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ABSTRACT: While diversity gradients are well-explored in macroecology, factors shaping species
richness at broad scales remain debated. We investigated the species richness of the decapod
family Lysmatidae across 4 spatial scales: realm, province, ecoregion, and local (2° x 2° grid cells).
We tested 4 ecological hypotheses: physiological stress (PSH), resource availability (RAH), habitat
heterogeneity (HHH), and anthropogenic impact (AIH). Occurrence data (52 Lysmatidae species)
and environmental variables (salinity, temperature, primary productivity, bathymetry, coral rich-
ness, anthropogenic impact index) were obtained from online databases and literature. Fifteen
regression models, incorporating spatial filters, were tested to assess the hypotheses. The highest
Lysmatidae species richness occurred in the Tropical Atlantic and Central Indo-Pacific realms.
Richness varied with scale, with the highest values in the transition between the tropical and sub-
tropical zones. Bathymetry was associated with Lysmatidae richness across all scales, especially at
local and ecoregional scales, while coral richness was related to province and realm scales. HHH
explained Lysmatidae richness patterns at the realm scale. Variables related to PSH and AIH were
associated with richness at the ecoregion and province scales. Our study emphasized the impor-
tance of scale in biodiversity research, influencing richness patterns in Lysmatidae, and pointed to
bathymetry, coral richness, and temperature range as the main drivers of richness. As this study
showed a relationship between Lysmatidae richness, coral richness, and temperature at 3 spatial
scales, this family may be susceptible to the effects of climate change, such as tropicalization of
subtropical zones and defaunation of tropical ecosystems, including coral reefs.
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1. INTRODUCTION

Contemporary studies in evolution, conservation,
and ecology are aimed at comprehending global pat-
terns of species richness and the underlying forces
shaping them (Tittensor et al. 2010). The fluctuation
in species richness concerning the observed scale has
been a topic of debate (Chase et al. 2019). Globally,
both current and historical anthropogenic factors
have contributed to the extinction of numerous taxa

*Corresponding author: marinaccunha@gmail.com

(Barnosky et al. 2011, Pimm et al. 2014, McCauley et
al. 2015), resulting in a worldwide decrease in species
richness, although this decline is not consistently ev-
ident at regional or local scales (Primack et al. 2018).
In the marine environment, various ecological hypo-
theses have been proposed to elucidate diversity gra-
dients (Pianka 1966, Brown & Gibson 1983, Okolodkov
2010). Among the principal hypotheses are the kinetic
energy hypothesis or temperature hypothesis, which
correlates metabolic rates with higher temperatures,
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consequently promoting greater levels of speciation
and biodiversity (Rohde 1992, Allen et al. 2007); the
productivity—richness hypothesis, which posits that
high richness is conditioned by high rates of primary
productivity (Gaston 2000, Evans et al. 2005); and the
environmental stress hypothesis, which proposes an
inversely proportional relationship between richness
and environmental stress (Keeling et al. 2010).

Among the numerous alternative hypotheses, there
is a nearly unanimous consensus on the necessity of
examining the relationship between richness and
temperature variation. As per Janzen (1967), a reduc-
tion in seasonal temperature extremes in the tropics
would facilitate the evolution of species with low ther-
mal tolerance. These species would structure them-
selves into narrower ecological niches, enabling a
greater number of species to coexist in the tropical
region. In addition to temperature, rainfall variation,
such as dry and wet seasons, can alter turbidity and
nutrient input in coastal regions (McClanahan 1988).
Therefore, the relationship between niche breadth
(and consequently richness) and latitude hinges on
the environmental factors considered, including pro-
ductivity, temperature, and salinity, among others
(Vazquez & Stevens 2004).

In addition to these hypotheses traditionally stud-
ied in ecology, 2 other hypotheses have been investi-
gated from the perspective of climate change and
anthropogenic alterations (Luypaert et al. 2020). The
climatic stability hypothesis suggests a directly pro-
portional relationship between environmental stabil-
ity and diversity (Fraser & Currie 1996), while the
habitat availability hypothesis supports the positive
effect of habitat availability on diversity (Etnoyer et
al. 2004, Worm et al. 2005). These hypotheses have
been extensively studied due to the various impacts
on marine systems, including the presence of differ-
ent types of pollutants, the expansion of invasive spe-
cies distributions, and ocean warming and acidifica-
tion processes. These factors have culminated in the
widespread bleaching of coral reef areas and the over-
exploitation of marine species across multiple fishing
levels (Luypaert et al. 2020).

Human activities can also disrupt the distribution
processes of marine species, acting as stressors for
communities (Giraldes et al. 2021). They have the
potential to modify marine food webs and establish
new ecosystems with diversities different from those
that existed before anthropogenic actions intervened
(Jackson et al. 2001, Pereira et al. 2018, Giraldes et
al. 2021). Examples of significant impacts on marine
ecosystems include the removal of predators from
the food chain due to fishing activities (Boudreau &

Worm 2012), modification of benthic cover in reef
environments caused by tourism, and the increasing
urbanization of coastal areas (Dwyer & Edwards
2000).

To understand the factors contributing to the emer-
gence of species richness gradients in the marine
environment, and recognizing that these factors may
vary among different taxa (Tittensor et al. 2010), we
focused on the monophyletic clade formed by
shrimps of the genus Lysmata (51 described species),
Lysmatella (1 described species), Exhippolysmata (4
described species), and Mimocaris (1 described spe-
cies) (Infraorder: Caridea; Family: Lysmatidae) (De
Grave & Fransen 2011, Baeza & Prakash 2019, Aguilar
et al. 2022). This family Lysmatidae demonstrates
ecological relevance by exhibiting a complex and
uncommon sexual reproductive system, character-
ized by simultaneous protandry (Baeza et al. 2009,
Baeza 2010a,b)), adopting different lifestyles (free-liv-
ing, obligatory and/or facultative symbiosis, occur-
rence in pairs, and aggregations), and performing
ecosystem functions such as cleaning fish, corals, and
anemones (Bauer 2000, Baeza & Bauer 2004, Baeza
2006, 2007, 2008, 2013, Baeza et al. 2009, Baeza & Pra-
kash 2019, Aguilar et al. 2022).

Furthermore, the group, in addition to facing fish-
ing pressure from the aquarium trade market, has rep-
resentatives registered as invasive species in various
locations (Calado et al. 2003, Calado 2009, Aguilar et
al. 2022, Guéron et al. 2022). Recently, a study on Lys-
mata uncicornis revealed an expansion of the distri-
bution of this species towards subtropical regions of
the Atlantic Ocean (Gonzalez-Ortegon et al. 2020),
indicating the possibility of an initial process of tropi-
calization in these areas.

Finally, the Lysmatidae are widely distributed
across the planet (Calado et al. 2003, Rhyne & Lin
2006, Anker et al. 2009, Baeza et al. 2009, Calado
2009, Baeza 2010, Prakash & Baeza 2017, De Grave &
Anker 2018), occupying both tropical and subtropical
regions (De Grave & Anker 2018, Giraldes et al. 2018)
and various habitats such as rocky environments,
coral reefs, and seagrass beds (Bauer & Holt 1998,
Rhyne & Lin 2006). They thrive at depths ranging
from intertidal zones to about 300 m, as exemplified
by L. philippinensis (Chace 1997, Rhyne & Lin 2006).

Given the diverse pressures impacting the marine
environment during the Anthropocene (Luypaert et
al. 2020), and the remarkable diversity of lifestyles ex-
hibited by the Lysmatidae, characterized by a range
of ecological, physiological, and morphological adap-
tations (Bauer 2000, Baeza & Bauer 2004, Baeza 2006,
2007, 2008, 2013, Baeza et al. 2009, Baeza & Prakash
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2019, Aguilar et al. 2022), we suggest that investigat-
ing the richness patterns of this clade provides in-
sights into the impacts of natural environmental vari-
ables (e.g. productivity, historical factors, salinity) as
well as the continuing anthropogenic influence on
marine ecosystems.

Therefore, in this study, we aimed to evaluate the
global distribution of Lysmatidae species richness and
determine whether various ecological hypotheses
could influence Lysmatidae distribution at 4 scales:
realm, province, ecoregion (Spalding et al. 2008), and
local (2° x 2° grid cells). Based on the physiological
stress hypothesis (PSH), we investigated whether high
variations in temperature and salinity could lead to a
reduction in Lysmatidae richness at both local and re-
gional scales, thereby reducing their dispersal capac-
ity (Janzen 1967). Under the habitat heterogeneity
hypothesis (HHH), we explored the relationship be-
tween coral richness, bathymetry, and Lysmatidae
species richness on a global scale. We hypothesized
that habitat availability would enable resource use di-
versification and, consequently, speciation through
niche specialization (Bazzaz 1975, Tews et al. 2004,
Sanciangco et al. 2013). Additionally, we examined
the resource availability hypothesis (RAH) to deter-
mine whether primary productivity was positively
correlated with richness, promoting greater species
coexistence (Hawkins et al. 2003) at local and regional
scales. Lastly, we assessed whether the anthropogenic
impact hypothesis (AIH) could be supported by ob-
serving lower species richness in areas with higher an-
thropogenic impact (Torres-Romero & Olalla-Tarraga
2015), potentially associated with the loss of specialist
species and subsequent biotic homogenization, par-
ticularly at broader scales (McKinney & Lockwood
1999, Gossner et al. 2016, Chase et al. 2019).

