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Abstract This study explores the possible influence of human coastal development (before

and after) and protected area status (within and outside a marine protected area, MPA) on

composition, density, and maximum size of fish species and guilds, including mean trophic

level of the fish community, in four localities of the Yucatan Peninsula, Mexican Car-

ibbean. Reef fish density, maximum length, species composition, and trophic guilds were

recorded by SCUBA belt transects and stationary points in fore reef and lagoon reef areas

at decadal intervals (1995–1998, 2006–2010, 2014–2015). Mean density of most species

and guilds decreased significantly through the years, as also did mean trophic level of the

fish community. Some fish species increased in length. Fish density for many species was

larger outside than inside the MPA in 1995–1998; however, the difference tended to

disappear in the more recent decades, which reflects either a positive effect of the MPA, or

a detrimental effect of coastal development in the non-protected area. Nevertheless, the

overall negative trends suggest a regional or global rather than a local cause.
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Exterior s/n, 04510 Mexico City, Mexico

4 Facultad de Estudios Superiores Iztacala, Universidad Nacional Autónoma de México, A.P. 314,
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Introduction

Spatial and temporal variability in reef fish density can be influenced by biological and

physical factors, such as depth (Andradi-Brown et al. 2016), coral cover (Bell and Galzin

1984), bottom rugosity (Luckhurst and Luckhurst 1978), predation (Hixon and Beets

1993), competition (Gladfelter et al. 1980), larval dynamics (Leis and McCormick 2002),

recruitment variability (Booth and Brosnan 1995), or chance colonization of habitats (Sale

and Dybdahl 1975). Differences in fish composition between the habitats of reef lagoon

and fore reef have also been documented; Núñez-Lara and Arias-González (1998) were

able to discriminate reef fish species associated with lagoon and back reef sites of low

topographical complexity and species associated with high complexity reef front and reef

slope sites.

Human impacts, such as fishing and coastal development, also have an influence, not

only on reef fish density, but also on composition (Bianchi et al. 2000), body size (Genner

et al. 2010), and relative abundance of trophic guilds (Friedlander and DeMartini 2002).

Friedlander et al. (2003) found that reef fish community attributes, such as biomass,

richness, abundance, and diversity, increased with higher protection, either natural (e.g.

wave exposure) or human-induced (marine protected areas, MPAs).

In the Caribbean Sea, threats to coral reefs and fish assemblages emerged due to a

combination of human coastal development, climate change, and overfishing (Jackson

et al. 2001; Hoegh-Guldberg et al. 2007). To balance human impacts, MPAs have been

implemented with restricted or forbidden fishing access; these appear to function well

under certain circumstances (Roberts 1995; Halpern and Warner 2003). However, these

tools can fail to protect biodiversity in the face of severe environmental degradation (Jones

et al. 2004).

The decrease in coral cover and reef complexity throughout the Caribbean (Gardner

et al. 2003), as well as global negative trends in mean trophic level of marine fishes (Pauly

et al. 1998), call into question most existing management and conservation plans (Bell-

wood et al. 2004). However, MPAs have been shown to increase biomass and mean size,

and hence economical value, of fish populations (Polunin and Roberts 1993). Following

this rationale, and given the good results of MPAs in Belize, such as Bacalar Chico and Hol

Chan (Peckol et al. 2003), the people of Xcalak town, southern Mexican Caribbean,

succeeded in establishing a MPA in 2000, as the Parque Nacional Arrecifes de Xcalak

(PNAX), a part of the Mesoamerican Barrier Reef System, MBRS (Hoffman 2009).

The establishment of PNAX occurred simultaneously as a coastal development 50 km

north of the MPA, in Mahahual, which used to be a small fishing village. In Mahahual,

tourist development, including the construction of a cruise ship pier, caused habitat loss

and fragmentation (Martı́nez-Rendis et al. 2016). Also, intense fishing on groupers, par-

ticularly during spawning aggregations, caused the disappearance of at least one important

aggregation of Nassau grouper (Epinephelus striatus) off Mahahual (Aguilar-Perera 2006).

