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ABSTRACT

Intensive animal aquaculture damages the environment by releasing large quantities of nutrients which
drives eutrophication in aquatic ecosystems. Macroalgae are efficient in uptaking nutrients as they grow
with past studies suggesting their integration into aquaculture systems as a means to improve
wastewater quality. This study was designed to assess the feasibility of using macroalgae as a biological
filtration system for the removal of dissolved nutrients found in finfish farm wastewater. To test this,
an experimental fish farm and mesocosm system was established on the northern coast of Saaremaa
island, West Estonian archipelago. The green algae Ulva intestinalis was selected as a good candidate
to assess the efficacy of a macroalgae biofiltration system to uptake nutrients. The results obtained show
at best a 18-25% reduction in waste water nutrient concentrations for the nitrogenous compounds nitrite
and nitrate for mesocosms stocked with macroalgae compared with the control. The system experienced
an average 60% reduction in nitrogen and phosphorus concentrations in wastewater outflow compared
to concentrations present within the finfish mesocosm. Additionally, the subsequent biomass gain of
the incubated macroalgae species Ulva intestinalis is reported to be 4% per day at its maximum rate.
The results obtained in this study indicate that Ulva intestinalis can be integrated into aquaculture
systems as a nitrogen biofilter. In addition, the macroalgae biomass produced may offer aquaculture
operations an additional income stream improving farm economics.
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1 INTRODUCTION

The decline of wild fish stocks has necessitated the need for aquaculture to offset the
increasing global demand for fish protein [1]. However, as demand for fish protein grows the
increasing intensification of finfish aquaculture requires ever greater inputs, in particular, that
of fish feed [2], [3]. However, as no operation is 100% efficient, wastes in such systems are
formed as either by-products or as unused inputs. As a consequence, Intensive finfish
aquaculture is known to cause several adverse environmental impacts through the excessive
output of nutrients, particularly nitrogen and phosphorous, into aquatic ecosystems [4]—[6].
For instance, the production of finfish in Japan has been found to generate on average
approximately 0.8 kg of N and 0.1 kg of phosphorus irrespective of fish species cultivated
[7]. Furthermore, the waste discharged by 63,000 tons of finfish or the total amount of
cultivated fish in Japan for the year of 1999 is equivalent to that of 5 million people [7].
Consequently, coastal eutrophication has been identified as on major ecological impact and
one that disproportionally effects enclosed and coastal systems associated with finfish
aquaculture. This highlights the need for the development of strategies that limit the output
of nutrients as a means to protect the environment and to ensure the future expansion and
intensification of finfish aquaculture is conducted in a sustainable manner. Therefore, the
challenge that is presented is to develop methods and technologies that minimize the negative
environmental impacts of finfish aquaculture wastes.
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Currently the most practical and economic solution for reducing the concentration of
eutrophying compounds in finfish effluent is to treat it directly before it is discharged as
waste into the environment. An alternative biological solution to this process is reported has
been numerous studies [8]-[10]. By integrating macroalgae into the production process
nutrients can be absorbed and concentrated from the effluent before discharged. In this sense
the macroalgae acts as a biofilter, uptaking nutrients from the system. In addition to
improving water quality, it has been suggested that the cultivation of macroalgae within
finfish systems is a technology that can bring economic benefits to farm operations through
additional revenue streams and the diversification of the organisms cultured [11], [12].
Several studies have reported the benefits of integrating macroalgae into the finfish culture
process, however most of these studies have consisted primarily of small-scale laboratory
experiments. As such, there is a present need for the scaling up of experimental systems in
order to validate the feasibility of integrating macroalgae into real world farming operations.

In the present study we integrate the green macroalgae Ulva intestinalis, into a finfish
aquaculture system with the aim to assess its ability to uptake waste nutrients and as a
consequence its usefulness as a biofilter. As macroalgae has value outside of just its nutrient
uptake ability, we simultaneously examined the production of macroalgal biomass and the
safety of this biomass for use as feed material in terms of heavy metal concentrations in
respect to European Union directives.

2 MATERIALS AND METHOD

The study on the growth and biofiltration capacity of the macroalgae Ulva intestinalis was
conducted in open air conditions on the north coast of Saaremaa island, Estonia (latitude:
58.439559, longitude: 22.062178). The experiment was conducted over one vegetative
season (2020) and comprised of three, 4-5 week growth trials. Wild grown U. intestinalis
material for use in the experiment was collected from local coastal areas on Saaremaa island.
U. intestinalis was selected as the biofilter because it is found to grow in large quantities
locally. Additionally, it is characterized by its high nutrient uptake rates as reported by
literature and confirmed by nutrient uptake trials conducted in the previous year that
demonstrated it to have a better efficacy for nutrient uptake than that of other species found
to occur naturally within the region. Upon collection the macroalgae material was cleaned of
epiphytes and encrusting organisms before being placed in seawater filled containers and
transported directly to the experiment site.

