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Abstract: The community composition of decapods associated with subtidal tropical seagrass
meadows was analyzed in a pristine reef lagoon on the Mexican Caribbean coast in the summer of
1995 and winter of 1998. The macrophyte community was dominated by Thalassia testudinum followed
by Syringodium filiforme, with interspersed rhyzophytic macroalgae and large patches of drift algae.
In each season, 10 one-min trawls were made with an epibenthic sled (mesh aperture 1 mm) during the
day and 10 during the night on each of five sites. In all, 53,211 decapods belonging to 119 species were
collected. The most diverse taxa were Brachyura and Caridea, but the most abundant were Caridea
and Anomura. Dominance was high, with three species (Latreutes fucorum, Cuapetes americanus,
and Thor manningi) accounting for almost 50% of individuals, and 10 species accounting for nearly 90%
of individuals. There was great similarity in community composition and ecological indices between
seasons, but significantly more individuals and species in night versus day samples. In the 20+ years
elapsed since the samples were taken, the reef lagoon has undergone substantial environmental
changes due to extensive coastal development and, more recently, the decay of massive beachings
of floating Sargassum macroalgae. This study constitutes a valuable baseline for future studies
investigating the potential impact of these stressors on tropical seagrass-associated communities.
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1. Introduction

Seagrass ecosystems occur in many coastal regions of the world, where they provide valuable
ecosystem functions. Seagrasses stabilize sediments and coastlines, sequester carbon, filter water,
and provide habitat for a wide variety of species, including virtually all major groups of invertebrates
as well as juveniles of many fishery resources (e.g., [1-5]). However, recent reviews [6,7] have revealed
that more information on the relative importance of different groups is available for temperate zones
than for the tropics, from the intertidal than for the subtidal, for large species than for the small to very
small, and for those associated with the seabed or swimming in the water column than for those living
on the seagrass leaves.

Crustaceans are one of the most abundant groups of epifauna in all marine ecosystems, including
seagrass meadows, in terms of diversity, abundance, biomass, and energy flow [8-11]. Within this
group, dominant taxa include the decapods, which have an important regulatory function in seagrass
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ecosystems because they include mesograzers and predators of small fauna [1,12-15] while constituting
a significant portion of the diet of many seagrass-associated fishes [16-19].

The species composition and temporal variations in abundance of the decapod fauna associated with
seagrasses have been more studied in temperate and subtropical ecosystems (e.g., [9,14,15,20,21]) than
in tropical ecosystems, such as Caribbean meadows dominated by Thalassia testudinum [8,13,19,22-25].
In particular, ecological studies on the seagrass decapod fauna are very limited in the Mexican Caribbean
coast, where previous studies have generally consisted of species lists with a few ecological observations
(e.g., [26-29]), or have focused on one species [30] or a limited group of species [31].

The Puerto Morelos coral reef system is located on the northern portion of the Yucatan peninsula,
in the state of Quintana Roo (Mexican Caribbean coast), and is part of the Mesoamerican Reef
that runs along the western Caribbean Sea. Puerto Morelos became one of UNESCO’s Caribbean
Coral Reef Productivity Program (CARICOMP) sites in 1993 [32-34], and information on the status
of local seagrasses in the reef lagoon has been obtained on a regular basis ever since [35,36].
In 1998, the reef system was declared a protected area—the Puerto Morelos Reef National Park
(PMRNP) [37]. As the information on the motile benthic fauna was very scarce at the time, a study on
the seagrass-associated epifauna in the Puerto Morelos reef lagoon was conducted in the late 1990s.
The data were partially presented in two theses [38,39], and a list of species was included in the
PMRNP Management Program [40]. However, except for analyses of the distribution of juveniles of
spiny lobster (Panulirus argus) [30] and their feeding ecology as related to the benthic epifauna [41],
the full ecological data remained unpublished. This was unfortunate because, at the time of sampling,
the Puerto Morelos reef lagoon was considered pristine [36] and the local seagrass-associated decapod
community had not been previously or has been since investigated.

After 1998, the northern coast of Quintana Roo, including Puerto Morelos, became one of the
most rapidly developing coastlines in the world [37,42,43]. In the 20+ years since the present data
were collected, the coastal systems have undergone gradual environmental changes, mainly due to
eutrophication resulting from the explosive coastal development [33,35-37] and, more recently, from the
decay of massive influxes of floating macroalgae Sargassum spp. that die upon getting beached along
the shoreline [44,45]. Therefore, the aim of the present study is to provide a baseline characterization
of the seagrass-associated decapod community in the Puerto Morelos reef lagoon in terms of species
composition, assemblage structure, and diel and seasonal variations, as a representative example of
the decapod biodiversity in western Caribbean reef lagoons prior to the substantial environmental
changes undergone during the past 20+ years.