2. MATERIALS AND METHODS
2.1. Data acquisition and processing

We conducted a comprehensive survey of occur-
rence points for Lysmatidae species, utilizing litera-
ture reviews and data from the Global Biodiversity
Information Facility (GBIF, www.gbif.org, as of 20
November 2023) and the Ocean Biodiversity Informa-
tion System (OBIS; https://obis.org/, as of 20 Novem-
ber 2023). We considered occurrences recorded be-
tween 1899 and 2023. To work with this extensive
temporal scale, we assume the perspective of niche
conservatism, where sister species, such as those
studied in this investigation, tend to conserve their

niches over thousands of years of independent evolu-
tion, with speciation occurring at geographic scales
and ecological modifications arising later (Peterson et
al. 1999)

The family Lysmatidae has 58 valid species, accord-
ing to the World Register of Marine Species
(WoRMS) (WoRMS Editorial Board 2024 and the phy-
logeny of Aguilar et al. 2022). We also included Lys-
mata sp. AUS1 and Lysmata sp. AUS2 (belonging to
the Lysmata rauli complex, as proposed by Guéron et
al. 2022), that have not yet been formally described.
This inclusion was possible because the occurrences
of Lysmata sp. AUS1 and Lysmata sp. AUS2 found on
the Australian coast could be other occurrences of the
L. rauli complex. However, there is no distinction
among occurrence records in GBIF; populations were
classified a posteriori. Although we know that Lys-
mata sp. AUS1 and Lysmata sp. AUS2 are distinct spe-
cies, we will treat them as a species complex, which
we refer to as Lysmata sp. AUS. Neither Lysmata sp.
AUS! nor Lysmata sp. AUS2 have been formally
described and neither are listed in WoRMS. Further-
more, these data are significant, as they contribute to
representing the diversity already identified within
the L. rauli complex. In addition, all 4 species of the
genus Exhippolysmata were considered, as were Lys-
matela prima and Mimocaris heterocarpoides.

From the 59 species of the family, 4 species of the
genus Lysmata (L. kempi, L. leptodactylus, L. splen-
dida, and L. stenolepis) were excluded due to insuffi-
cient data in the databases or because the species de-
scription papers lacked precise longitude and latitude
data (Ahyong et al. 2024). Additionally, 2 species (L.
baueri and L. durbanensis) were excluded during the
data occurrence processing, because it was not pos-
sible to perform their spatial adjustment to the resolu-
tion of the environmental variables (2° x 2° grid cells).
The genus Ligur, composed of a single species (L. en-
siferus), was not considered in this work, since it
shows an uncertain basal position in the 2 phyloge-
netic trees (maximum likelihood, Bayesian inference)
proposed by Aguilar et al. (2022), which suggests that
the family Lysmatidae is a paraphyletic group (for
more details, see Table S1 in the Supplement at www.
int-res.com/articles/suppl/m748p083_supp.xlsx).

Despite evidence suggesting new synonymies
(Ashrafi etal. 2021, Aguilar et al. 2022), there is still no
consensus in the literature regarding them (e.g. Lys-
mata kuekenthali and L. hochi, Ashrafi et al. 2021; and
L. dispar and L. lipkei, Aguilar et al. 2022). Therefore,
distinct species were considered here in accordance
with the WoRMS database (Ahyong et al. 2024).
There are still some complexes of cryptic species
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awaiting further detailed studies, including the L.
wurdemanni complex sensu Baeza & Prakash (2019),
the L. vittata complex (Aguilar et al. 2022, Guéron et
al. 2022), and the L. rauli complex (Guéron et al.
2022). In this study, the L. wurdemanni complex was
treated as a single species, as the putative species in
the complex have not been formally described (Baeza
& Prakash 2019). The occurrences of L. vittata from
the Red Sea and Mediterranean Sea were reevaluated
and removed due to evidence suggesting that they
are specimens of L. rauli sensu lato (Aguilar et al.
2022, Guéron et al. 2022).

In addition to all the caution already mentioned
with the treatment of occurrences and which species
would be used in this study, we also considered the
possibility that many records represent cases of Lys-
matidae species invasions. Although we are aware of
cases of invasions, such as L. lipkei and L. vittata in
the western Atlantic (Almeida et al. 2021, Aguilar et
al. 2022), our study focused on assessing species dis-
tributions without distinguishing between native and
non-native occurrences. Our aim was to investigate
the environmental factors that facilitate species co-
occurrence within the family, encompassing both
native and invasive species.

All occurrences underwent rigorous standardization
to ensure consistency with predictor variables (5 arc-
min resolution) using the Bio-Oracle database (http://
bio-oracle.org/, accessed on 25 May 2020) (Tyberg-
hein et al. 2012, Assis et al. 2018) (Table S1). We con-
sidered the spatial structure of the data and the inher-
ent spatial autocorrelation, employing spatial filtering
through linear eigenvectors. Instead of analyzing each
environmental variable separately in a linear regres-
sion, we chose to work with 2 variables derived from
the spatial relationships of the data (Diniz-Filho & Bini
2005). To mitigate potential sampling biases, we re-
moved duplicate occurrences or those with ambiguous
georeferenced records (instances where more than 1
occurrence was recorded in the same
pixel) (Fourcade 2016, de Andrade et
al. 2020). Following this, we refined
species occurrences by randomly se-

eation of realm (10), province (48), and ecoregion (1195)
was informed by Spalding et al. (2008) (Table S1). The
processing of occurrences at each scale was executed
using RStudio (R version 4.3.2; R Core Team 2023).

To elucidate the factors influencing the richness
distribution of the Lysmatidae, we selected 8 vari-
ables based on the scientific literature, which formed
the hypotheses tested in this study. These variables
included annual temperature (mean and range), an-
nual salinity (mean and range), bathymetry and pri-
mary productivity (mean), obtained from the Bio-
Oracle database (http://bio-oracle.org/, accessed on
25 May 2020). Additionally, coral richness and the an-
thropogenic impact index were obtained from the
IUCN Red List (www.iucnredlist.org, accessed on 16
June 2022) and from the National Center of
Ecological Analysis and Synthesis (NCEAS; https://
www.nceas.ucsb.edu/), respectively. Although an-
nual salinity (range), annual dissolved oxygen
(range), current velocity (range), bathymetry, and lu-
minosity (range) were considered, they exhibited col-
linearity problems, with correlation values less than
0.70 and variance inflation factors (VIFs) less than 5.0
(Fig. S1, Table S2).

2.2. Hypotheses

Four hypotheses were proposed to elucidate the
richness patterns of Lysmatidae: PSH, HHH, RAH,
and AIH (Table 1). In the PSH, we used temperature
(range and mean, °C) and salinity (mean, PSS) as indi-
cators of environmental stress (Fig. 1A,B). In the
HHH, we used coral richness and bathymetry as vari-
ables to represent habitat heterogeneity (Fig. 1C,D).
Coral richness data were obtained from distribution
maps for 561 reef-building coral species from the
IUCN Red List. Subsequently, these maps were over-
laid on a grid with cells of 2° x 2° resolution (approx-

Table 1. Description of variables evaluated for the studied hypotheses. PSH:
physiological stress hypothesis; RAH: resource availability hypothesis; HHH:
habitat heterogeneity hypothesis; AIH: anthropogenic impact hypothesis

lecting 1 instance within each grid cell

at a resolution double that of the envi- Variables PSH RAH HHH  AIH
ronmental variables (Velazco et al.
Anthropogenic impact index X X
2019)
Bathymetry (m) X X
Subsequently, occurrences were Coral richness <
plotted and overlaid to determine rich- Primary productivity mean (g m=3d ™) X X

ness at 4 distinct spatial scales: realm,
province, ecoregion, and map grid cell
(2° x 2° grid cell resolution, equivalent

Annual salinity mean (PSS)
Annual salinity range (PSS)
Annual temperature mean (°C)
Annual temperature range (°C)

XXX

to ~220 x 220 km?). The spatial delin-
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Fig. 1. Formulated hypotheses, illustrating the expected effect of each variable on the species richness of the family Lysmatidae.

Physiological stress hypothesis: effect of the variables (A) mean temperature and mean salinity and (B) temperature range and

salinity range. Habitat heterogeneity hypothesis: effect of (C) coral richness and (D) bathymetry. Resource availability hypo-
thesis: effect of (E) mean primary productivity. Anthropogenic impact hypothesis: effect of (F) anthropogenic impact
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imately 220 x 220 km at the Equator) by aggregating
the overlapping distribution ranges within each grid
cell. The processing of these maps was conducted
using the ‘raster' package (Hijmans et al. 2021) in
RStudio (R version 4.3.2). In the RAH, we used the
mean primary productivity as an indicator of resource
availability (Fig. 1E).

