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Caribbean coral reefs are undergoing massive degradation, with local increases of macroalgae and reduction of architectural complexity associated with loss of reef-building corals. We explored whether reef degradation affects the feeding ecology of two co-occurring spiny lobsters: Panulirus guttatus, which is an obligate reef-dweller, and Panulirus argus, which uses various benthic habitats including coral reefs. We collected lobsters of both species from the back-reef zones of two large reefs similar in length (∼1.5 km) but differing widely in level of degradation, at the Puerto Morelos Reef National Park (Mexico). We measured the carapace length (CL) and weight (W) of lobsters, estimated three condition indices (hepatosomatic index, HI; blood refractive index, BRI; and W/CL ratio), and analyzed their stomach contents and stable isotope values (δ15N and δ13C). All lobsters tested negative for the presence of the virus PaV1, which can affect nutritional condition. Stomach contents yielded 72 animal taxa, mainly mollusks and crustaceans, with an average of 35 taxa per species per reef, but with much overlap. In P. guttatus, CL, HI, BRI, and W/CL did not vary with reef, but mean isotopic values did. The isotopic niche of P. guttatus showed little overlap between reefs, reflecting differences in local carbon sources and underlining the habitat specialization of P. guttatus, which exhibited a higher trophic position on the more degraded reef. Overall, the trophic position of P. guttatus was higher than that of P. argus. In P. argus, none of the variables differed between reefs and the isotopic niche was wide and with great overlap between reefs, reflecting the broader foraging ranges of P. argus compared to P. guttatus. Additional isotopic values from 16 P. argus caught at a depth of 25 m in the fore reef suggest that these larger lobsters forage over different habitats and have a higher trophic position than their smaller conspecifics and congeners from the back reef. The feeding ecology of P. argus appears to be less influenced by coral reef degradation than that of P. guttatus, but our results suggest a buffering effect of omnivory against habitat degradation for both lobster species.
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INTRODUCTION

Coral reefs are among the most biodiverse ecosystems around the world, but are being increasingly degraded due to the combined effect of multiple global and local stressors (Hughes et al., 2017). Since the 1980s in particular, populations of key reef building corals (i.e., massive boulder and branching corals) throughout the Caribbean basin have rapidly declined and are being replaced with macroalgae in response to disease, storms, and climate change (Bruno, 2014; Jackson et al., 2014). This phase shift eventually results in loss of structure (i.e., “flattening,” Álvarez-Filip et al., 2009; Bruno et al., 2009). Although most Caribbean reefs are degraded to some extent (Bruno, 2014), different reefs vary in their level of degradation and also in their recovery rates, resulting in wide variations in percent cover of live coral and other constituents of the benthic community (including various types of macroalgae) at the local and landscape scales (Emslie et al., 2008; Edmunds, 2014; Lozano-Álvarez et al., 2017).

There is concern about the potential effects of coral reef degradation on reef-associated communities, yet most studies have mainly focused on scleractinian corals and reef fishes. For example, the loss of structure has been predicted to change the size distribution of reef fishes, particularly those that are habitat-specialists (e.g., Pratchett et al., 2008; Álvarez-Filip et al., 2015). However, in order to understand reef dynamics under rapidly changing conditions, it is necessary to assess ecological changes in other groups, such as motile invertebrates, as these organisms serve as trophic links and can drive key ecological processes on coral reefs (Stella et al., 2011; Kramer et al., 2015). Although these groups have overall been less studied than corals and reef fishes, recent works have found little effects of reef degradation on the diversity or abundance of mobile reef-associated invertebrates in general and of crustaceans in particular (Head et al., 2015; Nelson et al., 2016; Lozano-Álvarez et al., 2017; González-Gómez et al., 2018). Reef degradation, however, may affect associated species in sub-lethal, more subtle ways, such as altering their trophic niche (Letourneur et al., 2017) or reducing their physiological condition due to changes or declines in food availability or quality (Pratchett et al., 2009; Hempson et al., 2018).

Spiny lobsters (Crustacea: Decapoda: Palinuridae) are among the largest and more abundant invertebrates in coral reef habitats (Briones-Fourzán and Lozano-Álvarez, 2013). They are also omnivorous mesopredators highly interlinked within their food webs, acting as consumers of smaller animals and as prey for larger predators. Spiny lobsters sustain important fisheries wherever they occur and many studies have addressed overfishing and management issues for spiny lobsters (reviewed in Phillips et al., 2013). Although spiny lobsters can respond to habitat characteristics (e.g., shelter or food availability) at local and landscape scales (Mai and Hovel, 2007; Wynne and Côté, 2007; MacArthur et al., 2011), little is known about the potential effects of coral reef degradation on the trophic ecology of tropical, reef-associated spiny lobsters (e.g., Lozano-Álvarez et al., 2017).

