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Abstract

This study evaluated the effects of copepod use and copepod conditioning strategies on
the growth and survival of long-snouted seahorse (Hippocampus guttulatus) juveniles from
1 to 60 days post-parturition (DPP). Four dietary treatments were tested: Artemia enriched
for 24 h with Isochrysis galbana (control), daily collected copepods, copepods unfed for 48 h,
and copepods enriched for 24 h with I. galbana. Juveniles fed copepod-based diets exhibited
significantly higher growth and survival (p < 0.05) than those fed enriched Artemia. Mean
standard length increased from 1.3 ± 0.1 cm at release to 5.9 ± 0.2, 7.5 ± 1.4, 7.1 ± 1.2,
and 7.3 ± 1.1 cm at 60 DPP for the enriched Artemia, daily collected copepods, unfed
copepods, and enriched copepods treatments, respectively. Wet weight increased from
0.002 ± 0.001 g to 0.44 ± 0.07, 0.81 ± 0.40, 0.68 ± 0.30, and 0.76 ± 0.40 g, while final
survival reached 20%, 60%, 33.3%, and 56%, respectively. Compared with enriched Artemia,
copepod-based diets markedly enhanced juvenile performance, supporting faster growth
and promoting favorable behavioral traits that contributed to improved survival. These
results demonstrate that copepods constitute a superior live feed for early juvenile H.
guttulatus; however, copepod conditioning strategies directly influence their nutritional
quality and, consequently, seahorse growth and survival. The use of copepods throughout
the first 60 DPP is therefore not only feasible but strongly recommended for optimizing
juvenile H. guttulatus rearing performance.

Keywords: seahorses; copepods; lipids; fatty acids; growth; survival

Key Contribution: This study evaluates how copepod conditioning strategies affect early
growth and survival in Hippocampus guttulatus juveniles. Copepods consistently out-
performed enriched Artemia, enhancing growth and survival during the first 60 days
post-parturition. Freshly collected and short-term enriched copepods produced the best
results. These findings provide practical guidance for improving early feeding protocols
and underscore the importance of live-feed nutritional quality in seahorse aquaculture.

1. Introduction
Seahorses (Hippocampus spp.) are marine fishes of considerable commercial value that

are traded globally. Dried seahorses are used primarily in traditional Chinese medicine
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(TCM) and, to a lesser extent, as curios, while live individuals are sold for the ornamental
aquarium trade [1]. Although dried seahorses account for approximately 98% of the global
trade volume [2], the aquarium trade can exert substantial pressure on local populations [3].
It is estimated that around 37 million seahorses and related syngnathids are traded annually
worldwide [4–6]. China, including Hong Kong, consumes approximately 250 tons per year
for TCM [7], and nearly 80 countries participated in international trade between 1996 and
2001 [8,9]. While the volume of wild-caught seahorses traded remained relatively stable
between 1997 and 2008, the trade in captive-bred individuals increased markedly between
2002 and 2004, reflecting a growing interest in aquaculture [10]. Nevertheless, wild capture
continues to pose a significant threat to native populations and contributes to ongoing
species declines [10].

Seahorses exhibit distinctive life-history traits, including low fecundity, predominantly
monogamous mating systems, and prolonged parental care involving the brooding of small
clutches [11]. These characteristics render them particularly vulnerable to overexploitation
and environmental perturbations. According to the 2025 IUCN Red List of Threatened
Species, one seahorse species is classified as Critically Endangered, two as Endangered,
thirteen as Vulnerable, and two as Near Threatened, while the remaining species are listed
as Least Concern or Data Deficient. Notably, 23 species show declining population trends,
whereas the population status of the remaining species remains unknown [12].

In this context, seahorse aquaculture represents a promising alternative to satisfy the
increasing demand for ornamental specimens while potentially alleviating pressure on
wild populations [13]. The global market for aquaculture-produced seahorses is dominated
by live individuals [10]. Of the 45 currently recognized Hippocampus species [12], 7, H.
abdominalis, H. barbouri, H. breviceps, H. comes, H. ingens, H. kuda, and H. reidi, account for
more than 99% of internationally traded captive-bred seahorses [13]. The long-snouted
seahorse, Hippocampus guttulatus is among the wild-caught species traded in relatively
high numbers [10] and represents a promising candidate for diversification within the
aquaculture industry. Its optimal thermal range is lower than that of several widely traded
species, such as H. kuda [14,15], H. comes [16], H. barbouri [17], and H. reidi [18,19], but
comparable to that of H. ingens [20], H. whitei [21], H. erectus [22], and H. abdominalis [23,24],
supporting its suitability for ornamental aquaculture. Despite this potential, seahorses
remain challenging candidates for aquaculture due to persistent knowledge gaps regarding
their nutritional requirements. Feed formulation and delivery constitute major bottlenecks,
particularly during the early juvenile stages. Low survival during early development [25]
continues to limit the commercial viability of seahorse culture. Although high survival rates
have been reported for certain species (e.g., H. abdominalis [26], H. erectus [27], H. comes [16],
and H. guttulatus [28]), a standardized husbandry protocol capable of preventing substantial
mortalities during the first day’s post-parturition (DPP) has yet to be established. While
environmental factors such as water quality, light intensity, and rearing density influence
juvenile survival [21,29], inadequate nutrition remains the primary cause of mortality
during the first DPP [30,31].

Juvenile seahorses feed exclusively on live prey, and most rearing efforts rely on
Artemia nauplii [14,18,32–44]. However, Artemia nauplii and metanauplii are nutritionally
inferior to natural zooplankton, particularly copepods, which have consistently been shown
to enhance growth, survival, and overall health across seahorse species [6,18,29,33,45–51].
Copepods constitute the preferred prey of most marine fish larvae and frequently dominate
natural diets [52]. They provide balanced nutritional profiles [53–57], contain digestive
enzymes [58], and stimulate larval feeding activity [59,60]. Delbare et al. (1996) [61] high-
lighted several advantages of copepods, including their broad size range, characteristic
swimming behavior, and high content of highly unsaturated fatty acids (HUFA). Copepods
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offer a wide range of prey sizes (60–1500 µm) owing to their high species diversity and
12 developmental stages (six nauplii, five copepodites, and the adult stage) [62]. In par-
ticular, the naupliar and copepodite stages are well suited to the limited mouth gape of
early larvae and outperform rotifers as first-feed organisms [49,63]. Moreover, their inter-
mittent, stop-and-go swimming behavior enhances prey detection and ingestion by fish
larvae [64,65].

