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Abstract
This study assessed the comparative performance of candidate marine macroalgae species 
under integrated multi-trophic aquaculture (IMTA) culture conditions in a system cultur-
ing yellowtail snapper (Ocyurus chrysurus) at a commercial-scale biomass density. The 
nutrient-rich effluent water from the marine finfish culture tank supplied replicated mac-
roalgae raceways containing four candidate species of macroalgae (Agardhiella subulata, 
Caulerpa racemosa, Gracilaria caudata, and Ulva lactuca) native to the Southeast U.S. 
and Caribbean regions. Water temperature, dissolved oxygen (DO), salinity, alkalinity, pH, 
phosphate, and total ammonia nitrogen (TAN) readings were sampled daily, and dissolved 
CO2 was calculated over the course of the trials. Each species of macroalgae was analyzed 
for protein, fat, fiber, ash, minerals, and metals. Additionally, the carbon and nitrogen con-
tent and stable isotope ratios of the nutritionally enriched (i.e., “fortified”) macroalgae 
(“seaweed”) species were analyzed. Results provide novel insights on macroalgae biomass 
levels under specific hydraulic retention times (HRT) that allow for the reduction of TAN 
levels in fish effluent water below detectable levels. Specifically, Agardhiella subulata at a 
density of 6.73 kg m−3, lowered TAN levels in fish effluent water below detectable limits 
under a hydraulic residence time (HRT) of 54  min from average starting concentrations 
of 0.04 mg/L TAN. Compositional analyses indicated Caulerpa racemosa had the highest 
protein content (25.49%) and Ulva lactuca had the highest carbohydrate content (61.48%) 
of the macroalgae species tested. Calculated dissolved CO₂ concentrations of effluent water 
before and after the macroalgae culture tanks and the carbon-to-nitrogen ratio of macroal-
gae samples indicated that Ulva lactuca up took and incorporated carbon most efficiently. 
The results of this project provide novel information that will help improve economic and 
environmental sustainability for existing and prospective marine finfish aquaculture opera-
tions throughout the focal regions and allow producers to make well-informed decisions on 
candidate species of macroalgae for marine IMTA applications.
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Introduction

Marine finfish aquaculture in the United States of America (USA) has great potential to 
aid in increasing domestic seafood supply and reducing the country’s reliance on imported 
seafood. Two of the major issues with marine aquaculture in the USA are the regulatory/
permitting processes and the social license challenges associated with the industry (Rust 
et  al. 2014). One promising path to better social acceptance of marine aquaculture and 
improved economic and environmental viability of operations is the concept of develop-
ing integrated farms that capitalize on value chains across multiple trophic levels. Such 
aquaculture operations are commonly referred to as integrated multi-trophic aquaculture 
(IMTA), which can be implemented in land-based and open ocean systems (Tanaka et al. 
2020). IMTA is the concept of growing multiple organisms from different trophic levels 
in one system (Chopin et al. 2001; Lohroff et al. 2021; Neori et  al. 2004; Paul and Nys 
2008), whereby production from the initial feed energy input(s) is maximized. The IMTA 
methodology allows for significant reductions, and in many cases, elimination of nutrient 
loading in effluent water from fed aquaculture operations, thereby allowing the water to 
be safely discharged or recirculated while growing a secondary biomass for various mar-
ket uses (Zhu et al. 2025). Macroalgae have been identified as an option for use in IMTA 
due to their ability to uptake nitrogen, carbon, phosphate, and sulfate (Jasmin et al. 2020). 
Macroalgae are an advantageous choice for bioremediation, as their culture is not limited 
to contained vessels as it typically is with microalgae. For instance, extensive macroalgae 
culture is conducted globally in open systems in coastal and offshore waters (de Gaillande 
et al. 2017; Kim et al. 2019b).

Some of the most prevalent nutrients produced from finfish aquaculture systems, which 
macroalgae can help reduce, are ammonium (NH4

+), phosphate (PO₄3⁻), and sulfate 
(SO₄2−). Under optimized growth conditions, one study found that Ulva lactuca stocked at 
0.8 kg m−2 was able to assimilate 88% of the nitrogen in the effluent water of a commer-
cial finfish facility (Ben-Ari et al. 2014). It was also found that Caulerpa racemosa grew 
at maximum rates under relatively high phosphate concentrations (Harwanto et al. 2020). 
Another study, by Narvarte et al. (2025), found that Caulerpa microphysa had the high-
est phosphate uptake when compared to five other commercially relevant seaweed species. 
These studies suggest that there is potential for Caulerpa racemosa to be a suitable candi-
date for the bioextraction of both phosphate and nitrogen.

Much of the history of macroalgae farming in the USA is with temperate species of kelp 
and Porphyra in states such as Washington, Alaska, and Maine (Kim et al. 2019a). These 
farms are supported locally because they provide food and help with reducing eutrophica-
tion in coastal waters (Kim et al. 2019b). While these states have strong familiarity with 
a variety of kelp species, there is little farming of tropical seaweed species in the USA. 
The USA has a unique position that allows southern coastal states such as Florida, Ala-
bama, Louisiana, Texas, and Mississippi to grow local tropical seaweeds. The four species 
of macroalgae used in this study were identified in previous market research to be suc-
cessful candidates for the seafood industry (Leandro et al. 2019), yet their suitability for 
incorporation in IMTA applications of high-value marine finfish species has not been fully 
evaluated.

End-use markets for seaweed are numerous and include human consumption, phar-
maceuticals, market potential of extracts, and carbon sequestration and its pertinence to 
the blue economy (i.e., “carbon credits”) by way of restorative aquaculture. Macroalgae 
and microalgae have been looked at as additives and replacements in fish and terrestrial 
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agriculture feed. Ulva lactuca has shown promise as a partial replacement for fish meal 
in fish feed. A study by Shpigel et al. found that there was no negative effect on seabream 
consuming the algae substitute diet; they were receiving all the necessary amino acids 
when 35% of the fish meal in the diet was replaced with Ulva lactuca (Shpigel et al. 2017). 
Additionally, the Ulva lactuca used in the Shpigel et al. (2017) study was from an IMTA 
system and contained 26–37% protein versus 8.5–18% protein in their wild counterparts 
(Shpigel et al. 2017; Padua et al. 2004; Yaich et al. 2011). Laramore et al. found that 25% 
of a commercial shrimp feed could be replaced with Ulva lactuca and maintain the same 
production success (Laramore et al. 2018). In general, when compared with other protein 
replacements in aquafeeds, seaweed shows great potential (Gu et al. 2016; Fleurence et al. 
2012).

The main objectives of the present study were to quantify and characterize the bioex-
tractive capacity and market potential of four macroalgae species in an integrated multi-
trophic aquaculture (IMTA) system stocked with a commercially relevant marine finfish 
species at a relevant culture density (yellowtail snapper (Ocyurus chrysurus), stocked at 
26 kg m−3). This study represents one of the first known studies comparing the side-by-side 
aquaculture performance of multiple macroalgae species in a pilot-scale IMTA system in 
the Southeast U.S. and Caribbean regions.

