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Advancing wet peatland ‘paludiculture’ innovation present enormous potential to sustain carbon-cycles, reduce
greenhouse-gas (GHG) gas emissions and to transition communities to low-carbon economies; however, there is lim-
ited scientific-evidence to support and enable direct commercial viability of eco-friendly products and services. This
timely study reports on a novel, paludiculture-based, integrated-multi-trophic-aquaculture (IMTA) system for sustain-
able food production in the Irish midlands. This freshwater IMTA process relies on a naturally occurring ecosystem of
microalgae, bacteria and duckweed in ponds for managing waste and water quality that is powered by wind turbines;
however, as it is recirculating, it does not rely upon end-of-pipe solutions and does not discharge effluent to receiving
waters. This constitutes the first report on the effects of extreme weather events on the performance of this IMTA sys-
tem that produces European perch (Perca fluviatilis), rainbow trout (Oncorhynchus mykiis) during Spring 2020. Sam-
pling coincided with lockdown periods of worker mobility restriction due to COVID-19 pandemic. Observations
revealed that the frequency and intensity of storms generated high levels of rainfall that disrupted the algal and bac-
terial ecosystem in the IMTA leading to the emergence and predominance of toxic cyanobacteria that caused fish mor-
tality. There is a pressing need for international agreement on standardized set of environmental indicators to advance
paludiculture innovation that addresses climate-change and sustainability. This study describes important technical
parameters for advancing freshwater aquaculture (IMTA), which can be future refined using real-time monitoring-
tools at farm level to informmanagement decision-making based on evaluating environmental indicators andweather
data. The relevance of these findings to informing global sustaining and disruptive research and innovation in
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paludiculture is presented, along with alignment with UN Sustainable Development goals. This study also addresses
global challenges and opportunities highlighting a commensurate need for international agreement on resilient indi-
cators encompassing linked ecological, societal, cultural, economic and cultural domains.
1. Introduction

Unlocking the challenges of climate-orientated peatland management
will enable conservation of their important carbon stocks (Wichmaan
et al., 2016; Ziegler et al., 2021). However, some 15% of peatlands globally
are degraded due to drainage-base agriculture and forestry that are key con-
tributors to greenhouse gas emissions (GHG) (Uràk et al., 2017; Ziegler
et al., 2021). The controlled rewetting of peatlands offers solutions to pre-
venting GHG emissions and biodiversity loss (Ziegler et al., 2021), and pre-
sents opportunities for farming and innovative use of these rewetted
peatlands that is termed ‘paludiculture’ (O’Neill et al., 2019; Ziegler et al.,
2021). There is strong interest in developing commercial paludiculture ac-
tivities including fuel, horticulture, aquaculture, and construction material;
however, there is a need to address knowledge gaps that will influence the
economic viability of paludiculture-derived products and services (Ziegler
et al., 2021; O’Neill and Rowan, 2022). Factors affecting effective deploy-
ment of paludiculture are complex as fostering sustainable green innova-
tion requires a holistic strategic response that can be effectively facilitated
through the ‘quadruple helix’ approach of industry, academia, government
and society (Rowan and Casey, 2021; Tan et al., 2021).

Key challenges affecting the development of paludiculture-based inno-
vation include the lack of shared real-time systems of data generation for
met-analysis, corporate strategy, risk-mitigation, and business disruption
(Ziegler et al., 2021). There is a lack of consensus on international standard-
ization of paludiculture innovation in terms of outcome sets, and agreement
on sustainingmeasured variables that must encompass protecting biodiver-
sity (Ziegler et al., 2021). Unlocking the disruptive potential of
paludiculture innovation can be met by collaborate use of in-field environ-
mental test-bed facilities (Rowan and Casey, 2021).

Aquaculture is the fastest growing food producing industry in the world
that accounts for half of the fish produced globally for human consumption
(Nielsen et al., 2016; Liu et al., 2017; O'Neill et al., 2019, O'Neill et al.,
2020; O'Neill and Rowan, 2022). Farmed fish is considered to be a more ef-
ficient protein utilisation and feed conversion source than other animals
destined for protein production (Tschirner and Kloas, 2017). According to
the United Nations (UN), aquaculture now provides fish availability to
countries and regions that would have previously been limited or non-
existent, often at affordable prices; thus, providing improved nutrition
and food security (Fish Farming Expert, 2020; Rowan and Casey, 2021).
The increasing interest in exploiting low-cost environmentally-friendly
‘natural’ processes in aquaculture has led to the timely development of inte-
grated multi-trophic aquaculture systems or IMTA, along with accelerating
efforts to implement eco-innovation and to improve the monitoring of tra-
ditional processes (Granada et al., 2016; Tahar et al., 2018a, 2018b;
Naughton et al., 2020). However, advances in aquaculturemust also be bal-
anced with the commensurate need to meet commitments as set out by
many European directives for environmental protection as well as the
Water Framework Directive (WFD), where the latter aims to achieve good
water status in all waters across all EU member countries (Voulvoulis
et al., 2017; WFD Ireland, 2018).

In addition to these environmental concerns, extreme weather events,
such as drought have displayed substantial effects on variances in stocking
densities within aquaculture facilities therefore, successful stock assess-
ments will be influenced by our ability to understand, monitor and to pre-
dict variances in weather and climate change on aquaculture ecosystem
dynamics (Rowan and Pogue, 2021; O'Neill and Rowan, 2022). An increas-
ing number of studies have intimated that climate vulnerability and climate
change can have adverse impacts on global food production and food secu-
rity (Iizumi and Ramankutty, 2015). These authors reported that ongoing
climate change, and associated variances in intensity, frequency, and
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duration of weather/climate extremes, in conjunction with growing popu-
lations and dietary requirements, further complicate this drive to improve
food sustainability and security. Therefore, stakeholders including policy-
makers, urgently require better estimates of the likely incidence of extreme
weather events, their impact on food production and security, and the com-
mensurate consequential impact in terms of socio-economic losses (Chavez
et al., 2015). There is a pressing need to address the uncertainties in climate
model predictions not only over years, but also at regional and local scale to
inform efficacy of food production systems, and interventions. Mowi
Ireland, a coastal aquaculture farmer, recently lost approximately 80,000
salmon due to toxigenic plankton bloom where the rearing water was
13 °C compared to typical 11.5 °C, which was potentially attributed to cli-
mate change (Moore, 2021).

This constitutes thefirst study to report on the potential effects of extreme
weather events on the technical performance of a novel peatlands-based
IMTA process located in the Republic of Ireland that lead to fish mortality,
which coincided with occurrence of COVID-19 pandemic. It describes the
worldwide relevance of data generated by using a Quadruple Helix (acade-
mia-industry-government-society) approach to advancing paludiculture inno-
vation along with challenges and opportunities. It describes measurable
technical and environmental variables for the development of this IMTA sys-
tem that embraces extreme weather events; it describes smart tools to inform
technical, policy and societal readiness level of paludicutlure innovation
aligned with U.N.s' sustainable development goals.

2. Materials and methods

2.1. Sampling

Oasis fish farm is an innovative peatland cut-away integrated multi-
trophic aquaculture (IMTA) system process set in the middle of Mount
Lucas Wind Farm, Co. Offaly (53°17′3″ N – 7°11′45″ W). This IMTA holds
European perch (Perca fluviatilis), rainbow trout (Oncorhynchus mykiis),
common duckweed (Lemna minor) and gibbous duckweed (Lemna gibba)
and exploits use of microalgae for waste removal. The aquaculture system
consists of four split (pill) ponds connected to an algae and duckweed la-
goonwith 16 channels serving as a treatment system. Fish are kept at a den-
sity that does not exceed the organic farming standard (e.g., <20 kg/m−3

for perch), using screens at the D-ends of each split pond. The space be-
tween two D-end fish culture areas is also used to treat waste with free liv-
ing algae in suspension. Flow in each split pond is generated and water is
circulated using an airlift. Each D-end fish culture area is equippedwith ox-
ygen and temperature probes connected to paddlewheels to provide extra
oxygen when necessary. The farm is designed to hold a maximum of
32,000 kg of fish.

Water samples were collected from the Oasis farm in five liter octagonal
carboy HDPE bottles (Lennox) and transported in insulated cool boxes di-
rectly to the lab, 62 km away, via car. Samples were collected every two
weeks from December 2019 to February 2020 and then once a week until
October 2020. Samples were taken from each on the culture ponds, the
entry and exit points of the duckweed lagoons and the reservoir during
this study. Samples were also taken from the overflow tank during times
when there may have been a potential for discharge. Refer to Fig. 1 for
the locations of all sample points within the farm.

2.2. Physicochemical analysis

Good water quality is critical for the cultivation of fish as well as for the
receiving ecosystems attached to aquaculture facilities. Analysing the phys-
icochemical parameters is the most common method of determining the
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Fig. 1. Aerial view of Oasis Fish Farm, located in Ballycon, Co. Offaly. The culture ponds, water reservoir, algae & duckweed wastewater treatment channels, overflow tank
and bog river are all visible. Blue lines indicate the direction of the flow of water. The green squares indicate all sampling points within the farm tomonitor the IMTA process.

Table 1
Summary of all physicochemical methods applied to this research. All parameters/
variables, their respective methods, standard analysis of water and wastewater
method numbers and the detection limits for parameters where photometric test
kits were employed have been included.

Parameter/variable Analytical
method

Standard analysis
method number

Detection limit
(mg L−1)

Alkalinity Titrimetric 2320-B –
Ammonium (NH4

+) Photometric 4500-NH3-F 0.013–3.86
2.6–193.0

Biochemical oxygen
demand (BOD)

Membrane electrode 5210-B –

Dissolved oxygen (DO) Membrane electrode 4500-O G –
Dissolved solids (DS) Electrode 2540-C –
Hardness Titrimetric 2340-C –
Nitrate (NO3

−) Photometric 4500-NO3 0.4–110.7
Nitrite (NO2

−) Photometric 345–1 0.007–3.28
Orthophosphate (PO4

3−) Photometric 4500-P-C 0.007–15.3
1.5–92.0

pH Membrane electrode 2310-B –
Suspended solids (SS) Gravimetric 2540-D –
Temperature Thermometer 2550-B –

E.A. O'Neill et al. Science of the Total Environment 819 (2022) 153073
current water quality (Shukla et al., 2013). No definite set of physicochem-
ical parameters specific for Irish aquaculture water and wastewater could
be found. Therefore, the physicochemical parameters routinely monitored
in Irish fish farms to assess water quality were applied. Additionally, a
range of previous studies conducted on aquaculture facilities across the
world were researched. The range of parameters investigated in these stud-
ies were also applied to this research. As no values for the individual phys-
icochemical parameter levels could be found in relation to Irish
aquaculture, the standard Irish EPA water quality parameters based on
the Freshwater Fish Directive [78/659/EEC], Surface Water Regulations
[1989] and surface water regulations [SI 272 of 2009] and amendments
[SI 77 of 2019] were used as guidance (EPA, 2001; Irish Statutory Office,
2009; Irish Statutory OfficeOffice, 2019).

