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Mangrove nurseries are crucial for fishery production, supplying energy and nutrients via leaf organic matter in food webs. Recent stable isotope studies emphasize the nutritional value of mangrove detritus, especially for leaf-eating crabs, while algae remain important for other consumers in the ecosystem. In the Galapagos Islands, protected shorelines with mature mangrove forests may significantly contribute to secondary production. In this study, we measured carbon (δ¹³C) and nitrogen (δ¹5N) stable isotope ratios from primary producers (e.g., mangroves, epiphytes, benthic algae), coastal sediments, and consumers (including fish larvae, epibenthic, and zooplanktonic crustaceans). We used Bayesian mixing models to assess the relative importance of food sources across six protected shorelines on Santa Cruz and Isabela Islands, representing different biogeographic origins. We also examined environmental drivers and habitat conditions influencing spatial variation in resource partitioning among consumers. Our results reveal distinct dietary patterns: ‘δ¹³C-depleted’ consumers (e.g., crab larvae, post-flexion fish larvae) relied heavily on mangroves and epiphytes, with terrestrial inputs exceeding 25%; whereas ‘δ¹³C-enriched’ consumers (e.g., polychaetes, caridean shrimps) primarily fed on microphytobenthos, macroalgae, and ¹³C-rich organic matter, with terrestrial inputs < 25%. Opportunistic feeding is suggested for fishery-related taxa, such as spiny lobster larvae. Turbidity and nitrate concentration emerged as key drivers of resource partitioning, with spatial patterns more distinct within islands than between them. These results highlight the dominant role of local hydrophysical conditions and water quality in shaping mangrove nursery functions, surpassing the influence of broader regional factors. Our study also underscores the importance of internal nutrient recycling—particularly mediated by larval crabs—in sustaining early life stages of fish and other mid-trophic species. These findings call for a deeper understanding of how habitat conditions and environmental variability influence food availability at both local and regional scales.
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1 Introduction

Mangrove ecosystems are prevalent across tropical and subtropical regions, providing habitat, shelter and food to numerous organisms, including many species of fishery relevance (Nagelkerken et al., 2008; Hogarth, 2015). These ecosystems offer multiple services that benefit fishery activities, such as food and raw materials, wave attenuation, and enhancement of the well-being of coastal communities reliant on nearshore resources (Barbier et al., 2011; Lee et al., 2014; Benzeev et al., 2017). However, the primary scientific focus has been on the role of mangroves as nursery habitats for fish (Beck et al., 2001; Nagelkerken et al., 2010; Igulu et al., 2014; Whitfield, 2017). Several hypotheses have been proposed to explain the attractiveness of mangroves for juvenile fauna (Nagelkerken and Faunce, 2008). Nursery function may be derived from the higher abundance of food relative to other less structured habitats (e.g., sublittoral soft bottoms), mangrove litter and detritus constituting an important part of the diet of post-settlement fish larvae (i.e., ‘food availability’ hypothesis; Laegdsgaard and Johnson, 1995; Jennerjahn and Ittekkot, 2002; Verweij et al., 2006). Alternatively, the advantages that mangroves confer may also reside in a reduced predation risk and the provision of shelter from physical disturbance (Verweij et al., 2006; Rooker et al., 2018). These perspectives are not necessarily mutually exclusive. More recent explanations, such as the ‘seascape nursery’ concept proposed by Nagelkerken et al. (2015), provide a more comprehensive evaluation of the role of habitats throughout early life stages and incorporate the significance of movement corridors linking hotspots of nekton abundance and productivity (Litvin et al., 2018).

Early stable isotope studies suggested that mangrove-derived carbon played a minor role in aquatic food webs, with other primary producers—such as phytoplankton, benthic algae, seagrass leaves, and mangrove epiphytes—considered the primary energy sources for fishery production (Hsieh et al., 2002; Kieckbusch et al., 2004). However, recent research, particularly on leaf-eating crabs (e.g., Sesarmidae and Ucididae families), has challenged this view, showing that these consumers assimilate significant amounts of mangrove detritus, underscoring the importance of mangrove carbon as both a dietary energy source and a contributor to higher trophic levels (TLs; Werry and Lee, 2005; Bui and Lee, 2014; Kristensen et al., 2017; Medina-Contreras et al., 2024).

Disagreement regarding mangroves as nursery grounds is partly due to the use of traditional trophic enrichment factors (TEFs) in mixing models (e.g., Post, 2002; McCutchan et al., 2003), which tend to underestimate mangrove carbon’s contribution—particularly for leaf-eating crabs, which show higher fractionation values than expected (Bui and Lee, 2014). The complexity of mangrove ecosystems, shaped by biotic, abiotic, and spatial factors (Ewel et al., 1998; Blaber, 2007), further complicates the issue. Feeding preferences and strategies vary across and within species. Ontogenic dietary changes are particularly notable in many species that rely on the mangrove-seagrass-reef continuum (Cocheret de la Morinière et al., 2003; Kimirei et al., 2013). For example, penaeid shrimp rely on mangrove carbon during early life stages but shift to other sources in other habitats as adults (Mohan et al., 1997). Additionally, spatial variation driven by mangrove forest typology, coastal geomorphology, and habitat configuration affects the availability and role of carbon sources in food webs (Faunce and Layman, 2009).

The Galapagos Islands represent the westernmost archipelago with native mangrove forests in the Americas and the Tropical Eastern Pacific (TEP). Mangroves in the Galapagos predominantly grow as vertically underdeveloped fringe vegetation along the coast (Wium-Andersen and Hamann, 1986), characterized by a terrigenous sedimentary setting, meaning they are dominated by minerogenic sedimentation from terrestrial sources (Worthington et al., 2020). Well-developed mangrove forests are limited to a few scattered bays and other protected shorelines, primarily in the central and western islands (Moity and Delgado, 2018; Moity et al., 2019). Due to strict protective measures implemented since 1959, including bans on logging and shrimp farming, Galapagos mangroves remain close to a pristine state (Moity et al., 2019). The establishment of the Galapagos Marine Reserve (GMR) in 1998 further enhanced protection by banning industrial fishing and allowing only licensed artisanal fishers to operate in 99% of the GMR’s designated waters, following a customary zoning scheme (Heylings et al., 2002; Moity, 2018). In some mangrove areas, fishing activities target specific species, such as mullets, and are also used to capture bait species and provide resting areas for shade (Pontón-Cevallos et al., 2022). Given the absence or reduction of alternative potential nursery habitats, such as seagrass beds, coral reefs, and salt marshes, mangroves are crucial in ensuring nursery functions. They support species that are important for both fisheries (Fierro-Arcos et al., 2021; Plumlee et al., 2022; Aguaiza et al., 2024) and tourism (Chiriboga-Paredes et al., 2022).

However, the extent to which mangrove-derived organic matter sustains the early life stages of these species remains unknown. Neither its nutritional role for the prey of these species, nor for other planktonic (e.g., brachyuran crab larvae) and epibenthic consumers (e.g., amphipods), has been clarified. Given the significant regional (i.e., among marine bioregions/islands; Edgar et al., 2004; Fierro-Arcos et al., 2021; Aguaiza et al., 2024) and local variability (i.e., within islands; Moity et al., 2019; Llerena-Martillo et al., 2018) in both biotic and abiotic components of the ecosystem, it is likely that isotopic baselines, as well as consumer resource preferences and dependencies, also vary across these scales. Stable isotope analysis (SIA) can be a suitable approach to enhance our understanding of the mechanisms and variability of the mangrove nursery role in the Galapagos. Carbon and nitrogen stable isotope measurements have been widely used to trace the fate of organic matter in coastal food webs worldwide, including in mangrove ecosystems (e.g., Rodelli et al., 1984; Bouillon et al., 2007; Abrantes et al., 2015; Then et al., 2021). These tracers offer significant advantages over traditional gut content analysis, particularly since the diets of small organisms and larvae are difficult to visually quantify (Lee, 1999).

