result shows that environmental
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changes that occurred between the Late Miocene and Pliocene were
important for the evolution of this group of shrimps. In this context,
the Neogene was marked by several geological and climatic events
with major impacts on marine fauna, such as: [1] tectonic events in
the Andes region, which modified ocean circulation patterns, nu-
trient distribution, and climatic conditions along the west coast of
South America (Boschman, 2021; Garzione et al., 2008; Sepulchre
et al., 2010; Strecker et al., 2007); [2] the opening of the Gibraltar
Strait (during the Pliocene period, around 5.33 Mvall. which re-
connected the Mediterranean Sea to the Atlantic Ocean and with
the end of Messinian salinity crisis (between 7.24 and 5.33 Myal}
(Garcia-Castellanos et al., 2009; Hernandez-Molina et al., 2014); [3]
climate change and Antarctic glaciation, which also caused changes
in sea levels (De Blasio et al., 2015; Jakob et al., 2020; Lazarus
et al., 2014; Marschalek et al., 2021; Trubovitz et al., 2020); in ad-
dition to [iv] closure of the Isthmus of Panama, which in the present
study was tested as one of the main events that affected the evolu-
tionary history of the genus Alpheus, corroborating with suggestion
of other studies that this event had a great impact on the diversifica-
tion of marine fauna (Baraf et al., 2019; Hiller & Lessios, 2020; Hou &
Li, 2018; Hurt et al., 2013; Leigh et al., 2014; Thacker, 2017).

Hence, our findings substantiate the assertion that environmen-
tal fluctuations occurring between 1.5 and 9 million years ago (Mya®)
influenced the evolutionary trajectory of climatic niches in transisth-
mian Alpheus species. Of particular significance is the observation
that lineages adapting to climatic limits markedly different from the
majority of lineages (see clades 12 and 32; Figures 4 and 5), seem to
have split during a temporal interval aligned with the complete clo-
sure of the Isthmus of Panama, estimated at approximately 3 million

years ago (Myal).

4.2 | Speciation modes
Previous studies have already considered the importance of closure
of the Isthmus of Panama for the diversification of Alpheus transisth-
mian species (e.g., Hurt et al., 2009; Knowlton et al., 1993; Knowlton
& Weigt, 1998). However, the role of the environment in diversifi-
cation has not been tested, which made it difficult to advance our
understanding of speciation modes. We found a predominance of
climate niche divergence among the species analysed in this study,
with most sister species pairs supporting the relevance of the en-
vironment in the speciation of Alpheus transisthmian species (i.e.,
ecogeographical speciation) leading to adaptive radiation (Table 1).
On the other hand. we also verified some prevalence of speciation
modes that consider niche conservatism (i.e., geographical vicari-
ance) that configure as non-adaptive radiations. By relating cases
of niche equivalence or divergence of sister species, we found sup-
port for our two alternative hypotheses with two different modes of
speciation acting during the diversification process in Alpheus (see
Table 1).

Furthermaore, our results support climatic niche divergence for
seven pairs of sister species (clades 5, 8, 12, 20, 22, 25, and 32),
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Clade Species Climatic niches
5 A. cylindricus Divergent
A_ vanderbilti
8 A. panamensis Divergent
A. formosus
12 A. saxidomus Divergent
A. simus
13 A. malleator Not Equivalent
A. wonkimi
14 A. arenensis Not Equivalent
A. websteri
17 A. hephaestus Equivalent
A. platycheirus
20 A. bouvieri Divergent
A. javieri
22 A._ cristulifrons Divergent
A. utriensis
25 A. schmitti Divergent
A.umbo
28 A. hyeyoungae Equivalent
A verrilli
30 A. galapagensis Equivalent
A. nuttingi
32 A. colombiensis Divergent
A. estuariensis

Speciation mode

Ecogeographical vicariance

Ecogeographical vicariance

TABLE 1 Sister species in Alpheus
and the most likely mode of speciation
supported by spatial, temporal
congruence with closure of the Isthmus
of Panama, and environmental niche
evidence.

