
Introduction

 The marine fish aquaculture industry utilizes a variety of live food 
organisms, such as artemia, rotifers, copepods, and mysid shrimp, in 
the production of both fish produced for consumption and ornamen-
tal species [1,2]. However, live feeds, such as artemia and rotifers, 
although whilst easily cultured, are not a natural food source for fish, 
lacking key nutrients, such as Polyunsaturated Fatty Acids (PUFA) 
and therefore require enrichment prior to feeding [3].
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 Live feed is especially important to fish during the larval and ju-
venile stages, and most fish species reared in aquaculture rely on live 
feeds during these early stages [4,5]. Larvae possess a rudimentary 
digestive system and lack certain intestinal enzymes and secretions 
found in the adult digestive tract [4,6,7]. Live prey is more digest-
ible than formulated diets, increasing nutrient absorption in larvae, 
leading to enhanced growth and survival. Live feeds are constantly 
available in the water column and their movement simulates natural 
feeding behaviors, whereas commercial diets tend to sink to the bot-
tom over time and, if not eaten immediately, leach nutrients and lose 
palatability, causing fish to lose interest [4].

 There is an increased interest in the culture of marine amphipods 
for use as a natural live food source for fish. A wide variety of fish, 
including commercially cultured food fish and ornamentals, have 
been shown to consume caprellid amphipods [2,8]. Fish (Salmo salar, 
Gadus morhua, Poecilia reticulata, Hippocampus erectus), and ceph-
alopods (Robsonella fontaniana, Octopus maya, Sepia officinalis) 
have successfully been reared using live [9-12] and frozen amphipods 
[13]. Dried amphipod meal has also been incorporated into dry diets 
as a replacement for fish or krill meal without affecting production 
[14,15]. Amphipods are high in protein, and nutritionally rich in ome-
ga-3 Polyunsaturated Fatty Acids (n-3 PUFA), such as Eicosapen-
taenoic Acid (EPA) and Docosahexaenoic Acid (DHA), found to be 
essential for growth and development [4,11,16].

 In addition to their potential use as a live or dried feed ingredient 
for aquaculture, recent research has explored their use as a model or-
ganism for studies involving disease resistance and crustacean host 
defense mechanisms [17]. Amphipods are also widely used in ecotox-
icity studies, like sediment toxicity bioassays [18], further strengthen-
ing their potential for aquaculture [4,19,20].

 Despite the potential uses of amphipods, little emphasis has been 
placed on establishing optimal abiotic, biotic, and system culture con-
ditions, which will need to be modified for different amphipod spe-
cies. Some research has been conducted with caprellid [11,21,22] and 
gammarid species [5,23-26], but it is limited in scope, and may not be 
suited for larger scale culture.

 Parhyale hawaiensis is a hyalidae amphipod and member of the 
Malacostraca clade found in marine intertidal zones [27]. This species 
is commonly found among mangroves, macroalgae, and mud flats in 
coastal Florida waters, including the Indian River Lagoon [27,28].

 The amphipod P. hawaiensis naturally propagates in the Ulva 
lactuca tanks that are part of the Land-Based Integrated Multi-tro-
phic Aquaculture (LB-IMTA) system at Florida Atlantic University’s 
Harbor Branch Oceanographic Institute (FAU-HBOI). Integrated 
Multi-Trophic Aquaculture (IMTA) systems are used to cultivate 
fed (e.g., fish), extractive (e.g., bivalves), and assimilative species 
(e.g., seaweed) [29]. The FAU-HBOI LB-IMTA uses a centralized 
filtration system to deliver controlled volumes of selected pretreated 
waste streams to each system component, resolving water quality and 
flow distribution issues seen with traditional closed IMTA systems  
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Abstract
 Amphipods have shown to have potential as a live prey item for 
use in aquaculture operations. The amphipod, Parhyale hawaiensis, 
was cultured for four weeks using two types of feed, dried Ulva lac-
tuca, and a commercially available shrimp diet. There was a 4.5-fold 
increase in the final mean population density in P. hawaiensis fed the 
shrimp diet compared to a 1.5-fold increase in those fed U. lactuca. 
Juveniles were the most abundant stage in both treatments, followed 
by hatchlings, then adults in the U. lactuca treatment, and by adults, 
then hatchlings in the shrimp dietary treatment. There was no sig-
nificant difference in juvenile or hatchling populations, but the adult 
population was 14-fold higher in the shrimp diet treatment.  The U. 
lactuca and the shrimp diet were both high in protein, but the lower 
lipid content of U. lactuca likely accounted for the difference in per-
formance seen. This research demonstrates that although U. lactuca 
alone can be used to rear P. hawaiensis, production will be increased 
using a diet with a more complete nutritional profile.
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[30]. The seaweed cultivated in this system (Ulva lactuca) has been 
shown to improve water quality through the uptake of nitrogenous 
compounds, reducing ammonia levels in the system. In addition to 
improving water quality, the U. lactuca produced has been used as 
both a replacement and supplement to commercial diets for shrimp 
[31,32], sea urchins, sea cucumbers and fish (unpublished data) pro-
duced in the system.

