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Eelgrass is designated as an ecologically significant species in the southern Gulf of St. 
Lawrence (sGSL). It is suspected that eelgrass in this region is currently experiencing 
population change in many places. One potential driver of eelgrass declines in the sGSL is 
suspended shellfish aquaculture. However, interactions between cultured shellfish and eelgrass 
are complex and difficult to quantify and the overall risks of shellfish aquaculture to eelgrass in 
the region remain unclear. 
This Regional Science Response Process was requested by Aquaculture Management, 
Fisheries and Oceans Canada (DFO) to support the ongoing delivery of DFO’s role in assessing 
shellfish aquaculture interactions with fish and fish habitat under the Fisheries Act, as well as 
providing science advice to the Prince Edward Island aquaculture leasing program and Nova 
Scotia and New Brunswick provincial aquaculture regulators. 
The request for advice is to inform our understanding of the effects of suspended shellfish 
aquaculture on eelgrass beds. Specifically, the spatial interactions and likely effects of shellfish 
aquaculture on eelgrass habitat in the sGSL, with particular focus on shading from aquaculture 
gear; differentiated by species, gear type, and depth. 
While eelgrass can interact with shellfish aquaculture through a variety of pathways, this 
process focuses on the potential scope of shading on important eelgrass habitats within DFO 
Gulf Region. This was accomplished through a review of available scientific literature, the 
compilation and spatial analysis of data representing the distribution of aquaculture activities 
within eelgrass depth requirements, and field experiments measuring the effects of aquaculture 
gear on underwater light conditions. 
This Science Response Report results from the Regional Peer Review of March 30, 2023 on 
Characterizing the effects of suspended oyster aquaculture on eelgrass in the Gulf Region. 

Background 
Eelgrass, Zostera marina (hereafter eelgrass), is the primary seagrass species found in saline 
environments in the southern Gulf of St. Lawrence (sGSL) (Vandermeulen 2005). Eelgrass is a 
rooted marine plant with vertical leaves that is predominantly perennial; however, annual growth 
forms can occur under stressed conditions (Robertson and Mann 1984; note that the differences 
in perennial vs. annual forms are only discussed where differences in traits are critical to the 
context). Eelgrass coverage increases through either sexual reproduction via seeds or clonal 
growth and lateral extension of belowground stems known as “rhizomes”. Rhizomes of an 
individual eelgrass plant extend through sediments in a branching pattern (Ochieng et al. 2010), 
with roots and leaves extending off the rhizome; horizontal rhizome extension occurs at a rate of 
approximately 15 cm per year (Olesen and Sand-Jensen 1994). Aboveground, eelgrass 
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produces two structures: vegetative shoots and reproductive shoots, with the latter producing 
flowers and seeds through sexual reproduction (Keddy and Patriquin 1978). In the sGSL, the 
eelgrass canopy can reach heights of 1.3 m above the seafloor (van den Heuvel et al. 2019). 
In shallow subtidal areas of the sGSL eelgrass growth is likely restricted to ice-free months, 
typically between April and November, with maximum biomass typically occurring in July 
(Clausen et al. 2014; Hitchcock et al. 2017, van den Heuvel et al. 2019). Defoliation of leaves in 
the winter months is common, with new leaves emerging from the rhizomes in spring (Wong et 
al. 2013), though there are documented cases of leaf retention throughout the winter 
(McRoy 1969). As such, plant characteristics (e.g., leaf length, shoot density, flowering) can 
vary seasonally (Clausen et al. 2014; Blok et al. 2018). 
The maximum and minimum depths (i.e., intertidal) occupied by eelgrass are dependent on 
local environmental conditions; most notably temperature, water clarity, water currents, and ice 
scour (Schneider and Mann 1991; Oreska et al. 2021; Krumhansl et al. 2021; Howarth et 
al. 2022). For example, eelgrass has been documented at depths > 6 m in Newfoundland and 
Atlantic Nova Scotia and may occupy intertidal areas outside the sGSL within Atlantic Canada 
that do not experience winter ice scour (Robertson and Mann 1984; Warren et al. 2010; Barrell 
and Grant 2015; Krumhansl et al. 2021). Data describing the depth distribution of eelgrass 
habitat in aquaculture bays of the sGSL will be presented below. 
