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Abstract

Nursery habitats sustain fish populations by supporting early life stages and buffering
environmental variability, yet their functioning under climate oscillations remains poorly
understood in the Eastern Tropical Pacific. We analyzed ichthyoplankton assemblages in
the Gulf of Tortugas, Colombia (2010-2020), to assess taxonomic composition, spatiotempo-
ral variability, and environmental drivers. ENSO cycles and local oceanographic conditions
were evaluated as determinants of nursery function and resilience using richness estimators,
diversity indices, Caswell’s neutral model, and multivariate approaches (PERMANOVA,
PERMDISP, CAP, BIOENV). Assemblages were dominated by Cetengraulis mysticetus, with
recurrent contributions from Sciaenidae, Haemulidae, Gerreidae, and Carangidae—families
of artisanal fisheries importance. ENSO phases explained interannual variability: El Nifio
years reduced diversity and weakened retention, whereas La Nifia years supported more
balanced assemblages. Spatial heterogeneity revealed central retention zones and periph-
eral diversity hotspots. Environmental gradients, particularly chlorophyll-a, zooplankton
biomass, transparency, and pH, consistently structured larval distribution, reflecting the
coupling of productivity, water quality, and circulation. These findings demonstrate that
the Gulf of Tortugas functions as a dual nursery system and ecological node of resilience,
underscoring the importance of protecting such habitats for ecosystem-based fisheries
management and biodiversity conservation in a changing ocean.

Keywords: coastal connectivity; Eastern Tropical Pacific; ecosystem resilience; hydrographic
variability; ichthyoplankton; ENSO; spatiotemporal dynamics

1. Introduction

The early developmental stages of fishes—eggs and larvae (ichthyoplankton)—are
a critical component of marine biodiversity. They contribute biomass, mediate trophic
interactions, and sustain ecosystem functioning [1-5]. Ichthyoplankton studies provide
essential insights into adult fish biology and ecology [6-11]. They also inform fisheries
science by identifying spawning areas, estimating adult population sizes, and predicting
recruitment success [12-16]. In the context of global change, ichthyoplankton research
has become increasingly relevant for understanding how biodiversity and ecosystem
functioning respond to climatic variability and anthropogenic pressures.
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Coastal larval fish assemblages differ markedly from oceanic ones due to complex
physical, chemical, and biological interactions. Key drivers include temperature, salinity,
currents, food availability, and reproductive strategies of adult populations [11,17-20].
Oceanographic features such as eddies, stratification, and freshwater inputs further mod-
ulate larval survival and distribution [21-26]. At broader scales, ichthyoplankton assem-
blages respond to climatic oscillations, particularly El Nifio and La Nifia events, which alter
productivity, circulation, and recruitment dynamics [27-34]. While some studies emphasize
ENSO as a dominant driver of larval variability, others highlight the buffering role of local
geomorphology and reproductive strategies [35,36], underscoring ongoing debate about
the relative importance of global versus local processes.

Nursery habitats are critical ecological nodes that sustain early life stages of marine
fishes, providing refuge, food resources, and favorable hydrographic conditions that en-
hance survival and recruitment [37-39]. Estuarine transition zones, coastal gulfs, and
mangrove systems are particularly important because they integrate oceanic and continen-
tal influences, thereby supporting both shelf-associated and pelagic taxa. These habitats
function not only as biodiversity reservoirs but also as buffers against environmental vari-
ability, maintaining ecosystem resilience and contributing to fisheries productivity [40]. In
the nearshore area of the Eastern Tropical Pacific (ETP), larval assemblages are frequently
dominated by Engraulidae, Sciaenidae, Haemulidae, and Carangidae, reflecting the influ-
ence of ENSO variability, upwelling regimes, and estuarine—ocean interactions [36,41-47].
These findings underscore the ETP as a dynamic biogeographic unit where coastal gulfs
and transition zones function as nurseries, linking local assemblages to regional resilience.

Globally, nursery habitats play a critical ecological role. In Bahia Magdalena, Mexico,
ichthyoplankton assemblages respond to ENSO variability while maintaining connectivity
with regional fisheries [28,29,48-50]. Chilean fjords sustain early developmental stages
through circulation and retention processes [31,51]. Comparable mechanisms occur in South
African estuaries [24,52,53], Brazilian coastal systems [26,54,55], Mediterranean stratified
waters [19,20,56], and Indian Ocean and Taiwan Bank upwelling regions [23,57,58]. These
parallels highlight the global importance of nursery habitats as ecological keystones and
socio-economic assets.

In Colombia, ichthyoplankton research dates back to the 1980s [59-66]. Recent studies
emphasize ENSO variability, intraannual dynamics, and estuarine processes [32,36,47,67-69].
However, long-term continuity in Colombian ichthyoplankton studies has been limited,
largely due to short temporal coverage (typically 1-3 years), restricted spatial scope to
single estuaries or bays, irregular sampling frequency, and methodological inconsistencies
across campaigns. These constraints have hindered robust assessments of spatiotemporal
variability and its implications for biodiversity and fisheries resilience.

