
1 of 12Aquatic Conservation: Marine and Freshwater Ecosystems, 2025; 35:e70110
https://doi.org/10.1002/aqc.70110

Aquatic Conservation: Marine and Freshwater Ecosystems

ARTICLE OPEN ACCESS

Genetic Diversity and Connectivity of Syngnathid Fish 
in Spanish National Parks: Conservation Insights From 
Protected Marine Ecosystems
Manuel Vera1   |  Belén G. Pardo1   |  Miquel Planas2   |  Inés Castejón-Silvo3  |  Carmen Bouza1

1Departamento de Zoología, Genética y Antropología Física, Facultad de Veterinaria, Campus Terra, Universidad de Santiago de Compostela, Lugo, 
Spain  |  2Departamento de Ecología y Recursos Marinos, Instituto de Investigaciones Marinas (IIM-CSIC), Vigo, Spain  |  3Instituto Mediterráneo de 
Estudios Avanzados (IMEDEA-CSIC-UIB), Esporles, Spain

Correspondence: Carmen Bouza (mcarmen.bouza@usc.es)

Received: 24 September 2024  |  Revised: 11 February 2025  |  Accepted: 28 February 2025

Funding: This work was supported by The Spanish Autonomous Agency of National Parks of the Ministry of Agriculture, Food and Environment.

Keywords: conservation | genetic diversity | genetic structure | microsatellites | mitochondrial haplotypes | pipefish | seahorses | species identification | 
Syngnathidae

ABSTRACT
Spanish National Parks (NPs) are protected areas for biodiversity conservation, including two Maritime–Terrestrian NPs: The 
Atlantic Islands of Galicia, PNIA (NW Spain) and Archipelago of Cabrera, PNAC (Balearic Islands). This study was aimed to 
conduct a 3-year genetic survey of syngnathid fish species (i.e. seahorses and pipefish) identified in both NPs and nearby unpro-
tected areas, using mitochondrial and microsatellite markers. A diversity of species was identified with differential distribution 
among NPs and adjacent areas studied. Pipefish (Syngnathus acus, S. abaster, S. typhle, Entelurus aequoreus, Nerophis lumbrici-
formis, N. maculatus, and N. ophidion) predominated, while seahorses (Hippocampus guttulatus) were much less abundant. 
Genetic data and phylogenetic analysis clarified in situ morphological identification. Mitochondrial haplotypes for each species 
clustered into monophyletic groups, supporting the identification of a cryptic lineage of S. abaster in PNAC distinct from east-
ern Mediterranean populations of this species. Intraspecific genetic diversity was evaluated at spatial and temporal scale for 
population samples recorded during the survey period, providing valuable information for individual resampling traceability 
and delineating management units. Temporal stability in genetic diversity and gene flow with adjacent areas were observed for 
dominant species within each NP in the 3-year period studied. However, significant intraspecific differentiation was detected 
between populations identified in Atlantic and Mediterranean NPs. This study provides valuable reference genetic data for future 
monitoring and to identify distribution or research gaps for further studies towards the conservation of syngnathid populations 
in Spanish marine NPs, which serve as umbrella species for the preservation of vulnerable coastal ecosystems and habitats.

1   |   Introduction

Syngnathids (Family Syngnathidae) are charismatic fish 
with characteristic morphology, cryptic behaviour and spe-
cialised life history traits, including parental care and male 

pregnancy (Stolting and Wilson  2007; Kuiter  2009; Roth 
et al. 2020). Moreover, many syngnathid species face threats 
due to habitat degradation and disturbances due to human 
activities, overexploitation and bycatch and climate change 
(Vincent et al. 2011; Monteiro et al. 2023; IUCN 2024). In this 
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context, syngnathids may serve as valuable flagship species 
for the conservation of coastal vegetated habitats and ecosys-
tems of special protection, including macroalgae communities 
and seagrass meadows (Stolting and Wilson  2007; Waycott 
et al. 2009; Planas et al. 2021; Peiffer et al. 2024). Thus, un-
derstanding their biology is crucial for defining conservation 
status and implementing protection measures for them and 
their associated ecosystems and habitats.

Sixteen syngnathid species are known to be distributed in 
European waters (Monteiro et  al.  2023), of which 13 (two 
seahorses and 11 pipefishes) inhabiting the Spanish coasts 
(Planas et  al.  2021; Castejón-Silvo et  al.  2023). Most of them 
are classified as data deficient with unknown population status 
(IUCN 2024). This highlights the need for further research at 
distribution and population level, with focus on specific con-
servation characteristics and habitats at regional scale (Garner 
et  al.  2020; IUCN  2024; https://​www.​iucn-​seaho​rse.​org/​). 
Furthermore, seahorse species are listed as endangered by the 
Convention on International Trade of Wild Fauna and Flora 
(CITES  2024) and protected regionally in various European 
countries, including Spain, being assessed as near threatened 
in Mediterranean habitats (OSPAR  2008; Pierri et  al.  2021; 
IUCN 2024), along with some pipefish in Balearic Islands (i.e. 
Syngnathus abaster and S. typhle; Planas et al. 2021).

Molecular genetic analysis is a valuable tool to assess taxonomic 
and evolutionary issues, and for evaluating genetic diversity at 
spatial and temporal scales to define conservation units (Allendorf 
et al. 2013; Garner et al. 2020), as applied in different syngnathids 
(i.e. Woodall et al. 2015; Montes et al. 2018; Mkare et al. 2021; 
Weiss et al. 2022). Mitochondrial DNA markers have been partic-
ularly useful to identify syngnathid species when morphological 
discrimination is ambiguous, as previously reported in European 
ranges (López et al. 2010; Hablützel and Wilson 2011; Sogabe and 
Takagi  2013; Woodall et  al.  2018). Microsatellite loci have also 
shown high informative potential for conservation genetics stud-
ies in this group of fish (Luo et al. 2015; Endo et al. 2018; Wilson 
et al. 2021), including some European species, with limited sets of 
samples from Iberian Peninsula (Hippocampus guttulatus and H. 
hippocampus; López et al. 2010, 2012, 2015; S. abaster, Diekmann 
et al. 2009; Hübner et al. 2013; Nerophis lumbriciformis, Monteiro 
et al. 2014, 2017; S. typhle, Wilson and Veraguth 2010). Insufficient 
molecular genetic data is still revealed for most syngnathids dis-
tributed in Spanish coasts, particularly deficient in marine pro-
tected areas where suitable habitats have been identified for these 
species (Planas et al. 2021).