2. Materials and Methods

2.1. Study Area

The reef lagoon at Puerto Morelos (centered at 20°48’ N, 86°51” W) is a shallow (<5 m in depth)
body of water extending from the shoreline to a coral reef tract that lies slightly diagonally to the coast at
a distance of 500-1300 m. The reef lagoon is well flushed; the average water residence time is 3 h under
normal wave conditions but can decrease to 0.35 h during extreme hurricane swell [46]. In the late 1990s,
the water in the lagoon was highly oligotrophic [32,47], and the bottom was covered by a well-developed
seagrass community dominated by the turtle grass Thalassia testudinum. The manatee seagrass
Syringodium filiforme and a variety of rhyzophytic macroalgae grew interspersed with T. testudinum [48].
Based on its vegetation, the reef lagoon was divided into three zones [32]: (1) a narrow coastal fringe,
20-50 m wide, dominated either by T. testudinum or S. filiforme, (2) a mid-lagoon zone, 200-1000 m wide,
dominated by either T. testudinum with long blades or algae, and (3) a zone of back-reef vegetation,
100—400 m wide, where S. filiforme was virtually absent, and T. testudinum had variable densities of
mostly short blades.

Five sampling sites were selected throughout the reef lagoon, three located in the mid-lagoon
zone at depths of 3-3.5 m and two located closer to the back-reef zone, at depths of 4 and 3 m,
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respectively (Figure 1). At the time of sampling, blades of T. testudinum in the mid-lagoon zone reached
20-25 cm long, and typical values of standing crop of T. testudinum were 20-35 g dry weight (DW) m~2,
which were low compared to other areas throughout the Caribbean [48]. Standing crops of S. filiforme
were even lower (2-30 g m~2 DW). Extensive ephemeral mats up to 500 m in diameter of the drift
ochrophyte Lobophora variegata abounded over the sandy mid-lagoon zone, whereas Laurencia spp.
and other rhodophytes only occurred in small, isolated patches of hard bottom (exposed calcareous
pavement) [32]. In the back-reef zone, the standing crop of T. testudinum was 15-30 g DW m~2 but the
maximum height of its blades was only 9-10 cm [48]. Most algae, as well as S. filiforme, were typically
absent, but Halimeda spp. occurred in certain areas. Despite the differences in vegetation between the
mid-lagoon and back-reef zones, previous analyses did not find an effect of lagoon zone on epifauna
richness or abundance [38,39]; therefore, the five sampling sites were considered as replicates.
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Figure 1. Location of the five sampling sites (green dots) in the Puerto Morelos reef lagoon, Mexico.
The black areas denote the reef crest. Isobaths are in meters. Inset shows the location of Puerto Morelos
on the Mexican Caribbean coast (red dot).

2.2. Epifauna Sampling

In the Puerto Morelos reef lagoon, biomass, growth rates, and productivity of seagrasses are
higher in the summer than in the winter [33,48,49]. Therefore, we sampled the seagrass-associated
epifauna in summer (June-July 1995) and winter (February—March 1998). We used an epibenthic sled
with a mesh aperture of 1 mm, a length of 1.19 m, and a mouth 0.57 m wide X 0.25 m high. On each
site, 10 trawls were made during the day (11:00-13:00 h), and 10 trawls were made during the night
(20:00-22:00 h). Each trawl lasted for one min at a speed of 1 m s™!. A scuba diver monitored the
trawls to ensure that the net performed properly. The diver also supervised that successive trawls in
each site did not go over the same place twice, and measured the distance traveled by the sled with
a 100 m-long tape. These data were used to obtain the average area trawled by the sled in order to
estimate the density of decapods. On average, the area covered by the 10 trawls on each sampling
site was ~342 m? [30]. Individual samples were placed into plastic bags, transported to the laboratory
within the hour, and frozen at —20 °C pending further processing. After thawing, the samples were
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washed, hand-sorted into morphospecies, quantified, and preserved in 70% ethanol. All decapods
were identified to the lowest possible taxon using multiple sources [26,27,50-58].

2.3. Data Analyses

The analysis of the community composition of decapods was done with multivariate techniques
using the software PRIMER 6 v6.1.9 (PRIMER-E Ltd.). The k-dominance curves were used to visualize
diversity profiles (the distribution of numbers of individuals among species) averaged over all replicates
for each combination of season and time of day. A k-dominance curve is constructed by plotting
cumulative proportional abundance against a log species rank. The higher the curve, the less diverse
(and more dominated) is the assemblage it represents [59]. Differences in the community composition
between day and night, between seasons, and combining both factors (season-time of the day) were
analyzed via non-metric multidimensional scaling (MDS). For these analyses, the Bray—Curtis similarity
measure was used on a fourth-root transformation of the abundance data, which lessens the influence
of highly abundant species [60]. A one-way analysis of similarity (ANOSIM) was used in all cases
to test the statistical significance of the observed differences in the decapod assemblages. ANOSIM
provides an R-value indicative of the degree of difference between samples as well as a p-value for
the significance of that difference. R values close to 0 indicate little difference, while values close
to 1 indicate a large difference in assemblage composition [61]. Results from the MDS plots were
cross-checked against those from a cluster analysis with average group linkage, as recommended
when stress values are moderately high (i.e., between 0.1 and 0.2) [61,62]. A similarity profile analysis
(SIMPROF) was used to further test the significance of the cluster findings. SIMPROF tests the null
hypothesis that the set of samples contains no multivariate structure that can be further examined [63].
Finally, the species responsible for the observed differences in the community composition were
identified with a similarity percentage analysis (SIMPER) [60].