Within this context, the ecological role of coastal gulfs in the Colombian Pacific is still
poorly understood. The Gulf of Tortugas, located in the Eastern Tropical Pacific, represents
a coastal system influenced by oceanic inflows, riverine discharges, and tidal dynamics.
Major rivers such as the San Juan, Raposo, Mayorquin, and Cajambre contribute substantial
freshwater inputs, with peak discharges during the wet season (April-November), while
tidal dynamics are semidiurnal with an average range of 34 m. This hydrographic com-
plexity suggests a high potential for nursery function, as the interaction of riverine inflows,
tidal mixing, and oceanic circulation creates favorable conditions for larval retention and
dispersal. Its hydrographic complexity suggests a high potential for nursery function,
yet long-term assessments of ichthyoplankton assemblages in this region are scarce. Un-
derstanding how local biophysical drivers interact with large-scale climatic oscillations is
therefore essential for evaluating nursery capacity and resilience under climate variabil-
ity. The present study addresses this gap by analyzing ichthyoplankton assemblages in
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the Gulf of Tortugas through a decade of monitoring, thereby providing one of the most
comprehensive assessments of nursery function in the Colombian Pacific. Our approach
integrates spatial heterogeneity, local biophysical modulation, and large-scale climatic
forcing to evaluate how nursery capacity and resilience are sustained under fluctuating
environmental conditions.

Specifically, we test three contrasting hypotheses: (1) The Gulf of Tortugas functions
as a dual nursery, with central stations—defined a priori as sites in the innermost portion
of the Gulf, equidistant from coastal margins and riverine inflows where retention cells
were expected—acting as retention zones dominated by few species, while peripheral
stations—located near the outer margins and estuarine/oceanic transition zones where
dispersive pathways and stronger hydrographic gradients were observed—serve as di-
versity hotspots. (2) Local biophysical drivers (transparency, chlorophyll a, zooplankton
biomass, pH) modulate larval distribution and assemblage structure. (3) ENSO variability,
expressed through Oceanic Nifio Index (ONI) phases, drives interannual shifts in diversity,
richness, and taxonomic composition, with El Nifio suppressing diversity and La Nifia
enhancing resilience.

By contrasting these hypotheses, this study contributes to understanding marine
biodiversity and ecological functioning in a changing ocean, offering empirical evidence of
how nursery habitats sustain ecosystem processes, support biodiversity conservation, and
reinforce fisheries sustainability under climate variability.

2. Materials and Methods
2.1. Study Area

Ichthyoplankton sampling was conducted in the Gulf of Tortugas, located in the
Colombian Eastern Tropical Pacific (3°20'-4°00" N; 77°00'-77°40’ W), between 2010 and
2020 by the Oceanographic Sciences Research Group at Universidad del Valle. The Gulf
is influenced by oceanic inflows, riverine discharges, and tidal dynamics. Seasonal ther-
mocline shifts and freshwater inputs create favorable conditions for larval retention and
dispersal, highlighting its potential as a nursery habitat (Figure 1).
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Figure 1. (A). Location of the Gulf of Tortugas in the Eastern Tropical Pacific (red dot) and along
the Colombian Pacific coast (red square). (B) Detailed coastal view of the Gulf of Tortugas showing
sampling stations (1-15). Image source: Google Earth®, Landsat/Copernicus, (accessed 3 March
2026), modified by the authors. Image reproduced in accordance with Google Earth Guidelines for
fair academic and research use.
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The region sustains early life stages of both pelagic and demersal fishes, many of which
are of artisanal fisheries importance [70]. Oceanographic variability is strongly influenced
by seasonal upwelling from the Panama Bight and by ENSO cycles. El Nifio phases are
typically associated with thermocline deepening and reduced productivity, whereas La
Nifia phases correspond to enhanced upwelling and increased biodiversity. To capture
this variability, a standardized sampling grid was established. From 2010 to 2014, the grid
comprised 12 equidistant stations. In 2015, it was expanded to 15 stations, encompassing
coastal, estuarine, and oceanic transition zones (Figure 1).

2.2. Sampling Design

Zooplankton collections were performed through oblique bongo net tows at all stations.
Nets had a mouth diameter of 30 cm and mesh sizes of 300 um and 500 um. Samples from
both meshes were pooled for analysis. Tow durations and depths were standardized across
campaigns. Filtered water volume was estimated using a General Oceanics® flowmeter
(2010-2012) and a Hydrobios® flowmeter (2014-2020); no sampling was conducted in 2013
(Table S1).

Samples were preserved in buffered formalin (10% final concentration, prepared
with borax and seawater). Fish larvae were sorted and identified to the lowest possible
taxonomic level using the ichthyoplankton guide for the Colombian Pacific [71] and the
atlas of Moser [72]. Abundances were standardized to filtered water volume and expressed
as density (individuals per cubic meter, ind/m?).