Where present, extensive eelgrass meadows in the sGSL provide many ecosystem services. 
Principally eelgrass forms critical three-dimensional habitat for a multitude of species in this 
region (Schneider and Mann 1991; DFO 2009; Coffin et al. 2018). Many species of small-bodied 
fish, including juvenile stages of species of commercial, recreational, and aboriginal interest 
(Joseph et al. 2006; Joseph et al. 2013), seek refuge in eelgrass beds in the sGSL. Indeed, the 
Mi'kmaq of Atlantic Canada have long associated Qata’skwl (eelgrass) as places to find fish 
(CEPI 2006). Eelgrass also provides several valuable ecosystem services, including primary 
production, carbon sequestration, water filtration, attenuation of wave energy, and sediment 
stabilization (Barbier et al. 2011; Hansen and Reidenbach 2013; Orth et al. 2020). Due to this 
role as an “ecosystem engineer”, eelgrass was designated by DFO as an ecologically significant 
species (ESS) in the sGSL (DFO 2009). 
Eelgrass habitat is very dynamic, forming habitat mosaic patterns ranging from highly 
fragmented to continuous meadows spanning multiple spatial scales (Figure 1). The eelgrass 
landscape is structured by several spatially and temporally variable processes and can vary 
considerably through time in response to changing environmental conditions (Robertson and 
Mann 1984; Barrell and Grant 2015; van den Heuvel et al. 2019). Eelgrass requires suitable 
conditions for establishment and persistence. As a rooted plant, it requires soft substrate (i.e., 
sand or mud) with low levels of organic matter (Hargrave et al. 2008; Coffin et al. 2018; Oreska 
et al. 2021). In addition, sufficient availability of light and nutrients for photosynthesis are crucial 
for eelgrass (Ochieng et al. 2010; Sandoval-Gil et al. 2016). Several other interacting factors 
can affect the health and distribution of eelgrass, including water temperature, hydrodynamic 
regimes, storm frequency and intensity, winter ice dynamics, grazing, invasive species, and 
direct anthropogenic disturbance (DFO 2009, 2012; Murphy et al. 2021; Wong and Dowd 2021). 
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Figure 1. Hierarchy of spatial scales represented in an eelgrass landscape: (left) individual plant with leaf 
and rhizome structures, (center) a collection of plants forming a patch, and (right) landscape-scale mosaic 
of patches intermixed with a blue mussel reef. All photos taken by J. Barrell at Eastern Passage, Nova 
Scotia, Canada. Figure reproduced from Barrell (2014). 

Eelgrass characteristics can respond to localized parameters, changing environmental 
conditions and stress from cumulative effects (e.g., temperature, light, nutrients, depth, current 
velocity, etc.) in a variety of ways (Skinner et al. 2013; Sandoval-Gil et al. 2016; Uhrin and 
Turner 2018). For example, light can affect physiological parameters of eelgrass in the northern 
Gulf of St. Lawrence (Léger-Daigle et al. 2022). Indeed, light is a primary consideration for the 
length of eelgrass leaves in the sGSL, with leaf length increasing relative to decreasing light 
levels (Schmidt et al. 2012; van den Heuvel et al. 2019). The increased energy allocation for 
leaf growth in low light reduces biomass within rhizomes and associated carbohydrate reserves 
needed for overwinter survival (Burke et al. 1996; Ochieng et al. 2010; Hasler-Sheetal et 
al. 2016). Moreover, the decrease in root mass under low light coupled with high sediment 
organic matter further reduces anchoring from long leaves relative to smaller below ground 
structures (Wicks et al. 2009). Such changes in morphology and biomass allocation can 
influence landscape patterns of eelgrass density, which relate to wave energy levels (Uhrin and 
Turner 2018). Genetic origins can also influence plant morphology, as densities and biomass of 
Atlantic eelgrass populations (distinct from Pacific populations) are a legacy of Pleistocene 
isolation events (Duffy et al. 2022). Furthermore, eelgrass has the potential to at least partially 
acclimate to localized light conditions (Léger-Daigle et al. 2022). This combination of 
morphology, wave energy, sediment structure, and genetic origin culminate to drive spatially-
variable landscape mosaics of eelgrass (Borum et al. 2014; Barrell and Grant 2015; Duffy et 
al. 2022). 