Materials and methods

A pilot-scale Integrated Multi-Trophic Aquaculture (IMTA) system was developed at the 
University of Miami Experimental Hatchery (UMEH) in Virginia Key, FL, to evaluate the 
comparative performance of four candidate macroalgae species cultivated under consist-
ent marine finfish effluent conditions. The primary objective was to assess species-specific 
differences in bioextractive capacity, nutritional value, and market potential when cultured 
under a standardized nutrient regime representative of commercial-scale marine finfish 
operations.

The flow-through IMTA system was designed to provide a single, uniform source of 
nutrient-rich effluent generated by a 1 m3 culture tank (1.22 m diameter × 0.91 m depth) 
stocked with yellowtail snapper (Ocyurus chrysurus) at a commercial production density 
(26 kg m⁻3; mean weight = 152 ± 5 g; total length = 23.0 ± 0.2 cm). Fish were maintained 
using filtered, UV-sterilized seawater at ambient temperature, with supplemental oxygen 
provided as needed. Effluent from the fish tank passed through a particulate settling sump 
and was subsequently distributed evenly to 12 downstream macroalgae culture raceways 
via a common pump manifold (Fig. 1).

Each of the 12 macroalgae tanks (180 L capacity) received the same effluent water and 
represented a replicated experimental unit for assessing macroalgae performance. Four 
macroalgae species were tested, with three replicate tanks per species, enabling controlled 
comparisons across species under identical input conditions. Each tank had a flow control 
valve set at 0.95 gpm (3.33 Lpm), providing a hydraulic retention time of approximately 
1 h. Aeration was supplied via bottom air lines to maintain macroalgal suspension. Efflu-
ent exited each tank through a top standpipe and was collected at the base of each tank for 
sampling. The macroalgae culture system operated outdoors under full sunlight and natural 
photoperiod. Combined effluent from all macroalgae tanks was collected in a centralized 
sump and discharged via an onsite disposal well. All aspects of the work involving live fish 
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were conducted in accordance with University of Miami Institutional Animal Care and Use 
Committee (IACUC) Protocols #20–137 and #23–131.

There were two green macroalgae used, Caulerpa racemosa and Ulva lactuca, and 
there were two red macroalgae used, Agardhiella subulata and Gracilaria caudata. The 
Agardhiella subulata, Gracilaria caudata, and Ulva lactuca were obtained from the UM 
National Resource for Aplysia, while the Caulerpa racemosa was collected from local 
waters. Prior to initiating the experimental trials, all macroalgae were rinsed and epiphytes 
were removed. The algae were then placed into the system’s algae tanks, supplied from the 
fish tank, for acclimation which averaged 1–2 weeks in duration. The trial began once the 
macroalgae stabilized in color, structure, and growth.

Macroalgae stocking densities for each species were based on prior knowledge of poten-
tial growth rates and were selected to ensure that final harvest densities and experimental 
endpoints would not be compromised due to potential self-shading that can occur in mac-
roalgae culture tanks when densities are too high. All weights represent wet weights of 
macroalgae. There was a total of 450 g of Agardhiella subulata to begin, so it was split into 
three tanks at 150 g per tank. The total Caulerpa racemosa starting biomass was 1338 g, 
split across three tanks (~ 300–500  g per tank). The Gracilaria caudata was stocked at 
100 g per tank. The Ulva lactuca was stocked based on growth rates found during acclima-
tion; the Ulva lactuca grew very fast, so to reduce the potential for self-shading and growth 
rate reductions before the end of the trial, the starting stocking density of Ulva lactuca was 
10 g per tank. The experimental macroalgae culture duration (14-day culture cycle) was 
selected to allow enough time for the macroalgae to remove nutrients, but short enough 
to avoid self-shading issues that could occur at higher densities that could potentially con-
found experimental endpoints across the 180 L systems based on the macroalgae growth 
rates.

During the 2-week trial, a single, homogenized fish effluent source, distributed uni-
formly to all macroalgae tanks, was sampled daily at the common inlet point to each of the 
replicated macroalgae tanks to represent the baseline nutrient input. Seawater entering the 
fish culture tank had undetectable TAN concentrations and was not nutrient-rich to begin 
with. Concurrently, the effluent water from each of the individual macroalgae tanks was 

Fig. 1   Photo/diagram of the pilot-scale IMTA system used in this study
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then sampled, with water sampling occurring each day at mid-day (~ 12:00 p.m.) to assess 
species-specific nutrient removal and performance. Mid-day was chosen so the algae had 
sufficient time to photosynthesize and for their respiration from the night to clear from the 
water. Water quality parameters were taken daily of dissolved oxygen (DO) (YSI ProODO, 
Pentair, Apopka, FL, USA), temperature (YSI ProODO, Pentair, Apopka, FL, USA), salin-
ity, alkalinity (Hanna Alkalinity checker, Hanna Instruments, Smithfield, RI, USA), pH 
(Thermo Scientific Orion Star A221), total ammonia nitrogen (TAN) (Salicylate method 
8155, Hach, Loveland, CO, USA), and phosphate (Phosphate reagent set Method 8178, 
Hach, Loveland, CO, USA). Dissolved CO₂ was calculated from alkalinity, pH, and tem-
perature using a CO₂ calculator informed by Millero and Prieto (2002). Every 3 days, algae 
were collected with a mesh net, shaken dry (approximately five shakes of the net), and 
put into a plastic collection bucket to determine their wet weight. Once the weight was 
obtained, a sample of approximately 100 g from the most distal growth of the macroalgae 
was collected, rinsed with reverse osmosis (RO) water, and frozen for later analysis.

At the end of the 2-week trial, the total amount of each macroalgae was collected from 
each tank, cleaned of any obvious epiphytic growth, shaken dry, weighed, put in a bag, and 
stored in the freezer (–20 °C). Shortly after, they were thawed and put in a drying oven at 
105 °C for 24–36 h. Once dried, as confirmed by obtaining weights of samples that did 
not differ after 2 consecutive days, the macroalgae were pulsed in a sterilized food pro-
cessor until they were a fine powder. Prepared dry samples were analyzed for proximate 
analysis with carbohydrates and calories, fatty acid profile, amino acid profile, calcium, 
iron, magnesium, potassium, phosphate, lead, mercury, arsenic, and cadmium. The total 
carbohydrate was calculated from the moisture, protein, ash, and fat percentage data. All 
the macroalgae tissue compositional analyses were conducted by New Jersey Feed Labs, 
Inc. (Trenton, NJ, 08638, USA). The fats were determined using ether extraction of lipids, 
the protein was determined with nitrogen by combustion, the fiber was found by acid/alkali 
digestion, and ash was determined by the loss on ignition (New Jersey Feed Labs, Inc., 
Trenton, NJ, 08638, USA). For all the nutrient content obtained from analytical results, 
the percentages and ppm are in regard to the dry weight of the seaweed provided. The fats 
were provided on a relative basis where each fatty acid is expressed as a percentage (%) of 
the total amount (Table 2).