The congeners Panulirus argus (Caribbean spiny lobster) and P. guttatus (spotted spiny lobster) co-occur on coral reefs throughout the wider Caribbean region (Lozano-Álvarez et al., 2007), but differ in many traits (reviewed in Briones-Fourzán, 2014). For example, P. guttatus is a relatively small spiny lobster (<90 mm carapace length, CL) that is restricted to the coral reef habitat for its entire benthic life (Sharp et al., 1997) and exhibits limited movements, with adults having home ranges of around 100 m in radius (Lozano-Álvarez et al., 2002). In contrast, P. argus undergoes ontogenetic habitat shifts during its benthic life and is a highly mobile lobster, with home ranges tending to increase with lobster size (Herrnkind et al., 1975; Lozano-Álvarez et al., 2003; Bertelsen, 2013). The early juveniles of P. argus remain in the settlement habitat (coastal marine vegetation) for several months but then migrate to coral reef habitats as subadults (∼50 to 80 mm carapace length, CL) (Butler et al., 2006). Adult P. argus (∼80 to 200 mm CL) remain associated with coral reefs, but can occur to depths of 50–100 m (Lozano-Álvarez et al., 1991). These lobsters, usually larger than their conspecifics dwelling on the back-reef/crest zones, may occasionally return to forage on back-reef and reef lagoons areas due to their high mobility (Bertelsen, 2013; Briones-Fourzán and Lozano-Álvarez, 2013). P. argus sustains some of the most valuable fisheries throughout the wider Caribbean region, whereas P. guttatus is mostly targeted by recreational fishers, with small commercial fisheries in only some Caribbean islands. Another important difference between the two congeners is that P. argus, but not P. guttatus, is host to Panulirus argus Virus 1 (PaV1) (Shields and Behringer, 2004). This pathogenic virus can be lethal to juvenile lobsters (Butler et al., 2008) and affects the nutritional condition of the host lobsters (Briones-Fourzán et al., 2009), with potential consequences for populations of P. argus and the fisheries for this species (Behringer et al., 2011).

Both P. guttatus and P. argus have broad diets consisting of a wide variety of invertebrates, mainly small mollusks and crustaceans (e.g., Herrnkind et al., 1975; Colinas-Sánchez and Briones-Fourzán, 1990; Espinosa et al., 1990; Cox et al., 1997; Briones-Fourzán et al., 2003; Butler and Kintzing, 2016). Yet, a stable isotopes analysis (δ13C and δ15N) showed that despite great overlap in the diet of both species in terms of gross taxa, P. guttatus had a higher trophic position (mean δ15N value) than P. argus, and that both species had a very wide range in δ13C values, potentially reflecting differences in primary carbon sources at different spatial scales (Segura-García et al., 2016). In the Puerto Morelos Reef National Park, Mexico, Lozano-Álvarez et al. (2017) found that habitat complexity is an important factor determining the trophic ecology of P. guttatus. By comparing individuals of P. guttatus from two small isolated reef patches differing in architectural complexity, these authors found that P. guttatus from the less complex reef patch consumed proportionally more crustaceans than did conspecifics from the more complex (and less degraded) reef patch, which consumed proportionally more mollusks. Individuals from both patches had similar nutritional condition and δ15N values but differed in mean δ13C values, suggesting a similar diet quality but different carbon sources between reef patches. However, these authors acknowledged that the small size of the reef patches that they studied (1–1.4 ha) might not be representative of the impact of reef degradation on the trophic ecology of P. guttatus populations at larger scales.

Building upon these previous studies, we investigated the potential impacts of coral reef degradation on the feeding ecology of co-occurring P. guttatus and P. argus. As a first approach, our study focused on intra- and interspecific comparisons of stable isotopic niches and metrics, stomach contents, and three indices of nutritional condition between lobsters dwelling in an exceptionally well preserved reef versus lobsters dwelling in a highly degraded reef. We also did isotopic analyses in several individuals of P. argus captured by fishers in deeper waters along the fore-reef zone. Given the different life history traits of these species, we expected the feeding ecology of the habitat specialist (P. guttatus) to be more affected by habitat degradation than that of the generalist species (P. argus). In particular, we predicted that P. guttatus would have a smaller isotopic niche size and a lower mean δ15N value in the more degraded reef.

MATERIALS AND METHODS

Study Area

The Puerto Morelos Reef National Park (PMRNP), located on the Mexican portion of the Mesoamerican Reef System (MRS, Western Caribbean) (see Figure 1), is a marine protected area that consists of a series of shallow reef units and patches constituting an extended fringing reef system separated from the shoreline by a shallow (<5 m) reef lagoon. The continental shelf is very narrow (<3 km) along most of the eastern coast of the Yucatan peninsula, but begins to widen in the Puerto Morelos area. This shelf configuration favors the development of coral communities on the reef crest and back-reef zone (i.e., the protected zone of the reef facing the continental coast). By contrast, on the fore-reef zone (the exposed zone of the reef facing the open sea) the coral cover is mostly of low relief and is limited to a depth of ∼25 m by a broad sand platform that extends to the edge of the continental slope (Jordán-Dahlgren, 1993). The present study is part of a larger research project into the impacts of coral reef degradation on local food webs and associated communities (González-Gómez et al., 2018; Morillo-Velarde et al., 2018). The research was conducted on two large coral reef units differing in level of degradation, “Limones” (centered at 20°59.1′ N, 86°47.9′ W) and “Bonanza” (centered at 20°57.6′ N, 86°48.9′ W). The two reef units are similar in size (∼1.5 km in length) and are separated from one another by a distance of ∼2 km. However, Limones is considered an exceptional site within the MRS because it contains abundant healthy populations of the Caribbean reef-building coral Acropora palmata, which has all but disappeared in many reefs along the MRS (Rodríguez-Martínez et al., 2014). In contrast, Bonanza is a highly degraded reef with a predominance of erect macroalgae and relic coral skeletons (Morillo-Velarde et al., 2018). Fishing activities have been banned at depths <5 m on both reefs since 1996, when the National Park was established. Bonanza is open to visitation, but Limones is closed to all types of touristic activities since 2014.
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FIGURE 1. (A) Schematic map of the Puerto Morelos Reef National Park (PMRNP, dashed line), showing the location of the studied reefs, Limones and Bonanza. The dotted lines denote isobaths, and the yellow oval indicates the general area where the deep-habitat lobsters were caught. The inset shows the location of the PMRNP on the Caribbean coast of Mexico. Photographs showing the current state of (B) Limones and (C) Bonanza (Photo credits: Fernando Negrete-Soto).