For each sampling site, in addition to abundance (N), the following ecological indices were
estimated by season and time of day—species richness (S, number of species), Shannon-Wiener’s
diversity (H’), Pielou’s evenness (J’), and Simpson’s dominance (D). S is an informative index that
constitutes the basis of biodiversity estimates. H’, J’, and D are compound indices that combine
richness and abundance of species, hence providing greater ability to discriminate samples than S
alone [64,65]. The results of each ecological index were subjected to a separate general linear model
(GLM) to test the effects of season, time of day, and their interaction. The data on density (No. of
individuals m~2) of each of the 10 most abundant species of decapods were transformed to log (x + 1)
and subjected to a similar GLM analysis. In all cases, a Tukey HSD test was applied to significant
GLM results.

3. Results

3.1. Decapod Species and Abundance

In total, we collected 53,211 decapods, of which 52,799 were identified to species level, 377 to
genus level, and 35 to family or superfamily level. The full database is provided in Table S1. There
were representatives of 119 species, of which 19 (mostly xanthoid crabs) were only identified to some
taxon above the genus. Of the 119 species, 36 were represented by only one individual, and eight by
two individuals (Table A1). The more diverse infraorders were Brachyura (54 species) and Caridea (41),
followed by Anomura (16 species), whereas the superfamily Penaeoidea was represented by only five
species, and the infraorders Achelata, Gebiidea, and Stenopodidea by one species each. The more
diverse families were Alpheidae (15 species), Mithracidae (14), Diogenidae (9), and Hippolythidae (7).
However, the most abundant taxa were Caridea (64.4% of all individuals) and Anomura (30%),
followed at a distance by Brachyura (3.1%), Penaeoidea (2.3%) and Achelata (0.14%), with Gebiidea and
Stenopodidea represented by only one individual each. Ten species (in decreasing order of abundance:
Latreutes fucorum, Cuapetes americanus, Thor manningi, Pagurus annulipes, Pagurus brevidactylus,
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Clibanarius tricolor, Thor dobkini, Alpheus normanni, Tozeuma carolinense, and Processa bermudensis)
accounted for nearly 90% of all individuals collected (Table A1), with the first three accounting for
almost 50% of all individuals, as shown by the k-dominance curves (Figure 2). However, these curves
did not reveal meaningful differences in diversity or dominance among the four combinations of
season and time of day, as further confirmed by comparisons of the ecological indices.

3.2. Ecological Indices

Of the five ecological indices estimated, species richness (S) and abundance (N) varied significantly
with time of day, with overall higher values in night samples than in day samples, but were not affected
by season. In contrast, evenness (J’), diversity (H’), and dominance (D) did not vary significantly with
either the time of day or season (Table 1, Figure 3).

3.3. Community Composition

Decapod assemblages varied significantly with time of the day (ANOSIM test: R = 0.544, p = 0.001),
but not with the season (ANOSIM: R = 0.093, p = 0.075). The combined effect of both factors was
also significant (R = 0.452, p = 0.001), but pairwise ANOSIM tests confirmed a stronger effect of the
time of the day (R values: 0.444-0.752) compared with the season (R values: 0.164-0.200). The MDS
plot exploring the effects of both factors, cross-checked against results from the cluster analysis and
SIMPROF test, revealed that all samples formed a single group at 40% similarity but several groups
at 60% similarity. One of the latter groups included all night samples from both seasons, except
for one winter night sample, whereas the day samples formed several groups with no clear pattern
(Figure 4). The SIMPER results showed high similarity among sites within seasons (summer: 58.3%;
winter: 58.27%) and within the time of the day (day: 56.9%; night: 68.1%), with a dissimilarity of
43.2% between seasons and of 47.1% between day and night. The species that contributed more to
the dissimilarity between seasons was Clibanarius tricolor (3.4%), which was six times as abundant
in winter as in summer, and Cuapetes americanus (3.3%), which was 3.6 times more abundant in the
summer than in the winter. Most species were more abundant at night than during the day, but those
species contributing more to the dissimilarity between day and night were Processa bermudensis (3.9%),
A. normanni (3.8%), and C. tricolor (3.3%).
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Figure 2. k-Dominance curves for samples of seagrass-associated decapod crustaceans from the Puerto
Morelos reef lagoon. Each curve is based on average abundances at five replicate sites. Samples from
each site were obtained in 10 trawls conducted with an epibenthic sled in the day and in 10 the night,
in the summer of 1995 and the winter of 1998.
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Table 1. Results of General Linear Models (« = 0.05) on data of five ecological indices of decapod diversity
(S: species richness; N: abundance; H': Shannon-Wiener’s diversity; J”: Pielou’s evenness; 1-lambda:
Simpson’s dominance) in two seasons (summer 1995, winter 1998) and two times of the day (day, night) in
seagrass meadows of the Puerto Morelos reef lagoon (N = 5 sites per season and time of day).