Eelgrass is widely distributed throughout the sGSL in areas with suitable environmental 
conditions (Schneider and Mann 1991; Skinner et al. 2013; van den Heuvel et al. 2019; 
DFO unpublished data). The historical spatial coverage of eelgrass in this region is difficult to 
determine (Karmakar et al. 2019; van den Heuvel et al. 2019). Wasting disease caused by the 
slime mold Labyrinthula spp. drove severe population declines of sGSL eelgrass in the 1930s, 
with limited recovery until the 1950s (Cottam and Munro 1954). Drastic contemporary declines 
in eelgrass coverage have also been reported in the sGSL, in some cases documenting bay-
scale loss of up to 95% (Garbary et al. 2014; van den Heuvel et al. 2019; Murphy et al. 2021). 
Preliminary satellite imagery analysis corroborates recent reports of coverage declines 
(DFO unpublished data). Eelgrass declines in the sGSL have been linked to a multitude of 
factors including invasive species, human alterations to drainage basins, eutrophication, and 
coastal landscape alteration (Murphy et al. 2019; Skinner et al. 2013; Garbary et al. 2014; van 
den Heuvel et al. 2019). High summer temperatures in the sGSL may be a critical factor, as 
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eelgrass is known to experience physiological stress above 23 °C and increased mortality 
above 25 °C (Nejrup & Pedersen 2008), which can occur particularly in shallow sGSL bays and 
estuaries (Sonier et al. 2011; Coffin et al. 2018). Stress related to eutrophication has also been 
identified as a critical factor in the sGSL and beyond (Lefcheck et al. 2018; van den Heuvel et 
al. 2019), and eelgrass can be further affected by a wide variety of nuanced and localized 
environmental conditions (e.g., hydrodynamics, salinity, porewater chemistry, sediment type, 
etc.; Nejrup & Pedersen 2008; Borum et al. 2014; Krumhansl et al. 2021; Oreska et al. 2021). 
Another potential factor affecting the distribution of eelgrass in the sGSL is suspended shellfish 
aquaculture. Shellfish aquaculture can have negative, neutral, or positive effects on eelgrass 
health (Ferriss et al. 2019; Howarth et al. 2022). Shading from suspended aquaculture leases is 
considered the dominant driver negatively affecting eelgrass health within and near suspended 
bivalve leases (McKindsey et al. 2011; Skinner et al. 2014). This shading may result in eelgrass 
mortality within aquaculture lease footprints (McKindsey et al. 2011; Skinner et al. 2014; Ferriss 
et al. 2019); however, local environmental conditions, the type of shellfish aquaculture, and the 
spatial footprint of aquaculture activities can all influence the scale of eelgrass impact (Skinner 
et al. 2013; Ferriss et al. 2019). Introduced species associated with bivalve aquaculture can 
further shade adjacent eelgrass leaves (McKindsey et al. 2011; Carman et al. 2019). Organic 
matter deposition from shellfish aquaculture can also increase sulfide toxicity and affect 
eelgrass metabolism (Hasler-Sheetal et al. 2016), although organic waste from oysters may not 
build up in all eelgrass beds (Skinner et al. 2013, 2014; Comeau et al. 2014). Conversely, 
bivalves can increase light penetration by enhancing water clarity through filtration and can 
provide benefits to seagrass in some phytoplankton-dominated systems (Newell and 
Koch 2004; Ibarra et al. 2012); however, it is important to note this has not been explicitly 
demonstrated for eelgrass in the sGSL. When light availability is high, bivalves can also provide 
nutrients that can further stimulate eelgrass growth (Castorani et al. 2015; Sandoval-Gil et 
al. 2016). Consequently, the interactions between cultured sGSL bivalve species and eelgrass 
are complex and difficult to quantify. 