Assessment of Reef Benthic Constituents

There is evidence that Bonanza has sustained considerably more degradation than Limones since a baseline study conducted in 1985 (Jordán-Dahlgren, 1993). Recently, Morillo-Velarde et al. (2018) assessed the cover of live coral and macroalgae on both reefs based on eight transects over the central part of each reef, whereas González-Gómez et al. (2018) did a similar analysis based on 24 transects on Limones and 21 on Bonanza, but exclusively over the back-reef zone. Here, we expand the benthic assessment by using data from 44 transects randomly laid throughout the back reef and crest zones of Limones and 35 throughout Bonanza. The transects were 10 m in length and marked every 10 cm to estimate the percent cover of various benthic constituents by means of the point intercept method (Risk, 1972). This method consists in recording the type of benthic constituent observed under every 10-cm mark, thus yielding 100 records per transect. We considered the following constituents: live hard coral, crustose coralline algae, algal turf, calcareous macroalgae, fleshy macroalgae, cyanobacteria, sessile invertebrates (sponges, soft corals, Millepora, zoanthids), and other substrates (sand, bare substrate, seagrass). To examine the similarity of benthic constituents between reefs, the percentage data were logit-transformed (Warton and Hui, 2011) and subjected to a principal components analysis (PCA). The transformed data for each constituent were then compared between reefs with General Linear Models (GLM) (Lozano-Álvarez et al., 2017).

Lobster Sampling

We haphazardly collected 15 individuals of P. guttatus and 15 of P. argus from the back-reef to crest zones along the central third of each reef, over a depth range of 1–5 m. The sample size was determined based on isotopic niche metrics from two previous studies conducted in the PMRNP: Segura-García et al. (2016), who found high among-individual niche variation in 12 lobsters of each species sampled from multiple reef sites, and Lozano-Álvarez et al. (2017), who found a clear separation along the δ13C axis but not along the δ15N axis between two samples of 20 P. guttatus each from two different reef sites. The entire lobster sampling on Limones and Bonanza took place over the course of 3 weeks, from October 7 to 29, 2015. Because lobsters hide in crevices during the day and leave their dens to forage after dusk, individual lobsters were collected with hand nets by SCUBA diving between 20:00 and 22:00 h to increase the probability of finding contents in their stomachs. Once on the boat, the lobsters were put into a container with ice slurry to slow digestion and transferred to the laboratory within 1 to 2 h of collection. Each lobster was measured (carapace length, CL, from between the rostral horns to the posterior edge of the carapace) with Vernier calipers (±0.1 mm) and weighed (W, in g) on a digital scale (0.01 g) after blotting excess water. The base of the fifth pereopod was swabbed with 70% ethanol to extract a sample of hemolymph using a sterile 1-ml disposable insulin syringe. A portion of the hemolymph sample was used immediately to determine the blood refractive index (see section “Stable Isotope Analyses”) and the rest was fixed in 95% ethanol and stored at -20°C for further molecular testing for the presence of DNA of P. argus Virus 1 (PaV1) (see section 2.8). Then, each lobster was dissected to obtain a sample of abdominal (tail) muscle and to extract the stomach and hepatopancreas (digestive gland). The hepatopancreas was weighed (HW, ±0.01 g) after blotting excess water. The stomach was preserved in 70% ethanol for further contents analyses.

Stomach Content Analyses

The quantitative analysis of stomach contents followed Briones-Fourzán et al. (2003) and Segura-García et al. (2016). For each individual, stomach contents were examined under a stereomicroscope and grouped into food categories corresponding to gross taxa. Percent frequency of occurrence was estimated for each food category (%F = number of stomachs containing the food category/total number of stomachs examined × 100). All the food categories of an individual stomach were placed on separate parts of a large Petri dish and gently pressed to a uniform depth. The Petri dish had a disk of millimetric paper glued to its exterior. The area (i.e., number of squares) for each food category, measured under a magnifying glass, was used to estimate its percent contribution by volume (%V) to the total volume of stomach contents (i.e., the sum of the areas of all food categories). This technique standardizes the volume estimates irrespective of the size of the lobsters (Joll and Phillips, 1984). With these data, an index of relative importance [IRI = (%V × %F)/100] was computed for each food category. IRI values range from 0 to 100, with values >40 denoting preferred prey, values between 10 and 40 denoting secondary prey, and values <10 denoting occasional or accidental prey. Horn’s index of overlap (Horn, 1966), computed using the %V of food categories, was used to determine diet overlap between conspecific lobsters from both reefs and between congeneric lobsters on the same reef. Horn’s index ranges from 0 (no overlap) to 1 (complete overlap). For interspecific and intraspecific comparisons, values ≤0.6 and ≤0.8, respectively, are considered indicative of major differences in diet (Cartes and Sardà, 1989; Briones-Fourzán et al., 2003).

A more qualitative analysis of the diet was conducted by identifying stomach contents to the lowest taxonomic level possible. In spiny lobsters, the combined action of the mouth parts and the gastric mill can result in highly fragmented contents; therefore, identification of prey was often based on remains such as shell and body fragments, opercula, spines, spicules, claws, appendages, and portions of exoskeletons and calcareous tests. Occasionally, small prey were found almost intact. The diet composition was analyzed using multivariate techniques with PRIMER 6 v6.1.9 (PRIMER-E Ltd.). Differences in the diet composition among the four groups of lobsters (P. argus and P. guttatus from Limones and Bonanza) were analyzed by non-metric multidimensional scaling (nMDS) on a presence/absence matrix using the Russell-Rao similarity coefficient (Jackson et al., 1989). The statistical significance of the observed differences in the diet composition among lobster groups was further tested with a one-way analysis of similarity (ANOSIM). This test provides an R-value indicative of the degree of difference between samples. R-values close to 0 are indicative of little difference while values close to 1 are indicative of a large difference in sample composition (Clarke and Warwick, 2001). We then did a similarity percentage analysis (SIMPER, Clarke, 1993) to identify those species responsible for the observed similarities in diet composition within each group of lobsters and differences in diet composition among the four groups.