Marine National Parks (NPs) are highly valuable IUCN category 
II protected areas to preserve marine ecosystems and habitats, 
where deep characterisation of biodiversity components is re-
quired, including genetic resources of iconic species and eval-
uation of connected unprotected areas to assess coordinated 
management if needed (Planas et al. 2021; Stump et al. 2023). 
In Spain, there are two Maritime-Terrestrial NPs, which com-
prise two protected groups of islands and surrounding marine 
reserves: the Atlantic Islands of Galicia (PNIA; Atlantic Ocean, 
NW Spain) and the Archipelago of Cabrera (PNAC, Balearic 
Islands, Mediterranean Sea). These NPs contain valuable coastal 
habitats with vulnerable plant communities essential for various 
fish and mollusc species (Planas et  al.  2021). In such context, 

syngnathid fish, as emblematic species, can serve as indicators 
of the condition of ecosystems with which they are associated, 
towards the management and conservation of marine biodiver-
sity in coastal habitats (Gilby et al. 2017). However, knowledge 
of syngnathid fish biology, distribution and abundance in both 
Spanish marine NPs is very scarce, especially at the genetic level 
(Planas et al. 2021; Peiffer et al. 2024).

This study was framed within the first multidisciplinary con-
servation approach for studying syngnathids in the two Spanish 
marine NPs, which have different environmental characteris-
tics and biodiversity profiles (Planas et al. 2021). The pioneering 
1-year field analysis, based on a limited number of specimens, 
identified different syngnathid species in PNIA and PNAC 
using mitochondrial sequence data. These data represent a first 
baseline for genetic monitoring of species and populations in the 
Spanish NPs, beside putative connections to nearby unprotected 
areas (Planas et al. 2021), which remains fully unexplored.

In this context, this work aimed to address a genetic characterisa-
tion of syngnathids collected during a 3-year monitoring survey 
in both NPs and their adjacent unprotected areas. Mitochondrial 
and microsatellite markers were adjusted for the various species 
identified in the field sampling. Specific marker panels were 
first applied to validate species identification based on in  situ 
morphological analysis. Subsequently, we assessed intraspe-
cific genetic diversity and differentiation at spatial and tempo-
ral scales, exploring population connections with unprotected 
areas nearby the NPs. The biodiversity monitoring datasets were 
integrated to define conservation units and support guidelines 
for preserving syngnathids associated with vulnerable coastal 
habitats and ecosystems within marine protected areas.

2   |   Material and Methods

2.1   |   Biological Sampling

Samples were collected with permission from the Spanish 
Autonomous Organism of National Parks (OAPN), and animal 
handling procedures followed the European Ethics Committee 
(Planas et  al.  2021). Thus, fish capture, handling and sampling 
were conducted in compliance with all bioethics standards on ani-
mal experimentation of the Spanish Government (R.D. 1201/2005, 
10th October) and the Regional Government Xunta de Galicia 
(Reference REGA ES360570202001/16/FUN/BIOL.AN/MPO02).

Genetic sampling was carried out between 2016 and 2018 during 
periodic field surveys at selected sites identified for syngnathids 
on the eastern coasts of the Cíes Islands in PNIA (42°13′ N, 
8°54′W; NW Spain; Atlantic Ocean) (Planas et  al.  2021) and 
the Western coast of Cabrera Island in PNAC (39°08′N, 2°56′W; 
Balearic Islands, Mediterranean Sea) (Figure 1). Nearby unpro-
tected marine areas in the Vigo Estuary in NW Spain (42°13′N, 
8°48′W) and the Majorca Island (39°21′N, 2°41′W; Balearic 
Islands) (Figure 1) were also sampled to explore their population 
connectivity with the NPs. In PNIA, sampling site selection was 
based on previous knowledge on habitat suitability (i.e. seaweed, 
substrate, open water exposure), and located near the coastline 
(3–20-m depth in 2016; 2–15 m in 2017–2018) (Planas et al. 2021; 
Planas  2022). At least two diurnal underwater visual census 
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(UVC) surveys per site and season each year (spring, summer 
and winter) (50 min per survey) were conducted by two pairs of 
divers, who recorded and sampled the syngnathids sighted. In 
PNAC, sampling sites were selected in suitable benthic habitats 
covered by seagrass and surveyed by two pairs of divers (two 
surveys per site, 60–80 min per survey; 2.8–21.5-m depth gradi-
ent; Planas et al. 2021). Due to the low number of sightings by 
UVC during the first year, a traditional small trawl net (called 
ganguil; 3-m-long, 0.8-m mouth aperture, 1.2-cm2 mesh size) 
was used for sampling sets in PNAC and Majorca (7 to 9 days per 
site and year; net operating depth: 11 to 16.5 m, under permis-
sion by park authorities; Planas et al. 2021). A rolling stainless-
steel cylinder was incorporated in the bottom of the net mouth 
to protect seagrass species from physical damage during sam-
pling (i.e. Cymodocea nodosa), being only authorised in selected 
site meadows avoiding disturbance of endemic species (i.e. fan 
mussel, Pinna nobilis; Planas et al. 2021).

For each specimen, a small portion of tissue was taken from the 
dorsal fin (nonlethal fin-clipping) and preserved in 95% etha-
nol for subsequent genetic analyses, and alive specimens subse-
quently released. Instead, a small portion of muscle tissue was 
taken in very small specimens from PNAC. Each of the four 
sampling areas was assigned a number (i.e. (1) Vigo Estuary; 
(2) PNIA; (3) PNAC; (4) Majorca) for easier identification among 
species, which were coded with initials to distinguish genus and 
species names (e.g. SA for S. acus; SAB for S. abaster; Table 1).

A collection of 418 specimens was genetically analysed across 
the marine study areas, with species identification based on 
visual morphology during field surveys (Planas et  al.  2021). 
Several seahorse and pipefish species were identified (Table 1), 
supported by genetic analysis in this study, except for a few 
discordant samples (see Results). Genomic DNA extraction 
protocols were adjusted for small quantity of sampled tissues, 
using NucleoSpin Tissue XS kit (Macherey–Nagel) and, when 
necessary, amplified using GenomiPhi V2 kit (GE Healthcare) 
always following manufacturers' recommendations. DNA 
concentrations (in ng/μL) for each extraction were measured 
with NanoDrop ND-1000 spectrophotometer (ThermoFisher 
Scientific).

