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ABSTRACT 

Integrated Multi-Trophic Aquaculture (IMTA) diversifies species culture to 

produce a variety of products and mitigate nutrient impacts associated with finfish 

culture. This study examined two biological indicators that could be used to assess IMTA 

performance with respect to changes in nutrient release. Changes in biocolonization of 

wild fouling species were examined as an indicator of organic nutrients. Bio-collectors 

were deployed at different distances from finfish sites to determine if differences in the 

accumulation of fouling species could be used to detect an aquaculture nutrient source. 

Biomass accumulation was different with respect to distance from farms and it appears 

that changes in species composition is responsible. 

Although there were no measurable differences with respect to distance from 

salmon cages in environmental conditions such as temperature, salinity, pH, turbidity or 

chlorophyll, further investigation is suggested to better understand the role of site 

infrastructure. The relationship between algal colour (lightness, chroma, hue) and 

nitrogen content within Ulva lactuca, Palmaria palmata, and Poryphyra purpurea was 

also examined as an indicator of inorganic nutrients. Within each species, colour change 

corresponded to nitrogen concentration in the thallus, but season and location were 

significant factors. Palmaria palmata and P. purpurea exhibit less predictable 

relationships between colour and nitrogen and are harder to identify than U. lactuca and 

would not be reliable indicators at certain times of year or locations. In both studies the 

use of wild species responses to nutrient availability was influenced by species type and 

variability in the coastal environment and require further study before application as tools 

for IMTA performance monitoring and assessment.  
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Introduction 

1.1 Canadian Salmon Aquaculture and Environmental Impacts 

Salmon aquaculture is a well-established industry contributing to Canada’s 

economy. In 2016, Canada produced 123,522 tons of Atlantic salmon worth 

1,022,127,000 CAD (Statistics Canada, 2017). Through its early development a variety of 

impacts were associated with inadequate site management, poorly located finfish 

aquaculture farms, or too intensive feeding and excess waste nutrients. Intensive finfish 

operations, without adequate monitoring and management can lead to organic and 

inorganic nutrient loading (Wildish et al., 1999), macrofaunal community changes (Borja 

et al., 2009), microbial community changes (Vezzulli et al., 2002), noise (Olesiuk et al., 

2012), escapees (Holmer et al., 2008), disease proliferation, poor animal health and less 

valuable products (Borja et al., 2009). As a result, extensive site monitoring programs 

were implemented to measure and manage potential impacts predominantly in the 

immediate benthic zone with less attention to the mid-water and more far-field ecosystem 

impacts (Day et al., 2015).  

Finfish aquaculture related impacts and associated monitoring can be generally 

categorized into three areas: the sediment, the water column, and the ecosystem (Day et 

al., 2015). Sediment related impacts (SRI) are in reference to any physical or chemical 

changes to the benthic zone beneath, or adjacent to, salmon farm sites. Water column 

related impacts (WCRI) are changes that take place in the water column surrounding, or 

adjacent to, salmon farm sites. Ecosystem related impacts (ERI) are in reference to the 

overall health of the management area in which the site, other sites, other activities and 
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services occur. Currently, soft sediment related impacts are monitored in Canadian 

programs while the other two categories are not well incorporated (Day et al., 2015). The 

expansion of aquaculture to varied coastal habitats, the development of new aquaculture 

approaches with new species, and a broader concern for the coastal environment 

challenge the existing monitoring programs and require new tools to effectively monitor 

the impacts to the water column and the broader ecosystem (Day et al., 2015).  

In open water aquaculture, feed waste enters the environment in two forms, 

organics and inorganics. Organics are solid and semi-solid faeces and uneaten food 

particles, which either settle immediately or travel through the water column a short 

distance before settling on the bottom (Hargrave, 1994). Inorganic nutrients are, in 

particular, nitrogen and phosphorus, which are dissolved in the water column (Chopin et 

al., 2001). These organic and inorganic outputs of fish farming have the potential to 

cause impacts on the levels of organic matter and inorganic nutrient loading in coastal 

areas (Beveridge, 1984; Brown et al., 1987; Gowen & Bradbury, 1987; Rosenthal et al., 

1988; Folke & Kautsky, 1989; Handy & Poxton, 1993; Hargrave et al., 1998; Chopin et 

al., 1999; Karakassis & Hatziyanni, 2000; Hyland et al., 2005). Nutrient impacts can 

occur within sediments beneath the salmon cages as well as the surrounding water 

column. Enhanced sediment metabolism, anoxia, sulfate reduction and sulfide 

accumulation, acidification, high levels of nitrogen and phosphorus, and increased 

turbidity are some of the most studied effects (Troell & Berg 1997; Chopin et al., 2001). 

The benthic chemistry changes induced through intensive finfish farming leads to 

changes in macrofaunal community assemblages (Zhulay et al., 2015). Changes in water 

quality can also lead to changes in primary productivity such as increased growth and 
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mortality of plankton and shifts in community composition including harmful algal 

blooms (Milewski, 2001).  

Many of the issues created by intensive finfish aquaculture are ‘treated’ with 

fallowing periods with varying degrees of success. Fallowing periods involve ceasing 

production and removal of all biomass for an extended period of time (jurisdiction 

dependent) in order to allow the environment to return to its baseline state (Loucks et al., 

2012). Issues like noise (Olesiuk et al., 2012) and the risk of escapees (Holmer et al., 

2008) are immediately remediated during a fallow period. Organic and inorganic nutrient 

loading effects (organic carbon, pH, and sulfide levels) begin to return to background 

conditions as soon as the farm stops production and harvests (Brooks et al., 2003). 

During fallow periods, oxidizing bacteria and invertebrate assemblages, under certain 

conditions, can break down excess organic material and return the benthos to baseline 

conditions in as little as 6 months (Gifford et al., 2007; Zhulay et al., 2015).  

However, other effects of aquaculture can last longer. For instance, although 

bacteria break down organics relatively quickly, their community assemblages can take 

much longer to recover, even during extended fallowing periods. In Newfoundland, 

where salmon farming occurs in deep rocky bottomed areas, one site’s bacterial 

communities remained impacted up to three years post production (Verhoeven et al., 

2018). Macrofaunal community assemblages are also slower to recover from their 

impacted state during fallow periods. The macrofauna are slower to respond because the 

chemistry of the benthos must return to “normal” background conditions before they will 

return to an impacted area (Brooks et al., 2003, Zhulay et al., 2015). Disease 

proliferation, particularly bacterial and viral infections, at finfish sites can also be 
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mitigated through the use of fallow periods. For example, the abundance of 

Piscirickettsia salmonis, a bacteria that negatively affects salmonids, decreases rapidly 

during fallow periods until they are non-existent, even in areas that were heavily 

impacted by the disease (Olivares & Marshall, 2010). 

1.2 Integrated Multi-Trophic Aquaculture (IMTA) 

To address some of these nutrient impacts, new techniques are being explored to 

integrate alternate species within traditional finfish aquaculture. Termed as Integrated 

Multi-Trophic Aquaculture (IMTA), it is the engineered use of multiple species to mimic 

natural nutrient cycling with lower trophic level extractive species placed near high 

density fish cages to consume a proportion of the excess nutrients (organic and 

inorganic). These extractive species can then be sold for additional profit to benefit both 

the environment and stakeholders. IMTA has moved beyond the theoretical stages and is 

now in the research, development and commercialization stage (Chopin, 2011).  

Research and development of IMTA sites in Southwestern New Brunswick 

requires the means to compare new site designs to traditional finfish aquaculture. In this 

respect, the Canadian Integrated Multi-Trophic Aquaculture Network (CIMTAN) is 

interested in exploring the various aspects of how aquaculture sites can impact the 

surrounding ecosystems. The CIMTAN network’s mission statement is: “Sustainable 

aquaculture should be ecologically efficient, environmentally benign, product-diversified, 

profitable, and societally beneficial.” (Chopin et al., 2012).  
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1.3 Monitoring Integrated Multi-Trophic Aquaculture Performance 

Determining the effectiveness of an IMTA system to utilize excess organic and 

inorganic nutrients requires monitoring multiple areas for nutrient impacts in the 

sediment, water column, and ecosystem (Chopin et al., 2012). The direct measurement of 

aquaculture nutrients in the coastal zone has many practical challenges associated with 

obtaining discrete measurement that accurately represent proximity, depth, and time. This 

is because the nutrients dilute quickly into the environment, and measuring them directly 

requires highly sensitive probes or samples of water that must be then sent to a 

specialized laboratory for analysis. Accurately predicting where to place probes and 

collect water is made more difficult by tidal currents that change direction twice daily. 

Furthermore the strength of the tides are dependent on the phase of the moon and spring 

and neap tides may move the nutrient ‘plume’ into different locations (Jansen et al., 

2016). As an alternative, biological indicators such as wild species colonization and 

growth could be used within an IMTA performance monitoring program as a time 

integrated metric of changing nutrient conditions.  

1.4 Biological Indicators as Monitoring Tools 

Biological indicators are based on living organisms that naturally occur in the 

surrounding environment and can integrate periodic and seemingly unrelated changes 

over time to monitor overall ecosystem health (Jørgensen et al., 2005; Vernberg et al., 

2012). For example, an alternative to the continuous monitoring of water chemistry 

within an estuary to determine presence of heavy metals would be to monitor the health 

of local filter feeders that accumulate the metals in their tissues (Bryan et al., 1980). This 
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closer link to ecosystem functions, as well as the possibility of integrating the presence of 

stressors over time, would suggest that biological tools may supplement or replace 

traditional physical-chemical measurements of the environment.  

Biological indicators will often rely on biochemical condition-based factors. For 

example, some biological indicators assume that animals under stress will change growth 

rate in order to maintain homeostasis and if growth rates increased, it is possibly due to 

improved condition such as increased nutrient exposure (Barton et al., 2002). A 

biological indicator developed to assess the performance of IMTA must establish the 

relationship between aquaculture-based inputs (i.e. nutrients) and a biological response. If 

a predictable relationship is discovered between input and response the biological 

indicator could then be used to monitor IMTA performance.  

Species-based biological indices also rely on the fact that marine species require 

specific conditions within their environment in order to grow and reproduce. As a result, 

species proliferate in areas that suit them and die off in areas that do not, and thus their 

assemblages can be used as an indicator of the state of the environment. For example, the 

AZTI Marine Biotic Index (AMBI) developed by Borja et al. (2000) is used to assess the 

ecological quality of the coasts of Europe. This index assessed the responses of soft-

bottomed benthic communities to natural and anthropogenic disturbances by 

incorporating and comparing the relative abundance of over 9000 species from around 

the world (Borja et al., 2000; Borja 2019). By comparing the relative composition of 

species that require “pristine habitat” to those that thrive in “distressed” environments, 

managers are able to make decisions based on quantifiable indices rather than a 
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qualitative assessment of ecosystem health (Borja et al., 2000; Muxika et al., 2005; 

Uusitalo et al., 2016).  

Species-based indices are not restricted to macrofaunal assemblages. Studies on 

microbiota are increasingly more common for researchers with respect to anthropogenic 

stressors like aquaculture farms. This is due to rapid technological advancements in DNA 

extraction and PCR analysis that have led to cheaper and faster analysis options (Roberts, 

2018). Microbiota, and in particular bacteria, are useful indicators because they are 

ubiquitous in the environment, relatively easily obtained, react to low level changes in 

chemical and physical parameters and contaminants, and their assemblages change faster 

than macrofaunal assemblages (Sumampouw & Risjani, 2014; Dowle et al., 2015; 

Hornick & Buschmann, 2018; Forster et al., 2018; Manickavasagam et al., 2019). For 

example, the presence of Thiobacillus sp. in the environment indicates mercury 

contamination and the presence of Chromatium sp. indicates crude oil contamination 

(Sumampouw & Risjani, 2014). In another example, in Chile, it was found that bacterial 

diversity was significantly lower at aquaculture sites than at reference locations and their 

community composition differed significantly (Hornick & Buschmann, 2018). 

Species-based biotic indices, both macrofaunal and microbiotic, have been 

extensively studied in relation to the impacts of organic enrichment on soft bottomed 

substrates in the marine environment (Borja et al. 2000; Pereira et al., 2004; Pochon et 

al., 2015; Tomassetti et al., 2016). In fact, species-based biotic indices have had their 

ability to detect organic enrichment assessed in relation to aquaculture operations, but not 

in the Canadian context (Keeley et al., 2012). Since the effects of finfish aquaculture 

operations on soft sediment are well studied and occur in a predictable manner, multiple 
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biotic indices can be employed at aquaculture operations against benthic indicators like 

redox potential or free sulfides to determine which are the best at detecting organic 

enrichment (Keeley et al., 2012). If a monitoring tool was developed that incorporated 

changes in species assemblages, specifically in response to the influence of aquaculture-

based nutrients, it could then be used to monitor IMTA performance. 

Since many biological measurements are likely to be site specific, a good 

biological indicator will meet challenges of site specificity but also regulatory 

consistency, cost efficiency, and will be scientifically proven in order to provide 

managers and decision makers with the best possible information (FAO, 2009; Wilson et 

al., 2009; Carballeira et al., 2012).  

In Canada, methods to assess finfish farm performance with respect to sediment 

related impacts exist for sites located on soft sedimentary substrates. However, there is a 

need for tools that can monitor impacts on harder substrates, because the finfish 

aquaculture industry is expanding into areas without soft substrates. Without tools to 

monitor the impacts these sites are having on the surrounding environment, 

environmental managers will be left without the tools necessary to make decisions on 

production management and risk assessment. Furthermore, more tools are needed to 

address effects on the water column, and the overall ecosystem impact from both 

traditional finfish farming, and new approaches such as IMTA (Day et al., 2015). 

Therefore, this study is of critical importance as it will seek to produce new tools that can 

address the future needs of aquaculture managers.   
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1.5 Objectives of Study 

The objectives of this study are to describe and test two biological indicators: 1. 

changes in biofouling with proximity to a finfish cage and; 2. changes in algal colour to 

quantify nutrients available to wild species in the water column. These tools are new and 

untested biological indicators of aquaculture impacts, and thus this study will seek to 

conduct a preliminary investigation into whether or not they show promise as 

environmental indicators of aquaculture impacts. 