Ecological Index Effect DF MS F p
S Intercept 1 29568.05 380.541 <0.001
Season 1 120.05 1.545 0.232
Time of Day 1 661.25 8.510 0.010
Season x TD 1 26.45 0.340 0.568
Error 16 77.7
N Intercept 1 141570526 47.343 <0.001
Season 1 7129374 2.384 0.142
Time of Day 1 58150730 19.447 <0.001
Season x TD 1 2759502 0.923 0.351
Error 16 2990285
H Intercept 1 96.181 563.640 <0.001
Season 1 0.580 3.397 0.084
Time of Day 1 0.034 0.197 0.663
Season X TD 1 0.064 0.373 0.550
Error 16 0.171
] Intercept 1 7.346 812.897 <0.001
Season 1 0.026 2913 0.107
Time of Day 1 0.006 0.519 0.482
Season X TD 1 0.008 0.939 0.347
Error 16 0.009
1-lambda Intercept 1 13.016 1014.027 <0.001
Season 1 0.0084 0.656 0.430
Time of Day 1 0.0004 0.029 0.867
Season x TD 1 0.0188 1.470 0.243
Error 16 0.0128
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Figure 3. Mean ecological indices of decapod diversity (S: species richness; N: abundance; H’:
Shannon-Wiener’s diversity; ]': Pielou’s evenness; 1-lambda: Simpson’s dominance) estimated in seagrass
meadows of the Puerto Morelos reef lagoon during the day (light blue columns) and night (dark blue
columns) in two seasons (summer 1995, winter 1998) (N = 5 sites per time of the day and season). Error
bars are 95% confidence intervals. In each panel, the same letter indicates similar means (« = 0.05).
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Figure 4. Non-metric multidimensional scaling (MDS) ordination of the community structure of
seagrass-associated decapods in samples from Puerto Morelos reef lagoon, taken in the summer
of 1995 and the winter of 1998, during the day and during the night. The analysis was based on
species abundances. Each symbol denotes a sampling site. Shown are groups of samples within
40% (continuous green line) and 60% (broken blue line) similarity contours given by the sequence of
similarity profile analysis (SIMPROF) tests on hierarchical clustering dendrograms (not shown).

3.4. Changes in Density of the 10 Most Abundant Species

Of the 10 most abundant species, only the density of L. fucorum, Pagurus annulipes, and Thor dobkini
varied with both the time of the day and season, with no interaction (Table 2). All three species were
more abundant in the summer than in the winter and at night than during the day. None of the other
species showed significant changes in density with the season, but five exhibited changes in density
with time of day, being more abundant at night than during the day (Cuapetes americanus, Thor manningi,
Pagurus brevidactylus, A. normanii, and Processa bermudensis). Two of the 10 species (Clibanarius tricolor
and Tozeuma carolinense) showed no changes in density with either season or time of day.

Table 2. Mean density (No. individuals m~2) of the 10 most abundant seagrass-associated decapod
species by season (summer, winter) and time of day (day, night) in the Puerto Morelos reef lagoon.
The numbers in parentheses are 95% confidence intervals. Across each row, the same superscript (a,b)
indicates similar values (x = 0.05).

Summer Winter

Species

Day

Night

Day

Night

Latreutes fucorum
Cuapetes americanus
Thor manningi
Pagurus annulipes
Pagurus brevidactylus
Clibanarius tricolor
Thor dobkini
Alpheus normanni
Tozeuma carolinense
Processa bermudensis

1.168 (0.495) ab
0.707 (0.705) ab
0.304 (0.277) 2P
0.285 (0.158) @
0.180 (0.152)
0.108 (0.179)
0.097 (0.065) @
0.009 (0.009) @
0.255 (0.107)
0.002 (0.003) @

3.219 (1.609) b
2.786 (2.021) b
2.382 (2.027) b
2.277 (1.405) b
1.467 (0.940) b
0.280 (0.233) 2P
0.977 (0.817) b
0.533 (0.364) 2P
0.204 (0.117)
0.405 (0.185) b

0.555 (0.500) @
0.167 (0.110) @
0.117 (0.082) @
0.296 (0.258) @
0.234 (0.182) @
0.100 (0.168) @
0.029 (0.024) @
0.005 (0.007) @

0.273 (0.179)
0.004 (0.005) @

1.494 (0.385) ab
0.804 (0.844) 2P
0.839 (0.639) 2P
0.449 (0.338)
1.156 (1.109) ®
2226 (3.912) b
0.184 (0.160) aP
0.645 (0.619) P
0.162 (0.157)
0.264 (0.209) b