While previous shading experiments have documented potential negative effects on eelgrass 
traits due to shading in the sGSL (Skinner et al. 2013, 2014), these experiments were 
conducted in the context of now largely outdated gear types and in very shallow water (0.3–
0.6 m). Aquaculture gear types and culture practices have changed in recent years, and culture 
methods are continually shifting to deeper water. Furthermore, while experiments measuring 
potential effects at the farm scale exist (e.g., Skinner et al. 2013, 2014), an updated and broader 
spatial understanding of aquaculture impacts on eelgrass at the regional scale across the sGSL 
is lacking. As such, the goal of this document is to “examine the spatial interactions and likely 
effects of shellfish aquaculture and eelgrass habitat in the southern Gulf of St. Lawrence, with 
particular focus on shading from aquaculture gear; differentiated by species, gear type, and 
depth” (see Terms of Reference). 
To achieve this, we reviewed the literature to synthesize the likely effects of shellfish 
aquaculture on eelgrass in the sGSL. We conducted experiments measuring light beneath 
oyster cages (the most common oyster culture gear type in the region; see section titled Spatial 
interactions between shellfish aquaculture and eelgrass below) at an oyster lease in Cocagne 
Bay, New Brunswick (NB) to assess farm-scale effects of oyster aquaculture on light levels and 
light attenuation. Finally, we compiled detailed data representing shellfish aquaculture activities 
in the sGSL according to species (blue mussels, Mytilus edulis; and eastern oysters, 
Crassostrea virginica), culture method (oyster bags, vs. oyster cages vs. mussel lines), and 
depth to estimate potential overlap with eelgrass habitat, and ultimately infer the potential 
effects of aquaculture shading in the region. 

https://www.dfo-mpo.gc.ca/csas-sccs/Schedule-Horraire/2023/03_30-eng.html
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Notable limitations 
It is important to explicitly recognize that the available data only permit quantification of the 
spatial footprint of shellfish aquaculture, not the direct impacts of aquaculture on eelgrass 
presence, health, or productivity. The data presented in this Science Response Report (SRR) 
only address potential overlap between shellfish aquaculture and eelgrass habitat in the sGSL, 
and do not represent actual or observed effects. While we discuss likely impacts of shading 
based on the current knowledge, we do not provide empirical measurements of impacts to 
eelgrass. Such impacts are complex, nuanced, and difficult to quantify, least not due to the 
multiple traits of eelgrass that can be affected by aquaculture (e.g., areal coverage, canopy 
height, above- and belowground biomass, shoot density, physiology, etc.). 
DFO Science Branch in the Gulf Region is currently working on satellite mapping of eelgrass 
habitat throughout the sGSL, which is expected to greatly increase knowledge of eelgrass 
distribution and spatiotemporal dynamics throughout the Gulf Region. It is expected that the 
results of these mapping efforts will have important implications for the management of 
aquaculture-environment interactions, and may require reassessment of the advice provided 
through the current process. While datasets derived from satellite mapping are not currently 
ready for publication, related insights have been added to this SRR where possible. 

Shellfish aquaculture in the sGSL 
In the sGSL, both oysters (Crassostrea virginica) and mussels (Mytilus edulis) are commonly 
farmed in nearshore waters (Bastien-Daigle et al. 2007; Filgueira et al. 2015). These bivalve 
species consume phytoplankton as a food source and thrive in highly productive coastal and 
estuarine environments such as those occurring throughout the sGSL. Most shellfish farming in 
this region takes place in sheltered lagoon-type systems that have relatively long residence 
times (Filgueira et al. 2015; Guyondet et al. 2013, 2015). A variety of different culture methods 
are used in the sGSL bivalve aquaculture industry, including bottom, off-bottom, and suspended 
culture methods for oysters, as well as suspended culture methods for mussels (Figure 2). The 
culture of additional species such as clams and scallops are licensed in some cases, though the 
quantity is unknown and considered to be very low. 
