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Brooding fathers actively
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to take up nutrients in a
monogamous syngnathid fish
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and Fengyuan Shen1
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China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences, Shanghai, China,
2Wenchang Innovation Research Center, Fengjiawan Modern Fishery Industry Park, Wenchang,
Hainan, China
Syngnathid fishes often experience a reduction in brood size and an increase in

immunity during pregnancy. Researchers have studied the polygamous broad-

nosed pipefish (Syngnathus typhle) and revealed that some eggs from low-

quality females in the male’s brood pouch serve as nurse eggs that are absorbed

by the father. It is unclear whether nurse eggs also exist in other syngnathid

fishes, especially in monogamous syngnathid fishes. In monogamous syngnathid

fishes, the male pouch only carries eggs from a single female. Thus, the question

remains: do some eggs of monogamous syngnathid fishes also serve as nurse

eggs? And if so, are these nurse eggs impaired eggs, or are they viable eggs that

are consumed by the brooding father? In the present study, we used the

monogamous lined seahorse (Hippocampus erectus) and asked whether nurse

eggs exist in this species. We also explored whether nurse eggs potentially

originate from viable versus inviable eggs. Using isotope labeling, we found

that nutrients from embryos could be transferred to brooding fathers.

Furthermore, we also found that brooding fathers with limited food had a

higher isotope content and a smaller brood size compared to individuals with

sufficient food. These results have demonstrated that nurse eggs exist in the lined

seahorse, and also suggested that the brooding fathers actively consume viable

embryos to absorb nutrients in response to low food availability. These findings

help us better understand parent–embryo conflict, filial cannibalism, and male-

only care in teleost fishes.
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1 Introduction

Male-only parental care, where the male is the sole carer of his

offspring, is a rare strategy in most animals (Reynolds et al., 2002).

However, in teleost fishes, male contributions to offspring care are

unusually high, with males acting as the sole carer in more than 50%

of families with any parental care (Gross and Sargent, 1985).

Various non-mutually exclusive hypotheses have been proposed

to explain the prevalence of male-only care in teleost fishes. These

include 1) the gamete release order hypothesis, which suggests that

the last parent to deposit gametes (usually the male in species

showing external fertilization) is left in a “cruel bind” to care for the

offspring (Trivers, 1972; Dawkins and Carlisle, 1976); 2) the costs

hypothesis, which suggests that males pay less future fecundity costs

than females for the same offspring fitness (Gross, 2005); and 3) the

external fertilization hypothesis, which suggests that external

fertilization increases male confidence in paternity (Kvarnemo,

2006; Sutton and Wilson, 2019). In recent years, the benefits

hypothesis, which suggests that males gain benefits from

caregiving activity through increased mating success associated

with female preferences, has also been proposed (Goldberg et al.,

2020). A number of studies have found that male fishes that provide

high levels of paternal care are preferred in mate choice (Forsgren,

1997; Östlund and Ahnesjö, 1998; Lindström et al., 2006; Lin et al.,

2023), suggesting that males gain the benefit of improving

attractiveness from caregiving. Furthermore, in syngnathid fishes,

male caregivers have been found to exhibit higher immune capacity

during the care period (Roth et al., 2011; Whittington et al., 2015;

Lin et al., 2016), suggesting that males gain the benefit of enhancing

immunity while caregiving.

Providing care has always been considered a high-energy

consuming activity. Care usually comes at the cost of engaging in

other activities, and such costs can include mobility restriction,

growth retardation, immune depression, and physical condition

deterioration (Marconato et al., 1993; Sargent, 1997; Robison et al.,

2014). However, in syngnathid fishes, the immunity of the

caregivers is not reduced, as expected, but is instead boosted

(Whittington and Friesen, 2020). Most syngnathid fishes show

internal fertilization. The female deposits mature and hydrated

eggs directly into the male’s brood pouch where the eggs are

fertilized. Then, the male alone provides parental care;

specifically, he broods the embryos, and parental care behavior

includes respiratory gas exchange, osmoregulation, metabolic waste

removal, and nutrition provisioning (Stölting and Wilson, 2007).

This care form is commonly referred to as male pregnancy.