Lastly, we assessed the AIH through an anthropo-
genic impact index (Fig. 1F), a composite of 19 anthro-
pogenic factors contributing to ecological changes in
the oceans. This index evaluated the effect of various
stressors on the marine environment, including differ-
ent levels of fishing (from artisanal to high-impact de-
mersal), shipping activities, presence of oil platforms,
direct human impact, various sources of pollution, in-
vasive species, ocean acidification, sea surface tem-
perature, sea level rise, and UV radiation incidence
(Halpern et al. 2015). The cumulative impact of these
stressors was based on assumptions of linear and addi-
tive responses within natural systems. However, it is
important to consider that marine ecosystems may ex-
hibit threshold responses to intense and cumulative
stressors, resulting in nonlinear cumulative impact re-
sponses within ecological relationships (Halpern et al.
2015). Such responses are common but difficult to pre-
dict. Therefore, the index provides an overview of how
environmental pressures are changing over time and
identifies areas where mitigation efforts are most nec-
essary (Halpern et al. 2015).

2.3. Statistical analyses

This study was based on the assumption of an equi-
librium or pseudo-equilibrium existing between the
environment and observed species patterns (Lischke
et al. 1998, Guisan & Zimmermann 2000). The adop-
tion of the pseudo-equilibrium principle is justified
due to its broad-scale predictive power and the lack of
detailed data on the physiology and behavior of the
studied species (Guisan & Zimmermann 2000, Pickett
et al. 2010). Furthermore, given the limited research
conducted on the Lysmatidae as a group, the princi-
ple of pseudo-equilibrium enables us to leverage the
maximum available information gleaned from occur-
rence records amassed thus far.

To perform spatial filter analyses, we utilized the
geographical coordinates (latitude and longitude) of
each cell on the globe to construct a paired matrix of
geographical distances between cells (Diniz-Filho
et al. 2003). This distance provides weight to short-
distance effects following the filtering process (Diniz-
Filho et al. 2003). The association between eigenvec-

tors and positive eigenvalues of the matrix represents
the spatial relationship between globe cells at differ-
ent spatial scales (Diniz-Filho et al. 2003). The geome-
try of the geographic area under study allows their
incorporation into a multiple regression approach,
while considering spatial autocorrelation and en-
abling unbiased prediction of regression parameters
(Diniz-Filho et al. 2003).

To test the different hypotheses, we constructed 15
regression models using the spatial eigenvector filter-
ing method (Murakami 2022). This approach removes
the bias of spatial autocorrelation in the residuals of
general linear model (GLM) regression, thereby en-
hancing the reliability of estimating the effects of each
variable, as the filters represent distinct and inde-
pendent propositions of how map cells are geographi-
cally related or connected to each other (Diniz-Filho &
Bini 2005). The filters are expressed as new variables
derived from geographical distances and the spatial
relationships between cells (Diniz-Filho & Bini 20095).

The selection of the best model was based on
Akaike's information criterion (AIC). According to
this criterion, the model that best explains the studied
phenomenon is the one with AAIC = 0, as it repre-
sents the least loss of information when the model is
used to approximate the total reality (Johnson &
Omland 2004, Burnham et al. 2011). After adjusting
each model to the data and calculating the AIC score,
differences in these scores between each model and
the best model were computed (the best model in the
set has the minimum AIC score: Ai = AICi — AICmin)
(Johnson & Omland 2004). All models with AAIC <4
were considered to have substantial support (Burn-
ham et al. 2011). Akaike weights are additive and can
be summed to provide a set of trustworthy models
with a specific probability that the best-fitting model
is contained within the confidence set (Johnson &
Omland 2004).

Upon evaluating the models based on the AIC, we
proceeded to assess the performance of the top-rank-
ing models by examining their goodness of fit, while
acknowledging the finite nature of the data and rec-
ognizing that models serve as approximations of real-
ity (Burnham & Anderson 2004). All statistical analy-
ses were executed using RStudio (R version 4.3.2).

3. RESULTS

A total of 4125 data points were collected, with 243
sourced from literature reviews. Following data screen-
ing, 966 occurrence points were selected for analysis.
The highest richness of Lysmatidae was present in the
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transition areas between tropical and subtropical re-
gions in both hemispheres (Fig. 2). The distribution of
Lysmatidae richness across 4 scales —realm, province,
ecoregion, and local (2° x 2° grid cell) —reveals a cir-
cumtropical dispersion (Fig. 3).

At the local scale (cell), the highest richness is con-
centrated in the southern portion of the Gulf of Mex-
ico (7 species) and on the west part of the Florida
(USA) coast, reaching a peak of 10 species (Fig. 3A).
At the ecoregion scale, the northern region of the
Gulf of Mexico (9—12 species) and the southwestern
Caribbean (12—15 species) display the highest rich-
ness values in the Atlantic. In the Indo-Pacific, the
Eastern Philippines ecoregion features scattered
areas where species richness reaches its peak (12 spe-
cies) (Fig. 3B).

At the province scale, we observed that the highest
richness is concentrated in the tropical region of the
North Atlantic (Tropical Northwestern Atlantic), but
it extends into a transition area in the subtropical
region of the Warm Temperate Northwestern Atlantic
province. Intermediate values of richness were ob-
served in the South Atlantic (Tropical Southwestern
Atlantic; richness range: 14—19 species). In the Paci-
fic Ocean, we observed several patches of richness,
with peaks reaching 10—14 species in the Western

Coral Triangle province (Fig. 3C). On the realm scale,
we observed 2 peaks of Lysmatidae richness in tropi-
cal regions, one in the Atlantic Ocean and the other in
the Eastern Pacific (Fig. 3D). Subtropical regions of
the northern Atlantic Ocean (Temperate Northern
Atlantic realm), and tropical regions of the Indo-Paci-
fic (Western Indo-Pacific realm) presented intermedi-
ate values of Lysmatidae richness (Fig. 3D).

Among the hypotheses explored to elucidate the
distribution patterns of Lysmatidae richness (PSH,
RAH, HHH, and AIH), only at the realm scale was the
best model composed of a single hypothesis (Fig. 4).
The best models (AAIC = 0) and the contribution of
the studied variables varied across scales. At the realm
scale, the best model was HHH (adjusted R? = 0.87,
Moran's I = 0.34, spatial effects residuals, SE = 0.89),
where coral richness exhibited the highest contrib-
ution and a positive relationship with richness (esti-
mates = 0.08, t = 2.75, p < 0.01), followed by bathyme-
try, showing an equally significant relationship to
Lysmatidae richness (estimates = 0.06, t = 2.74, p <
0.01). At the province scale, the best model was
PSH+RAH+HHH+AIH (adjusted R? = 0.92, Moran's
I = 0.36, SE = 0.96), with bathymetry (estimates =
0.08, t = 2.63, p = 0.01) showing the highest contrib-
ution to the model, followed by coral richness (esti-
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local scale
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This explained percentage holds sig-
nificance when compared to other
studies investigating richness patterns
in marine animals, where R? values
fluctuated between 15 and 899% (Tit-
tensor et al. 2010, Parravicini et al.
2013, Martinez et al. 2021). It is note-
worthy that in comparison to the
studies cited here, those demonstrat-
ing the highest percentages in ex-
plaining richness distribution consid-
ered not only environmental factors
but also historical and phylogenetic
factors. This affirms the relevance of
the analyzed environmental factors in
predicting the clade richness, as re-
vealed by our results.

Our findings substantiate inter- and
intra-regional disparities in species
diversity patterns in tropical marine
environments, as observed by Frey &
Vermeij (2008). We observed the high-

Coral richness

Bathymetry

Local (cell)

Anthropogenic impact

-0.20 -0.10 0.00 0.10

Fig. 4. Slopes of regression models arranged by scale. Bold values (black bars)

indicate p <0.05

mates = 0.06, t = 2.31, p = 0.02), salinity range (esti-
mates = —0.05, t = —2.18, p = 0.03), and anthropo-
genic impact (estimates = —0.03, t = —2.54, p = 0.01).
At the ecoregional scale, the best model was PSH+
RAH+HHH+AIH (adjusted R? = 0.66, Moran's I =
0.31, SE = 0.84), with bathymetry (estimates = 0.21,
t = 3.22, p < 0.01), temperature range (estimates =
0.14,t = 2.67, p<0.01), and anthropogenic impact (es-
timates = 0.06, t = 1.97, p = 0.05) displaying a positive
relationship with richness and making the most sub-
stantial contributions to the model. Finally, at the local
scale (2° x 2° grid cells), HHH+AIH was identified as
the optimal model (adjusted R? = 0.25, Moran's I =
0.68, SE = 0.64), with bathymetry exhibiting the high-
est contribution and a positive relationship with rich-
ness (estimates = 0.27, t = 2.68, p<0.01).

4. DISCUSSION

The models employed in this study effectively elu-
cidated variations in richness within the group, ex-
plaining a substantial proportion ranging from 25 to
92%, as depicted in the presented scales (Table 2).

I, 0.27
0.16

10.23 est richness of the Lysmatidae in the
region between the Caribbean Sea and
the Gulf of Mexico, aligning with the
same hemispheric asymmetry noted
by Chaudhary et al. (2016) for marine
species. In contrast to the suggestion
by Tittensor et al. (2010) that coastal
species tend to be disproportionately concentrated in
Southeast Asia, the Lysmatidae exhibit higher rich-
ness in the Caribbean and Gulf of Mexico region,
despite significant richness values also being present
in the Philippines region.