For oysters, bottom culture has a long history in the region and consists of adding oysters 
directly to the benthos of leased areas in shallow subtidal waters where the oysters grow to 
market size and are subsequently collected using tongs and dredges (Medcof 1961). With off-
bottom culture, oysters are held at a desired height in the water column in grow-out-bags that 
are affixed to metal rods anchored into the sediment in a table-like structure (Bastien-Daigle et 
al. 2007). These tables may be permanently attached to the bottom or removed seasonally 
(Bastien-Daigle et al. 2007). While bottom and off-bottom culture can affect eelgrass habitat, 
they are not the primary focus of this process. Bottom culture, though widespread in the sGSL, 
is not expected to result in shading of eelgrass, though there may be significant effects from 
harvesting (see “Physical Disturbances” section below). Off-bottom (i.e., “table” structures) can 
be very damaging to eelgrass as their spatially fixed nature causes permanent shading of the 
seafloor; however, these are uncommon in the sGSL and not currently expected to represent a 
significant risk to eelgrass at the regional scale (e.g., only one lease in NB contains off-bottom 
structures; see below). 
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Figure 2. Images* of various bivalve aquaculture methods in use in the southern Gulf of St. Lawrence, 
including: harvesting oysters using tongs in a bottom culture lease (A); off-bottom oyster tables (B); 
suspended oyster bags (C); suspended oyster cages; note the two orientations, flipped down for growth, 
flipped up for removing biofouling) (D); glued oyster lines (E); and longline mussel culture (F). 

*Figures taken from: A. Lufa Farms Inc.; B, E. Reference Manual For Oyster Aquaculturists; C, F. Canadian 
Aquaculture R&D Review 2009; D. DFO Gulf 

While both bottom and suspended culturing methods are used for oysters, the majority of oyster 
farming in the sGSL employs suspended culture techniques. Therein, oysters are suspended at 
the surface (or just below the surface) in holding structures, which typically consist of either 
mesh bags, cages, or a series of ropes (Bastien-Daigle et al. 2007; Comeau 2013; Skinner et 
al. 2014). Floating bags and cages can also be arranged at different depths, though this is 
uncommon in the shallow coastal waters of the sGSL (Comeau et al. 2009). The holding 
structures are attached to a series of floats, connected linearly by rope, which are anchored to 
bottom on either side using concrete blocks or other anchoring mechanisms (Bastien-Daigle et 
al. 2007; Comeau 2013). The designs of suspended holding structures vary, with many products 
available from commercial suppliers. All suspended culture within the water column is allowed to 
move vertically and horizontally with tidal currents and changes in depth, whereas fixed off-
bottom culture structures (i.e., tables) are anchored to the sediment and do not move with the 
tide (Bastien-Daigle et al. 2007). Allowing for slack in suspended lines reduces the force 
experienced on the lines and anchors, reducing the risk of losing gear during storms (which can 
itself pose risk to surrounding habitats; McKindsey et al. 2011), and also reduces localized 
effects of shading and bio-deposition by spreading these effects over a larger spatial area 
(Transport Canada 2007, Howarth et al. 2021). 
Suspended bags and cages are the most prevalent oyster culture methods used in the sGSL. In 
New Brunswick either cages or bags are used on 149 out of 150 active suspended sites (see 
section “Spatial interactions between shellfish aquaculture and eelgrass” below). These gear 
types differ in several ways, although for eelgrass the most important aspects relate to their size 
and, by extension, the depth of water for which they are suitable. Bags are typically deployed on 
either side of a central anchored line with integrated floats, and have minimal spacing between 
bags, creating an essentially continuous floating structure along each line (Figure 2C and 
Appendix I). In contrast, cages are manufactured in several formats, but most typically hold 4 to 
6 bags per cage arranged in a 2x2 or 2x3 form with floats attached above (Figure 2D and 

https://montreal.lufa.com/en/blog/articles/a-long-overdue-pei-expedition-kick-fall-shellfishing-season-20220921183954
https://www2.gnb.ca/content/dam/gnb/Departments/10/pdf/Publications/Aqu/oyster.pdf
https://www.dfo-mpo.gc.ca/aquaculture/sci-res/rd2009/shell-eng.html
https://www.dfo-mpo.gc.ca/aquaculture/sci-res/rd2009/shell-eng.html
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Appendix I). Unlike bags, cages are typically interspersed with gaps of approximately 3 m along 
the anchored lines, likely allowing more light to reach the seafloor. Due to their low profile, bags 
are suitable for use in shallower water than cages; cages are presented as requiring ideally 2.5–
4.5 m of water, while bags can be used in water depths less than 1 m. Both bags and cages are 
typically lowered to the seafloor in the winter to avoid ice, requiring either sufficient depth on-
lease or specified overwintering locations. 