4. Discussion

The present study provides a baseline of the seagrass-associated epibenthic decapod community
in Puerto Morelos at a time when this shallow Caribbean reef lagoon was in a relatively pristine state.
We found 119 species of decapods, which exceeds the number of decapod species generally reported
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in other studies in tropical seagrass ecosystems (e.g., [8,13,19,22,23,66]). However, species richness
is a function of both sampling duration and sampling area [67], and we sampled a larger area per
site (340 m?) than most other studies did (<10 m?). We did this because, as noted by Heck [68] and
Garcia-Raso et al. [21], sampling small areas may be insufficient (even with replicates) for the study of
the communities of epibenthic seagrass-associated decapods, which are highly mobile and encompass
a wide size range. Indeed, although 10 of the 119 species that we found accounted for nearly 90% of
individuals, almost 50% (54 species) were rare (<3 individuals). The time of sampling (day vs. night)
affected the community composition because both the richness and abundance of species were higher
at night, but did not affect other ecological indices, and season had no effect on either the community
composition or any ecological index.

It is difficult to compare our results with studies conducted at other sites because the faunal
assemblages vary with factors such as seagrass and associated macroalgal species [10,11,66,69-72],
proximity to other types of habitats (e.g., coral reefs, mangroves, sand, mud) [68,73], freshwater
runoff, temperature regime, and the local predator guild [17,24,74]. For example, there are broad
differences in the fauna associated with Thalassia seagrass beds between the northern Gulf of Mexico
and the Caribbean Sea, although the most abundant genera in both regions tend to be represented by
congeneric species [14]. Even in the Caribbean Sea, comparisons of decapod communities associated
with seagrass meadows dominated by T. testudinum are limited by differences in the sampled area,
type of sampling gear, and mesh size, although caridean shrimps and hermit crabs tend to dominate
these communities [8,13,19,22,24,25,75]. In the 1980s, Bauer [13,22,23] obtained day and night samples
from two T. testudinum sites in Puerto Rico over 13 months, using a push-net with the same mesh size
as ours (1 mm). Interestingly, the three most abundant species in Bauer’s samples were the same as
in our samples, and in the same order, suggesting a high similarity in the composition of decapod
assemblages in both locations at the time of sampling.

Structural characteristics of the marine vegetation are not good predictors of the abundance or
species richness of the associated faunal assemblages, in particular when macrophytes with different
morphologies co-occur [10]. For example, in some studies, the abundance of faunal assemblages has
shown no correlation with seagrass parameters [15,76]. This appears to be the case in Puerto Morelos
reef lagoon, where despite the differences in the above-ground seagrasses density and biomass between
the mid-lagoon and the back-reef lagoon zones [48,49], a preliminary analyses found no spatial pattern
in abundance or diversity indices of invertebrates in general [38] and decapods in particular [30,39].
This lack of pattern may reflect the patchy configuration of the seagrass landscape [77,78]. Although the
density of small decapods tends to be higher in small versus large seagrass patches [18,79-82], the large
area per site that our samples covered may have included patches of different sizes interspersed in
different types of matrices (e.g., sand or hard bottoms).

Diel variation in the abundance of seagrass-associated decapods is well known, with overall greater
abundances in night samples than in day samples. This pattern reflects the nocturnal habits of many
decapods, which remain inactive or burrow under the vegetation during the day [9,12,13,21-23,83].
In particular, dominant caridean species in seagrass meadows exhibit an activity peak during the first
two hours after sunset [75]. Therefore, it has been suggested that studies on decapod assemblages in
seagrasses should incorporate nocturnal samples [9,13,75]. In the Puerto Morelos reef lagoon, the mean
abundance of decapods was indeed much greater at night, and so was the variability. For example,
among the 20 most abundant species (accounting for 97% of all individuals), the abundance of some was
up to one order of magnitude higher in the night samples (e.g., Latreutes fucorum, Cuapetes americanus,
Thor manningi, Pagurus annulipes, P. brevidactylus), whereas the abundance of others was 2-3 orders of
magnitude higher in the night samples (e.g., Processa bermudensis, Alpheus normanni, Clibanarius tricolor,
Sicyonia parri, Paguristes tortugae, Processa fimbriata). Only two of these 20 species exhibited slightly
higher abundances in the day than in the night (Tozeuma carolinense and Mithraculus forceps). These two
species were among the main contributors to the dissimilarity between the day and night decapod
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assemblages. Based on these results, we suggest that future comparative studies in the Puerto Morelos
reef lagoon give priority to night samples.

