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Amphipod species collected during three oceanographic campaigns (2010-2012) were analyzed to describe their
spatiotemporal community distribution trends and their relationships with bottom water and sediment variables.
The results show that the species richness (117 spp.) did not reach its maximum value according to the species
accumulation curve (up to 187 spp.). Multivariate analyses and constrained ordinations techniques detected
three main amphipod assemblages along the longitudinal gradient (i.e., Western Caribbean, Mid-Yucatan, and
West-Yucatan) and during two temporal hydrographic scenarios (i.e., upwelling in 2010-2011 and non-
upwelling in 2012). In 2010-2011, low values in species richness and abundance from the Western Caribbean
and eastern Mid-Yucatan assemblages were associated with relatively low bottom-water temperatures from the
upwelling systems. In 2012, the absence of upwelling and the occurrence of a warm-core anticyclonic eddy
seemed to cause an increase in species richness and abundance in the three assemblages. The hydrographic
variability and sediment characteristics are suggested as the major environmental drivers that shapes the soft-

bottom amphipod community structure and diversity in the Yucatan continental shelf.

1. Introduction

The description and comprehension of benthic macrofauna distri-
bution includes the understanding of the relative importance of diverse
factors (e.g., sediment texture, food availability) and processes (e.g.,
recruitment, dispersal) that shape the spatial and temporal distribution
trends on the species composition and abundance (Constable, 1999;
Kraufvelin et al., 2011). Marked changes in such factors and processes
are commonly assumed to result in significant changes in community
characteristics (Dauvin et al., 2004; Hewitt et al., 2005; Pitcher et al.,
2012). However, the importance of ecological drivers in explaining
causality on benthic macrofauna distribution relies on its pervasive
control on large spatial extensions and the complete range of biological
hierarchies in the community structure (Zajac et al., 1998; Hernande-
z-Arana et al., 2003; Pitcher et al., 2012), as well as in the function of

environmental and geographical gradients.

In this study, we analyze the spatiotemporal variability of the
amphipod community on the Yucatan continental shelf (YCS) using
environmental factors such as sediment characteristics and bottom-
water hydrography as a function of depth and longitudinal gradients.
Amphipods are benthic crustaceans with a high morphological diversity,
different lifestyles, feeding modes, functional key roles on the water-
sediment interface habitats (Sanz-Lazaro and Marin, 2011; Arfianti
and Costello, 2019), and constitute the second most dominant taxon in
the macrofauna, after polychaetes, on the soft-sediment habitats from
the YCS (Hernandez-Avila et al., 2020). Also, amphipods represent po-
tential preys capable to modulate the abundance and distribution of
benthic, demersal, and pelagic predators (Highsmith and Coyle, 1991;
Link et al., 2002; Soliman and Rowe, 2008; Demchenko et al., 2016).

The benthic amphipods complete their entire life-cycle in the
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sediment displaying a direct development mode (i.e., lack extended
planktonic larval stages), local recruitment, and parental care (Johnson
et al., 2001). Hence, their life-cycle traits have been suggested as closely
linked to changes in bottom environmental characteristics (Sainte--
Marie, 1991; Conlan, 1994). Benthic amphipods are a taxonomic group
with diverse ecological requirements and considered as a proxy to
explore hypotheses on the environmental drivers shaping marine
biodiversity trends. The direct influence of the bottom environmental
conditions, over the amphipod community characteristics, has been
used to assess the ecological status of soft-sediment benthic habitats
impacted by human-induced disturbances (Gomez-Gesteira and Dauvin,
2000; Marsden and Rainbow, 2004; Dauvin and Ruellet, 2007).

The karstic nature and sediment characteristics on the YCS provide a
mosaic of potential spaces to maintain diverse benthic macrofauna as-
semblages, and hence to impact largely the distribution patterns of
abundance and species composition (Herndndez-Arana et al., 2003;
Dominguez-Castanedo et al., 2007; Santibanez-Aguascalientes et al.,
2018), as has been noticed on other similar shelves (Williams et al.,
20105 Zajac et al., 2013; Henkel and Politano, 2017). Previous studies on
benthic macrofauna of shallow habitats in the YCS have highlighted
changes in community attributes and species composition as an adaptive
response to the environmental variability of nearshore ecosystems, e.g.,
beach, lagoon (Pech et al., 2007; Hernandez-Guevara et al., 2008;
Rodriguez-Pliego et al., 2011; Paz-Rios and Ardisson, 2018) and spatial
complexity (Paz-Rios et al., 2019). First insights on the spatial distri-
bution of macrofauna in soft-sediment habitats of the YCS show a
decreasing trends in species richness, abundance, and biomass when
depth increases on soft-sediment habitats (Escobar-Briones and Falcon,
2005; Wei et al., 2012), especially in subtidal habitats near coral reef
systems (Escobar-Briones and Jiménez-Guadarrama, 2010).