This study aimed to: (1) evaluate the contribution of mangrove-derived organic matter to local food webs in protected coastal environments using stable isotopes of carbon and nitrogen, and (2) identify environmental drivers shaping spatial variation in resource partitioning across six habitats with distinct biogeographic origins. While the role of mangrove detritus in larval stages is largely underexplored, recent studies recognizing its importance for taxa like leaf-eating crabs suggest it plays a key role in local food webs (see above). The second objective also aims to clarify whether regional (between-island) or local (within-island) factors influence spatial variability in nursery function. We hypothesize that sheltered shorelines enhance nursery potential by promoting the retention and internal cycling of mangrove-derived organic matter, emphasizing the influence of local factors.

Though mangroves in the TEP region are known as critical nursery grounds for fish (Aburto-Oropeza et al., 2008; Castellanos-Galindo et al., 2013), most studies focus on estuarine or deltaic forests, which differ from oceanic fringe mangroves in community composition and trophodynamics. Given the unique conditions of the Galapagos Archipelago, our study offers new insights into the role of mangroves as nursery grounds in this region. By addressing these dynamics, our results provide perspectives that could refine or expand the ‘food availability’ hypothesis for mangrove nursery functions at larger scales, including the TEP region and globally.




2 Materials and methods



2.1 Study area

The Galapagos Archipelago is located in the TEP, approximately 1000 km off the coast of Ecuador (Snell et al., 1996). The climate oscillates between a cool-dry (June to November) and a warm-wet season (December to May), influenced by the confluence of three dominant oceanic currents: the Panama, Humboldt, and Cromwell currents. This unique oceanographic setting supports the coexistence of tropical, temperate, and Southern Ocean species in the waters surrounding the islands (Wellington, 1975). The archipelago is also subject to El Niño Southern Oscillation (ENSO) events, which can disrupt the productivity and dynamics of marine and coastal ecosystems (Sweet et al., 2007; Dueñas et al., 2021). Mangrove forests cover approximately 35% of the coastline and consist of four species: red mangrove (Rhizophora mangle), white mangrove (Laguncularia racemosa), black mangrove (Avicennia germinans), and button mangrove (Conocarpus erectus; Wium-Andersen and Hamann, 1986; Moity et al., 2019). About 85% of these mangrove patches are less than 0.5 hectares in size and are naturally stunted due to wave exposure, dry climate, and the absence of permanent estuaries and rivers (Moity et al., 2019). However, in some protected coastal configurations, particularly in the geologically younger western islands of Isabela and Fernandina, mangrove trees can grow up to 25 meters high, forming lush vegetation (Wium-Andersen and Hamann, 1986; Moity et al., 2019). Notably, 90% of the mangrove forests are concentrated in the Western and Central-Southeastern (CSE) bioregions (sensu Moity, 2019).

In our study area, we explored a diverse array of biota—including fish larvae, small mobile invertebrates, autotrophic producers, and organic matter—across six mangrove sites located along sheltered shorelines, such as small bays, coastal lagoons, and tidal creeks.

These sites were distributed between two islands, each representing distinct bioregions: Isabela (Western; N = 2) and Santa Cruz (CSE; N = 4; Figure 1). While increasing the number of sites on the western coast of Isabela and Fernandina would have enhanced regional contrasts, our study focused primarily on evaluating local habitat differences rather than broader variability across the archipelago. Thus, our study design considered both regional variation and the greater presumed importance of local variation. Despite similar climatic conditions across all sites (mean annual temperature ≈ 22°C, precipitation ≈ 1150 mm; UEA Climatic Research Unit (UEACRU) et al., 2021), our sampling locations were chosen to encompass diverse geomorphological settings. These include open and half-open bays with varying length-to-width ratios, as well as specific habitat configurations such as the vertical structure of mangrove patches/forests, identity and composition of mangrove species, and bottom type (Supplementary Table 1; Supplementary Figure 1). These factors contribute significantly to variations in tidal hydrodynamics and overall physical-chemical conditions in water.




Figure 1 | Upper panel. Geographic position of the Galapagos Islands, marine bioregions (sensu Moity, 2019) and mangrove cover (as mapped in Moity et al., 2019). Lower panels. Sampling locations (‘sites’) were in the intertidal waters of mangrove-fringed, protected shorelines, including bays, coastal lagoons, and tidal creeks. These sites were situated in Isabela (N = 2; Western bioregion; left) and Santa Cruz (N = 4; Central South-Eastern bioregion; right), with two sites located within Academy Bay in the latter island.



In Santa Cruz, sites like Estacion and Alemanes are situated within the broader open bay of Academy Bay, which encompasses smaller bays and lagoons (Figure 1; Supplementary Figure 1). With the exception of Estero, the predominant substrate across these sites consists of rocky littoral and sublittoral areas interspersed with patches of sand and mangrove vegetation. Estero, along with bays like Garrapatero and Tortuga Bay, features muddy substrates near the root systems (Supplementary Table 1; Supplementary Figure 1), characterized by fine sediment particles (< 250 μm). In contrast, other habitats have coarser sediment (250 μm - 1 mm) with minimal organic matter content.

The most prevalent mangrove species across all sites was R. mangle, while L. racemosa was exclusive to Santa Cruz sites. Within this island, A. germinans was found only in Garrapatero and Tortuga Bay, whereas C. erectus exclusively occurred in the latter site (Supplementary Table 1), as a result of a mangrove restoration effort by the Galapagos National Park Directorate (Moity, N., pers. comm.). Benthic, floating, and epiphytic macroalgae (growing on mangrove roots and trunks) were abundant across all habitats. However, in locations such as Tortuga Bay, Alemanes, and Concha Perla, a greater diversity of algal morphotypes and taxa was observed, likely due to the increased structural complexity of the rocky littoral and sublittoral zones in these areas. In contrast, Estacion was characterized by a limited number of macroalgal species, though these were highly abundant, predominantly consisting of filamentous algae. Conversely, microphytobenthos (MPB) mats were more visibly abundant along the shallow sandy shores of Garrapatero and Estero. While coastal plants other than mangroves, such as Opuntia cacti, were present at some sites, they were less prevalent than mangrove trees and were not considered significant sources for this study. The shrub Hibiscus tiliaceus was notably abundant along the shoreline in Estero, with numerous decaying leaves observed on the water surface.

Despite being largely unmodified due to their protected status, the two sites in Academy Bay (Santa Cruz), as well as Concha Perla (Isabela), show signs of habitat degradation, pollution and disturbance, owing to their proximity to urban centers in both islands (Fernández, 2008; Liu and d’Ozouville, 2013; Martin et al., 2015). Conversely, Tortuga Bay (Santa Cruz) and Estero (Isabela), located within park boundaries and under strict administration, experience minimal impacts from tourism, while Garrapatero (Santa Cruz) also faces occasional disturbances from subsistence fisheries (pers. obs.; Supplementary Table 1).




2.2 Stable isotopes analysis



2.2.1 Sample collection

Primary producers, organic matter, and consumers were sampled twice for SIA at each of the six sites, except at Estacion, which was sampled only once. Sampling was carried out during the cool season, between October 22th and November 28th, 2019. At each site, the two sampling events were scheduled to coincide with contrasting tidal phases—neap tides (around the third-quarter moon) and spring tides (around the new moon)—within the overall sampling period, which allowed us to capture the trophodynamics of mangrove communities effectively.

Samples from the four mangrove species were collected, including fresh young (green), senescent (yellow), and decaying (brown) leaves. Fresh leaves of the coastal shrub H. tiliaceus were also collected in one site (Estero). Algal sources were categorized into various functional/taxonomic groups: benthic fleshy macroalgae (e.g., Ulva sp., Dictyota sp.), red algae (e.g., Ahnfeltia svensonii), floating fleshy seaweed (e.g., Sargassum spp.), filamentous algae/algal turfs (e.g., green and brown macro- and microalgae, cyanobacteria), epiphytic algae from mangrove roots/trunks, and MPB (Table 1). Additionally, suspended particulate organic matter (POM), including phytoplankton, was sampled at 0.5 m depth. Sedimentary organic matter (SOM) samples at the intertidal zone were collected using a PVC tube corer (30 mm int. diam.; 10 cm length). Notably, at Estero and Garrapatero, only one sample of POM and SOM could be collected due to specific conditions, whereas neither of the two was obtained at Concha Perla (see Supplementary Material Section 1.1.1.1 for detailed collection procedures).


Table 1 | Mean (and standard deviation) of δ13C and δ15N values (‰) and C:N ratios of primary producers and suspended particulate (POM) and sedimentary organic matter (SOM) sampled in mangrove ecosystems of the Galapagos Islands.