Additionally, the number of embryos in some syngnathid fishes

often reduces during pregnancy (Ahnesjö, 1992, 1996; Ripley and

Foran, 2006). Based on the observations of internal fertilization and

brood reduction, some researchers have speculated that some eggs

in the pouch serve as nurse eggs, which are eggs that are absorbed by

the brooding male (Ripley and Foran, 2006). Such embryo

absorption is a form of filial cannibalism, which is a behavior

found in many other families of fishes with paternal care

(Manica, 2002).
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Nurse eggs are widely suggested to be a possible reason for

brood reduction and a possible reason for immune increase during

the care period, in syngnathid fishes. However, there are few studies

that verify nurse eggs in syngnathid fishes. To our knowledge, nurse

eggs have only been verified in one species of syngnathid fishes, i.e.,

the broad-nosed pipefish (Syngnathus typhle). Ahnesjö (1996)

demonstrated that there is intra-brood competition in the broad-

nosed pipefish, and within the same brood, eggs from low-quality

females commonly serve as nurse eggs. Sagebakken et al. (2010)

verified through isotope labeling that nutrients in the eggs of the

broad-nosed pipefish can indeed be transferred to the parent, and

thus, they concluded that the brooding father does absorb nutrients

from his embryos. These findings provide important evidence for

nurse eggs and parent–embryo conflict in syngnathid fishes (Crespi

and Semeniuk, 2004).

Despite this previous work, it remains unknown if nurse eggs and

embryo reabsorption occur in other syngnathid fishes, especially in

monogamous syngnathid fishes. Pipefishes mostly have a polygamous

mating system, such as observed in the broad-nosed pipefish (Vincent

et al., 1992). In such species, male pipefishes mate with and receive

eggs from several females in one breeding event, which means that the

eggs in the same brood can vary in quality across female mates, and

those with poor quality can serve as nurse eggs (Ahnesjö, 1996). In

monogamous syngnathid fishes, the male only mates with and

receives eggs from one female in a given breeding event, which

means that the eggs in the same brood come from the same female

and there is expected to be limited or no variation in egg quality. Thus,

the question remains: do some eggs of monogamous syngnathid fishes

serve as nurse eggs? In addition, considering that some eggs of some

syngnathid fishes are spontaneously impaired during the fertilization

process (Ripley and Foran, 2006), another question remains: do nurse

eggs originate from these impaired and inviable eggs (i.e., are impaired

eggs the predecessor to nurse eggs) or from the intact and viable eggs?

If it is the former, it indicates that the brooding male simply uses

nutrients from inviable eggs, while if it is the latter, it indicates that the

brooding male actively consumes viable eggs. To enhance our

understanding of embryo reabsorption in syngnathid fishes, we used

the monogamous lined seahorse (Hippocampus erectus) (Lin et al.,

2021) and asked whether nurse eggs exist in this species. We also

explored whether nurse eggs potentially originate from viable versus

inviable eggs.
2 Materials and methods

2.1 Ethical approval

Ethical approval for this study was obtained from the Committee

on the Ethics of Animal Experiments of Chinese Academy of Fishery

Sciences (Permit Number: 20200225). All procedures were conducted

in compliance with the recommendations in the Guide for the

Management and Use of the Experimental Animals of China

Science and Technology Commission. The study was conducted in

accordance with the local legislation and institutional requirements.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1399526
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lin et al. 10.3389/fmars.2024.1399526
2.2 The study species

The seahorse used in the present study was, as mentioned

above, the lined seahorse (Hippocampus erectus). It is mainly

distributed along the western Atlantic coast and has been

artificially bred in China since its introduction in 2008 (Lin et al.,

2008). It takes 4–5 months from birth to sexual maturity (with a

body height of approximately 11 cm) and then begins to mate and

breed. The optimal breeding temperature is 24°C–26°C. Within this

temperature range, the gestation period of male seahorses is 12–15

days. After giving birth, pair-bonded male and female seahorses can

mate again in a short time. Moreover, the monogamy of the lined

seahorse and male’s immune improvement during the care period

(i.e., pregnancy) have been demonstrated in our previous work (Lin

et al., 2016, 2021). Therefore, the lined seahorse is a suitable species

for studying possible nurse eggs in the syngnathid fishes.