Fish growth, development, and physiological performance depend strongly on dietary
lipid quality and composition, particularly during early life stages. Phospholipids play
a fundamental role in membrane structure and cellular metabolism [66,67]. As most fish
larvae have a limited capacity for de novo phospholipid synthesis [68], dietary phospho-
lipid supplementation is required [69,70]. Adequate phospholipid intake promotes growth,
digestive tract maturation, antioxidant capacity, and resistance to stress [71–74]. In addition,
long-chain highly unsaturated fatty acids (HUFAs), including docosahexaenoic acid (DHA),
eicosapentaenoic acid (EPA), and arachidonic acid (AA), are essential for normal growth,
development, and reproduction. Deficiencies in these fatty acids impair larval health,
reduce growth and feed efficiency, and increase mortality [75–80]. These HUFAs are key
components of cell membranes and serve as precursors of eicosanoids, which regulate
stress responses and other physiological processes [75,76]. As most marine fish species are
unable to synthesize these fatty acids endogenously, they must be supplied through the
diet [45]. Increasing evidence suggests that the dietary ratios among DHA, EPA, and AA
are often more critical than their absolute concentrations, with many species benefiting
from a high DHA-to-EPA ratio [75,76].

Copepods therefore represent an optimal live prey due to their superior nutritional
quality, particularly with respect to lipid and fatty acid composition. However, their
widespread use in aquaculture is constrained by production limitations, due to the long
generation time and relatively low copepod densities in the cultures compared to rotifers
and Artemia [81], considerable species-specific variability in reproductive biology, life cycle
strategies, and environmental tolerance [82,83]. The use of wild-caught copepods can
partially overcome these constraints, although natural populations are highly variable
in abundance and nutritional quality. Consequently, pre-feeding conditioning strategies,
such as short-term food deprivation or enrichment, are commonly applied to maintain or
enhance their nutritional value prior to feeding. The present study aimed to evaluate the
use of copepods as a live diet and to assess whether different pre-feeding conditioning
strategies, limited food deprivation or enrichment, affect growth and survival in juvenile
long-snouted seahorse, Hippocampus guttulatus.

2. Materials and Methods
2.1. Broodstock Maintenance and Feeding

A broodstock of twenty F3-generation adult Hippocampus guttulatus (10 females and
10 males) was stocked in two identical experimental units consisting of 250 L white plastic
rectangular tanks with flat bottoms. Each tank housed 10 animals (5 males and 5 females).
Tanks were integrated into a flow-through system with a constant water exchange rate
of 100 L h−1 and moderate aeration. Water temperature and salinity were not artificially
controlled and followed natural seasonal fluctuations. Illumination was provided from
above by two 36 W fluorescent tubes per tank, yielding a light intensity of 600 ± 25 lux at
the water surface, with photoperiod regulated by a timer. The photoperiod was adjusted
every two weeks to match natural daylight conditions.

Water quality parameters, including ammonia, nitrate, and nitrite concentrations,
were monitored twice weekly using commercially available test kits (Tetra Test Ammonia
Kit (Tetra U.S.®, Blacksburg, VA, USA), API Nitrite Test Kit (API®, Chalfont, PA, USA),
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and LaMotte Nitrate Test Kit (LaMotte®, Newark, DE, USA), respectively) and remained
stable throughout the experimental period. Ammonia concentrations were consistently
below detectable levels, nitrate concentrations remained below 0.3 mg L−1, and nitrite
concentrations were maintained below 1.25 mg L−1. Juvenile H. guttulatus were fed a
mixed diet consisting of mysid shrimps (Mesopodopsis slabberi and Diamysis lagunaris) and
frozen shrimp (Atlantic ditch shrimp, Palaemonetes varians).

2.2. Breeding Protocol

Adult H. guttulatus were allowed to mate and reproduce freely. To minimize variability
associated with intrinsic growth potential and brood-specific effects, juveniles from a single
brood were gently collected immediately after parturition, counted, and randomly allocated
to 16 glass rectangular tanks (10 L) at a stocking density of 1.5 fish L−1 (15 juveniles per
tank; n = 240). Stocking density was intentionally kept low to avoid negative effects on
juvenile growth [40]. Husbandry conditions and the experimental design followed the
protocol described by Palma et al. (2011) [41].

The rearing trial followed a completely randomized design, with four replicate tanks
assigned to each dietary treatment. In each tank, the front wall remained uncovered to
facilitate observation, whereas the lateral and rear walls were covered with black adhesive
material to enhance prey visibility [26]. Seawater temperature, salinity, and dissolved
oxygen were maintained at 20.5 ± 0.3 ◦C, 37.5 ± 0.1‰, and 7.4 ± 0.1 mg L−1, respectively.
Tanks were illuminated from above with two 36 W fluorescent tubes, providing a light
intensity of 900 ± 40 lux at the water surface. Photoperiod was controlled by a timer and
adjusted as described above.

Water quality parameters (ammonia, nitrate, and nitrite) were monitored biweekly
and remained stable throughout the experiment, with ammonia consistently below de-
tectable levels, nitrate concentrations below 0.3 mg L−1, and nitrite concentrations below
1.25 mg L−1. The rearing trial lasted 60 days post-parturition (0–60 DPP), after which cope-
pods were no longer size-appropriate for juvenile H. guttulatus, as previously reported [41].

Juvenile H. guttulatus were assigned to one of four dietary treatments: (1) 24 h enriched
Artemia (control diet), (2) daily collected copepods, (3) 24 h enriched copepods, and (4) 48 h
unfed copepods. For the control diet, AF Artemia cysts (Inve®, Dendermonde, Belgium)
were hatched following the protocol described by Sorgeloos et al. (1986) [84]. Nauplii
were enriched for 24 h in 20 L acrylic cylindrical–conical tanks at a maximum density of
50,000 individuals L−1, maintained at room temperature (20–22 ◦C) under continuous mod-
erate aeration. The enrichment medium consisted of cultured Isochrysis galbana supplied at
a concentration of 6 × 106 cells mL−1.