Macroalgae samples collected for elemental analysis were thoroughly rinsed with RO 
water, squeezed to rid the sample of any extra water, put into individual plastic bags, and 
lyophilized following initial freezing in a − 80 °C freezer. Once the samples were lyophi-
lized, they were homogenized into fine powder using an isopropanol cleaned agate mortar 
and pestle. Exact weights of the powder were weighed into a tin capsule and analyzed. 
Analysis of carbon and nitrogen was conducted in the Laboratory for Marine Organic and 
Isotope Geochemistry at the University of Miami using a Thermo Flash Elemental Ana-
lyzer connected to a Thermo Conflo IV and MAT 253 isotope ratio mass spectrometer.

Data were analyzed using either an analysis of variance (ANOVA) or an analysis of 
covariance (ANCOVA), following testing of test-specific assumptions regarding distribu-
tion and homogeneity of variances. Differences between means were determined signifi-
cant at ⍺ = 0.05. Water quality data from each macroalgae culture tank, including dissolved 
oxygen, alkalinity, phosphate, pH, TAN, and carbon dioxide, were compared across mac-
roalgae species both in terms of incoming water (i.e., nutrient-enriched effluent) and outgo-
ing water from each macroalgae tank. The ANCOVA provided the strength of the relation-
ship between the parameter and the macroalgal species, as well as the parameter over the 
trial length. The data obtained from the compositional analysis were from a single homog-
enized batch sample of each macroalgae species, and therefore, comparative statistical 
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analyses were not able to be utilized on these data. The resulting data from the nutritional 
analyses provide valuable information about each species of macroalgae and are highly 
relevant to this study and the industry alike. The ANCOVA analysis on the elemental data 
provided the relationship strength between the C:N ratio and the algal species and the C:N 
ratio over the trial length.

Results

Nutrient content

The total carbohydrates calculated were 42.35% for Agardhiella subulata, 48.7% for Caul-
erpa racemosa, 53.86% for Gracilaria caudata, and 61.48% for Ulva lactuca. Agardhiella 
subulata had the lowest carbohydrate content, and Ulva lactuca had the highest carbohy-
drate content. The macroalgae species with the highest protein content was Caulerpa rac-
emosa, with 25.49%, and the species with the lowest amount of protein was Ulva lactuca 
with 13.56% (Table 1).

The omega-3 and 6 data indicated that Caulerpa racemosa contained the most omega-3 
with 19.52% of all fatty acids in the sample being omega-3, followed by Agardhiella subu-
lata (12.67%), Ulva lactuca (10.10%), and finally Gracilaria caudata (2.79%) (Table 2). 
The omega-6 content was quite different from omega-3 with Gracilaria caudata leading 
with 33.39% of all fatty acids being omega-6, then Agardhiella subulata (17.21%), Caul-
erpa racemosa (11.55%), and finally Ulva lactuca (3.38%) (Table  2). Additionally, the 
amino acid analysis identified the specific amino acid concentrations in each macroalgae 
species (Fig. 2). The amino acid analysis indicated that histidine and hydroxyproline were 
in the lowest concentrations of all amino acids across all species of macroalgae, while leu-
cine, aspartic acid, and glutamic acid were in the highest concentrations.

Table 1   Proximate analysis of all four macroalgae species; in percentage of total biomass or ppm of dry 
weight. Agardhiella subulata, Caulerpa racemosa, Gracilaria caudata, Ulva lactuca 

A. subulata C. racemosa G. caudata U. lactuca

Moisture % 4.93 0.78 2.56 9.45
Protein (crude) % 22.66 25.49 21.22 13.56
Fat (AH) % 3.92 4.81 2.93 2.49
Total carbohydrate % 42.35 48.7 53.86 61.48
Fiber (crude) % 5.46 23.81 6.01 7.82
Ash % 26.14 20.22 19.43 13.02
Calcium % 0.55 0.56 0.25 0.43
Phosphorous % 0.14 0.2 0.15 0.13
Magnesium % 0.79 0.28 0.21 3.73
Iron (ppm) 33.6 66.2 26.8 30.2
Potassium % 6.53 0.69 7.77 1.03
Arsenic (ppm) 8 11.4 7.3 4.8
Lead (ppm)  < 0.05 0.7  < 0.05  < 0.05
Mercury (ppm)  < 0.05  < 0.05  < 0.05  < 0.05
Cadmium (ppm) 0.16  < 0.05 0.12 0.08
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Minerals and metals

The compositional analysis provided data on minerals present in each macroalgae species. 
Caulerpa racemosa had the highest calcium percentage of 0.56%, Ulva lactuca had the 
highest magnesium percentage of 3.73%, Gracilaria caudata had the highest potassium 
percentage of 7.77%, and all species had between 0.1 and 0.2% of phosphorus (Table 1). 
Of the metals analyzed, Caulerpa racemosa contained the highest content of iron, arsenic, 
and lead with 66.2 ppm, 11.4 ppm, and 0.7 ppm, respectively, which are dry weight results 
(Table 1), while Agardhiella subulata had the highest cadmium level of 0.16 ppm, and all 
species were under 0.05 ppm in mercury content (Table 1).

Water quality

Total ammonia nitrogen (TAN)

Water quality data showed that in all species of macroalgae tested, there were significantly 
reduced TAN concentrations of the fish effluent water following passage through the mac-
roalgae culture tanks. At the flow rates and HRTs utilized in this study, it took Agardhiella 
subulata 8  days to increase biomass enough to bring the TAN concentration below a 
detectable limit of 0.01 mg L−1 (henceforth referred to as zero mg L−1), Gracilaria cau-
data 11 days, and Ulva lactuca 9 days, while Caulerpa racemosa did not grow enough to 
lower the TAN levels to 0 throughout the 2-week trial. Corresponding macroalgae biomass 
densities at the point at which TAN concentrations in effluent water were virtually elimi-
nated are as follows: Agardhiella subulata removed 100% of TAN from the fish effluent 
when it reached 6.73 kg m−3, Gracilaria caudata removed 82% of the TAN from the fish 

Fig. 2   Amino acid type and the percentage of each within the total amino acids in each macroalgae species
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effluent when it reached 2.29 kg m−3, and at 1.83 kg m−3 Ulva lactuca removed 100% of 
the TAN from the fish effluent; while Caulerpa racemosa densities were not high enough 
to remove much of the TAN from the fish effluent water maxing out at 10% removal before 
it had an apparent die off. Figure 3 shows the relationship of the macroalgae biomass and 
the percent (%) TAN removed by the macroalgae. Ulva lactuca, Agardhiella subulata, and 
Caulerpa racemosa biomass have an inverse relationship with TAN percent left in the 
water, while Gracilaria caudata does bring TAN percentage down but does not display a 
clear relationship (Fig. 3).

The ANCOVA analysis on this data showed that TAN concentration in the macroalgae 
tank water depends on both the day of the trial and macroalgae species, and the interac-
tion between the species and trial duration is important in the TAN levels as well (p-value: 
0.0169). There were significant p-values when comparing all four macroalgae’s TAN 
uptake to each other (p-value: 1.65E − 11) and their uptake over time (p-value: 6.27E − 05).