Ecogeographical vicariance

Geographical vicariance®

Geographical vicariance®

Geographical vicariance

Ecogeographical vicariance

Ecogeographical vicariance

Ecogeographical vicariance

Geographical vicariance

Geographical vicariance

Ecogeographical vicariance

"The NOT and NDT results do not support the hypothesis of divergent evolution.

which are currently geographically isolated and separated by the
Isthmus of Panama (allopatric distribution) (Anker et al., 2008a,
2008b, 2008c¢, 2009; Hurt et al., 2009; Knowlton et al., 1993). The
disparities observed were substantiated through the application of
the NDT test (Niche Divergence Test), revealing non-equivalence
in the niches of species comprising each sister pair. Such results
supporting the hypothesis that their fundamental niches are the
result of divergent evolution (Brown & Carnaval, 2019). For these
seven pairs of sister species our findings support ecogeographic
speciation (Table 1). In this speciation mode, lineage divergence is
initially driven by geographic isolation (allopatric), but later diver-
gent natural selection in one or both allopatric populations drives
differentiation, due to changes in local environmental conditions
(Czekanski-Moir & Rundell, 2019). In this case, the emergence of
the Isthmus of Panama generated the geographic isolation and
the environmental changes that occurred in WA and EP after
such a vicariant event generated different ecological pressures
for populations at different times. Importantly, speciation can be
faster or slower depending on the force of adaptation (Couvreur
etal., 2011).

For three other species pairs with allopatric distributions (clades
17, 28 and 30), our results indicated a climatic niche equivalence.

However, for the other two pairs of remaining sister species (clades

13 and 14), the NOT and NDT results support that their current
niches are not equivalent, however, these results also do not sup-
port the divergent evolution hypothesis; rather, the differences
are simply the result of different access to environments (Brown &
Carnaval, 2019). Therefore, for these five clades, our results support
the proposal of a geographical vicariance mode of speciation (non-
ecological) (Table 1). In this mode, the speciation is driven by isola-
tion and accumulation of mutations between populations separated
by a barrier, which leads to reproductive incompatibility but not
strong ecological differentiation (Czekanski-Moir & Rundell, 2019).
Species divergence of these three clades from their ancestors was
earlier compared to the time to divergence of the species for which
we suggest ecogeographic speciation. Several studies have found
evidence of non-adaptive radiation, which does not depend on di-
vergent ecological selection (e.g., Lee-Yaw & Irwin, 2015; Maestri
etal., 2017; Reaney et al., 2018), including in the marine environment
(Lessios, 2008; Meyer, 2003).

5 | CONCLUSION

The current study analysed the evolution of climatic niche and

the role of the environment in species diversification of Alpheus



ALVES ET AL.

transisthmian shrimp. We evaluate niche similarity or divergence
providing evidence for different modes of speciation in a period
consistent with the closure of the Isthmus of Panama. Therefore, we
suggest that the diversification into transisthmian species occurring
from the Late Miocene to the Pliocene (between 9 and 1.5 Mya') ex-
hibits elements of adaptive and non-adaptive radiation, in allopatric
sister species pairs. Thus, our results highlight the relevance of the
environmental changes that occurred in the WA and EP for the niche
evolution of this shrimp group, as well as for the emergence of some
lineages.

ACKNOWLEDGEMENTS

DFRA thanks CAPES (Coordenacaoc de Aperfeicoamento de
Pessoal de Nivel Superior, Process no. 88887.341624/2019-00)
for research scholarships (Programa Nacional de Pés-Doutorado/
CAPES [PNPD]) linked to the Programa de Pos-Graduacao em
Ecologia, Conservacao e Biodiversidade (University of Uberlandia)
for financial support. The authors thank Matthieu Leray, Paulo
Pachelle, and Arthur Anker for facilitating the collection and/
or identification of some of the new Alpheus specimens used in
the phylogenetic tree. CH and KMH were funded by the National
Science Foundation Grant #1924675. No permits were needed to

carry out this work.

CONFLICT OF INTEREST STATEMENT

The authors have no conflicting or competing interests.

DATA AVAILABILITY STATEMENT

The environmental variables used as predictors and the species'
occurrence points can be found in online repository (10.5061/
dryad.bk3j?kdk8). More information is available in Appendix S1
Information. Details of the sequences used to generate the phylog-
eny in this study are available in Appendix 53. All GenBank accession
numbers are listed in Appendix S3.