The lined seahorse used in the present study was artificially

cultivated and provided by the Seahorse Research Center of the East

China Sea Fisheries Research Institute, Qionghai City, Hainan

Province, China. The center housed various sizes of artificially

cultivated lined seahorse. Males with body height of 13–14 cm

and well-developed pouch, and females with body height of 12–13

cm and well-developed gonad were picked out as the experimental

seahorses. The experimental seahorses were stored in holding tanks,

separated by gender, and fed liveMysis twice a day. The feces in the

tanks were siphoned out 4 h after each feeding. The tanks were

continuously flowed with fresh seawater for 12 h a day at a flowrate

of 1.2–1.5 L/min. The parameters of seawater were temperature of

25°C–26°C, salinity of 30‰–31‰, dissolved oxygen content of 6.0–

6.5 mg/L and pH of 8.0–8.2, respectively.
2.3 Experimental design

The present study consisted of three experiments. The first

experiment aimed to test whether nutrients can be transferred from

the embryos to the father during pregnancy. In this experiment,

eggs of a female seahorse were labeled with a stable isotope; then,

she was allowed to mate with a male seahorse. After receiving the

isotope-labeled eggs and undergoing pregnancy and giving birth,

the male seahorse was sampled for isotope detection in his body. If

the isotope ratio was enhanced, it indicated that the isotope-labeled

nutrients had indeed transferred from the eggs to the male seahorse,

implying that nurse eggs occur in the lined seahorse. The second

experiment aimed to test whether there are impaired embryos in the

pouch of the lined seahorse. In this experiment, a recently mated

male seahorse was sampled to observe the viability of embryos in his

pouch. The third experiment aimed to test whether the brooding

male actively consumes his viable embryos. In this experiment, we

assumed that harsh environments (e.g., limited food) would

exacerbate the absorption of nutrients or energy from embryos by

the brooding male. Here, we employed the unfavorable condition of

limited food. The male seahorse who successfully received the

isotope-labeled eggs was limited in feeding. After giving birth, his

brood size and the isotope ratio in his body were quantified. If the
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brood size was reduced and the isotope ratio was enhanced, this

indicated that a considerable portion of viable embryos had been

consumed by the brooding male, implying that the brooding male

actively kills the embryos to absorb nutrients in response to

limited food.
2.4 Experimental protocols

2.4.1 Experiment 1: testing whether nutrients can
be transferred from the embryos to the parent

The stable isotope used in the present study was 15N-labeled

leucine (L-Leucine-15N, 98 atom%). It was purchased from

Shanghai Research Institute of Chemical Industry Co., Ltd.,

Shanghai, China. In the pre-experiment, we bathed the live Mysis

in a 0.2% L-Leucine-15N seawater solution for 1 h and then filtered

the Mysis with a 60-mesh screen to feed female seahorses. Each

seahorse was fed approximately 50 Mysis at a time. We fed the

female seahorses twice a day for 14 days and found a great

enrichment of 15N in their ovaries. Therefore, in this experiment,

we also used this method to isotopically label the eggs of

female seahorses.

A total of 48 female seahorses from the holding tanks were

divided into two groups. They were the isotope group and the control

group, with 24 seahorses in each group. The female seahorses in each

group were placed in a rearing tank. The isotope group was fed

isotopically labeled live Mysis, which had been bathed with 0.2% L-

Leucine-15N solution for 1 h, while the control group was fed live

Mysis without isotope labeling. Each group was fed twice a day, and

each seahorse was fed approximately 50 Mysis at a time. Fourteen

days later, eight females of each group were anesthetized with a MS-

222 (50 mg/L) seawater solution and dissected to collect their ovaries

for the analysis of 15N ratio. The remaining 16 females in each group

were assigned to 16 breeding tanks (0.7 m in diameter and 0.8 m in

depth), where each breeding tank had one female. Afterwards, each

breeding tank was assigned a male from the holding tank to pair with

the female. Starting from the meeting of the male and the female

seahorse, they were both fed liveMysis without isotope labeling twice

a day. The mating status of the male and the female seahorse in each

breeding tank was checked daily. Checking operation included gently

picking up the male and the female seahorse with a fishing net and

observing the male’s pouch and the female’s abdomen, respectively.

This operation was completed within 20 s. If an obvious expansion of

the male’s pouch (due to the reception of eggs) and an obvious

contraction of the female’s abdomen (due to the expulsion of eggs)

were observed at the same time, we concluded that mating occurred.