Additionally, the ANCOVA analysis comparing each macroalgae species to the fish 
effluent showed varying significance between macroalgae and their ability to reduce 
nutrients from the fish effluent. Agardhiella subulata algae effluent TAN concentration 
was significantly different from the fish effluent TAN concentration regardless of time 
(p-value: 7.05E − 07). Caulerpa racemosa significantly decreased the TAN concentration 
from the fish effluent regardless of time (p-value: 0.000857). Gracilaria caudata signifi-
cantly decreased the TAN concentration from the fish effluent regardless of time (p-value: 
0.00147). Finally, the Ulva lactuca water TAN concentration was significantly different 
from the fish effluent TAN concentration regardless of time (p-value: 0.00119). Equations 
of lines depicted in Fig. 3 are detailed in the Supplementary Data file that accompanies this 
manuscript.

Fig. 3   Δ TAN percentage of the macroalgae effluent water for each macroalgae species plotted against the 
biomass (g) of each macroalgae through the length of the trial. Top left is Agardhiella subulata, top right is 
Caulerpa racemosa, bottom left is Gracilaria caudata, bottom right is Ulva lactuca 
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Phosphate

Water testing for phosphate showed that none of the macroalgae species was able to lower 
the phosphate to below the detection limit. The ANCOVA analysis on this data showed 
that the phosphate concentration in the macroalgae tank water depends on both time and 
macroalgae species, and the interaction between the species and time is important to the 
phosphate concentrations as well (p-value: 0.000784). There were significant differences 
in phosphate uptake between the macroalgae species (p-value: 1.09E − 07), and over time 
(p-value: 9.24E − 13).

The ANCOVA comparing each macroalgae species to the fish effluent showed no sig-
nificant difference between any of the four species of macroalgae and the fish effluent 
(Fig. 4). Equations of lines depicted in Fig. 4 are detailed in the Supplementary Data file 
that accompanies this manuscript.

pH

All the tested macroalgae species significantly increased pH compared to the fish effluent 
water. Water quality data showed that the average pH for all fish effluent water samples 
was 7.98 ± 0.008, while the average pH of water following passage through the macroalgae 
tanks was 8.20 ± 0.200 (Fig. 5).

The ANCOVA of this data showed that the pH in the macroalgae tank water depends 
on both time and macroalgae species, and the interaction between the species and time 
is important in the pH as well (p-value: 1.20E − 06). There were significant p-values 
when comparing all four macroalgae tanks’ pH to each other regardless of time (p-value: 
2.68E − 09), and their uptake was significantly different over time (p-value: 3.60E − 09).

Fig. 4   Graphs of the phosphate concentrations in the outflow of each macroalgae species compared to the 
fish effluent phosphate levels. Top left is Agardhiella subulata, top right is Caulerpa racemosa, bottom left 
is Gracilaria caudata, bottom right is Ulva lactuca 
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Additionally, the ANCOVA comparing each macroalgae species to the fish effluent 
showed varying significance between macroalgae (Fig. 5). Agardhiella subulata and Ulva 
lactuca had significant differences in pH from the fish effluent, regardless of time (p-value: 
5.81E − 12 and 3.37E − 09, respectively). Additionally, Agardhiella subulata and Ulva 
lactuca tank water pH significantly changed over time (p-value: 0.00185 and 4.76E − 06, 
respectively), while Caulerpa racemosa and Gracilaria caudata only had significant differ-
ences in pH from the fish effluent regardless of time (p-value: 2.61E − 08 and 3.30E − 11, 
respectively). Equations of lines depicted in Fig. 5 are detailed in the Supplementary Data 
file that accompanies this manuscript.

CO₂

The calculated CO₂ concentrations, in the form of dissolved CO₂, for every macroalgae 
tank effluent and the fish effluent indicated that, at all points in the trial and in all species 
of macroalgae, the dissolved CO₂ in the macroalgae tank water was lower than that of the 
fish effluent water. Additionally, it showed that effluent from the Ulva lactuca tanks had the 
lowest dissolved CO₂ concentration out of the four species of macroalgae.

The ANCOVA analysis on this data showed that dissolved CO₂ concentration in the 
macroalgae tank water depends on both time and macroalgae species, and the interaction 
between the species and time is important in the CO₂ concentrations as well (p-value: 
4.58E − 06). There were significant p-values when comparing the CO₂ uptake of all 
four macroalgae to each other (p-value: 1.34E − 08) and their uptake over time (p-value: 
1.37E − 10).

Additionally, the ANCOVA comparing each macroalgae species to the fish efflu-
ent showed varying significance between macroalgae (Fig.  6). The Agardhiella subulata 
tank CO₂ concentration was significantly different from the fish effluent CO₂ concentra-
tion regardless of time and was significantly different over time (p-value: 7.87E − 14 and 

Fig. 5   Graphs of the pH of the macroalgae effluent compared to the fish effluent pH. Top left is Agardhiella 
subulata, top right is Caulerpa racemosa, bottom left is Gracilaria caudata, bottom right is Ulva lactuca 
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0.00301, respectively). Caulerpa racemosa significantly decreased the CO₂ concentra-
tion from the fish effluent regardless of time (p-value: 1.59E − 07). Gracilaria caudata 
significantly decrease the CO₂ concentration from the fish effluent, regardless of time and 
over time (p-value: 1.92E − 11 and 0.00863, respectively). Finally, the Ulva lactuca tank 
CO₂ concentration was significantly different from the fish effluent CO₂ concentration 
regardless of time, and the two were significantly different over time (p-value: 0.000514, 
4.13E − 12, and 1.35E − 06, respectively). Equations of lines depicted in Fig. 6 are detailed 
in the Supplementary Data file that accompanies this manuscript.

Dissolved oxygen (DO)

Water quality data showed that regardless of species, the dissolved oxygen in the algae 
tanks was most often lower than that in the fish effluent. There were significant differ-
ences in DO of the macroalgae effluent between macroalgae species (p-value: 4.17E–11). 
Additionally, the DO increased significantly in the macroalgae effluent over time (p-value: 
6.68E–15).

Alkalinity

The alkalinity of the macroalgae effluent was not significantly different from the alkalinity 
of the fish effluent in any macroalgae species. The ANCOVA comparing the macroalgae 
species’ alkalinities to each other showed significant p-values (p-value: 1.30E − 06) and a 
significant increase over time (p-value: 5.24E − 07).