Yeager and Arias-González (2008) examined fish communities in seagrass-beds of reef

lagoons near Xcalak and Mahahual. They attributed the greater abundance found in Xcalak

both to a larger extension of adjacent mangroves and to ‘‘heavy tourist use and coastal

development’’ in Mahahual. However, Rodrı́guez-Zaragoza and Arias-González (2008)
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compared several reefs in the Mexican Caribbean and concluded that reef front and terrace

habitats in Mahahual had a higher a-diversity and abundance of fishes than Xcalak and all

other sites. The ubiquitous transition from hard coral to fleshy macroalgae in the Caribbean

has been blamed for a ‘‘drastic’’ reduction in the number of fish species at Mahahual from

2000 to 2010, impacting mainly rarer species (Acosta-González et al. 2013). An additional

stressor, the invasion of lionfish Pterois volitans into the area, began in 2009 (Betancur-R.

et al. 2011), and a major coral-bleaching event occurred in 2011 (Hernández-Arana et al.

2014). Moreover, a decrease in coral cover has been documented for all the MBRS, in

average from 23 to 13% from 2001 to 2005, and 2% in each of the next 3 years (Garcı́a-

Salgado et al. 2008).

Thus, environmental data from the Mahahual-Xcalak coast can be used in a Before-

After/Control-Impact (BACI) design. Morales-Aranda et al. (2012) offered a preliminary

BACI analysis for the area. According to Russ (2002), only 16% of the studies that

attempted to detect effects of marine reserves on density/size of reef fishes included both

spatial and temporal comparisons with ‘‘before’’ data. However, BACI designs have

already been successfully used to demonstrate spillover of reef fishes from a MPA

(Francini-Filho and Moura 2008), as well as the impact of lionfish on native fish abundance

in the Atlantic (Ballew et al. 2016).

The present study compares the composition, density, and body size of reef fish, as well

as density of ecological guilds and mean trophic level of fish communities, in the southern

Mexican Caribbean. The analysis spans 20 years, before and after coastal development in

Mahahual, the lionfish invasion, and the establishment of PNAX, among other changes.

The objective is to detect interdecadal differences both within and outside the MPA and to

test the effectiveness of the MPA.

Materials and methods

Study area

The southern coast of Quintana Roo, Mexico, comprises a fringing reef, which is part of

the MBRS, on the border with Belize (Fig. 1). Southeasterly winds predominate, changing

to northerly winds in November–January. Temperature ranges from the annual mean of

26 �C down to 20 �C, and mean annual precipitation is 1400 mm. Waves are usually

1.0–1.3 m high, and tides no greater than 0.5 m. The Caribbean current flows to the north,

but eddies and countercurrents make current dynamics complex (Muhling et al. 2013).

This study encompassed four localities, two outside and two inside the MPA: Mahahual,

an unprotected site where tourism development has risen since 2000; Xahuayxol (also

spelled ‘‘Chahuaychol’’), an unprotected reef, with less intense human development; Rı́o

Huach, located in the MPA; and Xcalak, also within PNAX (Fig. 1; Table 1), with a

permanent lionfish culling program. Reefs in these localities share a similar structure: a

1–6 m deep sandy reef lagoon, with isolated coral heads and seagrass beds on sandy

bottoms, separated by a crest from a fore reef, usually with rather well-developed spurs and

grooves; the fore reef falls to a 5–40 m deep sandy terrace that extends to a much larger

drop-off. For this study, we assessed fish communities only on the reef lagoon and the fore

reef (to a depth of 17 m).

The most notable natural difference between our protected and unprotected localities is

a better development of coastal mangrove in PNAX, due to the presence of small coastal
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lagoons. Another important difference is a much greater distance from the reef crest to the

beach in PNAX (ca. 1000 m, compared to ca. 100 m at Mahahual). On the other hand, the

spur-and-groove structure is rather similar in the fore reef across all sites, although

Rodrı́guez-Zaragoza and Arias-González (2008) estimated a higher habitat heterogeneity

in Mahahual. For more detailed descriptions of habitat complexity and coral composition,

see Ruiz-Zárate et al. (1998) and Morales-Aranda et al. (2012).

Field work

Surveys were conducted every 5–8 years across three decades: 1995–1998, 2006–2010,

and 2014–2015. There were at least two expeditions per year, usually coinciding with the

Fig. 1 Study sites in the southern Mexican Caribbean, central MBRS. The localities of Rı́o Huach and
Xcalak lie within PNAX, a MPA; Xahuayxol lies just north of the MPA limit. Map by J. Padilla
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peak of the dry and rainy seasons. The number of surveys was usually greater in the fore

reef than in the reef lagoon, especially in 2014–2015 (Table 2); the lagoon is also a much

shallower habitat. In the first two decades, two methods were conducted: band transects

(Brock 1954, as modified by Almada-Villela et al. 2003) and stationary censuses (Bohn-

sack and Bannerot 1986). For the most recent period, only the stationary census method

was used.