The YCS is a smooth, broad platform with carbonate sediments of
variable texture and complex seabed topography (Logan et al., 1969;
Balsam and Beeson, 2003), with high hydrographic variability due to
dominant westward circulation, water masses with different thermo-
haline properties, and upwelling systems (Enriquez et al., 2013; Ruiz--
Castillo et al., 2016). These hydrographic characteristics could shape the
diversity and abundance of amphipods (Paz-Rios, 2008; Paz-Rios and
Pech, 2019), and the all benthic community (Hernandez-Avila et al.,
2020). Here, as a first approach to understanding the spatiotemporal
variability of benthic invertebrates in the YCS, we analyzed the distri-
bution of amphipod community, one of the most frequent and abundant
taxon on the YCS, and their attributes and species composition in view of
the area’s bottom water hydrography and sediment characteristics.

2. Materials and methods
2.1. Study area

The YCS, Gulf of Mexico, between —86.5° and —92.5° W and 20.7°
and 24° N (Fig. 1), is a submerged northeastward extension (~300 km)
of the Yucatan Peninsula gentle slope karst block (~1:1600) (Logan
et al., 1969). The block was formed by recent Holocene sediments of
lithified limestone with a high content of calcium carbonate (>75%) and
is divided into two major submarine terraces: the inner (<60 m) and
outer shelf (60-210 m) (Williams, 1963; Logan et al., 1969; Balsam and
Beeson, 2003). The deposition of coralline skeletons and other calcar-
eous minerals on the continental shelf has led to the formation of car-
bonate submerged cays and banks, islands, and coral reefs (Tunnell
et al., 2007).

Three thermohaline water masses occur on the YCS: i) the Yucatan
Sea Water mass (~26-31 °C, ~36.4-36.8 PSU) dominating the northern
inshore of the YCS, ii) the Caribbean Subtropical Underwater mass
(~22-26 °C, ~36.4-36.7 PSU) upwelled at the eastern edge and
dominating the northern and eastern offshore region, and iii) the Gulf
Common Water mass (~22.5 °C, ~36.3-36.5 PSU) prevailing at the
whole offshore region of the YCS (Enriquez et al., 2013). The circulation
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Fig. 1. Location of the sampling sites in the Yucatan continental shelf, southern
Gulf of Mexico. Isobaths represent the upper limit of depth strata defined in
Logan et al. (1969) for the inner shelf (60 m) and outer shelf (210 m). Coastline
and bathymetry data were sourced from NOAA (https://www.ngdc.noaa.
gov/mgg/bathymetry/relief.html).

in the YCS has a dominant westward direction with average speeds of
0.2-0.4 m s~ * and is influenced by the easterly winds and by the Yucatan
Current to a lesser extent (Enriquez et al., 2010; Ruiz-Castillo et al.,
2016). The strong Yucatan Current, which flows through the Yucatan
Channel with speeds of up to 2 m s~!, generates an intense upwelling at
the eastern shelf (Cabo Catoche) that modifies several properties of the
seawater, including the temperature, oxygen, and nutrients (Reyes--
Mendoza et al., 2016; Carrillo et al., 2017). The upwelling has a strong
seasonal signal, being active only during spring and summer, i.e.,
March-September (Merino, 1997). The environmental variability in the
YCS includes a period of frontal winter storms from approximately
October to February (Zavala-Hidalgo et al., 2002) that are characterized
by cold, intense winds from the north and/or northeast, with speeds of
up to 25 m s~ ! (Enriquez et al., 2010). This affects the physical char-
acteristics of the inner shelf water masses, with a marked decrease in
temperature and generating high wave energy and strong mixing. Due to
these effects, the winter frontal storms induce a disruption of the water
column stratification and upwelling events (Reyes-Mendoza et al., 2016;
Ruiz-Castillo et al., 2016).

2.2. Sampling procedure

Sediment samples were collected using a Smith-McIntyre grab (0.1
m?) in three oceanographic campaigns (GOMEX) annually accomplished
(11-21 September 2010, 23 September-3 October 2011, 27
November-8 December 2012) onboard the R/V Justo Sierra. Eighty
stations were sampled during each campaign distributed through 16
transects (five per transect) perpendicular to the shore (Fig. 1). Organ-
isms were obtained from three sediment subsamples using PVC cores of
5 cm in diameter and 10 cm in depth. On board, subsamples were
anesthetized with magnesium chloride and seawater for 10 min and then
were fixed with 10% formalin. In the laboratory, subsamples were
washed with freshwater and sieved through a 500 pm screen. The
retained macrofauna was preserved in 70% ethanol and then sorted by
higher taxonomic categories (i.e., polychaetes, amphipods, tanaida-
ceans, ostracods, sipunculids, isopods, bivalves, gastropods, decapods,
and other miscellaneous taxa). For the purpose of this work only the
amphipods were counted and identified to the lowest taxonomic cate-
gory. An additional sediment subsample was taken for sediment char-
acteristic analysis, measured as texture using the relative contribution of
grain size classes (i.e., sand, silt, and clay), following Bouyoucos’s
(1962) method, and organic carbon content following the Gaudette et al.
(1974) method. The temperature (°C), salinity (PSU), dissolved oxygen
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(ml l’l), and chlorophyll-a (mg m~3) of the bottom water (~5-10 m
above seabed) were recorded in-situ using a CTD Seabird 9 plus®.