 Commercial seaweed production is increasing globally and serves 
as an important nutritional source for animal feed, decreasing the de-
pendency of commercial feed pellets as the primary source of protein 
and nutrition [33]. Seaweed has become a component of both human 
and animal diets, utilized either in fresh or dried form. Seaweeds, in-
cluding U. lactuca, are high in fiber and protein, and are relatively 
low in lipids [31,32,34-38]. Ulva species are also a good source of 
vitamins, including E, C, A, K, and some B vitamins [34,39-41], ca-
rotenoids [31,32,34,38,40,41] macro minerals such as magnesium, 
sulfur, calcium, potassium, and trace minerals, such as copper, iron, 
manganese, and zinc [32,34,37,39,40]. Seaweeds are high in polyun-
saturated essential fatty acids (PUFA) [31,35-38,41], however, due 
to their low lipid content they might not provide adequate nutrition 
compared to commercially available aquaculture diets with a higher 
lipid content. Studies with shrimp have shown that replacement of a 
fish meal-based diet with an Ulva-based diet is inadequate when more 
than 50% of the diet is replaced by Ulva sp. [31,42,43].

 Although amphipods are detrivorous in nature [27,28], they read-
ily accept fresh or dried Ulva in a research setting [44], as well as 
commercial feed [26]. The presumptive diet of the Parhyale hawaien-
sis found in the U. lactuca tanks in the FAU-HBOI LB-IMTA system 
consists of fresh Ulva and associated epiphytes. Moreover, it is doubt-
ful that facilities interested in amphipod culture would have a ready 
source of fresh Ulva to use as a food source. Even though seaweed 
can be stored for several years if dried properly, some of its nutrition-
al content, such as vitamin C and PUFAS, might be lowered in the 
process [45]. The use of dried Ulva meal as a potential food source 
may be an acceptable alternative to fresh seaweed but might not be a 
nutritionally complete diet due to Ulva’s low lipid content compared 
to a pelleted diet.

 The present study was conducted to evaluate the effect of two di-
ets, dried U. lactuca and commercially available shrimp diet, for use 
in the production of P. hawaiensis.

Materials and Methods
Experimental design

 The 4-week study was conducted at the aquaculture facility located 
at FAU-HBOI. The systems used consisted of six 60-L circular fiber-
glass tanks with eight 1-mm mesh fiberglass screens used as an artifi-
cial substrate extending the depth of the tank in a radial pattern (Fig-
ure 1a). This system had been designed and used previously to culture 
amphipods. The screens were attached to rods connected to a central 
disc on top, hung from top to bottom, and kept in place by weighted 
bottom support pipes (Figure 1b). The tanks were equipped with a cen-
tral 7.62 cm diameter airlift and two air diffusers, and were fitted with 
a 2.54 cm drainpipe at the bottom, used for harvest at experimental 
termination. Finally, the tanks were filled with 55-L of UV filtered salt 
well water and stocked with 15 g (approximately 192 individuals) adult  

amphipods each. Amphipods were obtained from the LB-IMTA ex-si-
tu biofloc tank at FAU-HBOI and sieved on a 500-micron screen to 
ensure that only adults were collected.