Seasonal differences in seagrass-associated faunal assemblages, including decapods, commonly occur
in subtropical and temperate seagrass meadows (e.g., [1,12,84]). For example, in the western Mediterranean
Sea, a significant temporal trend was found in decapod assemblages associated with Posidonia oceanica,
mainly related to recruitment events of the dominant species [15]. At Puerto Morelos, the annual range in
monthly average sea surface temperatures is narrow (25.1-29.9 °C) [33], which is why we chose to sample
in the two most contrasting seasons (summer and winter) during which T. testudinum shows differences
in the above-ground biomass [48]. However, seasons had no significant effect on abundance, ecological
indices, or community composition of seagrass-associated decapods. In most tropical seagrass meadows,
decapod assemblages are dominated by small caridean shrimps and hermit crabs that have short lifespans
as well as year-round reproduction and recruitment [8,85]; therefore, seasonality may be less influential
than in temperate seagrass ecosystems. Yet Bauer [13,22] found seasonal variation in the abundance of
the dominant species of shrimps and hermit crabs in T. testudinum meadows in Puerto Rico. However,
Bauer’s sampling sites were very shallow (0.4-1 m) compared to ours (34 m), and shallow seagrass
meadows are more susceptible to temperature variations than deeper meadows [86]. Changes in salinity
may also drive changes in abundance of some taxa in tropical and subtropical seagrass meadows [68,87].
Many Caribbean seagrass ecosystems are subjected to seasonal riverine discharge (e.g., Panama: [8];
Guatemala: [25]; Venezuela: [19]), but Puerto Morelos has little influence of freshwater because there are no
rivers in the Yucatan peninsula and the local wetlands are separated from the sea by a sand bar 2-3 m in
height and 100-200 m in width. Therefore, annual salinity variations are minimal around an average value
of 36 ppt [32,33].

In the 20+ years since this study was conducted, the Puerto Morelos reef system has changed
from a nearly pristine to a more eutrophic system due to rapid coastal development as tourism became
the main economic activity. Between 1998 and 2019, the population of Puerto Morelos increased six
times (from ~5000 to 29,168), and the number of hotel rooms experienced a 14-fold increase (from 401
to 5600) [https://puertomorelos.gob.mx/]. Along with coastal development, nutrients and pollutant
levels typically increase in adjacent waters. In Puerto Morelos, this was further aggravated by the
paucity of sewage treatment plants in the area (with the exception of some hotels), an underground
water circulation system that discharges in mangrove wetlands and submarine springs, and infiltration
through the sand bar after heavy rain inputs [33,37]. Gradual changes in the seagrass community have
occurred in time, including an increasing abundance of the faster-growing seagrass S. filiforme and
rooted and drifting fleshy algae, shifts of relatively higher biomass invested in above-ground tissues of
T. testudinum and S. filiforme, and an increase in phosphorus content in T. testudinum leaves [33,35].
Together with the discovery of high phosphorus additions through groundwater discharges into the
reef lagoon after heavy rain [88], these changes are consistent with increasing levels of nutrient input.
Hurricanes have also affected the seagrass meadows. After major hurricane Wilma (category 5) hit
Puerto Morelos in October 2005, the narrow coastal fringe of vegetation was buried under sand and
has not yet recovered [35,43].

Furthermore, since 2011, the Caribbean Sea has been affected by massive influxes of floating
Sargassum spp. algae, which, upon reaching the shore, get stranded and die. At Puerto Morelos, these
influxes were particularly large in 2015 and 2018. In July and August 2015, when the beachings of
Sargassum peaked, accumulations of the seaweed amounted to an average of 9726 m® per month per
km of coastline [89]. These accumulations resulted in the build-up of decaying beach-cast material and
nearshored murky brown waters [43]. These so-called Sargassum brown tides reduced light, oxygen,
and pH while increasing levels of nitrogen and phosphorous. As a result, nearshore seagrass meadows
were replaced by a community dominated by calcareous rhizophytic algae and drifting algae and
epiphytes, resulting in 61.6-99.5% loss of below-ground biomass [43]. Sargassum brown tides also
provoked the mortality of seagrass-associated fauna, including at least 18 species of decapods [90].
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Macroalgae growing interspersed with seagrasses can increase the habitat value of a seagrass
meadow [30,70], but in eutrophic systems, fleshy macroalgae can outcompete seagrasses, increase
water-column hypoxia, and reduce animal abundance and production [87,91]. Seagrass loss
has been found to induce changes in infaunal communities [92,93]. In Florida Bay mud banks,
the seagrass-associated fish and crustacean communities changed between the 1980s and the late
1990s following seagrass (Thalassia and Halodule) die-offs, phytoplankton blooms, and other ecosystem
changes [94]. In temperate Zostera marina meadows in Canada, eutrophication resulted in the
loss of sensitive species and decreases in species richness, but the effects varied with geographic
region [95]. In contrast, no effects of coastal development in lower Chesapeake Bay (USA) were
detected on communities associated with Z. marina, including crustacean grazer biomass [96]. Therefore,
the present baseline study may prove helpful to investigate whether the changes in the seagrass
community of the Puerto Morelos reef lagoon over the last two decades have resulted in changes in the
associated invertebrate communities.