2.3. Data analysis

Sample-based species accumulation curves were calculated using
presence/absence data from the three sampling periods. The species
accumulation curves were calculated using the Chao 2 index in the
software EstimateS 9 (Colwell, 2013) to obtain the estimated species
richness as a function of the sampling year, and compared using a
t-statistic.

To test whether community attributes (i.e., species richness and
abundance) and species composition changed as a function of year and/
or geographical longitude, a two-way factorial design was performed
using the year and geographical longitude as fixed orthogonal factors,
and the depth as a covariate. Three years were evaluated (i.e., 2010,
2011, and 2012) and the geographical longitude was evaluated in seven
instances represented by one degree of West longitude amplitude (i.e.,
—86, —87, —88, —89, —90, —91, and —92). The covariate depth was
represented by a bathymetric gradient from inshore to offshore and
using the depth at which the samples were taken. This design was
applied separately to analyze the community attributes using a permu-
tational multivariate analysis of variance (PERMANOVA) test at a uni-
variate mode and to analyze the species composition by using the
standard mode of PERMANOVA. The univariate mode was done using a
Euclidean distance matrix generated for both the species richness and
total abundance per site. The standard mode was done using a zero-
adjusted Bray-Curtis resemblance matrix (Clarke and Gorley, 2016)
generated from a matrix of species composition and relative abundance
that was transformed into the fourth root. Both modes of analyses were
computed with 9999 permutations of residuals in a reduced model.
Pairwise tests using a t-statistic were used to identify the differences
between factor levels.

The spatiotemporal trend of the species composition and relative
abundance was visually explored using a canonical analysis of principal
coordinates (CAP) on the Bray-Curtis resemblance matrix. The CAP is a
constrained ordination technique that considers the correlation struc-
ture among species (Anderson and Willis, 2003), using here the year and
geographical longitude as predictive factors. An additional CAP was
performed to display the ordination of sampling sites for the environ-
mental characteristics by using normalized variables of bottom water
and sediment (previous transformation of sediment data into arcsine)
and a resemblance matrix for Euclidean distance. Variables showing
autocorrelation were excluded.

A similarity percentage (SIMPER) analysis was carried out to deter-
mine the sets of species that characterize the different groups of samples
(i.e., year and geographic longitude), using a cumulative contribution of
75% (Clarke, 1993). PERMANOVA, CAP, and SIMPER were performed
in the PRIMER V7 & PERMANOVA add on (Anderson et al., 2008; Clarke
and Gorley, 2016).

The potential relationship between the species matrix of abundances
and environmental variables was explored using canonical correspon-
dence analysis (CCA), with the forward selection and Monte Carlo
method with 9999 permutations applied for determining predictive
factors. The CCA was performed in Canoco V4.5 & CanoDraw V4 (ter
Braak and Smilauer, 2002).

3. Results
3.1. Species diversity

A total of 1120 organisms belonging to 117 species were obtained
during the three sampling years. The most frequent and abundant am-
phipods were Americhelidium americanum, Ampelisca agassizi, Ampelisca
vadorum, Batea cuspidata, Erichtonius punctatus, Gibberosus myersi, Lem-
bos unifasciatus, Gammaropsis elvirae, Meximaera diffidentia, and
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Rudilemboides naglei.

The species accumulation curves, using the three years of data, show
an estimate in species richness between 146 and 187 spp., higher than
observed species richness (Fig. 2a). When considering each year sepa-
rately, the estimated species accumulation curves increased annually (p
< 0.01, in all cases) and also the cumulative number of species observed,
thereby showing that 2010 had the lowest estimated value, and 2012
period had the highest accumulation (Fig. 2b). The curves never reached
the asymptote, thereby suggesting the amphipod species diversity has
the potential to be higher in the YCS.

3.2. Spatiotemporal variability of community characteristics

Species richness and abundance changed as a function of the
geographic longitude, and only the abundance changed as a function of
the sample year (Table 1) according to the univariate mode of PER-
MANOVA. The analysis also showed a higher abundance and species
richness in shallow sites of the inner shelf (Fig. 3). The pairwise tests
between sample years showed significant changes in abundance from
2010 (25 + 8 ind. 60 cm?) to 2012 (86 + 27 ind. 60 cm?) (Fig. 4a). The
pairwise tests between geographic longitudes showed that the highest
values of abundance and species richness were maintained between the
—90 (107 + 41 ind. 60 cm?) and —89 (28 + 5 spp. 60 cm?) longitudes, in
the central sector of the YCS (Fig. 4b and c).