Water parameters; temperature, pH, ammonium (NH4
+), nitrite

(NO2
−), nitrate (NO3

−), orthophosphate (PO4
3−), dissolved oxygen

(DO), biochemical oxygen demand (BOD), suspended solids (SS), dis-
solved solids (DS), hardness, and alkalinity – were investigated in the
laboratory within 24 h of collection to prevent the need for preserva-
tion. The Standard Methods for the Analysis of Water and Wastewater
were used for all of the parameters employed. See Table 1.
Spectroquant® photometric kits were used to assess the NH4

+, NO2
−,

NO3− and PO4
3−. Analysis was conducted as per the manufacturer's in-

structions. Absorbance was analysed using a Shimadzu UV-2250 spec-
trophotometer. Temperature, pH, dissolved solids and conductivity
were analysed using a VWR pHenomenal™ MU 6100 L meter, VWR
111662–1157 pH probe and VWR CO11 conductivity probe. DO and
BOD5day were analysed using a Jenway 9500 DO2 meter and probe.
Suspended solids were analysed via filtration using a Buchner flask,
3

Buchner funnel and Whatman 0.45 μm pore membrane filter. Hardness
was assessed via titration using pH 10 buffer, Erichrome black and
EDTA. Alkalinity was analysed by titration using phenolphthalein indi-
cator, methyl orange indicator and hydrochloric acid.
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2.3. Algae enumeration

Algae cells were both manually and automatically counted. All manual
enumeration was conducted using a Superior Marienfeld Neubauer Im-
proved Haemocytometer (0.1 mm, 0.0025 mm2, Tiefe Depth Profondeur
No: 717810) and a Nikon YS100 light microscope. The Miltenyi Biotec
MACSQuant® Analyser 10 Flow Cytometer (FCM) was used for the auto-
mated enumeration of the algae. Preparation of phytoplankton samples
forflow cytometrywas adapted fromNaughton et al. (2020). A tenmillime-
ter aliquot of each sample preservedwith Lugols Iodine were centrifuged at
3500×g for 20min. The supernatant was removed and the algae pelletwas
re-suspended in flow buffer. The flow buffer was prepared by adding 1mM
EDTA, 0.2% Tween and 0.1% NaN3 to 1 L phosphate saline buffer or PBS
(Merck). The buffer was filtered using a 0.20 μm filter (Sigma-Aldrich) to
remove impurities which may interfere with the flow cytometer. The re-
suspended sample was divided into two aliquots (one three milliliter ali-
quot and one seven milliliter aliquot). The three milliliter aliquot was
Fig. 2. Flow cytometry dot diagrams for the enumeration of algae and cyanobacteria. A)
SYBR Green for the enumerations of algal and cyanobacterial populations, C) chlorop
D) enumeration of both the algae and the cyanobacteria populations.
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used for the unstained negative control samples. The sevenmilliliter aliquot
was used for the stained samples. Two hundred microliters of 10X SYBR
Green was added to the seven milliliter aliquot and incubated for 15 min
in the dark at room temperature. Using two milliliter Eppendorf's
(Merck), 1.5 mL from the unstained aliquot and three 1.5 mL's of the
stained aliquot were centrifuged at 3500 ×g for 15 min. The supernatant
was removed and the pellets were re-suspended in 1.5 mL of fresh flow
buffer. Samples were then loaded onto a round-bottomed 96 well plate.
Two hundred microliters of each aliquot was loaded onto the plate
i.e., four wells containing one unstained and three (triplicate) stained ali-
quots were loaded for each sample.

The instrument was set to uptake 100 μL of each sample for analysis.
The trigger point for the FSC laser was set at 1.0 to eliminate the detection
of as much debris as possible in the samples. The FlowJo™ v10.7 software
programwas used for the analysis of the data generated from the FCM. Gat-
ing was used to enumerate the algal and cyanobacterial populations. The
gating method was adapted from Haynes et al. (2016), Moorhouse et al.
Unstained samples to eliminate autofluorescence interference, B) cells stained with
hyll and phycocyanin levels used to distinguish between algae and cyanobacteria,
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(2018), Naughton et al. (2020) and Read et al. (2014). The unstained sam-
ple (negative control) was first gated (Fig. 2A) to eliminate asmuch autoflu-
orescence interference as possible. This gate was then applied to the stained
samples (Fig. 2B) in order to identify and enumerate the cells present in
each sample. As per Moorhouse et al. (2018) and Naughton et al. (2020),
the blue B3 channel, which was used to identify chlorophyll positive
cells, was plotted against the red R1 channel, which was used to identify
phycocyanin positive cells to distinguish between algae and cyanobacteria.
(Fig. 2C). Enumeration of the algal and cyanobacterial populations were
then established (Fig. 2D).
Fig. 3. Breakdown of all physicochemical parameters investigated on the novel trial fis
A) ammonium and nitrite, B) nitrate and orthophosphate, C) dissolved oxygen and bi
solids, and F) hardness and alkalinity. S.D. indicated, n=8. Samplesmissing fromApril a

5

2.4. Statistical analysis

All statistical analysis and construction of dose response curves, stan-
dard curves, etc. were performed on GRAPHPAD PRISM 7, 8 and 9, and
MINITAB 18 and 19. The data generated were grouped and subject to nor-
mality tests (Anderson-Darling), to determine if samples were from a nor-
mal distribution (p > 0.05 = normal distribution). This in turn would
establish whether parametric or non-parametric testing was to be con-
ducted on results. As there was normal distribution, parametric testing
was applied. t-tests and ANOVA were used to determine if any significant
h farm between December 2019 and October 2020. Parameters investigated were
ochemical oxygen demand, D) pH and Temperature, E) suspended and dissolved
ndMay 2020 due to COVID-19 lockdown and restrictions in the Republic of Ireland.
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differences were observed in the variables (p < 0.05 = significant differ-
ence). Unpaired tests were used as different sets of samples were analysed
to assess the quality of the aquaculture water samples. For the correlation
studies, the Pearson's correlation coefficient (r) was used to determine
whether any relationships existed between any of the parameters investi-
gated.

3. Results & discussion

3.1. Effects of extreme weather variance on the technical performance of a new
recirculating IMTA process in the Irish peatland

This timely study describes the effects of extreme weather events expe-
rienced in Spring period of 2020 on the performance of a fully-integrated
multi-trophic aquaculture process developed in the Irish peatlands. This
IMTAprocess uses a balanced ecosystemof naturally-occurringmicroalgae,
bacteria and duckweed to regulate waste andmaintain water quality; in ad-
dition, it uses wind turbines as a renewable source of energy to operate aer-
ation systems in the circulatory freshwater aquaculture ponds (O'Neill et al.
2020). This study characterises this IMTA process by way of physicochem-
ical and algaemonitoring over a year-long case study. As no statistically sig-
nificant differences were observed between each of the sampling points
results were averaged for ease of reporting (refer to Fig. 3.).

3.1.1. Physicochemical analysis
Prior to the first COVID-19 national lockdown in the Republic of Ireland

inMarch 2020, very little to no NH4
+ levels were detected within the IMTA

farm. This was believed to be due to a combination of issues associatedwith
cyanobacteria levels and increased levels of rainfall experienced in Febru-
ary 2020. NH4

+ levels increased across all sampling points from the end of
July 2020with spikes of up to 0.90mg NH4

+ L−1 observed at the beginning
of October 2020. However, levels did not rise to greater than the guidance
values of 1 mg NH4

+ L−1 (EPA, 2001). Additionally, no NH4
+ was detected

at the discharge point during times of possible overflow and release indicat-
ing no potential issues associated with NH4

+ for the receiving peatlands.
Levels of NH4

+ also decreased between the culture ponds and the duckweed
lagoon (treatment lagoon) suggesting that the treatment process was effec-
tive at reducing NH4

+ levels in wastewater.
Before the lockdown period, NO2

− levels fluctuated between 0mgNO2
−-

L−1 and 0.03mg NO2
− L−1. However, levels increased greatly after this pe-

riod, with concentrations spiking to between 0.25 mg NO2
− L−1 and

0.30 mg NO2
− L−1 in mid-July and mid-September, respectively. This was

a tenfold increase on previous levels as well as being tenfold greater than
the guidance value of 0.03 mg L−1 (EPA, 2001). NO2

− is highly toxic to
aquatic life (O'Neill et al., 2019; Pollice et al., 2002) but is extremely unsta-
ble and would not remain in this form for long as it would be quickly trans-
formed to NO3

− (Durborow et al., 1997; O'Neill et al., 2019; O'Neill et al.,
2020). As no overflow and release occurred during the times of high levels,
the NO2

− would not cause issues within the bog.
NO3

− levels dropped considerably the month prior to lockdown (Febru-
ary 2020) going from >8 mg NO3

− L−1 to 0 mg NO3
− L−1. This coincided

with changes in weather conditions and excessive rainfall experienced
throughout the month. Once analysis recommenced after the lockdown pe-
riod, NO3

− levels slowly increased reaching levels >8 mg NO3
− L−1 in Sep-

tember before dropping back to between 2 mg NO3
− L−1 and

4 mg NO3
− L−1 in October. Levels were well below the guidance value of

50 mg L−1 (EPA, 2001). The increased levels in NO3
− observed in this

study may be due to the increased levels of NO2
− also observed.

PO4
3− levels were observed across all sampling points within the farm.

Statistical analysis demonstrated no significant difference between the dif-
ferent sampling points (p= 0.2160). PO4

3− levels detected were above the
guidance value of<0.035mg L−1 (Irish Statutory OfficeOffice, 2019, 2009)
indicating there may be potential issues within the farm and additional
treatment process to reduce PO4

3− levels may need to be considered as
the algae and duckweed lagoon is not effectively removing it.
6

Variations in DO levels and BOD levels were observed across the eight
sampling points. No statistically significant differences were observed
across both parameters (DO p=0.1421, BOD p=0.5464). DO levels fluc-
tuatedbetween 4mgO2 L−1 and 10mgO2 L−1. The recommendedDOcon-
centration present in salmonid waters is ≥9 mg O2 L−1 and in cyprinid
waters is≥7 mg O2 L−1 (EPA, 2001). Levels continually increased and de-
creased above and below these recommended levels. However, they did not
drop below the threshold of 4 mg O2 L−1 required for sufficient mainte-
nance of aquatic life (Alam et al., 2007; da Silva et al., 2017; O'Neill
et al., 2019; O'Neill et al., 2020).

The SI 272/2009 and SI 77/2019 recommended a mean BOD concen-
tration of 1.30 mg O2 L−1 for high water status and 1.50 mg O2 L−1 for
good water status (Irish Statutory Office, 2009; Irish Statutory
OfficeOffice, 2019). However, the EPA suggested ≤3 mg O2 L−1 and
≤6 mg O2 L−1 for salmonid and cyprinid waters, respectively (EPA,
2001). Issues were indicated with the BOD levels observed across all sam-
pling points. The BOD is caused bymicroorganisms using O2when consum-
ing organic matter therefore organic matter needs to be reduced in order to
decrease BOD levels (EPA, 2001; Gupta et al., 2017; Kasuya et al., 1998; Lee
and Nikraz, 2015; Mcintosh and Fitzsimmons, 2003; Sultana et al., 2017).
Increasing O2 levels and the addition of filtration to remove some of the or-
ganic matter have been found to decrease BOD levels (Gupta et al., 2017;
Lee and Nikraz, 2015). Work is ongoing to reduce BOD levels. However,
as no water was released from the farm during times of increased BOD
levels, no concerns associated with this issue affecting the surrounding
peatland habitat were foreseen.

Fluxes in the levels of suspended solids were observed across all sam-
pling points, while dissolved solid concentrations remained more consis-
tent throughout the study. The levels of suspended solids observed
throughout the summer months (June, July, August) were well above the
guidance value of 25 mg L−1 (EPA, 2001) reaching highs of
>120 mg L−1. Given that suspended solids can cause gill irritation, signs
of which were observed in some of the fish, this was considered to be a
major issue. It was also believed that this issue was linked to the issues
with BOD previously mentioned. After filtration methods were applied to
different areas of the farm, suspended solid levels dropped back to below
theMAC level by September and remained so until the end of the study. Dis-
solved solid concentrations observed in the study were well below the sug-
gested concentration of <300 mg L−1 for excellent water status (WHO,
2003).

Fluctuations were indicated in the temperature range and the pH range
observed across all of the sampling points. The elevations in temperature
were observed between June and September as would be expected given
the season (summer). Although no specific guidance value for temperature
could be established as all species of fish have a slightly different optimum
temperature, any water released into an aquatic system must be <20 °C
(EPA, 2001). Temperatures were >20 °C only once in mid-July. However,
as water was not released from the system, this was not deemed to be an
issue. Recommended pH levels of between pH 6 and pH 8 were suggested
(EPA, 2001; Irish Statutory Office, 2009; Irish Statutory OfficeOffice,
2019). The pH levels remained within this range throughout the study.
The pH levels were just below pH 8 however, levels dropped to just
above pH 7 from August 2020 to September 2020. Although levels re-
mained within the recommended range, the alteration in pH levels may
have had an effect on the BOD issues observed in the farm. Alterations in
pH can decrease the rate of organic removal rates thus affecting BOD mea-
surements (Mukherjee et al., 1968).