Physicochemical parameters (temperature, salinity, dissolved oxygen, and pH) were
measured at 0, 10, 30, and 50 m using a YSI Pro Plus multiparameter (2010-2014) and a
Hanna HI9829 multiparameter (2015-2020). Continuous temperature and salinity data from
surface to 80 m or near bottom were obtained using a Seabird 19 profiler (2010-2014) and a
CTD YSI Castaway profiler (2015-2020). Instrument replacements (flowmeters, multiparam-
eter probes, CTD systems) were calibrated against reference standards and cross-checked
with overlapping measurements during transition campaigns to ensure comparability of
long-term environmental data and minimize bias. Transparency was assessed with a Secchi
disk. Chlorophyll a4 concentration was determined spectrophotometrically following the
Lorenzen method [73], after pigment extraction in 90% acetone and absorbance readings
at the recommended wavelengths with correction for turbidity. Total mesozooplankton
biomass, representing food availability, was quantified from pooled subsamples dried at
60 °C for 24 h and weighed in triplicate with an analytical balance (precision 0.0001 g) [74].

Surface circulation (1 m) was assessed using drifting buoys equipped with GPS re-
ceivers, deployed for 30 min at each station. Buoy positions were recorded at deployment
and recovery, yielding a displacement vector from which drift velocity and direction were
calculated using the Haversine formula, which provides accurate great-circle measure-
ments on a spherical surface. Although Vincenty’s formula offers higher precision by
accounting for Earth’s ellipsoidal geometry, its computational complexity was unnecessary
for short-range drift analyses. Drift vectors were subsequently integrated into a GIS to
delineate zones of inflow, retention, and dispersal.

Vertical stability was quantified using the Brunt-Vaisild frequency (B = N? =
—gAp/pAZ), which measures buoyancy frequency. Higher 3 values indicate stronger
stratification and reduced vertical mixing, while lower values reflect increased turbulence
and homogenization. Horizontal stratification was evaluated using the potential energy
anomaly (®), following Lee et al. [22]. Values <10] m~3 indicate mixed waters, 10-20 ] m—3
frontal waters, and >20 ] m~3 stratified waters. Together, 3 and ® provided a comprehen-
sive characterization of vertical and horizontal stability, circulation, and mixing processes.
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2.3. Data Analysis

Interannual comparisons were conducted at the locality level, with diversity and as-
semblage metrics standardized to account for variation in the number of stations sampled
per campaign. Sampling representativeness was evaluated using a suite of non-parametric
richness estimators (Chaol, Jackknifel, Bootstrap), which provided complementary as-
sessments of expected species richness and ensured adequate coverage of assemblage
diversity across campaigns. These estimators allowed us to determine whether observed
richness reflected true taxonomic breadth or was constrained by sampling effort, thereby
strengthening the reliability of long-term comparisons. Diversity was further quanti-
fied through classical univariate indices, including Shannon diversity (H') and Pielou’s
evenness (J'), each offering distinct perspectives on richness, dominance, and evenness
within assemblages. Caswell’s neutral model statistic (V) was calculated to test deviations
from neutral expectations [75]. Negative values indicated diversity below neutral expec-
tations, consistent with reproductive aggregation, while positive values suggested more
balanced assemblages.

Multivariate analyses were conducted in PRIMER v6 [76]. Dispersion was exam-
ined using PERMDISP to ensure homogeneity of variance [77]. Environmental datasets
were normalized and square-root transformed, while ichthyoplankton densities were log-
transformed [log10(x + 1)]. Taxa with an occurrence frequency greater than 5% across
sampling stations were retained for multivariate analysis, reducing the influence of rare
taxa and improving the interpretability of assemblage patterns. A Bray—Curtis similarity
matrix was generated to quantify compositional dissimilarities.

PERMANOVA was applied to evaluate spatial and interannual variability in ichthy-
oplankton assemblages [78,79]. The analysis incorporated campaign as a random factor
and station nested within zone as a fixed factor, using 9999 permutations constrained by
the design to account for repeated sampling and spatial dependence. Zones were delin-
eated a priori according to geographic position within the Gulf of Tortugas: inner stations
located nearshore and influenced by riverine inputs, middle stations situated in the central
portion of the gulf, and outer stations positioned toward the seaward margin adjacent to
oceanic waters. Pairwise comparisons among significant factors were conducted using
9999 permutations to ensure robust statistical inference.

To explore relationships between assemblage structure and environmental drivers,
BIOENV was employed to compare Bray—Curtis similarity matrices of species composition
with normalized environmental datasets (temperature, salinity, chlorophyll a, and zoo-
plankton biomass). Canonical Analysis of Principal Coordinates (CAP) was subsequently
applied to identify the axes that best explained groupings and to visualize multivariate
patterns. ENSO variability was incorporated into the analysis by including the Oceanic
Nifio Index (ONI) as a covariate, enabling direct evaluation of El Nifio and La Nifia influ-
ences on assemblage structure and diversity. Campaigns were classified into ENSO phases
according to ONI thresholds. This integrative approach allowed us to assess both local
environmental forcing and large-scale climatic oscillations as determinants of larval fish
distribution. Collinearity among environmental variables was assessed using variance
inflation factors and pairwise correlations, and highly correlated predictors were excluded
or interpreted with caution.