2.2   |   Mitochondrial DNA Analyses

Cytochrome b (Cytb) and 16S ribosomal DNA (16S-rDNA) 
markers were used for syngnathid phylogenetic and population 
studies (Wilson et al. 2001; López et al. 2010). Universal Cytb 
primers, L14275F (Pääbo et  al.  1991) and H15926R (Wilson 
et al. 2001) were used in pipefish of the genera Syngnathus and 
Entelurus (Braga-Gonçalves et al. 2017). Specific Cytb primers 
were used for H. guttulatus (SHORSE5.3L, Casey et  al.  2004; 
GUTCYTBR, Woodall et  al.  2015), also assayed in reference 
DNA samples of this species from Cantabrian (CA) and Atlantic 
(AT) coasts in NW Spain (López et al. 2015). Due to failed Cytb 

FIGURE 1    |    Location map of studied areas in Spanish Maritime-Terrestrial National Parks (NPs) of Atlantic Islands of Galicia, PNIA (A), and 
Archipelago of Cabrera, PNAC (B), and nearby unprotected areas. NP protected areas are included within doted polygons. The number between 
brackets identifies sampling codes for each sampling site, as shown in Table 1.
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amplification in Nerophis pipefish samples, 16S-rDNA was anal-
ysed using universal primers (16Sa-L2510, 16Sb-H3080; Palumbi 
et al. 1991). Cytb and 16S-rDNA amplification was adjusted in 

50 μL reactions: 75–100 ng of DNA, 1× buffer, 2.5 mM MgCl2, 
400 μM dNTPs, 0.2 μM primer, 1 U Taq polymerase (Bioline 
AgroScience for Cytb; Applied Biosystems for 16S-rDNA), ex-
cept in H. guttulatus (1.25 U Taq polymerase). The PCR program 
consisted of 95°C for 5 min, followed by 33 cycles of 93°C for 
1 min, 50°C for 1 min (48°C in Entelurus aequoreus), 72°C for 
3 min and a final extension at 72°C for 10 min. Specific condi-
tions were used for H. guttulatus (94°C, 2 min; 35 cycles of 94°C 
for 30 s, 50°C for 30 s, 72°C for 1 min and 72°C, 2 min). Amplified 
fragments were verified on 1.5% agarose gels and subsequently 
purified using Exo-SAP (USB). Sequencing was performed with 
BigDye™ Terminator v3.1 Cycle Sequencing, following man-
ufacturer's recommendations, on an ABI 3730 XL automatic 
sequencer (Applied Biosystems). Additionally, 33 previously se-
quenced specimens from preliminary PNIA and PNAC surveys 
in 2016 were also included (Planas et al. 2021).

Manual sequence review and detection of variable nucleo-
tide positions was performed with SEQSCAPE 4.0 (Applied 
Biosystems), using Cytb and 16S-rDNA reference sequences 
of Northeast Atlantic syngnathids deposited in GenBank (see 
Results). Multiple sequence alignment and editing were per-
formed using BIOEDIT 7.0 (Hall 1999) with its ‘ClustalW mul-
tiple alignment’ module, applying the default parameters for 
the alignments. Haplotypes were detected with DNASP 5.10 
(Librado and Rozas 2009). Variable position files and phyloge-
netic reconstructions were obtained with MEGA 7.0 (Kumar 
et  al.  2016), using the neighbour-joining (NJ) method with p-
distance as nucleotide substitution rate model for all the species 
and the significance of nodes tested by bootstrapping (1000 rep-
licates). Population sequence variation for each species was an-
alysed using the number of haplotypes (H), haplotype (h) and 
nucleotide (π) diversity, and the interpopulation differentiation 
component (ΦST) (applying the proper nucleotide substitution 
rate [i.e. TN93 with gamma value of 0.23 for Syngnathus species 
and T92 with gamma value of 0.37 for Nerophis species]) using 
ARLEQUIN 3.5 (Excoffier and Lischer  2010). The haplotypes 
previously detected for 33 specimens of four syngnathid species 
identified in the NPs in 2016 (22 S. acus and four H. guttulatus 
in PNIA; six S. abaster and one N. maculatus in PNAC; Planas 
et al. 2021) were integrated with the 385 newly analysed samples 
in this study, 109 of the collected in 2016.

2.3   |   Microsatellite Analyses

Specific microsatellite panels per species were adjusted using 
primers reported for different syngnathids to analyse all sam-
ples studied from 2016 to 2018 (Table 1). In seahorses, 12 loci 
were assayed, following previous protocols (López et al. 2015) 
(see Table S1, summarizing loci information used for all syn-
gnathid species). In pipefish, 19 loci isolated from different 
European distributed species were tested in this study: S. ty-
phle (Styph12, Wilson and Veraguth  2010; Syty4, 16–18, 22, 
24, Roth et  al.  2012), S. abaster (Sabas3, 5, 7–9; Diekmann 
et  al.  2009) and N. lumbriciformis (NL00629, NL00750, 
NL02383, NL05025, NL06490, NL07690, NL12901 and 
NL16858; Monteiro et al. 2014). To optimise the informative 
potential across pipefish species, based on technical, polymor-
phism and allelic range criteria, different subsets of loci were 
adjusted in multiplex reactions (Table  S1). The 10-μL PCR 

TABLE 1    |    Sampling of syngnathids in the National Parks of Atlantic 
Islands (PNIA) and Archipelago of Cabrera (PNAC), and nearby 
unprotected areas (Vigo Estuary and Majorca Island). N: sampling size; 
nd: no sampled collection in these years. -: no samples detected during 
field surveys. Number between brackets identifies each sampling site 
(1: Vigo Estuary; 2: PNIA; 3: PNAC; 4: Majorca). Number between 
parentheses represents the individuals collected within the National 
Parks (NPs).