CaCO3 levels weremeasured in the eight sampling points in order to de-
termine hardness and alkalinity levels. Statistical analysis was conducted
for each parameter and no significant differences were observed (hardness
p = 0.5237, alkalinity p = 0.4806). Hardness levels observed suggested
that the water was slight to moderately hard. This correlated with water
hardness maps of Ireland which demonstrated water in the midlands
around Co. Offalywere also slight tomoderately hard. It has been suggested
that fish prefer a minimum of 20 mg CaCO3 L−1 alkalinity levels. Levels re-
cordedwithin the farm remained above this optimum threshold throughout



Fig. 4. Cell counts in cells mL−1 of algae (bar) and cyanobacteria (line) observed
throughout the novel trial fish farm between December 2019 and October 2020.
Cell counts conducted via flow cytometry. S.D. indicated, n = 8. Samples missing
from April 2020 due to COVID-19 lockdown in the Republic of Ireland. Red line in-
dicates when excessive levels of rainfall were observed.
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the study (Boyd and Tucker, 2015; EPA, 2001). Alkalinity levels observed
in this study demonstrated similar results to those reported by Stephens
and Farris (2004b).

All physicochemical findings were then compared to previous research.
Resultswere similar to those observed in other studies with the exception of
NO2

−, suspended solids and BOD (Boaventura et al., 1997; Camargo, 1994;
Cao et al., 2007; Caramel et al., 2014; Costanzo et al., 2004; da Silva et al.,
2017; Fadaeifard et al., 2011; Guilpart et al., 2012; Lalonde et al., 2014;
Moreira et al., 2010; Namin et al., 2013; Noroozrajabi et al., 2013; O'Neill
et al., 2019; Pulatsü et al., 2004; Stephens and Farris, 2004a, 2004b;
Ziemann et al., 1992; Živić et al., 2009). A ten-fold increase was detected
in theNO2-levels and suspended solids levels were higher than themajority
of the previous studies, as too were BOD levels. Correlations were indicated
between BOD levels and a range of parameters including pH, temperature,
dissolved oxygen, alkalinity and suspended solids. This demonstrated the
importance of maintaining high DO levels as oxygen is vital for the BOD
process. Abnormal or irregular pH levels, which were observed for a time
in the farm, can decrease the rate of removal of organic compounds
which affect BOD levels. By proxy, changes in alkalinity will also have an
impact (Chinedu et al., 2015). Small amounts of all suspended solids are
considered volatile suspended solids and exert greater pressures on the ox-
ygen demand thus increasing BOD levels (Gerardi and Lytle, 2015). Finally,
as temperatures increase so too does BOD removal rates as higher temper-
atures enhance microbes respiration rates (Lim et al., 2001). The range of
correlations with BOD has demonstrated how complex the process is and
may be why issues were encountered in controlling the BOD levels within
the farm.

3.1.2. Algae & cyanobacteria analysis
Lower levels of algae were observed during the winter months which is

to be expected as temperatures are lower and less sunlight is experienced.
The springmonth displayed a rise in levels which correspondedwith the in-
crease in light and temperature. However, a drop in algal numbers were ob-
served just prior to the first COVID-19 national lockdown that occurred in
March 2020. This drop was most likely due to excessive levels of rain fall
experienced during the month of February. Algae numbers consistently re-
mained between 1 × 105 and 5 × 105 cells mL−1 after the lockdown pe-
riod until the end of the study. This suggested the stabilisation had
occurred. Moderately strong correlationships were observed with most of
the nitrogen nutrients indicating that NH4

+, NO2
− and NO3

− play a vital
role inmaintaining optimumalgae levels in the novel IMTAprocess. Results
also found that the higher and more stable the levels of NO3

− present, the
more stable the algae numbers. Given that NO3

− is algae's preferred form
of nutrient, and NH4

+ and NO2
− are necessary for the natural production

of NO3
− via the nitrification process, this result was expected.

Cyanobacteria levels were also monitored in parallel to the algal num-
bers, as shown in Fig. 4. Although many species of cyanobacteria can pro-
vide beneficial elements (e.g., Spirulina) the presence of increased levels
cyanobacteria was found to have a negative impact on the novel IMTA sys-
tem. Increased incidences of mortality were observed as cyanobacterial
levels rose. Much like with freshwater bodies, cyanobacteria numbers
were always present in the system. They remained below the level of
algae being reported highlighting algae's ability to control cyanobacteria
levels as both are competing for the nitrogen nutrient source. However,
cyanobacteria levels were found to increase just before the lockdown pe-
riod, demonstrating an inverse relationship with the algae. This suggested
that the cyanobacteria were out competing the algae for nutrients. Again,
this coincided with extreme weather conditions. Once levels stabilised
after the lockdown period, they were once again consistently below the
level of algae, remaining between 1× 104 and 1× 105 cells mL−1. Reduc-
ing inmortality levels also coincidedwith the stabilisation of cyanobacteria
levels.

Correlation studies were conducted between the algae and
cyanobacterial levels and all of the physicochemical parameters. In addi-
tion to a correlation observed between the algae and the cyanobacteria
themselves, correlations were observed between both counts and a range
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of physicochemical parameters. A correlation was observed with the N pa-
rameters (NH4

+, NO2
− and NO3

−) as well as with the P (PO4
3−). As N and P

are both necessary for algal growth this was expected. It also highlighted
the need to ensure these nutrients were present in the system to ensure
the continued presence of algae that was necessary for the novel IMTA pro-
cess to be effective. The correlation between the pH and algae was also ex-
pected as it is well known that although algae can tolerate small
fluctuations in pH, increased and more frequent fluctuations can slow
down growth rates (Dubinsky and Rotem, 1974).

3.1.3. Climate variance
During this research process, algae demonstrated the potential to be

used as an early warning indicator for highlighting issues associated with
climate change having experiences a range of different weather conditions
including flooding conditions in 2020where record levels of rain fell due to
the development of a number of storm systems in close proximity to one an-
other. February 2020 was one of the wettest on record for the Republic of
Ireland. This high level of rainfall was as a result of two extratropical cy-
clone storms hitting Ireland in that month and in close proximity to one an-
other. Storm Ciara (formed 7th February 2020, dissipated 16th February
2020) and Storm Dennis (formed 11th February 2020, dissipated 18th Feb-
ruary) affected Ireland less than a week apart. Just after this weather event
cyanobacteria levels began to rise within the farm, as shown in Fig. 4, as
well as fish mortalities (up to 44%) which had up until that point remained
consistently low ( ͂3%). Veterinary post-mortems found signs of hepato-
toxicity (liver necrosis) and high instances of gill irritation. Unfortunately,
the first lockdown period began in March 2020 and as a result no samples
could be analysed after this point until May 2020. Literature searches
were conducted remotely to find an appropriate action of reducing or re-
moving the cyanobacterial levels without having additional consequences
on the fish health. Both Iredale et al. (2012) and Rajabi et al. (2010) dem-
onstrated successful cyanobacterial control and removal from freshwater
bodies with the application of barley straw. This method was suggested
and then subsequently applied to the culture ponds at which point the
farm reported a reduction in mortalities and cyanobacterial levels. Findings
from the overarching Bord Iascaigh Mhara (BIM, 2020) project subse-
quently revealed that 3402 species of bacteria and microalgae were occur-
ring in the IMTA ecosystem that were identified using next generation
sequencing and bioinformatics, of which 1864 are algal. This demonstrated
the complexity of the study given the high level of algal diversity within the
farm. Of these 1864; 1551 species or sub-species of algae were identified
across 210 genera, 60 were identified on family as opposed to genus or spe-
cies, 42 were classified as uncultured.

In order to determine whether the excessive levels of rainfall indirectly
caused issues in February and the lack there of caused issues in May, Met



Fig. 5.Map of Ireland indication the approximate location of Oasis fish farm (53°17′03″ N, 07°11′45″W) indicated with orange, and the three closest Met Eireann weather
stations (Gurteen – 53°02′24″ N, 08°00′36″ W; Oak Park – 52°51′36″ N, 06°55′36″ W; Mullingar – 53°33′36″ N, 07°20′24″ W) surrounding the farm, indicated by yellow.
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Éireann metadata was once again investigated. The three closest weather
stations surround Oasis fish farm at Mount Lucas were used (Mullingar,
Co. Westmeath; Oak Park, Co. Carlow; and Gurteen, Co Tipperary), as indi-
cated in Fig. 5. The Irish midlands traditionally get an average of 70.3 mm
of rainfall for the month of February. However, according to Met Éireann,
197.7 mm of rainfall fell for that month (Met Éireann, 2021), as shown in
Fig. 6. This subsequently would have diluted down all nutrient levels and
reduced algal / cyanobacterial numbers within the farm. As nutrients
build back up, the ammonium, which is cyanobacteria's preferred source
of nutrients, is used by the cyanobacteria before it has a chance to be con-
verted to nitrate via the nitrification process (Herrero et al., 2001) which
is the algae's preferred form. This in turn allows the cyanobacteria to
grow and out compete the algae. Normally the higher levels of algae and in-
creased levels of nitrate control the levels of cyanobacteria. Leachate or run-
off from the bog itself many also be contributing to the issues however no
Fig. 6. Average A) rainfall and B) temperature recorded for 2019 (blue) and 2020 (yello
sampling period of December 2019 to October 2020. Stations were located at 1) Mulling
were located north, south-west and south-east of the fish farm, respectively.
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studies on this have been conduct to date. Cyanobacteria levels rose again
in May with similar levels or mortality begin observed again. However,
there were no instances of rainfall during this instance (Fig. 6.). In fact,
May 2020 was considered one of the driest in recent year's (Met Éireann,
2021). No physicochemical analysis could be conducted at this time due
to COVID-19 restrictions still being in place. Again, Veterinary post-
mortems found signs of hepatotoxicity and gill irritation. The Barley
straw had been removed from the ponds prior to this event and was there-
fore though to be the main cause for the problem. It may also be as a sea-
sonal event as cyanobacteria have been known to “bloom” during the
spring and early summer months as temperatures increase. However, as
this was the first study ever conducted on a peatland IMTA system addi-
tional research and analysis would need to be conducted.

Overlandflowofwater from rainfall events can impact on infrastructure
and cause flooding, which is different to riverine flooding. Overland flow
w) at three Met Eireann weather stations surrounding the Oasis fish farm during the
ar, Co. Westmeath, 2) Oak Park, Co. Carlow and 3) Gurteen, Co Tipperary. Stations



Table 2
Relevance of this ‘paludiculture-based’ IMTA system to enabling the advancement
of adjacent and emerging worldwide cross-cutting research and innovation includ-
ing UN SDGs.

Core topics and enabling innovation, products and services UN SDG
number

Paludiculture ‘wet peatland’ innovation 1.
2.
3.
6.
7.
8.
9.
11.
13.
14.
15.

*Collaborative advancement and standardization of innovation for
direct economic viability including horticulture, food production and
bio-based industry (Tan et al., 2021; Ziegler et al., 2021)

*Ecotoxicology, biodiversity and safety evaluation of emerging
innovation and services (Rowan and Galanakis, 2020; Wan Mohtar
et al., 2021; Usuldin et al., 2021)
*Sustainable Carbon Cycles - supporting the European Commission in
reaching climate neutrality through specific focus on quality, credibil-
ity and certification of carbon removals in land sector using IMTA
system (European Commission, 2021).
*Development of novel multimodal sensing technologies, IoT devices,
Microsoft Azure Cloud and AI models to inform effective paludiculture
innovation and management including carbon reduction (Science
Foundation Ireland (SFI), 2021)
*Ecosystem Service Management and Pollination, including social
enterprises (Goblirsch et al., 2021)
*Biorefinery of bio-based products from IMTA-generated microalgae
for one-health applications (Wichmaan et al., 2020; Rowan and Pogue,
2021; McKeon-Bennett and Hodkinson, 2021) and bioplastics (Silva,
2021)
*Real-time monitoring, testing and development of in-field
technologies with sophisticated laboratory equipment, such as flow
cytometry with in-field algaTorch™ (Naughton et al., 2020)
*Advancement of bioinformatics, next generation sequencing and
machine learning (BIM, 2020)
*Nexus between water – food – energy for fisheries development
including development of LCA, MFA and PCA tools for informing
sustainability of products and services (Ruiz-Salmón et al., 2020a,b)
*Social marketing, awareness and stakeholder behavioural change
towards low-carbon food security including circular bioeconomy
(Domegan, 2021)
*Effective communication strategies for seafood to promote health and
sustainability (Sacchetttini et al., 2021)
*Testing of new environmentally-efficient aquafeeds through use of
multi-criteria decision-support tools (Cooney et al., 2021).
*Sustainable recirculating alternatives to traditional ‘end-of-pipe’
technologies that negates unwanted pollution to receiving water
(Tahar et al., 2017; Rowan, 2019)

Quadruple helix hub concept and approach to sustainable research and
innovation

2.
4.
5.
9.
11.
12.
13.