Although the Tropical Atlantic and Central Indo-
Pacific realms have the same number of species, rich-
ness is distributed more evenly in the Central Indo-
Pacific, with ecoregions showing maximum values of
9 species. In the Tropical Atlantic, however, we ob-
served richness peaks in 3 ecoregions: the northern
Gulf of Mexico, Floridian and southwestern Carib-
bean (ranging from 9 to 15 species). This fact may be
related to a biogeographic pattern from the Indian
Ocean and Western Pacific, where there is a decreas-
ing gradient in the number of species as we move
away from the Coral Triangle region in any direction
(Briggs 1999, 2005). Moreover, the fact that Carib-
bean coral reefs have a significantly smaller area than
those present in the Coral Triangle region (Briggs
2005) and are close to a major barrier such as the
Amazon River plume (Giachini Tosetto et al. 2022)
may contribute to the concentration of species diver-
sity in the tropical ecoregions of the western Atlantic.

0.20 0.30
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Table 2. Model ranking according to Akaike's information criterion (AIC). Models in bold: AAIC = 0. BIC: Bayesian information
criterion. Hypothesis abbreviations as in Table 1

Scale Model SD Moran'sl/ Residual Adj.R? logLik AIC  AAIC Rank BIC
maX(MoranI) SE

Local (cell) HHH + ATH 0.64 0.68 0.87 0.25 -102.62 229.23 0.00 1 259.54
RAH + HHH + AIH 0.63 0.70 0.87 0.25 —102.07 230.13 0.90 2 261.89
HHH 0.63 0.55 0.87 0.21 —102.27 230.53 1.30 3 262.29
PSH+ HHH 0.66 0.72 0.87 0.24 —102.28 230.56 1.33 4 262.32
PSH + AIH 0.50 0.54 0.87 0.24 —101.72 231.44 221 5 265.64
RAH + HHH 0.61 0.56 0.87 0.24 —101.76 231.52 2.29 6 265.71
PSH 0.50 0.45 0.88 0.23 —102.82 231.64 2.41 7 263.39
AIH 0.50 0.45 0.90 0.19 —106.84 233.68 4.45 8 258.11
RAH + AIH 0.50 0.45 0.91 0.18 —106.82 235.64 6.41 9 262.51
RAH 0.51 0.37 0.91 0.18 —106.96 23592 6.69 10 262.79
PSH + RAH + AIH NA NA 0.94 0.12 —111.56 239.12 9.89 11 258.66
PSH + RAH NA NA 0.95 0.10 —112.87 239.74 10.51 12  256.84
PSH + RAH + HHH + ATH NA NA 0.93 0.13 —110.06 240.12 10.89 13  264.55
PSH + RAH + HHH NA NA 0.95 0.11 —111.64 241.29 12.06 14 263.27

Ecoregion PSH + RAH + HHH + AIH 0.84 0.308 0.57 0.66 —-419.91 925.83 0.00 1 1106.97
RAH + HHH + AIH 0.82 0.307 0.59 0.65 —424.18 928.36 2.54 2 1096.87
PSH + RAH + AIH 0.83 0.311 0.59 0.65 —422.08 930.16 4.33 3 1111.30
RAH + HHH 0.81 0.292 0.59 0.65 —426.32 930.64 4.81 4 1094.93
PSH + RAH + HHH 0.83 0.291 0.59 0.65 —425.00 930.85 5.02 5  1099.35
PSH + AIH 0.83 0.318 0.59 0.65 —424.50 931.00 5.17 6 1103.71
PSH + RAH 0.83 0.296 0.59 0.65 —423.88 931.76 5.93 7 1108.69
PSH 0.82 0.302 0.59 0.65 —426.44 932.88 7.05 8 1101.39
PSH + HHH 0.82 0.297 0.59 0.65 —427.61 933.22 7.39 9  1097.51
HHH + ATH 0.82 0.323 0.60 0.64 —432.61 941.21 1539 10 1101.29
RAH + ATH 0.81 0.302 0.60 0.64 —435.60 943.202 1737 11 1094.86
HHH 0.82 0.307 0.60 0.64 —434.83 943.66 17.84 12 1099.53
RAH 0.81 0.288 0.60 0.64 —435.60 94520 19.37 13 1101.06
AIH 0.81 0.312 0.60 0.63 —439.38 948.77 2294 14 1096.21

Province  PSH + RAH + HHH + AIH 0.96 0.361 0.84 0.92 -78.88 279.77 0.00 1 556.24
RAH + HHH + AIH 0.95 0.364 0.29 092 —8270 28140 1.63 2 544.28
PSH + HHH 0.96 0.364 0.29 092 —8236 28272 295 3 550.12
PSH + RAH + HHH 0.96 0.365 0.29 092 —82.33 284.67 4.90 4 556.61
RAH + HHH 0.95 0.367 0.29 092 —86.18 286.36 6.59 5 544.70
HHH + ATH 0.95 0.366 0.29 092 —8739 288.78 9.01 6 547.13
RAH + ATH 0.95 0.350 0.29 092 —91.78 289.55 9.79 7 529.77
HHH 0.95 0.368 0.29 092 —90.79 291.57 11.81 8 540.85
PSH + ATH 0.96 0.351 0.29 092 —86.95 291.89 12.12 9 559.30
PSH + RAH + AIH 0.96 0.350 0.29 092 —86.80 293.60 13.83 10 565.54
AIH 0.96 0.349 0.29 092 —94.21 29442 1465 11  534.63
PSH 0.96 0.354 0.29 092 —90.56 297.13 1736 12  560.01
RAH 0.96 0.353 0.29 092 —95.60 297.19 1742 13  537.40
PSH + RAH 0.96 0.354 0.29 092 —90.48 298.97 19.20 14  566.38

Realm HHH 0.89 0.338 0.36 0.87 -270.74 661.49 0.00 3 938.93
HHH + AIH 0.89 0.337 0.36 0.87 —270.63 663.25 1.77 10 945.32
RAH + HHH 0.89 0.338 0.36 0.87 —270.74 663.48 1.99 8 945.55
PSH + HHH 0.89 0.337 0.36 0.87 —268.34 664.67 3.18 6 960.61
RAH + HHH + AIH 0.89 0.337 0.36 0.87 —270.62 66524 3.76 13 951.93
PSH + RAH + HHH 0.89 0.337 0.36 0.87 —268.12 666.25 4.76 11 966.81
PSH + RAH + HHH + AIH 0.89 0.336 0.36 0.87 —268.01 668.01 6.53 14 973.20
PSH 0.91 0.35 0.36 0.87 —274.89 675.78 14.29 1 967.09
PSH + AIH 0.91 0.351 0.36 0.87 —274.82 677.65 16.16 7 973.59
PSH + RAH 0.91 0.351 0.364 0.87 —274.87 67775 16.26 5 937.69
PSH + RAH + AIH 0.91 0.35 0.36 0.87 —274.80 679.61 18.12 12  980.17
RAH 0.93 0.361 0.37 0.87 —279.94 681.89 20.40 2 963.96
AIH 0.94 0.362 0.37 0.87 —280.16 682.32 20.84 4 964.39
RAH + ATH 0.94 0.361 0.37 0.87 —279.92 683.85 22.36 9 970.54
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The models supported in this study indicate that
the studied variables explain the richness pattern dif-
ferentially at each observed scale, confirming that the
extent of a geographic area can significantly in-
fluence the derived species richness pattern (Rahbek
2005). In this study, it is evident that factors related to
habitat heterogeneity are the primary predictors of
Lysmatidae richness, corroborating the insights of
Tittensor et al. (2010) regarding the relevance of this
resource for marine organisms. At the realm scale,
we observed a positive impact of coral richness and
bathymetry on Lysmatidae richness. Corals play a
crucial role by offering various habitats for the Lysma-
tidae, acting as refuges from predators and competi-
tors (Idjadi & Edmunds 2006) and altering local
hydrodynamics, thereby enhancing nutrient and zoo-
plankton availability (Atkinson & Bilger 1992). This
combination of factors may explain the equivalence
in the number of species found in the Tropical Atlan-
tic and Central Indo-Pacific realms. The presence of
scleractinian corals in the Gulf of Mexico, Caribbean,
and the Philippines (Roberts et al. 2006, Soetaert et
al. 2016) coincides with the provinces with the highest
richness of Lysmatidae. Recognized as ecosystem
engineers, scleractinian corals can shape bottom
topographies, with heights ranging from tens to hun-
dreds of meters (Roberts et al. 2006, Soetaert et al.
2016).

Scleractinian corals reefs induce the upwelling of
surface waters through the formation of internal waves
or hydraulic jumps and construct extensive areas serv-
ing as habitats for sponges and fish (Soetaert et al.
2016). All of these ecosystem functions provided by
corals are relevant for the Lysmatidae species that per-
form fish cleaning or exhibit symbiosis with anemones,
such as Lysmata amboinensis, L. grabhami, L. debelius,
L. splendida, L. pederseni, L. seticaudata, L. californica,
and L. wurdemanni (Calado et al. 2003, 2008, Rhyne &
Lin 2006, Baeza 2013).