The species composition changed as a function of both the sample
year and geographic longitude (Table 2) according to the standard mode
of PERMANOVA. The analysis also shows that the amphipod community
structure is influenced by the interaction of depth with geographical
longitude. The pairwise tests between sample years showed that the
species composition in 2012 significantly differed from the compositions
observed in 2010 (p = 0.018) and 2011 (p = 0.032); but no between the
2010 and 2011 composition. The pairwise tests between geographic
longitudes (Table 3) suggested the existence of three different amphipod
assemblages grouped by longitudes; there were no significant differ-
ences in species composition between the —86 and —87 longitudes,
between the —88, —89, and —90 longitudes, and between the —91 and
—92 longitudes.

Despite the temporal variability in the species composition (Fig. 5a),
the CAP ordination showed the formation of the three homogeneous
amphipod assemblage as a function of the geographic longitude
(Fig. 5b), similarly to the groups observed in the pairwise test. The first
assemblage was located in the eastern sites of the YCS (i.e., —86, —87)
named Western Caribbean; the second one was located at the central
sites (i.e., —88, —89, —90) named Mid-Yucatan; and the third one was
located at the western sites (i.e., —91, —92) named West-Yucatan. Ac-
cording to the SIMPER analysis, the species that contributed most to the
entire community structure for 2010-2011 were: Ampelisca agassizi,
Ampelisca vadorum, Batea cuspidata, Bemlos sp., Erichtonius punctatus,
Gammaropsis elvirae, Harpinia sp., Lysianopsis alba, Meximaera diffidentia,
Neomegamphopus kalanii, Phtisica marina, Rudilemboides naglei, and
Unciola serrata. For 2012, the species were: Americhelidium americanum,
Ampelisca agassizi, Ampelisca vadorum, Bemlos spinicarpus, Gibberosus
myersi, Harpinia sp., Lembos unifasciatus, and Rudilemboides naglei. The
average dissimilarity between all pairs of sites from 2010-2011 to 2012
was 98%. In the spatial dimension, the SIMPER analysis reveals that the
Western Caribbean assemblage was characterized by Americhelidium
americanum, Ampelisca agassizi, Ceradocus shoemakeri, Metharpinia flori-
dana, Meximaera diffidentia, Pedicorophium laminosum, and Rudi-
lemboides naglei; the Mid-Yucatan assemblage by Americhelidium
americanum, Ampelisca vadorum, Batea cuspidate, Erichtonius punctatus,
Gammaropsis elvirae, Gibberosus myersi, Harpinia sp., Lembos unifasciatus,
Metaprotella hummelincki, Phtisica marina, and Rudilemboides naglei; and
the West-Yucatan assemblage by Ampelisca agassizi, Harpinia sp., Lysia-
nopsis alba, and Unciola serrata. The average dissimilarity between all
pairs of sites was 98% between the Western Caribbean and Mid-Yucatan,
and 99% between the Mid-Yucatan and West-Yucatan.
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Fig. 2. Sample-based species accumulation curves from the three study years pooled together (a) and by year (b), based on the observed and estimated species
richness. The solid line represents the estimated average values of the Chao 2 index; the shaded area represents =1 SD of the Chao 2 index based on 100 ran-
domizations; the dashed line represents the cumulative number of the observed species richness.

Table 1

Permutational multivariate analysis of variance (PERMANOVA) on the com-
munity attributes of amphipods based on an orthogonal two-factor model, with
depth as a covariate. D: depth; Y: year; L: geographic longitude.

Source df MS F p(perm)
Species richness

D (covariate) 1 285.35 38.426 0.0001
Y 2 19.05 2.565 0.0769
L 6 29.26 3.941 0.0010
DxY 2 9.69 1.305 0.2720
DxL 6 21.14 2.847 0.0148
YxL 12 8.78 1.182 0.2902
DxYxL 12 5.09 0.686 0.7321
Residual 198 7.42

Total 239

Abundance

D (covariate) 1 2176.40 12.492 0.0048
Y 2 572.22 3.284 0.0278
L 6 385.44 2.212 0.0388
DxY 2 343.45 1.971 0.1425
DxL 6 217.35 1.247 0.2628
YxL 12 235.77 1.353 0.1955
DxYxL 12 114.11 0.654 0.5805
Residual 198 174.23