*Trans-regional development of Quadruple Helix Hubs
(industry-government-academia-society) for advancing low carbon
innovation and supporting communities and stakeholders (Rowan
and Casey, 2021)

*Development of living lab linked to environmental test beds for
advancing research, enterprise, entrepreneurship and innovation with
nexus to education, training and job creation (Li et al., 2018); Blue
Hatch Aquaculture Accelerator Program, 2020: Rowan and Casey,
2021; Rowan and Galanakis, 2020)
*Investing and enabling eco-innovation including green finance, design
thinking and high potential start up accelerator investment linked to
stage gate needs (Rowan and Pogue, 2021)
*Early-technical validation (test-the-tech, experimentation/validation
in pre-pilot); scaling to real-life setting
*Transnational modelling and cluster development including forging
European Innovation HUBs such as (Sharebiotech, 2021) and Regional
University Network-European Universities (RUN-EU, 2020).

Climate strategy, risk management, awareness and transparency 4.
9.
11.
12.
13.

*Publically-backed climate risk insurance for farmers that considers
weather indexing for protection against extreme weather events
(Doherty et al., 2021).

*Risk modelling and assessment of key variables affecting asset and
innovation performance and sustainability including use of EPA's SPR
model (Tiedeken et al., 2017; Tahar et al., 2017; Tahar et al., 2018)
*Supporting sustaining and disruptive innovation and services that also
embraces technological, political and societal readiness levels (Geels,
2018; Rowan and Casey, 2021; Schuelke-Leech, 2021)
*Current limited short-term focus on risk management, transparency
post review of 1168 companies. Also, a lack of understanding of climate

Table 2 (continued)

Core topics and enabling innovation, products and services UN SDG
number

risk with few companies having climate strategies (Coppola et al.,
2019)
*International consensus on best indicators reflecting climate
resilience, economy, society and culture (Barry and Hoyne, 2021).

COVID-19 pandemic 1.
2.
3.
9.

*Food and supply chain disruption including research provision (Guan
et al., 2020; Herreor et al., 2020; Galanakis et al., 2021; Rowan and
Galanakis, 2020)

*Biorefining alternative sustainable materials for multiple-use PPE
(Rowan and Laffey, 2020a,b; Rowan and Moral, 2021)
*Food security and safety (Galanakis et al., 2021)

International policy and cohesiveness 1.
2.
4.
9.
11.
16.

*Informing EU Green New Deal; UN Sustainable Development Goals;
Paris Climate Agreement (Galanakis et al., 2022)

Climate change and action plans 3.
4.
13.
14.
15.

*Weather events and disease mitigating simulation and predictive
models (Jenkings and Kane, 2019)

*Development of in-field biosensors (and digital-sensors) to monitor
performance of agri-food security linked to extreme weather events
(Naughton et al., 2020; O’Neill and Rowan, 2022).
*Informing multi-disciplinary and cross-functional international
projects to seek agreement on climate change indicators that addresses
ecosystem resilience with nexus to economic and sociocultural
indicators (Barry and Hoyne, 2021).

Digital transformation 1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
13.
14.

*Development of drones and satellites, IoT devices, AI and
cloud-enabled technologies to monitor carbon sequestration of
peatlands and other land types to improve understanding on human
activity on land use and how it relates to climate change (Science
Foundation Ireland (SFI), 2021)

*ArcGIS mapping to inform restoration and rehabilitation of peatlands
linked to ecology/biodiversity to inform carbon cycles (Rowan and
Casey, 2021) *Development of digital twin that includes ARVR
(Quality of Experience) for remote specialist virtual training (Braga
Rodriguez et al., 2020; Rowan and Galanakis, 2020)
*Precision agriculture including blockchain, AI, robotics, along with
combining machine learning with bioinformatics to future proof
environmental test beds and validate new products and services
including ecological/biodiversity forecasting (Rowan and Pogue, 2021;
Rowan et al., 2021; George et al., 2021)
*Rainfall radar data and rainfall information collected from
commercial microwave mobile phone backbone transmission networks
(Chwala and Kunstmann, 2019); worldwide there is an interest in
changes to sub-daily rainfall regimes for example through the INTENSE
project (Blenkinsop et al., 2018)
*Agriculture IoT, construction of agriculture IoT infrastructures, data
security and data sharing, sustainable energy solutions, economic
analysis and operation management in agriculture IoT, and IoT-based
agriculture financing and e-business modes. IoT-based precision
agriculture (Ruan et al., 2019).

United Nations Sustainable Development Goals (UN SDGs); Augmented Reality Virtual
Reality (ARVR); Life Cycle Analysis (LCA); Material Flow Analysis (MFA); Principle
Component Analysis (PCA); Artificial Intelligence (AI); Internet of Things (IoT)
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occurs when either the ground is already saturated, due to previous rainfall,
and the new rain falling can only run off; or when the rainfall intensity ex-
ceeds the infiltration rate of the ground and again the rainwill run off, these
situations are often called a flash flood (Dimitriou, 2011). Detecting trends
in long-term rainfall records is difficult due to the highly variable nature of
rainfall and scarcity, often, of long records. Information on rainfall inten-
sity, explicitly sub-daily and sub-hourly records, is much more sparse and
short term in its record; although, data generated from growing hobby
weather station networks can be potentially used to help fill this gap.
Other sources could include processed rainfall radar data and rainfall infor-
mation can be gathered from commercial microwave mobile phone



E.A. O'Neill et al. Science of the Total Environment 819 (2022) 153073
backbone transmission networks (Chwala and Kunstmann, 2019). World-
wide, there is an interest in changes to sub-daily rainfall regimes; for exam-
ple, through the INTENSE project (Blenkinsop et al., 2018).

Extratropical cyclones, produce more than 70% of the winter rainfall in
north-west Europe. The islands of Ireland andGreat Britain had their storm-
iest winter on record during 2012/2013 with more than two intense cy-
clones per week (Priestley et al., 2017). It is plausible that impacts due to
global climate change in the sea surface temperatures in the Western trop-
ical West Pacific along with the reduction in Arctic sea-ice may have
allowed this stormy period of weather to occur. Noone et al. (2016) work-
ing on a recently homogenised Irish rainfall data set from 1850 to 2010
found there was a positive trend for the winter months and a negative
trend for the summer months. In Ireland there are interests in the impact
of unusual rainfall events on infrastructure. The impact of rainfall events
and the destabilisation of railway embankments in Irelandwas studies lead-
ing to an intensity and duration curve for significant failures (Martinović
et al., 2018). A similar approach may be able to be taken in safeguarding
other assets including aquaculture. There is also interest in blanket peat fail-
ures on slopes in Ireland, due to excess rainfall (Jennings and Kane, 2019).
Flood impacts on aquaculture have been studied in the Czech Republic
where during flooding in 2002, 2006, 2009, and 2013 some 54% of fish
in pond-based system were lost (Rutkayová et al., 2018). Many of these
losses seem to be fromflashflood events attributed to riverine and overland
flooding. Rutkayová et al., 2018 found the impacts to be different between
juvenile and adult fish, and by species. These researchers also noted the
importance in term of impacts of what they term the ‘train effect’,
which is a repeated series of large rainfall events over the same area in
a short space of time. This is a classic high impact situation where a se-
ries of non-record breaking, but high events when combined over a
short space of time can have extreme impacts. Commensurate use of
tools to inform management and decision-making at the farm level in-
formed by life cycle assessment, material flow analysis and risk
Table 3
Indicative examples of IMTA activities and tools to support, enable and accelerate pote
Goals (SDGS*).

UN sustainable development
goal⁎

Sustaining or potentially disruptive activity

1 No poverty Food production and value chain. Food security and m
sustainable foods via IMTA system. Researcher mobilit

2 Zero hunger Development and future climate-proofing sustainable a
training.

3 Good health and wellbeing Adopting One Health approach to informing eco-green
that considers bio-refinery concept (Rowan and Galana

4 Quality education Openly sharing knowledge, discoveries and growing co
inform behavioural change. Use of IMTA for specialist
disruption, climate change.

5 Gender equality IMTA framework is aligns with gender equality focused
outreach, education.

6 Clean water and sanitation Innovative green research and enterprise to promote na
solutions

7 Affordable and clean energy IMTA powered by wind turbines, but also enables deve
also enables commensurate research on sustainable car

8 Decent work and economic
growth

IMTA adopts Quadruple Helix Hub approach that conn
creation and new eco-focused Start Ups along with risk
needs (Rowan and Casey, 2021). This will inform futur

9 Industry, innovation,
infrastructure

IMTA is trigger new eco or green innovation and resear
climate change and sustainability using living labs and
food production and circularity.

10 Reduced inequalities Adopting a Quadruple Helix approach will enable broa
11 Sustainable cities and

communities
IMTA system is a green innovation aligned with suppor
aligned with European Just Transition and European G
communication strategies (Domegan, 2021; Sacchetttin

12 Responsible consumption and
production

IMTA system will support digital transformation of wh
that will inform global needs. Future disruptive innova

13 Climate action IMTA system can inform efficacy of future food produc
ecological, social, political and cultural indicators as st

14 Life below water IMTA supports freshwater aquaculture and studies on b
15 Life on land IMTA supports biodiversity, pollination and ecosystem
14 Peace, justice, strong inst. IMTA has core tenets that blends academia, industry, a
17 Partnerships for the goals IMTA supports and enable national and international p

10
modelling will support and enable solutions to these complex challenges
(Tahar et al., 2017; Ruiz-Salmón et al., 2020a; Ruiz-Salmón et al.,
2020b).

4. Implications and opportunities of IMTA findings for informing
emerging paludiculture and adjacent research and innovation

Findings from this fully-recirculating IMTA study have broader implica-
tions for informing worldwide collaborative research and innovation in
many multidisciplinary and cross-functional domains beyond the initial
focus of paludiculture (Table 2), and alignment with United Nations' Sus-
tainable Development Goals (Table 3). Traditionally, there remains reliance
on flow-through aquaculture processes that relies upon bespoke under-
standing of process performance and interventions including end-of-pipe
solutions to safeguard receiving waters from polluted effluents (Rowan,
2011; Tahar et al., 2017). The reliable and repeatable operation of this
freshwater IMTA process will enable generation of data that can inform
the international development and standardization of paludiculture inno-
vation (Tan et al., 2021; Ziegler et al., 2021). This wet-peatland aquculture
innovation can be used for informing efficacy of carbon sequestration, GHG
emission reductions and carbon cycles (Science Foundation Ireland (SFI),
2021), ecotoxicology and biodiversity (Rowan and Galanakis, 2020), food
production, safety and security (Galanakis et al., 2021; Sacchetttini et al.,
2021), ecosystem service management and pollination (Goblirsch et al.,
2021), real-time monitoring of in-field technologies linked to living labs
(Naughton et al., 2020); suitability of new environmental-friendly
aquafeeds (Cooney et al., 2021), digital transformation including novel
multimodal sensing technologies, IoT devices, AI and cloud-based innova-
tion to inform effective management of carbon reduction (Science
Foundation Ireland SFI, 2022); along with use of biorefinery concept to ex-
tract high value bio-basedmaterials frommicroalgae and duckweed for one
health applications (Rowan and Pogue, 2021) (Table 2).
ntial green innovation disruption under United Nations' Sustainable Development

anaging climate events to avoid supply chain disruption. Production of high protein
y creating opportunities in education.
gri-food processes and crops along with alternative sources for protein that includes

innovation community transition and social enterprise for health including COVID-19
kis, 2020; Galanakis et al., 2021)
llaborations in academia, that cross-cuts STEM with Social Science and humanities, to
training linked to new eco innovation education that encompass green finance, food

with equal representation in research, innovation, entrepreneurship, social enterprise,

tural resources for water quality and mitigate waste that moves beyond end-of-pipe

lopment of LCA tools for investing nexus between energy, water and food systems. This
bon cycles (European Commission, 2021) and green energy using paludiculture platform.
ects industry, government, academic and society – this will lead to informing new job
management, transparency for climate action governance in business beyond short-term
e economic indicators and growth via international collaboration.
ch that considers future infrastructure to provide standardization of outcome sets for
environmental demonstrator facilities – this will pump-prime new bio-based research,