In regard to biofouling and proximity to salmon cages, the hypothesis being tested 

is whether the nutrients from finfish and experimental IMTA farms enhance biofouling 

rates or cause changes in early colonizing species community structure. It will also test if 

this pattern is predictable enough to be used by managers in order to assess the effects of 

finfish operations or nutrient mitigating technologies. As a null hypothesis, there would 

be no difference in biofouling with respect to proximity to aquaculture if environmental 

factors that contribute to settlement and growth are the same. Alternatively, differences in 

biofouling with respect to distance would indicate an effect of aquaculture, either directly 

through nutrient availability or other environmental factors. 

In regards to algal colour and internal nitrogen content, the hypothesis being 

tested is whether algae are more vibrantly coloured when they have more nitrogen within 

their tissues. In other words, is there a relationship between algal tissue colour and 

internal nitrogen content. As a null hypothesis, there would be no relationship between 

algal colour and internal nitrogen content. Alternatively, if there is a relationship between 

algal colour and internal nitrogen content, then future studies can assess if it is possible to 
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utilize algal colour alone as a means of measuring the amount of aquaculture sourced 

dissolved nitrogen in the environment.  

The ultimate goal of this study is to begin the development of new biological 

indicator tools for use in the assessment of IMTA performance and aquaculture-based 

impacts in the environment.  
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2.1 Changes in Biofouling with Proximity to a Finfish Cage  

The process of aquatic organisms colonizing and growing on submerged surfaces 

(biofouling) is a common occurrence that can be detrimental to salmon aquaculture 

operations. The diversity and quantity of introduced artificial habitat such as nets, ropes, 

buoys, and plastic promote the biofouling that ultimately decreases flow rates (Fitridge et 

al., 2012), adds costs to operations (Adams et al., 2011), creates vectors for harmful 

species introductions (Rosa et al., 2013), and competes with beneficial filter feeders for 

space and food (Lesser et al., 1992).  

Biofouling species in closer proximity to aquaculture operations may receive 

additional benefits other than just the provision of artificial surfaces upon which to 

colonize. The continuous release of organic and inorganic nutrients may affect the 

distribution patterns and growth of early colonizing species that are in close proximity to 

aquaculture operations. Food supply can affect the survivorship and growth of newly 

settled benthic organisms (Zajac et al., 1989) and increased nutrients and surface area 

introduced by finfish aquaculture operations has led to increased biodiversity and 

changed biotic communities (Rensel & Forster, 2007). This is because nutrients and 

surface area are normally limiting factors in the marine environment (Rensel & Forster, 

2007), and the placement of aquaculture operations would seem to alter these limits. 

Therefore, biofouling could be a biological indicator of aquaculture nutrients in the 

environment if rates and patterns in which biofouling occurs were better understood.  
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2.1.1 Standardized Passive Bio-collection Systems 

Passive bio-collection systems (bio-collectors) have been successfully used to 

monitor early colonizing species throughout the world. PVC plate arrays like the design 

developed by Sephton et al. (2011) have been used to monitor invasive species in 

Atlantic Canada (Figure 2.1). These collectors provided a standardized and replicated 

surface area upon which to quantify the presence and composition of colonizing species. 

A similar PVC plate system was deployed in San Francisco Bay to monitor how exotic 

and native marine invertebrate community structures changed under different exposure 

levels to pollutants (Crooks et al., 2011). PVC plates were also used to examine the 

effects of thermal stress on invertebrate recruitment patterns off the coast of Australia 

(Lathleen & Minchinton, 2012). Passive collection systems consisting of PVC plates 

could be used to monitor patterns of early colonizing species around finfish aquaculture 

operations in Canada. Additional consideration of activities and environmental conditions 

such as vessel traffic, risk of entanglement with net pen infrastructure, tide, and currents 

would require modifications and iterations of design to effectively deploy this type of 

collector in proximity to an aquaculture farm.  
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Figure 2.1: Example of field monitoring (settlement) collectors used in 2006 (A), and 

2007 – 2009 (B) in Nova Scotia, Canada to quantify the presence and composition of 

aquatic invasive species (Sephton et al., 2011).  

2.1.2 Early Colonizing Species and Environment 

When developing a monitoring tool to assess nutrient influence on biofouling 

species, it is important to consider other environmental factors that may affect 

colonization. The physical and chemical nature of the environment could play a large role 

in the settlement and growth patterns of many marine invertebrate and algal species on 

colonization plates. Benthic marine invertebrates that produce planktonic larvae not only 

locate a suitable substratum on which to settle, but also rely on site-specific chemical 

cues that promote larval settlement (Pawlik, 1992). Temperature can act as a physical cue 

and can also affect early colonizing species’ distribution and composition. Increased 

temperatures within a California estuary facilitated recruitment of non-indigenous species 

to artificial substrata (Kim & Micheli, 2013). In Australia, thermal stress was found to 

have an effect on the recruitment patterns of invertebrate species (Lathleen & 

Minchinton, 2012). In British Columbia, both salinity and temperature were observed to 
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affect the growth and distribution of ascidians (Epelbaum et al., 2009). Temperature had 

also been shown to affect the growth rate of two colonial ascidian species in New 

England: Botryllus schlosseri and Botrylloides violaceus (McCarthy et al., 2007).  

Other factors that affect colonizing species’ distribution and composition are pH 

and salinity, as both can influence invertebrate larval settlement. When Pacific oyster 

larvae were exposed to different temperatures, pH and salinity levels, they experienced 

delayed pre- and post-settlement growth in environments with lower pH, lower salinity 

and higher temperatures (Ko et al., 2014). Size and survival of a variety of marine 

invertebrate species, especially organisms that calcify, are affected by pH (Byrne & 

Przeslawski, 2013; Clements & Chopin, 2016). Salinity affects larval settlement periods; 

for example, simulated low salinity events increased the length of the planktonic phase of 

eastern oyster larvae (Dekshenieks et al., 1993).  

Increased amounts of suspended inorganic matter had a negative effect on the 

fertilization success, larval settlement, and the survival of juvenile tunicates (McLaughlin 

et al., 2013). Eastern oyster experienced decreased length of planktonic larval phases in 

turbidity concentrations less than 0.1 g/L (Dekshenieks et al., 1993). Microalgal species 

that contain different forms of chlorophyll can be a food source for developing larvae and 

larval growth is thus enhanced through increased exposure to them (Paulay et al., 1985). 

Lastly, light availability can also have a direct impact on the amount of sessile algal 

species that can colonize a surface in relation to their photosynthetic activity. Algae 

utilize light sensitive pigments such as chlorophylls, carotenoids and phycoerythrobilins 

to obtain energy. Many algal species experience increased growth rates when they have 

increased exposure to light and vice versa (French & Young, 1952; Smith, 1986).  
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2.1.3 Objectives 

The objective of this chapter will be to determine if changes in biofouling 

associated with an aquaculture site could be applied to monitor and assess the impacts of 

aquaculture nutrient released in the coastal zone. Biofouling will be quantified by using 

collector plates as standardized artificial habitat; the differences in plate fouling could be 

a cheap and versatile tool to monitor water column and ecosystem related impacts (Day et 

al., 2015).  

Both the rate of biofouling and species composition will be measured relative to 

aquaculture proximity at several locations and distances from aquaculture pens during 

similar seasonal time periods to quantify the localized affects and the variability 

associated with distance from an aquaculture site. As environmental characteristics are 

known to affect the distribution of early colonizing species, temperature, pH, salinity, 

turbidity, chlorophyll and light were also measured during this study.  

As a null hypothesis there would be no difference in average biomass 

accumulation biofouling with respect to proximity to aquaculture. Alternatively, there are 

differences in average biomass accumulation biofouling with respect to distance from 

aquaculture that may indicate an effect due to aquaculture nutrients, once other non-

aquaculture environmental factors have been accounted for. 

As a second null hypothesis, there is no difference in any of the environmental 

parameters measured (temperature, salinity, pH, turbidity, chlorophyll) with respect to 

proximity to aquaculture that could be influencing biomass accumulation. Alternatively, 

differences in environmental parameters with respect to distance are present and may 

influence biofouling rates. 
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As a third null hypothesis, there is no difference in early colonizing species 

composition with respect to distance from the salmon cages. Alternatively, there is a 

difference in early colonizing species distribution with respect to distance from 

aquaculture. 

2.2 Materials and Methods 

2.2.1 Study Sites and Deployment Details 

Passive bio-collectors were used to sample around active aquaculture sites over a 

period of several weeks. It was necessary for our purposes to modify the design 

employed by Sephton et al. (2011), to ensure that the bio-collectors did not pose an 

entanglement risk to vessel traffic, were easy to deploy and retrieve, were well anchored, 

and were designed to be robust and capable of being deployed at different locations 

around a farm. The design was therefore modified to what can be seen in Figure 2.2, 

where plates extend out on an array from a central anchor line. All bio-collector arrays 

held similar sized PVC plates (20 x 20 cm) in order to provide a standard habitat to 

compare colonization at different locations and positions. The plates were made larger 

than those employed by Sephton et al. (2011) in order to increase the amount of 

colonization space available. In 2011, the bio-collectors were configured with 4 PVC 

plates connected 10 cm apart on a single mooring (Figure 2.2). In 2012, a combination of 

independently moored bio-collector arrays for far field distances were combined with a 

series of submerged transect arrays designed to study distances closer to the aquaculture 

farms. 
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 Although several locations, distances, and depths were initially examined to 

evaluate their effectiveness and selectivity for wild colonizing species, this study will 

present results collected at 5 m depths for distances 0, 100, and 500 m in 2011, and at 5 m 

depths for closer distances, 1 – 15 m, and 150 m in 2012. The 5-meter depth was selected 

from the three depths tested (1, 5, and 10 meters) because it was shallow enough to be 

exposed to sunlight and yet deep enough to avoid entanglement with the extensive 

amount of ship traffic at finfish farms. 

Figure 2.3 shows the three deployment sites in New Brunswick (MF-276, MF-037 

and MF-0323) and Figure 2.4 shows one site in British Columbia’s Kyuquot Sound on 

Vancouver Island. These sites were made available for research through a research 

partnership with industry (Cooke Aquaculture). MF-276 was an active (IMTA Salmo 

salar, Saccharina latissima, and Mytilus edulis) site, while sites MF-037 and MF-032 

were fallowed that year, although much of the cage infrastructure remained with kelp and 

mussels on site. The Kyuquot Sound site was an active site (IMTA Anoplopoma fimbria, 

Saccharina latissima, and Mytilus spp.). Figures 2.3 shows the deployment locations (red 

squares) of each bio-collector array at each of the New Brunswick sites and Figure 2.4 

shows the deployment locations at the Kyuquot Sound site.  

The sites were selected based on the availability of experimental sites provided by 

industry partners. The choice of two fallowed and one active site in NB and one active 

site in BC was not ideal, but they were the only finfish farms available for research 

during the 2011 and 2012 production years. Since this study restricts itself to the analysis 

of biofouling rates with respect to distance from individual sites, it is anticipated that any 

effects observed will be more pronounced at the active finfish farms. There were 
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insufficient resources to create and deploy enough bio-collectors to have the statistical 

power required to compare multiple sites and years of deployment, and therefore this 

study restricts itself to the effect of distance at each individual site. It will look for similar 

trends in biomass accumulation with respect to distance at each site rather than conduct a 

direct comparison of biomass accumulation between locations. 

In 2011, at all locations 3 bio-collector arrays (each with four plates) were 

deployed at 0, 100, and 500 m from finfish cages, providing 12 independent plates from 

each distance. Figure 2.5 shows how the arrays were positioned at each distance within 

expected nutrient plumes based on water circulation models (Chang et al., 2005) or 

through personal communication with the site manager. In New Brunswick, bio-collector 

arrays were initially deployed in early June, but a storm caused the loss of the majority of 

collectors. A new set of collectors was built and deployed on July 1st and retrieved after 

68 days. In British Columbia bio-collectors were deployed on June 1st for 64 days.  

In 2012, bio-collector arrays were deployed at the only location provided by 

industry in New Brunswick (see MF276, Figure 2.3), with a focus on sampling closer to 

the site. At 5 m depth, six transect lines were deployed extending from the edge of the 

finfish cages to a nearby algae raft (Figure 2.6). Along each transect line, 5 bio-collector 

arrays (6 plates each), were attached at 1, 5, 7, 13 and 15 m from the finfish cages (Figure 

2.7). Then, six independently anchored bio-collector arrays (6 plates each), were 

deployed within the nutrient plume 150 meters away from the finfish cages. Therefore, in 

total 36 independent bio-collector plates were deployed at each distance on June 8th for 

75 days.  
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In 2011, temperature loggers (HOBO data loggers) were deployed on each bio-

collector array and recorded data continuously every 5 minutes throughout the 

deployment as a potential environmental parameter that could influence biomass 

accumulation.  

In 2012, temperature loggers (HOBO data loggers) were deployed on every array 

of plates at every distance and recorded continuously every hour. In addition to the 

continuously monitored temperature data, a single YSI multi-parameter water quality 

Sondes was used to measure changes in other water quality parameters. Temperature 

(oC), salinity (ppm), pH, relative turbidity (Nephelometric Turbidity Units [NTU]) and 

relative chlorophyll (Relative Fluorescence Units [RFU]) were all recorded for short 

intervals (15 minutes) in series at 0, 15 and 150 m on July 5, July 13, July 19, and July 

27th. This was achieved by deploying the Sonde at one location for the specified period 

and then moving to the next sample location as quickly as possible until all three 

distances had been measured.  

After difficulties were encountered using a single Sonde to gather data, a longer-

term deployment was conducted between September 4th and 9th, 2012 with three YSI 

Sondes recording simultaneously at each distance (0, 15, and 150 m). Temperature (oC), 

salinity (ppm), pH, relative turbidity ([NTU) and relative chlorophyll (RFU) were 

recorded at each distance simultaneously every hour at 5 m depth.  
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2.2.2 Sample Processing and Analysis 

2.2.2.i Biomass Accumulation 

Upon retrieval each bio-collector plate was photographed for species composition 

and wet mass (g) was recorded as the biomass accumulated for each location and 

distance. Accumulated biomass at each distance was examined through an analysis of 

variance (ANOVA) with the biomasses of each plate as the dependent variable and 

distance as the categorical variable; Alpha (α) was set at 0.05. Pairwise differences were 

assessed using a Tukey post hoc analysis.  