Both methods relied on SCUBA, during daylight (09:00–17:00 h). Observers were

trained on underwater fish identification by using photographic guides (Humann 1989;

Humann and DeLoach 2011), in estimation of the 5-m radius of the stationary census

cylinder, and in estimation of fish length by practicing with moored wooden models

underwater. Although twelve observers were involved in the project,[ 95% of the surveys

were performed by the six coauthors themselves; the first author participated in all three

sampling periods. All fish were identified, counted, and their individual total length esti-

mated to the nearest centimeter (using a 30-cm ruler fixed to the end of a 50-cm long

handle). Fish smaller than ca. 2 cm were omitted, because no active search for cryptic and

secretive species was attempted.

Table 1 Study localities and their protection status in the southern Mexican Caribbean: coordinates (in fore
reef) and depth of first replicate

Locality Protection
status

Coordinates Depth in fore reef
(m)

Depth in reef lagoon
(m)

Mahahual Outside MPA 18�4205400N,
87�4202200W

15 2

Xahuayxol Outside MPA 18�3004300N,
87�4503000W

14 3

Rı́o Huach Inside MPA 18�2502200N,
87�4505200W

17 4

Xcalak Inside MPA 18�1702400N,
87�4905900W

17 4

Table 2 Effort (number of replicates and period) in the southern Mexican Caribbean by locality, habitat,
and years

1994–1995 1997–1998 2006–2007 2010 2014–2015

Mahahual, fore reef 18, Nov–Jun 48, Sep–Aug 17, Aug–Jun 46, Mar–Jun –

Mahahual, reef lagoon 18, Nov–Jun 41, Sep–Aug 9, Aug–Jun 47, Mar–Jun –

Xahuayxol, fore reef 12, Nov–Jun 42, Sep–Aug 19, Aug–Jun 49, Mar–Jun 20, Mar–Apr

Xahuayxol, reef lagoon 16, Nov–Jun 36, Sep–Aug 7, Aug–Jun 48, Mar–Jun –

Rı́o Huach, fore reef 16, Nov–Jun 4, Sep–Aug 18, Aug–Jun – 21, Mar–Apr

Rı́o Huach, reef lagoon 16, Nov–Jun 6, Sep–Aug 8, Aug–Jun – –

Xcalak, fore reef 12, Nov–Jun – 17, Aug–Jun 48, Mar–Jun 37, Mar–Apr

Xcalak, reef lagoon 12, Nov–Jun – 11, Aug–Jun 48, Mar–Jun 17, Mar–Apr

Method: belt transects in 1994–1995 and 2006–2007; stationary census in 1997–1998, 2010, and 2014–2015
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During band transects, the divers swama distance of 30 mand recorded fish up to 2 m left and

right from the line, for a total area of 120 m2. The linewas being deployed simultaneously, its end

anchored to a lead weight set at the beginning of the transect. To perform stationary censuses,

each diver rotated over the bottom, recording all fish (identity, number, individual length) in a

5-m-radius imaginary cylinder, including the substrate and the water column, for 5 min.

The first point was fixed, i.e. all surveys began from the same starting point (Fig. 1;

Table 1). Replicates for the same dive, either by transects or stationary censuses, started at

a point determined by a previously prepared list of random directions (using a compass)

and distances (number of kicks, from 10 to 20). Number of replicates was 10 stationary

censuses or four transects per observer per dive.

Transects were applied in the two earlier decades and stationary census was used in all

three decades. Xcalak was not visited in 1997–1998, Rı́o Huach was not visited in the year

2010, and Mahahual was not visited in 2014–2015.