The relationship between bathymetry and Lysmati-
dae richness remained consistent across all scales,
being more pronounced at finer scales (ecoregion and
local) and may be associated with the coloration and
behavioral aspects of the Lysmatidae. Coloration in
crustaceans is regulated by cells containing chroma-
tophores (Rao et al. 1985) and is influenced by both
physiological and environmental factors (Kronstadt
et al. 2013, Vega-Villasante et al. 2015). It serves var-
ious functions such as communication, camouflage,
and thermoregulation (Kronstadt et al. 2013). Depth,
as an example, can affect light penetration, and
shrimp with reddish coloration can camouflage them-
selves better, increasing their crypticity (Kronstadt et

al. 2013). The reddish coloration pattern, as observed
for the Lysmatidae in general, functions as camou-
flage for dark environments; when inhabiting shallow
environments, the species tend to adopt nocturnal
habits and remain hidden in crevices and caves
(Calvo et al. 2016).

In the case of aposematic species, we expect the
opposite pattern. Specifically, concerning the cleaner
shrimps, we observe distinct coloration patterns asso-
ciated with fish-cleaning behavior and reef habitat,
typically shallow (Calado et al. 2003, Calado 20006).
Evidence from L. grabhami and L. amboinensis sug-
gests that part of the cues provided by shrimp to their
‘clients’ are visual and may be associated with visual
patterns as a specific signal (Fletcher et al. 1995,
Rufino & Jones 2001).

At the province and ecoregion scales, the best
models incorporated all proposed hypotheses but
diverged in the significance of each variable. At the
province scale, both bathymetry and coral richness
emerged as significant variables, mirroring their
importance at the realm scale. On the other hand,
salinity variation and anthropogenic impacts exhib-
ited a negative relationship with Lysmatidae richness.
The impact of salinity on the distribution the Lysmati-
dae richness has been substantiated, given the well-
documented and regularly reviewed saline tolerance
ranges of numerous decapods, including comprehen-
sive studies by Lockwood (1962), Mantel & Farmer
(1983), Charmantier et al. (2008), and Freire et al.
(2008). It is established that fully marine groups, such
as the Lysmatidae, function as osmotic conformers. In
essence, the osmolarity of their hemolymph closely
mirrors the ambient environment within a narrow
range of variation (McNamara & Faria 2012). Con-
sequently, Lysmatidae shrimps display limited regu-
latory capacity for both hemolymph concentration
and composition, as well as osmotic urine production
(McNamara & Faria 2012).

Considering that variations in water salinity and
resource availability can function as stressors during
the larval stages of marine shrimp (Giménez & Anger
2001), it is plausible that the stress effects from the
environment could be passed down through genera-
tions, causing harm to juvenile stages, as outlined by
Giménez (2006) in terms of '‘phenotypic linkage' pro-
cesses. This may hinder the establishment of certain
species in regions with significant salinity variations
or their ability to migrate through areas with such
characteristics.

The discovery of contrasting anthropogenic im-
pacts on Lysmatidae richness at different scales
(province: negative, ecoregion: positive) under-
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scores the significance of scale in biodiversity re-
search. At most regional scales, a negative relation-
ship between anthropogenic impact and Lysmatidae
richness may be related to benthic marine ecosys-
tems experiencing erosion in their ecological resili-
ence due to climate change (Wernberg et al. 2010,
Graham et al. 2015). Changes in physiological, dem-
ographic, and community processes due to temper-
ature increase have led to species redistribution
(Wernberg et al. 2010, Poloczanska et al. 2013).

At the finest scales, anthropogenically impacted
marine environments could be characterized by an
excessive influx of organic matter (wastewater, ben-
thic cover mortality on hard substrates, fishing and
tourism residues), promoting the proliferation of
algae and pests. This increase in organic matter could
also lead to an increase in the population of scav-
engers and natural cleaners, such as the Lysmatidae
cleaning species (Calado & Narciso 2005).

At the ecoregion scale, we observed a positive
effect of temperature range on the richness of Lysma-
tidae. This finding may be related to physiological
aspects of the clade, as temperature plays a crucial
role in establishing reproductive periodicity and
recruitment in shrimps and numerous other crusta-
ceans (Sastry et al. 1983, Bauer 1992). Seasonal re-
cruitment is a common feature among crustacean
species inhabiting temperate latitudes, a trait also
observed in Exhippolysmata oplophoroides (Baeza
2010). This species displays a mixed pattern of repro-
ductive biology, with embryo incubation occurring
throughout the year and juvenile recruitment limited
to the summer months (Baeza 2010).

Despite the negative relationship found between
salinity range and richness at the province scale, this
pattern does not hold at the ecoregion scale. This
fact becomes evident when we observe the ecore-
gions of the northern Gulf of Mexico and tropical
southwestern Atlantic, which maintain high Lysmati-
dae richness values despite receiving a substantial
volume of fresh water from the Mississippi and the
Amazon Rivers, respectively. It is conceivable that
salinity variation northeast of the Gulf of Mexico
influenced the isolation and speciation of the L. wur-
demanni complex, as this river separates populations
along the Florida coast from those along the Texas
coast and may explain the observed speciation
occurring between these populations. According to
Baeza & Prakash (2019), the genetic distance be-
tween Texas and Florida populations was relatively
large (p-distance = 0.045—0.081, mean * SD =
0.0645 = 0.0011) and comparable to that calculated
for species pairs within the genus Lysmata.

Although we did not find a relationship between
mean temperature and Lysmatidae richness, we can-
not dismiss the indirect effect of this variable, as coral
richness is an important predictor for the clade, and
mean temperature is directly related to it. Consider-
ing the decline in ecological resilience of benthic
marine ecosystems promoted by climate changes,
temperature emerges as a significant stressor across
ecosystems (Wernberg et al. 2010, Graham et al.
2015). The reduction in extreme cold events in winter
has facilitated the expansion of cold-sensitive tropical
species into temperate regions (Cavanaugh et al.
2019). In the biogeographic division between tropical
and temperate communities, global warming has led
to the spread of tropical corals, fish, and benthic crus-
taceans (Poloczanska et al. 2013, Agostini et al. 2021).

Poloczanska et al. (2013) identified a benthic crusta-
cean expansion rate of approximately 20 km per dec-
ade towards colder environments and emphasized
that the reorganization of species at a regional scale
can trigger cascade effects. Gonzdlez-Ortegoén et al.
(2020) suggested that the expansion of L. uncicornis
to the western Atlantic coasts of Europe may be
linked to the tropicalization of subtropical areas and
warned against the spread of non-native species
(Dawson et al. 2017), which could alter or create bio-
logical interactions, often leading to changes in the
recipient community.

In conclusion, our study showed the significance of
spatial scale in shaping richness patterns and re-
vealed a bimodal distribution pattern for Lysmatidae,
with peaks in tropical—subtropical transition regions
and notably in the Gulf of Mexico and the Caribbean.
We confirmed the effect of physiological stress (PSH)
on the richness of Lysmatidae at regional scales
(ecoregion and province) since salinity and tempera-
ture were negatively related to family richness. Con-
trary to our predictions, at the local scale, we noted
the influence of bathymetry in promoting Lysmatidae
richness, a pattern that persisted across other scales.
The confirmation of anthropogenic impact also
revealed varying influences across regional scales
(ecoregion and province).

Furthermore, our research confirms the importance
of habitat heterogeneity for the clade at broader
scales, as we observed a positive relationship be-
tween coral richness and the Lysmatidae richness at
larger scales. This finding underscores the signifi-
cance of coral reef environments for Lysmatidae con-
servation efforts. Additionally, we emphasize the
importance of expanding sampling efforts for the
group to ensure the inclusion of all species in future
studies.



Calixto-Cunha et al.: Predictors of Lysmatidae species richness

95

Acknowledgements. This research was supported by the
Graduate Program in Ecology and Biodiversity Conservation
at the Federal University of Uberlandia, with funding pro-
vided by the Coordination for the Improvement of Higher
Education Personnel (CAPES) through doctoral and post-
doctoral scholarships.

LITERATURE CITED

Aguilar R, Prakash S, Ogburn MB, Pagenkopp Lohan KM
and others (2022) Unresolved taxonomy confounds inva-
sive species identification: the Lysmata vittata Stimpson,
1860 (Decapoda: Caridea: Lysmatidae) species complex
and recent introduction of Lysmata vittata sensu stricto in
the western Atlantic. J Crustac Biol 42:ruab079

Agostini S, Harvey BP, Milazzo M, Wada S and others
(2021) Simplification, not 'tropicalization’, of temperate
marine ecosystems under ocean warming and acidifica-
tion. Global Change Biol 27:4771—4784

] Allen AP, Gillooly JF, Brown JH (2007) Recasting the
species—energy hypothesis: the different roles of
kinetic and potential energy in regulating biodiversity.
In: Storch D, Brown J, Marquet P (eds) Scaling biodiver-
sity. Ecological reviews. Cambridge University Press,
Cambridge, p 283—299

]‘Almelda ASE, Alves DFR, De Paiva Barros-Alves S, Pescinelli
RA, Santos RDC, Da Costa RC (2021) Morphology of the
early larval stages of Lysmata lipkei Okuno & Fiedler,
2010 (Caridea: Lysmatidae): an invasive shrimp in the
Western Atlantic. Zootaxa 4903:71—88

Anker A, Baeza JA, De Grave S (2009) A new species of Lys-
mata (Crustacea, Decapoda, Hippolytidae) from the Pac-
ific Coast of Panama, with observations of its reproduc-
tive biology. Zool Stud 48:682—692

Anker A, Cox D (2011) A new species of the shrimp genus
Lysmata Risso, 1816 (Crustacea, Decapoda) from Guam.