Locations/
Species Code 2016 2017 2018 N

Vigo Estuary (1) 109

Syngnathus 
acus

SA1 41 nd nd

Syngnathus 
typhle

ST1 33 nd nd

Nerophis 
lumbriciformis

NL1 35 nd nd

PNIA (2) 192

Syngnathus 
acus

SA2 22 70 82

Hippocampus 
guttulatus

HG2 4 6 —

Entelurus 
aequoreus

EA2 — 4 4

PNAC (3) 71

Syngnathus 
abaster

SAB3 6 10 22

Syngnathus 
typhle

ST3 — 13 6

Nerophis 
maculatus

NM3 1 1 5

Nerophis 
ophidion

NO3 — 1 6

MAJORCA (4) 46

Syngnathus 
typhle

ST4 nd 13 11

Nerophis 
maculatus

NM4 nd 2 15

Syngnathus 
abaster

SAB4 nd — 2

Syngnathus 
acus

SA4 nd — 2

Hippocampus 
guttulatus

HG4 nd — 1

Total (NPs) 418 
(263)
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reactions included 30 ng of DNA, 1× ‘Master Mix kit Go Taq 
G2 Hot Start Colorless’ (Promega) and specific primer con-
centration (shown in the Table S1). PCR conditions included 
95°C, 2 min; 25 cycles (30 in E. aequoreous, N. maculatus and 
N. ophidion) of 94°C for 30 s, specific annealing temperature 
(see values in Table S1) for 90 s, and 72°C for 1 min; and final 
extension at 72°C, 5 min.

Microsatellite markers were genotyped using the ABI PRISM® 
3730xl automated sequencer and GeneMapper 4.0 (Applied 
Biosystems). Genotyping reliability and presence of null al-
leles were evaluated with MICROCHECKER (Oosterhout 
et  al.  2004). Hardy–Weinberg (HW) equilibrium and linkage 
disequilibrium (LD) between all loci pairs per population and 
overall were tested using GENEPOP 4.04.7 (Rousset 2008), ap-
plying Bonferroni correction. Genetic diversity per locus and 
population was estimated using FSTAT 2.9.3.2 (Goudet  2001): 
number of alleles per locus (A), allelic richness (AR) and ex-
pected (He) heterozygosity. FSTAT was also used to estimate 
the fixation index (FIS). The global and pairwise interpopula-
tion genetic differentiation component (FST) was estimated by 
FSTAT, using 5000 iterations. Intraspecific genetic structure 
was analysed using STRUCTURE 2.3.4 (Pritchard et al. 2000), 
exploring a number of clusters (K) between 1 and the number 
of population samples plus 1, with 10 replicates per K (30,000 
burn-in cycles, 80,000 iterations). Probabilities of K values were 
analysed using STRUCTURE HARVESTER 0.6.94 (Earl and 
Vonholdt 2012), and cluster integration for different K was per-
formed using CLUMPAK (Kopelman et  al.  2015). For H. gut-
tulatus from PNIA, individual assignment analysis to reference 
populations from NW Spain could be performed based on previ-
ously reported genotypes at common microsatellite loci (López 
et al. 2015) using GENECLASS2.0 (Piry et al. 2004), applying 
the Rannala and Rannala and Mountain  (1997) criterion for 
likelihood estimation, and the simulation algorithm of Paetkau 
et  al.  (2004) to estimate the assignment probability for each 
seahorse to each reference population.

3   |   Results

3.1   |   Mitochondrial Variability and Phylogenetic 
Relationships

The sequencing of mitochondrial DNA (mtDNA) markers sup-
ported the visual morphological analysis for species identifica-
tion. The genetic sampling in the study areas throughout the 
survey supported the scarce presence of long-snouted seahorses 
(H. guttulatus; subfamily Hippocampinae) and more diversity 
of pipefish species from two divergent subfamilies (Hamilton 
et al. 2017): Syngnathinae (S. acus, S. typhle and S. abaster) and 
Nerophinae (N. lumbriciformis, N. maculatus, N. ophidion, E. 
aequoreus) (Table 1).

In pipefish of the genus Syngnathus, a fragment of the Cytb 
gene of 1149 base pairs (bp) was analysed. In S. acus specimens 
found in PNIA-Cíes and Vigo Estuary, 40 haplotypes were de-
tected, with 51 variable sites (see Figure  S1). One haplotype 
(Cytb_SA13) was identical to GenBank reference AF356040 for 
this species from Sweden (Wilson et al. 2001), used for the align-
ments of S. acus and S. typhle. The most frequent haplotypes 

in PNIA-Cíes (Cytb_SA02, Cytb_SA14) were common in the 
nearby Vigo Estuary, although rare haplotypes were also found 
(see Table S2A for spatial haplotype distribution and frequency). 
In S. typhle, 39 haplotypes with 55 variable sites were detected 
(Figure  S1), with no shared haplotypes between NPs (see 
Table S2A). Cytb_ST05 and Cytb_ST21 were the most frequent 
in PNIA and PNAC, respectively, although many haplotypes 
(30) were rare in both NPs. In all S. abaster specimens anal-
ysed in PNAC and Majorca Island, a total of eight haplotypes 
(Cytb_SAb01–Cytb_SAb08) with 23 variable sites were identi-
fied (Figure S1), including the two previous haplotypes reported 
in the first year of the field survey (Cytb_SAb1 and Cytb_SAb2; 
Planas et al. 2021). Cytb_SAb01 was identical to that detected 
in two specimens initially misidentified as S. rostellatus based 
on visual morphology in PNAC (Cytb_SR01), which were later 
reclassified as S. abaster (see Table S2B, summarizing all mis-
identifications detected). These misclassifications were col-
lected in the first year of sampling, highlighting the importance 
of caution in visual identifications for these species especially 
in small individuals and poorly trained teams. The phyloge-
netic analysis revealed monophyletic groups for each identified 
Syngnathus species, with S. abaster more closely related to S. 
typhle (Figure 2). The S. abaster haplotypes in PNAC clustered 
separately from GenBank sequences of this species from Italy 
(Mwale et al. 2013) and other Mediterranean-distributed pipe-
fish species, although closer to S. typhle and S. taenionotus than 
to S. acus and S. rostellatus (Figure 2).