2.2.2.ii Environmental Data  

Environmental variables were examined through analyses of covariance 

(ANCOVA) with the mean environmental parameter as the dependent variable, distance 

as the category and tidal height (meters) as a covariate observed to be a source of daily 

variability in the environmental data at all locations. Autocorrelation of the time-series of 

environmental data was addressed through randomized bootstrap selection of data points 

from an original sample size of 1500 to 2000 data points (depending on collector). A 

random subset of 200 data points from each distance during each month of deployment 

was selected (with replacement) and analyzed 100 times. If more than 95 of the 100 

ANCOVAs (α = 0.5) showed a significant difference, with respect to each environmental 

parameter and the distance from salmon cages, then the null hypothesis was rejected. If 

fewer than 95 out of 100 analyses showed significant differences, then it was considered 

insufficient evidence to reject the null hypothesis. Daily temperature fluctuations were 

examined through analyses of variance (ANOVA) with the daily temperature flux (daily 



 

32 

 

maximum minus daily minimum) as the dependent variable and distance as the category; 

Alpha (α) was set at 0.05. Pairwise differences were assessed using a Tukey post hoc 

analysis. Finally, any differences in mean observed were examined against the accuracy 

of the instruments used to obtain them. 

2.2.2.iii Species Composition  

Changes in species composition was examined at distances from 1 to 15, and 150 

m using photographs taken at one aquaculture site in 2012 (MF-276). Each plate on a bio-

collector array was considered an independent sample and the top and bottom of each 

plate were analyzed separately. Each plate surface was photographed and assessed on the 

basis of the percentage occupancy by the most dominant taxonomic groups (n taxa). 

Relative composition was given a score based on the percent coverage for each taxon 

group in 20% increments : 0 (0 %), 10 (1-20 %), 30 (21-40 %), 50 (41-60 %), 70 (61-80 

%), and 90 (81-100 %). The lowest possible score for a taxonomic group would be 0, and 

the maximal score 90. A score of 0 would mean that the taxonomic group was not present 

and a score of 90 indicates the plate was 81-100 % covered by a single taxonomic group.  

The species composition score for each bio-collector plate was analyzed through 

the use of the multivariate statistics software package PRIMER-e Version 7. The species 

composition score for each taxonomic group on each bio-collector plate was considered 

an independent sample. Distance (1, 5, 7, 13, 15, 150 m) and plate surface (top and 

bottom) were included as factors, with distance as the test variable. The species 

composition scores were transformed for analysis by taking the square root of each value. 

Then, a Bray-Curtis dissimilarity matrix was calculated and a two-way crossed analysis 
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of similarities (ANOSIM) was conducted with distance (1, 5, 7, 13, 15, 150 m) and plate 

surface (top and bottom) included as factors, and species composition as the test variable. 

The null hypothesis was that the similarity in species composition scores within distances 

was greater than or equal to the similarity between the distances. The alternate hypothesis 

being that the similarity in species composition scores within distances is less than the 

similarity between distances. The R-statistic significance level was set at 0.05. To 

determine what contribution dissimilarity percentage (CDP) each species made to the 

differences in species composition between each distance, a sample discrimination test 

(SIMPER) was conducted on the Bray-Curtis dissimilarity matrix with distance (1, 5, 7, 

13, 15, 150 m) as a factor. 

To visualize the species composition data, the average species composition for 

each distance from the farm was plotted on a 2-d metric multi-dimensional scaling graph 

(mMDS) together with an approximate measure of the uncertainty about these means, 

from bootstrapping (50 replicates). A second mMDS graph was created using 

bootstrapped averages (150 replicates) to visualize the differences in species composition 

with respect to the top and bottom of the collector plates. 
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2.3 Results 

2.3.1: Biomass Accumulation  

In 2011, at MF-276 (active) mean biomass accumulation differed between 

distances (F2,42 = 65.856, p < 0.0001). A post hoc Tukey’s test revealed that biomass 

accumulation was significantly higher at 100 m from the net pens than at 0 m or 500 m 

(Figure 2.8). The mean biomass at MF-037 (fallow) also differed between distances (F2,56 

= 12.55, p < 0.0001). Post hoc analysis revealed the mean biomass was higher at 100 m 

and 500m than at 0 m (Figure 2.8). At MF-032 (fallow), mean biomass accumulation also 

differed between distances (F2,69 = 50.521, p < 0.0001) and the Tukey’s test indicates that 

biomass was significantly greater at 500 m than at 100 m, and at 100 m than at 0 m 

(Figure 2.8). 



 

35 

 

 

Figure 2.8: Mean biomass accumulations from bio-collectors deployed at different 

distances (0, 100 and 500 m) away from salmon pens at sites (MF-276 [Active], MF-037 

[Fallow], and MF-032 [Fallow]) in Back Bay and Bliss Harbour, New Brunswick in 

2011. ANOVA and Tukey’s test results are summarized in tables beneath the figure and 

error bars represent standard error.
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  In Kyuquot Sound (active) in 2011, mean biomass accumulations differed among 

distances (ANOVA: DF = 2, 33; F-Ratio = 8.636, p = 0.001) and a post hoc Tukey’s 

analysis revealed the biomass was significantly lower at 500 m than at 0 m or 100 m from 

the net pens, but did not differ significantly between 0 m and 100 m (Figure 2.9). 

 

Figure 2.9: Mean biomass accumulations from bio-collectors deployed at different 

distances (0, 100 and 500 m) from salmon pens in Kyuquot Sound, British Columbia in 

2011. ANOVA and Tukey’s test results are summarized in tables beneath the figure and 

error bars represent standard error.  
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In 2012, at MF-276 (active) mean biomass accumulation differed significantly 

with distance from pens (ANOVA: DF = 5, 210; F-Ratio = 21.69; p = 0.000) and post 

hoc Tukey’s analysis revealed it was significantly higher at 150 m than at 1, 5, 7, 13, or 

15 m from the net pens, and not significantly different among any of these distances 

except 15 m which was significantly lower than 7 m (Figure 2.10). 

 

Figure 2.10: Mean biomass accumulations from bio-collectors deployed at different 

distances (1, 5, 7, 13, 15, and 150 m) from MF-276 in Back Bay, New Brunswick in 

2012. ANOVA and Tukey’s test results are summarized in tables beneath the figure and 

error bars represent standard error.  
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2.3.2: Environmental Data Analysis 

2.3.2.i Continuous Temperature 

In 2011, at all sites and distances (0, 100, and 500 m) temperature increased 

throughout the experimental period by an average of 0.05oC / day at MF-276 and MF-

032, and by 0.04oC / day at MF-037 and Kyuquot Sound. Figures 2.11, 2.12, and 2.13 are 

snapshots of the continuous water temperature data collected at all three distances at MF-

276, MF-037, and MF-032 sites respectively. All three figures show the temperature 

fluctuating by as much as 2oC over a tidal cycle and slowly increasing over the course of 

the deployment. The three figures also show how similar the patterns of fluctuation were 

at each distance. Figure 2.14 is a snapshot of the continuous temperature recorded in 

Kyuquot Sound and shows that it fluctuated by as much as 1.5 oC on a tidal cycle and 

slowly increased over the course of deployment. Figure 2.14 also shows the similarity in 

temperature fluctuations at the three sampling distances at Kyuquot Sound.   

Statistical analysis appeared to indicate significant differences between distances 

with respect to mean temperatures in 2011 at all four sites (p<0.05) and this was 

confirmed through the use of the bootstrap technique. However, the differences were very 

small (0.07oC to 0.26oC) and since the accuracy of the HOBO™ Data Loggers is ± 

0.47°C at 25°C (Onset Computer Corporation, 2012) and since the data associated with 

their precision was lost, the temperature differences detected may not be meaningful. 

Therefore, it is possible that the significant differences observed are meaningful, but 

without the data on the precision of the instruments, there is insufficient evidence to state 
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that there was a difference in temperature with respect to distance from the finfish cages 

at the New Brunswick and Kyuquot Sound sites in 2011. 

In 2012, continuously measured temperature at each distance increased by an 

average of 0.05oC/day over 76 days (Figure 2.15). Figure 2.16 shows that temperature 

fluctuated on the tidal cycle increasing by as much as 2°C at all distances during the 

flood tide. Once again, although significant differences in mean temperature were 

observed (p<0.05), the differences were small (0.05°C to 0.17°C) and since the accuracy 

of the HOBO™ Data Loggers is ± 0.47°C at 25°C (Onset Computer Corporation, 2012), 

and the data regarding precision was lost, the temperature differences among distances 

may not be meaningful. Therefore, it is possible that the differences observed in 

temperature between distances is meaningful, but there is insufficient evidence to state 

that there was a difference in temperature with respect to distance from the MF-276 

finfish cages in 2012. 
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Figure 2.11: Snapshot of continuously recorded water temperature at 5 meters depth from 

July 1 to 3, 2011 and September 5 to 7, 2011 at distances 0, 100 and 500 meters from the 

finfish cages located at MF-276. 
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Figure 2.12: Snapshot of continuously recorded water temperature at 5 meters depth from 

August 13 to 15, 2011 and September 5 to 7, 2011 at distances 0, 100 and 500 meters 

from the finfish cages located at MF-037. 
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Figure 2.13: Snapshot of continuously recorded water temperature at 5 meters depth from 

August 13 to 15, 2011 and September 5 to 7, 2011 at distances 0, 100 and 500 meters 

from the finfish cages located at MF-032. 
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2.3.2.ii Periodic Temperature, pH, Salinity, Turbidity and Chlorophyll 

In 2012, when a single Sonde was used to conduct short term (15 minute) 

observations in series at 0, 15 and 150 m on June 6, June 14, June 22, June 29, July 5, 

July 13, July 19, and July 27, 2012 the observations were highly variable. The parameters 

(temperature, salinity, pH, relative turbidity, relative chlorophyll) measured at each 

location changed quickly over the course of the sampling period and were highly 

variable. Furthermore, it was observed that tidal flow influenced the data obtained and 

therefore this technique was not suitable to determine differences with respect to distance 

from salmon cages. The temperature (Figure 5.1.1), salinity (Figure 5.2.1), pH (Figure 

5.3.1), relative turbidity (Figure 5.4.1), and relative chlorophyll (Figure 5.5.1) data 

collected on the four dates in July are presented in Appendix 5.0. All five figures show 

the variability in measured parameters, how the parameters changed while travelling from 

one point to another, and how the parameters increased or decreased with tidal direction. 

Post analysis, it was determined that a single Sonde device was not sufficient to monitor 

such dynamic changes in temperature, salinity, pH, relative turbidity, or relative 

chlorophyll.  

A longer term deployment of three continuously recording Sondes was attempted 

between September 4th and 9th of 2012. Each Sonde recording information every hour 

throughout the deployment period. This more continuous data set was analyzed by 

ANCOVA with tide as a covariable. There were no significant differences in any of the 

environmental parameter means, with respect to distance, that were larger than the 

precision of the Sonde used. The mean temperature varied by less than ±0.2oC, salinity 

by less than ±0.1 ppt, pH by less than ±0.2 units, turbidity by less than 0.3 NTU, and 
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chlorophyll by less than ± 0.1 % RFU (YSI, 2012). Once again, the calibration data 

collected to determine instrument precision were lost, therefore there was insufficient 

evidence in this study to suggest a difference in temperature, salinity, pH, relative 

turbidity or relative chlorophyll with respect to distance from the finfish cages at MF-276 

in 2012.
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2.3.4: Species Composition 

Six dominant and easily recognized taxa settled on the bio-collectors deployed at 

MF-276 in 2012. These were bryozoans (Membranipora), hydrozoans (Tubularia), 

bivalves (Bivalvia), jingle shells (Anomiidae), red and/or brown seaweeds (Rhodophyta 

and/or Ochrophyta) and green seaweeds (Chlorophyta).  

The results of the analyses of similarity (ANOSIM) are summarized in Table 2.1. 

The sample statistic (R) of 0.219 indicates that there is some degree of separation with 

respect to species composition between distances from the finfish cages at MF-276. 

Despite the relatively small R value, the significance level of the sample statistics is 

0.001 indicating a rejection of the null hypothesis. Therefore, we can accept the alternate 

hypothesis that the difference between distances is greater to that within each distance.  

Pairwise test revealed that species compositions at distances of 1, 5, and 7 m were 

significantly different from one another, but had low R-statistic scores of 0.064 to 0.137 

(Table 2.1). This is reflected in the mMDS graph (Figure 2.16) which shows overlap 

between the averages and uncertainty clouds of distances 1, 5, and 7 m. The distances 13 

and 15 meters were not significantly different from one another (Table 2.1) and this was 

reflected in the mMDS graph (Figure 2.16) which shows nearly complete overlap 

between the communities at these two distances. The distances 1, 5, and 7 m were all 

significantly different from distances 13 and 15 m (Table 2.1), but the latter two were not 

significantly different from one another, and this is reflected in the mMDS graph (Figure 

2.16) as there is almost no overlap between communities at those two groups of 

distances. Lastly, all of the pairwise tests comparing distances 1, 5, 7, 13, and 15 to 150 
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m indicated significant differences and the largest R-statistic values (Table 2.1). It 

appears that 150 m is the most distinct distance in terms of species composition as there 

is no overlap in the mMDS it is the farthest away from the other distance uncertainty 

clouds (Figure 2.16).  

In regards to surface and species composition, there was a significant separation 

(R statistic = 0.911, sample statistic 0.001) between the top and bottom of the plates 

(Table 2.1). The difference in surface species composition was consistent across all 

distances as shown by the close clustering of top and bottom averages and uncertainty 

clusters for all distances in the mMDS (Figure 2.17).  