Stable Isotope Analyses

Stable isotope analysis is based on naturally occurring differences in the ratios of nitrogen isotopes 15N/14N (δ15N) and carbon isotopes 13C/12C (δ13C) in tissues between consumers and their diet. These differences arise due to preferential retention of heavier isotopes and excretion of lighter isotopes, leading to relative enrichment in 15N and 13C with increasing trophic level (discrimination factors). The amount of 15N in tissues is indicative of an animal’s trophic position, whereas 13C content can be used to recognize primary sources of carbon (i.e., foraging habitat) (Post, 2002; Gulka et al., 2017). Samples of lobster abdominal (tail) muscle were rinsed with ultrapure MilliQ water, dried completely at 60°C and ground to a fine powder with agate mortar and pestle; then ∼1 mg of powdered tissue was transferred into tin capsules. The determination of the δ13C and δ15N composition was conducted at the Mass Spectrometry Laboratory, Centro Interdisciplinario de Ciencias Marinas, Instituto Politécnico Nacional, La Paz, Mexico, using an elemental analyzer (Elemental Combustion System, Costech model 4010) coupled to an isotope ratio mass spectrometer (Finnigan Delta V Plus, Thermo Scientific). The average precision across runs was 0.02‰ for δ13C and 0.1‰ for δ15N. Carbon and nitrogen ratios were expressed in delta (δ) notation, in units of per mil (‰): δ = 1000 × (R sample -R standard)/R standard, where R is the ratio of the heavier, rare isotope (13C or 15N) to the lighter, more common isotope (12C or 14N, respectively) (Post, 2002). Delta values are reported relative to the international standards of Vienna Pee-Dee Belemnite carbon and atmospheric nitrogen.

In contrast with P. guttatus, which does not occur outside the coral reef structure, P. argus occurs to depths in excess of 50 m on the continental shelf off Puerto Morelos (Lozano-Álvarez et al., 1991). For comparative purposes, we obtained a sample of 16 P. argus (mostly tails) caught by local fishers at an average depth of 25 m (range: 24–27 m) along the fore-reef edge. As fishers at Puerto Morelos commercialize only the lobster tails, these lobsters were only used to compare their stable isotope composition with their back-reef/crest conspecifics to examine whether they can also forage on the shallow reef habitats. We estimated the CL of these “deep habitat” lobsters using tail length-CL equations obtained for adult male and female P. argus from the Puerto Morelos area (Padilla-Ramos and Briones-Fourzán, 1997).

The isotopic (i.e., trophic) niche width for the five groups of lobsters (P. guttatus and P. argus from Limones and Bonanza, and P. argus from the deep habitat) was determined based on the isotopic dispersion of samples within a two-dimensional (δ13C and δ15N) space. A variety of niche metrics allows a more precise description of the isotopic niche of different species (Layman et al., 2007a); for example, CR and NR provide the range in δ13C and δ15N values for each group of lobsters, whereas the total area (TA) index, which is a measure of the area of a polygon drawn through the most extreme data points of the isotopic niche space (i.e., the convex hull), provides an estimation of the total trophic diversity of individuals of a given group in the isotopic biplot (Layman et al., 2007a). To estimate dietary differences among groups, we compared their Bayesian standard ellipse area (SEAc), corrected for small sample size by 2 standard deviations (n-1 for each axis), which contains the mean core of the population isotopic niche (40% of 10000 randomizations, Jackson et al., 2011). The trophic niche overlap was calculated as the overlap between each pair of SEAc. These metrics were estimated and plotted using the SIBER routine for the SIAR package in R (Jackson et al., 2011). We also estimated the ratio SEAc/TA, which is a measure of individual variability within the group (the lower the value of this ratio, the higher the individual variability; Letourneur et al., 2017).

To examine the contribution of different primary carbon sources to the diet of P. guttatus and P. argus from Limones and Bonanza we used stable isotopes data from particulate organic matter (POM), macroalgae (four species: Amphiroa tribulus, Caulerpa racemosa, Dictyota cervicornis, and Halimeda tuna), algal turf + epiphytes, and the seagrass Thalassia testudinum, sampled from the two reefs during the same period as our lobsters (see Morillo-Velarde et al., 2018). We did this analysis with Bayesian mixing models (Parnell et al., 2010) using the SIAR package in R (Jackson et al., 2011). Mixing models require the use of discrimination factors, the best of which are those derived from the species under study or, failing that, from closely related species (Gulka et al., 2017). In the absence of specific discrimination factors for P. argus or P. guttatus, we used a range of discrimination factors estimated by Waddington and MacArthur (2008) from tail tissue of spiny lobsters P. cygnus fed various diets (δ15N range 1.67–2.97‰; mean 2.57‰; δ13C range 2.92–3.60‰; mean 3.20‰). The estimated values of the dietary proportion were obtained via a Markov-Chain Monte Carlo (MCMC) simulation.