d stakeholder engagement to ensured equalities are met.
ting needs of low-carbon communities for regional development and regeneration. This is
reen Deal initiatives. This will be informed by social marketing and appropriate
i et al., 2021).
at is a defined sustainable process to support responsible consumption, and production
tion likely to emerge from digital domain.
tion processes as it pertains across addressing climate events and inform environmental,
ate-of-the-art collaborative international demonstrator facility.
iodiversity related to natural aquatic ecosystems in peatlands
service management
uthority with communities.
artnerships aligned with UN SDGs that includes mobility and training.
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This IMTA process will also support and enable development of
low-carbon community and social enterprises promoted through the
European Just Transition and Green Deal Initiatives (Rowan and
Galanakis, 2020), which can be effectively managed through the use
of ‘Quadruple Helix Hubs’ that converge academia, industry, govern-
ment and society (Rowan and Casey, 2021). This Quadruple Helix
Hub framework will also support and enable the commensurate deliv-
ery of paludiculture-based and adjacent research, innovation, entre-
preneurship linked to education and specialist training of
stakeholders and communities, which are essential converging activi-
ties underpinning trans-regional European Innovation Hubs. The de-
velopment and deployment of a validated IMTA process in the
peatlands will also support future sustaining and disruptive innova-
tion, where the design, applicability and maturity of the innovation,
product or service may be informed by use of various smart evaluation
tools including technical, political and societal readiness levels
(Fig. 7), life cycle assessment, material flow analysis, principle compo-
nent analysis, ecotoxicology and so forth. For example, Ruiz-Salmón
and co-workers (2020b) used LCA to highlight the important nexus be-
tween water, food and energy for development of fisheries including
aquaculture across the European Atlantic Area. The open knowledge
sharing of IMTA data will also support research into new green busi-
ness development and transnational modelling of research and innova-
tion (Rowan and Casey, 2021), which will include climate-related
awareness, risk management and transparency (Tahar et al., 2019;
Coppola et al., 2019) (Table 2). IMTA process and environmental
data that can inform future risk mitigation for innovation will be par-
ticularly relevant. For example, Coppola et al. (2019) reported that
Deloitte asked 1168 Chief Financial Officers (CFOs) what their compa-
nies are doing to help address climate change where a thorough under-
standing of climate risks was rare, few companies had governance
mechanisms in place to implement comprehensive climate strategies,
and targets for carbon emission reductions were usually not aligned
with the Paris Agreement. Coppola et al. (2019) also noted that more
Fig. 7. Applying IMTA ecosystem to develop and track new eco-innovation to align and
Rowan and Casey, 2021).
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than US$30 trillion in funds were held in sustainable or green invest-
ments in the five major markets tracked by the Global Sustainable In-
vestment Alliance. The measured effects of extreme weather events,
using this technically-defined IMTA process, will also inform develop-
ment of predictive and simulated disease models influenced by climate
change (Interreg Neptunas Project, 2019).

Barry andHoyne (2021) reported that changes inweather systems, such
as increased precipitation, snow and ice events, heatwaves and storms,
have led the European Commission to develop new policies and strategies
to deal with extreme events. Findings from, and future use of this IMTA sys-
tem, will help inform a robust set of appropriate indicators to assess the im-
pacts of climate change on adaptive food production and security at local
and national levels. Barry and Hoyne (2021) noted that these indicators
must encompass a multidisciplinary scope that also embraces ecological,
social, cultural and economic changes, with greater awareness within all
areas of society (Table 2). Process technical parameters used in this IMTA
study will provide a useful environmental case study to help evaluate im-
pact of climate change on paludiculture and other food systems beyond
baseline observations of rainfall, temperature, GHG emissions, sea level
rise/flooding and soil degradation (Aguiar et al., 2018). There is a pressing
need for international agreement of relevant indicators existing outcome
set used for scientific audiences that also address public interest and effects
of climate change; these should allow public consumption and education
through clear and concise communication standards (Williams and
Eggleston, 2017). These IMTA findings contribute to climate resilience
that relates to the capacity for ecosystems to respond to impacts, events
or disturbances that are associated with climate change (Baho et al., 2017).

Moreover, Barry and Hoyne (2021) suggested seeking international
agreement on indicators to inform ecological resilience, along with eco-
nomic (such as number of new SME creation, innovation, investment in
training, and specialist upskilling), social enterprise and cultural indicators
(such as diversity of youth initiatives to increase civil action, solidarity and
engagement). This IMTA system will also support need to inform natural
capital and improvements in biodiversity, such as by promoting
commensurate with technology, societal and policy readiness levels (adapted from
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agroecological farming, re-establishing organic carbon and microbiota in
the soil and land, the potential use of biochar (Galanakis et al., 2022).
Funding instruments, such as the European Just Transition Fund with an
overall budget of €17.5 billion will help with a fair and equitable transfor-
mation to low-carbon communities where challenges will create opportuni-
ties through digitalisation that will boost employment and growth
(Table 2). George et al. (2021) reported that digital sustainability and entre-
preneurship can help tackle climate change and sustainable development
(Table 2). Findings of this study will also support research informing sus-
taining and disruptive innovation (Schuelke-Leech, 2021), where greater
awareness will be enabled through social marketing (Domegan, 2021).
Bio-based products harvested and refined from microalgae occurring in
this IMTA ecosystem can contribute to one-health solutions, including po-
tentially contributing to alleviating COVID-19 (Murphy et al., 2020,
2022; Pogue et al., 2021).

There is a commensurate need to develop tailored communication strat-
egies for promoting greater awareness of health and sustainability in sea-
food consumption given the diversity of attitudes and perceptions
reported among Italian consumers by Sacchetttini et al. (2021) (Table 2).
Moreover, Domegan (2021) highlighted the pivotal role of social marketing
in critically examining the interface of human and natural systems and their
interconnected dynamic forces as a powerful means of influencing behav-
iours for the accorded transformation and betterment of individuals, com-
munities, society and the planet. In pursuit of Green Deal Innovations,
such as embodied in this IMTA process, critical emerging trends in social
marketing embrace important systems science, stakeholder engagement
and digital technologies.

5. Conclusion

eatlands-based IMTA constitutes a potentially important sustainable and re-
lient system for advancing aquaculture, which will also support and enable
evelopment and validation of other sustaining and disruptive innovation,
roducts and services.
• While this IMTA model successfully produces commercial fish, and typi-
cally does not discharge to receiving water, this present study highlighted
the challenges of operating a recirculating systemwith increased, and un-
expected rainfall due to storms.

• This IMTA system can help with improved understanding of environmen-
tal, social, cultural and economic indicators for broader appreciation of
climate impacts based upon the people who are directly affected by the
changes at local and national levels.

• There is a pressing need to develop real-time approaches to monitor algae
species that are potentially toxigenic, and to thoroughly investigate the
impact of extreme weather events on balanced algal and microbial popu-
lation in freshwater aquaculture ecosystem.

• Given that there are potentially 1864 species of algae occurring in this
peatland IMTA system that were identified using next generation se-
quencing and bioinformatics, there are pressing opportunities to exploit
advances in flow-cytometry combined with machine learning to help un-
lock the challenge of purposeful monitoring.

• Accessing and using weather data will present using opportunities to in-
form in field monitoring tools; for example, Ireland has a long-term data
set of daily rainfall across 25 stations.

• COP26 highlighted the pressing importance of enlisting a global response
to curb carbon emissions so at to limit temperature rises to 1.5 °C; there-
fore, there is a commensurate need to investigate and test new sustainable
food production systems (such as IMTA) that considers and hurdles ex-
treme weather/climate events.

• Biorefining products from this IMTA system using circular concept will
help advance adjacent innovation, such as developing and testing fish
feed improved for immune-stimulation to boost fish immunity to disease
may help with priming against unforeseen events.

• Further development and use of this IMTA process will help communities
transition to low-carbon economies; however, there is a commensurate
need to improve awareness in sustainable eco-innovation that can be
12
improved by increasing social enterprises and by supporting the creating
of new businesses such as through the Quadruple Helix Hub concepts that
aligns with collaborative European Innovation Hubs (EIH), European
Green deal and European Just Transition progamme initiatives.

• A future climate-proofed IMTA systemwill also support and helpmeet the
United Nations Development Goals, particularly alleviating against pov-
erty, hunger along with fostering quality education, economic growth
and innovation.

• There are pressing opportunities to advance paludiculture through digital
transformation, which may lead to business model or green-disruption.

• Use of IMTA-system data to inform IoT-based precision paludiculture and
agriculture.
CRediT authorship contribution statement

E. A. O'Neill, N. J. Rowan: Conceptualization. E. A. O'Neill: Data
Curation. E. A. O'Neill, A. P. Morse, N. J. Rowan: Formal Analysis. N. J.
Rowan: Funding Acquisition. E. A. O'Neill: Investigation. E. A. O'Neill:
Methodology. E. A. O'Neill: Project Administration. E. A. O'Neill, N. J.
Rowan: Resources. E. A. O'Neill: Software. N. J. Rowan: Supervision. E.
A. O'Neill: Validation. E. A. O'Neill: Visualization. E. A. O'Neill, A. P.
Morse, N. J. Rowan: Roles/Writing – Original Draft. E. A. O'Neill, A. P.
Morse, N. J. Rowan: Writing – Review & Editing.

Declaration of competing interest

The authors declare that there are no competing interests or conflicts of
interest with respect to the publication of this article.

Acknowledgements

The authors would like to thank Bord Iascaigh Mhara (Project BIM 19-
KGS-008) and Interreg Atlantic Area Neptunus (Project EAPA_576/2018)
for funding support. We thank Gustavo W. Fehrenbach for assistance with
microscopic analysis of samples during COVID-19 lockdown period.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.153073.

References

Aguiar, F., Bentz, J., Silva, J., Fonseca, A., Swart, R., Santos, F., Penha-Lopes, G., 2018. Adap-
tation to climate change at local level in Europe: an overview. Environ. Sci. Pol. 86,
38–63.

Alam, M.J.B., Islam, M.R., Muyen, Z., Mamun, M., Islam, S., 2007. Water quality parameters
along rivers. Int. J. Environ. Sci. Tech. 4, 159–167.

Baho, D., Allen, C., Garmestani, A., Fried-Petersen, H., Renes, S., Gunderson, L.,
Angeler, D., 2017. A quantitative framework for assessing ecological resilience.
Ecol. Soc. 22.

Barry, D., Hoyne, S., 2021. Sustainable measurement indicators to assess impact of climate
change. Implications for the new green Deal era. Curr. Opin. Environ. Sci. Health 22.
https://doi.org/10.1016/j.coesh.2021.100259.

BIM, 2020. Development of IMTA Process with Focus on Contribution of Freshwater Algae,
Technical Report 2019-KGS-008. https://www.ait.ie/news-and-events/news/ait-
breathes-new-life-into-peatlands-bog-with-aquaculture-research. (Accessed 14 January
2022).

Blenkinsop, S., Fowler, H.J., Barbero, R., Chan, S.C., Guerreiro, S.B., Kendon, E., Lenderink,
G., Lewis, E., Li, X.-F., Westra, S., Alexander, L., Allan, R.P., Berg, P., Dunn, R.J.H.,
Ekström, M., Evans, J.P., Holland, G., Jones, R., Kjellström, E., Klein-Tank, A.,
Lettenmaier, D., Mishra, V., Prein, A.F., Sheffield, J., Tye, M.R., 2018. The INTENSE pro-
ject: using observations and models to understand the past, present and future of sub-
daily rainfall extremes. Adv. Sci. Res. 15, 117–126. https://doi.org/10.5194/asr-15-
117-2018.

Program, Blue Hatch Aquaculture Accelerator, 2020. https://www.hatch.blue/program.
(Accessed 1 July 2022).

Boaventura, R., Pedro, A.M., Coimbra, J., Lencastre, E., 1997. Trout farm effluents: character-
isation and impact on the receiving streams. Environ. Pollut. 95, 379–387.

Boyd, C.E., Tucker, C.S., 2015. Handbook for Aquaculture Water Quality. C. S.,& Craftmaster
Printers, Auburn.

https://doi.org/10.1016/j.scitotenv.2022.153073
https://doi.org/10.1016/j.scitotenv.2022.153073
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234487098
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234487098
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234487098
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234500131
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234500131
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130235030300
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130235030300
https://doi.org/10.1016/j.coesh.2021.100259
https://www.ait.ie/news-and-events/news/ait-breathes-new-life-into-peatlands-bog-with-aquaculture-research
https://www.ait.ie/news-and-events/news/ait-breathes-new-life-into-peatlands-bog-with-aquaculture-research
https://doi.org/10.5194/asr-15-117-2018
https://doi.org/10.5194/asr-15-117-2018
https://www.hatch.blue/program
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251035003
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251035003
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130243526791
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130243526791


E.A. O'Neill et al. Science of the Total Environment 819 (2022) 153073
Braga Rodriguez, T., O’Cathain, C., O’Connor, N.E., Murray, N., 2020. A quality of experience
assessment of haptic and augmented reality feedback modalities in a gait analysis system.
PLOS One 15 (3), e0230570. https://doi.org/10.1371/journal.pone.0230570.