Copepods (Oithona nana) were naturally produced in the outflow pond of the Ramal-
hete Research Station. The pond (4000 m2 surface area; 1 m depth) receives effluent water
from the station, promoting phytoplankton growth and subsequent copepod production.
Environmental parameters were not controlled and followed natural seasonal conditions
during the summer, coinciding with the experimental period. Copepods were collected
daily using a 60 µm mesh hand net, counted, and divided into three equal portions cor-
responding to the experimental dietary treatments. One portion was fed immediately
after collection (daily collected copepods), the second was enriched for 24 h with I. galbana
following the same protocol used for Artemia (enriched copepods), and the third was
maintained unfed for 48 h prior to feeding (unfed copepods).

In all treatments, juveniles were fed once daily ad libitum at an approximate prey den-
sity of 5000 prey L−1, following Palma et al. (2017) [40]. Uneaten prey were removed each
morning by siphoning two hours prior to feeding, and feces and debris were eliminated
using the same procedure. Fish were visually inspected daily for signs of deformities or
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disease; however, no pathological analyses were conducted, and causes of mortality were
not determined.

During the experimental period, juvenile H. guttulatus were sampled biweekly using
a simplified protocol adapted from Lourie et al. (1999) [85] to minimize handling stress.
Instead of the three standard measurements (head, trunk, and tail lengths), total length was
estimated as the sum of head length and fish height. Length and wet weight measurements
followed the protocol of Woods (2003) [35]. Juveniles were individually collected using a
small container and transferred to a shallow tray, where length was measured with a digital
Vernier caliper. Wet weight was recorded using a Kern microgram balance following gentle
blot-drying. These data were used to calculate:

(1) Weight Gain WG (g/fish) = (Wf − Wi)/Wi, where Wf is the final wet weight and Wi

is the initial wet weight;
(2) Length Gain LG (cm/fish) = (Lf − Li)/Li, where Lf is the final length and Li is the

initial length;
(3) Thermal-unit growth coefficient (TGC) = [(Wf

1/3 − Wi
1/3)/Σ(T × D)] × 100 (modified

from [86] by Cho (1990) [87]), where Wf is the final wet weight and Wi is the initial
wet weight; T = water temperature, ◦C; D = number of days;

(4) Condition Factor (CF) = (wet weight (g)/length3 (cm)) × 100.

2.3. Proximate Analysis

Proximate composition analyses of Artemia and copepods were conducted on triplicate
50 g (wet weight) samples from each dietary treatment. Samples were freeze-dried, ground,
and stored at −18 ◦C until analysis. Dry matter and ash contents were determined following
AOAC (1995) methods [88]. Crude protein (N × 6.25) was quantified using the Dumas
combustion method with a Leco nitrogen analyzer (Leco Corporation, St. Joseph, MO,
USA), and total lipid content was measured by petroleum ether extraction using an XT20
ANKOM analyzer (Ankom Technology, Macedon, NY, USA).

2.4. Lipid Analysis

Triplicate samples from each dietary treatment were frozen at −80 ◦C and subsequently
freeze-dried for 48 h. Dry weights were recorded prior to lipid extraction. Lipid classes
were separated by one-dimensional double-development high-performance thin-layer
chromatography (HPTLC) using methyl acetate/isopropanol/chloroform/methanol/0.25%
(w/v) KCl (25:25:25:10:9, v/v) (Merck KGaA, Darmstadt, Germany) as the polar solvent
system and hexane/diethyl ether/glacial acetic acid (80:20:2, v/v) (Merck KGaA, Darmstadt,
Germany) as the neutral solvent system. Lipid classes were quantified by charring with
copper acetate reagent followed by calibrated densitometric scanning using a SHIMADZU
CS-9001PC dual-wavelength flying spot scanner (Kyoto, Japan) [89].

Total lipid extracts were transmethylated under acid-catalyzed conditions for 16 h at
50 ◦C using 1 mL toluene (Merck KGaA, Darmstadt, Germany) and 2 mL of 1% sulfuric
acid (v/v) (Merck KGaA, Darmstadt, Germany) in methanol. Fatty acid methyl esters
(FAME) were purified by thin-layer chromatography and visualized using iodine (Merck
KGaA, Darmstadt, Germany) in chloroform/methanol (2:1, v/v) containing 0.01% BHT
(Merck KGaA, Darmstadt, Germany) [90]. Heneicosanoic acid (21:0) was added prior to
transmethylation as an internal standard. FAME were separated and quantified using
a SHIMADZU GC-2010 (Nakagyo-ku, Kyoto, Japan) gas chromatograph equipped with
a flame-ionization detector (250 ◦C) and an RTX-WAX™ fused silica capillary column
(10 m × 0.1 mm I.D.) (Restek, Bellefonte, PA, USA). Helium was used as the carrier gas,
with an oven temperature program starting at 150 ◦C and increasing at 90 ◦C min−1 to
250 ◦C, held for 3 min. Individual FAME were identified by comparison with authentic
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standards and a well-characterized fish oil. All reagents and solvents were of analytical
grade and sourced as specified.

2.5. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 9.0 (GraphPad
Software, San Diego, CA, USA). The effects of diet on growth performance were assessed
using one-way nested ANOVA, with tanks nested within diet to account for the non-
independence of fish within the same tank. Significant differences among treatments
were identified using the Newman–Keuls multiple comparison test (p = 0.05). Fatty acid
composition data were tested for normality and homogeneity of variances prior to analysis
and compared among diets using one-way ANOVA followed by Tukey’s post hoc test
(p < 0.05). Survival over time was analyzed using Kaplan–Meier product-limit estimators.
Survival curves were constructed for each dietary treatment based on the number of fish
alive at each sampling point, assuming mortality events occurred on observation days.
No censoring was applied. Differences among survival curves were assessed using the
log-rank (Mantel–Cox) test. Statistical significance was accepted at p < 0.05.

3. Results
The proximate composition of each dietary treatment is presented in Table 1. Moisture

content differed significantly (p < 0.05) among diets. Enriched Artemia exhibited the lowest
moisture level (70.3 ± 0.4%), whereas all copepod-based diets showed significantly higher
values (84.6–86.6%), with no significant differences among them. Consequently, enriched
Artemia displayed a significantly higher (p < 0.05) dry matter content (29.7 ± 1.0%) than
copepods treatments (13.4–15.4%). Enriched Artemia also contained the highest gross
protein (17.7 ± 0.8 g 100 g−1 DM) and total lipid contents (9.8 ± 0.7 g 100 g−1 DM), both
of which were significantly higher (p < 0.05) than those measured in all copepod-based
diets. Protein and lipid contents among copepod-based diets did not differ significantly
from one another (p < 0.05). Gross energy content was significantly higher (p < 0.05) in
daily collected copepods (504.28 ± 1.2 kcal 100 g−1 DM) and 24 h enriched copepods
(502.53 ± 1.4 kcal 100 g−1 DM) compared with enriched Artemia and 48 h unfed copepods,
which exhibited lower but comparable energy values.