Once mating occurred, the breeding tank ID and mating date were

recorded. The successfully mated male seahorse began giving birth

after 12–15 days of pregnancy. After giving birth, the male was

anesthetized for sampling. Considering that there might be some

fragments or mucus from the embryos still remaining in the male’s

pouch, thereby interfering with the experimental results, the male was

cut along the last trunk ring, and the upper body (including the head

and trunk but not including the pouch) was collected for the analysis

of 15N ratio.
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Samples of female ovary and male upper body were dried to

constant weight at 60°C. Dried samples were ground to a fine

powder and sieved with an 80-mesh sieve. Totally, 2–4 mg of each

sample powder was weighed and wrapped into a tin capsule.

Samples were analyzed for stable nitrogen isotope and percent

nitrogen by the Shanghai Research Institute of Chemical Industry

(Shanghai, China). An elemental analyzer (EA IsoLink CN/OH

system, Thermo Scientific™, USA) liberated nitrogen from solid

samples by flash combustion and subsequent oxidation (at 1,120°C)

and reduction (at 850°C) reactions. Nitrogen was vented to an

isotope ratio mass spectrometer (IRMS) (Delta V advantage,

Thermo Scientific™, USA) via a helium carrier gas flow with a

rate of 180 ml/min for isotope ratio analysis. Isotope ratio was

expressed in a unit of atom percent (atom%). The following atom

percent calculation determines the absolute number of atoms of a

given isotope in 100 atoms of total element:

atom% = ½100� AR � (d=1, 000 + 1)�=½1 + AR � (d=1, 000 + 1)�
where AR is the absolute ratio, and d is the d15N value. The

absolute ratio is a constant, which is 0.0036764 for 15N (Ripley and

Foran, 2009).

2.4.2 Experiment 2: testing whether there are
impaired embryos in the pouch

One male and one female seahorse from the holding tanks were

paired in a breeding tank, with a total of 24 pairs. The mating status

of each pair was checked every 2 h from 6 a.m. to 6 p.m. (seahorses

do not mate at night). Once mating success was observed, the

breeding tank ID and mating time were recorded. The successfully

mated males were divided into four parts. Part I was to collect the

eggs/embryos from the pouch immediately when mating success

was observed; Part II, III, and IV were to collect the eggs/embryos

from the pouch 4, 12, and 24 h after mating success was observed,

respectively. These newly mated or recently mated males were first

anesthetized with a MS-222 solution, and then, we gently inserted a

pair of anatomical scissors into the opening of their pouches,

making an incision along the last trunk ring. After that, the

incision was facing downwards, and the eggs/embryos within the

pouch spontaneously flowed out. A portion of the eggs/embryos

was collected for microscopic (BX41, Olympus, Japan) observation.

2.4.3 Experiment 3: testing whether the brooding
male actively consumes his viable embryos

A total of 40 female seahorses from the holding tanks were

placed in a rearing tank and fed isotopically labeled liveMysis twice

a day for 14 days. Each seahorse was fed approximately 50Mysis at a

time. Afterwards, these females were each paired with a male in a

breeding tank. Starting from the meeting of the male and the female

seahorse, they were both fed live Mysis without isotope labeling

twice a day. The mating status of each pair was checked daily. The

successfully mated male seahorses were picked out to divide evenly

into two groups: one group continued with the original feeding level

(i.e., feeding liveMysis without isotope labeling twice a day, with 50

Mysis for each male per feeding), and the other group experienced a

reduced the feeding level (i.e., feeding live Mysis without isotope
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labeling only once a day, with only 25 Mysis for each male per

feeding). For the convenience of counting the number of newborn

offspring, each male in each group was placed in an independent

breeding tank. After giving birth, newborn size (i.e., body height of

25 randomly selected individuals in each brood) and brood size (i.e.,

the total number of newborns born in a brood) were measured for

each male, and the 15N ratios in their upper bodies were

also quantified.
2.5 Statistical analysis

All data were expressed as the mean ± SD and were analyzed

using SPSS statistical software (version 17.0, Chicago, Illinois). Prior

to analysis, the data of isotope ratio (atom%) were first divided by

100 and then were −Log10 transformed. The normality of all

data was evaluated using the Shapiro–Wilk’s W-test, and the

homogeneity of variances was assessed using Levene’s test.