ORCID

Douglas Fernandes Rodrigues Alves @ https://orcid.
org/0000-0003-4363-6511

Pablo Ariel Martinez () https://orcid.org/0000-0002-5583-3179
Samara de P. de Barros-Alves () https://orcid.
org/0000-0001-7216-3421

Ariddine Cristine de Almeida = https://orcid.
org/0000-0003-1539-1297

Marco Aurélio Mendes Elias = https://orcid.
org/0000-0003-3856-9246

Carla Hurt @ https://orcid.org/0000-0001-5850-033X

Kristin M. Hultgren & https://orcid.org/0000-0002-5501-865X

REFERENCES

Allouche, O., Tsoar, A., & Kadmon, R. (2006). Assessing the accuracy of
species distribution models: Prevalence, kappa and the true skill
statistic (TSS). Journal of Applied Ecology, 43(6), 1223-1232. https://
doi.org/10.1111/j.1365-2664.2006.01214.x

11
) al of
EN Ve

Anker, A, (2012), Revision of the western Atlantic members of the Alpheus
armillatus H. Milne Edwards, 1837 species complex (Decapoda,
Alpheidae), with description of seven new species. Zootaxa, 3386,
1-109.

Anker, A., Hurt, C., & Knowlton, N. (2008a). Revision of the Alpheus
cristulifrons species complex (Crustacea: Decapoda: Alpheidae),
with description of a new species from the tropical eastern
Atlantic. Journal of the Marine Biological Association of the United
Kingdom, 88(3), 543-562. https://doi.org/10.1017/5002531540
8001136

Anker, A., Hurt, C., & Knowlton, N. (2008b). Revision of the Alpheus
formosus Gibbes, 1850 complex, with redescription of A. formosus
and description of a new species from the tropical western Atlantic
(Crustacea: Decapoda: Alpheidae). Zootaxa, 1707, 1-22. www.
mapress.com/zootaxa/

Anker, A.. Hurt. C.. & Knowlton. N. (2008c). Revision of the Alpheus
websteri Kingsley, 1880 species complex (Crustacea: Decapoda:
Alpheidae), with revalidation of A. arenensis (Chace, 1937). Zootaxa,
1694, 51-68. www.mapress.com/zootaxa/

Anker, A., Hurt, C., & Knowlton, N. (2009). Description of cryptic taxa
within the Alpheus bouvieri a. Milne-Edwards, 1878 and A. hebes
Kim and Abele, 1988 species complexes (Crustacea: Decapoda:
Alpheidae). Zootaxa, 2153, 1-23. www.mapress.com/zootaxa/

Baraf, L. M., Pratchett, M. S., & Cowman, P. F. (2019). Ancestral bioge-
ography and ecology of marine angelfishes (F: Pomacanthidae).
Molecular Phylogenetics and Evolution, 140, 106596. https://doi.org/
10.1016/j.ympev.2019.106596

Boschman, L. M. (2021). Andean mountain building since the late creta-
ceous: A paleoelevation reconstruction. Earth-Science Reviews, 220,
103640. https://doi.org/10.1016/j.earscirev.2021.103640

Bracken-Grissom, H. D., Robles, R., & Felder, D. L. (2014). Molecular
phylogenetics of American snapping shrimps allied to Alpheus flor-
idanus Kingsley, 1878 (Crustacea: Decapoda: Alpheidae). Zootaxa,
3895, 492-502.

Broennimann, O., Fitzpatrick, M. C., Pearman, P. B., Petitpierre, B.,
Pellissier. L.. Yoccoz. N. G.. Thuiller. W., Fortin, M. J.. Randin. C..
Zimmermann, N. E., Graham, C. H., & Guisan, A. (2012). Measuring
ecological niche overlap from occurrence and spatial environmen-
tal data. Global Ecology and Biogeography, 21(4), 481-497. https://
doi.org/10.1111/j.1466-8238.2011.00698.x

Brown, J. L., & Carnaval, A. C. (2019). A tale of two niches: Methods,
concepts, and evolution. Frontiers of Biogeography, 11(4), e44158.
https://doi.org/10.21425/F5FBG44158

Burbrink, F. T., Ruane, 5., Kuhn, A., Rabibisoa, N., Randriamahatantsoa,
B., Raselimanana, A. P., Andrianarimalala, M. 5. M., Cadle, ). E.,
Lemmon, A. R., Lemmon, E. M., Nussbaum, R. A, Jones, L. N.,
Pearson, R., & Raxworthy, C. J. (2019). The origins and diver-
sification of the exceptionally rich Gemsnakes (Colubroidea:
Lamprophiidae: Pseudoxyrhophiinae) in Madagascar. Systematic
Biology. 68(6). 918-936. https://doi.org/10.1093/sysbio/syz026