Data analysis

Abundance data grouped all replicates for a given level of protection (sites within vs. outside

the MPA; Table 1), habitat (fore reef vs. reef lagoon), and decade (‘‘1990’’ means

1995–1998; ‘‘2000’’ means 2006–2010; ‘‘2010’’ means 2014–2015). ‘‘Fish maximum

length’’ is the mean of the maximum lengths by each replicate for every site, habitat, and

decade combination. The number of replicates varied (Table 2), but abundance data were

standardized to one transect or stationary census. These data are to be interpreted as densities

(specimens per 120 m2 for transects, specimens per 78.5 m2 for stationary censuses). Trophic

level by species (according to Froese and Pauly 2016) was weighted by the frequency of the

species (i.e., percentage of the replicates where present by site, habitat, and decade), and the

average trophic level obtained for each grouping. No attempt was made to analyze by season

or month, or to calculate community descriptors, e.g. diversity indices or species richness,

which have been explored by other authors (e.g. Acosta-González et al. 2013).

Data were compared among decades (three levels), protection status (two), and habitat

(two) by a three-way ANOVA (p\ 0.05, 0.01, or 0.001), followed by Tukey’s multiple-

range tests to detect pairwise significant differences. Note was taken of interactions

between decade and protection status. This was done separately for each method (transects

and stationary censuses). Prior to ANOVA, abundance was arcsinh-transformed, a pro-

cedure recommended because of the frequent observations of zero in the matrix (Fowler

et al. 1998). Maximum length and trophic level were checked for homoscedasticity and

normality and were determined to meet assumptions for ANOVA. Statistical analyses were

performed in R vers. 3.2.2 (Venables and Smith 2003).

Results

In total, 156 fish species were surveyed, representing 77 genera and 40 families from 303

belt transects and 590 stationary censuses (Table 2). Ten fish species identified in the

1990’s (observations outside of stationary censuses or transect surveys not included) were

not found in later surveys. Thirty-two species were encountered in the 1990’s and 2000’s,

but not after 2010. Fifteen species were only seen in the 2000’s. Eight, including P.

volitans, were only found after 2000; out of these, four were exclusively found after 2010

(Table 3). Some trends are evident, especially within the large-piscivore guild: e.g. there
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Table 3 Presence in transects or
stationary censuses of fish spe-
cies by decade in the southern
Mexican Caribbean

Species 1990 2000 2010

Diodon holocanthus X

Diodon hystrix X

Epinephelus itajara X

Halichoeres poeyi X

Hypoplectrus unicolor X

Malacoctenus gilli X

Ophioblennius atlanticus X

Scomberomorus cavalla X

Serranus baldwini X

Xyrichthys splendens X

Amblycirrhitus pinos X X

Aulostomus maculatus X X

Calamus bajonado X X

Caranx bartholomaei X X

Chaetodon aculeatus X X

Dasyatis americana X X

Epinephelus striatus X X

Equetus punctatus X X

Gnatholepis cauerensis X X

Gymnothorax moringa X X

Haemulon carbonarium X X

Haemulon chrysargyreum X X

Haemulon macrostomum X X

Haemulon parra X X

Hypoplectrus fulvus X X

Hypoplectrus nigricans X X

Hypoplectrus puella X X

Lachnolaimus maximus X X

Lactophrys trigonus X X

Mycteroperca phenax X X

Mycteroperca tigris X X

Myrichthys breviceps X X

Myripristis jacobus X X

Narcine bancroftii X X

Neoniphon marianus X X

Pempheris schomburgki X X

Rypticus saponaceus X X

Scarus coelestinus X X

Scomberomorus regalis X X

Sparisoma atomarium X X

Synodus saurus X X

Urobatis jamaicensis X X

Acanthostracion quadricornis X

Aluterus schoepfii X
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Table 3 continued
Species 1990 2000 2010

Chromis multilineata X

Cryptotomeus roseus X

Diplodus argenteus X

Elacatinus genie X

Haemulon album X

Haemulon melanurum X

Haemulon striatum X

Lutjanus cyanopterus X

Sparisoma radians X

Sphoeroides spengleri X

Sphyraena picudilla X

Styracura schmardae X

Trachynocephalus myops X

Calamus calamus X X

Chaetodipterus faber X X

Pareques acuminatus X X

Pterois volitans X X

Caranx latus X

Fistularia tabacaria X

Gymnothorax funebris X

Xyrichthys novacula X

Abudefduf saxatilis X X X

Abudefduf taurus X X X

Acanthurus tractus X X X

Acanthurus chirurgus X X X

Acanthurus coeruleus X X X

Aetobatus narinari X X X

Aluterus scriptus X X X

Anisotremus surinamensis X X X

Anisotremus virginicus X X X

Apogon maculatus X X X

Balistes vetula X X X

Bodianus pulchellus X X X

Bodianus rufus X X X

Bothus lunatus X X X

Cantherhines pullus X X X

Canthidermis sufflamen X X X

Canthigaster rostrata X X X

Caranx crysos X X X

Caranx latus X X X

Caranx ruber X X X

Cephalopholis cruentata X X X

Cephalopholis fulva X X X

Chaetodon capistratus X X X
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Table 3 continued
Species 1990 2000 2010