Table 1. Proximate composition of the four tested dietary treatments (24 h I. galbana enriched Artemia,
daily collected copepods, 48 h unfed copepods, and 24 h I. galbana enriched copepods) in percentage
(%), g per 100 g of Dry Matter (g/100 g DM) and kilocalories per 100 g dry matter (Kcal/100 DM).
Rows with different superscripts letters are significantly different (p < 0.05).

Proximate Composition Enriched Artemia Daily Copepods 48 h Unfed
Copepods

24 h Enriched
Copepods

Moisture (%) 70.3 ± 0.4 b 86.6 ± 1.1 a 84.6 ± 1.0 a 85.5 ± 1.0 a

Dry Matter (%) 29.7 ± 1 a 13.4 ± 1.1 b 15.4 ± 1.3 b 14.5 ± 1.3 b

Gross Protein (g/100 g DM) 17.7 ± 0.8 a 10.4 ± 0.6 b 8.9 ± 1.1 a 9.8 ± 1.1 b

Total Lipids (g/100 g DM) 9.8 ± 0.7 a 4.9 ± 0.8 b 4.3 ± 0.7 b 4.8 ± 0.9 b

Gross Energy (Kcal/100 DM) 488.9 ± 0.7 b 504.28 ± 1.2 a 491.53 ± 1.4 b 502.53 ± 1.4 a

Lipid class composition data are presented in Table 2. Overall, lipid class profiles
differed markedly among dietary treatments, reflecting pronounced shifts between po-
lar and neutral lipid fractions as well as significant changes in individual lipid classes.
Daily collected copepods were characterized by a significantly higher proportion of po-
lar lipids (PL; 53.6 ± 1.3%) than all other treatments (p < 0.05), largely driven by ele-
vated phospholipid contents, particularly phosphatidylcholine (PC; 20.5 ± 0.3%) and
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phosphatidylethanolamine (PE; 13.0 ± 0.1%). In contrast, 48 h unfed and 24 h enriched
copepods exhibited intermediate PL levels (43.5–43.9%), which did not differ significantly
from each other (p > 0.05) but remained significantly lower than those of daily collected
copepods and higher than those of enriched Artemia (29.8 ± 2.5%).

Table 2. Lipid class composition (% of total lipids, mean ± SD) of the four dietary treatments tested
(24 h I. galbana enriched Artemia, daily collected copepods, 48 h unfed copepods and 24 h I. galbana
enriched copepods). Lipid classes are expressed as relative proportions of total lipids; PL and NL
represent the summed fractions of polar and neutral lipids, respectively. Different superscript letters
within a row indicate significant differences (Tukey HSD, p < 0.05).

Enriched Artemia Daily Collected
Copepods

48 h Unfed
Copepods

24 h Enriched
Copepods

Lysophosphatidylcholines (LPC) 3.5 ± 0.1 b 4.1 ± 0.0 b 3.2 ± 0.3 b 6.3 ± 0.1 a

16:0 (SM) 5.3 ± 0.4 a 6.0 ± 0.2 a 4.1 ± 0.2 b 4.3 ± 0.2 b

Phosphatidylcholine (PC) 9.4 ± 0.9 c 20.5 ± 0.3 a 18.4 ± 0.2 b 16.0 ± 0.1 b

Lysophosphatidylethanolamine (LPE) 2.3 ± 1.0 b 1.8 ± 0.1 b 1.0 ± 0.3 c 4.1 ± 0.2 a

Phosphatidylserine (PS) 2.7 ± 1.4 b 4.7 ± 0.8 a 2.8 ± 0.2 b 2.2 ± 0.2 b

Phosphatidylinositol (PI) 2.1 ± 0.8 b 3.4 ± 0.2 a 2.7 ± 0.3 b 2.6 ± 0.1 b

Phosphatidylethanolamine (PE) 4.4 ± 0.6 c 13.0 ± 0.1 a 11.3 ± 0.1 b 8.4 ± 0.3 b

Pigments (PIG) 10.4 ± 0.6 a 6.9 ± 0.7 b 12.2 ± 0.8 a 6.9 ± 0.4 b

Diacyl-glycerol (DAG) 0.0 ± 0.0 a 0.0 ± 0.0 b 0.5 ± 0.1 a 1.0 ± 0.3 b

Cholesterol (CHO) 19.9 ± 1.4 a 19.1 ± 1.3 a 13.9 ± 0.7 b 9.8 ± 0.2 c

Free fatty acids (FFA) 30.8 ± 0.2 a 13.3 ± 0.4 c 8.5 ± 0.4 d 20.3 ± 0.4 b

Tryglycerides (TG) 2.4 ± 0.7 c 3.7 ± 0.8 c 12.9 ± 0.3 a 9.9 ± 0.2 b

Synvinolin (MK) 0.0 ± 0.0 b 0.0 ± 0.0 b 2.1 ± 1.4 a 0.0 ± 0.0 b

Wax esters (WE) 2.6 ± 0.3 a 1.5 ± 0.1 b 1.4 ± 0.2 b 3.7 ± 0.5 a

Steryl esters (SE) 2.5 ± 0.7 b 1.2 ± 0.6 c 3.6 ± 0.2 a 4.9 ± 0.6 a

Unknown (UK) 0.4 ± 0.6 b 0.0 ± 0.0 c 0.2 ± 0.4 b 0.5 ± 0.0 a

Total 98.8 ± 2.5 a 99.4 ± 1.8 a 98.9 ± 0.7 a 100.8 ± 1.4 a

Polar lipids (PL) 29.8 ± 2.5 c 53.6 ± 1.3 a 43.5 ± 1.0 b 43.9 ± 0.7 b

Neutral lipids (NL) 69.1 ± 2.0 a 45.9 ± 1.8 c 55.4 ± 1.6 b 56.9 ± 1.1 b

Among individual phospholipid classes, PC and PE followed similar patterns, reach-
ing maximum values in daily collected copepods and declining significantly under both
food deprivation and enrichment (p < 0.05). Lysophospholipids showed more treatment-
specific responses: lysophosphatidylcholine (LPC) attained its highest proportion in
24 h enriched copepods (6.3 ± 0.1%), significantly exceeding all other treatments
(p < 0.05), while lysophosphatidylethanolamine (LPE) was likewise maximized in enriched
copepods and lowest in unfed copepods. Phosphatidylserine (PS) and phosphatidylinositol
(PI) were significantly higher in daily collected copepods than in the remaining treatments
(p < 0.05), whereas sphingomyelin contributed smaller proportions overall.