Post-settlement fish larvae and invertebrates (including zooplankton and epibenthos) were collected using WaterMark® quatrefoil light traps (Floyd et al., 1984; Secor et al., 1992; Supplementary Figure 2). This passive sampling method exploits the phototactic behavior of mobile fauna towards an artificial light source (Mueller and Neuhauss, 2010; McLeod and Costello, 2017). Each sampling night, three light traps were haphazardly deployed near the shore and adjacent to mangrove fringe sections, with a minimum distance of 50 m between traps. These traps were secured to the bottom and left deployed overnight for ca. 12 h (typically from 6 pm to 6 am). All fish and the most abundant invertebrate taxa across the three light traps were collected and categorized into 14 consumer categories for SIA (Table 2). Groups were defined by taxon and/or life stage and included various crustaceans (e.g., brachyuran larvae, amphipods, isopods, caridean shrimps), polychaetes, platyhelminths, and fish larvae. Smaller fish post-flexion larvae (N = 6) were grouped together due to their similar ecology and isotopic signatures (see Section 3.1.2), and to ensure adequate sample size for statistical modeling. They were analyzed separately from early juvenile Mugilids (presumably Mugil galapagensis; N = 2) and Gobiids (Bathygobius lineatus; N = 2; Table 2).


Table 2 | Mean (and standard deviation) of δ13C and δ15N values (‰) and C:N ratios of fish larval stages, zooplankton and other benthic consumers sampled in mangrove ecosystems of the Galapagos Islands.



At each sampling event, small invertebrates were grouped from 5–15 individuals depending on size, to obtain sufficient biomass for SIA. For caridean (Palaemon sp.) shrimps, 2–3 similarly sized individuals were combined per sample. Fish larvae and platyhelminths were processed individually to preserve isotopic resolution. Samples were stored in a cooler box and transported within two hours to the laboratory at the Charles Darwin Research Station in the Galapagos Islands (see Supplementary Material Section 1.1.1.2 for detailed collection procedures).




2.2.2 Laboratory procedures

Upon arrival at the laboratory, all samples of mangrove and H. tiliaceus leaves, macroalgae and consumers underwent a thorough cleaning process with saline water to remove any adhering debris. For MPB samples, primarily composed of diatoms, cells were isolated from mud using positive phototaxis. This method involved placing a piece of cloth and a glass slide on the surface of the mud samples, allowing the algae to migrate upwards towards the light (Eaton and Moss, 1966). Water samples containing suspended POM were processed through glass fiber filters (Whatman GF/F). Sediment samples were sieved sequentially through a 1 mm mesh followed by a finer 250 μm mesh to obtain two fractions of SOM in select sites. For caridean shrimps and fish larvae, gut contents were carefully removed to eliminate the potential confounding effect of recently ingested food during SIA. Caridean shrimps were also stripped from their exoskeletons, retaining only the soft tissue for analysis. All processed samples were stored frozen at -20°C and subsequently transported to the laboratories at Ghent University, Belgium. There, samples were dried at 50°C for 48h, homogenized (or powdered in the case of plant material) and stored under moisture-free conditions prior to detailed analysis. For further insights into laboratory procedures for producers, refer to the Supplementary Material Section 1.1.2.




2.2.3 Isotope analyses

All samples were subsampled for separate analyses of δ13C and δ15N. For δ13C analysis, the first step involved removing all inorganic carbonates from mangrove, macroalgae, MPB, SOM, and consumer samples (excluding fish, platyhelminths, polychaetes, and caridean shrimps). This was achieved by acidifying the material with drops of 5% HCl applied every hour, until no reaction was observed (Jaschinski et al., 2008). Acidified subsamples were dried (at 50°C for 48h) again and then carefully weighed (300-700 μg for most samples; 20–60 mg for SOM) into pre-muffled silver cups (Elemental Ltd; 5 x 3.5 mm size for most samples; 8.4 x 4 mm for SOM samples) at 500°C for 4h. For POM, samples were cut in half: one half was placed in a desiccator with 10% HCl fumes for 24 h to remove inorganic carbonates, the other half was not acidified and used for δ15N analysis. Subsamples of equivalent weights were placed into tin cups (Elemental Ltd, 5 x 3.5 mm) for δ15N analysis. Unlike δ13C analysis, no acidification was performed for δ15N samples to prevent potential 15N enrichment, as acidification can alter nitrogen isotopic ratios (Pinnegar and Polunin, 1999; Vafeiadou et al., 2013).

All samples underwent analysis using an isotope ratio mass spectrometer (IRMS; Thermo-Finnigan Delta V Advantage, Bremen, Germany) coupled to an elemental analyzer (Carlo Erba). Stable isotope ratios were expressed in standard delta (δ) notation (Fry, 2006):

	

where R = 13C/12C for carbon, and 15N/14N for nitrogen. The standard deviations for both δ13C and δ15N of the working standards were max 0.08‰.





2.3 Environmental variables

In this study, three types of environmental variables were assessed: spatial, water quality, and hydrological. Spatial variables, which relate to geographic positioning and mangrove forest/patch configuration, were determined for each of the six sites using sampling coordinates obtained from a Garmin eTrex 32x handheld GPS device. Specifically, total mangrove area (within a 500 m radius), mangrove fringe perimeter (within a 100 m radius), and the number of mangrove patches (within a 500 m radius) were calculated. These spatial metrics were derived using the base map developed by Moity et al. (2019) within ArcGIS Pro v.2.6.0 (Esri Inc, 2020).

Water quality variables were comprehensively measured either in situ or in the laboratory. A HI 9829 multiparameter probe (Hanna Instruments, USA) was utilized to record sea surface temperature (°C), conductivity (mS/cm), salinity, total dissolved solids (g/L), acidity (pH), dissolved oxygen (DO) concentration (mg/L) and saturation (%), and turbidity (NTU) during evening deployment and retrieval of light traps (N = 22). Additionally, seawater samples collected during light-trap deployments (N = 11) were carefully processed, preserved and stored in the Galapagos until analysis at the Center for Water and Sustainable Development (CADS)-ESPOL, in Guayaquil, Ecuador. Analytical procedures followed standard methods and included assessments of nutrients (ammonium, nitrite, nitrate, phosphate, total nitrogen (TN), total phosphorous), total suspended solids (TSS), and chlorophyll a concentrations (mg/L). However, only nitrite, nitrate, TN, and TSS yielded reliable values and were therefore retained for statistical analyses (see Section 2.4.3).

Hydrological variables, linked to tidal flow, were determined using a Sontek-IQ Plus flowmeter from Xylem Inc., USA, to measure horizontal flow velocity (m/s; ‘flow velocity’ hereafter) and depth (m) over 1.5 h during light-trap deployment (N = 11). The flowmeter, which also recorded sea bottom temperature (°C), was positioned perpendicular to the mangrove fringe and adjusted based on local salinity values to calculate flow velocity accurately. Although both flow velocity and depth can be influenced by tidal stages (i.e., high, low, ebb, flood) and regional oceanographic conditions, a previous study with up to seven replicates per site (unpub. data) demonstrated that spatial differences remained consistent despite temporal variations. Therefore, these measurements effectively represent the average sea-level velocity and depth near the shore or the middle of the tidal creek (in the case of Estero) during the study period (see detailed procedures in Supplementary Material Section 1.2).




2.4 Statistical analysis



2.4.1 Isotopic composition differences

All statistical analyses were performed using R (v.4.2.1; R Core Team, 2021). Differences in (dual) isotopic composition among sample groups were tested using permutational multivariate analysis of variance (PERMANOVA) with Euclidean distances (9,999 permutations; Anderson et al., 2008), implemented via the ‘adonis2’ function in the vegan package (v.2.6-2; Oksanen et al., 2022). When significant effects (p< 0.05) were found, we used the ‘betadisper’ function to perform a test for homogeneity of multivariate dispersions (PERMDISP; 9,999 permutations; Anderson, 2004) to assess whether observed differences were attributable to group location (centroids) or to differences in within-group dispersion. For significant interactions involving more than two levels, post-hoc pairwise tests were conducted using the ‘pairwise.adonis2’ function from the pairwiseAdonis package (Martínez-Arbizú, 2020) for PERMANOVA, or the ‘permutest’ (vegan) function for PERMDISP. Individual PERMANOVA tests were conducted and visualized in a two-dimensional Principal Coordinate Analysis (PCO) space to examine (dual) isotopic differences between: (1) mangrove samples (considering mangrove species and leaf life stages as fixed factors; Supplementary Table 3; Supplementary Figure 3); (2) sources (mangroves, macroalgal groups, POM, and SOM; Supplementary Table 4; Supplementary Figure 4); (3) consumers (Supplementary Table 5; Supplementary Figure 5); (4) source groups derived from different a posteriori aggregation options (see 2.4.2); and (5) islands and sites (within islands) for each source group independently. The PERMANOVA models incorporated various combinations of fixed, nested, and random effects (i.e., blocks within which permutations were constrained; see Supplementary Material Section 1.3.1).