.. Micronesica 41:197-214

A Ashrafi H, Baeza JA, Duri§ Z (2021) The caridean shrimps of
the genus Lysmata Risso, 1816 (Decapoda: Lysmatidae)
from Madagascar collected during the Atimo-Vatae ex-
pedition: a new species and two new records. Eur J Taxon

o 774155177

]“Assis J, Tyberghein L, Bosch S, Verbruggen H, Serrdao EA,
De Clerck O (2018) Bio-ORACLE v2.0: Extending marine
data layers for bioclimatic modelling. Glob Ecol Biogeogr

. 2h277-284

A Atkinson MJ, Bilger RW (1992) Effects of water velocity on
phosphate uptake in coral reef-hat communities. Limnol
Oceanogr 37:273—279

] Baeza JA (2006) Testing three models on the adaptive signif-
icance of protandric simultaneous hermaphroditism in a
marine shrimp. Evolution 60:1840—1850

] Baeza JA (2007) No effect of group size on sex allocation in a
protandric-simultaneous hermaphroditic shrimp. J Mar

., Biol Assoc UK 87:1169—1174

N Baeza JA (2008) Protandric simultaneous hermaphroditism

in the shrimps Lysmata bahia and Lysmata intermedia.
. Invertebr Biol 127:181—188

A Baeza JA (2010a) Molecular systematics of peppermint and
cleaner shrimps: phylogeny and taxonomy of the genera
Lysmata and Exhippolysmata (Crustacea: Caridea: Hip-
polytidae). Zool J Linn Soc 160:254—265

] Baeza JA (2010b) The symbiotic lifestyle and its evolutionary
consequences: social monogamy and sex allocation in

the hermaphroditic shrimp Lysmata pederseni. Natur-
., Wwissenschaften 97:729—741
A Baeza JA (2013) Molecular phylogeny of broken-back shrimps
(genus Lysmata and allies): a test of the 'Tomlinson—
Ghiselin' hypothesis explaining the evolution of herm-
aphroditism. Mol Phylogenet Evol 69:46—62
] Baeza JA, Bauer RT (2004) Experimental test of socially
mediated sex change in a protandric simultaneous herm-
aphrodite, the marine shrimp Lysmata wurdemanni (Car-
idea: Hippolytidae). Behav Ecol Sociobiol 55:544—550
] Baeza JA, Prakash S (2019) An integrative taxonomic and
phylogenetic approach reveals a complex of cryptic spe-
cies in the ‘peppermint' shrimp Lysmata wurdemanni
., sensu stricto. Zool J Linn Soc 185:1018—1038
N Baeza JA, Schubart CD, Zillner P, Fuentes S, Bauer RT (2009)
Molecular phylogeny of shrimps from the genus Lysmata
(Caridea: Hippolytidae): the evolutionary origins of prot-
andric simultaneous hermaphroditism and social monog-
amy. Biol J Linn Soc 96:415—424
] Barnosky AD, Matzke N, Tomiya S, Wogan GO and others
(2011) Has the Earth's sixth mass extinction already
., arrived? Nature 471:51—57
A Bauer RT (1992) Testing generalizations about latitudinal
variation in reproduction and recruitment patterns with
sicyoniid and caridean shrimp species. Invertebr Reprod
., Dev22:193-202
A Bauer RT (2000) Simultaneous hermaphroditism in caridean
shrimps: a unique and puzzling sexual system in the
Decapoda. J Crustac Biol 20:116—128
] Bauer RT, Holt GJ (1998) Simultaneous hermaphroditism in
the marine shrimp Lysmata wurdemanni (Caridea: Hippo-
lytidae): an undescribed sexual system in the decapod
. Crustacea. Mar Biol 132:223—235
A Bazzaz FA (1975) Plant species diversity in old-field succes-
sional ecosystems in southern Illinois. Ecology 56:485—488
#A‘Boudreau SA, Worm B (2012) Ecological role of large benthic
decapods in marine ecosystems: a review. Mar Ecol Prog
. Ser469:195-213
A Briggs JC (1999) Coincident biogeographic patterns: Indo-
. West Pacific Ocean. Evolution 53:326—335
A Briggs JC (2005) Coral reefs: conserving the evolutionary
sources. Biol Conserv 126:297—305
Brown JH, Gibson AC (1983) Biogeography. CV Mosby Co.,
o St Louis, MO
M Burnham KP, Anderson DR (2004) Multimodel inference:
understanding AIC and BIC in model selection. Sociol
., Methods Res 33:261—304
A Burnham KP, Anderson DR, Huyvaert KP (2011) AIC model
selection and multimodel inference in behavioral ecol-
ogy: some background, observations, and comparisons.
Behav Ecol Sociobiol 65:23—35
Calado R (2006) Marine ornamental shrimp: biology, aquacul-
ture and conservation. Wiley-Blackwell, New York, NY
] Calado R, Narciso L (2005) Ability of Monaco shrimp Lysmata
seticaudata (Decapoda: Hippolytidae) to control the pest
glass anemone Aiptasia pallida (Actiniaria: Aiptasidae).
Helgol Mar Res 59:163—165
#A‘CaladoR, LinJ, Rhyne AL, Araujo R, Narciso L (2003) Marine
ornamental decapods—popular, pricey, and poorly
., studied. J Crustac Biol 23:963—973
N Calado R, Dionisio G, Bartilotti C, Nunes C, dos Santos A,
Dinis MT (2008) Importance of light and larval morphol-
ogy in starvation resistance and feeding ability of newly
hatched marine ornamental shrimps Lysmata spp.
(Decapoda: Hippolytidae). Aquaculture 283:56—63


https://doi.org/10.1017/CBO9780511814938.016
https://doi.org/10.11646/zootaxa.4903.1.4
https://doi.org/10.5852/ejt.2021.774.1535
https://doi.org/10.1111/geb.12693
https://doi.org/10.4319/lo.1992.37.2.0273
https://pubmed.ncbi.nlm.nih.gov/17089968
https://doi.org/10.1017/S0025315407057542
https://doi.org/10.1111/j.1744-7410.2007.00122.x
https://doi.org/10.1111/j.1096-3642.2009.00605.x
https://doi.org/10.1007/s00114-010-0689-4
https://doi.org/10.1016/j.ympev.2013.05.013
https://doi.org/10.1007/s00265-003-0744-7
https://doi.org/10.1093/zoolinnean/zly084
https://doi.org/10.1016/j.aquaculture.2008.07.010
https://doi.org/10.1651/C-2409
https://doi.org/10.1007/s10152-004-0210-6
https://doi.org/10.1007/s00265-010-1029-6
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1016/j.biocon.2005.06.018
https://doi.org/10.2307/2640770
https://doi.org/10.3354/meps09862
https://doi.org/10.2307/1934981
https://doi.org/10.1007/s002270050388
https://doi.org/10.1163/1937240X-90000014
https://doi.org/10.1080/07924259.1992.9672272
https://doi.org/10.1038/nature09678
https://doi.org/10.1111/j.1095-8312.2008.01133.x

96

Mar Ecol Prog Ser 748: 83—98, 2024

A'Calvo NS, RoldAn-Luna M, Argaez-Sosa JA, Martinez-
Moreno GL, Mascar6o M, Simdes N (2016) Reflected-light
influences the coloration of the peppermint shrimp, Lys-
mata boggessi (Decapoda: Caridea). J World Aquacult

. Soc47:701-711

,i Cavanaugh KC, Dangremond EM, Doughty CL, Williams AP
and others (2019) Climate-driven regime shifts in a man-
grove—salt marsh ecotone over the past 250 years. Proc
Natl Acad Sci USA 116:21602—21608

Chace FA Jr (1997) The Caridean shrimps (Crustacea: Decap-
oda) of the Albatross Philippine Expedition, 1907—1910,
Part 7: Families Atyidae, Eugonatonotidae, Rhynchocine-
tidae, Bathypalaemonidae, Processidae, and Hippoly-
tidae. Smithson Contrib Zool 587:1—-96

Charmantier G, Charmantier-Daures M, Towle D (2008)
Osmotic and ionic regulation in aquatic arthropods. In:
Evans DH (ed) Osmotic and ionic regulation. Cells and
animals. CRC Press, Boca Raton, FL, p 165—230

] Chase JM, McGill BJ, Thompson PL, Antdao LH and others
(2019) Species richness change across spatial scales.