Table 2.1: Table showing the results of an ANOSIM analysis comparing species 

composition scores with distance from salmon farms and plate surface (top / bottom) as 

test factors. Significant results that refute null hypothesis highlighted in bold. 

Tests for differences between unordered Distance groups 
(across all Top/Bottom groups) 

Sample Statistic (R): 0.219 Significance Level of sample statistic: 0.001 

Groups 
R 

Statistic 

Significance 

Level % 

Possible 

Permutations 

Actual 

Permutations 

Number ≥ 

Observed 

1, 5 0.064 0.3 Very large 999 2 

1, 7 0.137 0.1 Very large 999 0 

1, 13 0.289 0.1 Very large 999 0 

1, 15 0.291 0.1 Very large 999 0 

1, 150 0.486 0.1 Very large 999 0 

5, 7 0.064 0.1 Very large 999 0 

5, 13 0.14 0.1 Very large 999 0 

5, 15 0.127 0.1 Very large 999 0 

5, 150 0.462 0.1 Very large 999 0 

7, 13 0.065 0.3 Very large 999 2 

7, 15 0.075 0.1 Very large 999 0 

7, 150 0.381 0.1 Very large 999 0 

13, 15 -0.011 84.8 Very large 999 847 

13, 150 0.383 0.1 Very large 999 0 

15, 150 0.383 0.1 Very large 999 0 

Tests for differences between unordered Top/Bottom groups 
(across all Distance groups) 

Sample Statistic (R): 0.911 Significance Level of sample statistic: 0.001 
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 The species composition of each distance (top & bottom of plates) are presented 

in Figures 2.18 and 2.19. Bryozoans were mostly absent from the top of plates, and on the 

bottom were most common at the 5, 7, 13, and 15 m distances (Figures 2.18 & 2.19). 

Jingle shells colonized both the top and bottom of the plates. On the top, jingle shells 

colonized more space at 7, 13, and 15 m; on the bottom, they colonized the most space a 

1 m and the least at 150 m (Figures 2.18 & 2.19). Hydrozoans colonized both the top and 

bottom of plates. On the top, they colonized the most space at 13, 15, and 150 m; on the 

bottom, they colonized the most space at 150 m (Figures 2.18 & 2.19). Red and brown 

algae predominantly colonized the top and were mostly absent from the bottom on plates. 

The red and brown algae colonized the most space at 150 m (Figures 2.18 & 2.19). 

Bivalves colonized the top and bottom of plates, but generally colonized more space on 

the top surface. On the top, bivalves generally colonized the same amount of space across 

all distances; on the bottom, bivalves colonized more space at 150 m (Figures 2.18 & 

2.19). Green algae colonized the top of plates, but were mostly absent from the bottoms. 

On the top, green algae colonized the most space at 1 and 150 m (Figures 2.18 & 2.19). 

Figure 2.20 summarizes the results of the SIMPER analysis where each species’ 

dissimilarity contribution percentage (CDP) is presented with respect to the difference in 

species composition and space colonized (SC) between distances. When comparing the 

difference in SC of distances 1, 5, and 7 m the greatest contributors (mean values) were 

jingle shells at 26.9 CDP, bryozoans at 23.9 CDP, bivalves at 13.6 CDP, red / brown 

algae at 13.5 CDP, hydrozoans at 13.2 CDP, and green algae at 12.5 CDP (Figure 2.20). 

The differences in SC between distances 13 and 15 m were due to bryozoans at 30.9 

CDP, then jingle shells at 21.0 CDP, and then hydrozoans at 18.9 CDP (Figure 2.20). The 
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differences between distances 1, 5, and 7 m and 13 and 15 m were (mean values) due to 

bryozoans at 26.0 CDP, jingle shells at 25.0 CDP, hydrozoans at 14.9 CDP, bivalves at 

14.1 CDP, and red / brown algae at 13.7 CDP. The differences between distances 1, 5, 7, 

13, and 15 m and 150 m were (mean values) due to bryozoans at 21.3 CDP, red / brown 

algae at 20.4 CDP, jingle shells at 18.2 CDP, and hydrozoans at 18.1 CDP. 
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2.4 Discussion 

2.4.1 Biomass Accumulation 

 This study examined the potential of bio-fouling species as a tool to assess the 

impacts of aquaculture nutrient release in the coastal zone. It was unique in using passive 

samplers developed through other monitoring programs (Crooks et al., 2011; Sephton et 

al., 2011; Lathleen & Minchinton, 2012) as a standardized artificial habitat to measure 

biofouling and early colonizing species that can accumulate around aquaculture farms. 

Organic nutrients and surface area are usually limited in the marine environment 

(Rensel & Forster, 2007) and salmon aquaculture farms can cause changes in benthic 

macrofaunal (Borja et al., 2009) and microbial communities (Vezzulli et al., 2002) 

through inorganic and organic nutrient loading (Wildish et al., 1999). As with benthic 

organisms, it was anticipated that the accumulated biomass of fouling organisms would 

be higher where access to additional food supplies are highest (Zajac et al., 1989) and 

that this would be associated with close proximity to an aquaculture site. The results 

obtained were in contrast to this general premise. In New Brunswick in both 2011 and 

2012, the closest proximity (<15 m) to aquaculture nutrient sources did not result in a 

greater biomass of fouling species. In most cases the greatest total biomass accumulation 

occurred at distances beyond 15 m; however, in British Columbia the highest biomasses 

were observed closer to the cages. 

For accumulated biomass between 0 and 500 m (sampling in 2011) both MF-037 

and MF-276 had highest accumulation on plates at 100 m while biomass on plates at MF-

032 was highest at 500 m (Figure 2.8). In New Brunswick, MF-276 was an active finfish 
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farm while MF-032 and MF-037 were recently fallowed sites and offered some contrast 

for potential nutrient response between active and inactive sites. In contrast to sites in 

New Brunswick, Kyuquot Sound biomass accumulation was lowest at the farthest 

distance of 500 m (Figure 2.9), although all three distances were very similar. This 

British Columbia location was geo-physically different from the New Brunswick sites 

with a narrow fiord-like coastline, high coastal mountains that impact light availability, 

and prevalence of high rainfall and freshwater at all distances. In 2012 at MF-276, when 

sampling at closer distances 0 – 15, and 150 m, the greatest biomass was again not at the 

closest locations to the cage (Figure 2.10). The lower biomasses observed adjacent to the 

salmon pens, regardless of the presence of salmon in 2011, suggests that the cage 

infrastructure may suppress biomass accumulation 

Ideally, experiments would have been conducted at three fallow and three active 

in order to better represent the differences between active and fallow sites. However, the 

logistical restrictions imposed by working with an active farming industry restricted 

sampling design. Despite this limitation, the highest biomass observed at distances 100 m 

or more away from the farm in both fallow and active sites indicates that factors other 

than production of finfish are influencing total biomass accumulation. Based on the 

significant differences observed in biomass accumulation with respect to distance from 

finfish cages, the first null hypothesis can be rejected. The evidence suggests that the 

alternate hypothesis, that differences in biofouling with respect to distance indicate an 

effect due to aquaculture, either directly through nutrient availability or some other 

environmental factors, can be accepted.  
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2.4.2 Environmental Data 

Salmon aquaculture farms can alter nearby current patterns (Fitridge et al., 2012), 

increase turbidity (Troell & Berg, 1997), and release organic and inorganic nutrients into 

the water column (Beveridge, 1984; Brown et al., 1987; Gowen & Bradbury, 1987; 

Rosenthal et al., 1988; Folke & Kautsky, 1989; Handy & Poxton, 1993; Hargrave et al., 

1998; Chopin et al., 1999; Karakassis & Hatziyanni, 2000; Hyland et al., 2005) and it 

was anticipated that there may be measureable differences in environmental conditions 

with respect to distance from salmon farms.  

Temperature was considered to be an important physical parameter in biomass 

accumulation. However, continuous measurements during the deployment periods in both 

2011 and 2012 did not reveal any differences in mean water temperature relative to 

distance that were greater than the accuracy of the instruments. Temperature was 

anticipated to change over the course of the deployment in New Brunswick (Bailey et al., 

1954; Trites, 1962; Robinson et al., 1996). Although temperature did fluctuate with tidal 

cycle and also slowly increased throughout the summer deployment; this was true for all 

of the distances monitored. Therefore there is insufficient evidence to reject the null 

hypothesis of no difference in temperature with respect to distance from salmon cages. It 

is unlikely that temperature differences are influencing the changes observed in biomass 

accumulation with respect to distance from finfish farms. 

The other physical parameters (salinity, pH, relative turbidity, relative 

chlorophyll) were more difficult to monitor. Periodic measurements recorded during the 

2012 deployment at MF-276 were inconclusive and speak to the difficulty of monitoring 

environmental parameters in a complex coastal zone. Daily fluctuations with tidal height 
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were observed in all parameters and since a single device was utilized to monitor the 

water parameters and it had to be transferred between sample sites and allowed to 

acclimate prior to recording, further errors were introduced. A longer term and more 

reliable deployment (using three Sondes simultaneously) was conducted and from this the 

environmental parameters were statistically compared with respect to distance with tidal 

height as a co-variable. Small differences in the means were observed, but all of the 

differences observed were within the error of the instruments.  

When attempts were made to obtain discrete observations of oceanographic 

parameters the environment changed rapidly during the sampling period. Since 

continuous measurements were in the field throughout the experimental period these are 

taken to be the more reliable measurement and thus if environmental managers wish to 

accurately describe the conditions that exist around a site they should, if possible, use 

continuous measures of the environment. Since a change in biomass accumulation exists 

regardless of aquaculture activity, it can be concluded that some other difference in 

environmental conditions exists with respect to distance from the cage site. Future work 

in this area should focus on how to obtain continuous measures of more environmental 

variables so that managers know exactly what conditions exist on a site so that they might 

place their bio-collectors accordingly. 

There were significant limitations encountered when studying salinity, pH, 

relative turbidity and relative chlorophyll, but there is sufficient evidence to support the 

null hypothesis that there were no observed differences in these parameters with respect 

to distance from finfish cages. Based on the observations collected in 2012, water quality 

parameters did not fully explain the differences observed in the biomass accumulation.  
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2.4.3 Species Composition 

Species composition on the bio-collectors was different with respect to distance 

from the finfish cages. Multivariate analysis (ANOSIM) of the species composition 

observed at MF-276 in 2012, revealed a significant difference in species composition 

with respect to distance from the salmon farm. When species composition was compared 

through pairwise analysis and mMDS with respect to distance the 150 m category was 

more isolated and unique in composition than the nearfield distances (Figure 2.16). There 

was also a significant difference with respect to species composition on the top and 

bottom of bio collector plates (Figure 2.17). Further mMDS analysis indicated that the 

difference in species composition between the top and bottom of bio-collector plates was 

not responsible for the differences observed with respect to distance (Figure 2.17).   

Hydrozoans and red/brown seaweeds colonized more space at the farthest 

distance of 150 m (Figures 2.18 and 2.19). At this distance, the organisms often colonized 

the entire surface of bio-collector plates and continued to grow as thick mats during the 

deployment period. In contrast, bryozoans and jingle shells colonized more space at 

closer distances (Figures 2.18 and 2.19) and grew as a thin layer without substantial three 

dimensional growth. SIMPER analysis indicated that jingle shells and bryozoans were 

responsible for most of the dissimilarities between distances 1, 5, 7, 13, and 15 m 

(nearfield distances). It also indicated that bryozoans, red / brown algae, jingle shells, and 

hydrozoans were responsible for most of the difference in species composition between 

nearfield distances and 150 m from the salmon farms (Figure 2.20). 

A change in colonizing species composition was observed, so a change in 

environmental conditions within the relatively small spatial scale measured (150 m) is 
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likely. The difference could be the finfish cages acting as a source of nutrients, but it is 

possible that the environmental conditions are being influenced by the infrastructure of 

the cage site as well. The changes observed in species composition were consistent with 

the premise that different environmental conditions were present at these distances as 

many early colonizing marine species may be distributed throughout a large area yet only 

colonize under specific environmental conditions (Zajac et al., 1989; Pawlik, 1992; Kim 

& Micheli, 2013). Since species composition was different with respect to distance and 

early colonizing species are affected by environmental conditions, it is likely that other 

environmental factors such as shading, altered current patterns, and / or sedimentation of 

particulates could explain the lower biomass accumulation near the salmon cages at MF-

276 in 2012.  

Many early colonizing marine species’ larval stages colonize substrate under 

specific and narrow environmental conditions that will benefit their adult life stages. 

Although some species will settle in conditions that are not ideal for their life cycle, they 

will most commonly be found in areas that suit their niche. Fluctuations in environmental 

variables such as current speed, nutrient availability, light availability, temperature, 

turbidity, salinity, chlorophyll RFU or pH can all have significant effects on the 

colonization patterns (Pawlik, 1992; Dekshenieks et al., 1993; McCarthy et al., 2007; 

Epelbaum et al., 2009; Lathleen & Minchinton, 2012; Byrne & Przeslawski, 2013; Kim 

& Micheli, 2013; McLaughlin et al., 2013; Ko et al., 2014). Although the environmental 

parameters that were measured in this study did not explain the observed differences, the 

change in species composition strongly indicates that water quality or habitat features 

other than nutrients play some role.   



 

61 

 

Salmon cage sites are known to alter current dynamics (Johansson, 2014), and 

therefore changes in flow patterns from close proximity to 150 m may have been an 

important source of environmental variability with respect to colonization and growth, 

perhaps impeding densely aggregated organisms. Also, when the bio-collectors adjacent 

to the cages (0 to 15 m) were removed from the water, their upper surfaces were covered 

in fine brown sediments. Salmon farms are known to increase the amount of suspended 

particulates in the water column (Brager et al., 2015), and fine sediments can impede the 

growth of aquatic invertebrates and alter invertebrate community structures (Buendia et 

al., 2013; Von Bertrab et al., 2013). The salmon farm sediments may have smothered or 

prevented some organisms from colonizing the bio-collectors and this could have 

contributed to the lower biomasses observed adjacent to the site.  