Chaetodon ocellatus X X X

Chaetodon striatus X X X

Chromis cyanea X X X

Chromis multilineata X X X

Clepticus parrae X X X

Coryphopterus glaucofraenum X X X

Elacatinus lobeli X X X

Elacatinus prochilos X X X

Epinephelus adscensionis X X X

Epinephelus guttatus X X X

Eucinostomus spp. X X X

Gerres cinereus X X X

Haemulon aurolineatum X X X

Haemulon carbonarium X X X

Haemulon chrysargyreum X X X

Haemulon flavolineatum X X X

Haemulon plumieri X X X

Haemulon sciurus X X X

Halichoeres bivittatus X X X

Halichoeres garnoti X X X

Halichoeres maculipinna X X X

Halichoeres radiatus X X X

Heteropriacanthus cruentatus X X X

Holacanthus ciliaris X X X

Holacanthus tricolor X X X

Holocentrus adscensionis X X X

Holocentrus rufus X X X

Hypoplectrus guttavarius X X X

Kyphosus spp. X X X

Lactophrys bicaudalis X X X

Lactophrys triqueter X X X

Lutjanus analis X X X

Lutjanus apodus X X X

Lutjanus griseus X X X

Lutjanus jocu X X X

Lutjanus mahogoni X X X

Lutjanus synagris X X X

Malacanthus plumieri X X X

Malacoctenus triangulatus X X X

Melichthys niger X X X

Microspathodon chrysurus X X X

Mulloidichthys martinicus X X X

Mycteroperca bonaci X X X

Ocyurus chrysurus X X X
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were seven species of large groupers (species of Epinephelus, Hyporthodus, and Myc-

teroperca) in the earliest decade, vs. only three still recorded after 2000. Butterflyfish

Chaetodon aculeatus was no longer detected after 2010 and species of Hypoplectrus

decreased from four in the 2000’s to only one, H. guttavarius, following 2010 (Table 3).

Density of taxa and guilds

Fifty-three species (out of 141) detected in stationary censuses showed significant declines

in abundance, either from 1990 to 2000 (43 species), or from 2000 to 2010 (14 species).

Only Halichoeres bivittatus and Stegastes adustus consistently decreased across all three

decades (see in Online Appendix 1 average and variance of density for all species by

decade, protection status, and habitat, and in Online Appendix 2 F, p, and post hoc

homogeneous groups by species for the three factors plus the decade:protection status

interaction, including non-significant results). Five (out of 13) trophic guilds (small ben-

thivores, medium-sized and small herbivores, medium-sized piscivores, and medium-sized

omnivores) also decreased (Fig. 2). From 2000 to 2010 only seven species increased.

Eleven species displayed ambiguous patterns; for example, an increase from 1990 to 2000,

Table 3 continued

The decade ‘‘1990’’ includes the
years 1994–1998; ‘‘2000’’,
2006–2010; ‘‘2010’’, 2014–2015

Species 1990 2000 2010

Pomacanthus arcuatus X X X

Pomacanthus paru X X X

Pseudupeneus maculatus X X X

Sargocentron vexillarium X X X

Scarus coeruleus X X X

Scarus guacamaia X X X

Scarus iseri X X X

Scarus taeniopterus X X X

Scarus vetula X X X

Serranus tabacarius X X X

Serranus tigrinus X X X

Sparisoma aurofrenatum X X X

Sparisoma chrysopterum X X X

Sparisoma rubripinne X X X

Sparisoma viride X X X

Sphyraena barracuda X X X

Stegastes adustus X X X

Stegastes diencaeus X X X

Stegastes leucostictus X X X

Stegastes partitus X X X

Stegastes planifrons X X X

Stegastes xanthurus X X X

Strongylura spp. X X X

Thalassoma bifasciatum X X X

Xyrichtys martinicensis X X X
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followed by a decrease from 2000 to 2010 (Supplementary Table 4). No species consis-

tently increased in time from decade to decade; five species increased only from 1990 to

2000, and two species increased from 2000 to 2010 (Supplementary Table 4). No trophic

guild increased in time, and none showed ambiguous patterns.