2.4.2 Bayesian mixing models

The contribution of food sources to consumer diets was estimated with Bayesian mixing models, using the simmr package (v.0.4.5; Parnell, 2021). Simmr outputs, like other stable isotope mixing models, generate posterior probability distributions that indicate the likelihood of specific sources being part of a consumer’s diet, along with their credible intervals (Parnell et al., 2013). We incorporated TEFs of 1.76 ± 0.22‰ for δ13C and 2.22 ± 0.1‰ for δ15N from Schwamborn and Giarrizzo (2015) (see Table ESM1) into the model1. All potential sources were included in a first run of the model, except for the shrub H. tiliaceus and red macroalgae, which were under-sampled due to low representation across habitats (N< 5; Table 1; Figure 2). Mangrove samples were pooled as one source due to minimal δ13C variation (see 3.1.1). POM and SOM were also considered as sources, relevant to suspension/deposit feeders and detritivores in mangrove ecosystems. For MPB, due to limited data availability (only one reliable δ¹³C measurement and no δ¹5N data), we adopted theoretical values from Medina-Contreras et al. (2023). This study reported a global mean δ¹³C value that closely matched our single sample2. We only included consumer taxa/life stages with sufficient sample sizes (N > 3).




Figure 2 | Stable isotope biplot of δ13C and δ15N values of food sources (mean ± SD; filled boxes) and consumers (individual points) sampled in mangrove ecosystems of the Galapagos Islands. Aggregated (‘agg.’) sources (mean ± SD; empty boxes) are also shown, in which ‘terrestrial inputs’ comprise mangrove leaves and mangrove epiphytes, while ‘marine inputs’ include filamentous, fleshy, and floating algae, microphytobenthos, and organic matter (POM — particulate, and SOM — sedimentary). Trophic enrichment factors of 1.76 ± 0.22‰ (δ13C) and 2.22 ± 0.10‰ (δ15N) were added to food sources to adjust the Simmr model. Convex hulls around all putative sources in the ecosystem (excluding red algae and H. tiliaceus) are overlaid in the plot. Other abbreviations: J, juvenile; PostL, post-flexion larval stages; Z, zoeae stages; M, megalopae stages.



We then conducted a second model run, employing a posteriori aggregation of sources following Ward et al. (2011). This approach streamlined the model, improving our ability to identify consumer groupings based on the relative contribution of mangroves to their diets compared to other carbon sources in the ecosystem. Several alternative source groupings were tested, with categories formed based on similar isotopic compositions (e.g., no significant differences detected through multivariate analyses; see Sections 2.4.1 and 3.1.1) and ecological relevance. The simplest grouping consisted of two categories: terrestrial versus marine endmembers. Terrestrial inputs included mangroves and their associated epiphytic algae, while marine inputs comprised benthic fleshy, floating, and filamentous algae, along with MPB, POM, and SOM (Figure 2). Two additional options considered three groups, each splitting marine inputs differently. The first separated MPB from other marine endmembers due to its presumably lower δ¹5N signatures (Table 1; Figure 2). The second distinguished between autochthonous and allochthonous marine sources, with the former including filamentous and fleshy algae, MPB, and SOM, while the latter comprised floating seaweed and POM. The 2-group model, which produced the least uncertainty (e.g., narrower posterior probability distributions), was employed for further spatial variation analyses (see Section 3.2). Source contributions to consumer diets from the alternative grouping options are detailed in the Supplementary Material (Supplementary Figures 7-9).

To explore spatial differences in dietary contributions across consumer groups, we used MixSIAR v.3.1.12 (Stock et al., 2018). MixSIAR provides a versatile framework for partitioning dietary contributions based on one or two continuous/categorical variables, offering greater flexibility than the Simmr model. In this study, we employed MixSIAR to estimate dietary contributions across consumer groups and sites, treating both factors as fixed categorical covariates. Consumer groups (‘13C-depleted’ vs. ‘13C-enriched’; see Section 3.2) rather than singular taxa/life stages were contrasted, as we were interested in comparing how dietary contributions vary in space across distinct food-web segments within mangrove ecosystems, and because some consumer categories did not portray large enough sample sizes to fulfill the requirements of the model (N ≥ 3). Source groups (terrestrial and marine inputs) were also partitioned by site, with values reported as mean ± SD. Only carbon isotope data were used for calculations due to insufficient measurements for MPB, which is presumed to be a key factor in distinguishing consumers based on δ15N (see Section 3.1.1). Variation in consumer tracer values in response to sampling error and individual differences (e.g., digestibility, assimilation, metabolic rates) was accounted for by using a multiplicative error structure (Stock and Semmens, 2016).




2.4.3 Environmental drivers of spatial variation

To assess the influence of selected environmental parameters on the spatial variation of source contributions to consumer diets, we performed Redundancy Analysis (RDA) using the vegan package. RDA allowed for the visual identification of spatial patterns through ordination plots. Latitude and longitude were included as environmental variables to account for spatial autocorrelation, recognizing that nearby locations, such as Estacion and Alemanes in Santa Cruz (within Academy Bay; Figure 1), may exhibit similar isotopic signatures, and therefore, dietary contributions due to shared environmental conditions or ecological processes.

Prior to analysis, environmental variables were standardized to a mean of zero and a unit standard deviation. To minimize multicollinearity, we examined a correlation matrix plot (Supplementary Figure 6) that visualizes scatterplots, Pearson correlation coefficients, and histograms for all variables using the GGally package (Schloerke et al., 2024). We applied a threshold of |r| > 0.80 for pairwise Pearson correlations, resulting in the reduction of parameters from 20 to 13 (Supplementary Table 6). Compositional data (median percentage contributions per source group) were transformed into centered log-ratios (CLR) using the easyCODA package (Greenacre, 2020) to meet the normality assumptions of RDA.

To identify the most relevant environmental predictors, we employed forward model selection using a double-stopping criterion—maximization of adjusted R² (adj-R²) and a p-value threshold of 0.01—implemented through the ‘ordiR2step’ function in vegan (Blanchet et al., 2008). At each step of the model-building process, we accounted for the effect of ‘consumer group’ using partial RDA, ensuring that predictor selection focused solely on spatial variation. Finally, we assessed both global and marginal effects of each constraining variable using permutation tests for constrained analysis (‘anova.cca’ function in vegan; N = 9,999 permutations).

The best-fit model identified turbidity (F1,9 = 18.53, p = 0.003) and nitrate (F1,9 = 12.5, p = 0.008) as significant predictors, albeit with a modest adj-R² of 16%. Nonetheless, the RDA axis explained 86.3% of the ‘unconditional’ constrained variation.






3 Results



3.1 Carbon and nitrogen isotopic ratios



3.1.1 Primary producers and organic matter

A total of 127 samples of primary producers (mangrove and H. tiliaceus leaves, macroalgae, MPB), suspended POM, and SOM were analyzed for carbon and nitrogen stable isotopes. δ13C of individual samples ranged from -31‰ (L. racemosa decaying leaf) to -10.6‰ (brown fleshy alga Colpomenia sinuosa), while δ15N ranged from 5.1‰ (C. erectus senescent leaf; or 2.4‰ when considering MPB)3 to 14.3‰ (R. mangle senescent leaf). Mangrove samples, therefore, showed the greatest variation in δ15N (SD: 2.6‰) among sources (Table 1). Mangrove samples also exhibited the second lowest δ13C values (-27.8 ± 1.3‰), surpassed only by the coastal shrub H. tiliaceus (-29.6 ± 0.01‰), and the second highest δ15N ratios (9.2 ± 2.6‰), following filamentous algae (9.4 ± 1.5‰).