Couvreur, T. L. P,, Forest, F., & Baker, W. J. (2011). Origin and global diver-
sification patterns of tropical rain forests: Inferences from a com-
plete genus-level phylogeny of palms. BMC Biology, 9, 1-12. https://
doi.org/10.1186/1741-7007-9-44

Crisp, M. D., Trewick, 5. A_, & Cook, L. G. (2011). Hypothesis testing in
biogeography. Trends in Ecology & Evolution, 26(2), 66-72. https://
doi.org/10.1016/j.tree.2010.11.005

Czekanski-Mair, J. E., & Rundell, R. J. (201%). The ecology of nonecological
speciation and nonadaptive radiations. Trends in Ecology & Evolution,
34(5), 400-415. https://doi.org/10.1016/j tree.2019.01.012

De Blasio, F. V., Liow, L. H., Schweder, T,, & De Blasio, B. F. (2015). A
model for global diversity in response to temperature change over
geological time scales, with reference to planktic organisms. Journal
of Theoretical Biology, 365, 445-456. https://doi.org/10.1016/j.jtbi.
2014.10.031



ALVES ET AL

il_w Journal of
' LEY Biogeography

Edelman, N. B., Frandsen, P. B., Miyagi, M., Clavijo, B., Davey, J., Dikow,
R. B., Garcia-Accinelli, G., Van Belleghem, 5. M., Patterson, N.,
Neafsey, D. E., Challis, R., Kumar, 5., P Moreira, G. R., Salazar, C.,
Chouteau, M., Counterman, B. A, Papa, R., Blaxter, M., Reed, R. D.,
. Mallet, J. (2019). Genomic architecture and introgression shape
a butterfly radiation. Science, 366, 594-599. https://www.science.
org

Elias, M. A. M,, Anker, A., & Gawryszewski, F. M. (2019). Microhabitat
use and body size drive the evolution of colour patterns in snap-
ping shrimps (Decapoda: Alpheidae: Alpheus). Biological Journal of
the Linnean Society, 128(4), 806-816. https://doi.org/10.1093/bioli
nnean/blz152

Elith, J., Phillips, S. J., Hastie, T., Dudik, M., Chee, Y. E., & Yates, C. J.
(2011). A statistical explanation of MaxEnt for ecologists. Diversity
and Distributions, 17(1), 43-57. https://doi.org/10.1111/j.1472-
4642.2010.00725.x

Fielding, A. H., & Bell, J. F. (1997). A review of methods for the assess-
ment of prediction errors in conservation presence/absence mod-
els. Environmental Conservation, 24(1), 38-49. https://doi.org/10.
1017/50376892997000088

Garcia-Castellanos, D., Estrada, F. Jiménez-Munt, |, Gorini, C.,
Fernandez, M., Vergés, )., & De Vicente, R. (2009). Catastrophic
flood of the Mediterranean after the Messinian salinity cri-
sis. Nature, 462(7274), 778-781. https://doi.org/10.1038/natur
e08555

Garzione, C. N, Hoke, G. D., Libarkin, J. C., Withers, 5., MacFadden, B.,
Eiler, J., Ghosh, P., & Mulch, A. (2008). Rise of the andes. Science,
320(5881), 1304-1307. https://doi.org/10.1126/science.1148615

Gavrilets, S., & Losos, J. B. (2009). Adaptative radiation: Contrasting the-
ory with data. Science, 323(February), 732-737.

Harvey, P. H., & Pagel, M. (1991). The comparative method in evolutionary
biology. Oxford University Press.

Heibl, C., & Calenge, C. (2022). Package '‘phyloclim" Integrating
Phylogenetics and Climatic Niche Modelin (p. 18).