 The two treatments (N=three replicates) consisted of tanks fed 
Zeigler PL Raceway 40-9 shrimp pellets (400-600 and 600-850 mi-
crons) or dried Ulva. The LB-IMTA produced Ulva was collected, 
rinsed with fresh well water, squeezed dry, then dried in an oven at 
65°C for approximately 24 hours prior to use. The amount of daily 
feed was based on the feed rate for similarly sized juvenile shrimp, 
which was determined to be 5% of their body weight. The amphipods 
were fed twice daily, each morning and evening.

Water quality

 Temperature (28.4 + 1.0 °C), salinity (32.4 + 1.4 ppt), and dis-
solved oxygen (6.8 + 0.4 mg L-1) were measured daily using a YSI 
model 85 (Yellow Springs, OH, USA), and pH (8.0 + 0.05) with a 
YSI Ecosence PH100 (Yellow Springs, OH, USA). Nitrite (0.65 + 
0.74 mg L-1), ammonia (0.15 + 0.17 mg L-1), and alkalinity (171 + 
15) were measured twice weekly. Ammonia (TAN) and nitrite (NO2) 
were measured by colorimetry (HACH DR2500, Method 8155 and 
8192). Alkalinity (mg/L as CaCO₃) was measured using the digital 
titration method (HACH Method 8203). A 10% water exchange was 
performed daily.

Amphipod production

 At the end of four weeks, all tanks were drained, and the amphi-
pods were collected. The total number of amphipods were counted, 
then subdivided based upon total body length and the presence of sec-
ondary sexual characteristics, and lastly recorded as either hatchling 
(<1.5 mm), juvenile (>1.5 mm), or adult (>5mm).

Chemical analysis

 Proximate analysis of oven dried Ulva (N=3) was conducted by 
Midwest Laboratories Inc., (Omaha, NE, USA) using the following 
methods:  Crude protein, by combustion, with 6.25 as a conversion 
factor to calculate protein (AOAC 990.03, 2006), crude fat (AOAC 
2003.05, 2006), crude fiber (AOAC ba 6a-05, 2006), and ash (AOAC 
942.05, 2006). Proximate analysis of the commercially available 
shrimp diet fed, PL Raceway 40-9 shrimp feed, is found at www.zeig-
lerfeed.com (Zeigler Bros., Inc,. Gardners, PA) and was not analyzed 
for this study.

Figure 1: Amphipod culture system a) 60-L tanks and b) fiberglass screens.
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Statistics

 Statistical analysis of total density and subpopulations was per-
formed using a one-way analysis of variance (ANOVA) with a signif-
icance level of (P < 0.05).

Results
Ulva meal and feed composition

 The proximate compositions of dried Ulva and pelleted feed are 
presented in (Table 1). The pelleted feed contained significantly high-
er levels of protein (40.0%) and lipids (9.0%) compared to the Ulva 
meal (34.1% protein, 2.04% lipid); whereas the Ulva meal contained 
significantly higher levels of fiber (15.9%) and ash (29.8%) compared 
to the pelleted feed (3.0% fiber, 13.0% ash).

 Values for U. lactuca are given as a mean + SD (n = 3); values 
for shrimp feed used are provided by Zeigler Brothers Inc (Gardners, 
PA).

Amphipod production
Mean total density

 No significant differences were seen between treatments for mean 
total density (P = 0.089) (Figure 2). The average amphipod density in 
tanks fed the pelleted diet was three times the density of amphipods 
fed the Ulva meal (967 vs 313), but variation among the pelleted tank 
treatments was also high (393-1320 individuals), compared to that 
seen in the dried Ulva treatment (219-368 individuals).

 A significant difference was seen between the average mean adult 
density (P = 0.05). The average number of adults fed the pelleted 
diet was 350, compared to 25 for amphipods fed the Ulva meal (Fig-
ure 3). No significant difference in the number of hatchlings (P = 
0.129) or juveniles (P = 0.199) was seen between the pelleted and 
the Ulva meal dietary treatments, nonetheless the average number of 
both hatchlings and juveniles were higher in the pelleted diet treat-
ments. For both treatments, the number of juveniles was higher than 
the number of either hatchings or adults. 