Camargo, J.A., 1994. The importance of biological monitoring for the ecological risk assess-
ment of freshwater pollution: a case study. Environ. Int. 20, 229–238.

Cao, L., Wang, W., Yang, Y., Yang, C., Yuan, Z., Xiong, S., Diana, J., 2007. Environmental im-
pact of aquaculture and countermeasures to aquaculture pollution in China. Environ. Sci.
Pollut. Res. 14, 452–462.

Caramel, B., Moraes, B.P., Carmo, M.A.B., Vaz-Dos-Santos, C.F., Tabata, A.M., Osti, Y.A.,
Ishikawa, J.A.S., Cerqueira, C.M., Mercante, M.A.S., 2014. Water quality assessment of
a trout farming effluent, BocainaBrazil. J. Water Resour. Prot. 6, 909–915.

Chavez, E., Conway, G., Ghil, M., Sadler, M., 2015. Estimating the effects of extreme weather
on food security. Nat. Clim. Chang. https://doi.org/10.1038/nclimate2747.

Chinedu, I., Nwaogu, L.A., Ebe, T.E., Jjoku, J.D., 2015. Effects of meteorological events on the
levels and interactions of chemical indices of a polluted freshwater system. Int.
J. Environ. Science, Manag. Eng. Res. 1, 31–37.

Chwala, C., Kunstmann, H., 2019. Commercial microwave link networks for rainfall observa-
tion: assessment of the current status and future challenges. WIREs Water. 2019 (6),
e1337. https://doi.org/10.1002/wat2.1337.

Cooney, R., Wan, A.H.L., O’Donncha, F., Clifford, E., 2021. Designing environmentally effi-
cient aquafeeds through the use of multcriteria decision support tools. Curr. Opin. Envi-
ron. Sci. Health 23. https://doi.org/10.1016/j.coesh.2021.100276.

Coppola, M., Krick, T., Blohmke, J., 2019. Feeling the heat? Companies are under pressure on
climate change and need to do more. https://www2.deloitte.com/us/en/insights/
topics/strategy/impact-and-opportunities-of-climate-change-on-business.html. (Accessed
10 October 2021).

Costanzo, S.D., O’Donohue, M.J., Dennison, W.C., 2004. Assessing the influence and distribu-
tion of shrimp pond effluent in a tidal mangrove creek in north-East Australia. Mar.
Pollut. Bull. 48, 514–525.

da Silva, A.Q., Nilin, J., Santaella, S.T., Oriel, Bonilla, H., 2017. Ecotoxicological and physico-
chemical evaluation of an effluent of a shrimp farm located in Northeastern Brazil.
Panam. J. Aquat. Sci. 12, 263–272.

Dimitriou, E., 2011. Overland flow. In: Gliński, J., Horabik, J., Lipiec, J. (Eds.), Encyclopedia
of Agrophysics. Encyclopedia of Earth Sciences Series. Springer, Dordrecht https://doi.
org/10.1007/978-90-481-3585-1_104.

Doherty, E., Mellett, S., Norton, D., McDermott, T.K.J., O’Hora, D., Ryan, M., 2021. A discrete
choice experiment exploring farmer preferences for insurance against extreme weather
events. J. Environ. Manag. 290. https://doi.org/10.1016/j.envman.2021.112607.

Domegan, C., 2021. Social marketing and behavioural change in a systems setting. Curr. Opin.
Environ. Sci. Health https://doi.org/10.1016/j.coesh.2021.100275.

Dubinsky, Z., Rotem, J., 1974. Relations between algal populations and the pH of their media.
Oecologia 16, 53–60.

Durborow, R.M., Crosby, D.M., Brunson, M.W., 1997. Nitrite in Fish Ponds. Stoneville, Missis-
sippi.

EPA, 2001. Parameters of Water Quality - Interpretation and Standards. Johnstown Castle.
European Commission, 2021. Sustainable Carbon Cycles. https://ec.europa.eu/clima/eu-

action/forests-and-agriculture/sustainable-carbon-cycles_en. (Accessed 1 June 2021).
Fadaeifard, F., Raisi, M., Jalali, B., Majllesi, A., 2011. The Impact of Rainbow Trout Farm Ef-

fluents on Water Quality of Koohrang River, Iran. J. Agric. Sci. Technol. A 1207–1209.
Expert, Fish Farming, 2020. Aquaculture has improved food security [WWW Document].

News . https://www.fishfarmingexpert.com/article/aquaculture-has-improved-food-
security-says-un/. (Accessed 27 May 2021).

Galanakis, C.M., Rizou, M., Aldawoud, T.M.S., Ucak, I., Rowan, N.J., 2021. Innovations and
technology disruptions in the food sector within the COVID-19 pandemic and post-
lockdown era. Trends Food Sci. Technol. 110 (193), 200.

Galanakis, C.M., Brunori, G., Chiaramnti, D., Matthews, R., Panoutsou, C., Fritsche, U.R.,
2022. Bioeconomy and green recovery in a post-COVID-19 era. Sci. Total Environ. 808.
https://doi.org/10.1016/j.scitotenv.2021.152180.

Geels, F.W., 2018. Disruption and low-carbon transformation, progress and new challenges in
socio-technical transitions research and the multi-level perspective. Energy Res. Soc. Sci.
86, 2317–2324.

George, G., Merrill, R.K., Schillebeeckx, S.J.D., 2021. Digital sustainability and entrepreneur-
ship: how digital innovation are helping tackle climate change and sustainable develop-
ment. Enterp. Theory Pract. 45 (5), 999–1027.

Goblirsch, M., Eakins, J., Rowan, N.J., 2021. Disease-mitigating innovations for the pollina-
tion service industry: challenges and opportunities. Curr. Opin. Environ. Sci. Health 22.
https://doi.org/10.1016/j.coesh.2021.100265.

Gerardi, M.H., Lytle, B., 2015. BOD and TSS. The Biology and Troubleshooting of Facultative
Lagoons. John Wiley & Sons, Inc, pp. 195–198.

Granada, L., Sousa, N., Lopes, S., Lemos, M.F.L., 2016. Is integrated multitrophic aquaculture
the solution to the sectors’ major challenges? - a review. Rev. Aquac. 8, 283–300.

Guan, D., Wang, D., Hallegatte, S., Davis, S.J., Huo, S., Li, L., Bai, Y., Lei, T., Xue, Q., Coffman,
D., Cheng, D., Chen, P., Liang, X., Xu, B., Lu, X., Wang, S., Hubacek, K., Gong, P., 2020.
Global-supply chain effects of COVID-19 control measures. Nat. Hum. Behav. https://
doi.org/10.1038/s41562-020-0896-8.

Guilpart, A., Roussel, J.-M., Aubin, J., Caquet, T., Marle, M., Le Bris, H., 2012. The use of ben-
thic invertebrate community and water quality analyses to assess ecological conse-
quences of fish farm effluents in rivers. Ecol. Indic. 23, 356–365.

Gupta, N., Pandey, P., Hussain, J., 2017. Effect of physicochemical and biological parameters
on the quality of river water of Narmada, Madhya PradeshIndia. Water Sci. 31, 11–23.

Haynes, M., Seegers, B., Saluk, A., 2016. Advanced analysis of marine plankton using flow cy-
tometry. Biotechniques 60, 260.

Herreor, M., Thornton, P.K., Croz, D.M., Palmer, J., et al., 2020. Innovation can accelerate the
transition towards a sustainable food system. Nat. Food 1, 266–272.

Herrero, A., Muro-Pastor, A.M., Flores, E., 2001. Nitrogen control in cyanobacteria.
J. Bacteriol. 183, 411–425.
13
Iizumi, T., Ramankutty, N., 2015. How do weather and climate influence cropping area and
intensity. Glob. Food Sec. 4, 46–50.

Interreg Neptunas Project, 2019. Transnational Clustering Concept Approach to Harness Key
Eco-Labelling and Key Enabling Eco-Innovations that Add-Value and Cross-Cut sea Food-
Water-Energy Domains in in the Atlantic region. https://neptunus-project.eu/program/.
(Accessed 14 January 2022).

Iredale, R.S., McDonald, A.T., Adams, D.G., 2012. A series of experiments aimed at clarifying
the mode of action of barley straw in cyanobacterial growth control. Water Res. 46,
6095–6103.

Irish Statutory Office, 2009. S.I. No. 272/2009 - European communities environmental objec-
tives (surface waters) regulations 2009 [WWW Document]. Electron. Irish Statut. B..
http://www.irishstatutebook.ie/eli/2009/si/272/made/en/print. (Accessed 5 April
2019)

Irish Statutory OfficeOffice, 2019. S.I. No. 77/2019 - European union environmental objec-
tives (surface waters) (amendment) regulations 2019 [WWW Document]. Electron.
Irish Statut. B. 2019. http://www.irishstatutebook.ie/eli/2019/si/77/made/en/pdf.
(Accessed 14 January 2020).

Jennings, P., Kane, G., 2019. Assessment of peat slides and failure mechanism of blan-
ket peat at Flughland, Ireland. Proceedings of the XVII ECSMGE-2019 - Geotechni-
cal Engineering Foundation of the Future, pp. 1–7 https://doi.org/10.32075/
17ECSMGE-2019-0884.

Kasuya, K., Takagi, K., Ishiwatari, S., Yoshida, Y., Doi, Y., 1998. Biodegradabilities of various
aliphatic polyesters in natural waters. Polym. Degrad. Stab. 59, 327–332.

Lalonde, B.A., Ernst, W., Garron, C., 2014. Chemical and physical characterisation of effluents
from land-based fish farms in Atlantic Canada. Aquac. Int. 23, 535–546.

Lee, A.H., Nikraz, H., 2015. BOD: COD ratio as an indicator for river pollution. Int. Proc.
Chem. Biol. Environ. Eng. 88, 89–94.

Li, M., Porter, A.L., Souminen, A., 2018. Insights into relationship between disruptive technol-
ogy/innovation and emerging technology – a bibliometric perspective. J. Food Eng.
2020, 20–27.

Lim, B.R., Huang, X., Hu, H.Y., Goto, N., Fujie, K., 2001. Effects of temperature on biodegra-
dation characteristics of organic pollutants and microbial community in a solid phase aer-
obic bioreactor treating high strength organic wastewater. Water Sci. Technol. 43,
131–137.

Liu, X., Steele, J.C., Meng, X.-Z.Z., 2017. Usage, residue, and human health risk of antibiotics
in Chinese aquaculture: a review. Environ. Pollut. 223, 161–169.

Martinović, K., Gavin, K., Reale, C., Mangan, C., 2018. Rainfall thresholds as a landslide indi-
cator for engineered slopes on the irish rail network. Geomorphology 306, 40–50.
https://doi.org/10.1016/j.geomorph.2018.01.006.

Mcintosh, D., Fitzsimmons, K., 2003. Characterization of effluent from an inland, low-salinity
shrimp farm: what contribution could this water make if used for irrigation. Aquac. Eng.
27, 147–156.

McKeon-Bennett, M.P., Hodkinson, T.R., 2021. Sphagnummoss as a novel growth medium in
sustainable indoor agriculture systems. Curr. Opin. Environ. Sci. Health https://doi.org/
10.1016/j.coesh.2021.100269.

Met Éireann, 2021. Monthly data [WWW Document]. Climate. https://www.met.ie/index.
php/climate/available-data/monthly-data. (Accessed 1 June 2021)

Moore, G., 2021. https://www.fishfarmingexpert.com/article/north-wind-gives-mowi-hope-
of-salvaging-crop-after-bantry-bay-die-off/. (Accessed 21 November 2021).

Moorhouse, H.L., Read, D.S., McGowan, S., Wagner, M., Roberts, C., Armstrong, L.K.,
Nicholls, D.J.E., Wickham, H.D., Hutchins, M.G., Bowes, M.J., 2018. Characterisa-
tion of a major phytoplankton bloom in the river Thames (UK) using flow cytome-
try and high-performance liquid chromatography. Sci. Total Environ. 624,
366–376.