., Oikos 128:1079—1091

A Chaudhary C, Saeedi H, Costello MJ (2016) Bimodality of

latitudinal gradients in marine species richness. Trends
., Ecol Evol 31:670—676

ﬁ* Dawson W, Moser D, Van Kleunen M, Kreft H and others
(2017) Global hotspots and correlates of alien species
richness across taxonomic groups. Nat Ecol Evol 1:0186

] de Andrade AFA, Velazco SJE, De Marco Junior P (2020)
ENMTML: an R package for a straightforward construc-
tion of complex ecological niche models. Environ Model

. Softw 125:104615

A De Grave S, Anker A (2018) A new, distinctly coloured spe-
cies of Lysmata Risso, 1816 (Malacostraca: Decapoda:
Lysmatidae) from the south-central Atlantic. Zootaxa
4429:390—400

De Grave S, Fransen CHIJM (2011) Carideorum catalogus:
the recent species of the dendrobranchiate, stenopodi-
dean, procarididean and caridean shrimps (Crustacea:
Decapoda). Zool Meded (Leiden) 85:195—589

] Diniz-Filho JAF, Bini LM (2005) Modelling geographical
patterns in species richness using eigenvector-based spa-
tial filters. Glob Ecol Biogeogr 14:177—185

] Diniz-Filho JAF, Bini LM, Hawkins BA (2003) Spatial auto-
correlation and red herrings in geographical ecology.
Glob Ecol Biogeogr 12:53—64

] Dwyer L, Edwards D (2000) Nature-based tourism on the
edge of urban development. J Sustain Tour 8:267—287

] Etnoyer P, Canny D, Mate B, Morgan L (2004) Persistent
pelagic habitats in the Baja California to Bering Sea (B2B)
ecoregion. Oceanography 17:90—101

] Evans KL, Greenwood JJ, Gaston KJ (2005) Dissecting the
species—energy relationship. Proc R Soc B 272:2155—2163

] Fletcher DJ, Kétter I, Wunsch M, Yasir I (1995) Preliminary
observations on the reproductive biology of ornamental
cleaner prawns Stenopus hispidus, Lysmata amboinensis,
Lysmata debelius. Int Zoo Yearb 34:73—%7

] Fourcade Y (2016) Comparing species distributions mod-
elled from occurrence data and from expert-based range
maps. Implication for predicting range shifts with climate
change. Ecol Inform 36:8—14

] Fraser RH, Currie DJ (1996) The species richness—energy
hypothesis in a system where historical factors are
thought to prevail: coral reefs. Am Nat 148:138—159

] Freire CA, Onken H, McNamara JC (2008) A structure—
function analysis of ion transport in crustacean gills and

excretory organs. Comp Biochem Physiol A Mol Integr
Physiol 151:272—304
] Frey MA, Vermeij GJ (2008) Molecular phylogenies and his-
torical biogeography of a circumtropical group of gastro-
pods (Genus: Nerita): implications for regional diversity
patterns in the marine tropics. Mol Phylogenet Evol 48:
. 1067—1086
A Gaston KJ (2000) Global patterns in biodiversity. Nature 405:
. 220-227
A Giachini Tosetto E, Bertrand A, Neumann-Leitdo S, Nogue-
ira Junior M (2022) The Amazon River plume, a barrier to
animal dispersal in the Western Tropical Atlantic. Sci
Rep 12:537
] Giménez L (2006) Phenotypic links in complex life cycles:
conclusions from studies with decapod crustaceans.
Integr Comp Biol 46:615—622
] Giménez L, Anger K (2001) Relationships among salinity,
egg size, embryonic development, and larval biomass in
the estuarine crab Chasmagnathus granulata Dana, 1851.
J Exp Mar Biol Ecol 260:241—-257
] Giraldes BW, Macedo TP, Branddao MC, Baeza JA, Freire AS
(2018) Lysmata arvoredensis nov. sp. a new species of
shrimp from the south coast of Brazil with a key to species
of Lysmata (Caridea: Lysmatidae) recorded in the south-
., Wwestern Atlantic. PeerJ 6:e5561
N Giraldes BW, Alves Coelho P, Alves Coelho Filho P, Macedo
TP, Santarosa Freire A (2021) The ghost of the past
anthropogenic impact: reef-decapods as bioindicators of
threatened marine ecosystems. Ecol Indic 133:108465
] Gonzdlez-Ortegon E, Garcia-Raso JE, Calado R, de la Rosa
IL, Guerrero M, Cuesta JA (2020) Atlantic expansion of
the African caridean shrimp Lysmata uncicornis Hol-
thuis & Maurin, 1952 (Caridea: Lysmatidae). Mar Bio-
. divers 50:26
N Gossner MM, Lewinsohn TM, Kahl T, Grassein F and others
(2016) Land-use intensification causes multitrophic
homogenization of grassland communities. Nature 540:
. 266—269
A Graham NA, Jennings S, MacNeil MA, Mouillot D, Wilson SK
(2015) Predicting climate-driven regime shifts versus
rebound potential in coral reefs. Nature 518:94—97
] Guéron R, Almeida AO, Aguilar R, Ogburn MB, Prakash S,
Baeza JA (2022) Delimiting species within the Lysmata vit-
tata (Stimpson, 1860) (Decapoda: Lysmatidae) species
complex in a world full of invaders. Zootaxa 5150:189—216
] Guisan A, Zimmermann NE (2000) Predictive habitat distri-
bution models in ecology. Ecol Model 135:147—186
] Halpern BS, Frazier M, Potapenko J, Casey KS and others
(2015) Spatial and temporal changes in cumulative human
impacts on the world's ocean. Nat Commun 6:7615
] Hawkins BA, Field R, Cornell HV, Currie DJ and others
(2003) Energy, water, and broad-scale geographic pat-
terns of species richness. Ecology 84:3105—3117
] Hijmans RJ, van Etten J, Mattiuzzi M, Sumner M and others
(2021) raster: Geographic data analysis and modeling. R
package Version 2.9-23. https://CRAN.R-project.org/
package=raster
] Idjadi JA, Edmunds PJ (2006) Scleractinian corals as facili-
tators for other invertebrates on a Caribbean reef. Mar
Ecol Prog Ser 319:117—127
] Jackson JBC, Kirby MX, Berger WH, Bjorndal KA and others
(2001) Historical overfishing and the recent collapse of
coastal ecosystems. Science 293:629—637
] Janzen DH (1967) Why mountain passes are higher in the
tropics. Am Nat 101:233—249


https://doi.org/10.1111/jwas.12314
https://doi.org/10.1073/pnas.1902181116
https://doi.org/10.1111/oik.05968
https://doi.org/10.1016/j.tree.2016.06.001
https://doi.org/10.1038/s41559-017-0186
https://doi.org/10.1016/j.envsoft.2019.104615
https://doi.org/10.11646/zootaxa.4429.2.13
https://doi.org/10.1111/j.1466-822X.2005.00147.x
https://doi.org/10.1046/j.1466-822X.2003.00322.x
https://doi.org/10.1080/09669580008667364
https://doi.org/10.5670/oceanog.2004.71
https://doi.org/10.1098/rspb.2005.3209
https://doi.org/10.1111/j.1748-1090.1995.tb00661.x
https://doi.org/10.1016/j.ecoinf.2016.09.002
https://doi.org/10.1086/285915
https://doi.org/10.1016/j.cbpa.2007.05.008
https://doi.org/10.1016/j.ympev.2008.05.009
https://doi.org/10.1086/282487
https://doi.org/10.1126/science.1059199
https://doi.org/10.3354/meps319117
https://cran.r-project.org/package=raster
https://doi.org/10.1890/03-8006
https://doi.org/10.1038/ncomms8615
https://doi.org/10.1016/S0304-3800(00)00354-9
https://doi.org/10.11646/zootaxa.5150.2.2
https://doi.org/10.1038/nature14140
https://doi.org/10.1038/nature20575
https://doi.org/10.1007/s12526-020-01056-w
https://doi.org/10.1016/j.ecolind.2021.108465
https://doi.org/10.7717/peerj.5561
https://doi.org/10.1016/S0022-0981(01)00258-1
https://doi.org/10.1093/icb/icl010
https://doi.org/10.1038/s41598-021-04165-z
https://doi.org/10.1038/35012228