Total 239

3.3. Bottom environmental conditions

The bottom water characteristics were similar in 2010 and 2011
(higher concentrations of chlorophyll-a and dissolved oxygen), but not
in 2012 according to the CAP ordination (Fig. 6a). The ordination as a
function of the geographic longitude (Fig. 6b) reveals that the bottom
water characteristics (temperature and concentrations of chlorophyll-a)
and sediment texture were roughly grouped into three similar associa-
tions like those observed in the species assemblages: Western Caribbean,
Mid-Yucatan, and West-Yucatan. The sediment texture was a main fac-
tor contributing to the observed change along geographic longitude,
showing a large sand content in the Western Caribbean and Mid-
Yucatan, increasing the clay content towards the West-Yucatan. The
Western Caribbean was characterized by lower values of temperature,
whereas the Mid-Yucatan and Western Caribbean too by higher east-
ward values of chlorophyll-a. Differences on the measured environ-
mental variables were observed among longitudinal geographic groups
(Table 4).
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Fig. 3. Ordination of the sampling sites along the depth gradient with fitted
values of the species richness (a) and abundance (b) per site. The dashed line
represents the upper limit for the inner shelf. Spearman rank correlations (p)
represent partial correlations (depth fixed as a covariate) between community
attributes and the ordination axis 1 of the canonical analysis of principal co-
ordinates (CAP).

A close analysis of the bottom-water temperature, using the 22.5 °C
isotherm as a tracer for upwelled water in the YCS according to Merino
(1997), showed a spatiotemporal variability that was clearly associated
with the upwelling systems towards the eastern border in 2010, while in
2011 the upwelling effect was more extensive on the eastern inner shelf
(Fig. 7). In 2012, no evidence of upwelling systems was observed. In
2010-2011, the upwelling was associated with a westward circulation
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Table 2

Permutational multivariate analysis of variance (PERMANOVA) on the compo-
sition and abundances of the amphipod community based on an orthogonal two-
factor model, with depth as a covariate. D: depth; Y: year; L: geographic
longitude.

Source df MS F p(perm)
D (covariate) 1 19767 14.041 0.0001

Y 2 3594 2.552 0.0009
L 6 3417 2.426 0.0001

DxY 2 1849 1.313 0.1357

DxL 6 2143 1.522 0.0126
YxL 12 1493 1.060 0.2770

DxYxL 12 985 0.699 0.9902

Residual 198 1408

Total 239

that generated a bottom-water longitudinal temperature gradient.
Different temperatures were observed on the inner/outer shelf in the
Western Caribbean (21-26,/15-22 °C), Mid-Yucatan (21-29/16-25 °C),
and West-Yucatan (24-27/16-26 °C) (Fig. 7a and b). A vertical profile of
the water column in the Western Caribbean showed the 22.5 °C isotherm
at a depth of ~60 m and 170 km from the shore in 2010 (Fig. 7d) and at
an ~45 m depth and 120 km from the shore in 2011. During 2012, the
bottom-water temperature shows a lower variability with a weak
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Table 3
Pairwise tests between geographic longitudes from the standard mode of the
permutational multivariate analysis of variance (PERMANOVA).

Longitude t p(perm)
—86, —87 1.2140 0.1049
—87, —88 2.0222 0.0001
—88, —89 1.2875 0.0689
-89, —90 1.0064 0.3862
-90, —91 1.8649 0.0034
-91, —92 1.2652 0.1096

stratification on the outer shelf, at a >100 m depth and at 190 km from
the shore (Fig. 7c, f) and with temperatures between 24-26 °C on the
inner shelf and 14-26 °C on the outer shelf. The rise of bottom-water
temperatures (26 °C) in the Western Caribbean was associated with a
warm-core anticyclonic eddy that developed approximately in 23° N and
—88° W (Fig. 7c¢). This eddy was persistent through the entire sampling
campaign and was characterized by warmer water and a lower salinity
(35.8 PSU) than the adjacent sea (36.5 PSU).

3.4. Species assemblages and environmental characteristics

A first CCA analysis was performed using data from 2010 and 2011
due to the similar amphipod community structure. A second CCA
analysis was performed using only the 2012 data. Both analyses were
based on the three identified species assemblages in the CAP analysis (i.
e., Western Caribbean, Mid-Yucatan, and West-Yucatan) and two
bathymetric strata: inner shelf (<60 m) and outer shelf (60-210 m). In
both analyses, the results showed that the species composition and
abundance were markedly structured as a function of depth, with a
lower variability on the outer shelf (Fig. 8). The selected environmental
variables explained more of the 70% of the variance (i.e., 84% in
2010-2011 and 73% in 2012).

According to the CCA of 2010-2011 (Fig. 8a), low abundances were
related to high chlorophyll-a concentrations (p = 0.0028) in the Western
Caribbean and some sites in the Mid-Yucatan inner shelf. The highest
amphipod abundance was observed at the Mid-Yucatan inner shelf and
was associated with relatively high bottom-water temperatures (p =
0.0001). The CCA of 2012 (Fig. 8b) showed that the abundance on the
Western Caribbean inner shelf presented high values associated with
high bottom-water temperatures (p = 0.0001) and low clay content in
sediment (p = 0.0086). The highest amphipod abundance was observed
at the Mid-Yucatan inner shelf and was associated with high values of
organic matter content in sediment (p = 0.0001), high concentrations of
dissolved oxygen (p = 0.0026), and low clay content in sediment. At the
inner shelf of the West-Yucatan, higher amphipod abundances were
associated with low contents of clay and organic matter in sediment (p
= 0.0001).