Population density

 Statistical differences in the population dynamics (P = 0.014) were 
seen, with adults comprising only 8.5% of the population in the Ulva 
dietary treatment, compared to 35% in the commercial diet treatment 
(Figure 4). Although the percentage of adults differed between the 
two treatments (P = 0.005), the percentage of juveniles (P = 0.077), 
and hatchlings (P = 0.455) was not. In the pelleted dietary treatment, 
juveniles made up the highest percentage of amphipods, followed by 
adults, then hatchlings, while in the Ulva dietary treatment, the high-
est percentage was juveniles, followed by hatchlings, then adults.

Discussion
 The use of marine amphipods as a live food source to culture or-
namental species has recently gained interest. For this to be a viable 
economic endeavor the effects of various abiotic and biotic factors 
need to be considered. This study sought to determine whether a 
plant-based diet, consisting of dried Ulva lactuca meal, or a com-
mercially available shrimp diet would be preferrable to produce the 
amphipod Parhyale hawaiensis. The results of this study show that 
although dried U. lactuca meal can be used to successfully produce 
P. hawaiensis, feeding a commercially available pelleted shrimp diet 
would be preferable.

 Despite the average total amphipod density being numerically 
higher in treatments fed the pelleted shrimp diet, the difference was  

 Fat Protein Fiber Ash

U. lactuca 1.4+0.9% 32+5.5% 12+7% 24+1%

Shrimp feed 9% 40% 3% 13%

Table 1: Proximate composition of U. lactuca (% dry weight basis) and 
shrimp feed (Zeigler PL 40-9).

Figure 2: Mean density + SD (n=3) of P. hawaiensis fed two different 
diets for four weeks.

Figure 3: Mean density + SD (n=3) of P. hawaiensis at various life stages 
fed two different diets for four weeks. Statistical differences (P < 0.05) are 
denoted by different letters.

Figure 4: Ratio of three different life stages of P. hawaiensis (n=3) fed 
two dietary treatments for four weeks. Statistical differences (P < 0.05) 
are denoted by different letters.
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not significant, due to the low amphipod density that occurred in one 
of the three replicate treatments fed the pelleted diet. The three-fold 
lower total density seen with one of the pelleted diet replicates could 
not be explained by decreased water quality or changes in water 
chemistry. The temperature was maintained at 28°C in all tanks. Dai-
ly recorded salinity, pH, and dissolved oxygen levels were similar in 
all tanks and were within normal parameters for crustacean culture. 
Recorded water chemistry measurements were also similar between 
tanks, and though ammonia and nitrite levels were slightly higher in 
tanks fed the commercial shrimp diet, there was no significant differ-
ence between those tanks and tanks fed the dried Ulva diet. Nitrite 
levels were highest in week three (over 1 mg/L), reflecting the natural 
nitrogen cycle progression, but this increase occurred in all tanks, de-
spite daily water exchanges. As water chemistry was monitored twice 
a week, it is possible that an ammonia or nitrite spike may have been 
missed. It is more likely that some unknown factor, such as disease 
(i.e., bacteria), could have been responsible for the low density seen, 
but no samples of tank water were taken for bacteria analysis during 
the experiment. It is of interest to note that the tank with the lowest 
overall density of those fed the pelleted diet varied from the other 
two replicate tanks in having similar numbers of hatchlings, but fewer 
juveniles and adults, indicating that juveniles and adults were dispro-
portionately affected.

 Along with a higher total numerical density, the density of all three 
life stages (hatchlings, juveniles, and adults) was higher in treatments 
fed the pelleted diet, though this was only significant for adults. Con-
sidering that the density and proportion of adults were significantly 
higher in the tanks fed the shrimp diet, suggests that initial reproduc-
tion rates were higher in this treatment group, and that a brood-to-
brood life cycle was achieved within four weeks. Juveniles comprised 
the highest percentage of assigned life stages and were found in high-
er numbers in both treatments, indicating that the hatchlings that were 
produced within this study grew in both treatment groups. The aver-
age number of hatchlings was similar between the two groups, but the 
higher proportion of hatchlings and juveniles in the Ulva treatment 
group, and the lower numbers of juveniles and adults indicates that 
this diet led to reduced growth and survival compared to the shrimp 
diet. As the average number of adults was 7% of those fed the pelleted 
diet, it is unclear whether the complete life cycle was achieved in the 
Ulva treatment; the few adults seen (~25) may have been the rem-
nants of the initial starting population of 200.