Neutral lipids (NL) dominated enriched Artemia (69.1 ± 2.0%) and increased sig-
nificantly in unfed and enriched copepods (55.4–56.9%) compared with daily collected
copepods (45.9 ± 1.8%; p < 0.05). These shifts were primarily associated with changes in
free fatty acids (FFA), triglycerides (TG), cholesterol (CHO), and storage lipids. Enriched
Artemia exhibited the highest FFA content (30.8 ± 0.2%), whereas daily collected copepods
showed significantly lower values (13.3 ± 0.4%; p < 0.05). Food deprivation promoted
a marked accumulation of TG (12.9 ± 0.3%), which was significantly higher than in all
other treatments (p < 0.05), while 24 h enriched copepods displayed intermediate TG levels
(9.9 ± 0.2%). Cholesterol content declined progressively from enriched Artemia and daily

https://doi.org/10.3390/fishes11020072

https://doi.org/10.3390/fishes11020072


Fishes 2026, 11, 72 8 of 19

collected copepods (≈19%) to unfed copepods (13.9 ± 0.7%) and reached the lowest levels
in 24 h enriched copepods (9.8 ± 0.2%).

Wax esters (WE) were significantly more abundant in enriched Artemia and 24 h
enriched copepods (2.6–3.7%) than in daily collected and unfed copepods (1.4–1.5%;
p < 0.05), whereas steryl esters (SE) peaked in unfed and enriched copepods (3.6–4.9%).
Pigment content was significantly higher in enriched Artemia and unfed copepods than
in daily collected and enriched copepods (p < 0.05). Despite these marked composi-
tional shifts, total lipid recovery did not differ significantly among treatments (≈99–101%;
p > 0.05), indicating that dietary treatments primarily influenced lipid class distribution
rather than total lipid content.

Fatty acid profiles differed markedly among the four dietary treatments (Table 3).
Saturated fatty acids (SFA) were significantly higher in all copepod-based diets compared
with enriched Artemia (p < 0.05). The highest SFA levels were observed in daily collected
and unfed copepods (47.77 ± 0.75% and 47.90 ± 1.01%, respectively), whereas enriched
Artemia showed the lowest proportion (32.46 ± 1.43%). Palmitic acid (16:0) was the pre-
dominant SFA and was significantly more abundant in copepod diets (24.6–27.3%) than in
Artemia (20.9%).

Monounsaturated fatty acids (MUFAs) were most abundant in enriched Artemia
(45.15 ± 2.31%), significantly exceeding levels observed in copepod treatments
(14.13–18.05%) (p < 0.05). This pattern was largely driven by higher proportions of 16:1n7
and 18:1n9 in Artemia (12.42% and 16.37%, respectively), compared with markedly lower
values in copepods (2.06–6.93% and 2.22–5.99%).

Polyunsaturated fatty acids (PUFAs), particularly highly unsaturated fatty acids
(HUFA; ≥C20), were substantially higher in copepod-based diets. ΣHUFA reached
27.14 ± 0.14% in daily collected copepods and 28.73 ± 2.17% in unfed copepods, both sig-
nificantly higher than in enriched Artemia (8.37 ± 0.58%) (p < 0.05). Enriched copepods also
showed elevated HUFA levels (22.35 ± 0.60%), although slightly lower than those of the
other copepod treatments. This enrichment was primarily driven by docosahexaenoic acid
(DHA; 22:6n3) and eicosapentaenoic acid (EPA; 20:5n3), which were particularly abundant
in copepods (DHA: 16.28–18.66%; EPA: 5.31–9.67%) compared with Artemia (0.23% and
5.77%, respectively).

Regarding PUFA families, n-3 fatty acids were significantly higher in copepod diets
(27.48–30.15%) than in enriched Artemia (10.61%) (p < 0.05). In contrast, n-6 fatty acids were
more abundant in Artemia (7.49%) and enriched copepods (6.88%) than in daily collected
and unfed copepods (2.86–3.52%). As a result, the n-3/n-6 ratio was significantly lower
in copepod-based diets (0.33–0.52) than in Artemia (1.42). Ratios among key fatty acids
further highlighted compositional differences, with copepods exhibiting significantly higher
DHA/EPA (1.92–3.06), EPA/AA (9.14–9.39), and DHA/AA (17.9–28.07) ratios (p < 0.05)
than enriched Artemia (0.04, 3.43, and 0.14, respectively), reflecting a stronger enrichment
in long-chain n-3 HUFA.

Growth performance, including standard length, body weight, mean weight gain
(WG), condition factor (CF), thermal-unit growth coefficient (TGC), and survival, are
summarized in Table 4. After 60 days, juvenile H. guttulatus fed daily collected copepods
and those fed 24 h enriched copepods exhibited similar growth performance (p > 0.05),
whereas growth was significantly lower in fish fed enriched Artemia (p < 0.05). These
differences were already evident at the first sampling point (Figure 1a,b) and persisted
throughout the experimental period. Fish fed 48 h unfed copepods showed intermediate
growth and survival values, falling between those of the copepod-fed groups and the
Artemia-fed group.
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Table 3. Fatty acid composition of each dietary treatment, 24 h I. galbana enriched Artemia, daily
collected copepods, 48 h unfed copepods and 24 h I. galbana enriched copepods (mean ± standard
deviation, (n = 3)) expressed as a percentage (%) of total identified fatty acids. SMA (saturated fatty
acids), MUFA (monounsaturated fatty acids), PUFA (polyunsaturated fatty acids), HUFA (highly
unsaturated fatty acids). Different superscript letters within a row indicate significant differences
(Tukey HSD, p < 0.05).