3. Results
3.1. Taxonomic Composition and Richness

A total of 7379 fish larvae were collected, representing 133 morphospecies. Thirty-
nine species (29%) were fully identified, while 278 individuals (4%) remained unclassified
(Table S2). The assemblage included 100 genera, 34 families, and 20 orders, suggesting
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broad taxonomic coverage. Across all nine campaigns, Cetengraulis mysticetus (Engraulidae)
accounted for nearly half of the total abundance (48%). Sciaenidae (18%), Gobiidae (13%),
and Haemulidae (3.3%) also contributed, although dominance varied among campaigns.
Families of artisanal fisheries interest, such as Carangidae, Lutjanidae, and Centropomidae,
were present in lower proportions. At the genus level, Cetengraulis remained consistently
dominant, while Isopisthus, Cynoscion, Stellifer, and Eucinostomus appeared recurrently,
suggesting connectivity between estuarine and coastal habitats.

Most larvae (98%) were in the preflexion stage, pointing to dependence on local
circulation and retention processes. Richness estimators indicated that observed richness
was close to predicted values: Chao 1 (observed) = 133 spp., Jackknifel = 166 spp. (80% of
predicted), and Bootstrap = 149 spp. (89% of predicted). Diversity indices suggested strong
interannual variability. Campaigns in 2012 and 2019 tended toward higher richness and
evenness, whereas 2017 was characterized by extreme dominance and reduced diversity
despite high larval density. Caswell’s neutral model produced values that departed from
neutrality in several campaigns, patterns consistent with reproductive aggregation and
retention tendencies (Table 1).

Table 1. Univariate diversity indices across sampling campaigns in the Gulf of Tortugas, including
species richness (S), larval density (N, ind/ m?3), Pielou’s evenness (J'), Shannon-Wiener diversity (H'),
and Hill numbers (N1, N2). Results from Caswell’s neutral model are also shown, including number of
individuals (n), number of species (S), expected diversity under neutrality (E[H']), standard deviation
(SD), and Caswell’s statistic (V), providing a comparative assessment of assemblage structure and
departures from neutral expectations.

Campaigns N S J N1 N2 H’ E[H’] SD[H’]  V(N.D.)
2010-03 2089 18 0.81 10.48 8.03 2.35 1.73 0.30 2.06
2011-04 3901 31 0.49 5.31 3.11 1.67 2.20 0.26 —2.03
2012-05 5409 60 0.43 5.78 2.33 1.76 2.87 0.20 —5.58
2014-05 16,471 43 0.64 11.19 6.21 242 2.34 0.26 0.29
2015-03 13,296 46 0.71 15.06 6.67 271 244 0.25 1.11
2017-10 78,494 48 0.36 4.03 1.90 1.39 2.27 0.27 —3.24
2019-03 46,419 57 0.75 20.6 10.46 3.02 2.51 0.25 2.10
2019-08 37,224 42 0.71 13.95 8.66 2.63 2.22 0.27 1.52
2020-02 11,786 24 0.83 14.05 11.02 2.64 1.79 0.31 2.74

3.2. Surface Circulation Pattern

Surface current dynamics showed spatial heterogeneity across the Gulf of Tortu-
gas. Inflow zones were observed along the coastal margin, retention cells occupied
the central region, and dispersive pathways extended toward oceanic transition areas
(Figure 2). These features suggested a spatial mosaic of circulation regimes that may
influence larval distribution.

GPS-tracked drifting buoys showed reduced displacement within retention cells,
pointing to limited horizontal transport and a tendency toward larval aggregation. In
contrast, dispersive pathways carried buoy trajectories toward oceanic stations, where
assemblages appeared more taxonomically diverse and heterogeneous. Circulation features
of this type were noted across campaigns. Retention cells seemed to function as potential
biomass reservoirs, while dispersive pathways were associated with biodiversity through
export and mixing. The coexistence of these regimes suggested that the Gulf may operate
as a dual nursery system, combining localized retention with broader dispersal.
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Figure 2. Surface circulation patterns in the Gulf of Tortugas for each sampling campaign, restricted
to the years in which buoy-tracking data were available. Vector length indicates drift velocity, while
arrow orientation denotes current direction.

3.3. Local Biophysical Drivers and ENSO Variability

Larval assemblages were closely linked to local biophysical conditions and modu-
lated by ENSO variability. Stations with higher chlorophyll-a and zooplankton biomass
supported elevated larval densities, while reduced transparency and lower pH were as-
sociated with assemblages dominated by few taxa. Chlorophyll-a, zooplankton biomass,
transparency, and pH were consistently identified as important predictors across Spearman
correlations, BIOENV, and CAP analyses, highlighting their central role in structuring larval
assemblages. Spearman’s correlations (rs), calculated using station-campaign observations
(n = 114) and based on raw data values (Tables S1 and S3), confirmed significant positive
relationships between larval density and chlorophyll-a (rs = 0.62, p < 0.01) and zooplank-
ton biomass (rs = 0.58, p < 0.01). Diversity indices declined under reduced transparency
(rs = —0.47, p < 0.05) and lower pH (rs = —0.41, p < 0.05). BIO-ENV identified chlorophyll-a
and transparency as the best predictors of assemblage composition (rs = 0.62), while CAP
ordination emphasized gradients of productivity and water clarity as primary structuring
axes (Figure 3).