Fig. 6   Graphs of the CO₂ concentrations of each macroalgae species’ effluent water compared to the fish 
effluent CO₂ concentration. Top left is Agardhiella subulata, top right is Caulerpa racemosa, bottom left is 
Gracilaria caudata, bottom right is Ulva lactuca 
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Growth

The growth data showed that Ulva lactuca exhibited exponential growth. From day 6 to 9, 
the Ulva lactuca increased 721% in wet weight and overall went from 2 g (0.011 kg m−3) 
wet weight to 1347 g (7.48 kg m−3) wet weight (Fig. 7). Agardhiella subulata had consist-
ent growth with the highest total weight at the end of the trial. Agardhiella subulata started 
at 150 g (0.83 kg m−3) and ended at 2052 g (11.40 kg m−3) wet weight (Fig. 7). Gracilaria 
caudata had an overall increase in wet weight, but it was much smaller than that of Ulva 
lactuca or Agardhiella subulata, with a starting wet weight of 103 g (0.57 kg m−3) and a 
final wet weight of 413 g (2.29 kg m−3) (Fig. 7). Caulerpa racemosa demonstrated a differ-
ent growth pattern involving turnover of old growth versus new growth, and this resulted 
in a somewhat opposite relationship with growth where over time, the Caulerpa racemosa 
got lighter in wet weight, starting at an average of 446 g (2.48 kg m−3) and ending with an 
average wet weight of 330 g (1.83 kg m−3) (Fig. 7).

In addition to growth, wet weight was used to calculate the water percentage in the mac-
roalgae after drying. Agardhiella subulata had a wet weight (WW) of 1071.843 g and dried 
down to 90.213 g, giving a percent water of 88.12%. Caulerpa racemosa has a WW of 
211.007 g and dried to 21.657 g, yielding a percent water of 90.266%. Gracilaria caudata 
had a WW of 341.858 g and dried to 46.551 g, giving a percent water of 92.66%. Finally, 
Ulva lactuca had a WW of 1226.249 g and dried down to 137.706 g, yielding a percent 
water of 91.10%. Based on this information, Gracilaria caudata had the highest water con-
tent of all four species. Equations of lines depicted in Fig. 7 are detailed in the Supplemen-
tary Data file that accompanies this manuscript.

Fig. 7   Growth curves displayed in macroalgae biomass kg  m-3 (180 L tank) of Agardhiella subulata (top 
left), Caulerpa racemosa (top right), Gracilaria caudata (bottom left), and Ulva lactuca (bottom right), 
including the periodic sharp drops in weight when sample material was collected and removed from culture 
tanks
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Elemental analysis

The elemental analysis showed varying significance of the carbon:nitrogen (C:N) ratio 
in the analysis of covariance. There was a significant difference in the C:N ratio between 
macroalgae species (p-value: 4.93E − 05). However, there was no significant difference in 
the C:N ratio over time, and no significant interaction effect between time and species’ C:N 
ratios. The C:N ratio was highest in Ulva lactuca (Fig. 8), and the second highest in Graci-
laria caudata (Fig. 8), while Agardhiella subulata and Caulerpa racemosa had lower C:N 
ratios, indicating uptake of less carbon alongside the nitrogen they took up (Fig. 8). Equa-
tions of lines depicted in Fig. 8 are detailed in the Supplementary Data file that accompa-
nies this manuscript.

Discussion

This study provides some of the first comparative assessments of native macroalgae spe-
cies of the Southeast, Gulf of Mexico, and Caribbean regions that have been proposed as 
candidate macroalgae species in IMTA production systems. With significant interest in fur-
ther development of marine aquaculture throughout these regions, the findings in this study 
provide insights that can be utilized to guide the selection of extractive macroalgae species 
for use in marine IMTA operations culturing marine finfish in the regions. Results of this 
work demonstrate that nearly all the compounds of concern, from a marine aquaculture 
fed-species effluent standpoint, can be significantly reduced—and in many cases, elimi-
nated—through the cultivation of some of the species of macroalgae tested in this study. 
Such results demonstrate the potential of IMTA in the Southeast, Gulf of Mexico, and 
Caribbean regions and offer potential mitigation solutions for many of the most prominent 
social license concerns regarding the development of marine aquaculture operations for 

Fig. 8   Graph of carbon-to-nitrogen ratio over time. Top left is Agardhiella subulata, top right is Caulerpa 
racemosa, bottom left is Gracilaria caudata, bottom right is Ulva lactuca 
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fed-species. The primary aim of this study was to observe the nutrient assimilation abili-
ties, nutrient content, growth, and elemental content of four algal species. This was done 
to provide an understanding of which macroalgae species from the Southeast and Gulf of 
Mexico regions perform the best in these different categories, thus providing stakeholders 
with a guide to select a desirable species of macroalgae to utilize and implement in their 
operations.

Nutrient content

Whether for human consumption or animal nutrition studies, protein composition is of 
great importance for the market value of seaweed. In nearly all species assessed in this 
study, the macroalgae cultured in the IMTA system was fortified with nutrients compared 
with previously reported compositional analyses of such species. Studies show that sea-
weed cultured in IMTA systems showed higher protein content than wild seaweed (Zhu 
et al. 2025). Several studies show the wild Caulerpa racemosa populations can have a pro-
tein content with a range between 0.6 and 20%, while cultured Caulerpa racemosa can 
have upwards of 20% protein (de Gaillande et al. 2017; Hao et al. 2019; Magdugo et al. 
2020; Peñalver et al. 2020). This study found Caulerpa racemosa to have 25% crude pro-
tein content at the end of the 2-week trial, which is higher than the protein content found in 
the studies mentioned previously (Table 1). Agardhiella subulata had an end protein con-
tent of 22.66%, which was the second highest in this study (Table 1). Of the small amount 
of Agardhiella subulata research, Rawiwan et al. (2022) found the protein content of the 
Rhodophyceae class to be within a range of 2.7–47%, aligning with the findings of this 
study’s Agardhiella subulata. Gracilaria is also known to have a large range for protein 
content (5–37%), and the Gracilaria caudata in this study had a protein content of 21.22% 
(Table 1) (Abreu et al. 2011; Holdt and Kraan 2011; Lozano et al. 2016). Wild cultured 
Ulva lactuca is known to have 5–12% protein content, and the Ulva lactuca from this study 
had 13.56% (Table 1) (Magdugo et al. 2020; Shuuluka et al. 2013). While the Ulva lactuca 
from this study had protein comparable to its wild counterparts, it did not model the pro-
tein content found in other IMTA-rendered Ulva studies, which showed upwards of 44% 
protein (Ben-Ari et  al. 2014; Shpigel et  al. 2017). This may indicate that the conditions 
of this study did not provide Ulva lactuca with as much nutrients as it can take up. This is 
reflected in the exponential growth of Ulva lactuca and its tank size possibly being a limit-
ing factor, and its ability to bring the TAN down to 0 in its tank. This suggests that Ulva 
lactuca could potentially be grown to a point of having a higher protein content if more 
nitrogen-based nutrients were provided.

A further breakdown of protein into amino acids is important to know for a better 
understanding of the nutritional aspect macroalgae brings to aquaculture research. Of the 
essential amino acids finfish require in their diets, these macroalgae contained all but two: 
methionine and tryptophan (Fig. 2) (Trushenski et  al. 2006). This indicates that if these 
species of macroalgae were to be used in a finfish diet, there would need to be a supple-
mentation with methionine and tryptophan to meet finfish’ nutritional requirements.