Category Fatty Acid 24 h Enriched
Artemia

Daily
Copepods

48 h Unfed
Copepods

24 h Enriched
Copepods

SMA (saturated) 14:0 4.32 ± 0.14 b 10.02 ± 0.6 a 3.67 ± 0.21 b 8.48 ± 0.2 a

15:0 0.71 ± 0.12 a 1.13 ± 0.11 a 0.67 ± 0.08 a 0.88 ± 0.08 a

16:0 20.92 ± 0.89 c 27.31 ± 0.4 a 26.58 ± 0.75 a 24.6 ± 0.05 b

17:0 0.61 ± 0.09 c 1.09 ± 0.05 b 1.92 ± 0.11 a 1.3 ± 0.1 a

18:0 5.24 ± 0.15 c 6.91 ± 0.15 b 13.24 ± 0.21 a 7.57 ± 0.13 b

21:0 0.47 ± 0.07 a 0.20 ± 0.03 b 0.38 ± 0.09 b 0.60 ± 0.03 a

24:0 0.19 ± 0.04 a 0.30 ± 0.06 a 0.17 ± 0.15 a 0.20 ± 0.17 a

Σ Saturated 32.46 ± 1.43 b 47.77 ± 0.75 a 47.90 ± 1.01 a 44.46 ± 0.35 a

MUFA (monoenes) 16:1n7 12.42 ± 0.32 a 6.93 ± 0.23 b 2.06 ± 0.20 d 4.14 ± 0.02 c

17:1 0.19 ± 0.20 b 0.24 ± 0.02 a 0.26 ± 0.24 a 0.40 ± 0.01 a

18:1n9 16.37 ± 0.05 a 2.22 ± 0.03 c 2.71 ± 1.18 c 5.99 ± 0.12 b

18:1n7 12.81 ± 0.04 a 3.24 ± 0.11 b 3.03 ± 1.20 b 3.22 ± 0.06 b

22:1n9 1.94 ± 0.21 b 1.61 ± 0.12 b 4.51 ± 0.03 a 2.35 ± 0.05 b

24:1 1.42 ± 0.59 a 0.60 ± 0.07 b 0.78 ± 0.68 b 0.99 ± 0.03 a

Σ Monoenes 45.15 ± 2.31 a 15.95 ± 0.60 b 14.13 ± 1.39 b 18.05 ± 0.14 b

PUFA (non-HUFA) 16:2n4 0.42 ± 0.07 a 0.29 ± 0.01 a 0.04 ± 0.07 a 0.21 ± 0.07 a

16:3n4 0.15 ± 0.21 a 0.35 ± 0.01 a 0.30 ± 0.30 a 0.25 ± 0.07 a

16:4n1 0.18 ± 0.09 a 0.20 ± 0.06 a 0.07 ± 0.13 a 0.14 ± 0.12 a

18:2n6 4.86 ± 0.06 a 1.05 ± 0.05 b 0.92 ± 0.05 b 3.78 ± 0.09 a

18:3n6 0.63 ± 0.09 b 0.75 ± 0.07 b 0.66 ± 0.21 b 1.39 ± 0.11 a

18:3n3 3.21 ± 0.05 a 1.31 ± 0.00 b 0.85 ± 0.06 b 2.47 ± 0.05 a

18:4n3 1.02 ± 0.04 b 0.97 ± 0.00 b 0.57 ± 0.04 b 2.66 ± 0.05 a

Σ PUFA (non-HUFA) 10.47 ± 2.45

HUFA (=C20) 20:4n6 (AA) 1.68 ± 0.03 a 0.96 ± 0.02 a 1.03 ± 0.08 a 0.58 ± 0.05 b

20:5n3 (EPA) 5.77 ± 0.32 b 8.77 ± 0.01 a 9.67 ± 0.50 a 5.31 ± 0.17 b

22:5n3 0.37 ± 0.23 a 0.74 ± 0.02 a 0.40 ± 0.04 a 0.45 ± 0.05 a

22:5n6 0.32 ± 0.16 b 0.49 ± 0.04 a 0.25 ± 0.21 b 0.82 ± 0.19 a

22:6n3 (DHA) 0.23 ± 0.07 b 17.18 ± 0.12 a 18.66 ± 1.72 a 16.28 ± 0.56 a

Σ HUFA 8.37 ± 0.58 c 27.14 ± 0.14 a 28.73 ± 2.17 a 22.35 ± 0.60 b

Σ PUFA (total) (non-HUFA + HUFA) 18.84 ± 1.48b 29.42 ± 0.14 a 30.15 ± 2.19 a 27.48 ± 0.62 a

Total Σ (SMA + MUFA + PUFA) 96.45 ± 1.42a 97.61 ± 0.36 a 95.90 ± 3.53 a 97.52 ± 0.42 a

Unknown 3.55 ± 1.42 a 2.39 ± 0.36 a 4.13 ± 3.53 a 2.48 ± 0.42 a

Saturated 32.46 ± 1.09 b 47.77 ± 0.75 a 47.9 ± 1.01 a 44.46 ± 0.35 a

Monoenes 45.15 ± 2.14 a 15.95 ± 0.6 b 14.13 ± 1.39 b 18.05 ± 0.14 b

n-3 10.6 ± 1.45 b 29.42 ± 0.14 a 30.15 ± 2.19 a 27.48 ± 0.62 a

n-6 7.49 ± 0.5 a 3.52 ± 0.2 b 2.86 ± 0.15 b 6.88 ± 0.24 a

n-9 18.31 ± 0.53 a 4.06 ± 0.12 c 7.65 ± 1.09 b 8.78 ± 0.14 b

n-3 HUFA 6.37 ± 0.61 c 27.14 ± 0.14 a 28.73 ± 2.17 a 22.35 ± 0.6 b

n-3/n-6 1.42 ± 0.07 a 0.51 ± 0.004 b 0.52 ± 0.02 b 0.33 ± 0.005 b

DHA/EPA 0.039 ± 0.02 a 1.96 ± 0.002 b 1.92 ± 0.01 b 3.06 ± 0.008 b

EPA/AA 3.43 ± 0.2 a 9.14 ± 0.15 b 9.39 ± 0.21 b 9.16 ± 0.22 b

DHA/AA 0.14 ± 0.02 a 17.9 ± 0.1 b 18.12 ± 0.1 b 28.07 ± 0.12 b
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Table 4. Standard length (cm), Body weight (g), Thermal-unit growth coefficient (TGC), and Condition
Factor (CF) (mean ± SD) of juvenile H. guttulatus fed 24 h I. galbana enriched Artemia, daily collected
copepods, 48 h unfed copepods or 24 h I. galbana enriched copepods at the end of the 60-day study.
Different superscript letters within a row indicate significant differences (Tukey HSD, p < 0.05).