Seasonal variation in the water column further modulated these dynamics. Verti-
cal stratification, expressed through the Brunt-Vaisila frequency (N?), revealed stronger
stability during warm phases, with surface waters exceeding 28-30 °C and subsurface
layers remaining cooler (<20 °C). During El Nifio years (2015-2016), N? values increased
in the upper 2040 m, indicating reduced vertical mixing and deeper thermoclines. These
conditions coincided with diminished nutrient flux, weakened retention, and lower larval
biomass. In contrast, La Nifia years (2010-2011) exhibited lower N? values, reflecting
weaker stratification and enhanced vertical mixing. Shallower thermoclines promoted
higher productivity and supported more diverse larval assemblages (Figure 4).
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Figure 3. Canonical Analysis of Principal Coordinates (CAP) showing relationships between environ-
mental variables and ichthyoplankton assemblages across sampling campaigns. Convex hulls delimit
campaign groups, and vectors indicate environmental gradients and species associations, with ONI

highlighting the influence of ENSO variability on assemblage structure.
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Figure 4. Vertical stratification in the Gulf of Tortugas expressed through Brunt-Viisild frequency
(N?). Profiles illustrate seasonal and interannual variability in water column stability between 2010
and 2020.

Horizontal stratification also varied seasonally and interannually. El Nifio campaigns
(2015, 2019) were characterized by weakened inflow and reduced retention efficiency, with
hydrographic gradients flattening across central stations. This homogenization limited
dispersal pathways and concentrated biomass into retention zones. La Nifia campaigns
(2011, 2017) displayed stronger inflow and sharper horizontal gradients in temperature,
salinity, and chlorophyll a. These gradients delineated retention cells in central areas and
dispersive pathways toward peripheral stations, facilitating both biomass concentration
and diversity export (Figure 5).
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Figure 5. Horizontal stratification in the Gulf of Tortugas expressed through potential energy anomaly
(P). Spatial distributions illustrate seasonal and interannual variability in hydrographic stability
between 2010 and 2020.

Vertical temperature profiles revealed marked stratification during warm phases
(Figure 6A). Surface waters reached 28-30 °C, while subsurface layers remained cooler
(<20 °C). During El Nifio years (2015-2016), thermocline deepening reduced nutrient
availability, coinciding with weakened retention and lower larval biomass. In contrast,
La Nifa years (2010-2011) were characterized by shallower thermoclines and enhanced
vertical mixing. These conditions promoted higher productivity and supported more
diverse larval assemblages (Figure 6A).

In a broader climatic context, ONI oscillations delineated warm (El Nifio) and cool
(La Nina) phases that influenced nursery function. The strong El Nifio of 2015 coincided
with suppressed diversity and marked dominance by Cetengraulis mysticetus (>60% of
total abundance). These conditions were accompanied by weakened retention, reduced
chlorophyll-a, and diminished zooplankton biomass (Tables 1 and S3). In contrast, La Nifia
phases facilitated recovery, with richness increasing by 25-30% and Shannon diversity
values nearly doubling compared to El Nifio years (Tables 1 and S3).

ENSO phases (Figure 6B) also affected circulation intensity and ecological outcomes.
During El Nifio campaigns (2015), inflow weakened and retention declined (Figure 2),
coinciding with lower larval biomass (Table S3). These years were marked by deeper
thermoclines and reduced productivity, factors that likely contributed to diminished sur-
vival in central nursery zones. La Nifia campaigns (2011) showed stronger inflow and
enhanced retention (Figure 2). These conditions supported improved survival and greater
diversity in peripheral stations, associated with shallower thermoclines, enhanced mixing,
and increased resource availability. The alternation between El Nifio suppression and La
Nifa recovery suggested that nursery function in the Gulf of Tortugas is closely linked to
climatic oscillations, with resilience emerging during cooler phases.
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Figure 6. (A). Vertical temperature profiles (°C, averaged per campaign) observed during sampling in
the Gulf of Tortugas between 2010 and 2020. Profiles illustrate seasonal and interannual variability in
the thermal structure of the water column, with shoaling of the thermocline during March campaigns
(2010, 2015, 2019) favoring higher diversity and balanced assemblages, and deepening during October
2017 and August 2019 associated with strong dominance. (B). Oceanic Nifio Index (ONI) from 2008
to 2022, showing the timing and intensity of El Nifio (red threshold, +1.5 K) and La Nifia (blue
threshold, —1.5 K) events. Notable peaks include the strong El Nifio of 2015 and the La Nifia of 2010.
Together, these panels contextualize the influence of ENSO-related climatic oscillations and seasonal
hydrography on larval assemblage variability and nursery function in the Gulf of Tortugas.