Calixto-Cunha et al.: Predictors of Lysmatidae species richness 97

]\(Johnson JB, Omland KS (2004) Model selection in ecology
and evolution. Trends Ecol Evol 19:101—108
Keeling RF, Kortzinger A, Gruber N (2010) Ocean deoxygen-
ation in a warming world. Annu Rev Mar Sci 2:199—-229
] Kronstadt SM, Darnell MZ, Munguia P (2013) Background
and temperature effects on Uca panacea color change.
Mar Biol 160:1373—1381
Lischke H, Guisan A, Fischlin A, Williams J, Bugmann H
(1998) Vegetation responses to climate change in the Alps:
modeling studies. In: Cebon P, Dahinden U, Davies H,
Imboden D, Jaeger CC (eds) Views from the Alps: regional
perspectives on climate change. MIT Press, Cambridge,
MA, p 309—350
] Lockwood A (1962) The osmoregulation of Crustacea. Biol
.. RevCamb Philos Soc 37:257—303
A Luypaert T, Hagan JG, McCarthy ML, Poti M (2020) Status of
marine biodiversity in the Anthropocene. In: Jungblut S,
Liebich V, Bode-Dalby M (eds) YOUMARES 9—The
oceans: our research, our future. Proceedings of the 2018
Conference for YOUng MArine RESearchers in Olden-
burg, Germany. Springer International Publishing, Cham,
p 5782
Mantel LH, Farmer LL (1983) Osmotic and ionic regulation.
In: Mantel LH (ed) The biology of Crustacea: 5. Internal
anatomy and physiological regulation. Academic Press,
New York, NY, p 53—161
] Martinez PA, Gouveia S, Santos LM, Carvalho FHA, Olalla-
Tarraga MA (2021) Ecological and historical legacies on
global diversity gradients in marine elapid snakes. Austral
. Ecol46:3—7
,i McCauley DJ, Pinsky ML, Palumbi SR, Estes JA, Joyce FH,
Warner RR (2015) Marine defaunation: animal loss in the
global ocean. Science 347:1255641
] McClanahan TR (1988) Seasonality in East Africa's coastal
waters. Mar Ecol Prog Ser 44:191—199
] McKinney ML, Lockwood JL (1999) Biotic homogenization:
a few winners replacing many losers in the next mass
. extinction. Trends Ecol Evol 14:450—453
A McNamara JC, Faria SC (2012) Evolution of osmoregulatory
patterns and gill ion transport mechanisms in the deca-
pod Crustacea: a review. J Comp Physiol B 182:997—1014
Murakami D (2022) Spmoran package —RDocumentation.
https://www.rdocumentation.org/packages/spmoran/
versions/0.3.0
Okolodkov YB (2010) Biogeografia marina. Universidad
Auténoma de Campeche, Centro de Ecologia, Pesquerias
y Oceanografia del Golfo de México (EPOMEX-UAC).
http://etzna.uacam.mx/epomex/pdf/biogeografia.pdf
] Okuno J, Fiedler GC (2010) Lysmata lipkei, a new species of
peppermint shrimp (Decapoda, Hippolytidae) from warm
temperate and subtropical waters of Japan. In: Fransen
CHJM, de Grave S, Ng PKL (eds) Studies on Malacos-
traca: Lipke Bijdeley Holthuis Memorial Volume. Crusta-
ceana Monographs 14, Brill, Leiden, p 597—610
] Parravicini V, Kulbicki M, Bellwood DR, Friedlander AM
and others (2013) Global patterns and predictors of
tropical reef fish species richness. Ecography 36:
o 1254-1262
A Pereira PHC, Macedo CH, Nunes JACC, Marangoni LFB,
Bianchini A (2018) Effects of depth on reef fish commu-
nities: insights of a 'deep refuge hypothesis' from South-
.. western Atlantic reefs. PLOS ONE 13:e0203072
N Peterson AT, Soberén J, Sdnchez-Cordero V (1999) Conser-
vatism of ecological niches in evolutionary time. Science
285:1265—1267

*’{ Pianka ER (1966) Latitudinal gradients in species diversity: a
review of concepts. Am Nat 100:33—46
Pickett ST, Kolasa J, Jones CG (2010) Ecological under-
standing: the nature of theory and the theory of nature.
., Elsevier, San Diego, CA
A Pimm SL, Jenkins CN, Abell R, Brooks TM and others (2014)
The biodiversity of species and their rates of extinction,
distribution, and protection. Science 344:1246752
' Poloczanska ES, Brown CJ, Sydeman WJ, Kiessling W and
others (2013) Global imprint of climate change on marine
life. Nat Clim Change 3:919—-925
] Prakash S, Baeza JA (2017) A new species of Lysmata Risso,
1816 (Crustacea, Decapoda, Lysmatidae) from the Gulf of
. Mexico. Zootaxa 4363:576—582
A Primack RB, Miller-Rushing AJ, Corlett RT, Devictor V and
others (2018) Biodiversity gains? The debate on changes
in local- vs global-scale species richness. Biol Conserv
. 219:A1-A3
M Rahbek C (2005) The role of spatial scale and the perception
of large-scale species-richness patterns. Ecol Lett 8:
224-239
Rao KR, Bliss DE, Mantel LH (1985) Pigmentary effectors.
., Biol Crustacea 9:395—462
IR Core Team (2023) R: a language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna
Rhyne AL, Lin J (2006) A western Atlantic peppermint shrimp
complex: redescription of Lysmata wurdemanni, descrip-
tion of four new species, and remarks on Lysmata rath-
bunae (Crustacea: Decapoda: Hippolytidae). Bull Mar Sci
o 79:165—-204
’,_\ Roberts JM, Wheeler AJ, Freiwald A (2006) Reefs of the
deep: the biology and geology of cold-water coral ecosys-
. tems. Science 312:543—547
A Rohde K (1992) Latitudinal gradients in species diversity: the
search for the primary cause. Oikos 65:514—527
] Rufino MM, Jones DA (2001) Binary individual recognition
in Lysmata debelius (Decapoda: Hippolytidae) under
laboratory conditions. J Crustac Biol 21:388—392
] Sanciangco JC, Carpenter KE, Etnoyer PJ, Moretzsohn F
(2013) Habitat availability and heterogeneity and the
Indo-Pacific Warm Pool as predictors of marine species
richness in the tropical Indo-Pacific. PLOS ONE 8:
56245
Sastry A, Vernberg F, Vernberg W (1983) Ecological aspects
of reproduction. Biol Crustacea 8:179—270
] Soetaert K, Mohn C, Rengstorf A, Grehan A, van Oevelen D
(2016) Ecosystem engineering creates a direct nutritional
link between 600 m deep cold-water coral mounds and
surface productivity. Sci Rep 6:35057
] Spalding MD, Fish L, Wood LJ (2008) Toward representative
protection of the world's coasts and oceans—progress,
., 9gaps, and opportunities. Conserv Lett 1:217—-226
A Tews J, Brose U, Grimm V, Tielborger K, Wichmann MC,
Schwager M, Jeltsch F (2004) Animal species diversity
driven by habitat heterogeneity/diversity: the impor-
tance of keystone structures. J Biogeogr 31:79—92
] Tittensor DP, Mora C, Jetz W, Lotze HK, Ricard D, Berghe
EV, Worm B (2010) Global patterns and predictors of
marine biodiversity across taxa. Nature 466:1098—1101
A Torres-Romero EJ, Olalla- -Tarraga MA (2015) Untangling
human and environmental effects on geographical gra-
dients of mammal species richness: a global and regional
. evaluation. J Anim Ecol 84:851—860
A Tyberghein L, Verbruggen H, Pauly K, Troupin C, Mineur F,


https://doi.org/10.1016/j.tree.2003.10.013
https://doi.org/10.1007/s00227-013-2189-5
https://doi.org/10.1111/j.1469-185X.1962.tb01613.x
https://doi.org/10.1007/978-3-030-20389-4_4
https://doi.org/10.1111/aec.12965
https://doi.org/10.1126/science.1255641
https://doi.org/10.3354/meps044191
https://doi.org/10.1016/S0169-5347(99)01679-1
https://doi.org/10.1007/s00360-012-0665-8
https://doi.org/10.1163/9789047427759_042
https://doi.org/10.1111/j.1600-0587.2013.00291.x
https://doi.org/10.1371/journal.pone.0203072
https://doi.org/10.1126/science.285.5431.1265
https://doi.org/10.1086/282398
https://doi.org/10.1126/science.1246752
https://doi.org/10.1111/j.1466-8238.2011.00656.x
https://doi.org/10.1111/1365-2656.12313
https://doi.org/10.1038/nature09329
https://doi.org/10.1046/j.0305-0270.2003.00994.x
https://doi.org/10.1111/j.1755-263X.2008.00030.x
https://doi.org/10.1038/srep35057
https://doi.org/10.1371/journal.pone.0056245
https://doi.org/10.1163/20021975-99990139
https://doi.org/10.2307/3545569
https://doi.org/10.1126/science.1119861
https://www.r-project.org/
https://doi.org/10.1111/j.1461-0248.2004.00701.x
https://doi.org/10.1016/j.biocon.2017.12.023
https://doi.org/10.11646/zootaxa.4363.4.10
https://doi.org/10.1038/nclimate1958

98 Mar Ecol Prog Ser 748: 83—98, 2024

De Clerck O (2012) Bio-ORACLE: a global environmental
dataset for marine species distribution modelling. Glob
., Ecol Biogeogr 21:272—281
A Vazquez DP, Stevens RD (2004) The latitudinal gradient in
niche breadth: concepts and evidence. Am Nat 164:
o E1—-E19
,iVega-Villasante F, Martinez-Ochoa E, Garcia-Guerrero M,
Arrona-Ortiz J (2015) Effect of different light intensities
on expression of chromatophores, growth and survival in
juvenile Macrobrachium tenellum. Lat Am J Aquat Res
o 43:255-261
N Velazco SJE, Villalobos F, Galvao F, De Marco Junior P

Editorial responsibility: Romuald Lipcius,
Gloucester Point, Virginia, USA
Reviewed by: B.W. Giraldes and 2 anonymous referees

(2019) A dark scenario for Cerrado plant species: effects
of future climate, land use and protected areas ineffec-
., tiveness. Divers Distrib 25:660—673
]" Wernberg T, Thomsen MS, Tuya F, Kendrick GA, Staehr PA,
Toohey BD (2010) Decreasing resilience of kelp beds
along a latitudinal temperature gradient: potential impli-
. cations for a warmer future. Ecol Lett 13:685—694
& Worm B, Sandow M, Oschlies A, Lotze HK, Myers RA (2005)
Global patterns of predator diversity in the open oceans.
. Science 309:1365—1369
H WoRMS Editorial Board (2024) World Register of Marine
Species (WoRMS). www.marinespecies.org

Submitted: January 22, 2024
Accepted: September 10, 2024
Proofs received from author(s): October 24, 2024


https://doi.org/10.1086/421445
https://doi.org/10.3856/vol43-issue1-fulltext-22
https://doi.org/10.1111/ddi.12886
https://www.marinespecies.org/
https://doi.org/10.1126/science.1113399
https://doi.org/10.1111/j.1461-0248.2010.01466.x