Hernandez-Molina, F. J., Stow, D. A. V., Alvarez-Zarikian, C. A., Acton, G.,
Bahr. A., Balestra. B.. Ducassou. E.. Flood. R.. Flores. J. A.. Furota.
S., Grunert, P, Hodell, D., Jimenez-Espejo, F., Kim, J. K., Krissek,
L., Kuroda, J., Li, B, Llave, E., Lofi, J., ... Xuan, C. (2014). Onset of
Mediterranean outflow into the North Atlantic. Science, 344(6189),
1244-1250. https://doi.org/10.1126/science. 1251306

Hertwig, S. T., Schweizer, M., Das, |., & Haas, A. (2013). Diversification
in a biodiversity hotspot - the evolution of southeast Asian rha-
cophorid tree frogs on Borneo (Amphibia: Anura: Rhacophoridae).
Molecular Phylogenetics and Evolution, 68(3), 567-581. https://doi.
org/10.1016/j.ympev.2013.04.001

Hiller, A., & Lessios, H. A.(2020). Marine species formation along the rise
of Central America: The anomuran crab Megalobrachium. Molecular
Ecology, 29(2), 413-428. https://doi.org/10.1111/mec.15323

Hiller, A. E., Koo, M. S., Goodman, K. R., Shaw, K. L., O'Grady, P. M., &
Gillespie, R. G. (2019). Niche conservatism predominates in adap-
tive radiation: Comparing the diversification of Hawaiian arthro-
pods using ecological niche modelling. Biological Journal of the
Linnean Society, 127(2), 479-492. https://doi.org/10.1093/bioli
nnean/blz023

Hou, Z., & Li, S. (2018). Tethyan changes shaped aquatic diversification.
Biological Reviews, 93(2), 874-896. https://doi.org/10.1111/brv.
12376

Hurt, C., Anker, A., & Knowlton, N. (2009). A multilocus test of simul-
taneous divergence across the Isthmus of Panama using snapping
shrimp in the genus Alpheus. Evolution, 63(2), 514-530. https://doi.
org/10.1111/j.1558-5646.2008.00566.x

Hurt, C., Hultgren, K., Anker, A., Lemmon, A. R., Lemmon, E. M., &
Bracken-Grissom, H. (2021). First worldwide molecular phylogeny
of the morphologically and ecologically hyperdiversified snap-
ping shrimp genus Alpheus (Malacostraca: Decapoda). Molecular

Phylogenetics and Evolution, 158, 107080. https://doi.org/10.
1016/j.ympev.2021.107080

Hurt, C., Silliman, K., Anker, A., & Knowlton, N. (2013). Ecological spe-
ciation in anemone-associated snapping shrimps (Alpheus armatus
species complex). Molecular Ecology, 22(17), 4532-4548. https://
doi.org/10.1111/mec.12398

HyZzny, M., Kroh, A, Ziegler, A., Anker, A., Kostak, M., Schlégl, J., Culka,
A., Jagt, J. W. M., Fraaije, R. H. B., Harzhauser, M., Van Bakel, B. W.
M., & Ruman, A. (2017). Comprehensive analysis and reinterpreta-
tion of Cenozoic mesofossils reveals ancient origin of the snapping
claw of alpheid shrimps. Scientific Reports, 7(1), 1-10. https://doi.
org/10.1038/541598-017-02603-5

Jakob, K. A., Wilson, P. A, Pross, )., Ezard, T. H. G, Fiebig, J., Repschlager,
J., & Friedrich, O. (2020). A new sea-level record for the Neogene/
quaternary boundary reveals transition to a more stable East
Antarctic ice sheet. Proceedings of the National Academy of Sciences
of the United States of America, 117(49), 30980-30987. https://doi.
org/10.1073/pnas.2004209117

Kass, J. M., Muscarella, R., Galante, P. J., Bohl, C. L., Pinilla-Buitrago,
G. E., Boria, R. A., Soley-Guardia, M., & Anderson, R. P. (2021).
ENMeval 2.0: Redesigned for customizable and reproducible
modeling of species’ niches and distributions. Methods in Ecology
and Evolution, 12(9), 1602-1608. https://doi.org/10.1111/2041-
210X.13628

Keck, F., Rimet, F., Bouchez, A., & Franc, A. (2016). phylosignal: An R pack-
age to measure, test, and explore the phylogenetic signal. Ecology
and Evolution, 6(9), 2774-2780. https://doi.org/10.1002/ece3.2051

Knowlton, N., & Weigt, L. A. (1998). New dates and new rates for di-
vergence across the Isthmus of Panama. Proceedings of the Royal
Society B: Biological Sciences, 265(1412), 2257-2263. https://doi.
org/10.1098/rspb.1998.0568