Moreira, L.E.B., Lombardi, J.V., Mercante, C.T.J., Bazante-Yamaguishi, R., 2010. Ecotoxico-
logical assessment in a pond of freshwater shrimp farming, using the cladocera
Ceriodaphnia dubia as test organism. Bol. Inst. Pesca 36, 25–38.

Mukherjee, S.K., Chatterji, A.K., Saraswat, I.P., 1968. Effect of pH on the rate of BOD of waste-
water. Water Pollut. Control Fed. 40, 1934–1939.

Murphy, E.J., Masterson, C., Reoagli, E., O’Toole, D., Major, I., Stack, D.S., Lynch, M., Laffey,
J.G., Rowan, N.J., 2020. β-Glucan extracts from the same edible shiitake mushroom
Lentinus edodes produce differential in-vitro immunomodulatory and pulmonary cyto-
protective effects — Implications for coronavirus disease (COVID-19) immunotherapies.
Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2020.139330

Murphy, E.J., Rezoagli, E., Pogue, R., Simonassi-Paiva, B., Abdin, I.I.Z., Fehrenbach, G.W.,
O’Neill, E., Major, I., Laffey, J.G., Rowan, N.J., 2022. Immunomodulatory activity of β-
glucan polysaccharides isolated from different species of mushroom – A potential treat-
ment for inflammatory lung conditions. Sci. Total Environ. https://doi.org/10.1016/j.
scitotenv.2021.152177

Namin, J.I., Sharifinia, M., Makrani, A.B., 2013. Assessment of fish farm effluents on macro-
invertebrates based on biological indices in Tajan River (north Iran). Casp. J. Env. Sci
11, 29–39.

Naughton, S., Kavanagh, S., Lynch, M., Rowan, N.J., 2020. Synchronizing use of sophisticated
wet-laboratory and in-field handheld technologies for real-time monitoring of key
microalgae, bacteria and physicochemical parameters influencing efficacy of water qual-
ity in a freshwater aquaculture recirculation system. Aquaculture 526, 735377.

Nielsen, R., Asche, F., Nielsen, M., 2016. Restructuring european freshwater aquaculture from
family-owned to large-scale firms – lessons from danish aquaculture. Aquac. Res. 47,
3852–3866.

Noone, S., Murphy, C., Coll, J., Matthews, T., Mullan, D., Wilby, R.L., Walsh, S., 2016. Homog-
enization and analysis of an expanded long-term monthly rainfall network for the island
of Ireland (1850–2010). Int. J. Climatol. 36, 2837–2853. https://doi.org/10.1002/joc.
4522.

Noroozrajabi, A., Ghorbani, R., Abdi, O., Nabavi, E., 2013. The impact of rainbow trout farm
effluents on water physicochemical properties of daryasar stream. World J. Fish Mar. Sci.
5, 342–346.

https://doi.org/10.1371/journal.pone.0230570
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251052805
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251052805
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251061944
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251061944
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251061944
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130236056613
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130236056613
https://doi.org/10.1038/nclimate2747
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130236427430
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130236427430
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130236427430
https://doi.org/10.1002/wat2.1337
https://doi.org/10.1016/j.coesh.2021.100276
https://www2.deloitte.com/us/en/insights/topics/strategy/impact-and-opportunities-of-climate-change-on-business.html
https://www2.deloitte.com/us/en/insights/topics/strategy/impact-and-opportunities-of-climate-change-on-business.html
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251171235
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251171235
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251171235
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130244491789
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130244491789
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130244491789
https://doi.org/10.1007/978-90-481-3585-1_104
https://doi.org/10.1007/978-90-481-3585-1_104
https://doi.org/10.1016/j.envman.2021.112607
https://doi.org/10.1016/j.coesh.2021.100275
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130252255250
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130252255250
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130237021433
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130237021433
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130237121756
https://ec.europa.eu/clima/eu-action/forests-and-agriculture/sustainable-carbon-cycles_en
https://ec.europa.eu/clima/eu-action/forests-and-agriculture/sustainable-carbon-cycles_en
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130237449446
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130237449446
https://www.fishfarmingexpert.com/article/aquaculture-has-improved-food-security-says-un/
https://www.fishfarmingexpert.com/article/aquaculture-has-improved-food-security-says-un/
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130238279848
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130238279848
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130238279848
https://doi.org/10.1016/j.scitotenv.2021.152180
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130238323306
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130238323306
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130238323306
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251430135
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251430135
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251430135
https://doi.org/10.1016/j.coesh.2021.100265
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130238494069
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130238494069
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251525681
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251525681
https://doi.org/10.1038/s41562-020-0896-8
https://doi.org/10.1038/s41562-020-0896-8
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251535192
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251535192
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251535192
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130239103122
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130239103122
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251540483
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251540483
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf4015
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf4015
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251547668
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251547668
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130252044016
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130252044016
https://neptunus-project.eu/program/
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130252059332
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130252059332
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130252059332
http://www.irishstatutebook.ie/eli/2009/si/272/made/en/print
http://www.irishstatutebook.ie/eli/2019/si/77/made/en/pdf
https://doi.org/10.32075/17ECSMGE-2019-0884
https://doi.org/10.32075/17ECSMGE-2019-0884
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130252106213
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130252106213
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130226285924
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130226285924
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130226293476
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130226293476
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf5000
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf5000
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf5000
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247346139
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247346139
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247346139
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247346139
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130226421562
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130226421562
https://doi.org/10.1016/j.geomorph.2018.01.006
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247375433
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247375433
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247375433
https://doi.org/10.1016/j.coesh.2021.100269
https://doi.org/10.1016/j.coesh.2021.100269
https://www.met.ie/index.php/climate/available-data/monthly-data
https://www.met.ie/index.php/climate/available-data/monthly-data
https://www.fishfarmingexpert.com/article/north-wind-gives-mowi-hope-of-salvaging-crop-after-bantry-bay-die-off/
https://www.fishfarmingexpert.com/article/north-wind-gives-mowi-hope-of-salvaging-crop-after-bantry-bay-die-off/
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247384499
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247384499
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247384499
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247384499
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130227163940
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130227163940
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130227163940
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130227180773
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130227180773
https://doi.org/10.1016/j.scitotenv.2020.139330
https://doi.org/10.1016/j.scitotenv.2021.152177
https://doi.org/10.1016/j.scitotenv.2021.152177
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130229075651
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130229075651
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130229075651
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247393833
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247393833
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247393833
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247393833
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247402982
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247402982
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130247402982
https://doi.org/10.1002/joc.4522
https://doi.org/10.1002/joc.4522
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130229094896
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130229094896
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130229094896


E.A. O'Neill et al. Science of the Total Environment 819 (2022) 153073
O’Neill, E.A., Rowan, N.J., 2022. Microalgae as a natural ecological bioindicator for the sim-
ple real-time monitoring of aquaculture wastewater quality including provision for
assessing impact of extremes in climate variance – a comparative case study from the Re-
public of Ireland. Sci. Total Environ. 802, 149800.

O’Neill, E.A., Rowan, N.J., Fogarty, A.M., 2019. Novel use of the alga pseudokirchneriella
subcapitata, as an early-warning indicator to identify climate change ambiguity in
aquatic environments using freshwater finfish farming as a case study. Sci. Total Environ.
692, 209–218.

O’Neill, E.A.E.A., Stejskal, V., Clifford, E., Rowan, N.J.N.J., 2020. Novel use of peatlands as fu-
ture locations for the sustainable intensification of freshwater aquaculture production – a
case study from the Republic of Ireland. Sci. Total Environ. 706, 136044.

Pogue, R., Murphy, E., Fehrenbach, G.W., Rezoagli, E., Rowan, N.J., 2021. Exploiting immu-
nomodulatory properties of β-glucans derived from natural products for improving health
and sustainability in aquaculture-farmed organisms: concise review of existing knowl-
edge, innovation and future opportunities. Curr. Opin. Environ. Sci. Health 21. https://
doi.org/10.1016/j.coesh.2021.100248.

Pollice, A., Tandoi, V., Lestingi, C., 2002. Influence of aeration and sludge retention time on
ammonium oxidation to nitrite and nitrate. Water Res. 36, 2541–2546.

Priestley, M.D.K., Pinto, J.G., Dacre, H.F., Shaffrey, L.C., 2017. The role of cyclone clustering
during the stormywinter of 2013/2014. Weather 72, 187–192. https://doi.org/10.1002/
wea.3025.

Pulatsü, S., Rad, F., Topçu, A., 2004. The impact of rainbow trout farm effluents on water
quality of Karasu streamTurkey. Turkish J. Fish. Aquat. Sci. 4, 9–15.

Rajabi, H., Filizadeh, Y., Soltani, M., Fotokian, M.H., 2010. The use of barley straw for control-
ling of cyanobacteria under field application. J. Fish. Aquat. Sci. 5, 394–401.

Read, D.S., Bowes, M.J., Newbold, L.K., Whiteley, A.S., 2014.Weekly flow cytometric analysis
of riverine phytoplankton to determine seasonal bloom dynamics. Environ. Sci. Process.
Impacts 16, 594–603.

Rowan, N., 2011. Defining established and emerging microbial risks in the aquatic environ-
ment: current knowledge, knowledge and outlooks. Microb. Ecol. Glob. Health. https://
doi.org/10.1155/2011/462832.

Rowan, N.J., Laffey, J.G., 2020(aa. Challenges and solutions for addressing critical shortage of
supply chain for personal and protective equipment (PPE) arising from Coronavirus dis-
ease (COVID19) pandemic - Case study from the Republic of Ireland. Sci. Total Environ.
https://doi.org/10.1016/j.scitotenv.2020.138532.

Rowan, N.J., Laffey, J.G., 2020(bb. Unlocking the surge in demand for personal and protec-
tive equipment (PPE) and improvised face coverings arising from coronavirus disease
(COVID-19) pandemic – Implications for efficacy, re-use and sustainable waste manage-
ment. Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2020.142259.

Rowan, N.J., Moral, R.A., 2021. Disposable face masks and reusable face coverings asnon-
pharmaceutical interventions (NPIs) to prevent transmission of SARS-CoV-2 variants
that cause coronavirus disease (COVID-19): role of new sustainable NPI design innova-
tions and predictive mathematical modelling. Sci. Total Environ. 772, 145530.

Rowan, N.J., 2019. Pulsed light as an emerging technology to cause disruption for food and
adjacent industries – quo vadis? Trends food sciTechnol. 88, 316–332.

Rowan, N.J., Casey, O., 2021. Empower Eco multiactor HUB: A triple helix ‘academia-in-
dustry-authority’ approach to creating and sharing potentially disruptive tools for
addressing novel and emerging new Green Deal opportunities under a United
Nations Sustainable Development Goals framework. Curr. Opin. Environ. Sci. Heal.
21, 100254.

Rowan, N.J., Galanakis, C.M., 2020. Unlocking challenges and opportunities presented by
COVID-19 pandemic for cross-cutting disruption in Agri-food and green deal innovations:
quo Vadis? Sci. Total Environ. 748. https://doi.org/10.1016/j.scitotenv.2020.141362.

Rowan, N., O'Neill, E., Murphy, E., Pogue, R., Fehrenbach, F., Lynch, M., 2021. Aqua algae-
Plus - an investigation in the role of microalgae in a novel IMTA process in the Irish mid-
lands. Bord Iascaigh Mhara Report KGS-008-2019.

Rowan, N.J., Pogue, R., 2021. Editorial overview: green new deal era—current challenges and
emerging opportunities for developing sustaining and disruptive innovation. https://doi.
org/10.1016/j.coesh.2021.100294.

Ruan, J., Jiang, H., Zhu, C., Hu, X., Shi, Y., Liu, T., Rao, W., Chan, F.T.S., 2019. Agriculture
IoT: emerging trends, cooperation networks, and outlook. IEEE Wirel. Commun. 26 (6),
56–63. https://doi.org/10.1109/MWC.001.1900096.

Ruiz-Salmón, I., Margallo, M., Laso, J., Villaneuva-Rey, P., Marino, D., Quinteiro, P., Dias,
A.D., Nunes, A.L., Marques, A., Feijoo, G., Moreira, M.T., Loubet, P., Sonnemann, G.,
Morse, A., Cooney, R., Clifford, E., Rowan, N., Mendez-Paz, D., Iglesias-Parga, X.,
Anglada, C., Martin, J.C., Irabian, A., Aldaco, R., 2020a. Addressing challenges and op-
portunities for the european seafood sector under a circular economy framework. Curr.
Opin. Environ. Sci. Health 13, 101–106.