Indices of Nutritional Condition

Because there is no single best nutritional condition index for use in all situations (Gutzler and Butler, 2017; Hempson et al., 2018), we used three different indices to assess nutritional condition of lobsters: the weight/length (W/CL) ratio, the hepatosomatic index (HSI = HW/W × 100), and the blood (hemolymph) refraction index (BRI) (Lozano-Álvarez et al., 2017). In spiny lobsters, nutritional condition is positively related with both the W/CL ratio and the HSI, but for comparative purposes these indices need to be estimated on lobsters over a similar size range (Briones-Fourzán et al., 2009). The BRI was obtained by reading a portion of the hemolymph sample extracted from each lobster in a density refractometer. BRI is a proxy for physiological condition because hemolymph density is positively correlated with protein concentration in the serum of crustaceans (Lorenzon et al., 2011). However, as the molt cycle affects BRI (Rodríguez-García et al., 2015), we cut the distal third of one pleopod from each lobster to determine the molt stage by microscopy (Lyle and MacDonald, 1983). Only lobsters in intermolt (stage C of Drach’s scale) were used to estimate BRI.

Additional Statistical Analyses

For each lobster species, all response variables (CL, W/CL, BRI, HSI, δ13C and δ15N) were compared between reefs with General Linear Models (GLM), and separate factorial GLMs were further conducted to examine the effect of the two fixed factors (reef and species) on each response variable.

Testing for the Presence of DNA of PaV1

Upon infecting a lobster, PaV1 shows predilection for mesodermal cells, which include fixed phagocytes in the hepatopancreas (Li et al., 2008), and this organ becomes increasingly atrophied as the infection progresses, thus affecting the nutritional condition of the lobster host (Briones-Fourzán et al., 2009). Prevalence of PaV1 can reach 30% at some sites in the Puerto Morelos reef lagoon (Candia-Zulbarán, unpublished data), making it necessary to discard the presence of the virus in our lobsters. The diagnostic clinical sign of PaV1 (a milky hemolymph that does not clot) does not become evident until the lobsters are moderately to severely infected (Cruz-Quintana et al., 2011). Therefore, the presence of PaV1 was tested in hemolymph samples via molecular techniques (PCR) following the protocol of Huchin-Mian et al. (2013). Although P. guttatus does not appear to be affected by PaV1 (Butler et al., 2008), we also tested the hemolymph samples of P. guttatus for the presence of PaV1 to discard them as potential carriers.

RESULTS

Assessment of Reef Benthic Constituents

The first three axes of the PCA analysis of the cover of benthic constituents explained 37.3, 58.6, and 72.3% of the cumulative variance, respectively. A biplot of the first two principal components illustrates how the benthic constituents were interrelated (Figure 2). The first axis was essentially a contrast between live hard coral (loading: -0.742) and fleshy macroalgae (0.608), whereas the second axis accounted for algal turf (loading: 0.707) and coralline algae (0.508) (Figure 2). The third axis (not shown) mostly accounted for the cover of “other substrates” (loading: -0.829). Most transects on Limones differed from those on Bonanza along the first axis. The univariate analyses showed that the cover of most benthic constituents (with the exception of coralline algae, other sessile invertebrates, and other substrates) differed significantly between reefs (Table 1). The cover of live hard coral and algal turf was far greater on Limones, whereas the cover of fleshy macroalgae, cyanobacteria, and calcareous macroalgae was greater on Bonanza (Table 1). Overall, total algal cover was significantly greater on Bonanza than on Limones.
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FIGURE 2. Principal components analysis biplot on logit-transformation of percent cover of benthic constituents over Limones reef (blue dots, N = 44 transects) and Bonanza reef (brown dots, N = 35 transects). Each dot represents one transect. ATU, algal turf; CCA, coralline algae; CMA, calcareous macroalgae; CYA, cyanobacterial mats; FMA, fleshy macroalgae; LHC, live hard coral; OIN, other invertebrates; OSU, other types of substrate.



TABLE 1. Percent cover (mean ± 95% confidence interval) of benthic constituents on the studied reefs as measured in 44 transects on Limones reef and 35 transects on Bonanza reef.
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PaV1

All 30 individuals of P. guttatus and all 30 individuals of P. argus tested negative for PaV1 by PCR. Therefore, all 60 lobsters were subjected to the rest of the analyses.

Stomach Contents Analyses

Of the 60 lobsters, only one P. argus from Limones and two P. guttatus from Bonanza had empty stomachs. On both reefs, lobsters of both species fed primarily on the food categories mollusks and crustaceans, followed generally by echinoderms, polychaetes, and sponges (Table 2). Thus, in terms of gross taxa, the diet of conspecific lobsters exhibited significant overlap between reefs (Horn’s index P. argus: 0.952; P. guttatus: 0.903), as did the diet between lobster species on each reef (Limones: 0.803, Bonanza: 0.940). At Limones, no gross taxa emerged as a preferred food category for either species, but at Bonanza, crustaceans were the preferred food category for P. guttatus (IRI = 47.0) and mollusks for P. argus (IRI = 44.7).

TABLE 2. Quantitative results of stomach content analyses for Panulirus guttatus and P. argus from Limones and Bonanza reefs.
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Identification of stomach contents at a higher resolution (many to species level) yielded 72 different prey taxa, with 34–36 taxa per lobster species per reef, and 1–15 taxa per stomach (Supplementary Table S1). The nMDS 2D-ordination revealed a great overlap of the diet composition among the four groups of lobsters (Figure 3), reflecting their wide diet spectrum. The stress value (0.14) was moderately high, reflecting the presence/absence nature of the data (Clarke and Warwick, 2001). However, a 3D ordination plot (not shown) with a stress value of 0.09 confirmed the great overlap among the four groups of lobsters, which was further corroborated by ANOSIM (R = 0.142). Results of SIMPER (Supplementary Table S2) showed a low similarity in diet composition among conspecific individuals within each reef, ranging from 14.6% for P. guttatus on Limones to 28.5% for P. argus also on Limones, with nine to 11 prey species accounting for ∼90% of within-species similarity per reef. For P. guttatus, the three most common prey species per reef were the chiton Stenoplax purpurascens, the snail Tegula fasciata and the brittle star Ophiocoma wendtii on Limones (jointly accounting for 54.6% of the similarity among individuals), and the buttonsnail Modulus modulus, the stocky cerith Cerithium litteratum, and S. purpurascens on Bonanza (jointly accounting for 46.6% of the similarity). For P. argus, the three most common prey species per reef were T. fasciata, unidentified crabs, and S. purpurascens on Limones (accounting for 71.2% of the similarity), and T. fasciata, Cerithium sp., and unidentified bivalves on Bonanza (accounting for 44.9% of the similarity). Between reefs, dissimilarity in diet composition was higher for P. guttatus (83.9%) than for P. argus (77.4%), whereas within reefs, dissimilarity in diet composition between species was higher on Limones (83.1%) than on Bonanza (75.6%) (Supplementary Table S2).
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FIGURE 3. Non-metric multidimensional (nMDS) ordination of diet composition in stomach contents of Panulirus guttatus from Limones (blue squares) and Bonanza (red squares), and P. argus from Limones (green squares) and Bonanza (black squares) based on presence/absence of prey species. Each square denotes an individual lobster (N = 15 in every case).