Based on transects, 57 species (out of 124) declined in abundance (only the 1990’s and

2000’s were compared). For 28 species the trend is significant in both datasets (Supple-

mentary Table 4). All guilds that decreased according to the stationary census database

also declined as per the transect database (Supplementary Table 4), except for small

herbivores and small benthivores, which did not display any significant pattern.

By protection status, 36 species were more abundant outside the MPA, whereas only

three were more abundant inside (Supplementary Table 4). No trophic guild showed dif-

ferences by protection status. With regard to the interaction term decade:protection status,

16 species displayed significantly higher abundance outside the MPA in 1990 vs. other

combinations, whereas only six species were more abundant inside the MPA in 1990; in

2010, four species were more abundant outside the MPA, and three inside (Supplementary

Table 4). The decline was therefore greater in the non-protected area.

Mean largest size

Seventeen fish species increased in body size from 2000 to 2010; four, from 1990 to 2000;

five more showed a consistent increase in size from decade to decade. Lactophrys triqueter

decreased in size from 1990 to 2000; Abudefduf saxatilis and Sparisoma rubripinne also

decreased during that period, but then increased from 2000 to 2010, whereas Stegastes

leucostictus showed the opposite pattern. Concerning the protected status, only Haemulon

carbonarium was larger inside the MPA, whereas Melichthys niger was larger outside

(Supplementary Table 5).

Fig. 2 Interdecadal declines in abundance of fish guilds in the southern Mexican Caribbean: a small
benthivores; b medium-sized herbivores; c small herbivores; d medium-sized piscivores; e medium-sized
omnivores. Bars are 95% confidence intervals. Density is given as arcsinh(individuals/78.5 m2). Outline
images from Froese and Pauly (2016)
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Trophic level

Trophic level weighted by species frequency decreased from 0.433 in the 1990’s to 0.189

in the 2010’s, with a significant difference (F = 5.90, p\ 0.05) between those decades

(Fig. 3). There was no difference by protection status. By habitat, the fore reef had a higher

trophic level (weighted by species frequency) than the reef lagoon (F = 7.91, p\ 0.05),

0.382 vs. 0.252. Separating the decadal effect by habitat, the decreasing pattern holds for

the fore reef (0.547 in 1990–0.193 in 2010; F = 8.61, p\ 0.05), but becomes non-sig-

nificant for the reef lagoon.

Discussion

Most fish species and guilds displayed declining patterns in abundance. Even for those

which were non-significant, the trend is in general the same, the lack of statistical sig-

nificance probably related to sample size (number of individuals sighted). Although dif-

ferent guilds showed similar trends, the decrease in trophic level indicates that predators

have suffered the most, especially in the fore reef. This scenario is worse than that found by

Paddack et al. (2009), who observed that only three trophic groups declined: herbivores,

invertivores, and generalist carnivores, with no change for piscivores, omnivores, and

planktivores. In our study, large-bodied guilds did not show significant trends (probably

because of their overall scarcity), but several species were not found in the later decades.

Fishermen in the Mexican Caribbean assert that large piscivores (Epinephelus itajara,

Hyporthodus nigritus, and sharks) have become less frequent, less abundant, and also

smaller in body size. Similarly, species that aggregate to spawn have been especially

vulnerable (Garcı́a-Téllez 2002; Aguilar-Perera 2006; Graham et al. 2009). Rates of

reduction detected in our study are comparable to those measured in quite different taxa

and other areas in the Caribbean; they are consistent with the general decline for fishes,

both exploited and non-exploited, described in the meta-analysis by Paddack et al. (2009).

Given the general deterioration of reefs in the Mexican Caribbean over the past

20 years, we expected a lower abundance not only of large carnivores, but also of specialist

and sensitive taxa or guilds. Such is the case for angelfishes (Pomacanthidae), which eat

ectoparasites from large groupers (themselves very scant) as juveniles and sponges as

adults (Hourigan et al. 1989). Additionally, butterflyfishes are known to be useful indi-

cators of ecosystem health elsewhere (Pratchett et al. 2006), and Ch. capistratus and Ch.

striatus displayed decreasing trends, although Ch. ocellatus did not, and Ch. aculeatus was

not found after 2010.