Ruiz-Salmón, I., Laso, J., Margallo, M., Villaneuva-Rey, P., Rodriguez, E., Quinteiro, P., Dias,
A.C., Almeida, C., Nunez, M.L., Marquez, A., Cortes, A., Moreira, M.T., Feijoo, G., Loubet,
P., Sonnemann, G., Morse, A.P., Cooney, R., Clifford, E., Regueiro, L., Mendez, D.,
Anglada, C., Noirot, C., Rowan, N., Vazquez-Rowe, I., Aldaco, R., 2020b. Life cycle assess-
ment of fish and seafood processed products – a review of methodologies and new chal-
lenges. Sci. Total Environ. 761. https://doi.org/10.1016/j.scitotenv.2020.144094.

RUN-EU, 2020. Regional University Network European University Project: Our Students will
inherit the Future. https://run-eu.eu/. (Accessed 14 January 2022).

Rutkayová, J., Vácha, F., Maršálek, M., Beneš, K., Civišová, H., Horká, P., Petrášková, E., Rost,
M., Šulista, M., 2018. Fish stock losses due to extreme floods – findings from pond-based
aquaculture in the Czech Republic. J. Flood Risk Manage. 11, 351–359. https://doi.org/
10.1111/jfr3.12332.

Sacchetttini, G., Gastellini, G., Graffigna, G., Hung, Y., Lambri, M., Marques, A., Perrella, F.,
Savarese, M., Verbeke, W., Capri, E., 2021. Assessing consumers’ attitudes, expectations
and intentions towards health and sustainability regarding seafood consumption in
Italy. https://doi.org/10.1016/j.scitotenv.2021.148049.
14
Science Foundation Ireland (SFI), 2021. Microsoft Ireland and SFI Launch €5m Climate Change
Research Project: Terrain AI. https://www.sfi.ie/research-news/news/microsoft-sfi-
terrain-ai/. (Accessed 1 July 2022).

Science Foundation Ireland (SFI), 2022. TerrainAI: Uncovering New insights to Support Effec-
tive Climate Change Decision Making. https://terrainai.com/. (Accessed 14 January
2022).

Sharebiotech, 2021. Sharing Life Sciences Infrastructure and Skills to Benefit the Atlantic Area
Biotechnology sector. https://keep.eu/projects/440/Sharing-life-science-infrastr-EN/.
(Accessed 14 January 2022).

Shukla, D., Bhadresha, K., Jain, N.K., Modi, H.A., 2013. Physicochemical analysis of water
from various sources and their comparative studies. IOSR. J. Environ. Sci. Toxicol.
Food Technol. 5, 89–92.

Stephens, W.W., Farris, J.L., 2004a. A biomonitoring approach to aquaculture effluent
characterization in channel catfish fingerling production. Aquaculture 241,
319–330.

Stephens, W.W., Farris, J.L., 2004b. Instream community assessment of aquaculture effluents.
Aquaculture 231, 149–162.

Silva, A.L.P., 2021. Future proofing plastic waste management for a circular bioeconomy.
Curr. Opin. Environ. Sci. Health https://doi.org/10.1016/j.coesh.2021.100263.

Schuelke-Leech, B.A., 2021. Disruptive technologies for a green new Deal. Curr. Opin. Envi-
ron. Sci. Health https://doi.org/10.1016/j.coesh.2021.100245.

Sultana, T., Haque, M.M., Salam, M.A., Alam, M.M., 2017. Effect of aeration on growth and
production of fish in intensive aquaculture system in earthen ponds. J. Bangladesh
Agril. Univ 15, 113–122.

Tahar, A., Kennedy, A., Fitzgerald, R., Clifford, E., Rowan, N., 2018a. Full water quality mon-
itoring of a traditional flow-through rainbow trout farm. Fishes 3, 28.

Tahar, A., Kennedy, A.M., Fitzgerald, R.D., Clifford, E., Rowan, N., 2018b. Longitudinal eval-
uation of the impact of traditional rainbow trout farming on receiving water quality in
Ireland. PeerJ 6, 1–22.

Tahar, A., Tiedeken, E.J., Clifford, E., Cummins, E., Rowan, N., 2017. Development of a semi-
quantitative risk assessment model for evaluating environmental threat posed by the
three first EU watch-list pharmaceuticals to urban wastewater treatment plants: an Irish
case study. Sci. Total Environ. 603–604, 627–638.

Tahar, A., Tiedeken, E.J., Rowan, N.J., 2018. Occurrence and geodatabase mapping of three
contaminants of emerging concern in receiving water and at effluent from waste water
treatment plants – a first overview of the situation in the Republic of Ireland. Sci. Total
Environ. 616–617, 187–197.

Tiedeken, E.J., Tahar, A., McHugh, B., Rowan, N.J., 2017. Monitoring, sources, recep-
tors, and control measures for three European Union watch list substances of emerg-
ing concern in receiving waters – A 20-year systematic review. Sci. Total Environ.
574, 1140–1163.

Tan, Z.D., Lupascu, M., Mijedasa, L.S., 2021. Paludiculture as a sustainable land use alterna-
tive for tropical peatlands. Sci. Total Environ. 753, 142111.

Tschirner, M., Kloas, W., 2017. Increasing the sustainability of aquaculture systems -
insects as alternative protein source for fish diets. GAIA - Ecol. Perspect. Sci. Soc.
26, 332–340.

Uràk, I., Hartel, T., Gallé, R., Balog, A., 2017.Worldwide peatland degradation and the related
carbon dioxide emissions: the importance of policy regulations. Environ. Sci. Pol. 69,
57–64.

Usuldin, S.R.A., Wan-Mohtar, I., IIham, Z., Jamaludin, A.A., Abdullan, N.R., Rowan, N., 2021.
In-vivo toxicity of bioreactor-grown biomass and exopolysaccharides from Malaysian
Tiger-Milk Mushroom mycelium for potential future health applications. Scientific Re-
ports https://doi.org/10.21203/rs.3.rs-778200/v1.

Voulvoulis, N., Arpon, K.D., Giakoumis, T., Barcelo, D., 2017. The EU Water Framework Di-
rective: From Great Expectations to Problems With Implementation-NC-ND License.
http://creativecommons.org/licenses/by-nc-nd/4.0/.

Wan Mohtar, W.A.A.Q.I., IIham, Z., Jamaludin, A.A., Rowan, N., 2021. Use of zebrafish em-
bryo assay to evaluate toxicity and safety of bioreactor-grown exopolysaccharide and
endopolysaccharides from European Ganoderma applanatum mycelium for future aqua-
culture applications. Int. J. Mol. Sci. 22 (4), 1675. https://doi.org/10.3390/ijms.
22041675.

Ireland, W.F.D., 2018. The EUWater Framework Directive (WFD) [WWWDocument]. Introd.
to Dir. http://www.wfdireland.ie/wfd.html. (Accessed 24 July 2018).

Who, 2003. Total dissolved solids in drinking-water background document for development
of WHO guidelines for drinking-water quality. Switzerland, Geneva.

Wichmaan, S., Krebs, M., Kumar, S., Gaudig, G., 2020. Paludiculture on former bog
grassland: profitability of sphagnum farming in north West Germany. Mires Peat
20, 1–18.

Wichmaan, W., Schroder, C., Joosten, H. (Eds.), 2016. Paludiculture – Productive Use of Wet
Peatlands: Climate Protection – Biodiversity – Regional Economic Benefits. Schweizbart
Science Publishers, Stuttgart.

Williams, M., Eggleston, S., 2017. Using Indicators to Explain Our Changing Climate to Policy-
makers and the Public. World Meteorological Organization. https://public.wmo.int/en/
resources/bulletin/using-indicators-explain-our-changing-climate-policymakers-and-
public. (Accessed 1 June 2022).

Ziegler, R., Wichtmann, W., Abel, S., Kemp, R., Simard, M., Joosten, H., 2021. Wet peatland
utilisation for climate protection – an international survey of paludiculture innovation.
Clean. Energy Environ. https://doi.org/10.1016/j.clet.2021.100305.

Ziemann, D.A., Walsh, W.A., Saphore, E.G., Fulton-Bennett, K., 1992. A survey of
water quality characteristics of effluent from Hawaiian aquaculture facilities.
J. World Aquac. Soc. 23, 180–191.

Živić, I., Marković, Z., Filipović-Rojka, Z., Živić, M., 2009. Influence of a trout farm on water
quality and macrozoobenthos communities of the receiving stream (Trešnjica River,
Serbia). Int. Rev. Hydrobiol. 94, 673–687.

http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130248076106
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130248076106
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130248076106
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130248076106
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130248084647
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130248084647
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130248084647
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130248084647
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130231126778
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130231126778
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130231126778
https://doi.org/10.1016/j.coesh.2021.100248
https://doi.org/10.1016/j.coesh.2021.100248
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130248109873
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130248109873
https://doi.org/10.1002/wea.3025
https://doi.org/10.1002/wea.3025
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130231461849
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130231461849
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130248133016
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130248133016
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130250309049
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130250309049
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130250309049
https://doi.org/10.1155/2011/462832
https://doi.org/10.1155/2011/462832
https://doi.org/10.1016/j.scitotenv.2020.138532
https://doi.org/10.1016/j.scitotenv.2020.142259
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130231472795
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130231472795
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130231472795
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130231472795
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130232052764
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130232052764
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130232215242
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130232215242
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130232215242
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130232215242
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130232215242
https://doi.org/10.1016/j.scitotenv.2020.141362
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130239325152
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130239325152
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130239325152
https://doi.org/10.1016/j.coesh.2021.100294
https://doi.org/10.1016/j.coesh.2021.100294
https://doi.org/10.1109/MWC.001.1900096
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130232429470
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130232429470
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130232429470
https://doi.org/10.1016/j.scitotenv.2020.144094
https://run-eu.eu/
https://doi.org/10.1111/jfr3.12332
https://doi.org/10.1111/jfr3.12332
https://doi.org/10.1016/j.scitotenv.2021.148049
https://www.sfi.ie/research-news/news/microsoft-sfi-terrain-ai/
https://www.sfi.ie/research-news/news/microsoft-sfi-terrain-ai/
https://terrainai.com/
https://keep.eu/projects/440/Sharing-life-science-infrastr-EN/
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233205492
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233205492
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233205492
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130250510311
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130250510311
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130250510311
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130250515228
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130250515228
https://doi.org/10.1016/j.coesh.2021.100263
https://doi.org/10.1016/j.coesh.2021.100245
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233267003
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233267003
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233267003
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251003097
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130251003097
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233272384
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233272384
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233272384
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233313309
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233313309
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233313309
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233313309
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233328364
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233328364
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233328364
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233328364
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130240243786
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130240243786
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130240243786
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130240243786
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233339741
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233339741
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233476963
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233476963
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233476963
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233482921
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233482921
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130233482921
https://doi.org/10.21203/rs.3.rs-778200/v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.3390/ijms.22041675
https://doi.org/10.3390/ijms.22041675
http://www.wfdireland.ie/wfd.html
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234271468
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234271468
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234286967
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234286967
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234286967
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234319331
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234319331
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234319331
https://public.wmo.int/en/resources/bulletin/using-indicators-explain-our-changing-climate-policymakers-and-public
https://public.wmo.int/en/resources/bulletin/using-indicators-explain-our-changing-climate-policymakers-and-public
https://public.wmo.int/en/resources/bulletin/using-indicators-explain-our-changing-climate-policymakers-and-public
https://doi.org/10.1016/j.clet.2021.100305
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234352416
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234352416
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234352416
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234469287
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234469287
http://refhub.elsevier.com/S0048-9697(22)00163-2/rf202201130234469287

	Effects of climate and environmental variance on the performance of a novel peatland-�based integrated multi-�trophic aquac...
	1. Introduction
	2. Materials and methods
	2.1. Sampling
	2.2. Physicochemical analysis
	2.3. Algae enumeration
	2.4. Statistical analysis

	3. Results & discussion
	3.1. Effects of extreme weather variance on the technical performance of a new recirculating IMTA process in the Irish peatland
	3.1.1. Physicochemical analysis
	3.1.2. Algae & cyanobacteria analysis
	3.1.3. Climate variance


	4. Implications and opportunities of IMTA findings for informing emerging paludiculture and adjacent research and innovation
	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