5. Conclusions

In the late 1990s, the Puerto Morelos reef lagoon held a rich community of at least 119 species of
seagrass-associated decapods. The dominance was high, with three species accounting for nearly 50%
of individuals, whereas almost 50% of the species were rare, with 1-3 individuals in total. Species
richness and abundance were significantly higher in night samples than in day samples, but seasons
had no significant effect on ecological indices or community composition in this tropical ecosystem.
The reef lagoon was considered pristine at the time of sampling, and has since been subjected to gradual
eutrophication and presumably habitat degradation; therefore, these results provide a baseline to test for
potential changes in community composition and ecological indices of seagrass-associated decapods.
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Appendix A
Table A1. Number of species and individuals of seagrass-associated decapod crustaceans on five

sampling sites in the Puerto Morelos reef lagoon, Mexico. Samples were taken with an epibenthic sled
during the day and during the night in the summer of 1995 and the winter of 1998.

Summer Winter
Rank Species Day Night Day Night Total % Cum:;lahve
o
1 Latreutes fucorum 1998 5504 949 2554 11005 20.68 20.68
2 Cuapetes americanus 1209 4764 286 1375 7634 14.35 35.03
3 Thor manningi 519 4073 200 1435 6227 11.70 46.73
4 Pagurus annulipes 488 3893 507 767 5655 10.63 57.36
5 Pagurus brevidactylus 308 2509 400 1976 5193 9.76 67.12
6 Clibanarius tricolor 185 478 171 3807 4641 8.72 75.84
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Summer Winter
Rank Species Day Night Day Night Total % Cum(t;olatlve
7 Thor dobkini 166 1671 49 314 2200 4.13 79.97
8 Alpheus normanni 15 911 8 1103 2037 3.83 83.80
9 Tozeuma carolinense 436 348 467 277 1528 2.87 86.67
10 Processa bermudensis 4 693 6 452 1155 2.17 88.84
11 Leander tenuicornis 5 82 33 537 657 1.23 90.08
12 Processa fimbriata 7 422 14 169 612 1.15 91.23
13 Ancylomenes pedersoni 198 171 62 104 535 1.01 92.23
14 Sicyonia laevigata 8 85 11 380 484 0.91 93.14
15 Sicyonia parri 1 84 3 355 443 0.83 93.98
16 Trachycaris restrictus 20 148 45 122 335 0.63 94.61
17 Metapenaeopsis goodei 0 65 20 208 293 0.55 95.16
18 Portunus sp. 2 74 19 135 230 0.43 95.59
19 Mithraculus forceps 80 42 31 27 180 0.34 95.93
20 Mithraculus sculptus 23 61 54 40 178 0.33 96.26
21 Paguristes tortugae 3 58 1 80 142 0.27 96.53
22 Nikoides schmitti 0 8 6 124 138 0.26 96.79
23 Mithrax sp. 1 35 54 27 21 137 0.26 97.05
24 Pitho aculeata 9 67 17 38 131 0.25 97.29
25 Panopeus occidentalis 48 24 25 13 110 0.21 97.50
26 Mithraculus coryphe 3 5 69 23 100 0.19 97.69
27 Chorinus heros 0 27 8 63 98 0.18 97.87
28 Latreutes parvulus 6 78 2 11 97 0.18 98.05
29 Achelous ordwayi 1 32 5 52 90 0.17 98.22
30 Pagurus sp. 1 0 43 10 29 82 0.15 98.38
31 Panulirus argus 0 25 6 45 76 0.14 98.52
32 Calcinus tibicen 0 1 6 61 68 0.13 98.65
33 Pagurus sp. 2 0 26 16 24 66 0.12 98.77
34 Mithrax pleuracanthus 8 10 18 21 57 0.11 98.88
35 Dardanus venosus 0 13 1 39 53 0.10 98.98
36 Podochela macrodera 10 9 13 20 52 0.10 99.08
37 Omalacantha bicornuta 9 19 8 15 51 0.10 99.171
38 Hippolyte zostericola 18 5 6 1 30 0.06 99.228
39 Clibanarius sp. 2 6 1 21 30 0.06 99.284
40 Paguristes puncticeps 1 5 2 19 27 0.05 99.335
41 Pitho sp. 1 22 0 2 25 0.05 99.382
42 Macrocoeloma diplacanthum 2 7 7 8 24 0.05 99.427
43 Gnathophyllum americanum 7 8 2 6 23 0.04 99.470
44 Micropanope nuttingi 12 2 2 5 21 0.04 99.509
45 Thor amboinensis 0 0 14 4 18 0.03 99.543
46 Macrocoeloma subparelellum 0 0 7 11 18 0.03 99.577
47 Eurypanopeus dissimilis 1 2 7 5 15 0.03 99.605
48 Neopanope packardii 9 3 0 2 14 0.03 99.632
49 Thersandrus compressus 4 1 1 5 11 0.02 99.652
50 Moreiradromia antillensis 3 1 2 4 10 0.02 99.671
51 Calappa sulcata 1 0 1 8 10 0.02 99.690
52 Teleophrys sp. 3 1 4 1 9 0.02 99.707
53 Alpheus peasei 1 1 0 7 9 0.02 99.724
54 Xanthoid G 4 3 0 0 7 0.013 99.737
55 Petrolisthes galatinus 0 2 0 5 7 0.013 99.750
56 Cyclozodium angustum 0 0 1 6 7 0.013 99.763
57 Alpheus armatus 1 0 1 5 7 0.013 99.776
58 Hippolyte obliquimanus 0 0 3 3 6 0.011 99.788
59 Tuleariocaris neglecta 0 0 2 3 5 0.009 99.797
60 Panopeus herbsti 0 0 2 3 5 0.009 99.806
61 Mithrax sp. 2 2 2 0 1 5 0.009 99.816
62 Xanthoid H 2 2 0 0 4 0.008 99.823
63 Xanthoid B 3 0 0 1 4 0.008 99.831
64 Macrocoeloma laevigatum 1 2 1 0 4 0.008 99.838
65 Alpheus sp. 1 0 2 0 2 4 0.008 99.846
66 Xanthoid L 2 0 0 1 3 0.006 99.852
67 Sicyonia brevirostris 0 0 0 3 3 0.006 99.857
68 Sicyonia stimpsoni 0 0 1 2 3 0.006 99.863
69 Panopeus sp. 1 0 3 0 0 3 0.006 99.868
70 Paguristes sp. 1 0 1 1 1 3 0.006 99.874
71 Hexapanopeus angustifrons 0 0 1 2 3 0.006 99.880
72 Euryplax nitida 0 0 0 3 3 0.006 99.885
73 Epialtus longirostris 1 0 0 2 3 0.006 99.891
74 Diogenid A 0 2 0 1 3 0.006 99.897
75 Alpheus armillatus 1 0 0 2 3 0.006 99.902
76 Xanthoid F 0 2 0 0 2 0.004 99.906
77 Xanthoid A 1 0 1 0 2 0.004 99.910
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Table Al. Cont.