The significance of the difference between the isotope group and

the control group in Experiment 1, and between the food-sufficient

group and food-limited group in Experiment 3, was analyzed using

one-way ANOVA at a significance level of p<0.05.
3 Results

3.1 Experiment 1: testing whether nutrients
can be transferred from the embryos to
the parent

As expected, after 14 days of feeding the female seahorses (N=8)

with 15N labeled Mysis, their ovaries were enriched with a large

amount of 15N. The 15N ratio significantly increased from 0.371 ±

0.001 atom% in the control group to 0.423 ± 0.002 atom% (F1, 15 =

4961.21, p<0.001) (Figure 1).
FIGURE 1

Variation of isotope (15N) ratio in the ovaries of the female lined
seahorses (H. erectus) after feeding isotope-labeled Mysis for 14
days. Three asterisks (***) represent p-value<0.001.
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A total of 16 males were paired one-on-one with the females

that had been fed with 15N labeled Mysis. A total of 12 of them

(N=12) successfully mated and received the eggs rich in 15N from

the females. After experiencing pregnancy and giving birth, the 15N

ratio of these males increased to 0.375 ± 0.002 atom%, which was

significantly higher than that of control males (N=11, 0.371 ± 0.001

atom%) who had mated the females that had not fed with 15N

labeled Mysis (F1, 22 = 51.47, p<0.001) (Figure 2).
3.2 Experiment 2: testing whether there
are impaired embryos in the pouch

Part I males (i.e., males examined within 2 h after mating) had

pouch openings that were not yet fully closed and could be easily

opened. The eggs in their pouches were intact (Figures 3A, B), and

there was no seminal fluid in their pouches yet. For Part II males

(i.e., males examined within 4–6 h after mating), their pouch

openings were already fully closed and difficult to open. There

was already seminal fluid in the pouches, and the embryos in their

pouches were still intact (Figure 3C). For Part III males (i.e., males

examined within 12–14 h after mating), some free yolk droplets

(Figure 3D) and some impaired embryos (Figure 3E) began to

appear in their pouches. The impaired embryos were characterized

by a dull and tarnished egg cytoplasm, an edge-blurred yolk

membrane, and a shrunken and color-deepened (from orange to

reddish brown) yolk. While for Part IV males (i.e., males examined

within 24–26 h after mating), the number of free yolk droplets was

increased compared to Part III, and some impaired embryos even

had the entire nucleus and cytoplasm flowing out from the cracks in

the egg membrane (Figure 3F).
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3.3 Experiment 3: testing whether the
brooding male actively consumes his
viable embryos

A total of 32 males successfully mated and received the 15N

labeled eggs from females. They were divided into two groups (i.e.,

food-sufficient group and food-limited group), with 16 males

(N=16) in each group.

The body height of newborns in the food-limited group was

1.152 ± 0.070 cm, which was significantly taller than that in food-

sufficient group (1.008 ± 0.069 cm) (F1, 31 = 34.90, p<0.001)

(Figure 4). The brood size of the food-limited group was 176.6 ±

38.1 individuals per brood, which was significantly lower than the

brood size (277.4 ± 51.7 individuals per brood) of the food-sufficient

group (F1, 31 = 39.40, p<0.001) (Figure 5). The 15N ratio of the food-

limited group was 0.383 ± 0.004 atom%, which was significantly

higher than the 15N ratio level (0.375 ± 0.001 atom%) of the food-

sufficient group (F1, 31 = 59.96, p<0.001) (Figure 6). In addition, the

pregnancy duration of males in the food-limited group (17.1 ± 1.1

days) was significantly longer than that of males in the food-

sufficient group (14.4 ± 1.2 days) (F1, 31 = 44.85, p<0.001).
4 Discussion

In the present study, we have demonstrated that brooding male

seahorses take up nutrients that originate from embryos in their

pouch, and their absorption of embryonic nutrients is actively

adjusted according to environmental conditions.