In the genus Nerophis, the 16S-rDNA sequence of N. ophidion 
(GenBank AF354994) was used to align a 521-bp fragment with 
95 variable positions and three indels (see Figure S2). Four hap-
lotypes (16S_NL01-16S_NL04) were detected in N. lumbrici-
formis from Vigo Estuary. In N. maculatus from PNAC and 
Majorca, five haplotypes were found, with 16S_NM01 being the 
most abundant (see Table S2A for details on haplotype frequency 
across sampling areas). A few morphological misclassifications 
were detected (Table S2B): One N. maculatus in PNAC was ge-
netically reclassified as N. ophidion, highlighting again the chal-
lenges of visual morphological discrimination, especially for 
small-sized pipefish species with poorly differentiated morpho-
logical features. The most abundant haplotype for the specimens 
genetically identified as N. ophidion was 16S_NO02, identical to 
the reference AF354994 from Sweden (Wilson et al. 2001). The 
phylogenetic tree grouped the haplotypes of the three Nerophis 
species into three monophyletic clades (Figure S3).

In E. aequoreus, found only in PNIA, three haplotypes for the 
565-bp 16S-rDNA fragment with two variable positions were 
detected (Figure S2). The most abundant haplotype, 16S_EA01, 
was identical to the Norwegian reference used for this species 
(KY065539; Hamilton et  al.  2017). In addition, for a 900-bp 
Cytb aligned fragment with respect to the GenBank KY857646 
sequence from the European Atlantic coast (Braga-Gonçalves 
et  al.  2017), seven haplotypes with 15 variable positions were 
detected, with Cytb_EA01 being the most abundant (Figure S2).

Six haplotypes of H. guttulatus were identified using a Cytb 
fragment of 507 bp, integrating with other available haplotypes 
from the Galician coast, revealing a total of 16 haplotypes and 16 
variable positions, aligned against the GenBank AF192664 se-
quence from UK (Casey et al. 2004) (Figure S4). Cytb_HG16 was 
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6 of 12 Aquatic Conservation: Marine and Freshwater Ecosystems, 2025

unique in PNAC, whileCytb_HG03 was the most common in 
PNIA and NW Spain (CA and AT, Table S2A). A putative H. hip-
pocampus in PNAC was genetically reclassified as H. guttulatus, 
suggesting a possible morphological confusion between both 
species, as reported in Gran Canaria Island (López et al. 2010). 
Phylogenetic reconstruction identified a monophyletic group for 
H. guttulatus separated from the congeneric species H. hippo-
campus also presents in Galician coasts (Valladares et al. 2014; 
see Figure S5).

Morphological analysis combined with genetic samples identi-
fied 217 S. acus, 40 S. abaster, 76 S. typhle, 11 H. guttulatus, 8 E. 
aequoreus, 35 N. lumbriciformis, 24 N. maculatus and 7 N. ophid-
ion specimens in the temporal period studied (Table 1). All new 
haplotypes were submitted to GenBank database (for detailed 
accessions information, see Table S2A).

3.2   |   Microsatellite Adjustment for Pipefish 
Species

In pipefish species, multiplex PCR conditions were adjusted 
for selected informative microsatellite subsets per species (see 
Table  S1 for a summary of the species-specific marker panels 
and conditions), ranging from seven to nine loci in Syngnathus 
species, and from five to eight loci in Nerophinae pipefish. In 
Nerophinae, especially N. ophidion, low cross-amplification 
rate, genotyping success (e.g. NL02383 and NL05025) and poly-
morphism (NL00629) were observed starting from loci isolated 
in N. lumbriciformis (Monteiro et al. 2014).

The variation of microsatellite genotypic data in each pipefish 
species (displayed in Table  S2C) showed global adjustment to 
HW equilibrium, except for some loci exhibiting heterozygote 
deficit suggestive of null alleles, with caution due to low sample 
size in some species. No significant LD was detected between 
pairs of loci, compatible with independent segregation.

3.3   |   Population Genetic Diversity and Structure

Diversity and population genetic structure per species were es-
timated based on mtDNA and microsatellite markers (Table 2), 

allowing short-term temporal comparisons for the best repre-
sented species in the sampling period studied.

Sygnathus acus was the predominant species recorded in 
PNIA and the Vigo Estuary, with limited presence in Majorca 
Island (Table  2). Genetic diversity estimates were similar 
among temporal samples in PNIA compared with the Vigo 
Estuary (Table  2). Low and non-significant genetic differen-
tiation was observed between spatial and temporal samples of 
S. acus in PNIA and nearby areas (overall FST and ΦST: ~2%; 
mean paired FST and ΦST: 1.6% and 2.2%, respectively) (see 
Table S3, summarizing all pairwise FST and ΦST estimates in 
each species). Significant differentiation was only found be-
tween SA2-16 and SA2-18 with mtDNA, potentially due to un-
equal sample sizes (larger in SA2-18; Table 1) and the smaller 
effective size for haploid mitochondrial genome (than nuclear 
one). STRUCTURE analysis identified the best number of 
clusters as K = 2, followed by K = 3, based on Evanno's Delta 
K values (Evanno et al. 2005). The observed pattern revealed 
a genetically homogeneous group comprising all individu-
als from PNIA and the Vigo Estuary, while the few Majorca 
samples showed differentiated ancestry proportions based on 
microsatellite loci (see structure plots in Figure  S6), agree-
ing with mtDNA data for S. acus (Figure 2), of interest to be 
confirmed in further Mediterranean surveys based on higher 
sample sizes.

In S. typhle identified in PNAC, Majorca and Vigo Estuary, 
no significant differences in genetic diversity levels were 
detected between spatial or temporal samples (Table  2). 
Significant microsatellite and mtDNA estimates of differen-
tiation were observed between Atlantic and Mediterranean 
populations (mean pairwise FST: 7.3%; ΦST: 68.9%; p < 0.05; 
Table  S3), which, beyond influence of some small/unequal 
samples sizes, were highly consistent with mtDNA phylogeny 
data for S. typhle (see Figure 2). Low and non-significant dif-
ferentiation was detected between spatial and temporal sam-
ple pairs from PNAC and Majorca (global and mean pairwise 
FST values: ~0.1%; ΦST: 4%; Table S3; FST of 0.02% and ΦST of 
2.9%, when excluding lower/unequal sample sizes (N < 10)), 
except between ST3-17 and ST4-18 with mtDNA, likely due to 
low sample size. Genetic structure analysis revealed divergent 
Atlantic and Mediterranean populations, grouping all PNAC 

FIGURE 2    |    NJ (neighbour-joining) tree showing the relationships among the Cytochrome b (Cytb) haplotypes detected in species of Genus 
Syngnathus in the Spanish National Parks with respect to reference sequences of congeneric European species (Mwale et  al.  2013): S. abaster 
(AF356060_S23; JX228141_SCA1), S. typhle (AF356042_S4; AF356059_S22; JX228148_KLU1), S. acus (AF356040), S. rostellatus (AF356041_S3) 
and S. taenionatus (AF356061_S24; JX228146_VEN89). Numbers in nodes show bootstrap values (1000 replicates) for robustness of branches. Green 
and blue colours correspond to the presence in PNIA and PNAC, respectively, while black colour identifies the reference sequences.
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and Majorca samples, for different K values, with the highest 
Delta K for K = 3 (LnP: −3188.82) (Figure 3).