Summer Winter
Rank Species Day Night Day Night Total % Cumz;latlve

78 Xanthoid M 2 0 0 0 2 0.004 99.914
79 Xanthoid I 1 1 0 0 2 0.004 99.917
80 Thoe puella 2 0 0 0 2 0.004 99.921
81 Hippolyte sp. 0 0 1 1 2 0.004 99.925
82 Anomuran A 0 1 0 1 2 0.004 99.929
83 Alpheus sp. 3 0 2 0 0 2 0.004 99.932
84 Xanthoid E 0 1 0 0 1 0.002 99.934
85 Xanthoid D 0 1 0 0 1 0.002 99.936
86 Xanthoid C 1 0 0 0 1 0.002 99.938
87 Xanthoid N 1 0 0 0 1 0.002 99.940
88 Xanthoid K 1 0 0 0 1 0.002 99.942
89 Xanthoid J 1 0 0 0 1 0.002 99.944
90 Upogebia affinis 0 0 0 1 1 0.002 99.945
91 Synalpheus fritzmiilleri 0 0 0 1 1 0.002 99.947
92 Synalpheus sp. 3 0 0 1 0 1 0.002 99.949
93 Synalpheus sp. 2 0 0 1 0 1 0.002 99.951
94 Synalpheus sp. 1 0 0 0 1 1 0.002 99.953
95 Stenorhynchus seticornis 0 0 0 1 1 0.002 99.955
96 Stenopus hispidus 0 0 0 1 1 0.002 99.957
97 Speloeophorus pontifer 1 0 0 0 1 0.002 99.959
98 Porcellanid A 1 0 0 0 1 0.002 99.961
99 Pilumnus sp. 2 1 0 0 0 1 0.002 99.962
100 Pilumnus sp. 1 1 0 0 0 1 0.002 99.964
101 Pachygrapsus gracilis 0 0 0 1 1 0.002 99.966
102 Periclimenes iridiscens 1 0 0 0 1 0.002 99.968
103 Mithrax sp. 3 1 0 0 0 1 0.002 99.970
104 Majoid A 0 0 0 1 1 0.002 99.972
105 Macrocoeloma trispinosum 0 1 0 0 1 0.002 99.974
106 Lysmata anchisteus 0 0 1 0 1 0.002 99.976
107 Lobopilumnus agassizii 0 0 0 1 1 0.002 99.977
108 Latreutes inermis 1 0 0 0 1 0.002 99.979
109 Gnathophyllum sp. 0 0 0 1 1 0.002 99.981
110 Discias atlanticus 0 1 0 0 1 0.002 99.983
111 Diogenid B 0 1 0 0 1 0.002 99.985
112 Caridean B 0 0 0 1 1 0.002 99.987
113 Caridean A 0 0 1 0 1 0.002 99.989
114 Alpheus sp. 4 1 0 0 0 1 0.002 99.991
115 Alpheus sp. 2 0 0 0 1 1 0.002 99.992
116 Alpheopsis trispinosus 1 0 0 0 1 0.002 99.994
117 Alpheopsis trigonus 0 0 0 1 1 0.002 99.996
118 Acanthonyx petiverii 0 0 1 0 1 0.002 99.998
119 Alpheus websteri 0 0 0 1 1 0.002 100
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