Isotopic Niche and Metrics

The isotopic niches of the five groups of lobsters examined (P. guttatus from Limones and Bonanza; P. argus from Limones, Bonanza, and the deep habitat) showed some overlap along the δ13C axis but more differentiation along the δ15N axis (Figure 4 and Table 3). The P. argus from Bonanza exhibited the widest CR, which was reflected in a larger isotopic niche area (TA and SEAc, Table 3). The P. argus from both reefs showed the lower mean δ15N values despite their wide NR (Table 3). There was a 96.5% overlap between the SEAc of P. argus from Limones and Bonanza (Figure 4). The isotopic niches of P. guttatus from both reefs were much smaller than those of P. argus, but had little overlap (0.5%) because the P. guttatus from Bonanza had a narrower NR but a higher (more enriched) mean δ15N, and a broader CR but a lower (more depleted) mean δ13C than their conspecifics from Limones (Figure 4 and Table 3). Also, there was no overlap between the isotopic niches of P. guttatus and P. argus from Bonanza and Limones. The P. argus from the deep habitat had the lowest δ13C values but the highest δ15N values, with no overlap between the SEAc of this group and the SEAc of any of the other four groups of lobsters (Figure 4 and Table 3). All lobster groups exhibited moderate SEAc/TA ratio values (i.e., SEAc 2–2.5 times smaller than TA), indicating a relatively broad individual variability in isotopic values (Table 3).
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FIGURE 4. Isotopic niches. δ13C and δ15N values of individuals of P. guttatus from Limones (dark blue circles) and Bonanza (red circles), and of P. argus from Limones (green circles), Bonanza (black circles), and the deep habitat (light blue circles). Solid line of the same color as the dots: standard ellipse area corrected for small sample sizes (SEAc). Dotted line: convex hull area (TA).



TABLE 3. Stable isotopes and trophic niche metrics for each lobster group.
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Relative Importance of Primary Carbon Sources for Diet of Lobsters

At Bonanza, the main carbon source for both lobster species was POM, which contributed 65 and 70% to the isotopic signatures of P. argus (Figure 5A) and P. guttatus (Figure 5B), respectively. Seagrass emerged as a distant secondary carbon source, contributing ∼20% to the isotopic signature of both species on this reef, whereas the contribution of macroalgae and turf + epiphytes was close to nil (Figures 5A,B). On Limones, by contrast, turf + epiphytes contributed about 50% to the isotopic signature of both lobster species (Figures 5C,D). POM had a similar contribution to P. argus (∼45%), with virtually no contribution from either macroalgae or seagrass to this lobster species (Figure 5C). POM was the second most important contributor for P. guttatus on Limones (∼30%), followed at a distance by macroalgae (∼8%), whereas the contribution of seagrass was almost nil (Figure 5D). The isotopic niche of the large P. argus lobsters from the deep habitat clearly showed that these lobsters forage on habitats different from the shallower back-reef habitat (see section “Isotopic Niche and Metrics”); therefore, the mixed models did not include these lobsters.
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FIGURE 5. Relative importance of four different basal carbon sources for the spiny lobsters Panulirus argus (A,C) and P. guttatus (B,D) from Bonanza (A,B) and Limones (C,D) reefs. Boxes in different gray shading denote 95% (light), 75% (darker), and 50% (darkest) credibility intervals.



Size, Nutritional Condition, and Mean Stable Isotope Values

Individuals of P. guttatus from Limones (size range: 47.8–80.6 mm CL) and Bonanza (51.4–70.7 mm CL) did not differ significantly in mean size or any of the three nutritional indices, but differed significantly in mean δ15N and δ13C, with lobsters from Bonanza exhibiting higher values of δ15N and lower values of δ13C than lobsters from Limones (Table 4). Individuals of P. argus from Limones (size range: 33.3–80.6 mm CL) and Bonanza (38.5–81.3 mm CL) did not differ significantly in mean size or any of the three nutritional indices but, unlike P. guttatus, their mean values of δ15N and δ13C did not vary with reef (Table 5). The P. argus from the deep habitat (size range: 83.0–134.3 mm CL) had significantly larger mean size and values of δ15N, but lower values of δ13C, than the P. argus from Bonanza and Limones (Table 5).