4. Discussion

Our results show that the amphipod community from the YCS is
structured into three main species assemblages (Western Caribbean,
Mid-Yucatan, and West-Yucatan) distributed along a longitudinal
gradient and mainly responds to the bottom environmental and hy-
drography variabilities. The periodical presence of the upwelling system
in the eastern sector of the YCS cause a marked temporal variability
inside each of the detected assemblages. Furthermore, the species rich-
ness, abundance, and species composition for each assemblage were
constrained by the depth gradient effects.

4.1. Amphipod species diversity
The observed species richness (117 spp.) is so far the highest re-

ported for benthic amphipods from any shelf subtidal habitats in the
eastern and western sectors of the YCS (see Martin et al., 2013; Paz-Rios
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Fig. 5. Canonical analysis of principal coordinates (CAP) for the ordination of compositions and relative abundances of the amphipod community, as a function of

the sampling year (a) and geographic longitude (b).
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Table 4
Range of bottom water variables and sediment characteristics by identified
longitudinal geographic zone.

West- Mid- Western Caribbean
Yucatan Yucatan
Temperature (°C) 13.9-29.2 13.9-29.4 14.7-26.4
Salinity (PSU) 35.8-36.6 35.8-36.7 35.9-37.2
Dissolved oxygen (ml17?) 0.1-5.7 0.1-5.6 0.1-5.6
Chlorophyll-a (mg m~3) 0.1-1 0.07-7.5 0.06-6.4
Sand content (%) 54-88.5 63.5-90 76.5-88.5

Silt content (%) 2-32 0-16 0-4
Clay content (%) 9.5-33 9.0-28.5 10.0-20.5
Organic matter content (%)  0.8-2.2 0.5-2.4 0.4-1.5

and Ardisson, 2013; Monroy-Velazquez et al., 2017). An incremental
change in amphipod richness was observed from 2010 to 2012; how-
ever, despite an unprecedented sampling effort for benthic amphipods in
the YCS, the estimated species accumulation curves suggest a high
probability of obtaining at least 37% more species if different spatial and
temporal scales in the sampling approach are used. The potential to
obtain more amphipod species, represented here on the values of
observed and estimated species richness, might imply that the species

composition observed in the YCS forms part of a nested assemblage from
another species pool regionally most diverse, e.g., ecoregion, province.
The variability of the total species richness from 2010 to 2012 was
probably associated with the major changes on the bottom environ-
mental factors occurring at major temporal scales. Annually, assem-
blages subject to relatively similar environmental conditions (i.e.,
upwelling in 2010 and 2011) tended to be continuous and thus con-
stants, and assemblages subject to different environmental conditions (i.
e., upwelling in 2010 and 2011 versus non-upwelling in 2012) tended to
be discontinuous and thus variables. Despite these contrasting scenarios,
a general consistent pattern of three assemblages as a function of depth
and longitudinal geographic zone was observed. A similar pattern,
associated with the changes into the water and sediment characteristic
was described in the YCS when all the benthic community was consid-
ered (Hernandez-Avila et al., 2020).

The observed change in sediment texture mostly composed by sand
in the east to the incremental changes in clay contents to the west, might
increase the diversity of soft-sediment habitats in the YCS contributing
to the spatial variability of the amphipod richness, as was observed in
other carbonate shelves (Poore et al., 2014; Ellis et al., 2017; Henkel and
Politano, 2017). In the western YCS, amphipods associated with
different grain size classes on subtidal habitats nearby coral reef systems
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were observed to be most diverse at the family category (Escobar--
Briones and Jiménez-Guadarrama, 2010), evidencing the influence of
sediment texture. Benthic amphipods can colonize different sediment
textures (Wu and Shin, 1997), but the medium-fine sand sediments with
low silt/clay content could enhances the establishment of higher
amphipod abundance and diversity (Oakden, 1984; Marques and
Bellan-Santini, 1993; Valério-Berardo et al., 2000). Indeed, our analyses
detected a species turnover along the longitude gradient partially
explained by change on the sediment texture, related with the sediment
clay content, that contributed to the formation of the three different
species assemblages studied here. The YCS geographic location, between
the east border of the Southern Gulf of Mexico ecoregion and the adja-
cent Western Caribbean ecoregion (Spalding et al., 2007), could con-
tributes to the relatively high species richness and species turnover due
to the confluence of different biotic components of amphipods on the
benthic habitats from those two ecoregions (Paz-Rios and Ardisson,
2013). A recent analysis on regionalization of benthic macrofauna in the
YCS outlines ecological boundaries similar those observed here, struc-
tured as discrete species assemblages, and suggesting soft-sediment
habitats undergo spatial changes along the shelf that could enhance
the environmental heterogeneity and contribute to increase the species
richness (Hernandez-Avila et al., 2020).