Significant differences in isotopic composition were observed among leaf life stages (PERMANOVA: F2,44 = 2.33, p = 0.039; PERMDISP: F2,47 = 0.02, p = 0.982), with a notable 13C-depletion occurring during senescence, except in A. germinans and C. erectus, where senescent leaves exhibited lower δ13C values than decaying leaves (Supplementary Table 2). Significant differences were also found among mangrove species (PERMANOVA: F3,44 = 5.82, p< 0.009), although these results may have been partly influenced by the heterogeneous dispersions among species (PERMDISP: F3,46 = 3.1, p = 0.036). Significant differences were detected across all species pairs (all life stages pooled), except between R. mangle and L. racemosa; the greater variance in R. mangle samples may account for the significant differences observed with C. erectus (Supplementary Table 3; Supplementary Figure 3). Additionally, differences among leaf life stages across mangrove species were only observed between L. racemosa and both A. germinans and C. erectus (Supplementary Table 3; Supplementary Figure 3).

Algal sources exhibited a broader δ13C variation (-30.7‰ to -10.6‰) compared to mangrove leaves (Figure 2). Overall, significant differences in carbon and nitrogen isotopic compositions were found among food sources (PERMANOVA: F7,116 = 47.76, p< 0.001). Although most source pairs exhibited significant differences (Supplementary Table 4; Supplementary Figure 4), we identified two distinct macroalgal groups based on their divergent δ¹³C signatures. Epiphytes (-25.6 ± 3.1‰) and red algae (-25.4 ± 4.7‰) were the most 13C-depleted algal sources, with values overlapping those of mangrove leaves. In contrast, benthic fleshy algae (-16 ± 2.2‰), filamentous algae (-19.4 ± 1.3‰), and floating seaweeds (-19.5 ± 2.9‰) were more 13C-enriched, with POM (-16.1 ± 4.6‰) and SOM (-18.1 ± 2‰) sharing similar values (Table 1; Figure 2). Given the overall significant dispersion across sources (PERMDISP: F7,116 = 3.27, p = 0.004), significant pairwise differences between filamentous algae and other sources (e.g., POM, mangroves, epiphytes, red algae) could also be explained by their larger distances to centroids (Supplementary Table 4; Supplementary Figure 4).

Nevertheless, significant differences between terrestrial (mangroves + epiphytes) and marine (benthic fleshy algae + filamentous algae + floating seaweed + POM + SOM) endmembers were evident (PERMANOVA: F1,118 = 278.21, p< 0.001; PERMDISP: F1,118 = 0.04, p = 0.846), primarily driven by variations in δ¹³C (Figure 2). The intermediate δ¹³C value (-20.9‰) of our single MPB sample indicates that this algal source aligns more closely with marine endmembers (Figure 2; Table 1). However, the notably lower literature-based δ¹5N value (2.4 ± 1.2‰; Medina-Contreras et al., 2023) suggests isotopic divergence from other marine inputs (see Section 2.4.2; Supplementary Figure 7).

Although significant differences were observed among terrestrial, autochthonous and allochthonous marine inputs (PERMANOVA: F2,117 = 139.66, p< 0.001), these findings may have been partly affected by heterogeneous variances among the groups (PERMDISP: F2,117 = 4.8, p = 0.01). While pairwise comparisons revealed significant differences between terrestrial sources and both autochthonous and allochthonous marine sources (p< 0.01 for both), the latter two exhibited significant overlap in their values (F1,60 = 0.99, p = 0.339), with autochthonous sources displaying significantly greater dispersion around their centroid compared to allochthonous sources (p = 0.1; see 2.4.2; Supplementary Figure 7).




3.1.2 Consumers

Carbon and nitrogen stable isotopes of 85 consumer samples were analyzed in this study. δ13C ranged from -23.4‰ (Grapsus grapsus megalopae) to -10.6‰ (polychaetes), while δ15N from 3‰ (G. grapsus megalopae) to 13.6‰ (polychaetes; Figure 2). There were overall significant differences among consumers (PERMANOVA: F8,68 = 11.63, p< 0.001), but some of these may have been caused by dispersion disparities across groups (PERMDISP: F8,68 = 5.62, p< 0.001).

Brachyuran zoeae exhibited the lowest δ13C values among consumers (-22.3 ± 0.7‰) and the lowest δ15N values among crustaceans (5.4 ± 1.2‰; Table 2), differing significantly from many other taxa (Supplementary Table 5; Supplementary Figure 5). In contrast, caridean shrimps showed both the highest δ13C (-15.7 ± 2.2‰) and δ15N (11.5 ± 1.4‰) values, also differing significantly from other taxa, including cumaceans, amphipods, isopods, lobster pueruli, and brachyuran larval stages (Supplementary Table 5; Supplementary Figure 5). Isopods had the largest variation in both δ13C (SD: 3‰) and δ15N (SD: 2.7‰; Table 2; Supplementary Figure 5).

Other invertebrates like platyhelminths (δ13C: -17.9‰, δ15N: 7.5‰) and polychaetes (δ13C: -13.4 ± 2‰, δ15N: 11.5 ± 1.1‰), also had heavier isotopic values, polychaetes showing significant differences with brachyuran zoeae and lobster pueruli (Supplementary Table 5; Supplementary Figure 5). Amongst fishes, post-flexion larval stages (δ13C: -21.3 ± 0.4‰, δ15N: 6.4 ± 0.9‰) and mugilid juveniles (δ13C: -20.5 ± 0.6‰, δ15N: 4.8 ± 0.8‰) exhibited relatively low isotopic values for both C and N, the former consumer depicting similar significant pairwise differences against other consumers as for brachyuran zoeae. Meanwhile, stable-isotope ratios of gobiid juveniles (δ13C: -15.3 ± 0.1‰, δ15N: 12.2 ± 0.3‰) overlapped with those of caridean shrimps (Figure 2; Table 2; Supplementary Figure 5).





3.2 Resource contributions to consumer diets

Marine inputs—such as macroalgae, MPB, and organic matter—dominated the diets of consumer species, with mean contributions ranging from 52.3% (SD: 17.2%) in brachyuran megalopae to 88.8% (SD: 7.4%) in polychaetes. In contrast, terrestrial inputs, including mangroves and epiphytic algae, made a smaller contribution, with mean values ranging from 11.2% (SD: 7.4%) in polychaetes to 47.7% (SD: 17.2%) in brachyuran megalopae (Figure 3; Supplementary Table 7). Terrestrial inputs contributed more than 25% to the median diet of several ‘13C-depleted’ consumers, including brachyuran larval stages (megalopae and zoeae), fish post-flexion larvae, cumaceans, and lobster pueruli, underscoring their stronger dependence on these carbon sources. In contrast, ‘13C-enriched’ consumers—including polychaetes, caridean shrimps, amphipods and isopods, — displayed a strong dependence on marine inputs, which accounted for over 75% of their median dietary contributions (Figure 3; Supplementary Table 7).




Figure 3 | Boxplots illustrating Bayesian posterior probability distributions of source contributions to consumer diets in the mangrove ecosystems of the Galapagos Islands, as estimated using a Simmr model. The sources were aggregated a posteriori following an initial model run that included all potential sources: (top) marine inputs (filamentous, fleshy, and floating algae; organic matter — particulate (POM) and sedimentary (SOM); and microphytobenthos (MPB)) and (bottom) terrestrial inputs (mangrove leaves and mangrove epiphytes). Other abbreviations: Brachy, Brachyura (crab); PostL, post-flexion larval stages; Z, zoeae stages; M, megalopae stages.



Isopods (29.7 ± 0.1%) exhibited a significantly greater reliance on MPB compared to most other consumers, for which macroalgae and/or organic matter played a substantially more prominent role among marine inputs (Supplementary Figure 8). Additionally, autochthonous marine sources—comprising fleshy and filamentous benthic macroalgae, MPB, and SOM—consistently contributed more to consumer diets than allochthonous sources, such as floating seaweed and POM, across all marine consumers. However, the precise contributions of these marine inputs among certain 13C-enriched consumers, such as polychaetes, remains unclear due to high variability in their posterior probability distributions (Supplementary Figure 9).