TABLE 4. Results of General Linear Models testing for effects of reef habitat (Limones, Bonanza) on main response variables for Panulirus guttatus.
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TABLE 5. Results of General Linear Models testing for effects of reef habitat (Limones, Bonanza, and the deep reef) on main response variables of Panulirus argus.
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The factorial GLMs comparing each response variable between lobster species and reef units confirmed that mean values of CL, HSI, and W/CL did not vary with either species or reef (Table 6). BRI was not affected by reef but differed significantly between species, with higher mean values for P. guttatus than for P. argus on both reefs (the interaction term was not significant) (Table 6). Both main factors (reef and species) significantly affected δ15N, with higher values on Bonanza than on Limones and for P. guttatus than for P. argus. Finally, δ13C was not affected by species but varied with reef, with overall more depleted values in the entire sample of lobsters from Bonanza than for Limones. Raw data on individual lobster size and weight, three indices of nutritional condition, and stable isotope values appear in Supplementary Table S3.

TABLE 6. Results of General Linear Models testing for effects of reef (Limones, Bonanza) and species (Panulirus guttatus, P. argus) on six response variables of lobsters.
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DISCUSSION

In marine systems, omnivorous mesopredators play an important role in the transmission and distribution of organic matter across food webs (Thompson et al., 2007; Long et al., 2011). Habitat degradation and fragmentation is known to affect the trophic ecology and isotopic niche of fish mesopredators (Layman et al., 2007b; Ashworth et al., 2014; Hempson et al., 2017; Letourneur et al., 2017), but here we examined the impact of coral reef degradation on the trophic ecology of two co-occurring, omnivorous mesopredatory spiny lobsters. Our analysis of benthic constituents confirmed that, of our two study reefs, Bonanza is more degraded, with far more cover of fleshy and calcareous macroalgae as well as cyanobacterial mats, whereas Limones still has abundant coral communities dominated by A. palmata (Rodríguez-Martínez et al., 2014; González-Gómez et al., 2018; Morillo-Velarde et al., 2018). We found that the trophic ecology of P. guttatus (the habitat specialist) appeared to be more impacted by reef degradation than that of P. argus. This impact was not evident through differences in stomach contents or nutritional condition but through changes in the isotopic niche, albeit not entirely as predicted. Although the P. guttatus from the more degraded reef (Bonanza) did have a smaller isotopic niche, they exhibited a higher trophic position (more enriched values of δ15N) than the P. guttatus from the less degraded reef (Limones).

Interestingly, these findings contrast with a previous study conducted in the same region in which P. guttatus lobsters from two relatively small reef patches (100 and 140 m in length) differing in rugosity and level of degradation, differed in their mean δ13C values but not in their δ15N values (Lozano-Álvarez et al., 2017). Compared to those small reef patches, however, Limones and Bonanza are much larger reef units (1.5 km in length each). Therefore, the differences in mean δ13C of P. guttatus between Limones and Bonanza likely reflect local differences in carbon sources, which in turn could be related with varying levels of degradation (Bruno, 2014), whereas the higher mean δ15N value of P. guttatus on Bonanza suggests that lobsters on this reef incorporate prey of higher trophic positions in their diet. These stable isotope results provide further evidence that foraging activity of individuals of P. guttatus is constrained to the reef on which they reside (Sharp et al., 1997; Lozano-Álvarez et al., 2002, 2017; Butler and Kintzing, 2016).

In contrast, we did not find a discernible impact of reef degradation on the trophic ecology of P. argus. Most of the P. argus sampled on both reefs were subadults (i.e., <80 mm CL), which, although less mobile than adults (Butler et al., 2006), can still exhibit considerable foraging movements (e.g., up to 400 m overnight, Lozano-Álvarez et al., 2003). Indeed, compared to P. guttatus, the mean δ13C values of P. argus did not vary significantly with reef, but their much broader and greatly overlapping ranges suggest that they may forage in various habitats adjacent to their home reefs, potentially including seagrass meadows, algal beds, rubble, or sandy bottoms of the reef lagoon (Herrnkind et al., 1975; Cox et al., 1997; Bertelsen, 2013). Thus, in contrast with P. guttatus, the isotopic niche of P. argus was larger on Bonanza, suggesting that some individuals from this reef may travel farther to seek food than conspecifics from Limones do. On the other hand, some P. argus lobsters had more depleted δ13C values on Bonanza than on Limones, a pattern similar to that of P. guttatus, suggesting that some P. argus do forage on the reef itself. This could reflect a greater availability of certain types of prey on Bonanza, such as bivalves or cerithiids, which were abundant in stomach contents of P. argus from Bonanza.

Habitat degradation alters trophic pathways of benthic communities. For example, for the same reefs studied here, Morillo-Velarde et al. (2018) showed that turf algae + epiphytes were the most important carbon source for all consumer categories on Limones, denoting a more benthic-derived carbon pathway, whereas particulate organic matter (POM) was the major carbon source for carnivores on Bonanza, denoting a more plankton-derived carbon pathway. We found that POM was indeed a major carbon source for both P. guttatus and P. argus on Bonanza, followed at a distance by seagrass, but on Limones the most important source for P. guttatus was turf + epiphytes, followed by POM, whereas both these sources were equally important for P. argus. Again, these results provide further evidence that P. guttatus do not forage outside their home reef and that P. argus can forage both on the reef and on adjacent habitats. Interestingly, seagrass contributed a proportionally larger fraction of basal carbon to both lobster species on Bonanza (∼25% for P. argus, 20% for P. guttatus) than on Limones (virtually zero), suggesting that seagrass-derived carbon propagates more along the food chain on the more degraded reef than on the healthier reef. In the case of P. argus, this would be consistent with some individuals from Bonanza feeding on nearby seagrass habitats. Although individuals of P. guttatus do not forage outside the coral reef habitat, lobsters of this species have been observed feeding along the reef-seagrass interface (Segura-García et al., 2016).