Lastly, at a depth of 5 m, the salmon pens would have cast shade onto the bio-

collectors deployed at the 1 to 15 m distances. Shade alters the community structure of 

fouling organisms (Glasby, 1999; Brine et al., 2013) and the differences in biomass 

accumulation could be due to the pens shading nearfield bio-collectors. Light intensity 

data was not collected due to practical constraints, so this study cannot state conclusively 

that shading from cages caused species composition changes.  

Based on the observations of this study, there is sufficient evidence to reject the 

null hypothesis that there is no difference in species composition with respect to distance 

from the MF-276 salmon farm. Therefore we can accept the alternate hypothesis that 

differences observed in species composition are partially responsible for the differences 

observed in biomass accumulation with respect to distance at that site. However, it is 
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important to note that distance alone does not fully explain the variability observed in 

species composition. 

2.4.4 Limitations of this Study and Future Work 

The results of this study were from a limited number of locations within 

Passamaquoddy Bay, NB, and Kyuquot Sound, BC, and sampling was limited to one 

direction at each site. The number of available active and fallowed sites was limited by 

industry partners whose priority was fish production. This restriction highlights the 

difficulty of developing tools within a commercial environment. In the future, bio-

collectors would ideally be deployed at a greater number of sites (both active and fallow) 

over several years of production to better assess the variability that exists in biomass 

accumulation and species composition between different areas, production levels, and 

years. 

The number of bio-collectors deployed at each site was limited by logistics, costs, 

and time. If future researchers wish to compare biomass accumulation and species 

composition between sites, then a greater number of bio-collector arrays would need to 

be deployed in order to have sufficient statistical power.  

The assumption that the bio-collectors were placed within the nutrient plume of 

each site was based on knowledge of the site’s current dynamics obtained from a 

previous study (Chang et al., 2005) and discussions with site managers. However, 

nutrients were not directly measured due to difficulties in obtaining appropriate discrete 

samples at these locations (Jansen et. al., 2016). Future work on this tool may wish to 
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confirm the location of nutrient plumes through controlled dye released and water 

sampling. 

The bio-collectors were likely deployed for a longer period than necessary for 

analysis, as evidenced by the saturated colonization structure observed on the plates post 

deployment. In the future, shorter deployments would mean that the plates could be 

retrieved before the plates become saturated or the organisms begin competing for space 

through growth and not colonization. A shorter deployment period would make the bio-

collectors species composition more representative of early colonizing species. 

Species composition assessment could have been improved through the use of a 

more continuous measurement of colonization. Categorizing space colonized by 

taxonomic groups was chosen for expediency, but in the future it would be more 

appropriate to conduct a quantitative approach such as using digital image processing to 

assess the exact amount of space colonized by each species on a superimposed grid. This 

study did not possess the expertise required to identify each organism at the species level, 

but rather relied on taxonomic groupings. Future work on this tool may benefit from 

more exact identification techniques such as DNA extraction.  

Environmental parameters are difficult to monitor in the Bay of Fundy’s dynamic 

coastal zone. Continuous measurements of temperature provided adequate data in regards 

to comparing temperature with respect to distance, but significant difficulties were 

encountered when monitoring salinity, pH, relative turbidity, and relative chlorophyll. 

Future researchers developing this tool may wish to develop a means of continuously 

monitoring those parameters, as well as current speed, light availability, and 

sedimentation rates. 
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Sampling was only conducted at a depth of 5 m and only examined the mid-water 

zone in terms of fouling species’ colonization rates. This study did not make inferences 

about the effects on species at the bottom, nor observations on the impacts to the bottom 

substrate.  

2.5 Conclusion  

 The bio-collector design worked well within the context of commercial 

aquaculture farms. They were relatively easy to deploy and moor on site without 

disrupting vessel traffic. The bio-collectors successfully accumulated early colonizing 

species and were able to be removed from the field for analysis. This study revealed that 

biomass accumulation changed with respect to distance from aquaculture sites and 

species composition is likely responsible for that change.  

However, the environmental factors that lead to the changes in species 

composition with respect to distance remain unclear. The biomass changes occurred at 

both fallow and active sites, suggesting environmental factors other than farm activity are 

influencing colonization. Factors other than temperature, such as currents, shading, and 

particle deposition may contributing to the patterns observed. Repeated measures at a 

single site are difficult as farms are only in sea production for two years and then they are 

fallowed. Also, site availability is restricted by what is made available by industry at any 

given time. The challenges that face the future development of this tool are in regard to 

the variation observed. There was variation between sites and so this tool would likely 

need to be developed at each new location where it was deployed. There was variation 

between years and so it would also be necessary to conduct multi-year assessments of 



 

65 

 

biomass accumulation and species composition analysis at each site. There is likely 

natural variation in early colonizing species settlement patterns and this would need to be 

assessed as well.  

In conclusion, the bio-collector design developed for this study shows promise as 

a means of studying the biomass accumulation and species composition of early 

colonizing species in the coastal zone. However, much more work is required before 

either biomass accumulation or species composition can be developed as a means of 

monitoring the water column related impacts of salmon aquaculture nutrients or as a 

means of assessing the performance of IMTA nutrient mitigating technologies. 
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3.1 Changes in Algal Colour Relative to Nitrogen Content 

Monitoring local wild algal condition is a potential biological indicator of 

aquaculture-based dissolved nutrients and a potential tool for monitoring water column 

and environmental related impacts (Day et al., 2015). Marine algal species are already in 

use as biological indicators of environmental stress in different jurisdictions and 

ecosystems (Shubert, 1984). Phytoplankton species are used to evaluate eutrophication 

levels because they respond quickly to water pollution. The surveys usually combine 

three categories of measurements: concentration of nutrients, phytoplankton biomass, and 

phytoplankton biological activity (Shubert, 1984). However, due to their high mobility 

and lack of a quality index based on a species list, the technique is restricted in its ability 

to indicate the causes of pollution (Desrosiers et al., 2013).  

In rocky shore environments, macroalgal species are useful because shifts in 

communities can occur after being exposed to pollutants and/or nutrients. The shifts 

usually consist of sensitive species being diminished in composition and more resistant 

species being favored (Desrosiers et al., 2013). Two examples of macroalgae being used 

as tools in Atlantic coastal waters are the Reduced Species List (RSL) index and the 

Quality of Rocky Bottoms (CFR) index (Guinda et al., 2008; Juanes et al., 2008). The 

RSL index incorporates the proportions of red algae, green algae, opportunistic species, 

species richness of a reduced species list, and the ecological status group (ESG) ratio. 

The ESG is a classification system based on reproductive potential and growth rates of 

late successional perennial species versus opportunistic annual species. The CFR index is 

comprised of the analysis of intertidal and sub-tidal seaweed communities focusing on 

species richness, presence of opportunistic species as well as the cover and physiological 
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status of the algae. The physiological status is defined by an expert estimation of the 

entire macroalgal community health (Littler et al., 1983; Orfandis et al., 2001). The 

advantages of this approach are that organisms are sessile and more representative of the 

surrounding environment. Also, species can be classified based on a set of functional 

criteria and compared at a broader regional scale. Currently, this method is appropriate in 

rocky shore assessments because these macroalgal species may not be present in soft 

sediment environments. Also, specific community compositions would need to be applied 

on a regional scale and reassessed prior to being introduced to a new geographic region. 

Regional changes in species diversity and composition can influence how a particular 

index is interpreted for a given environment (Desrosiers et al., 2013).  

To take this approach one step further, macroalgal species that respond to 

nitrogen-based nutrient enrichment within coastal ecosystems could be used as a 

community-independent (single-species) approach to monitor environmental change. 

Several macroalgal species inhabit rocky coastal environments in the Bay of Fundy, NB, 

and were considered candidate species for monitoring finfish aquaculture-based nitrogen 

impacts.  

An ideal macroalgal species selected for a single-species environmental 

monitoring program should be easy to locate and identify within the study region. The 

species’ life history, physiological variability between locations, and changes over time 

should all be well understood. The alga should also have a quantifiable and consistent 

response to whichever environmental stress (in this case eutrophication) it will be acting 

as an indicator for. This response could take the form of a change in colour, growth rate 

or change in physiology.  
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3.1.1 Algal Colour  

Typically, algae are more vibrantly coloured in areas where they have better 

access to nitrogen and sunlight. As a result, algal species are also known to change colour 

throughout the year with the most vibrantly coloured individuals being observed in winter 

and spring. For example, Ulva lactuca would be a darker, more intense shade of green 

when it has access to adequate levels of nitrogen such as those found in the spring 

(Geertz-Hansen & Sand-Jensen, 1992; Figueroa et al., 2009). Conversely, U. lactuca 

“starved” of nitrogen and collected late in the summer would be lighter in appearance and 

less vibrantly green (Morgan et al., 1980; Pederson & Borum, 1996; Chopin et al., 1999; 

Figueroa et al., 2009). However, this relationship can be influenced by confounding 

factors. For example, ultraviolet radiation can damage pigments and some algal species 

are known to change colour in the course of their growth and reproductive cycles 

(Figueroa et al., 1997; Grobe & Murphy, 1998; Bischof et al., 2002).  

Pigmentation changes in algae result in changes in the appearance and colour of 

algal thalli. This can be measured through the use of a handheld sphere 

spectrophotometer to determine the exact colour of the algal thalli with regards to its 

lightness, chroma and hue on the Commission Internationale de l´Eclairage (CIE) colour 

index. Colour analysis such as this has been used in scientific analysis before, although 

primarily in the food industry, where colour can affect consumer acceptance of a product. 

For example, studies were conducted on salmon flesh colour and diets to produce a more 

ideal colour to enhance consumer acceptance of farmed salmon products (Skrede & 

Storebakken, 1986).  
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Figure 3.1: Diagram illustrating the Commission Internationale de l´Eclairage (CIE) 

L*C*h colour scale (Cruse, 2012). Lightness (L) ranges from 0 to 100, chroma (C) from 

0 to 100, and hue (h) from 0 to 360o. 

3.1.2 Algal Species Selected from the Bay of Fundy, New Brunswick 

Three algal species were selected for this experiment. Suitable species should be 

easily obtained year long, easily identifiable, and have thalli large enough to be measured 

with a sphere spectrophotometer. It is essential that the selected algal species respond to 

increases or decreases in the elements tested (nitrogen in this case) and show a wide 

variability in their colouration.  

3.1.2.i Ulva lactuca (sea lettuce) 

Ulva lactuca (sea lettuce) is a green alga (Chlorophyta) found commonly in the 

intertidal zone (Guiry & Guiry, 2012a). In the Bay of Fundy, it is found in sheltered to 

moderately exposed habitats throughout the year. It can tolerate brackish conditions and 
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is often found in estuarine communities (World Register of Marine Species, 2012a). 

Within its range, it can be quite variable in appearance but is typically benthic, 

foliaceous, and bright green with a small holdfast. The stalk is inconspicuous or 

apparently absent, the blade is lanceolate to rounded and is often somewhat lobed and 

undulate or folded. Ulva lactuca has two large and visible life stages, gametophytes 

(male and female) and sporophytes that are similar in appearance. The fronds can be up 

to 60 cm long or more and can be up to 30 cm across (Taylor, 1957). The life cycle of U. 

lactuca begins when haploid female and male gametophytes release gametes produced 

through mitosis. These gametes combine to form a diploid sporophyte which will grow 

and eventually release haploid spores through meiosis. The algae release the 

spores/gametes along the margin of their thalli resulting in a white, translucent band 

around the edge of the thallus, which is eventually shed. The algae release gametes 

between May and October and during the warmer months a significant portion of the 

macroalga’s biomass is devoted to the formation and release of zoospores and gametes 

(Niesenbaum, 1988).  

The effects of nutrient enrichment on U. lactuca have been previously studied. 

The addition of either nitrogen (N) or phosphorus (P) stimulated growth with optimal 

levels occurring at 0.6 g/m3 (Steffensen, 1976). Above this threshold level, increasing N 

inhibited growth while additional P had no effect. Temperature played an equally 

important role in growth rates of U. lactuca (Steffensen, 1976). Nutrient supply can also 

affect U. lactuca photosynthesis, chlorophyll content, biomass yield and proximate 

chemical composition within a laboratory environment (Figueroa et al., 2009).  
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Ulva lactuca absorb transient ammonium ions at different rates (Pederson, 1994). 

Initial exposure uptake rates surge in high seawater concentrations of ammonia and then 

drop to a slightly lower rate but remain high when ion concentrations are high (Pederson, 

1994). As seawater concentrations of ammonia fall so do the uptake rates (Pederson, 

1994).  

3.1.2.ii Palmaria palmata (dulse) 

Palmaria palmata (dulse) is a red alga (Rhodophyta) found in shallow sub-tidal 

zones across the North Atlantic (Guiry & Guiry 2012b). In the Bay of Fundy, it is often 

found on rocky shorelines growing on rocks, mussels or on other algal species. It is 

widely distributed and abundant in Atlantic Canada and grows on exposed and semi-

exposed shorelines (World Register of Marine Species, 2012b). The life history of P. 

palmata begins when tetraspores are released from diploid tetrasporophytes giving rise to 

haploid male and female gametophytes, which differ in appearance (Van Der Meer & 

Todd, 1980). The diploid sporophytes and haploid male gametophytes are similar in 

appearance and are reddish purple with membranous or “leathery” flattened fronds. They 

can reach lengths of 5 to 30 cm and extends from a discoid base. A small stipe slowly 

expands to form simple or dichotomous and/or palmately divided fronds with 

characteristic marginal leaflets. The blades are variable in shape and range from broadly 

ovate to narrowly linear segments (Taylor, 1957). The haploid female gametophyte is 

very small and grows like a disk on suitable substrate. When the diploid sporophytes and 

haploid male gametophyte begin to become reproductive they form dark pigmented areas 

on the thallus which become whitish and translucent in appearance as the spores/gametes 
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are released (Van Der Meer & Todd, 1980). In Spain and Nova Scotia, this species has 

positive net growth from May to August with reproduction in winter (Faes & Viejo, 

2003; Garbary et al., 2012). By March and April in Spain, reproductive fronds were still 

present, even though more than 80% had already released their tetraspores / spermatia 

(Faes & Viejo, 2003).  