3.3 Spatial variation



3.3.1 Source isotopic compositions

No significant differences were found in the isotopic composition of resources between islands (PERMANOVA: terrestrial: F1,52 = 15.02, p = 1; marine: F1,56 = 11.41, p = 1) or between sites (terrestrial: F4,52 = 1.4, p = 1; marine: F4,56 = 1.85, p = 1) for either terrestrial or marine inputs. Isotopic values were generally lower at Isabela compared to Santa Cruz, particularly for δ¹5N, by approximately 2‰ (Figure 4). Specifically, Alemanes in Santa Cruz showed the highest mean values for both C and N isotopes in the two groups of sources (terrestrial: δ¹³C: -26.4 ± 0.8‰, δ¹5N: 10.2 ± 0.3‰; marine: δ¹³C: -16.7 ± 0.04‰, δ¹5N: 9.5 ± 0.2‰), while Estero in Isabela exhibited the lowest values amongst sites (terrestrial: δ¹³C: -28.9 ± 0.2‰, δ¹5N: 6.4 ± 0.4‰; marine: δ¹³C: -20.4 ± 0.2‰, δ¹5N: 7.2 ± 0.5‰; Figure 4).




Figure 4 | Stable isotope biplot showing mean (± SD) δ¹³C and δ¹5N values (rhombuses) for aggregated terrestrial sources (mangrove leaves and epiphytes) and marine sources (filamentous, fleshy, and floating algae, organic matter — particulate (POM) and sedimentary (SOM)) across two islands (filled symbols) and six mangrove sites (empty symbols) in the Galapagos: Santa Cruz (SC; n = 4 sites) and Isabela (Is; n = 2 sites). Individual consumer isotopic values are overlaid, categorized as ‘¹³C-depleted’ (squares: brachyuran megalopae and zoeae, fish post-flexion larvae, cumaceans, and lobster pueruli) or ‘¹³C-enriched’ (circles: polychaetes, caridean shrimps, isopods, and amphipods). Trophic enrichment factors of 1.76±0.22‰ for δ¹³C and 2.22±0.10‰ for δ¹5N were applied to food sources to estimate their contributions to consumers. For reference, a global mean (± SD) value for microphytobenthos, based on Medina-Contreras et al. (2023), was also included.






3.3.2 Source contributions to consumer diets

Turbidity and nitrate concentrations emerged as the strongest predictors of spatial variation in consumer dietary composition. Terrestrial inputs were strongly associated with turbidity (species score = –0.662), whereas marine inputs were more closely linked to nitrate levels (species score = 0.256; Figure 5). Sites with elevated turbidity (>5 NTU)—particularly Tortuga Bay, Garrapatero, and Alemanes—exhibited a greater contribution of terrestrial resources to consumer diets, with ¹³C-depleted consumers deriving >50% of their mean dietary input from terrestrial sources, and Garrapatero exceeding 60%. In contrast, sites with low turbidity (<5 NTU), such as Concha Perla, Estacion, and Estero, showed a predominance of marine inputs, contributing >90% of the mean dietary input for ¹³C-enriched consumers (Figure 6; Supplementary Tables 6 and 8).




Figure 5 | Partial Redundancy Analysis (RDA) tri-plot representing the spatial variability of source group (terrestrial vs marine inputs) contributions to consumer diets in mangrove ecosystems across six sites between Santa Cruz (SC) and Isabela (Is) islands in the Galapagos, calculated by using a MixSIAR model only with δ¹³C. The plot accounts for variation among different consumer groups—’13C-depleted’ (squares) and ‘13C-enriched’ (circles)— while selecting the best-fit set of environmental variables during ordination. Points are color-coded according to sampling site.






Figure 6 | Bayesian posterior probability distributions of the contributions of aggregated terrestrial and marine inputs to the diet of ‘13C-depleted’ (top), and ‘13C-enriched’ consumers (bottom) found across six mangrove habitats located between two islands of the Galapagos (i.e., Santa Cruz: Alemanes, Estacion, Garrapatero, Tortuga Bay; Isabela: Concha Perla, Estero), by using a MixSIAR model only with δ¹³C.



These patterns highlight the interplay of environmental drivers across both regional and local scales (Supplementary Figure 6). At the regional level, Santa Cruz sites with reduced mangrove cover exhibited significantly higher turbidity (r = –0.581, p< 0.05), salinity (r = –0.899, p< 0.001), and pH (r = –0.759, p< 0.01), distinguishing them from sites in Isabela. At the local scale, turbidity—particularly elevated at Alemanes and Tortuga Bay—was negatively associated with water depth (r = –0.548), helping to explain within-island differences such as those at Estacion, which had the greatest water depth in Santa Cruz (2.2 ± 0.18 m). Nitrate concentration, strongly correlated with TN (r = 0.752, p< 0.01), also showed a moderate negative association with salinity (r = –0.363, p< 0.05). This pattern is consistent with the highest nitrate (0.35 ± 0.04 mg/L) and lowest salinity levels (16.66 ± 5.5) observed at the brackish site of Estero (Supplementary Tables 6; Supplementary Figure 6).






4 Discussion



4.1 Carbon and nitrogen isotopic signatures in sources



4.1.1 Mangroves

The leaves of Galapagos mangroves exhibit a depletion in 13C similar to that observed in other C3 terrestrial vascular plants (O’Leary, 1981). Their isotopic ratios (-27.8‰; SD = 1.3‰) closely match the global median estimate (-28.1‰; inter-quantile range: -29.4 to -27‰; Bouillon et al., 2008) and are comparable to values reported in other regions, such as the Western Atlantic (e.g., Puerto Rico, Florida, Brazil, Caribbean Colombia; Medina and Francisco, 1997; France, 1998; Mancera-Pineda et al., 2009; Giarrizzo et al., 2011; Rodríguez-Rodríguez et al., 2018) and the Indo-Pacific (e.g., India, Sri Lanka, Kenya, Australia; Bouillon et al., 2002 and 2004; Abrantes and Sheaves, 2009). However, mangrove δ13C values in this study, along with those from the Guayas River Estuary in mainland Ecuador (~27‰; Cifuentes et al., 1996), are 1-2‰ higher compared to other locations across the TEP (e.g., Viana et al., 2015; Medina-Contreras et al., 2018, 2020 and 2023). This enrichment may be attributed to the effects of salinity stress and/or nutrient limitations on the CO2 assimilation rate. In oceanic environments, mangroves are typically underdeveloped, lacking the tall and dense forest structures observed elsewhere (Lin and Sternberg, 1992; McKee et al., 2002; Bouillon et al., 2008; Mancera-Pineda et al., 2009).

Mangrove δ15N ratios were also enriched by ca. 5‰ compared to other locations across the TEP region and worldwide (e.g., Viana et al., 2015; Medina-Contreras et al., 2018, 2020 and 2023). Several processes at the ocean-basin and regional levels could explain this spatial enrichment. The geographic position of the archipelago at the edge of the Pacific Equatorial Divergence province (see Longhurst, 1998) creates a latitudinal gradient of δ15N in the Pacific (Lorrain et al., 2015; Altabet, 2001). The sub-oxic conditions in the TEP lead to denitrification in the water column, resulting in further 15N enrichment of residual nitrate in seawater (Gruber and Sarmiento, 1997; Lorrain et al., 2015; Sánchez et al., 2018; Medina-Contreras et al., 2023). Furthermore, the abundance of 15N-rich seabird guano along the Galapagos shorelines might contribute to the atypically high δ15N signatures in the area (Gagnon et al., 2013). We note that these isotopic values are representative of the dry season during a non-ENSO year, as significant temporal variation is expected due to the highly dynamic oceanic-atmospheric conditions around the archipelago (Banks, 2002; Palacios, 2004).

Ontogenic (intraspecific) differences in mangrove leaves were significant but small, consistent with previous studies (Fourqurean and Schrlau, 2003; Bouillon et al., 2008). Similarly, the dominant red (R. mangle) and white (L. racemosa) mangroves showed minimal δ¹³C separation, aligning with Medina-Contreras et al. (2018). Moreover, mangrove leaves are more variable in δ15N than δ13C across equivalent spatial scales (Fry et al., 2000), suggesting that intra- and interspecific differences in mangrove isotopic signatures may have been accentuated by the larger spatial variation of the former isotope (see Section 4.3).