Enriched Artemia Daily Copepods 48 h Unfed
Copepods

24 h Enriched
Copepods

Standard length (cm) 5.9 ± 0.2 b 7.5 ± 1.4 a 7.1 ± 1.2 a 7.3 ± 1.1 a

Body weight (g) 0.44 ± 0.07 c 0.81 ± 0.4 a 0.68 ± 0.24 b 0.76 ± 0.25 a

WG (g·d−1) 0.007 ± 0.001 b 0.013 ± 0.002 a 0.011 ± 0.002 a 0.013 ± 0.002 a

TGC 0.15 b 0.27 a 0.23 a 0.25 a

CF 0.21 ± 0.02 a 0.19 ± 0.03 a 0.19 ± 0.03 a 0.2 ± 0.04 a

% survival 20 c 60 a 33.3 b 56 a

Initial weight = 0.002 ± 0.001 g, Initial length = 1.3 ± 0.1 cm, Initial Condition Factor = 0.09 ± 0.01.

Figure 1. Average (mean ± s.d.) length increase (a), and weight increase (b) of juvenile H. guttulatus
fed on each of the four tested diets (24 h I. galbana enriched Artemia, daily collected copepods, 48 h
unfed copepods, and 24 h enriched copepods) during the 60-day trial.

Condition factor was the only parameter unaffected by diet, with no significant differ-
ences observed among treatments (p > 0.05; Table 4).

Survival differed markedly among dietary treatments (p < 0.05) over the 60-day
rearing period (Figure 2). Fish fed daily collected copepods exhibited the highest survival,
stabilizing at 60% from day 15 onwards. Survival in the 24 h enriched copepod treatment
declined gradually during the first 30 days and subsequently stabilized at 53%. Juveniles
fed 48 h unfed copepods experienced higher early mortality, with survival decreasing to
33% by day 25 and remaining constant thereafter. The lowest survival was observed in fish
fed enriched Artemia, with most mortality occurring within the first 10 days and a final
survival rate of 20%.
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Figure 2. Kaplan–Meier survival curves of fish fed with different live prey treatments over a 60-day
experimental period. Survival probability is shown as a step function for fish fed Enriched Artemia,
daily collected copepods, 48 h unfed copepods, and 24 h enriched copepods. Each step represents a
mortality event occurring on the sampling day.

4. Discussion
During fish embryogenesis, the nutrients required for growth, cellular differentiation,

organogenesis, and metabolism are derived exclusively from yolk reserves until the onset
of exogenous feeding [91]. Seahorses, including Hippocampus guttulatus, are no exception.
According to [91], this species exhibits an exceptionally high rate of total fatty acid (TFA)
utilization during early development (67.8%), exceeding values reported for many other
fish species and reflecting elevated lipid demands during this critical ontogenetic phase.
As with other fish species currently bred in captivity, it was therefore expected that com-
mercial enrichment products could adequately meet the TFA requirements of H. guttulatus.
However, previous studies have demonstrated that enrichment strategies based on Artemia
are often insufficient or may even be detrimental. For example, Palma et al. (2011) [41]
reported 100% mortality in juveniles fed DHA Selco®-enriched Artemia metanauplii by
10 days post-parturition, largely due to gas bladder overinflation, a condition frequently
associated with nutritionally imbalanced diets [30]. Consequently, despite the availability
of commercial enrichment products designed to manipulate HUFA levels and ratios in
Artemia, copepods continue to yield superior growth and survival outcomes in marine fish
larvae and juveniles [33,61,92–98].

This recurring pattern suggests either that optimal HUFA levels and proportions are
not fully achieved through Artemia enrichment or that additional nutritional attributes
differentiate copepods from Artemia as live prey [45]. Support for the latter hypothesis
was provided by Payne et al. (1998) [99], who demonstrated that pipefish (Stigmatopora
argus) fed copepods with contrasting HUFA contents did not differ significantly in growth
or survival. Similarly, Naess et al. (1995) [100] reported that copepod-dominated wild
plankton used for first feeding of Atlantic halibut (Hippoglossus hippoglossus) exhibited
substantially higher DHA/EPA ratios (1.4–1.7) than either unenriched or Super Selco™-
enriched Artemia (0.1 and 0.5, respectively). Collectively, these findings indicate that the
nutritional superiority of copepods extends beyond HUFA concentration alone.

In the present study, dietary effects on juvenile H. guttulatus performance were pro-
nounced. Copepod-based diets consistently supported significantly greater standard length,
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body weight, growth indices (WG and TGC), and survival than enriched Artemia. Despite
standardized rearing conditions, juveniles fed enriched Artemia exhibited markedly re-
duced growth (WG = 0.007 ± 0.001 g·d−1; TGC = 0.15) and the lowest survival (20%). In
contrast, daily collected copepods produced the best overall performance, including the
highest body weight (0.81 ± 0.40 g), WG (0.013 ± 0.002 g·d−1), TGC (0.27), and survival
(60%). Kaplan–Meier survival curves revealed that differences among dietary treatments
emerged early in the trial and persisted throughout the experimental period, highlighting a
strong influence of prey type and nutritional condition on survival.

Condition factor (CF) did not differ significantly among treatments, indicating that all
diets supported normal somatic development and allowed juveniles to maintain species-
specific morphology. Even when growth rates differ, skeletal growth and muscle deposition
may remain coordinated, resulting in comparable body proportions and similar CF val-
ues. This suggests that none of the diets induced abnormal fat accumulation, emaciation,
or skeletal deformities. These findings are consistent with previous studies identifying
copepods as the most suitable live prey for marine fish larvae and syngnathids due to their
naturally balanced lipid composition [31,101–111]. In addition, copepod enrichment with
Isochrysis galbana proved effective, corroborating earlier work by Marjuk et al. (2026) [112],
who identified this microalga as superior to Chlorella marina and Nannochloropsis oculata for
copepod nutritional conditioning.