3.4. Dual Nursery Function and Integrative Patterns

Ichthyoplankton assemblages showed spatial partitioning consistent with a dual nurs-
ery function. Central stations within retention cells were characterized by reproductive
aggregation, sustaining elevated larval densities dominated by Cetengraulis mysticetus. Rich-
ness and evenness at these stations were comparatively low. Peripheral stations, influenced
by dispersive pathways, supported a broader array of families, including Carangidae, Gob-
iidae, Sciaenidae, and Engraulidae. These areas tended to function as diversity hotspots,
contributing to ecological heterogeneity. Such heterogeneity may enhance resilience by
maintaining taxonomic breadth across the system (Table 2, Figure 7).

PERMDISP detected differences in dispersion among campaigns (F = 4.78, dfl = 8
df2 = 105, p(perm) = 0.001). PERMANOVA indicated interannual variation in assemblage
composition, with variability evident across campaigns, stations, and zones (p < 0.01)
(Table 2). Diversity indices reflected these contrasts. Shannon diversity (H') and Hill
numbers (N1, N2) tended to be higher at peripheral stations. In contrast, Margalef richness
(d) and Pielou’s evenness (J') emphasized the dominance of few species in central zones
(Table S3).
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Table 2. Results of the PERMANOVA analyses applied to ichthyoplankton assemblages and environ-
mental variables in the Gulf of Tortugas. Factors evaluated include Campaign, Station, and Zone
for both larval and environmental matrices. Reported statistics are degrees of freedom (df), sum of
squares (SS), mean squares (MS), Pseudo-F values, permutation-based significance (P(perm)), and
number of permutations (perms).

Source df SS MS Pseudo-F P (Perm) Perms
Ichthyoplankton component
Campaign 8 84,510 10,564 4.14 0.001 996
Station 14 58,537 4181.2 1.41 0.002 996
Zone 2 14,088 7043.9 231 0.001 999
Physical, Chemical, and Biological Components
Campaign 8 287.82 35.978 5.18 0.001 998
Station 14 315.26 22.519 3.18 0.001 993
Zone 2 199.37 99.685 13.53 0.001 997
A. Richness

S
(Number of Taxa)

e 1-10
@ 10-20
@ »-3

77.7°W 77.0°W  77.7°W 77.0°W  77.7°W 77.0°W

(Larvae m‘3)
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@ 25-35
. 3.5-5.0

3.4°N -1 T
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T
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Figure 7. (A). Spatial distribution of species richness (S) across sampling campaigns in the Gulf of
Tortugas, expressed as the number of morphospecies per station. (B). Spatial distribution of larval
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density (N, individuals per cubic meter), standardized to filtered water volume. Circle size in each
panel reflects relative values of richness or density, allowing comparison of temporal and spatial
variability in ichthyoplankton assemblages.

3.5. Integrative Results Summary

Long-term monitoring of fish larvae in the Gulf of Tortugas suggested consistent pat-
terns in taxonomic composition, spatiotemporal variability, and environmental modulation.
Assemblages were dominated by Cetengraulis mysticetus, while recurrent contributions from
Sciaenidae, Haemulidae, Gerreidae, and Carangidae pointed to estuarine-shelf linkages.
Diversity indices indicated variability among campaigns. Post-La Nifia years tended to
show higher richness and more balanced assemblages, whereas El Nifio phases coincided
with reduced diversity and strong dominance. Local drivers—transparency, chlorophyll
a, zooplankton biomass, and pH—appeared to influence larval distribution, suggesting
coupling between productivity, water quality, and circulation.

Ecologically, the Gulf of Tortugas appeared to function as a dual nursery system.
Central retention zones sustained anchovy biomass, while peripheral dispersive zones
acted as diversity hotspots. The prevalence of preflexion stages and deviations from
neutrality suggested that circulation and retention played a role in structuring nursery
function. ENSO variability interacted with local processes, amplifying or dampening their
effects depending on climatic phase. Collectively, these observations positioned the Gulf of
Tortugas as both a biomass reservoir and a biodiversity refuge, highlighting its potential
role as a hotspot of resilience and ecological stability within the Colombian Eastern Tropical
Pacific (Figure 8).

ENSO Cycle

El Nifio

La Niiia Cool Phase

Warm Phase High Diversity

Climate Variability

Central Retention Zones External Diversity Hotspots
DU .

“'t Cetengraulis mysticetus \\ Sciaenidae, Heemulidae & ng’l dae
.
-

High Biomass High Richness

. LowTransparency * Acidic pH MSparenq 'ngh Productivity

N"‘:' ”""|"9 t‘b Dual Nursery Resilience < z:l""":":;’““
bt o Larval Survival & Diversity AN, o

Ecological Function Fisheries Resources

Figure 8. Conceptual model showing how ENSO variability interacts with local drivers to shape
nursery function. Central retention zones sustain anchovy biomass, while peripheral dispersive zones
act as biodiversity refuges. Together, these complementary habitats strengthen ecological function
and fisheries resources, exemplifying pathways toward resilient coastal ecosystems in the Colombian
Eastern Tropical Pacific. Source: Copilot Microsoft® 365 Personal, modified by the authors.