The total carbohydrate content was calculated as the difference between total weight 
and the provided moisture, protein, ash, and fat percentages. Ulva lactuca contained the 
highest total carbohydrate percentage (Table 1). The importance of this is explained further 
in the “Elemental analysis” section. A study done on red algae found that the production 
of carrageenan, a carbohydrate, was lower when the growth rate was high (Freile-Pelegrin 
and Robledo 2006). This could indicate why the red algae species in this study, such as 
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Agardhiella subulata, had lower carbohydrates than Gracilaria caudata, because Agar-
dhiella subulata’s growth was much faster (Fig. 7).

The final item of importance that was compositionally analyzed was the fatty acid pro-
file. The Agardhiella subulata omega-3 was 0.27% and omega-6 was 0.36% of the dry 
weight (Table 2). For perspective in human nutrition, the fatty acid data from this study 
suggests that human consumption of 90 g dry weight of Agardhiella subulata, 293 mg of 
omega-3, and 324 mg of omega-6 would be consumed. The average fish oil human nutra-
ceutical pill is about 300  mg of omega-3 and omega-6 combined (National Institute of 
Health 2023). This indicates that just half of the 90 g dry weight sample of A. subulata, 
i.e., 45 g dry weight, provides the equivalent omega-3 and omega-6 amounts as an aver-
age commercially available fish oil human nutraceutical pill. Caulerpa racemosa had an 
even higher omega-3 sample basis percent of 0.49%, and Gracilaria caudata had a higher 
omega-6 sample basis percent of 0.46%, but neither of these had the high combined 
omega-3 and omega-6 profile that Agardhiella did (Table 2). Therefore, using the average 
commercially available 300 mg fish oil human nutraceutical pill as a baseline, the macroal-
gae that provide the highest amounts of heart-healthy lipids would be Agardhiella subulata 
and Caulerpa racemosa with a consumption amount of 45 g and 42 g DW, respectively.

Minerals and metals

Due to the ability of macroalgae to uptake and/or adsorb minerals and metals directly from 
the water column, calcium, phosphate, magnesium, iron, potassium, arsenic, lead, mercury, 
and cadmium were analyzed for each species in this study. The results report the dry weight 
ppm of minerals and metals (Table 1). The U.S. Food and Drug Administration (FDA) cur-
rently classifies unprocessed seaweed as a “raw agricultural commodity” (RAC) and there-
fore does not regulate it as a food product (National Sea Grant Law Center 2023). However, 
for the purposes of this study, we provide comparative assessments of selected seaweed 
compositional elements based off recommended levels for humans from other food items 
and supplements (FAO 2022; FDA, 2022; National Institute of Health 2022a, b, 2023a, b, 
2024). The FDA recommends that under 1 ppm of mercury is safe for human consumption, 
and all four species had lower than 0.05 ppm dry weight mercury, indicating they are safe 
for human consumption (Table 1) (U.S. Food and Drug Administration 2024a). This is not 
unusual, as seaweed, a primary producer, is at the base of the food web, so mercury is less 
likely to accumulate. All four species of macroalgae also had cadmium levels that were 
below FDA limits. The FDA recommends no more than 0.4 ppm cadmium, and the highest 
cadmium level was 0.16 ppm dry weight in Agardhiella subulata (Table 1) (U.S. Food and 
Drug Administration 2024b). Lead levels accepted by the FDA for food and supplements 
are 0.05 ppm (U.S. Food and Drug Administration 2024c). Therefore, the only macroalgae 
in this study that are outside of that range are Caulerpa racemosa with a lead content of 
0.7 ppm dry weight. In terms of arsenic, results from the present study align with some 
of the recent findings for sugar kelp (Saccharina latissima) from both wild harvest and 
aquaculture-produced sources in the Northeast U.S. (Shaughnessy et  al. 2023) and past 
work with Gracilaria tikvahiae and Saccharina latissima in Long Island Sound and New 
York estuaries (Kim et al. 2019b), in that all species of macroalgae in the present study 
had measurable levels of inorganic arsenic (Table 1). Agardhiella subulata had an average 
arsenic concentration of 8 ppm, Caulerpa racemosa had 11.4 ppm, Gracilaria caudata had 
7.3 ppm, and Ulva lactuca had 4.8 ppm, all of which represent dry weight concentrations. 
Environmental concentrations of arsenic are a topic of increasing concern globally, and this 
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could be a potential cause of arsenic levels seen in macroalgae in this study. Studies show 
that Biscayne Bay has, in the past, shown elevated levels of arsenic, with one study finding 
0.3 ppm inorganic arsenic in Biscayne Bay sediment, and another finding inorganic arsenic 
to exceed threshold effect levels in 44% of sediment samples (Fernandez, 2004; Long et al. 
1999). However, any insights on potential human health impacts associated with food prod-
ucts containing measurable levels of total arsenic need to consider the important role of 
arsenic speciation in terms of varying toxicity of arsenic species that may be present within 
total arsenic concentration data (Monagail and Morrison 2019), though such analyses were 
beyond the scope of the present study. Based on the findings of the present study, Caulerpa 
racemosa had the highest levels of metals of the four macroalgae species tested, though 
such findings could be an artifact of the more recent wild-stock collection of Caulerpa 
racemosa used in this study and may not be an accurate reflection of this species in general 
once cultured in captivity over extended periods of time. In terms of human consumption 
of seaweed species, the ability of seaweed to adsorb trace elements from seawater is part of 
the reason seaweed can be very nutritious, yet there can also be the potential for unwanted 
levels of various metals in seaweeds. This has led to some commercial suppliers of sea-
weed products applying labels, such as California Prop 65 labels, to seaweed products that 
may be destined for human consumption.

Referring to the “Minerals and metals” section, of the minerals the macroalgae took 
up; iron was highest in Caulerpa racemosa, with 66.2 ppm, which is also 1.38 mg of iron 
in the 21 g DW sent for analysis (Table 1). This means that the average man (age 19 +) 
could eat 125 g of the Caulerpa racemosa from this study and get the daily recommended 
intake of iron (8 mg for men, 18 mg for women) (National Institute of Health 2023). This is 
consistent with a previous study done on Caulerpa racemosa, stating that there can be up 
to 81 mg of iron in 100 g of Caulerpa racemosa (de Gaillande et al. 2017). A study done 
by Leandro et al. (2019) found that consuming 10 g of Ulva lactuca could provide 70% of 
the daily magnesium requirement. This study found 3600 mg magnesium in 100 g of Ulva 
lactuca, which is consistent with the findings in Leandro et al. (2019). Another study found 
that consuming 15 g WW of Caulerpa racemosa could give you your recommended daily 
intake of calcium (de Gaillande et al. 2017). While the Caulerpa racemosa in this study 
did contain a good amount of calcium, 100  g DW of the Caulerpa racemosa from this 
study would only provide half the recommended daily intake of calcium (National Institute 
of Health 2024).