Nutrient enrichment on P. palmata through the addition of nitrogen to seawater 

accelerates the rate of growth and intensifies pigmentation (Morgan et al., 1980). 

Palmaria palmata accumulated more nitrogen in its tissues when supplied with 

ammonium (NH4
+) than when supplied with nitrate (NO3

-), even though nitrate is more 

easily utilized by the alga for growth (Morgan & Simpson, 1981).  

3.1.2.iii Porphyra purpurea (nori) 

Porphyra purpurea (nori) is another red alga (Rhodophyta) found in the lower 

part of the intertidal zone throughout the North Atlantic Ocean (Guiry & Guiry, 2012c). It 

is abundant in the Bay of Fundy, and often found on rocky shorelines (World Register of 

Marine Species, 2012c). Porphyra purpurea has a two stage life history with a 

macroscopic thallus phase and a microscopic filamentous “conchocelis” phase (Chopin et 

al., 1999; Gantt et al., 2010). The gametophyte is usually red-purple in coloration with an 

occasional olive colour. The fronds can be up to 20 cm long and are irregularly lobed 

with a central holdfast. The fronds can be both thin and broad and are usually divided 

into lobes (Taylor, 1957). Porphyra purpurea’s gametangial position is male/female in 

distinct longitudinal halves. The gametophyte produces haploid spermatia which are 

released to fertilize haploid carpogonia. Once fertilized, the carpogonia release diploid 
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carpospores developing into microscopic filamentous sporophytes. The sporophytes then 

release haploid conchospores which grow to form gametophytes. When the mature 

gametophyte is in the reproductive phase it releases cells from along the margins of the 

thallus resulting in a whitish, translucent band around the perimeter of the thallus. The 

conditions for conchosporangium induction and conchospore maturation are 10 - 15oC 

water temperatures that last for 4 to 6 weeks (Chopin et al., 1999; Gantt et al., 2010). On 

average, these temperature conditions occur in Passamaquoddy Bay, New Brunswick 

from June to October (Robinson et al., 1996).  

Nutrient enrichment of P. purpurea dramatically increased the rate of nitrate and 

ammonium uptake (Kraemer et al., 2004). However, these rates decreased once the 

tissues became replete with nitrogen (Kraemer et al., 2004). Porphyra purpurea 

pigmentation can change in response to different levels of nutrient availability and must 

have a constant availability of nutrients in order to obtain “appropriate” pigmentation for 

sale as a food item (Chopin et al., 1999).  

3.1.3 Algal Colour and Nitrogen Content 

 The three species of algae (Ulva lactuca, Palmaria palmata, and Porphyra 

purpurea) were chosen because they met the criteria set by this study. All three species 

are easily obtained year round in New Brunswick, they are easily identifiable, and they 

have thalli large enough to be measured with a sphere spectrophotometer. All three algae 

are abundant in exposed rocky coastal areas and have known physiological responses to 

nutrient availability. These algae can be assessed for their nitrogen content in terms of 

colour, and this can potentially provide insights into the level of exposure to nitrogen 
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within a given environment. The current method of determining nitrogen content using a 

CHN elemental analyzer is expensive, time consuming, relatively difficult to perform, 

and requires a trained specialist. This colour-based nitrogen estimation tool would reduce 

the costs, time, and expertise associated with many algal biological indicator tools. 

Macroalgae are used as biological indicators to measure the Water Column 

Related Impacts (WCRI) of nutrient supply in the environment. For example, Cohen and 

Fong (2006) deployed cultured algae along spatial gradients to assess changes in nutrient 

supply within Californian estuaries. In this study, isotope ratio mass spectrometer were 

used to analyze total nitrogen content (Cohen & Fong, 2006). Fong et al. (1998) also 

deployed nitrogen starved algae to assess nutrient enrichment in coastal estuaries of a 

California salt marsh. Samples were later retrieved and assessed for their nitrogen content 

as a proxy of nitrogen supply in the area. A Carlo-Erba CHN analyzer was required to 

determine the internal nitrogen content of algal samples (Fong et al., 1998). Similar 

experiments could be conducted with U. lactuca, P. palmata, or P. purpurea and a colour 

based nitrogen assessment tool would make them less expensive and easier to conduct. 

Macroalgal species have also been used to assess the Ecosystem Related Impacts 

(ERI) of nutrient supply. For example, Kim et al. (2014) studied macroalgal community 

structure and tissue nitrogen content to assess their usefulness as indicators of sewage 

effluent-based water eutrophication in South Korea. Green and red algae species were 

found to respond to environmental nutrient availability. In this study, the nitrogen content 

of each algal tissue sample was assessed using a CHNS/O elemental analyzer (Kim et al., 

2014). A colour based nitrogen estimation tool would decrease the cost and expertise 

required for this sort of survey as well. 
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Algal colour has already been employed as an indicator of ecosystem related 

impacts (ERI) due to environmental nitrogen levels. A study in 2014 examined seasonal 

colour changes in red macroscopic algae along with nutrient levels in the shallow waters 

of two sites in Japan (Kobayashi & Fujita, 2014). The ratio of ‘yellowed’ (nitrogen 

deficient) to red (replete with nitrogen) individuals was assessed. The ratio increased 

when nitrate levels were low (more yellow individuals) and decreased when nitrate levels 

were high (more red individuals). The study concluded that the ratio was negatively 

correlated to nitrite concentrations. If a significant relationship between U. lactuca, P. 

palmata, or P. purpurea colour and nitrogen content exists, then this sort of study could 

also be applied to monitoring salmon aquaculture ERI. It could also be used to test the 

nutrient mitigating capabilities of IMTA technology. 

If a predictable relationship can be found between algal colour and thalli nitrogen 

content, this would offer an inexpensive and less technical alternative to monitoring 

levels of nitrogen present in algae within the environment. This tool, if effective, could be 

used to monitor the colour of algae populations and address the lack of tools available to 

monitor Water Column Related Impacts (WCRI) and Ecosystem Related Impacts (ERI) 

(as described in Chapter 1, Day et al., 2015) with respect to finfish aquaculture 

monitoring efforts and IMTA performance assessment.  

3.1.4 Objectives: 

This study collected as many samples of U. lactuca, P. palmata and P. purpurea 

as logistically possible by visiting two areas known for their composition of algae. 

Collection events sought out individuals exhibiting as many states of colour as possible. 
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Lastly, this study analyzed all of the samples for their internal nitrogen content to 

determine if there is a relationship between algal thalli colour and internal nitrogen 

content. If a relationship is present, it will assess if each species has the potential for 

continued development as a tool to monitor the nutrient effects of aquaculture and / or the 

nutrient mitigating capability of Integrated Multi-Trophic Aquaculture technology. This 

will be done on the basis of the amount of nitrogen variability explained, the ease of 

locating and identifying the species in the field, and the fit of the model describing the 

relationship between algal colour and nitrogen content. The ultimate goal of this study is 

to establish a relationship between colour and internal nitrogen content that is capable of 

estimating the nitrogen content of algae samples without expensive and time-consuming 

processes that destroy the algae.  

This study will also assess what effects sample season and sample location have 

on a potential relationship between colour and nitrogen. In an ideal scenario, the 

relationship would remain constant, regardless of sample location or season. This would 

mean that the amount of nitrogen content within an alga could be estimated by a 

measurement of colour in any given area and a new relationship would not need to be 

established for future sampling events. 

As a null hypothesis for U. lactuca, P. palmata and P. purpurea, there will be no 

significant relationship between each species’ thalli colour and their internal nitrogen 

content that could be used as a means of predicting nitrogen content from colour. 

Alternatively, there will be a significant relationship between thalli colour and internal 

nitrogen content that could be exploited to estimate the internal nitrogen content of algal 

tissues based on colour alone. 
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3.2 Algal Materials and Methods 

3.2.1 Study Site 

Ulva lactuca, P. purpurea and P. palmata were collected from Letete Passage 

(45° 2'16.99" N 66°53'29.97" W) and Maces Bay (45° 6'10.11" N 66°28'41.85" W) along 

New Brunswick’s south-west coastline in the Bay of Fundy. The samples were collected 

on rocky shorelines in the intertidal and subtidal (< 1 m deep) zones at low tide. The 

Letete Passage (LP) site is characterized by its exposure to strong tidal currents and a 

steep rocky shoreline that extends out into Passamaquoddy Bay off Green’s Point 

lighthouse. The currents and steep vertical shoreline at Letete passage contribute to a 

thriving algae community within a relatively small area where all three species are easily 

found throughout the year. Furthermore, this location has an access road servicing a 

lighthouse (Green’s Point Light) on the edge of the shore. The presence of a nearby 

access road made transporting samples from the site easier and safer than in more isolated 

areas. Thus, Letete Passage was an ideal location for algal collection.  

The Maces Bay (MB) site is a large, wide, gently sloped, open area of exposed 

bedrock and sediments at low tide. Maces Bay is well known locally for its composition 

of algae and its gentle shoreline and expansive area, with all three species being easily 

found in large numbers. Furthermore, the beach at Maces Bay has an access road and 

thus it was chosen as the second sampling location. 

A total of 394 samples were collected at Letete Passage and Maces Bay between 

March and August 2012 (Table 3.1).
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Table 3.1: Collection dates and number of samples of Ulva lactuca, Porphyra purpurea 

and Palmaria palmata from Letete Passage and Passamaquoddy Bay, NB. Sample 

collections 1, 2 and 3 occurred in the spring season and collections 4, 5, and 6 in the 

summer. 

Collection periods Species 

Number of Samples 

Letete 

Passage Maces Bay 

Spring 

1 March 26 & 30 

Ulva lactuca 4 13 

Porphyra purpurea 5 23 

Palmaria palmata 5 13 

2 April 4 & 5 

Ulva lactuca 21 20 

Porphyra purpurea 23 20 

Palmaria palmata 20 20 

3 June 7 

Ulva lactuca 20 0 

Porphyra purpurea 19 0 

Palmaria palmata 20 0 

Summer 

4 July 10 & 20 

Ulva lactuca 20 58 

Porphyra purpurea 19 61 

Palmaria palmata 19 56 

5 August 3 

Ulva lactuca 48 0 

Porphyra purpurea 40 0 

Palmaria palmata 47 0 

6 August 20 

Ulva lactuca 19 19 

Porphyra purpurea 26 2 

Palmaria palmata 19 19 
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3.2.2 Field and Colour Determination Methods 

At low tide, species were identified and then a large portion of the thallus was 

removed and transferred to a plastic bag in a cooler with ice and salt water. The samples 

were transported from Letete Passage and Maces Bay to a laboratory and measured for 

colour within 6 hours of collection. The algae were stored separately in filtered seawater 

at 4o C before having their colour measured.  

Colour was quantified with a spectrophotometer using international standards 

(Commission Internationale de l’Eclairage [CIE]). Colour was measured on the CIE 

L*C*h colour scale (X-Rite, 2007). This scale is in the form of a sphere with three axes: 

lightness (L), chroma (C) and hue (h) (Figure 3.1). Lightness is a vertical scale from 0 

(absolute black) to 100 (absolute white). Chroma, or saturation, ranges from 0 at the 

center of the circle to a maximum of 100. A zero value would represent unsaturated 

colour or shades of white, grey or black whereas a 100 value would represent very high 

saturation or “pure colour”. Hue is represented by the circumference of the circle. It 

ranges from 0 to 360 degrees and each angle represents a unique colour. For example: 0o 

is red, 90o is Yellow, 180o is Green and 270o is blue (Schanda, 2007; X-Rite, 2007; 

Cruse, 2012).  

Prior to observation the thalli were well rinsed with sea water to remove any 

fouling organisms from the surface of the algae. The colour of each thallus was obtained 

through the use of a handheld sphere spectrophotometer. The sphere spectrophotometer 

used in this experiment (X-Rite SP60 Sphere Spectrophotometer) requires a measurement 

area of at least 1 cm2 (X-Rite, 2007). Each thallus was examined for an area free of 

reproductive structures and a portion of tissue approximately 20 cm2 was removed. The 
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tissue was laid flat on a clean white plastic surface. A sheet of ¼ inch (6.35 mm) PVC 

plastic with a 2 cm radius hole cut through it was then placed over the tissue sample to 

keep the sample flat as well as to provide a standard measurement base for the 

spectrophotometer. Each tissue sample was measured three times to obtain mean colour 

values. The colour data consisted of lightness (L), chroma (C) and hue (h) as defined by 

the CIE L*C*h colour scale (Schanda, 2007).  

3.2.3 Nitrogen Content Determination Method 

After colour measurements, the samples were immediately transferred to 

aluminum drying dishes and placed in a drying oven at 60oC for 72 hours. After drying, 

the samples were stored in drying ovens or desiccators to keep samples dry. The samples 

were then ground to a fine powder in an electric ball grinder and were later analyzed for 

their carbon, hydrogen and nitrogen content in a Perkin Elmer 2400 Series II CHNS/O 

Analyzer. The machine oxidizes the material in a pure oxygen environment based on the 

classical Pregl-Dumas method. The products produced include CO2, H2O, and N2 and any 

halogens and sulfur are removed by scrubbing reagents. The resulting gases are 

homogenized and controlled to exact conditions of pressure, temperature and volume. 

The homogenized gases are allowed to de-pressurize through a column where they are 

separated in a stepwise steady-state manner and detected as a function of their thermal 

conductivities (PerkinElmer, 2015). This provided the amount of nitrogen in the tissue 

samples.  
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3.2.4 Statistical analysis 

 A multiple regression analysis was employed to test for a relationship between 

percent nitrogen (% N) content and colour (lightness [L], chroma [C], and hue [h]). The 

L, C, and h were the independent variables and % N was the dependent variable selected. 

Sample site (Letete Passage and Maces Bay) and sample season (Spring and summer) 

were included as categorical co-variables. An alpha (α) of 0.05 was selected to determine 

significance. To determine how location or season affected the multiple regression 

between algal L, C, h and nitrogen content, the species’ relationships were reanalyzed by 

separating the data by sample site and sample season.  

Statistical outliers were encountered during analysis and were associated with 

errors in the measurement of colour with the X-Rite SP60 sphere spectrophotometer. 