4. Discussion

Our results provided a cohesive picture of nursery function in the Gulf of Tortugas,
integrating taxonomic composition, circulation dynamics, local biophysical drivers, and
ENSO variability. This integrative perspective highlights how ecological processes in
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the region are not governed by a single factor but rather emerge from the interaction of
biological assemblages, physical circulation, and climatic oscillations.

4.1. Nursery Function in the Context of Coastal Connectivity

The Gulf of Tortugas exemplifies how nursery function emerges from the interac-
tion of circulation, local biophysical drivers, and climatic variability, embedded within
a broader framework of coastal connectivity. The dominance of Cetengraulis mysticetus
across campaigns reflected the importance of estuarine—shelf linkages, where retention
zones concentrated biomass of key fisheries species. At the same time, the recurrent pres-
ence of families such as Carangidae, Sciaenidae, and Gobiidae in peripheral dispersive
zones highlighted the role of biodiversity refuges in sustaining taxonomic breadth. This
duality aligned with nursery theory, which emphasizes biomass production and diversity
preservation as complementary mechanisms underpinning resilience [37,80,81].

Our circulation estimates represent average drift velocities derived from two GPS
records per deployment. While this approach is suitable for identifying broad circula-
tion patterns, it does not capture fine-scale meandering or short-term variability. Future
studies should incorporate continuous GPS tracking to improve temporal resolution and
trajectory detail. Nevertheless, circulation processes provided the physical template for
larval distribution. Inflow introduced biomass, retention favored aggregation, and disper-
sive pathways facilitated export. Local productivity and water clarity acted as bottom-up
drivers, reinforcing assemblage structure under favorable conditions and constraining
diversity under stress. ENSO variability amplified these dynamics, suppressing resilience
during El Nifio and promoting recovery during La Nifia. These tendencies underscored
the vulnerability of nursery systems to global climatic oscillations [82-84].

From a connectivity perspective, the Gulf functioned not as an isolated nursery but as
a node within a larger coastal network. Retention zones ensured biomass concentration
is critical for local recruitment, while dispersive pathways exported larvae into oceanic
assemblages, contributing to regional diversity. Comparable ecological functions have been
documented in Bahia Magdalena, Mexico [28,29], Chilean fjords [31], Yangtze Estuary [85]
and South African estuaries [24]. These parallels situated the Gulf of Tortugas within a
broader Eastern Tropical Pacific nursery network.

4.2. Resilience and Vulnerability to Climatic Oscillations

The Gulf of Tortugas nursery system demonstrated both resilience and vulnerability
in response to ENSO variability. El Nifio phases consistently suppressed diversity, with
Cetengraulis mysticetus accounting for more than 60% of total abundance during these
events. These conditions coincided with weakened inflow, reduced retention efficiency, and
diminished productivity. Together, they underscored how climatic oscillations can destabi-
lize nursery function by concentrating biomass into a few dominant taxa [27,30,86-88]. In
contrast, La Nifia phases promoted recovery. Richness increased by 25-30% compared to
El Nifio years, and Shannon diversity (H') values nearly doubled. Peripheral dispersive
zones played a buffering role, supporting families such as Carangidae, Sciaenidae, and Go-
biidae. These areas maintained ecological heterogeneity even under variable hydrographic
conditions. Caswell’s neutral model statistic (V) approached neutrality during La Nifia
campaigns, suggesting more balanced recruitment and stronger stochastic contributions to
assemblage structure. Comparable ENSO-related impacts have been documented in the
South China Sea [33], the Mediterranean [19,20], and other ocean basins, reinforcing the
global relevance of these dynamics.

Low-diversity, high-dominance assemblages occurred under both reduced reten-
tion during El Nifio and enhanced retention during La Nifia, reflecting distinct, context-
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dependent mechanisms of stratification and biomass concentration. Vertical and horizontal
stratification interacted in shaping larval assemblage dynamics in the Gulf of Tortugas.
Elevated Brunt-Viiséla frequency (N?) during El Nifio phases suggested stronger vertical
stability, coinciding with deeper thermoclines, reduced nutrient flux, and lower larval
biomass. Simultaneously, flattened horizontal gradients, expressed through potential
energy anomaly (&), indicated weakened inflow and reduced retention, conditions that
seemed to limit dispersal and favor dominance by a few taxa. In contrast, lower N? values
during La Nifia reflected weaker vertical stratification and enhanced mixing, while sharper
horizontal gradients suggested stronger inflow and clearer retention-dispersal pathways.
These combined patterns may have contributed to higher productivity, improved survival,
and greater diversity during cooler phases. Overall, they illustrate how local biophysical
drivers interact with global climatic oscillations to influence resilience in coastal nursery
systems, without indicating a single dominant mechanism [89]. At the same time, they
suggest that nursery systems may absorb climatic shocks [90], while their stability appears
to depend on the balance between aggregation and diversity [91].