 Density and population differences may be explained by the fact 
that the pelleted shrimp diet had a more complete nutritional profile 
than the Ulva diet. Although protein levels were similar between di-
ets, lipids were much lower in the Ulva meal, which likely impacted 
reproduction as well as growth. Lipids, particularly the PUFA, are 
necessary for enhanced egg production [46]. Highly Unsaturated Fat-
ty Acids (HUFA), specifically Arachidonic Acid (ARA), Eicosapen-
taenoic Acid (EPA), and Docosahexaenoic Acid (DHA) have been 
confirmed to be necessary for vitellogenesis, embryogenesis, and 
pre-feeding larval development in shrimp [46,47].

 Few dietary studies have been conducted with amphipods and, to 
our knowledge, none have compared an Ulva sp. diet to a commer-
cially available diet. Alberts-Hubatsch [25] conducted an amphipod 
plant-based dietary study while Vargas-Abúndez [26] compared three 
commercial diets. The amphipods, Gammarus locusta, fed a plant-
based diet of either dried Ulva spp., carrot leaf, or blue lupin for 10 
weeks had significantly higher growth when fed the blue lupin diet  

compared to an Ulva spp. diet [25]. Survival, however, was signifi-
cantly higher in G. locusta fed carrot leaf compared to both blue lupin 
and Ulva, (49% vs 14% and 5%, respectively), which was thought to 
have been due to the carotenoid levels found in carrot leaf [25]. Of 
the three diets, carrot leaf also had the highest amounts of PUFA, but 
neither carrot leaf nor blue lupin had detectable levels of EPA, DPA 
or ARA; no proximate analysis was conducted. Vargas-Abúndez [26] 
saw no significant growth differences of juvenile P. hawaiensis fed 
three commercially available diets (two shrimp, one fish), for 30 days, 
but did not report survival and no dietary analysis was conducted [48].    

 Studies with shrimp fed partial or full Ulva sp. replacement diets 
have shown decreased production. Shrimp fed only wet Ulva clath-
rata for six weeks showed no significant difference in survival com-
pared to those fed a pelleted diet but saw a significant decrease in 
growth (final weight, weight gain) [36].  Laramore [31] saw no dif-
ference in survival with either a 25% or 50% replacement of a shrimp 
pelleted diet with wet Ulva lactuca, but a significant decrease in final 
weight compared to shrimp fed a pelleted diet exclusively. Pallaoro 
[43] showed that shrimp fed only U. lactuca had significantly less 
survival (16.7% vs 86.7%) than partial replacement diets, and both 
a 75% and 100% replacement diet resulted in lower growth (final 
weight, weight gain) [49].  A similar trend was seen in the present 
study conducted with P. hawaiensis, although dried Ulva, rather than 
wet, was compared to a pelleted shrimp diet. While not significant, 
higher numbers of P. hawaiensis were produced in the shrimp diet 
treatment, and a significantly higher number of adults were produced, 
indicating that reproduction was enhanced, and survival and growth 
of progeny was increased by feeding a more nutritionally complete 
diet [50,51].      

Conclusion
 The amphipod, P. hawaiensis can be reared on a diet of dried Ulva, 
but a more nutritionally complete diet with a higher lipid content, 
such as that of the pelleted shrimp diet utilized in this study, results in 
increased production. It would be of interest to compare a dried ver-
sus wet Ulva diet, and the addition of Ulva as a supplement to a pel-
leted diet. Even though this study was concerned with the production 
of P. hawaiensis, it would be of additional interest to know whether 
these two treatments impacted the nutritional profile of P. hawaiensis, 
and how that would ultimately affect the production of fish fed this 
amphipod.
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