In S. abaster, detected in PNAC and Majorca, the Cytb hap-
lotype analysis supported its morphological classification as 
a monophyletic group, suggesting a cryptic lineage distinct 
from other eastern Mediterranean S. abaster populations, with 
a greater genetic distance compared with other congeneric 

species (Figure  2), as previously indicated by preliminary 
limited sampling in 2016, during the first year of field survey 
(Planas et al. 2021). Microsatellite genetic diversity within the 
whole population data set in PNAC and Majorca, using loci 
isolated from S. abaster (Diekmann et al. 2009), was also con-
sistent with intraspecific variation, showing no signs of mixing 
between genetically heterogeneous populations (i.e. neither de-
viations from HW equilibrium nor significant LD between loci 

TABLE 2    |    Genetic diversity of syngnathid fish in the Spanish National Parks and adjacent areas (codes are in Table 1).

Species Mitochondrial DNA* Microsatellites

Population N H h π N A AR He FIS Loci used

S. acus 9

SA1-16 35 14 0.866 0.0030 40 10.44 9.12 0.620 0.018

SA2-16 22 9 0.779 0.0029 22 8.78 8.78 0.623 0.036

SA2-17 70 25 0.865 0.0026 69 11.11 8.62 0.614 0.030

SA2-18 82 17 0.831 0.0023 82 11.56 8.68 0.658 0.050

SA4-18 2 1 0.000 0.0000 2 1.89 — 0.556 0.500

S. typhle 9

ST1-16 28 15 0.931 0.0028 32 15.56 5.54 0.716 0.079

ST3-17 12 9 0.939 0.0035 12 8.89 5.69 0.761 0.097

ST3-18 6 6 1.000 0.0063 6 6.11 5.54 0.744 0.144

ST4-17 13 8 0.859 0.0019 13 9.44 5.80 0.768 0.102

ST4-18 11 6 0.727 0.0050 11 8.56 5.71 0.782 0.143

S. abaster 7

SAB3-16 6 2 0.533 0.0005 6 6.57 5.93 0.767 0.081

SAB3-17 10 3 0.378 0.0005 10 8.14 5.69 0.829 0.139

SAB3-18 21 5 0.810 0.0014 21 11.14 5.38 0.746 0.016

SAB4-18 2 2 1.000 0.0159 2 3.71 — 1.000 0.143

H. guttulatus 12

HG2-16/17 9 5 0.667 0.0020 9 5.50 5.50 0.632 0.004

HG4-18 1 1 — — 1 — — — —

HG-CSa/b 27a 9 0.749 0.0021 52b 10.50 5.58 0.572 0.002

HG-SAa/b 38a 12 0.760 0.0022 51b 11.42 5.85 0.610 0.052

N. lumbriciformis 8

NL1-16 31 4 0.187 0.0004 35 10.75 — 0.769 0.024

N. maculatus 5

NM3-16/18 7 3 0.524 0.0017 6 4.60 2.68 0.705 0.270

NM4-17/18 17 9 0.735 0.0020 16 9.20 2.93 0.723 0.268

E. aequoreus 8

EA2-17/18 8 7 0.964 0.0049 8 5.38 — 0.545 0.388

*Cytb marker in Genera Syngnathus and Hippocampus, while 16S-rDNA in Nerophis and Entelurus. N: Sample size (samples with very low N (< 5) were merged 
with consecutive temporal replicates and the year interval was indicated in the code; e.g. HG2-16/17). H: haplotype no., h/π: haplotype/nucleotide diversity; A: allele 
no., AR: allelic richness, He: expected heterozygosity; FIS: fixation index (bold: P < 0.05);a/b H. guttulatus reference samples from Cantabrian (HG-CS) and Atlantic 
(HG-SA) coasts in NW Spain (aCytb data analysed in this study; b previously reported microsatellite data in HG-CS and HG-SA from Betanzos and Vigo Estuary, 
respectively; López et al., 2015). All available samples per species were presented, more reliable diversity estimates the larger the sample sizes. For detailed information 
about the microsatellite loci used in each species, see Table S1.
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8 of 12 Aquatic Conservation: Marine and Freshwater Ecosystems, 2025

pairs per population or globally in the samples analysed were 
detected). Microsatellite allelic diversity and richness were sim-
ilar between temporal samples in PNAC, although higher in 
SAB3-18 with mtDNA, likely influenced by smaller sample sizes 
in 2016 and 2017 (Table 2). No significant microsatellite differ-
entiation was detected (global FST: 1.5%, p > 0.05; FST of 3.1% 
when excluding small samples with N < 10; see all pairwise esti-
mates in Table S3). In contrast, mtDNA data showed significant 
differentiation (ΦST: 30%, excluding samples with N < 10) which 
was highly influenced by rare haplotypes under unequal sample 
sizes. Finally, using STRUCTURE with microsatellite markers 
identified a single cluster grouping all individuals of this cryptic 
S. abaster lineage detected in PNAC and nearby Balearic areas 
(LnP: −1203.50).

In N. maculatus from PNAC and Majorca, temporal analysis 
was conditioned by restricted and unequal sample sizes. Spatial 
clustering revealed slightly lower genetic diversity in PNAC 
compared with Majorca, with genetic diversity estimators least 
affected by sample size using both microsatellites and mtDNA 
(mean He, AR, π; Table 2). FST/ΦST values between PNAC and 
Majorca were small and nonsignificant with both marker types 
(below 0.1%; p > 0.05; Table S3); beyond sampling size influence, 
results were consistent with a single most likely population 
group (LnP: −387.42) in the genetic structure analysis, across K 
values.