Periodically, unusually high or low readings were recorded and were considered to be far 

enough outside the range of normal distribution that they could be removed from the 

analysis. A total of 6 U. lactuca, 5 P. palmata, and 10 P. purpurea samples were 

removed from the analysis for being well outside the range of normal distribution for one 

or more of the colour variables (L, C, or h).  

Statistical analyses for the three species were performed using SYSTAT version 

10.2 and this software was used for all descriptive statistics (SYSTAT, 2002).  

3.2.5 Relationship Between Colour and Nitrogen Content 

On the CIE colour scale, the three colour variables (lightness, chroma, and hue) 

would describe the appearance of algae thalli in different ways. With respect to how 

appearance would change in the presence of a relationship with nitrogen content (%N), it 
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is dependent on the positive or negative nature of the coefficient obtained through a 

multiple regression analysis.  

In terms of lightness, a negative relationship with nitrogen would mean that as 

nitrogen decreases the thalli become paler or closer to white in colour. Higher nitrogen 

content would result in a darker (smaller lightness values) thalli. The opposite is true for a 

positive relationship (Figure 3.1). 

For chroma, a positive relationship would mean that as nitrogen increases, thalli 

would become more vibrantly coloured. Decreasing nitrogen would lead to thalli 

approaching shades of grey. A negative relationship would indicate the opposite (Figure 

3.1). 

Hue is more complex, as it exists on a 360 degree circle of colour (Figure 3.1). 

However, generally speaking, a positive relationship would mean that with increasing 

nitrogen concentration the thallus’s hue would approach the red end of the colour 

spectrum, and decreasing nitrogen it would approach the violet end of the spectrum. A 

negative relationship would indicate the opposite. 

3.3 Results 

3.3.1 Ulva lactuca  

The Ulva lactuca samples had nitrogen contents (%N) ranging from 0.63 to 5.88 

but lacked samples between 1.5 to 2.5 % N (Figure 3.2). Ulva lactuca samples ranged 

from 28.57 to 59.75 in lightness, from 10.70 to 45.68 in chroma, and from 50.39 to 

114.80 in hue (Figure 3.2).  
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Multiple regression analysis between %N and colour (lightness, chroma, hue) of 

U. lactuca samples (n = 242) with site and season as categorical co-variables found a 

significant relationship (p<0.0001) that explained 89.1% of the variability in %N in terms 

of squared multiple R (SMR). The residuals produced were clustered, but there were no 

outlying points or clusters unduly influencing the model (Figure 3.3). A Shapiro-Wilk 

test of the normality indicated that the residuals are not normally distributed (p=0.003) as 

the data are asymmetrical (with a right positive skew) enough to reject the null hypothesis 

of normality. Despite failing the Shapiro-Wilk test for normality, overall the colour and 

nitrogen relationship was well represented by the multiple regression model as the 

frequency of residuals approximated normal distribution, they were not bimodal or 

heavily skewed, and they were centered around zero (Figure 3.3). 

 The regression revealed that lightness has a significant negative relationship with 

nitrogen content (p<0.0001). This indicates that as nitrogen content of U. lactuca 

increases their thalli become darker. When all of the data were included in the analysis, 

chroma (p = 0.080) and hue (p = 0.513) were not significantly related to nitrogen content. 

The categorical variables (site and season) were both significant (p<0.0001) with 

respect to nitrogen content. Spring samples contained more nitrogen than summer 

samples, and Letete Passage samples contained more than those from Maces Bay. The 

importance of these factors was supported by analyses conducted on subsamples of the 

data. Table 3.2 shows that when U. lactuca at individual sites and sample seasons were 

analyzed, the significance of the relationship was affected, less variability in nitrogen 

content was explained by each multiple regression, and the co-efficient and significance 

of each colour variable varied by site and season. 
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3.3.2: Palmaria palmata  

The P. palmata samples had nitrogen content ranging from 0.82 to 4.62 % N 

(Figure 3.4). Palmaria palmata samples ranged from 16.35 to 58.17 in lightness, 2.43 to 

37.45 in chroma, and 25.82 to 109.07 in hue (Figure 3.4). 

Multiple regression analysis between %N and colour (lightness, chroma, hue) of 

P. palmata samples (n = 238) with site and season as categorical co-variables explained 

84.0 % of the variability in %N in terms of squared multiple R.  

The regression revealed that chroma had a significant negative relationship with 

%N (p<0.0001). This indicates that as the nitrogen content of P. Palmaria increases their 

thalli become less vibrantly coloured. When all of the data were included in the analysis, 

lightness (p = 0.068) and hue (p = 0.252) were not significantly related to nitrogen 

content. 

The categorical variables (site and season) were both significant (P<0.0001) with 

spring samples containing more nitrogen than summer samples, and Letete Passage 

samples containing more than those from Maces Bay. The significance of these factors 

was supported by analyses conducted on subsamples of the data. Table 3.3 shows that 

when individual sites and sample seasons were analyzed, the significance of the 

relationship was affected, less variability in nitrogen content was explained by the 

multiple regressions, and the co-efficient and significance of each colour variable varied. 

Overall, the data appears to be well represented by the model produced through 

multiple regression as the frequency of residuals were significantly normally distributed 

(p = 0.058) according to the Shapiro-Wilk test (Figure 3.5). However, the size of the 
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residuals increased as estimate values exceed 2.5 and this indicates that higher nitrogen 

values are unduly influencing the multiple regression (Figure 3.5). This corresponds with 

patterns observed in the raw data where lightness, chroma, and hue all appear to be 

clustered horizontally at the 1-2 % and 3-4 % nitrogen (Figure 3.4 A). This pattern is 

more evident when the samples are subdivided by site and season as spring and summer 

samples can be seen forming horizontal clusters (Figure 3.4 B & C). Despite the 

significance of the multiple regression, the analysis of the residuals and the patterns 

observed in the raw data indicates the relationship between P. palmata nitrogen content 

may not be adequately described by the multiple regression analysis. 
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3.3.3: Porphyra purpurea  

The P. purpurea samples had nitrogen contents ranging from 0.67 to 5.82 % N, 

but few samples possessed contents between 1.5 to 2.5 %N. Porphyra purpurea samples 

ranged from 20.74 to 62.93 in lightness, from 8.01 to 36.63 in chroma, and from 35.75 to 

100.00 in hue (Figure 3.6).  

Multiple regression analysis between %N and colour (lightness, chroma, hue) of 

P. purpurea samples (n = 238) with site and season as categorical co-variables explained 

90.9 % of the variability in %N in terms of squared multiple R. The residuals produced 

were clustered, but there were no outlying points of clusters unduly influencing the model 

(Figure 3.7). Overall, the data were well represented by the model produced through the 

multiple regression as the frequency of the residuals were normally distributed (p = 

0.414) according to the Shapiro Wilk test (Figure 3.7). 

The regression revealed that both lightness and chroma have significant negative 

relationships with nitrogen content (p<0.0001). In terms of lightness, this indicates that as 

nitrogen content of P. purpurea increases their thalli become darker. In terms of chroma, 

it indicates that that as nitrogen content increased their thalli become less vibrantly 

coloured. When all of the data were included in the analysis, hue was not significantly 

related to nitrogen content (p = 0.057). 

The categorical variables (site and season) were both significant (p<0.0001) with 

respect to nitrogen content. Spring samples contained more nitrogen than summer 

samples, and Letete Passage samples contained more than those from Maces Bay. The 

importance of these factors was supported by analyses conducted on subsamples of the 

data. Table 3.4 shows that when individual sites and sample seasons were analyzed, the 
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significance of the relationship was affected, less variability in nitrogen content was 

explained by each multiple regression, and the co-efficient and significance of each 

colour variables varied according by site and season. 

 



 

99 

 

 
  



 

100 

 

 
  



 

101 

 

 
  



 

102 

 

3.4 Discussion 

3.4.1 Algal Colour and Nitrogen Content 

This study examined the relationship between change in nitrogen content and 

colour in three species of macroalgae (Ulva lactuca, Palmaria palmata, and Porphyra 

purpurea). Although all three species were known to vary in colour with respect to 

nitrogen availability (Steffensen, 1976; Morgan et al., 1980; Morgan & Simpson, 1981; 

Geertz-Hansen & Sand-Jensen, 1992; Pederson & Borum, 1996; Chopin et al., 1999; 

Kraemer et al., 2004; Figueroa et al., 2009), the development of a simple field method to 

quantify colour would need to determine if colour could reliably predict thallus nitrogen 

content. If such a relationship exists then perhaps algal colour could be used as a simple 

tool to assess the nitrogen content of algae and thereby reduce the cost and technical 

expertise associated with traditional surveys of algal nitrogen content. It could also be 

used to directly assess the colour of algal populations to monitor ecosystem related 

impacts of aquaculture. 

Colour and nitrogen content varied in all three species. A decline in tissue 

nitrogen content from spring to summer was observed with the greatest decline observed 

in Maces Bay (Figures 3.2, 3.4, 3.6). Nitrogen content appeared to be associated with a 

distinct change in colour with respect to lightness and hue in both U. lactuca (Figure 3.2) 

and P. purpurea (Figure 3.6). In comparison, colour in P. palmata was more variable at 

all levels of nitrogen content (Figure 3.4) and did not show a distinct change with lower 

nitrogen. Multiple regression analysis revealed that all three species possessed a 

significant relationship between tissue nitrogen content and thallus colour. Ulva lactuca’s 



 

103 

 

multiple regression explained 89.1% of the variability in nitrogen content (%N), 

Palmaria palmata’s 84.0%, and Porphyra purpurea’s 90.9% in terms of squared multiple 

R (SMR). The amount of variability explained is encouraging because it implies that the 

nitrogen content of algal thalli could be estimated to a reasonable degree of accuracy 

using colour alone.  

However, P. palmata’s multiple regression model possessed residuals that 

increased as estimate values exceeded 2.5 and this indicates that higher nitrogen values 

may be unduly influencing the multiple regression (Figure 3.5). This corresponded with 

patterns observed in the raw data where lightness, chroma, and hue all appear to be 

clustered horizontally at the 1-2 % and 3-4 % nitrogen (Figure 3.4 A). This pattern is 

more evident when the samples are subdivided by site and season as spring and summer 

samples can be seen forming horizontal clusters (Figure 3.4 B & C). Despite the 

significance of the multiple regression, the analysis of the residuals and the patterns 

observed in the raw data indicates the relationship between P. palmata nitrogen content is 

not being adequately described by the multiple regression analysis. Based on this 

analysis, P. palmata is not a good candidate for further development as a colour based 

nitrogen assessment tool. 

3.4.2 Sample Location 

Sample site was a significant factor for all three species when comparing algal 

colour to nitrogen tissue content. The effect of site was further emphasized by analyzing 

subdivided data according to sample site. For each species, the amount of variability 

explained by the multiple regression adjusted square multiple R (ASMR) was different 
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for each site, with Maces Bay samples explaining more of the variability. For example, 

the multiple regression conducted on U. lactuca samples from Maces Bay explained 

85.8% of the variability while those from Letete passage only explained 48.2% (Table 

3.2). Furthermore, for all three species, the regression residuals were more uniform in 

samples from Letete Passage whereas those from Maces Bay samples were more patchy. 

This suggests Letete Passage samples were better described by their regressions than 

those from Maces Bay. In addition, at this finer scale of investigation, the coefficient of 

the relationship was small and could change significance within the same species such as 

in U. lactuca hue between Letete Passage and Maces Bay (Table 3.2). This indicated that 

the measurement of colour at this scale may not be resolving a clear relationship between 

colour and nitrogen content due to high measurement error or additional factors.  

For all three species, observations from Letete Passage had less range (in terms of 

nitrogen and colour) than the Maces Bay samples (Figures 3.2, 3.4, and 3.6). The 

differences in nitrogen content and colour ranges at Letete Passage and Maces Bay may 

be due to their different physical geography. Letete Passage is one of three narrow 

channels that restrict the entrance of Passamaquoddy Bay. Tidal currents ensure constant 

exposure to high flow rates where available nutrients are in constant supply and 

temperatures remain relatively cool. These conditions likely resulted in a smaller range of 

nitrogen and colour values. In contrast, Maces Bay is a shallow tidal flat where nutrients 

are more likely to become diminished over the course of the growing season and where 

algae are more likely to be exposed to higher water temperatures and solar radiation 

during low tides. Higher water temperatures can increase algal reproductive rates 

(Steffensen, 1976), meaning algae release reproductive cells at a higher rate and tissues 



 

105 

 

become paler and lower in nitrogen as cells release their reproductive components. Also, 

too much solar radiation exposure can damage algal pigments and have bleaching effects 

on tissues, resulting in lighter algae with smaller nitrogen contents (Figueroa et al., 1997; 

Grobe & Murphy, 1998; Bischof et al., 2002). All of these factors may have produced the 

wider range of nitrogen contents and colour variables observed in this study. 

3.4.3 Sample Season 

 Sample season was also a significant factor for all three species when comparing 

algal colour to nitrogen tissue content and this was emphasized by analyzing subdivided 

data according to sample season within each site. For each species, the amount of 

variability explained by the multiple regression adjusted square multiple R (ASMR) was 

different for each season. Summer samples of all three species explained more of the 

variability in nitrogen than spring samples with one exception, P. purpurea samples from 

Maces Bay. As with sample site, when the seasonal data subsets became smaller, the 

significance of the colour coefficients changed from one season to the next within a 

single species. For example, the lightness of Ulva lactuca from Letete Passage changed 

from positive and non-significant in spring to negative and significant in summer (Table 

3.2). This is further proof that the measurement of colour at this scale may not be 

resolving a clear relationship between colour and nitrogen content due to high 

measurement error or additional factors. 