4.1.2 Algae, organic matter and isotopic discrimination among sources

The algal sources in this ecosystem had a mean δ¹³C of -20.4‰, only slightly lower than the global median estimate of -18.9‰ (Bouillon et al., 2008). A large variability in algal δ13C was observed due to their plasticity in photosynthetic pathways (Keeley, 1999). We report the highest δ13C values for POM across the TEP (16.1 ± 4.6‰), indicating that mangrove ecosystems in the Galapagos, at least at the sampled sites, are rather open systems where oceanic, rather than coastal phytoplankton dominates. SOM δ13C values were also the most enriched across the TEP (Medina-Contreras et al., 2018, 2020 and 2023), indicating a marine origin. Therefore, the contribution of mangrove detritus to the SOM pool appears negligible, possibly because it is quickly recycled in the ecosystem or exported offshore.

δ15N signatures in algal sources and organic matter were enriched by at least 5‰ (similar to mangroves) compared to other locations in the TEP, confirming an overall enrichment of the N isotopic baseline in the Galapagos. Food web studies require distinct isotopic separation among sources to accurately estimate dietary contributions in consumers. To mitigate potential overlaps, some studies have aggregated functionally similar taxa a posteriori (Ward et al., 2011). Since the goal of our study was to determine relative contributions of major endmember sources, and since we observed significant isotopic differences between terrestrial and marine endmembers, particularly in δ¹³C values, we chose to adopt a two-source model to characterize the trophic structure of the system. While this model may seem overly simplistic, it effectively reduced the risk of drawing conclusions with high uncertainty. Conversely, a more complex three-source model that differentiated marine sources by their origin (autochthonous vs. allochthonous), failed to clearly separate their δ¹³C signatures. A three-source model that separated MPB from other marine inputs relied on literature-based rather than empirical data, introducing additional uncertainty. Novel in situ sample collections is needed to obtain reliable estimates of actual MPB isotopic signatures. In addition, a higher-resolution source model that can discriminate contributions of different terrestrial resources requires inclusion of additional isotopic tracers like 32S, 34S, 2H (as suggested by Bouillon et al., 2008; Viana et al., 2015; Then et al., 2021), or amino-acid compound-specific nitrogen isotope analysis (e.g., Popp et al., 2007).





4.2 Carbon and nitrogen isotopic signatures in consumers and dietary contributions

The broad isotopic ranges of δ¹³C (-23.4 to -10.6‰) and δ¹5N (3 to 13.6‰) in consumers suggest niche segregation of food sources within the ecosystem (Bouillon et al., 2002; Sepúlveda-Lozada et al., 2015). Higher δ¹³C values in some consumers, coupled with elevated δ¹5N, may reflect ¹³C enrichment with increasing TL. Consumer δ¹³C values in the Galapagos were generally higher than those reported for the TEP, while the δ¹5N range was similar to that observed in other studies (Medina-Contreras et al., 2018; Viana et al., 2015). Despite sharing very few species, comparisons between the archipelago and mainland locations should not be constrained, as sister taxa generally exhibit analogous diets dictated by phylogenetic history (Cattin et al., 2004). Thus, the results imply differences in resource utilization patterns across the TEP region.



4.2.1 Crustaceans

The δ13C and δ15N ranges of crustaceans in this study were almost as wide as the total consumer variation, reflecting the diversity of feeding habits within this taxon, including ontogenic diet changes (Jeffs and O’Rorke, 2020). It is important to note that the light-trap sampling method used in this study favored the capture of small mobile crustaceans and fish larvae (Floyd et al., 1984; Secor et al., 1992). We identified three distinct trophic pathways among crustaceans in the Galapagos mangroves. First, several ‘¹³C-depleted’ crustaceans rely heavily on mangrove leaf material and/or algal epiphytes, although marine-derived organic matter can still contribute over 50% to their diets. Another group of ‘¹³C-depleted’ crustaceans use a mix of terrestrial and marine inputs in varying proportions, depending on local environmental conditions. At the opposite end, an algal-based food web comprises ‘¹³C-enriched’ crustaceans, which primarily depend on non-epiphytic macroalgae, MPB, and/or marine-derived organic carbon. The three distinct crustacean trophic pathways identified in this study closely align with those described for mangroves in northern Brazil (Giarrizzo et al., 2011) and are strongly supported by our Bayesian mixing model.

Brachyuran larvae (zoeae and megalopae) were predominantly reliant on a mangrove-based food web, with terrestrial inputs accounting for more than 33% of their diet on average. In contrast to northern Brazil, where purely herbivorous sesarmid (e.g., Aratus, Armases) or ucidid crabs (e.g., Ucides cordatus) dominate, these are absent in the Galapagos. Instead, early life stages of other crab species with diverse feeding habits (e.g., Grapsus grapsus, Callinectes spp., Portunus spp., Carcinus spp.) exhibit substantial dependence on mangrove-derived carbon, consistent with prior findings (Giarrizzo et al., 2011). Other crustaceans, such as benthic omnivores like lobster larvae and detritivores like cumaceans, participate in a mixed-source food web, with diets composed of ~27-28% terrestrial and 71-72% marine inputs. Meanwhile, the algal-based food web features locally abundant benthic omnivore/detritivores such as isopods and amphipods, and carnivorous caridean shrimps, which derive over 80% of their diet from marine sources. Notably, isopods exhibit the greatest isotopic variation in both δ¹³C and δ¹5N (Table 2; Supplementary Figure 5), suggesting potential niche segregation based on feeding guild, as observed in previous studies (Giarrizzo et al., 2011; Viana et al., 2015). Other consumers, such as calanoid copepods and ostracods, exhibited isotopic values similar to those of lobster larvae and caridean shrimps, respectively, suggesting comparable food source utilization. However, their low sample size (N< 3) precluded the application of mixing models, limiting the conclusions that could be drawn about their resource use.




4.2.2 Fish larvae, other invertebrates and food web interactions

Fish collected in this study showed a clear segregation in carbon isotopic patterns, despite the small sample size (N = 10) and lower taxonomic and functional representation compared to crustaceans. Post-flexion larval stages of Sparidae, Gerreidae, and Gobiidae exhibited a stronger reliance on terrestrial inputs (‘¹³C-depleted’ consumers), whereas early juveniles of Bathygobius lineatus (Gobiidae) appeared to depend more on algal-based food webs (‘¹³C-enriched’ consumers), based on their isotopic values, had they been included in mixing models. Similarly, mugilid (Mugil sp.) early juveniles, with isotopic values close to those of lobster larvae, seemed to rely on a mixed-source food web. Larger sample sizes in future studies will be necessary to clarify the resource use and food web positioning of these fish taxa and diverse life stages.

Among invertebrates, errant polychaetes also showed a preference for algal-based food webs, while the single platyhelminth sample exhibited isotopic values similar to amphipods and isopods, suggesting a similar algal-based resource use. Although these results are preliminary and underscore the need for broader sampling, especially for underrepresented groups, the resource utilization patterns observed here are consistent with findings from northern Brazil (Giarrizzo et al., 2011) and the Pacific coast of Colombia (Medina-Contreras et al., 2020).

Dietary source contributions in food web models can vary considerably depending on TEFs and other model parameters, such as elemental concentrations (Parnell, 2021). Recent experimental studies have reported higher TEF values for sesarmid crabs like Aratus pisonii (e.g., δ¹³C: 5.4 ± 0.9‰; δ¹5N: 3.9 ± 0.5‰; Sandoval et al., 2022), suggesting an even greater contribution from mangrove detritus. Nevertheless, we applied a uniform TEF value across all consumers in our models, as the elevated carbon values reported in recent studies (Bui and Lee, 2014; Kristensen et al., 2017; Sandoval et al., 2022) were based on adult stages of exclusively leaf-eating crab families. These findings underscore the need for more precise TEF estimates for mangrove consumers across Galapagos habitats to enhance the reliability of Bayesian mixing models.