4.2. Spatiotemporal distribution patterns

Changes in species richness, abundance, and species composition
were significantly influenced by the longitudinal and depth gradients,
demonstrating a heterogeneous distribution on the YCS. As expected,
the depth gradient showed a significant influence on the amphipod
community structure (Marques and Bellan-Santini, 1993; Jayaraj et al.,
2008; Karenyi et al., 2018). In general, the amphipod composition in the
outer shelf (60-210 m) showed the lowest values in richness and
abundance along the entire YCS, as was observed for the macrofauna
community (Hernandez-Avila et al., 2020). According to our analysis,
the species composition and abundance of amphipods on the outer shelf
was related with lower values for temperature and dissolved oxygen in
the bottom water, as well for low organic matter and high clay content in
the sediments. This relationship suggests a distribution trend consistent
with the described for the macrofauna composition from the inner to
outer Gulf of Mexico shelves that have been attributed to deeper waters,
characterized as relatively stable and less heterogeneous soft-sediment
habitats, with limited availability of food, uniform sediment texture,
and high sediment oxygen consumption (Escobar-Briones and Falcon,
2005; Escobar-Briones et al., 2008; Wei et al., 2012). Our results suggest
that the richness, abundance and community composition are
responding to the changes of environment conditions and hydrographic
variability of the YCS. The changes in bottom water and sediment
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characteristics contributed to the formation of the three amphipod
assemblages.

The higher values in species richness and abundance were observed
at the inner shelf (<60 m), where amphipods undergone higher envi-
ronmental variability, probably related to the diversity of benthic hab-
itats occurring in the YCS (Paz-Rios et al., 2019). Unimodal distribution
trends for species richness and abundance were observed with higher
values at the Mid-Yucatan assemblage, tending to decrease towards the
West-Yucatan and Western Caribbean assemblages. A unimodal distri-
bution is generally attributed to the influence of an environmental
gradient on the species occurrence and abundance, which could suggest
the suitability of benthic habitats along the gradient (Gray, 2002;
Anderson, 2008). Our analysis suggests the existence of an environ-
mental gradient related with sediment texture (clay content), tempera-
ture, and primary productivity along the geographical longitude that
contributed to shape a nonlinear distribution in amphipod community
characteristics. Here, the assemblage-environment relationship was
described on the basis of hierarchically structured environmental
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gradients due to the combination of different variables acting as driving
factors that shapes the macrofauna distribution (Zajac et al., 1998;
Pitcher et al., 2012; Rodrigues and Pires-Vanin, 2012), as a function of
geographic longitude.

The longitudinal environmental gradient is also supported by the
documented influence of the dominant westward circulation in the YCS,
which drives an important advective transport of materials and nutrients
(Enriquez et al., 2010; Carrillo et al., 2017) that induces changes in the
sedimentary environment (Balsam and Beeson, 2003; Appendini et al.,
2012). The change in sediment characteristics, together with the
oceanographic traits related to the main hydrographic circulation
pattern (e.g., upwelling, anticyclonic eddy) will contribute to the
unimodal distribution of amphipods, and to the formation of the three
identified assemblages. The intra-annual variability of the ocean bottom
environmental characteristics also induces spatiotemporal changes in
the amphipod distribution and composition inside each observed
assemblage, due to regional-scale seasonal hydrographic variations
occurring in the YCS (Enriquez et al., 2010; Ruiz-Castillo et al., 2016). A
recent study at the continental shelf of the southwestern Gulf of Mexico
also shows that the seasonal hydrographic variations could cause
marked spatiotemporal changes on the macrofauna community attri-
butes and species composition (Salcedo et al., 2017). Our results show
relatively similar environmental conditions between 2010 and 2011,
contrasting with the different environmental characteristics in 2012.
This same general bottom environmental pattern was observed on the
amphipod community composition, suggesting that major changes on
hydrographical condition, such as the upwelling phenomena would lead
to major changes on amphipod species composition but not on the
general community structure. The general conformation of the major
assemblages remained without no significant changes. These findings
imply a high ecological adaptability of benthic amphipods to hydro-
graphic scenarios undergone on the YCS.

The difference in species richness and abundance from 2010-2011 to
2012 in the YCS may be explained by an adaptive response of amphipods
to the environmental variability produced by dynamics of marine sys-
tems during annual cycles (Frid et al., 1996; Rodrigues and Pires-Vanin,
2012), as a large proportion of amphipods with few individuals were
detected when an increment of species richness was observed. The in-
cremental change of amphipod species richness and abundance
observed in 2012 suggests a successional dynamic directed by distur-
bances on community distribution (Conlan, 1994; Wilson, 1994; Hewitt
et al., 2016), associated with temporal changes in organic matter and
regional hydrographic characteristics by the absence of an upwelling
system.