During the collection seasons in 2012, Ulva lactuca was theoretically in the 

reproductive stage of their life cycle (Taylor, 1957; Niesenbaum, 1988; Guiry & Guiry, 

2012a; World Register of Marine Species, 2012a), as were Palmaria palmata (Taylor, 
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1957; Van Der Meer, 1980; Faes & Viejo, 2003; Guiry & Guiry 2012b; World Register 

of Marine Species, 2012b), and Porphyra purpurea (Taylor, 1957; Robinson et al., 1996; 

Chopin et al., 1999; Gantt et al., 2010; Guiry & Guiry, 2012c; World Register of Marine 

Species, 2012c). During reproduction, algae undergo physiological changes that can alter 

the amount of nitrogen present in their thallus at any given time; depleting it in some 

areas and accumulating it in others. It is possible that algal reproductive status could have 

an effect on the relationship between thallus colour and nitrogen content.  

For example, U. lactuca were not differentiated on the basis of their reproductive 

status and although the reproductive margins were not sampled, there may be 

physiological changes occurring elsewhere influencing the relationship between colour 

and nitrogen content. Also, individual P. palmata were not differentiated in regards to the 

diploid sporophytic or haploid gametophytic stages of their life cycle and were also 

reproductive during this study. The stages may have different relationships between 

colour and nitrogen content and the reproductive status of the algae may have introduced 

additional errors. Similarly, P. purpurea were not differentiated with respect to male and 

female tissues and the sexes may possess different relationships between colour and 

nitrogen content. Also, although the reproductive margins were avoided during sampling 

and analysis, there may be physiological changes in the vegetative portion of P. purpurea 

thalli that could possibly influence the relationship between colour and nitrogen content.  

Furthermore, as the sampling season progressed P. purpurea became more 

difficult to locate as they became more scarce, whereas U. lactuca and P. Palmaria 

remained relatively abundant. In addition to P. purpurea’s scarcity later in the season, 

there are several closely related species of Porphyra present in the intertidal zone that are 
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similar in appearance. Uncertainty in locating and correctly identifying P. purpurea make 

it a less desirable candidate when developing a simple tool for non-experts to conduct 

when monitoring aquaculture nutrients. 

3.4.4 Limitations of this Study 

The results revealed that nitrogen was significantly different with respect to both 

sample season and sample location. This is a considerable constraint when building a 

unifying equation to estimate algal nitrogen content. For example, had this experiment 

only retrieved U. lactuca from Letete Passage then analysis of colour would have only 

explained 26.1% of the variability in nitrogen (Table 3.2). If sampling had been restricted 

to Maces Bay in the summer, only 49.4% of the variability would have been explained. 

This would have led to the conclusion that algal colour is not a very effective means of 

estimating nitrogen tissue content. It is only by sampling the greatest possible variety of 

colour and nitrogen, combining multiple sites across different seasons of collection that 

the full relationship begins to take shape and up to 89.1% of the variability in nitrogen 

can be explained by colour alone, so long as site and season are included as categorical 

variables.  

Ultimately, the original goal of this study was to collect as many algae samples as 

possible with the greatest amount of colour variability possible. Without knowing in 

advance how the sample site, season, or internal nitrogen content of algae would change 

over the course of the sampling season, samples in the 1.5 to 3% range of nitrogen 

content were inadvertently omitted. Given the significance of site as a factor, this study 

should have been conducted at a greater variety of collection sites. Furthermore, given 
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the significance of season as a factor, sampling should have been conducted more 

continuously throughout the growing season to capture natural fluctuations in nitrogen 

content. 

Another source of error that may have influenced the findings of this study is the 

colour analysis of algal tissues with the spectrophotometer. Periodically (~1% of 

samples) the spectrophotometer would provide L, C and h values well outside the range 

of normal distribution and these statistical outliers were removed prior to analysis. The 

measurement errors occurred equally across all three species and throughout the sampling 

period. Eighty percent of the measurement errors were in regard to hue and the 

remainders were in regard to chroma. In the case of hue, the values were discarded for 

being well outside the range of possibility. For example, one U. lactuca sample had a low 

hue value that classified it as red and one P. palmata sample had a high hue value that 

classified it as green. Neither of these colour variations were observed in these species. 

The remaining errors were unusually high or low chroma values indicating both over and 

under saturation. For both hue and chroma, the errors in measurement were likely due to 

procedural errors and not the equipment itself. If the algae are not adequately dried and 

flattened prior to the application of the spectrophotometer the reflected light can be 

intensified or scattered and the associated colour variables measured incorrectly. Future 

researchers using this technology should take care to dry and flatten every sample prior to 

measurement. 



 

109 

 

3.4.5 Future Work and Application as a Tool 

All three species observed had significant relationships between nitrogen content 

and their thalli tissue colour (U. lactuca, P. palmata, and P. porphyra) when location and 

season were included as categorical variables. This tool has the potential to provide 

insight into the level of nitrogen an individual alga has been exposed to by measuring its 

colour in terms of lightness, chroma and hue. The colour of the thalli will give an 

indication of the level of nitrogen within the individual’s tissues and this can provide 

researchers with insights into the amount of nitrogen it has access to in the environment. 

This new colour based nitrogen estimation technique could reduce the costs and time 

associated with conducting traditional algal monitoring surveys as part of an IMTA 

performance assessment process. It could also be employed directly to monitor the 

ecosystem related impacts of aquaculture and IMTA technology by either deploying test 

algae or monitoring long term changes in the colour of algal populations over time. 

Of the three species analyzed, U. lactuca and P. porphyra showed the most 

potential for use as indicator species, but U. lactuca may be the preferable option for 

future development. Ulva lactuca was the easiest to locate, identify, and appeared to be 

less affected by sample season than either P. palmata or P. purpurea. Porphyra purpurea 

was also a good candidate for future tool development, but individuals became rarer and 

harder to locate as the season progressed. Also, proper identification of P. purpurea is 

more difficult than with U. lactuca. There are several similar species of Porphyra present 

in the environment and this would increase the amount of training required for collectors. 

A similar problem exists for P. palmata in that only an experienced phycologist can 

differentiate between the male and sporophyte stages as they are very similar in 
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appearance. It is also unknown if the relationship between colour and nitrogen content is 

the same for both P. palmata life stages, thus making it a less attractive option for a 

monitoring tool. 

Since sample location was determined to be a significant factor, this study should 

be continued at a greater variety of locations. Based on this study, it is possible that 

unique relationships between colour and nitrogen exist at different geographic locations. 

This means that before the tool could be employed in a new region, a baseline survey of 

the relationship between colour and nitrogen would need to be established prior to this 

tool being employed. Since sample season was also determined to be a significant factor, 

baseline surveys would need to be conducted continuously over the course of an entire 

growing season to determine the variability in colour and nitrogen over time. Then inter-

annual variability in colour and nitrogen would need to be assessed as well. Thus before 

this tool can be used to monitor the ecosystem related impacts of aquaculture or the 

performance of IMTA operations, more work is needed to determine how geographic 

location and sample season affect the relationship between colour and nitrogen content.  

Future research may wish to focus on species with more easily identified life 

history stages (ex. U. lactuca) to avoid introducing errors associated with multiple life 

cycles stages and sexes and more work should be done to determine what effect, if any, 

reproductive status has on the relationship between algal colour and nitrogen content. 

Researchers should consider collecting water samples alongside algal samples to 

determine if algal colour and internal nitrogen content reflect nitrogen concentration 

within the water column.  
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 3.5 Conclusion 

In conclusion, since a significant relationship was obtained (with relatively high 

ASMR values) when the categorical variables of site and season were included, this tool 

has potential as a means of predicting nitrogen content based on colour alone. Based on 

the observations of this study, there is sufficient evidence to reject the null hypothesis 

that there is no relationship between algal colour and nitrogen content. There is sufficient 

evidence to accept the alternate hypothesis: that there is a significant relationship between 

algal thalli colour and internal nitrogen that could be exploited to estimate the internal 

nitrogen content of algae tissues based on colour alone. However, due to the limitations 

of this study, more work is required to develop this tool before it can be used an indicator 

of ecosystem related impacts (ERI) and water column related impacts (WCRI) of salmon 

aquaculture or to measure the performance of IMTA technology. 
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4.0 Conclusion 

The goal of this study was to begin the development of new biological indicator 

tools for use in the assessment of aquaculture based impacts in the Canadian environment 

and of IMTA performance. It attempted to address the current lack of knowledge 

regarding ecosystem related impacts (ERI) and water column related impacts (WCRI) 

with respect to finfish aquaculture in Canada. It investigated new biological indicators to 

expand our knowledge of how finfish operations interact with local wild species and 

determined if they are suitable to assess the performance of IMTA technology.  

Specifically, the second chapter of this study sought to determine if early 

colonizing species distribution and composition could be used as an indication of ERI 

and this was coupled with oceanographic monitoring to identify possible WCRI. These 

aspects were intended to monitor the organic particulate matter acting as a source of 

nutrients in the marine environment. The third chapter focused on developing a tool that 

would respond to inorganic nutrients released by finfish farms. Specifically, it sought to 

develop a method of quickly assessing the nitrogen content of algae species to determine 

if it would be an appropriate method of monitoring ERI with respect to inorganic nutrient 

input. 

The second chapter addressed ERI by examining how early colonizing species 

interact with finfish aquaculture farms in a complex coastal zone. It revealed that the 

distribution and composition of early colonizing species can change within a relatively 

small distance (< 150 m), and is not entirely explained by proximity to a cage site alone. 

However, the degree of variability in biomass accumulation that exists between sites and 
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years suggests there may be factors other than distance, temperature, and time (such as 

species composition and distribution) that are influencing the biomass index.  

 Chapter two also addressed WCRI as it monitored oceanographic conditions and 

found sampling techniques may influence the results obtained when monitoring the water 

column. It revealed that a very dynamic environment increases the difficulty of obtaining 

discrete samples of other environmental parameters that cannot (practically) be measured 

continuously. Examining how early colonizing species interact with finfish aquaculture 

cages and monitoring oceanographic conditions has expanded our knowledge of the 

WCRI and ERI associated with the industry. Although much more work is needed before 

this tool can be incorporated into an IMTA performance assessment monitoring program, 

it has provided valuable insights into how finfish farms interact with the environment.  

The third chapter addressed finfish aquaculture ERI by developing a tool that 

expedites the process of measuring inorganic nutrients present in the marine environment. 

It explored the possibility of a relationship between algal tissue colour and internal 

nitrogen content. It observed that colour and nitrogen content in Ulva lactuca, Palmaria 

palmata and Porphyra purpurea varied between location and season.  

This study found evidence of a relationship between algal tissue colour and 

nitrogen content, particularly in Ulva lactuca. If the limitations noted in this manuscript 

are addressed through future research, this tool could provide insight into the level of 

nitrogen an individual alga has been exposed to in the environment with a simple colour 

measurement. It could provide researchers with real-time observations of the amount of 

nitrogen an individual alga has been exposed to in its environment, reducing the need for 

the time consuming process of transporting the samples back to a laboratory for complex 



 

118 

 

and costly analysis. It could be used at the ecosystem level to monitor the colour of algal 

populations over time, allowing managers to observe what effects point sources of 

nutrients or nutrient mitigating technologies like IMTA have. Although more work is 

needed before this tool can be incorporated into an IMTA performance monitoring 

program, this research has provided valuable insights into the relationship between algal 

tissue colour and internal nitrogen content.  

The experiments conducted in chapters 2 and 3 experienced similar limitations. 

These experiments attempted to use natural biological systems to develop new biological 

indicators and as a result encountered problems with sampling, study design, species 

presence, and seasonal variance. When working with industry to study biofouling, 

experimental locations were limited to what had been made available rather than what 

would have been ideal for hypothesis testing. A similar issue was encountered when 

collecting algae for analysis. Sample locations were restricted to what could safely be 

accessed within driving distance of the laboratory for post-collection processing. In both 

experiments weather had a confounding role, with storm events losing bio-collector 

arrays in 2011 and thick fog events leading to prematurely cancelled algae collection 

days. In each case the species were variable and did not behave as anticipated. Biofouling 

species composition changed unexpectedly within a relatively small distance (150 m) and 

influenced biomass accumulation rates. Algal species became more difficult to locate and 

identify as the season progressed and nitrogen contents between 1.5 to 3% were 

inadvertently omitted through a lack of sampling at a critical time period. 

The difficulties encountered while developing these bio-indicator tools are likely 

why there is still a need for environmental monitoring tools in the first place. Biological 
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indicators are difficult to develop because of the natural variability in biological 

processes and the inherent challenges of working in the field. Since these tools need to be 

robust enough for use in management decisions, and may even be involved in legal 

challenges, a high degree of reliability is necessary.  

In conclusion, this thesis has expanded our knowledge of how finfish aquaculture 

operations interact with wild species. It has investigated two new tools to monitor ERI 

and WCRI and found that both show promise for eventual use as biological indicators. 

However, more research is required before either tool can be used as reliable, cost 

effective biological indicators of the ERI and WCRI associated with finfish aquaculture 

or in assessing the performance of IMTA technology. 
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5.0 Appendix 

5.1 Discrete Temperature Data 

 

Figure 5.1.1: Measurements of temperature (ºC) in ten second intervals using a YSI 

Sonde at MF-276 comparing ebb and flood tides in 2012 at 0 m from cages, 15 m from 

cages, and 150 m from cages. 
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5.2 Discrete Salinity Data 

 

Figure 5.2.1: Measurements of salinity (ppt) in ten second intervals using a YSI Sonde at 

MF-276 comparing ebb and flood tides in 2012 at 0 m from cages, 15 m from cages, and 

150 m from cages. 
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5.3 Discrete pH Data 

 

Figure 5.3.1: Measurements of pH in ten second intervals using a YSI Sonde at MF-276 

comparing ebb and flood tides in 2012 at 0 m from cages, 15 m from cages, and 150 m 

from cages. 
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5.4 Discrete Turbidity Data 

 

Figure 5.4.1: Measurements of turbidity (NTU) in ten second intervals using a YSI Sonde 

at MF-276 comparing ebb and flood tides in 2012 at 0 m from cages, 15 m from cages, 

and 150 m from cages. 
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5.5 Discrete Chlorophyll RFU Data 

 

Figure 5.5.1: Measurements of chlorophyll (RFU) in ten second intervals using a YSI 

Sonde at MF-276 comparing ebb and flood tides in 2012 at 0 m from cages, 15 m from 

cages, and 150 m from cages.
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