In Experiment 1, the results showed that the 15N ratio in male

seahorses significantly increased after brooding 15N-labeled

embryos. The increased isotope in male seahorses could only

come from the embryos developing in the pouch, as the 15N-

labeled leucine was originally incorporated into the eggs of the

females that were mated to the males. That is, the increased isotope

was entirely attributed to the transfer of isotope-labeled leucine or

its metabolites from embryos to the males. The fact that nutrients

were transferred from embryos to the brooding father implies that

the father is able to take up nutrients from his embryos. This

nutrient uptake resembles filial cannibalism found in many other

families of fishes (Manica, 2002).

In Experiment 1, the results demonstrated that nurse eggs occur

in the lined seahorse, which has been previously documented in the

broad-nosed pipefish (Sagebakken et al., 2010). The presence of

nurse eggs both in the lined seahorse and the broad-nosed pipefish

may indicate that some embryos of the syngnathid fishes are

destined to serve as a nutrient source to nourish the parent that

provides parental care. Although these two fishes both have nurse

eggs, their selectivity for nurse eggs may be different. In the lined

seahorse, the eggs in the male’s pouch all come from the same

female. In contrast, in the broad-nosed pipefish, the eggs in the

male’s pouch come from several different females, which may mean

that the male has a specificity in their selection of nurse eggs with

respect to the female mate. Ahnesjö (1996) previously demonstrated

that the eggs from low-quality females were commonly selected as
FIGURE 2

Variation of isotope (15N) ratio in the upper body of the male lined
seahorses (H. erectus) after mating with the females whose ovaries
were rich in isotope and giving birth. Three asterisks (***) represent
p-value<0.001.
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nurse eggs. This difference in the selection of nurse eggs between

these two fishes is clearly attributed to their different

mating systems.

The mechanism of nutrient transfer from embryos to the

brooding parent may rely on vascular transport. The brood pouch

of seahorse is a placenta-like structure that primarily provides

protection, nutrients, and oxygen for the developing embryos

(Kvarnemo et al., 2011; Whittington and Friesen, 2020). During

pregnancy, especially in the early stage of pregnancy, the inner

epithelium of the pouch will become highly vascularized, and the

inner layer of the pouch will be rich in blood vessels (Carcupino

et al., 2002; Laksanawimol et al., 2006; Ripley et al., 2010; Lin et al.,

2017). Therefore, researchers believe that the paternally derived

nutrients and oxygen are likely transported to the embryos through

these vascularized connective tissues and blood vessels (Ripley and

Foran, 2009; Whittington and Friesen, 2020). Likewise, the transfer

of nutrients from embryos to the father may rely on the opposite

direction of this transportation way. Namely, the embryonically

derived nutrients enter the paternal blood stream and are

transported to the whole body of the father.

In Experiment 2, impaired embryos and free yolk droplets were

observed in the pouch of early brooding males. This result provides

evidence of the existence of nurse eggs, and these impaired embryos

are likely to be broken-down nurse eggs (Ripley and Foran, 2006).

As for the cause of embryo breakage, it may be related to the release
Frontiers in Marine Science 06
of some substances (e.g., prolactin and growth hormone) by the

male into the pouch after mating, which causes enzymatic

breakdown of a small portion of embryos (Carcupino et al., 2002;

Patron et al., 2008; Wilson et al., 2023). In addition, in Experiment

2, we also found that the deposition of sperm and eggs was not

synchronous, but rather, the sperm lagged behind the eggs. This

finding breaks a widespread but poorly founded belief that sperm

and eggs are deposited synchronously or that sperm are deposited

immediately after the eggs are deposited or inserted (Van Look

et al., 2007; Whittington and Friesen, 2020). The fact that sperm

deposition lagged behind that of the eggs in the seahorse indicates

that the pattern of male fishes being the last to release gametes not

only occurs in fishes showing external fertilization (Gross and

Shine, 1981) but also in fishes showing internal fertilization. In

seahorses, it is possible that the lagged deposition of sperm occurs

because the males need some time to adjust the distribution of the

eggs in their pouch after the successful reception of the eggs. We

have found multiple times (personal observation) that newly mated

males frequently shake their bodies, and the purpose of this shaking

may be to distribute the eggs as evenly as possible in the pouch in

order to achieve the best possible fertilization.