Fig. 3 Interdecadal decline in
mean trophic level of fishes in the
southern Mexican Caribbean.
Bars are 95% confidence
intervals. Mean trophic level is
weighted by frequency
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Small herbivores, mostly foragers of substrate-fixed algae, also decreased in abundance.

The same pattern was seen for larger herbivores, e.g. parrotfishes, contrary to preliminary

analyses (see below). An increase in herbivore abundance was expected, due to the

increase of their main food item since the mass mortality of herbivore sea urchin, Diadema

antillarum (Carpenter 1990), although the relevance of herbivore abundance and algal

cover has been contested (Suchley et al. 2016). Several authors have warned about the

change, global but especially stark in the Caribbean, from coral to algal phases in reefs

(Martı́nez-Rendis et al. 2016), and Álvarez-Filip et al. (2011) predicted a loss of archi-

tectural complexity in coral reefs would lead to the demise of small-bodied species,

because of their need for refuges in the reef structure.

It is also true that such trophic cascades and indirect ecological effects may be sec-

ondary to overfishing. In the case of large piscivores, especially species vulnerable because

of their reproductive aggregations, this has been obvious for many years (Sadovy and

Eklund 1999). It is likely that even species protected for decades do not fully recover from

historical impacts. However, facing the demise of such traditional resources, fishers have

turned to other species, such as parrotfishes and angelfishes (pers. obs.).

In some of our sites, Morales-Aranda et al. (2012) detected significant differences in the

fore reef, but not in the reef lagoon. Overall abundance was greater in the earlier decade.

The MPA showed higher abundance of M. niger, H. flavolineatum, H. carbonarium, Po-

macanthus arcuatus, and Lutjanus mahogoni. These results do not hold true for the present

study, with most increases becoming non-significant or even turning into decreases when

analyzed across the entire study area. The preference ofM. niger for the MPA is clear in by

both datasets, but this species also experienced a decrease from 1990 to 2000.

The tendency of several species to increase in maximum observed length over the years

seems counterintuitive. Because several large piscivores have declined to the point they are

no longer detected in our surveys, this might be the effect of predator release. However,

Barley et al. (2017) found exactly the opposite in Australia, comparing predator-depleted

reefs versus sites where sharks are common.

Our results are more consistent when compared by decade than by protection status;

however, a definite majority of species display greater abundance outside rather than inside

the MPA. The result may be discouraging, taken at face value. However, according to the

interaction term between protection status and decade, the difference was greater in the

nineties than in the decade of 2010, meaning that the decline was more intense in the non-

protected area. Arias-González (1998) explained the diversity in Mahahual, which was

greater than elsewhere in the southern Mexican Caribbean coast, in terms of natural factors

(habitat complexity and heterogeneity); our findings suggest that these ‘‘natural advan-

tages’’ of the non-protected area have been eroded through the years. On the other hand,

Morales-Aranda et al. (2012) mentioned, as another possible advantage of the region

outside the MPA, the influence of Chinchorro Bank, located 30 km offshore from

Mahahual, which affords protection against hurricanes and may be a source for recolo-

nization, a situation which should not change because of human influence.

This pattern supports a positive effect of the MPA (not reverting, but at least slowing

down declines), a detrimental effect of coastal development in the non-protected sites, or

both. However, the MPA itself, PNAX, in addition to its probably natural lower diversity

and abundance, is not pristine. Despite its protected status, it experiences frequent

poaching, habitat destruction from shipwrecks, and even the use of dynamite in 2004 to

open access to the Zaragoza Canal, a direct route to Chetumal (Fig. 4).

Nevertheless, the overall negative trends suggest a regional or global rather than (or

stronger than) a local cause. In addition to the lionfish invasion, the global change in ocean
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chemistry and dynamics will bring about massive extirpation of hermatypic corals in the

western Caribbean (Melo Merino 2013). Local success stories have had no significant

impact on the reduction of biodiversity loss (Butchart et al. 2010). To address such

international problems, MPAs, preferably provided strict no-take status (Soler et al. 2015),

should explicitly be integrated into international networks to enhance biological connec-

tivity between them (Pittman et al. 2014).
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the reefscape transformation of a coastal Caribbean coral reef during a phase shift and the associated
coastal landscape change. Mar Ecol 37:697–710. doi:10.1111/maec.12334

Melo Merino SM (2013) Cambios potenciales en la distribución de corales arrecifales (Scleractinia) del
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