In N. lumbriciformis, a single population sample was identi-
fied in Vigo Estuary, exhibiting lower mtDNA variability than 
the other Nerophis species with 16S-rDNA, while more similar 
microsatellite genetic diversity estimates (He: 0.768; A: 10.8; 
Table 2). Even so, caution is needed for interspecific compari-
sons based on specific subsets of microsatellite loci, under small/
unequal sample sizes and should be revised in further studies.

For the remaining pipefish, N. ophidion from PNAC and E. 
aequoreus from PNIA, the low number for all genetic samples 
(N < 10) and smaller number of microsatellite subsets with low 
polymorphism, restricting comprehensive genetic analysis. In 
addition, some N. ophidion specimens in PNAC showed low 
DNA quality, with poor amplification success for some loci 
(≤ 50% for NL02383 and NL05025). Even so, multilocus analysis 
in this species allowed us to obtain preliminary genetic diver-
sity estimates (He: 0.842; A: 4.8) and individual identification, 
discarding putative resampling, using the most informative 
loci (NL02383, NL1685, NL0769, with five, six, and nine alleles 
per locus, respectively). For E. aequoreus samples from PNIA, 
preliminary estimates of genetic diversity were obtained with 

microsatellites and mtDNA (He: 0.545; A: 5.4; H: 7; h: 0.964; 
Table 2).

Genetic samples of H. guttulatus in PNIA and Majorca were 
scarce. One Majorca specimen exhibited differential genetic 
variants compared with PNIA, while another could not be ana-
lysed due to poor DNA quality, aligning with sighting data (sur-
face flotation). In PNIA, preliminary genetic diversity estimates 
were obtained with microsatellites and mtDNA (He: 0.632; A: 
5.5; H: 5; h: 0.667; Table 2). In the genetic assignment analysis 
(see results in Table S4), all these seahorses were allocated to the 
Galician reference populations from Atlantic and Cantabrian es-
tuaries previously studied using common microsatellites (López 
et al. 2015), and many specimens (67%) were assigned with high 
probability to the Vigo Estuary, nearby the Cíes Islands. This 
information is concordant with the mitochondrial Cytb data in 
this work, pointing to low genetic structure along the Galician 
coasts for this species, as reported (López et  al.  2015). While 
being cautious with the low sample size, no signs of significant 
genetic differentiation were found from any of the comparisons 
using microsatellite data (mean FST: 0.1%; ΦST: 0.9%; p > 0.05).

4   |   Discussion

4.1   |   Genetic Species Identification of Syngnathids

Morphological and genetic analysis identified eight syngnathid 
species in the Spanish marine NPs and nearby unprotected 
areas during 2016–2018, representing an important diversity out 
of the 16 species reported with European distribution (Monteiro 
et al. 2023). Compared with 2016 surveys (Planas et al. 2021), 
the expanded dataset increased species diversity (from five to 
seven) in both protected areas, highlighting the dominance of 
different pipefish in PNIA and PNAC, and the very low abun-
dance of seahorses in NPs (H. guttulatus only detected in PNIA). 
Hippocampus guttulatus exhibits higher abundances in estua-
rine and sheltered coastal habitats in the NW Iberian coasts 
compared with other European areas (Valladares et  al.  2014; 
Planas et  al.  2021; Peiffer et  al.  2024). The mtDNA analyses 
clarified some morphological misidentifications among some 
pipefish species (total 2.3%; eight in PNAC, two in Majorca), 
emphasizing the need for careful visual surveys and genetic 
analyses (López et al. 2010; Hablützel and Wilson 2011; Garcia 
et  al.  2019). Distinct syngnathid species distribution was ob-
served between PNIA and PNAC, associated with specific hab-
itats, environmental and biodiversity profiles in Atlantic and 
Mediterranean areas, including different prevalence of seaweed 

FIGURE 3    |    Genetic structure of Syngnathus typhle in the National Parks and adjacent areas. Populations are separated by vertical lines, and each 
specimen is represented by individual bars with their colour proportion representing the posterior probability of assignment of each individual to the 
different clusters (K) tested. This result was estimated by the STRUCTURE program, which demonstrates the results for K = 2 and K = 3.
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communities (Planas et  al.  2021). PNIA featured two pipefish 
species, S. acus and E. aequoreus, in addition to the seahorse H. 
guttulatus, with low abundances for the latter two. Syngnathus 
acus was also dominant in nearby Vigo Estuary, where addi-
tional pipefish species were identified (N. lumbriciformis and S. 
typhle), agreeing with specific biodiversity patterns including 
estuarine seagrass meadows, which are absent in PNIA (Planas 
et al. 2021). In PNIA, sheltered suitable areas include complex 
seaweed communities and substrates (rocky, sandy-gravel and 
maerl beds), while benthic communities and seagrass meadows 
in the Balearic sites (Planas et al. 2021). In PNAC, four pipefish 
species were detected, with S. typhle and S. abaster being more 
prevalent and N. maculatus and N. ophidion occurring at much 
lower abundance. In the adjacent Majorca Island area, there 
was also presence of S. acus and H. guttulatus, while N. ophid-
ion was absent, suggesting limited syngnathid diversity and low 
abundance in the sampled areas and associated habitats, which 
can be partly explained by the sampling methods used in the 
three-year period studied. Syngnathid species richness and 
abundance could have been underestimated due to fish crypsis 
in dense meadows during visual censuses, and to depth ranges 
imposed by net permissions in PNAC (11–16.5 m), which may 
not fully fit for some species, such as S. abaster (also inhabiting 
above 5 m) (Planas et al. 2021; Castejón-Silvo et al. 2023), worth 
of further temporal surveys to capture long-term genetic trends.

Finally, S. abaster was detected throughout the survey period 
in PNAC and Majorca Island, supporting preliminary results 
based on six specimens sighted in PNAC during 2016 (Planas 
et al. 2021). All S. abaster haplotypes in PNAC and nearby areas 
clustered into a monophyletic group, clearly differentiated from 
Cytb haplotypes of Italian S. abaster at eastern Mediterranean 
areas (Mwale et al. 2013). This suggests a divergent cryptic ge-
netic lineage for this species in PNAC and Majorca Island, with-
out morphological differences compared with those described 
in Italian coasts, suggesting historical evolutionary isolation 
processes in this pipefish. Future morphological and genetic 
surveys on less studied western Mediterranean populations 
of S. abaster are necessary to investigate this further (Sanna 
et al. 2013; Planas et al. 2021), as invoked for complex systematic 
relationships in other syngnathids (Garcia et al. 2019).