In Experiment 3, the results showed that compared with the

males fed sufficient food, the males fed limited food had a

significantly reduced brood size and a significantly increased 15N

ratio in their bodies after giving birth. The increased isotope
FIGURE 3

The morphology of eggs/embryos in the brood pouch of newly or recently mated male lined seahorses (H. erectus). (A, B) Eggs within 2 h after
mating; (C) embryos within 4–6 h after mating; (D, E) embryos within 12–14 h after mating; (F) embryos within 24–26 h after mating. EM, egg
membrane; YM, yolk membrane; FYD, free yolk droplet; YDC, yolk droplet cluster.
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indicates that a considerable portion of embryos had been

consumed and absorbed by the food-limited males, and the

reduced brood size indicates that these consumed embryos are

actually viable embryos that could develop into newborns if their

father did not kill them. To put it briefly, the results of Experiment 3

demonstrated that the brooding males could actively consume their

viable embryos in response to poor environmental conditions (i.e.,

limited food availability). Previous work in other fishes has found

that fathers will increase the consumption of embryos to obtain

more nutrients or energy in response to harsh conditions (Hoelzer,

1992; Manica, 2004).
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Caring males adjust their consumption of offspring based on

food availability, which may be an adaptive strategy to increase own

fitness (Klug and Bonsall, 2007). In some cases, caring males

consume some or all of their offspring, thus seemingly reducing

their own fitness. Yet, since caring males may lose weight and fat

reserves while caring, obtaining energy and nutrients from

consuming their offspring actually may improve their parental

condition, thus allowing them to better care for the remaining

offspring and/or increasing future reproductive success. Therefore,

brood reduction may increase parental fitness if males can use some

of their own offspring as a nutritional resource (Lindström, 2000;

Klug and Bonsall, 2007; Sagebakken et al., 2010).

In addition, the results of Experiment 3 showed that the newborn

size of the food-limited males was significantly larger than that of

food-sufficient males. There are two possible explanations. The first

one is that a considerable portion of embryos are consumed, resulting

in a larger pouch space for the remaining embryos to develop. Based

on the pouch size, brood size, and newborn size of different species of

seahorses, there is evidence suggesting that the size of newborns is

related to the space of the pouch. For example, in the pot-bellied

seahorse (H. abdominalis) (Martinez-Cardenas and Purser, 2011),

males have an abnormally large pouch, but they give birth to very few

newborns in each brood (50–200 inds), and the size of newborns is

large, approximately 2.0 cm in body height. In the three-spot seahorse

(H. trimaculatus) (Lipton and Thangaraj, 2014) and hedgehog

seahorse (H. spinosissimus) (Kang et al., 2005), males have a

moderately sized pouch, but they give birth to a large number of

newborns in each brood (300–500 inds), and the size of newborns is

small, approximately 0.7 cm in body height. These examples indicate

that the size of newborns is related to pouch space. The second

potential explanation is that the pregnancy duration of males with

limited food is longer than that of males with sufficient food, which

means that the newborns of the former males develop in the pouch for

a longer time than those of the latter males, resulting in a larger size.
FIGURE 4

The difference in body height of newborns born to the male lined
seahorses (H. erectus) across conditions of sufficient and limited
food. Three asterisks (***) represent p-value<0.001.
FIGURE 5

The difference in brood size of the male lined seahorses (H. erectus)
between conditions of sufficient and limited food. Three asterisks
(***) represent p-value<0.001.
FIGURE 6

The difference in isotope (15N) ratio in the upper body of the male
lined seahorses (H. erectus) between conditions of sufficient and
limited food. Three asterisks (***) represent p-value<0.001.
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5 Conclusions

In the present study, we demonstrated the presence of impaired

embryos in the pouch of the brooding male, and we demonstrated

that nutrients could be transferred from embryos to the brooding

male. These results imply that the brooding male can indeed take up

the nutrients from embryos, which answers the first question raised

in the introduction that is nurse eggs also exist in a syngnathid fish

showing monogamy. In addition, we demonstrated that the

brooding male exacerbated his consumption and absorption of

embryos under the limited food conditions. This result indicates

that the brooding male is able to actively adjust the absorption of

embryonic nutrients based on environmental conditions, which

answers the second question raised in the introduction regarding

whether the brooding male actively consumes his viable embryos to

absorb the nutrients. Proactively regulating the absorption of

embryonic nutrients may be a result of natural selection that is

beneficial for increasing one’s own fitness.
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