Knowlton, N., Weigt, L. A., Solérzano, L. A., Mills, D. E. K., &
Bermingham, E. (1993). Divergence in proteins, mitochondrial
DNA, and reproductive compatibility across the Isthmus of
Panama. Science, 260(5114), 1629-1632. https://doi.org/10.
1126/science.8503007

Kozak, K. H., & Wiens, J. J. (2006). Does niche conservatism promote
speciation? A case study in north American salamanders. Evolution,
60(12), 2604-2621. https://doi.org/10.1554/06-334.1

Lazarus, D., Barron, J., Renaudie, J., Diver, P., & Tirke, A. (2014). Cenozoic
planktonic marine diatom diversity and correlation to climate
change. PLoS One, 9(1), eB4857. https://doi.org/10.1371/journal.
pone.0084857

Lee-Yaw, J. A., & Irwin, D. E. (2015). The importance (or lack thereof) of
niche divergence to the maintenance of a northern species com-
plex: The case of the long-toed salamander (Ambystoma macrodac-
tylum Baird). Journal of Evolutionary Biology, 28(4), 917-930. https://
doi.org/10.1111/jeb.12619

Leigh, E. G., O'Dea, A., & Vermeij, G. J. (2014). Historical biogeography of
the Isthmus of Panama. Biological Reviews, 89(1), 148-172. https://
doi.org/10.1111/brv.12048

Lessios, H. A. (2008). The great American schism: Divergence of marine
organisms after the rise of the central American Isthmus. Annual
Review of Ecology, Evolution, and Systematics, 3%, 63-91.

Losos, J. B. (2008). Phylogenetic niche conservatism, phylogenetic signal
and the relationship between phylogenetic relatedness and eco-
logical similarity among species. Ecology Letters, 11(10), 995-1003.
https://doi.org/10.1111/].1461-0248.2008.01229.x

Maestri, R., Monteiro, L. R., Fornel, R., Upham, N. 5., Patterson, B.
D., & de Freitas, T. R. O. (2017). The ecology of a continental
evolutionary radiation: Is the radiation of sigmodontine rodents
adaptive? Evolution, 71(3), 610-632. https://doi.org/10.1111/
evo.13155

Mansion, G., Selvi, F., Guggisberg, A., & Conti, E. (2009). Origin of
Mediterranean insular endemics in the Boraginales: Integrative



ALVES ET AL

evidence from molecular dating and ancestral area reconstruc-
tion. Journal of Biogeography, 36(7), 1282-1296. https://doi.org/10.
1111/j.1365-2699.2009.02082.x

Marschalek, J. W., Zurli, L., Talarico, F., van de Flierdt, T., Vermeesch, P.,
Carter, A., Beny, F., Bout-Roumazeilles, V., Sangiorgi, F., Hemming,
S.R., Pérez, L. F,, Colleoni, F., Prebble, J. G., van Peer, T. E., Perotti,
M., Shevenell, A. E., Browne, L., Kulhanek, D. K., Levy, R., ... Xiong,
Z.(2021). A large West Antarctic ice sheet explains early Neogene
sea-level amplitude. Nature, 600(7889), 450-455, https://doi.org/
10.1038/541586-021-04148-0

Mathews, L. M., Schubart, C. D., Neigel, J. E., & Felder, D. L. (2002).
Genetic, ecological, and behavioural divergence between two
sibling snapping shrimp species (Crustacea: Decapoda: Alpheus).
Molecular Ecology, 11(8), 1427-1437. https://doi.org/10.1046/j.
1365-294X.2002.01539.x

Meyer, C. P. (2003). Molecular systematics of cowries (Gastropoda:
Cypraeidae) and diversification patterns in the tropics. Biological
Journal of the Linnean Society, 79(3), 401-459. https.//doi.org/10.
1046/j.1095-8312.2003.00197.x

Muscarella, R., Galante, P. J., Soley-Guardia, M., Boria, R. A., Kass, J. M_,
Uriarte, M., & Anderson, R. P. (2014). ENMeval: An R package for
conducting spatially independent evaluations and estimating opti-
mal model complexity for Maxent ecological niche models. Methods
in Ecology and Evolution, 5(11), 1198-1205. https://doi.org/10.1111/
2041-210x.12261

Nosil, P. (2007). Divergent host plant adaptation and reproductive isola-
tion between ecotypes of Timema cristinae walking sticks. American
Naturalist, 169(2), 151-162. https://doi.org/10.1086/510634