4.3. Implications for Fisheries Management and Conservation

The dual nursery function identified in the Gulf of Tortugas provided insights into
how resilience in marine ecosystems can be sustained under changing ocean conditions.
Central retention zones, dominated by Cetengraulis mysticetus, acted as biomass reservoirs
that secured recruitment of key fisheries species. Their vulnerability to climatic suppression
during El Nifio events highlighted the need for adaptive, climate-responsive management
strategies [9,45]. Protecting these retention areas is essential to maintain biomass produc-
tion, yet management frameworks must anticipate periods of reduced resilience when
dominance intensifies and diversity declines.

Peripheral dispersive zones, in contrast, functioned as biodiversity refuges. They
supported a wider array of families and enhanced ecological heterogeneity. Their role
in buffering against climatic oscillations underscored the importance of conserving habi-
tat mosaics rather than focusing solely on biomass-rich areas [92,93]. By maintaining
taxonomic breadth, these zones contributed to long-term resilience and reduced depen-
dence on a single dominant taxon, thereby strengthening ecosystem functioning under
variable conditions.

From a conservation perspective, the Gulf of Tortugas should be recognized as a
critical nursery system within the Colombian Pacific. Ecological stability depended on the
complementary roles of retention and dispersive habitats. Integrating circulation dynamics,
local biophysical drivers, and ENSO variability into ecosystem-based fisheries management
would allow for more robust strategies that safeguard both biomass and biodiversity. This
approach directly supported the goals of resilient seas, emphasizing nursery habitats as
foundational components of marine biodiversity and ecological functioning in a changing
ocean [94].

5. Conclusions

Nursery function in the Gulf of Tortugas appeared to be shaped by taxonomic composi-
tion, circulation dynamics, local biophysical drivers, and ENSO variability. The dominance
of Cetengraulis mysticetus, together with recurrent contributions from estuarine—shelf fami-
lies, suggested expression through both biomass concentration and taxonomic diversity.
Circulation provided the physical template for larval distribution, while bottom-up drivers
such as chlorophyll a and zooplankton biomass influenced assemblage structure. ENSO
phases modulated these dynamics, with El Nifio generally linked to reduced diversity
and La Nifia to partial recovery, highlighting both vulnerability and adaptive capacity to
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climatic oscillations. Although differences in sampling months and station numbers may
have influenced assemblage composition, pooling by locality and standardizing metrics
minimized these effects, allowing interannual patterns to be interpreted in the context of
broader ENSO dynamics.

Central retention zones acted as biomass reservoirs dominated by a few species.
Peripheral dispersive zones served as biodiversity refuges with higher taxonomic richness.
These contrasting habitats complemented each other within the Gulf of Tortugas. Retention
zones concentrated biomass, supporting recruitment potential. Dispersive zones promoted
diversity export, enhancing ecological connectivity. Together, they appeared to balance
aggregation and dispersal processes. This balance contributed to resilience by buffering
against environmental variability. It also supported ecological stability across seasonal and
interannual scales. Such complementary roles positioned the Gulf of Tortugas as a key
nursery system in the Colombian Pacific. Protecting both habitat types may be essential for
sustaining biodiversity and fisheries productivity.

Adaptive, climate-responsive management in the Gulf of Tortugas should include
delineation of retention and dispersive zones, seasonal closures linked to El Nifio forecasts,
and intensified monitoring during transitional ENSO phases, thereby operationalizing
ecosystem-based fisheries management in a spatially and temporally explicit manner. Safe-
guarding both habitat types is essential to sustaining fisheries productivity and biodiversity.
Integrating local biophysical modulation with global climatic influences into ecosystem-
based frameworks enables strategies that anticipate variability and reinforce resilience.
In the broader context of Towards Resilient Seas, the Gulf of Tortugas exemplifies how
protecting nursery habitats strengthens marine biodiversity and ecological functioning,
offering pathways toward resilient coastal ecosystems in a changing ocean.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/1ife16091468/s1, Table S1. Oceanographic parameters recorded
at sampling stations during each survey campaign (1 = number of stations per campaign). Variables
include depth (Z, m), temperature (T, °C), salinity (S, PSU), dissolved oxygen (OD, mg-m*3), pH,
water transparency (Tran, m), and potential energy anomaly (P). Values are presented for each
station across campaigns conducted between 2010 and 2020. Table S2: Taxonomic richness and
relative abundance of fish larvae in the Tortugas Gulf, Colombian Pacific (Eastern Tropical Pacific).
RA: Relative abundance (%). CI = Commercial interest. Orders and Families are presented in bold.
N/N: Unidentified. Table S3: Biological parameters recorded at sampling stations during each survey
campaign. Variables include taxa richness (R), abundance of fish larvae (N, individuals), Shannon
diversity index (H), Pielou’s evenness index (J), chlorophyll a concentration (Clo a, mg'm_B), and zoo-
plankton biomass (B, mg-m~2). Values are presented for each station across campaigns conducted
between 2010 and 2020.
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