Water quality

During photosynthesis, seaweeds take up CO₂ and produce oxygen. However, when look-
ing at the DO data from this study, it shows lower DO in all algal tanks from the fish 
effluent. This was likely because the fish tank was supplied with supplemental oxygen to 
maintain the commercial stocking densities used in this trial, while the macroalgae tanks 
were aerated. Off-gassing and utilization of oxygen as part of the growth process in the 
macroalgae likely contributed to differences noted in DO concentrations between fish cul-
ture and macroalgae tanks.

This study found that all four macroalgae species were able to lower the total ammo-
nia nitrogen concentration and CO₂ of the fish effluent water significantly, some even 
lowering the TAN down to undetectable concentrations using the methods in this study 
(Fig. 3). This provides promising information that land-based and offshore IMTA sys-
tems may bring the nutrient load from fish effluent down to a safe level. Agardhiella 
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subulata had the most significant p-value of all species when comparing the TAN levels 
in the macroalgae tank to the fish effluent (p-value: 7.05E − 07) (Fig. 3). This indicates 
that Agardhiella subulata might be the best choice for nitrogen uptake in an IMTA sys-
tem, with Ulva lactuca in close second.

The pH in the algal tanks was always significantly higher than the fish effluent water 
(Fig. 5). This is likely due to the time samples were taken, allowing for significant pho-
tosynthesis to occur before samples were taken, but also due to the equilibration of CO2 
with the overlying atmosphere. As part of the photosynthetic process in macroalgae, 
CO2 is taken up, and this process raises the surrounding pH while also lowering the CO₂ 
concentrations in the water column (Gerardi et al. 2015).

Accordingly, CO2 concentrations in the outflow of the macroalgae tanks were, in all 
cases, lower than the fish effluent. As with changes in oxygen concentration, part of this 
change in CO2 concentration resulted from equilibration with the overlying atmosphere; 
however, the difference in CO2 concentration between the outflow of the different mac-
roalgae species suggests that some species were more effective than others at remov-
ing CO2 via photosynthesis. The algae with the most significant p-value when assessing 
the CO₂ consumption from the fish effluent was Agardhiella subulata with a p-value 
of 7.87E − 14, and Ulva lactuca came in a close second with a p-value of 4.13E − 12 
(Fig.  6). This suggests that either of these macroalgae would be a good choice when 
looking for a seaweed capable of up taking CO₂ from an IMTA system. Studies have 
shown areas where macroalgae are grown to be carbon sinks, which support the findings 
of CO2 concentration decrease in this study (Zhu et al. 2025). This is also important for 
the blue economy; two of the Southeast U.S./Caribbean/Gulf of Mexico native species 
in this study were capable of significantly decreasing the CO₂ content of the water, mak-
ing these seaweeds more desirable to farmers, not just for bio-mitigative reasons but 
also when looking at the climate crisis and the possibility of carbon credits.

The algal tanks had significantly different phosphate levels when compared to each 
other, but when compared to the fish effluent, they were unable to significantly change 
the phosphate levels. This is not entirely surprising due to the relationship between 
nitrogen uptake and phosphate uptake. Since the macroalgae could lower the nitrogen in 
the water below detection, their growth was likely nitrogen-limited, thus leaving excess 
unused phosphate (Perini and Bracken 2014; Saito et al. 2008). Caulerpa racemosa had 
the lowest phosphate concentrations in tank outflow of all the macroalgae throughout 
the trial (Fig. 4). This is likely due to its relatively high phosphate requirements at opti-
mal growth rates (N:P 6:1; Harwanto et al. 2020). The phosphate concentrations of both 
the fish effluent and the algae tanks did not exceed 1.6 mg L−1, and although the phos-
phate did not decrease significantly, it did decrease overall in the 2-week trial (Fig. 4).

The CO₂ concentration, pH, and alkalinity all provide promising information regard-
ing the climate change conversation. The CO₂ drawdown in this study, the pH increase 
due to CO₂ drawdown, and a steady alkalinity show a strong ability to buffer the system 
and keep pH steady and not acidic, demonstrating promise in IMTA practices helping to 
mitigate ocean acidification.

One area with room for improvement would be to have gotten water quality param-
eters of the facility’s water before entering the yellowtail snapper tank. The water to 
the facility is pulled from Biscayne Bay into settling tanks, and from the settling tanks 
goes through mechanical filtration of sand filters and through a UV unit. Testing this 
clean water coming into the facility and thus into the yellowtail snapper tank would 
have helped us understand how much of the nutrient load going to the seaweed tanks 
was contributed by the fish.
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Growth

The growth for each species in this study was predicted to be positive because the algal 
tanks were in natural sunlight for optimal photosynthesis, and they were provided a 
large amount of nutrients from the yellowtail snapper upstream in the IMTA system. 
While Agardhiella subulata, Gracilaria caudata, and Ulva lactuca all grew over the 
trial duration, Caulerpa racemosa did not (Fig. 7).

Caulerpa racemosa may have struggled due to an excess of sunlight. When the 
Caulerpa racemosa was put into the system to acclimate, it was put into three tanks at 
approximately 0.0017 kg m−3 each. After a few days, the Caulerpa racemosa was yel-
lowing in the spots of the tank with the most light, indicating a need for greater shad-
ing of the tank. Following the addition of shade cloth to help limit the amount of light, 
the Caulerpa racemosa rebounded. However, the initial period of intense light could 
have caused some Caulerpa racemosa to die following initiation of the growth trial. 
Other potential explanatory factors in the lack of Caulerpa racemosa growth could be 
related to stocking density. The low stocking density could have caused the Caulerpa 
racemosa to die as well for a couple of reasons: high light because there was so much 
open white tank to reflect sunlight or too much water volume of nutrients for the Caul-
erpa racemosa to uptake, so there was other algal growth that might have killed off 
some sections of Caulerpa racemosa. One study found that with an increase in uptake 
of TAN, there is an increase in growth in Caulerpa racemosa (Harwanto et al. 2020). 
This could be an indication of the poor growth the Caulerpa racemosa exhibited in this 
study, because the Caulerpa racemosa was the least successful at up taking nitrogen, 
never significantly lowering TAN from the fish effluent. However, the more likely cause 
for the declining weight of the Caulerpa racemosa is that it did not have enough time to 
acclimate to its new system. Since the Caulerpa racemosa was wild-caught, it already 
contained properties it gained from its ocean environment. When the Caulerpa race-
mosa was introduced into this study system, and growth of the macroalgae was detected, 
the trial began. What may have happened is that the new growth on the macroalgae 
indicated positive growth at first, but the old stems of the Caulerpa racemosa did not 
do as well in this new system as the new growth did, so the old stem die-off was larger 
than the new growth in this system, giving the negative slope of wet weight. The best 
solution to this would have been to let the Caulerpa racemosa acclimate to its new sys-
tem for longer, long enough that the old growth could die off and only new growth be 
involved in the trial.