The presence of the upwelling system seems to influence not only the
ocean bottom water and sediment characteristics (e.g. organic matter
content) of the east sector, where it occurs, but for all the YCS creating a
gradient phenomenon from east to west. During 2010-2011, upwelling
systems were observed where the West Caribbean assemblage occurs,
due the intrusion of deeper cool water at the eastern inner shelf edge
with an incremental change in primary production, measured as high
chlorophyll-a concentrations (Reyes-Mendoza et al., 2016; Ruiz-Castillo
et al., 2016). According to our results, the relatively low water tem-
perature associated with the upwelling system may limit the species
richness and abundance of benthic amphipods at the inner shelf, as has
been shown in other continental shelves (Valério-Berardo et al., 2000;
Quintana et al., 2015; Navarro-Barranco et al., 2017). Our results show
lower abundance on the Western Caribbean assemblage and the
Mid-Yucatan assemblage related with high chlorophyll-a concentrations
and low bottom-water temperature. The influence of upwelling systems
on the amphipod distribution persisted on the inner shelf until it reached
the eastern area of the Mid-Yucatan assemblage, but in the west area of
this same assemblage, away from the origin of the upwelling systems, a
higher richness and abundance were observed as being related with the
increment of bottom-water temperatures. On the other hand, our results
suggest that the West-Yucatan assemblage was not influenced by
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upwelling systems, and the observed decreases in richness and abun-
dance in this assemblage may be explained by a peninsula’s edge effect
at the west side of the shelf (Battisti, 2014).

The absence of an upwelling system in 2012 together with the
presence of a warm-core anticyclonic eddy contributed to re-
establishing the thermal exchange between water layers within the
entire shelf (Reyes-Mendoza et al., 2016; Ruiz-Castillo et al., 2016). This
hydrographic scenario, characterized by the increment of bottom-water
temperatures at the inner shelf, probably favored the incremental
change of abundances and species richness in the Western Caribbean
and West-Yucatan assemblages. The amphipod life-cycle traits (e.g. high
fecundity, parental care, low mobility) play a key role in their devel-
opment as assemblages (Conlan, 1994), responding at community level
to major hydrological phenomena such as the impact of changes on
bottom water temperature (Highsmith and Coyle, 1991; Nav-
arro-Barranco et al., 2017) and to sediment characteristics such as the
grain size composition (Dernie et al., 2003; Hernandez-Arana et al.,
2003). Also, their direct development and local recruitment makes them
a good indicator for year-to-year variations of the environmental con-
ditions on the YCS, and the species with low abundances contribute to
the temporal changes on the diversity patterns (Zajac et al., 1998;
Ellingsen et al., 2007). In the absence of the upwelling system, the
warm-core anticyclonic eddy (Salas-de-Leon et al., 2004; Cruz-Gomez
et al., 2008) and the advective transport of the circulation over the YCS
(Enriquez et al., 2010; Carrillo et al., 2017) may induce a vertical flux
(downwelling circulation) of warm water and nutrients (Mahadevan
et al., 2008; Duran-Campos et al., 2017), represented on our analyses by
the higher concentrations of dissolved oxygen on the bottom-water and
the sediment organic matter content. This scenario may favor a food
input causing incremental changes in amphipod abundance and rich-
ness. The mixed water column by the active air-sea interaction and the
absence of upwelling promotes a flux between benthic and pelagic
components, and sets better conditions to the benthic macrofauna
development, including amphipods (Soto and Escobar-Briones, 1995;
Valério-Berardo et al., 2000; Quintana et al., 2015; Navarro-Barranco
et al., 2017). The capacity of the amphipod community to respond to
different hydrographic scenarios enhances its permanence in the YCS,
which is a fundamental aspect for resilience in the context of broader
environmental changes on benthic ecosystems.

5. Conclusion

Three different amphipod assemblages (Western Caribbean, Mid-
Yucatan, and West-Yucatan) spatially structured along a longitude
gradient were observed in the YCS, and were mainly influenced by the
environmental conditions associated with the depth gradient and the
hydrographic variability due to the temporary presence of an upwelling
system. The presence of the upwelling system (2010-2011), character-
ized by high chlorophyll-a concentrations in the Western Caribbean and
eastern Mid-Yucatan zones, may limit the establishment of high
amphipod species richness and abundance, related with relatively lower
bottom-water temperatures. The absence of upwelling (2012), together
with the warm-core anticyclonic eddy, caused an increase in bottom-
water temperatures throughout the entire shelf, which could favor the
presence of higher concentrations of sediment organic matter content,
that could cause incremental changes of species richness and abun-
dance, mostly in the Mid-Yucatan zone. Our results show that despite the
marked temporal hydrographic variability of the YCS, the spatial
structure of the amphipod community remains stable shown a longitu-
dinal geographic gradient. These findings suggest the hydrographic
variability and sediment characteristics could be the main drivers that
shapes the soft-sediment amphipod community distribution and di-
versity of the YCS.
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