Unlike the comparatively smaller P. argus from Bonanza and Limones, which forage on the back-reef itself and adjacent habitats over the reef lagoon, the bigger P. argus from the deep habitat appear to forage over the deep fore-reef habitat and nearby sand platform, i.e., sites with a more plankton-derived carbon pathway (France, 1995), as suggested by their lower mean δ13C value. Also, their much higher mean δ15N value indicates that these bigger P. argus are more carnivorous than their smaller conspecifics from shallower reefs (as found for P. cygnus from western Australia, Waddington et al., 2008), and also than the habitat-specialist P. guttatus.

In terms of the relative importance of different food categories (by gross taxa), both P. argus and P. guttatus exhibited a more diverse diet on Limones, where neither species showed preference for a particular food category, than on Bonanza, where P. argus showed preference for crustaceans and P. guttatus for mollusks. Many invertebrates consumed by spiny lobsters (including some gastropods, chitons, and majoid crabs) feed on fleshy, calcareous, and coralline macroalgae (Stachowicz and Hay, 1996), and some can feed on cyanobacterial mats, which are becoming increasingly prominent on declining reefs (Charpy et al., 2012) such as Bonanza. Species of spiny lobsters living in cool-temperate ecosystems can exert control on populations of herbivores such as sea urchins (e.g., P. interruptus in California, United States, Tegner and Levin, 1983; P. penicillatus and P. gracilis in the Galapagos, Ecuador, Edgar et al., 2010; Jasus edwardsii in Tasmania, Australia, Ling et al., 2009; J. lalandii in South Africa, Blamey et al., 2014). This is less likely to occur in the more biodiverse tropical coral reefs, where the local spiny lobsters tend to be more omnivorous, although Butler and Kintzing (2016) postulated that P. guttatus could exert top-down control on highly degraded, but very small (131 m2 on average), patch reefs in the Florida Keys (United States). We found 72 different prey taxa from several phyla in gut contents of both lobster species, with an average of 35 prey taxa per lobster species per reef. These results indicate a very broad diet for both species, as confirmed by the lack of differences obtained in the multivariate analyses conducted on these data and in the SEAc/TA ratio values of all lobster groups. Other studies also identified many prey taxa in gut contents of P. argus (Espinosa et al., 1990; Cox et al., 1997; Martínez-Coello et al., 2015). These results indicate that both P. argus and P. guttatus feed opportunistically, shifting or diversifying their diet according to available resources.

Overall, δ15N values were lower for P. argus than for P. guttatus, indicating that, over time, herbivores contribute more to the diet of P. argus, as suggested by Segura-García et al. (2016). Indeed, some herbivorous mollusks (S. purpurascens, T. fasciata, Cerithium spp.) were among the most abundant prey in stomach contents of P. argus, but also of P. guttatus. Although the higher trophic position of P. guttatus at Bonanza suggests that, over time, these lobsters feed on prey of higher trophic positions than their conspecifics at Limones do, few of the identified carnivorous/scavenger prey species (e.g., the gastropods Calliostoma spp., Bulla striata, Conus spp., Naria spurca, and Vexillum albocinctum; the limpets Diodora spp.; the stomatopod Neogonodactylus oerstedii, and the ophiurid Ophiocoma wendtii) were among the most abundant in stomach contents of P. guttatus. Inconsistencies between the results of stomach contents and stable isotope analyses have been found in other studies (e.g., Ho et al., 2007; Ashworth et al., 2014), but this has been mostly ascribed to a low taxonomic resolution of the diet (Longenecker, 2007), which was not the case in the present study. However, stomach contents provide detailed information on the identity and relative abundance of recently ingested items, whereas stable isotope analyses can provide an indication of what was ingested and assimilated over several weeks; therefore, another potential source of inconsistencies could be the difference in turnover rates between muscle tissue and the different items in the stomach contents. In spiny lobsters, for example, the estimated half-time for muscle tissue is 147 days (Suring and Wing, 2009), whereas evacuation rates of prey vary from a few hours to a few days (Waddington, 2008).

We did not find significant differences in any of the three nutritional indices for either lobster species between Limones and Bonanza. Therefore, despite differences in some components of the diet and in the isotopic niche sizes, the overall quality of the diet appears to be similar between reefs for each species (Lozano-Álvarez et al., 2017). This may reflect the very wide spectrum of prey opportunistically consumed by these omnivorous spiny lobsters. Interestingly, though, P. guttatus had an overall higher BRI than P. argus, suggesting a higher level of serum protein for the habitat specialist, which would appear consistent with P. guttatus being more carnivorous than the P. argus co-occurring on the same reef habitats.

Coral reef degradation appears to be impacting the trophic ecology of P. guttatus more than that of P. argus, but our results suggest a potentially buffering effect of omnivory against reef degradation for both spiny lobster species. However, coral reef degradation is an ongoing process that is expected to continue in the years to come (Hughes et al., 2017), potentially resulting in lobsters having to travel farther to seek food, which may involve shifts in diet and in trophic pathways. Although habitat specialization does not equate with diet specialization, P. guttatus will probably be more affected by reef degradation because this species can neither forage outside the coral reef nor make a facultative use of other habitats. Reef degradation and its associated loss of complexity may also eventually affect these lobsters in other ways by decreasing available refuge or reproduction sites (Wynne and Côté, 2007; Lozano-Álvarez et al., 2017). Precisely because of these issues, productivity of reef fisheries is expected to decline with increasing coral reef degradation (Rogers et al., 2018). However, this might not necessarily be the case for P. argus given the greater movement ranges and colonization abilities of this species that allow it to use various habitats in addition to coral reefs (Briones-Fourzán and Lozano-Álvarez, 2013; Briones-Fourzán, 2014). To further understand the consequences of reef degradation on facultative species such as P. argus, studies involving a wider range of habitats and environmental conditions would be necessary.
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