4.2   |   Genetic Diversity and Structure: 
Management Units

This study presents the first population genetic diversity data for 
S. acus from PNIA and Vigo Estuary, where temporal stability in 
genetic diversity was observed. These populations form a single 
gene pool, indicating connectivity and, therefore, can be consid-
ered as a single genetic management unit. This connectivity may 
be associated with the shared use of food resources by the algal 
communities in both areas, with predominance of large mature 
breeders during the spawning season in PNIA, during the 3-year 
period surveyed, as reported (Planas et al. 2021; Planas 2022).

For S. typhle, from PNAC, Majorca and Vigo Estuary, although 
genetic diversity was similar between the areas, temporal stabil-
ity was observed in PNAC in the period studied. Furthermore, 
significant genetic differentiation was detected between the 
Atlantic (Vigo Estuary) and Mediterranean (PNAC and Majorca) 

populations, consistent with previous phylogeographic studies 
(Wilson and Veraguth 2010).

For S. abaster, from PNAC and Majorca, we attribute it to a 
cryptic lineage distinct from other Mediterranean populations, 
which may be due to geographic isolation leading to a historic 
speciation event, as suggested (Sanna et al. 2013). Although mi-
crosatellite genetic diversity was comparable to Atlantic popula-
tions (Diekmann et al. 2009), we suggest that further research 
be conducted to assess whether our hypothesis holds.

Genetic diversity levels in other pipefish species (e.g. Nerophis 
and Entelurus) were influenced by low sample sizes at spatial 
and/or temporal scale in the period studied, which prevents us 
from providing definitive conclusions. Even so, some evidence 
and gaps can be derived from this study of interest to be taken 
into consideration in further studies. For N. maculatus, sugges-
tive signs of gene flow between PNAC and Majorca were found 
that would warrant extended surveys in the region. For N. lum-
briciformis from Vigo Estuary, microsatellite diversity was con-
sistent with reported population data from northern Portugal 
(Monteiro et al. 2014, 2017). For E. aequoreus from PNIA Cytb 
diversity was also concordant with previous phylogeographic 
data of the species (Braga-Gonçalves et al. 2017). For H. guttu-
latus from PNIA, genetic diversity was consistent with previous 
studies in Galician coastal populations (López et al. 2015). This 
supports temporal stability and gene flow between PNIA and ad-
jacent areas, associated with high habitat suitability for this spe-
cies (Peiffer et al. 2024), and part of the South Atlantic lineage of 
the species (Riquet et al. 2019; Stacy et al. 2021). Population de-
clines of seahorses in Mediterranean regions highlight the need 
for conservation efforts (Pierri et al. 2021).

Based on these results, we suggest that translocations of ge-
netically distinct populations should be avoided, particularly 
between Atlantic and Mediterranean areas. Furthermore, we 
propose that protected areas be recognised as important ge-
netic stocks for maintenance and connectivity with unprotected 
areas, as reported for threatened syngnathids (Planas et al. 2021; 
Stump et  al.  2023). Therefore, long-term genetic studies could 
be carried out to monitor genetic diversity and whether popula-
tions maintain connectivity between protected and unprotected 
areas, to ensure the conservation of these species in the region, 
which, as umbrella taxa, may have positive impact on preserv-
ing coastal biodiversity (Monteiro et al. 2023).

4.3   |   Conservation Applications

Within the context of threatened marine biodiversity, marine 
NPs are recognised by the IUCN as Category II protected areas, 
encompassing significant ecosystems and habitats while pro-
moting education and recreation activities related to natural 
resources within a sustainable development framework. This 
study provides the first genetic assessment of syngnathid fishes 
in the Spanish marine NPs (PNIA and PNAC) using mitochon-
drial and microsatellite markers.

Genetic and morphological data revealed a limited diversity 
of syngnathid species differentially distributed between NPs, 
aiding in misclassification resolution and the identification of 
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cryptic lineages, such as a divergent Mediterranean population 
of S. abaster in PNAC. This information contributed to iden-
tify selected areas of occupation for different syngnathid spe-
cies within the two Spanish marine NPs, associated to specific 
habitats and plant communities of conservation concern. It is 
crucial to promote the conservation of these areas, minimizing 
alterations of these ecosystems sensitive to navigational activ-
ities (e.g. recreation, transit, fishing). Additionally, temporary 
monitoring actions should be planned to validate incomplete 
data and detect changes resulting from habitat alteration and/
or climate change.

In the period surveyed, genetic analyses revealed spatial and 
temporal stability of genetic diversity for dominant syngnathids 
in each NP, but differentiation between populations of the species 
detected in both Atlantic and Mediterranean NPs. Gene flow be-
tween NPs and nearby unprotected areas was detected, influenc-
ing demography and genetic diversity, which pinpoint the value 
of protected areas to preserve evolutionary processes for marine 
ecosystems and habitats, but also of connected adjacent areas 
which may benefit coordinated management and conservation 
actions. Monitoring total genetic diversity within and among 
populations at the intraspecific level will contribute to identify 
management units as a basis to support conservation actions.

Temporal evaluations of more abundant species in PNIA (S. 
acus) and PNAC (S. typhle and S. abaster) are recommended 
to explore long-term trends, as well as continuing to assess less 
abundant syngnathids, such as iconic seahorses. In this regard, 
citizen collaboration can contribute sighting records and/or 
indirect catches (through diving associations or artisanal fish-
ermen) (Ruiz-Jarabo et al. 2024). In addition, genetic marker in-
formation could be useful to guide ex situ conservation activities 
in aquaria and captive breeding actions for endangered species. 
These efforts can also promote public education and awareness 
regarding marine biodiversity (Castejón-Silvo et al. 2023).

In conclusion, this study will contribute to advancing the bio-
logical knowledge of syngnathids genetic resources in PNIA 
and PNAC and connected adjacent areas outside of the NPs, as a 
basis to support the conservation of these umbrella species and 
the protection of valuable coastal habitats and ecosystems.
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