2.1 Experimental protocol

To test the biofiltration ability of Ulva intestinalis, a land based mesocosm experiment was
constructed. The mesocosm experiment consisted of mesocosm chambers placed in four
parallel series, 12 chambers in length. Each mesocosm chamber in the series was connected
to the previous chamber with a pipe in such a manner that water could flowed through from
the first mesocosm chamber into the subsequent chamber next in the series before outflowing
as wastewater into the adjacent sea. The first mesocosm in each of the four series was
connected with piping to a larger 6,000 1 mesocosm chamber that was stocked with Rainbow
trout (Oncorhynchus mykiss) (50 kg). Wastewater from the trout stocked mesocosm flowed
at an equal rate into each of the four series. Seawater was pumped, aerated and filtered from
the Baltic sea directly into the trout stocked mesocosm providing a continuous flow of new
water to the system. U. intestinalis material was weighed and stocked (approximately
2,000 g each) into each of the mesocosms ranked fourth, fifth and sixth from the initial
mesocosm in three of the four series. The fourth series contained no macroalgal material and
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was designated the control series. Vigorous aeration was supplied via an air pump and tubing
system to the fourth, fifth and sixth mesocosm in each of the series. Automatic loggers were
used to continuously record factors of temperature (°C), pH and dissolved oxygen (mg/L) for
the trout mesocosm as well as the mesocosms tanks in series. Salinity (PSU) was measured
for all mesocosms every 3.5 days using a portable sensor. The system was allowed to
acclimatize for 3.5 days after the designated mesocosms were stocked before any sampling
commenced. At the conclusion of each of the three trials the macroalgal material was
removed and replaced with new material.

Water samples were taken in triplicate from the trout mesocosm as well as from the
mesocosms ranked three, five, nine and twelve in each of the series and analyzed by an
accredited water quality laboratory 3.5 days. Water samples were analysed for nutrient
content (nitrite, nitrate, total nitrogen, phosphate and total phosphorus). Any macroalgae
material found to be in poor condition was weighed and removed from the experiment. If the
macroalgae material was found to be decaying the nutrient sample was discarded and
sampling for that mesocosm deferred until the next sample period. As per government
licensing requirements the nutrients were also monitored at the beginning and end of the
experiment where water inflowed and outflowed from the experiment.

At the conclusion of each of the three trials the change in U. intestinalis weight from the
initial stocked weight for each of the stocked mesocosms was recorded. Macroalgae material
was retained from each of the macroalgae stocked mesocosm and was analyzed for trace
metal concentrations.

2.1.1 Statistical analysis

In order to compare the nutrient concentrations between each of the three trials the recorded
data was adjusted to the percentage change relative to the fish stocked mesocosm (mesocosm
zero) for each of the sample mesocosms in the series. A students t-test was used to compare
the means of macroalgae stocked mesocosms with the control. A significance level of 95%
(o =0.05) was set for all tests. Macroalgae growth rate for each of the stocked mesocosms
was calculated as percentage growth per day using the recorded initial and final waits and
time.

3 RESULTS
3.1 Nutrient removal

The concentration of the nutrients tested was found to decrease throughout the mesocosm
series. Both Nitrite and Nitrate were observed to be up taken by the mesocosms containing
the macroalgae Ulva intestinalis when compared to the associated control. Under favorable
growth conditions U. intestinalis demonstrated a significant increase in the uptake of both
nitrate and nitrite resulting in a decrease of 18.4% and 25.2% of the nutrients respectively
when compared to the control series (students t-test; p <0.05) (Fig. 1). The phosphorous
nutrient data was found to have a large degree of variability among the samples and due to
this high variability, no significant difference between the control series and macroalgal
stocked series for these nutrients was observed. Overall, the system demonstrated a high
degree of nutrient removal efficiency, with up to 60% of both nitrate and nitrite removed
from the system and 60% of phosphate and 30% of phosphorous also removed relative to
concentration of nutrients measured in the trout mesocosm.

WIT Transactions on Ecology and the Environment, Vol 250, © 2021 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



76 Sustainable Water Resources Management X |

—o-Uiva p U

- Control N o~ Control

0qeg A
NS

A% NOx (ugN/L)
A% PO, (mmoliL)

—o-Uiva —o—Uiva
B -o-Control E -G~ Control

(HgPIL)

A% NO2 (g NIL)

A% Plot-PO,

c U
-~ Control

A% Ntot [UV] (MgNIL)
A% Ptot [UV] (ugPIL)

Mescosm Chamber Mescosm Chamber

Figure 1:  Change in the mean concentration of the nutrients (A = nitrite; B = nitrate; C =
total nitrogen; D = phosphate; E = phosphorus; and F = total phosphorus) as a
percentage relative to the initial trout stocked mesocosm across the mesocosm
series. The mesocosms ranked four, five and six in the Ulva series were stocked
with macroalgae. The control series contained no macroalgae. Error constructed
as +1 standard error.