The growth of the other species was consistent with previous studies. A study done by 
Zhou et al. on Gracilaria spp. growing near fish farms found a maximum growth rate of 
11% per day (Zhou et al. 2006). This is consistent with the findings of growth of Gracilaria 
caudata in this study with a maximum growth rate of 27% per day (Fig. 7). This study 
found slightly higher growth rates likely due to having a direct fish effluent source rather 
than just being grown near a fish farm; additionally, these macroalgae had very low epi-
phytes to begin with and were in a tumbling culture. Another study done on the potential 
of green algae in aquaculture states the high growth rates and low epiphytic growth of Ulva 
species, which is exemplified by the high growth rates and lack of epiphytic algal growth 
on the Ulva lactuca in this study (Moreira et al. 2022). Another positive finding from this 
study was that Ulva lactuca had the least epiphytes of all the macroalgae species.

A study using Agardhiella subulata by Lohroff et al. (2021) found that Agardhiella 
subulata peaked at day 9 of their trial with 17  kg  m−3 in a 235-L tank, and growth 
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decreased after that point due to self-shading impacts associated with the high biomass 
density of macroalgae. Such findings indicate that the carrying capacity of the 235-L 
tanks utilized in the Lohroff et al. (2021) study was reached, while in the present study, 
the Agardhiella subulata in 180-L tanks did not reach a point of decreasing growth rate 
over the 2-week study period even at the final harvest density of 11 kg m−3 (Fig. 7).

Elemental analysis

The carbon and nitrogen ratio (C:N) from throughout the trial can give insight into the 
protein, carbohydrate, and fat content of the macroalgae. A higher C:N indicates more car-
bon-rich organic components, while a lower C:N indicates more nitrogen-rich components. 
The N-rich component looked at in this study was protein, while the C-rich components 
were carbohydrates and lipids/fats. If the end points of the organic composition data make 
sense next to the C:N ratio endpoints from the elemental analysis, then it can suggest that 
the C:N ratio is reliable for estimating the protein and carbohydrate/lipid content change 
over time in the study. The C:N ratio was lower in Agardhiella subulata and Caulerpa 
racemosa, which correlates with the organic component data (Fig. 8). Agardhiella subulata 
and Caulerpa racemosa both had the highest protein content, and protein is a nitrogen-rich 
component; therefore, this elemental data reflects that finding. Additionally, Ulva lactuca 
had the highest C:N ratio and best CO₂ uptake, indicating that Ulva lactuca should have 
lower nitrogen-rich components and more carbon-rich components, which is accurate to 
the nutrient content data. The Ulva lactuca in this study had the lowest protein and the 
highest carbohydrate, indicating more carbon-based components, which correlates with the 
high C:N ratio.

The carbon sequestration by these macroalgae, specifically Ulva lactuca and Gracilaria 
caudata, showed high C:N ratios, indicating a strong affinity for carbon uptake without 
needing to deplete the nitrogen and other nutrients useful to the ocean ecosystem (Fig. 8). 
This is one more finding from this study that supports seaweed’s important role in the cli-
mate change conversation. These macroalgae not only help with the CO₂ impact of a land-
based farm but could potentially provide good carbon sequestration in open ocean farms 
because of the high C:N ratio. The Ulva lactuca and Gracilaria caudata having high C:N 
suggests their biomass could be manipulated to maximize carbon uptake while allowing for 
other nutrients to get through or be taken up as well.

The ability of Ulva lactuca and Gracilaria caudata to produce organic tissues with a 
high ratio of carbon to nitrogen indicates they may be a good choice when looking at ways 
to store carbon long term (Fig. 8). A study by Ross et al. (2023) suggested sinking seaweed 
into the deep sea to sequester their carbon long term. The findings from this project indi-
cate the potential use of Ulva lactuca and/or Gracilaria caudata for sinking into the deep 
ocean for their carbon uptake abilities.

While a full isotopic mass balance was not attempted for the IMTA system, results of 
natural-abundance bulk isotope analysis of macroalgal tissue across several time points 
generally support the findings from biomass growth and nutrient drawdown for each spe-
cies. Generally, δ13C and δ15N values of photosynthetic tissue reflect (1) the δ13C and δ15N 
values of the inorganic substrate from which the C (CO2) and N (ammonium or nitrate) 
were acquired and (2) isotopic fractionation during assimilation into organic structures, 
which can be affected by the rate of tissue growth relative to the supply of the inorganic 
substrates (Popp et al. 1998; Sigman and Casciotti 2001). Lack of new growth in C. race-
mosa is reflected in the δ13C and δ15N values of tissues that are different from other species 
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and likely reflect the C and N sources in its original (wild) growth environment. With lin-
early increasing biomass during the experiment (Fig.  7), A. subulata grew at a constant 
rate, which is reflected in relatively constant δ13C and δ15N values of tissues across the 
four time points characterized. With a relatively low C:N ratio of tissue (~ 10; Fig. 8), A. 
subulata had a relatively high N requirement and thus began using fish effluent N early in 
the experiment, as reflected both in the TAN drawdown and the constant δ15N values over 
time. The constant growth rate of G. caudata (Fig. 7) is also reflected in the constant δ13C 
and δ15N values of its tissues over time, which were also similar to those of A. subulata 
and thus likely reflect the CO2 and N sources from the fish effluent. In contrast, U. lactuta 
experienced slow growth early in the experiment (Fig. 7) and had a high C:N ratio of tis-
sue (~ 12–17; Fig. 8); as a result, the low δ15N values of its tissue and its low drawdown 
of TAN at early time points indicate that it was not taking up significant N from the fish 
effluent early in the experiment. At later time points, the biomass growth of U. lactuta was 
exponential, and the uptake of both C and N was evident from CO2 and TAN drawdown 
as well as the δ13C and δ15N values of its biomass, which approached the same values as 
A. subulata and G. caudata, again likely reflecting the uptake of CO2 and N from the fish 
effluent.

Conclusions

This research provides industry-relevant insights and guidance for IMTA marine aquacul-
ture in the Southeast U.S., Caribbean, and Gulf of Mexico regions. Table 3 summarizes 
which macroalgae species performed the best in each tested category. Such information 
allows stakeholders to assess what macroalgae species from the focal regions might be 
most beneficial to incorporate into marine IMTA production operations (Table  3). The 
information is separated into two base categories: active growth effects and end product 

Table 3   Stakeholder guide to 
which species of Southeast 
US/Gulf/Caribbean region 
native algae is best suited for a 
particular mitigative end goal

Parameter of interest Best species Good alternative species

Tan drawdown Agardhiella Ulva
Phosphate drawdown Caulerpa Agardhiella
CO₂ drawdown Ulva Agardhiella
O₂ production Ulva Agardhiella
pH increase Ulva Agardhiella
Protein Caulerpa Agardhiella
Total carbohydrates Ulva Gracilaria
Fiber Caulerpa Ulva
PUFA’s Agardhiella Caulerpa
Omega 6 Gracilaria Agardhiella
Omega 3 Caulerpa Agardhiella
Amino acids Caulerpa Agardhiella
Biomass Agardhiella Ulva
Calcium (Ca) Caulerpa Agardhiella/Ulva
Magnesium (Mg) Ulva Agardhiella
Iron (Fe) Caulerpa Agardhiella
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nutrition, to aid in the choosing of a macroalgae based on the need for a biomitigative mac-
roalgae or a market-savvy macroalgae.
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