Papadopulos, A. S. T., Baker, W. J., Crayn, D., Butlin, R. K., Kynast, R. G.,
Hutton, I., & Savolainen, V. (2011). Speciation with gene flow on
Lord Howe Island. Proceedings of the National Academy of Sciences
of the United States of America, 108(32), 13188-13193. https://doi.
org/10.1073/pnas.1106085108

Paradis, E., & Schliep, K. (2019). Ape 5.0: An environment for modern
phylogenetics and evolutionary analyses in R. Bioinformatics, 35(3),
526-528. https://doi.org/10.1093/bicinformatics/bty633

Pennell, M. W., Eastman, J. M., Slater, G. J., Brown, J. W., Uyeda, J. C.,
Fitzjohn, R. G., Alfaro, M. E., & Harmon, L. J. (2014). Geiger v2.0: An
expanded suite of methods for fitting macroevelutionary models to
phylogenetic trees. Bioinformatics, 30(15), 2216-2218. https://doi.
org/10.1093/bicinformatics/btul81

Phillips, 5. J., Anderson, R. P., & Schapire, R. E. (2006). Maximum en-
tropy modeling of species geographic distributions. Ecological
Modelling, 190(3-4), 231-259. https://doi.org/10.1016/j.ecolm
odel.2005.03.026

Poe, S., Nieto-Montes De Oca, A., Torres-Carvajal, O., De Queiroz, K.,
Velasco, J. A., Truett, B, Gray, L. N_, Ryan, M. )., Kéhler, G., Ayala-
Varela, F., & Latella, I. (2018). Comparative evolution of an arche-
typal adaptive radiation: Innovation and opportunity in Anolis
lizards. The American Naturalist, 191(6), 1-10, https://doi.org/10.
5061/dryad.6v5hq

Reaney, A. M., Saldarriaga-Cérdoba, M., & Pincheira-Donoso, D. (2018).
Macroevolutionary diversification with limited niche disparity
in a species-rich lineage of cold-climate lizards. BMC Evolutionary
Biology, 18(1), 16. https://doi.org/10.1186/s12862-018-1133-1

Revell, L. J. (2012). phytools: An R package for phylogenetic comparative
biology (and other things). Methods in Ecology and Evolution, 3(2),
217-223. https://doi.org/10.1111/j.2041-210X.2011.00169.x

Rincon-Barrado, M., Olsson, S., Villaverde, T., Moncalvillo, B., Pokorny,
L., Forrest, A., Riina, R., & Sanmartin, |. (2021). Ecological and geo-
logical processes impacting speciation modes drive the formation
of wide-range disjunctions within tribe Putorieae (Rubiaceae).
Journal of Systematics and Evolution, 59(5), 915-934. https://doi.
org/10.1111/jse. 12747

13
Journal of
E e

Rédder, D., & Engler, J. O. (2011). Quantitative metrics of overlaps
in Grinnellian niches: Advances and possible drawbacks. Global
Ecology and Biogeography, 20(6), 915-927. https://doi.org/10.
1111/j.1466-8238.2011.00659.x

Ronco, F., Matschiner, M., Bohne, A., Boila, A., Bischer, H. H., El Taher,
A., Indermaur, A, Malinsky, M., Ricci, V., Kahmen, A., Jentoft, S., &
Salzburger, W. (2021). Drivers and dynamics of a massive adaptive
radiation in cichlid fishes. Nature, 589(7840), 76-81. https://doi.
org/10.1038/s41586-020-2930-4

Rundle, H. D., & Naosil, P. (2005). Ecological speciation. Ecology Letters,
8(3), 336-352. https://doi.org/10.1111/j.1461-0248,2004.00715.x

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

Schwartz, S. A., Budd, A. F., & Carlon, D. B. (2012). Molecules and fos-
sils reveal punctuated diversification in Caribbean "faviid” corals.
BMC Evolutionary Biology. 12(1). 123. https://doi.org/10.1186/
1471-2148-12-123

Sepulchre, P, Sloan, L. C., & Fluteau, F. (2010). Modelling the response of
Amazonian climate to the uplift of the Andean mountain range. In
C. Hoorn & F. P. Wesselingh (Eds.), Amazonia: Landscape and species
evolution: A look into the past (pp. 211-222). Blackwell Publishing
Ltd. https://doi.org/10.1002/9781444306408