3.2 Physical parameters and biomass growth

Water temperature was found to vary to a high degree throughout the experiment coinciding
with air temperatures which followed typical diurnal and seasonal trends in temperature. The
variation in temperature between the first and final tanks in the mesocosm series was recorded
to be on average 3 degrees warmer than that of the final. The highest the water temperatures
reached was 25 degrees in June. In contrast salinity remained highly stable throughout the
experiment with little fluctuation and a mean PSU of 7.2 observed. Dissolved oxygen
fluctuated following the expected trend of daytime photosynthesis and nighttime respiration.
Mesocosm pH fluctuated to a similar degree in accordance with day and night cycles. When
experiencing the appropriate abiotic factors for growth, U. intestinalis biomass was found to
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increase steadily over the course of the experiment. Mean biomass growth was recorded to
be 1.9% per day (under growth conditions) with the highest growth observed occurring in the
third growth trial at 4% per day.

Table 1: Mean (+SE) nutrient concentration across the mesocosm series.

0 3 5 9 12
NOx (ug N/L)
Ulva 10.39 +£1.29 5.95 +0.75 3.85+0.44 2.91+0.3 2.66 £0.28
Control 10.39+2.3 6.19 £1.34 4.96 £1.27 3.25+0.69 2.7+0.58
NO2 (ug N/L)
Ulva 1.19 £0.12 0.89 +0.08 0.69 +0.06 0.5 +0.04 0.46 +0.04
Control 1.19+£0.21 0.97 +£0.16 0.83 +£0.14 0.53 +0.09 0.45 +£0.07
Ntot [UV] (ug N/L)
Ulva 262.78 £11.17  257.15+11.13  241.86+9.68  228.46 +7.48  223.8546.65
Control 262.78 £19.83 22436 +17.8  211.67+19.55 212.96+1543  205.58 +9.9
PO4 (ug P/L)
Ulva 12.33 £0.76 9.03 £0.8 7.08 £0.61 5.69 +£0.44 5.39 £0.45
Control 12.33 £1.34 7.94 +£1.25 6.82 +£1.23 5.62 £0.82 4.75+0.77
Ptot-PO4 (ug P/L)
Ulva 22.35+1.3 24.42 +1.66 23.1+1.3 21.42 +1.33 21.23 +1.35
Control 2235423 21.01 £2.42 20.94 +2.4 21.46 +2.3 19.65 +£1.99
Ptot [UV] (ug P/L)
Ulva 35.53 +£1.93 33.45+2.09 30.18 +1.47 27.11 £1.44 26.62 £1.41
Control 35.534£3.43 28.95 +2.66 27.76 £2.78 27.08 £2.51 1.4 £2.09

3.3 Heavy metals

The heavy metal analysis of Ulva intestinalis material for arsenic, lead, mercury and
cadmium was conducted by an accredited laboratory and is reported in relation to the
maximum accepted levels under the European Union directive for unwanted substances in
animal feed (2002/32/EC). The concentration of arsenic was found to be near the limit of
acceptable levels for animal feed (2 mg/kg (2002/32/EC)) but was much lower than the
maximum level of seaweed meal and feed material made from seaweed (40 mg/kg
(2012/744/EU)). Excluding one sample which was found to have concentrations several
times higher than the allowable maximum, lead levels in the sample U. intestinalis material
were found to be below the established limits of 10 mg/kg (2002/32/EC) for green fodder
(2012/744/EU; 2013/1275/EU). The mercury content of all macroalgal samples analyzed was
found to be below the maximum level of 0.1 mg/kg (2002/32/EC) for feed material. In all
macroalgal samples analyzed, cadmium content was found to be considerably lower than that
of the maximum allowable level of 1 mg/kg (2002/32/EC) for feed material of plant origin.

Table 2: Heavy metal concentration of Ulva intestinalis cultivated under enhanced nutrient

conditions.
Range Mean + SD
Arsenic (mg/kg) 4822 327+1.17
Cadmium (mg/kg) 0.09-0.06 0.07 £0.01
Lead (mg/kg) 12.0-3.6 7.58 £3.54
Mercury (mg/kg) 0.03-0.01 <0.02 +£0.01
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4 DISCUSSION