Importantly, the present results demonstrate that diet quality, rather than nutrient
quantity alone, was the primary determinant of juvenile H. guttulatus performance. Al-
though enriched Artemia contained higher total protein and lipid levels on a dry matter
basis, copepod-fed juveniles exhibited superior growth and survival. This discrepancy
underscores the importance of lipid quality, encompassing both fatty acid composition
and lipid class structure, during early seahorse development. Copepod diets provided a
more favorable balance between polar and neutral lipids, a pattern consistently observed
in previous studies (e.g., [113]), with elevated phospholipid content, particularly phos-
phatidylcholine (PC) and phosphatidylethanolamine (PE), relative to enriched Artemia,
which was dominated by neutral lipids and free fatty acids.

Phospholipids, and PC in particular, play a central role in membrane biogenesis,
lipoprotein assembly, and intestinal lipid absorption in marine fish larvae [66,113–115],
physiological processes that remain immature during early ontogeny in syngnathids. The
low PC and PE content of enriched Artemia, combined with elevated free fatty acid lev-
els, likely constrained efficient lipid transport and membrane synthesis, thereby limiting
growth and increasing mortality. In contrast, daily collected copepods provided high phos-
pholipid levels together with moderate triglyceride availability, supporting both structural
demands and energy requirements. These lipid class characteristics closely aligned with
the superior growth and survival observed in this treatment. Similar relationships between
lipid class composition and larval performance have been reported for largemouth bass
(Micropterus salmoides) [116], Atlantic salmon (Salmo salar) [117], yellow catfish (Pelteoba-
grus fulvidraco) [118], Atlantic cod (Gadus morhua) [119], and Pacific bluefin tuna (Thunnus
orientalis) [120].

Although copepod diets contained lower total lipid levels than enriched Artemia, they
provided comparable or higher gross energy in some treatments (daily collected and 24 h
enriched copepods), indicating more efficient energy utilization. This efficiency is likely
linked to the preferential metabolic and structural roles of long-chain polyunsaturated fatty
acids (LC-PUFA), enabling juveniles to achieve enhanced growth with lower lipid intake
when essential fatty acids are supplied in appropriate proportions. In the present study,
total HUFA levels reached 22–29% in copepods, compared with only 8% in enriched Artemia.
DHA levels were particularly elevated in copepods (16–18%), whereas enriched Artemia

https://doi.org/10.3390/fishes11020072

https://doi.org/10.3390/fishes11020072


Fishes 2026, 11, 72 13 of 19

contained only trace amounts (0.23%), resulting in substantially higher DHA/EPA and
DHA/AA ratios. Such fatty acid profiles are essential for neural and visual development,
membrane integrity, and metabolic regulation in fish larvae [63,121].

In contrast, enriched Artemia was characterized by high monounsaturated fatty acid
levels (45.15%) and lower HUFA proportions, resulting in a comparatively unbalanced
n-3/n-6 ratio (1.42) relative to copepod diets (0.33–0.52). Even when enrichment protocols
are applied, achieving HUFA profiles comparable to those of natural copepods remains
challenging [57,122]. These limitations likely contributed to the reduced growth and
survival observed in Artemia-fed juveniles, consistent with previous reports for Solea
senegalensis, Gadus morhua, and other Hippocampus species [41,50,123,124].

Interestingly, no significant differences in growth performance were detected among
the three copepod-based treatments, despite measurable differences in fatty acid and lipid
class composition. Although 24 h enriched copepods exhibited slightly lower total HUFA
levels than daily collected or fasted copepods, DHA and EPA concentrations remained
within ranges sufficient to support optimal growth. This suggests that once threshold
requirements for essential fatty acids and phospholipids are met, further enrichment may
not yield additional growth benefits. Survival, however, tended to be lower in juveniles
fed fasted copepods, coinciding with the decreased free fatty acid levels and reduced
phospholipid content, indicating that lipid class balance may be particularly important for
stress resistance and overall robustness. Similar findings were reported by Izquierdo et al.
(2001) [68], who demonstrated that n-3 HUFA-rich polar lipids enhanced EPA incorporation
in gilthead seabream (Sparus aurata) larvae.

Overall, these results demonstrate that copepod conditioning can be optimized to
enhance juvenile seahorse performance without substantially increasing production costs.
Although copepods are often considered impractical for commercial hatcheries due to
lower culture densities and higher operational demands, this study shows that simple ap-
proaches, such as daily collection or short-term enrichment, are sufficient to maximize their
nutritional value. More intensive or prolonged conditioning did not result in proportional
performance gains, indicating limited cost efficiency. From a commercial perspective, the
superior performance of copepods, even when unfed, relative to enriched Artemia high-
lights their robustness as a first-feed organism during the most critical early developmental
stages. Improved survival at this stage directly enhances production efficiency and reduces
economic risk, making copepods a strategically valuable input despite higher unit costs.

The flexibility of copepod conditioning further enhances their applicability in hatchery
settings. Low-input strategies can be readily integrated into existing production systems,
either as a primary first feed or within mixed feeding regimes, reducing reliance on Artemia
while avoiding the costs associated with continuous enrichment. Collectively, these findings
support the use of minimally conditioned copepods as a cost-effective strategy to improve
early juvenile survival and growth, thereby strengthening the feasibility and sustainability
of commercial seahorse aquaculture.

5. Conclusions
This study provides the first integrated assessment of how different copepod feeding

and conditioning strategies influence early growth and survival in juvenile Hippocampus
guttulatus. The results demonstrate that juvenile performance is governed by a complex
interaction between fatty acid composition and lipid class structure. Copepods offer a
nutritionally superior profile, combining high availability of DHA and EPA with elevated
phospholipid levels and a balanced proportion of neutral lipids, thereby supporting en-
hanced growth and survival.
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These findings reinforce the nutritional advantages of copepods for rearing juvenile H.
guttulatus and highlight the need to further refine Artemia enrichment protocols to more
closely replicate the fatty acid and lipid class composition of natural zooplankton prey.
Direct comparisons among daily collected, unfed, and enriched copepods and enriched
Artemia demonstrate that copepods, regardless of conditioning strategy, consistently outper-
form Artemia as a first feed, promoting improved growth trajectories and higher survival
during the first 60 days post-parturition.

Importantly, copepod conditioning modulated the magnitude of these benefits, with
daily collected and short-term enriched copepods yielding the most favorable outcomes.
Collectively, these results provide evidence-based guidance for optimizing early feed-
ing strategies in seahorse aquaculture and offer novel insight into the role of live-feed
nutritional quality and conditioning in shaping early seahorse performance.
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