Spalding, M. D., Fox, H. E.. Allen, G. R., Davidson, N., Ferdana, Z. A.,
Finlayson, M., Halpern, B. 5., Jorge, M. A, Lombana, A., Lourie, 5. A,
Martin, K. D., McManus, E., Melnar, J., Recchia, C. A., & Robertson,
J. (2007). Marine ecoregions of the world: A bioregionalization of
coastal and shelf areas. Bioscience, 57(7), 573-583. https://doi.org/
10.1641/B570707

Strecker, M. R., Alonso, R. N., Bookhagen, B., Carrapa, B., Hilley, G.
E., Sobel, E. R., & Trauth, M. H. (2007). Tectonics and climate of
the southern central Andes. Annual Review of Earth and Planetary
Sciences, 35, 747-787. https://doi.org/10.1146/annurev.earth.35,
031306.140158

Thacker, C. E. (2017). Patterns of divergence in fish species separated
by the Isthmus of Panama. BMC Evelutionary Biology, 17(1), 1-14.
https://doi.org/10.1186/s12862-017-0957-4

Torres-Cambas, Y., Ferreira, S., Cordero-Rivera, A., & Lorenzo-Carballa,
M. O. (2019). Mechanisms of allopatric speciation in an Antillean
damselfly genus (Odonata, Zygoptera): Vicariance or long-distance
dispersal? Molecular Phylogenetics and Evolution, 137, 14-21. https://
doi.org/10.1016/j.ympev.2019.04.018

Trubovitz, S., Lazarus, D., Renaudie, J., & Noble, P. J. (2020). Marine
plankton show threshold extinction response to Neogene climate
change. Nature Communications, 11(1), 5069. https://doi.org/10.
1038/s41467-020-18879-7

Wiens, J. J. (2004). What is speciation and how should we study it?
American Naturalist, 163(6), 914-923. https://doi.org/10.1086/
386552

Wiens, J. )., & Graham, C. H. (2005). Niche conservatism: Integrating
evolution, ecology, and conservation biclogy. Annual Review of
Ecology, Evolution, and Systematics, 36, 519-539. https://doi.org/10.
1146/annurev.ecolsys.36.102803.095431

Williams, S. T., Knowlton, N., Weigt, L. A., & Jara, J. A. (2001). Evidence
for three major clades within the snapping shrimp genus Alpheus
inferred from nuclear and mitochondrial gene sequence data.
Molecular Phylogenetics and Evolution, 20(3), 375-389. https://doi.
org/10.1006/mpev.2001.0976

Zurell, D., Franklin, J., Konig, C., Bouchet, P. )., Dormann, C. F., Elith,
J., Fandos, G., Feng, X., Guillera-Arroita, G., Guisan, A., Lahoz-
Monfort, J. )., Leitao, P. )., Park, D. 5., Peterson, A. T., Rapacciuolo,
G., Schmatz, D. R., Schroder, B., Serra-Diaz, J. M., Thuiller, W, ...
Merow, C. (2020). A standard protocol for reporting species dis-
tribution models. Ecography, 43(9), 1261-1277. https://doi.org/10.
1111/ecog.04960



ALVES ET AL

14
Lwiey

BIOSKETCH

Douglas Fernandes Rodrigues Alves is a Ph.D. researcher at the
University of Uberlandia, Brazil, and a specialist in the ecology,
biology, reproduction, and invasive species of decapod crusta-
ceans. Furthermore, his overarching research is interested in the
macroecological and spatial patterns in the distribution of deca-

pod crustaceans.

Author Contributions: DFRA: Conceptualization, methodology,
writing—original draft, writing—review and editing, investiga-
tion; PAM: Conceptualization, methodology, writing—review
and editing; SPBA: Writing—review and editing; ACA: Writing—
review and editing; MAME: Writing—review and editing; CH:
Phyogenetic analyses, writing—review and editing; KMH:
Phyogenetic analyses, writing—review and editing.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Alves, D. F. R., Martinez, P. A., de
Barros-Alves, S. d. P., de Almeida, A. C., Elias, M. A. M., Hurt,
C., & Hultgren, K. M. (2024). Climatic niche evolution and
speciation modes in the transisthmian Alpheus shrimps
(Caridea: Alpheidae). Journal of Biogeography, 00, 1-14.
https://doi.org/10.1111/jbi.14864