The effluent produced by finfish aquaculture poses numerous detrimental effects to the
environment through excessive nutrient loading [4]-[6]. The cultivation of macroalgae in a
manner that is integrated into finfish aquaculture operations is suggested as a means to offset
these environmental impacts and improve water quality [8]-[10]. Within this context, the
macroalgae species Ulva intestinalis used in this study demonstrates its potential to
efficiently remove some of these eutrophying compounds. In particular U. intestinalis
demonstrated useful potential in the efficient removal of nitrite and nitrate from the growth
medium and as a consequence improved water quality. Past laboratory-based studies have
indicated macroalgae species such as Gracilaria and Ulva constitute ideal candidates for use
in integrated biofiltration systems within a wastewater and polyculture context. An example
being Hernandez et al. [9] which investigated Ulva rotundata, Enteromorpha intestinalis,
Gracilaria gracilis for their biofiltration capacity of waste effluents produced by Sea bass
(Dicentrarchus labrax) with small scale experiments. They demonstrated these species to be
useful biofilters but concluded that the scaling up of biofiltration designs and integration into
finfish aquaculture system was necessary in order to adequality evaluate a given species
utility. The present study represents this scaling up and confirms U. intestinalis as species
suitable for integration into current land-based aquaculture operations as a biofilter.

Although U. intestinalis is an efficient nitrogen filter with a relatively small amount of
macroalgal material (i.e. ~2,000 g wet weight) removing significant concentrations of
nitrogen based nutrients from the system relative to the density of the stocked fish, it absorbed
little in the way of phosphorus based nutrients. Such a result is consistent with findings in the
literature which states Ulva species as having a lower affinity for and slower uptake of
phosphorus when compared with nitrogen [13], [14]. It is therefore suggested that finfish
aquaculture operations may see a benefit in culturing macroalgae species with a strong
affinity for phosphorus compounds in tandem with U. intestinalis as a means to uptake the
full spectrum of eutrophying dissolved compounds produced by finfish effluent. Such a
system could act as a highly efficient, low cost, biofiltration system.

The cultivation of macroalgae alongside onshore finfish facilities may be an attractive
solution to improving water quality for farm operators. Nevertheless, for operations to be
successful care must be taken in order to ensure the macroalgae is cultivated under the correct
growth conditions. For instance, in outdoor operations such as the one experimented with in
this study, temperatures spikes represented a serious issue, at times resulting in the die off of
portions of the macroalgal material. Such die offs result in an inefficient system being less
efficient and counter the filtration goal as decaying material releases additional nutrients into
back into the system. Additionally, water flow through rates must be carefully calibrated to
ensure adequate nutrients are supplied to the macroalgae with considerations made for the
macroalgae stocked at the end of the flow through series where nutrients may have already
been stripped from the water leading to starvation. In this regard, it may make sense for
aquaculture operations to implement designs that incorporate a larger number of shorter flow
through series as means to avoid macroalgae experiencing limited nutrients.

The nutrients stripped from the finfish wastewater mesocosm resulted in an increase in
Ulva intestinalis biomass. Such growth represents a potential economic opportunity to finfish
aquaculture operation as macroalgae biomass holds value for numerous industries and is
typically highly difficult to obtain in industrial quantities. For instance, macroalgae and more
specifically Ulva has numerous applications in industries ranging from Food, medicine,
therapeutics feed and fertilizers [11]. At its peak we obtained a growth rate of 4% per day by
wet weight with a system not specifically optimized for growth. Temperature appeared to be
the major restricting factor with the open-air system experiencing midday temperature spikes
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resulting in acute stress for U. intestinalis in the mesocosms. With improved designs, which
could be as simple as providing shades to block direct light for the mesocosms, operations
can likely further improve growth rates. In this sense future onshore aquaculture operations
may take advantage of developing alternative revenue streams through grown biomass
having the overall effect of increasing both farm profitability and sustainability.

To ensure the safety and suitability of U. intestinalis enriched by finfish effluent for
consumption by humans or as an additive to animal feed, the macroalgae material was
analyzed for its heavy metal concentrations in relation to guidelines set out by the European
Union (2002/32/EC). All samples bar one, which was found to contain high levels of lead
(likely contamination by lead weights used to secure aeration hoses) and was excluded, were
found to be within the maximum limit for safe consumption for the heavy metals arsenic,
lead, mercury and cadmium. By nature, U. intestinalis is a fast-growing species and as such
its high turnover is unlikely to accumulate appreciable amounts of heavy metals from its
environment before it is harvested. As such, there is no indication from this study that a fast
growing macroalgae produced from a biofiltration system would represent a substantial threat
to either human or animal health due to high heavy metal concentrations.

Integrating macroalgae into aquaculture systems offers a biological solution to the issue
of nutrient loading from wastes associated with intensive finfish cultivation. The present
study demonstrates Ulva intestinalis’ ability as species to prevent N loading from finfish
effluent and to improve water quality. The results validate previous past laboratory-based
studies that have suggested biofilters can be scaled for use in real world aquaculture systems.
This study also further supports that the production of macroalgae biomass cultivated
alongside finfish aquaculture can provide economic opportunities for farming operations.
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