Spiny lobsters are among the most commercially captured species in the Galapagos (Molina et al., 2004; Castrejón, 2011). This study suggests that their larval stages exhibit opportunistic behavior regarding carbon sources, potentially showing a preference for mangrove detrital material depending on availability and other reasons. This behavior supports the ‘food availability’ hypothesis that mangroves serve as nurseries due to their abundant food resources (Laegdsgaard and Johnson, 1995), while indicating common ontogenic dietary shifts among consumers. However, beyond a preference for mangrove-derived sources, the depleted δ¹³C values observed in these early life stages may also result from a negative isotopic shift during embryogenesis (Schwamborn et al., 2002), a factor that should be considered in future studies. Nonetheless, species heavily reliant on mangrove detritus play a crucial role in converting plant biomass into forage for other consumers, including the later life stages of these commercially important species.

Furthermore, leaf litter processed by crabs and, to a lesser extent, other invertebrates like amphipods, produces tannin-free fecal pellets colonized by microbes. These microbes form the foundation of coprophagous food chains crucial for detritivores (e.g., isopods, cumaceans) and planktonic consumers (e.g., calanoid copepods; Giarrizzo et al., 2011). Despite these insights, most isotopic studies have focused on adult stages of fish and invertebrates, providing limited evidence on carbon partitioning at this ecological scale (e.g., except for Giarrizzo et al., 2011; Schwamborn et al., 2002).

Despite the acknowledged importance of MPB as a carbon source along the Pacific Colombian coast (Medina-Contreras et al., 2020) and in Panama (Viana et al., 2015), this study suggests that mangrove detritus may be equally important compared to algal sources for secondary production. Variations within the TEP region could arise due to differences in shelf configuration and tidal hydrology (Faunce and Layman, 2009). In highly productive oceanic systems with steep-slope configurations like the Galapagos, macroalgal beds dominate and exhibit greater diversity over MPB mats. This contrasts with low-relief estuarine systems found in other TEP mainland locations, where higher tidal fluctuations create larger exposed intertidal areas. These conditions favor the colonization of benthic diatoms and other MPB taxa, thereby supplying abundant carbon sources within local food webs.





4.3 Spatial variation in isotopic compositions and consumer diets

Source isotopic compositions showed no significant differences among islands or specific locations within islands, though some spatial patterns were evident. This aligns with previous studies along the Colombian Pacific coast (Medina-Contreras et al., 2018, 2020), Kenya (Bouillon et al., 2004), and Sri Lanka (Bouillon et al., 2004). However, dietary contributions varied most at the within-island (local) scale, primarily driven by differences in terrestrial inputs among sites. Trophic variation best correlated with turbidity and nitrate concentration, though these environmental variables only accounted for a small portion of this variation. These findings suggest that resource partitioning across habitats is shaped by multiple interacting environmental factors.

In this study, turbidity was negatively correlated with tidal depth, which represents the average sea-level depth at the shore or in the middle of the tidal creek (e.g., Estero). Habitats with lower turbidity and deeper waters (e.g., Concha Perla, Estacion, Estero) likely retain less organic material, creating conditions that favor algal growth and increase its dietary contribution. In contrast, sites with higher turbidity (e.g., Alemanes, Tortuga Bay, Garrapatero) may promote the retention of mangrove detritus due to their shallower depths and more enclosed coastal configurations. These findings highlight the role of local hydrophysical processes and water quality in driving within-island variation. Additionally, factors such as bay dimensions (e.g., length-to-width ratios) and sediment characteristics (e.g., mineralization rates) may further contribute to elevated terrestrial inputs in these habitats. Turbidity showed a moderate positive correlation with salinity and pH, while nitrate concentrations were negatively correlated with both parameters. These patterns likely contribute to within-island variation in isotopic signatures. Salinity stress, known to reduce CO2 assimilation in mangroves (McKee et al., 2002), may lead to more enriched δ¹³C values at higher-salinity sites, while lower pH levels could indicate anthropogenic pollution (Fry et al., 2000). Notably, the elevated mangrove δ¹5N values and lower pH observed at Estación—located near the Galapagos main urban center—likely reflect increased anthropogenic inputs, such as wastewater discharge (Fernández, 2008; Liu and d’Ozouville, 2013; Martin et al., 2015). These findings suggest that spatial patterns in isotopic composition are shaped not only by variations in resource use but also by shifts in isotopic baselines influenced by local environmental and anthropogenic conditions.

Marine isoscapes play a crucial role in assessing spatial variation in resource partitioning across a range of scales, from local islands and bioregions within the Galapagos to broader TEP insular and mainland ecosystems. The steep-slope shelf of the Galapagos, coupled with the absence of seagrass habitats, likely enhances fish dependence on mangrove nurseries compared to other regions. Given the Galapagos Islands’ vulnerability to ocean-climate variability, expanding this approach to examine temporal shifts in isotopic baselines—particularly in response to ENSO cycles—could provide valuable insights into the effects of climate change on mangrove food webs and fisheries.





5 Conclusions

Mangrove-derived organic carbon is crucial for sustaining local food webs and fisheries in the Galapagos Islands. This study utilizes stable isotopes of carbon and nitrogen to trace the dietary contributions of primary producers and carbon sources within Galapagos mangrove ecosystems. δ¹³C variation was key in distinguishing terrestrial inputs, such as mangrove leaves and epiphytic algae, from marine contributions, while δ¹5N effectively separated marine autochthonous/benthic sources, including benthic algae, from allochthonous/pelagic sources like floating seaweed. We demonstrate that many consumers, such as brachyuran megalopae, rely heavily on mangrove detritus and epiphytes, with mangrove carbon contributing up to 50% of their diet. Although preliminary, these results emphasize the pivotal role of mangroves in supporting biodiversity and local fisheries, reinforcing the growing body of literature around the ‘food availability’ hypothesis.

In the shallower, more turbid bays of Garrapatero, Tortuga Bay, and (Playa) Alemanes, while most consumers still predominantly rely on algal-based food webs, key species such as herbivorous brachyuran larvae, detritivorous cumaceans, and benthic omnivorous lobster larvae play a crucial role in recycling mangrove-derived carbon and transferring it across the complex food web. This underscores the need for a more comprehensive understanding of how habitat conditions and environmental variability shape food availability, both within the archipelago and across broader scales.

As mangrove ecosystems are intricately linked to rocky shore and adjacent subtidal habitats, their environmental complexity likely reduces predation risk and provides essential shelter—factors that may be just as critical as their nutritional contribution. This underscores the importance of viewing mangroves not as isolated habitats, but as integral components of interconnected coastal seascapes, closely tied to offshore reefs and shallow seamounts. Future studies employing both natural and artificial markers (e.g., chemical tracers, telemetry) could further illuminate population connectivity and the role of mangroves in supporting economically valuable species.

Future mangrove research must integrate SIA with environmental data (e.g., hydrophysical, geomorphological, and ecological factors) across multiple spatial and temporal scales to assess the nursery function and variability of these ecosystems. However, ensuring the resilience of mangrove nursery habitats in a rapidly changing world requires us to equally recognize their socioeconomic and cultural importance—particularly for communities dependent on mangroves for recreation, fisheries livelihoods, and heritage. A comprehensive understanding of both the ecological and social dimensions of mangrove-fishery linkages, along with the human pressures that threaten them, is essential for developing effective conservation and ecosystem-based fisheries management. This holistic approach is vital not only for the GMR but also for safeguarding mangrove ecosystems across the TEP and globally.
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Footnotes

1Although most studies have traditionally applied TEF values with lower δ¹³C and higher δ¹5N (e.g., Post, 2002; McCutchan et al., 2003), these estimates were derived from organisms inhabiting different ecosystems—such as pelagic environments—where consumer communities often span a wider range of TLs. In contrast, the TEFs used in our study were derived from a similar composition of consumer taxa in mangrove ecosystems in northern Brazil, and they aligned more closely with our data. These TEFs better matched our model assumptions, as indicated by most consumer points falling within the source convex hull (Figure 2).

2The isotopic values for MPB used in Medina-Contreras et al. (2023) were derived from aggregated results of 17 studies spanning the global mangrove distribution, including Medina-Contreras et al. (2020) from the Pacific coast of Colombia. Although the δ¹³C value reported by the latter study (−20.6±1.7‰) closely matched our single observation, we chose to adopt the global mean and standard deviation as theoretical values for our analysis. This decision reflects the recognition that geographic proximity does not necessarily equate to isotopic similarity (Kurle and McWhorter, 2017).

3Theoretical δ15N value for MPB (see Section 2.4.2 and Table 1).
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