In addition to the oyster culture methods described above, other types of gear may be currently 
in use or expected to grow in prevalence in the future. In particular, novel forms of suspended 
culture with different footprints than the typical suspended-bag and cage gear are being 
developed for use in the sGSL. These methods would be expected to affect light dynamics in a 
similar manner as current suspended gear types, though the extent and magnitude is not known 
and would require additional research and experimentation. 
In contrast to oysters, cultured mussels in the sGSL are grown entirely on suspended longlines 
(Filgueira et al. 2015). Anchored on both sides of a back-line, sleeved mussels (i.e., “socks”) are 
suspended in the water column by a series of buoys and are arranged and suspended along 
100–200 m longlines where they remain for 2–3 years to reach market size (Filgueira et 
al. 2015). To avoid winter ice and warm summer temperatures at the surface, lines are often 
sunk to a desired depth by removing floats or attaching weights. 
Shellfish aquaculture differs between the three provinces that comprise the Gulf Region: New 
Brunswick (NB), Nova Scotia (NS), and Prince Edward Island (PE). Though similar in many 
respects, contextual differences in environmental conditions and histories result in different 
aquaculture practices at the provincial level. Additionally, management of aquaculture activities 
varies across jurisdictions, although this is beyond the scope of the current process. 
While all forms of suspended culture occurring in shallow waters can potentially affect eelgrass 
habitat, it is important to note that direct interactions (i.e., shading, physical disturbance) with 
eelgrass in the sGSL is expected to be most common with oyster aquaculture, as mussel 
culture most commonly occurs in waters too deep for eelgrass. This is mostly due to the typical 
long-line culture method used in the Gulf Region, whereby mussel culture predominantly occurs 
at > 5 m depth (Drapeau 2006; A. Ramsay, PEI Dept. of Fisheries and Communities, pers. 
comm.), whereas the vast majority of eelgrass in aquaculture bays of the sGSL occurs in depths 
< 3 m (see section Spatial interactions between shellfish aquaculture and eelgrass below). 

Likely effects of shellfish aquaculture on eelgrass in the sGSL 
Shellfish aquaculture has the potential to have positive, negative, and neutral effects on 
eelgrass through a number of pathways (Table 1). The ways in which shellfish aquaculture can 
affect eelgrass have recently been reviewed by Howarth et al. (2022). Generally speaking, 
shading, direct physical disturbance, and the filtration and deposition activities of cultured 
bivalves can impact eelgrass in various ways. When considering overall impacts of aquaculture 
on eelgrass, it is thus important to consider the net effects of the different pathways, which will 
depend on localized baseline conditions. It is also important to recognize that impacts are not 
consistent for different eelgrass traits; while some traits may be negatively affected by 
aquaculture, others may be positively affected at the same time. As such, quantifying the 
“impact” of shellfish aquaculture to the eelgrass itself is complex and nuanced. The focus of the 
current process is on alterations to the light regime caused by the presence of aquaculture gear. 
Information about other pathways is summarized below; for further information, consult the cited 
references. 
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Many of the negative effects of aquaculture on eelgrass can be prevented or mitigated through 
various approaches to lease siting, culture practices, and management. While these are beyond 
the scope of the present process, notable examples will be cited where possible. Most 
importantly, spatial avoidance of eelgrass habitat, where possible, appears to be the most 
effective method of mitigation, and is a common approach used by federal and provincial 
management regimes across the Gulf Region (e.g., New Brunswick’s “Bay Management 
Framework” approach; Howarth et al. 2021).  
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Table 1. Pathways of interaction between eelgrass and bivalve aquaculture in sGSL and expected 
direction of response (+, Positive; -, Negative) to eelgrass populations. Red = Negative, Yellow = context-
dependent , Green = positive. Note that the spatial scale and extent of each interaction is variable, 
ranging from local (i.e., gear footprint) to lease- and bay-scale. The magnitude of effect for each particular 
interaction is not considered. 

Expected 
Interaction 
Pathway 
(scale) 

Benthic 
Oyster 
Culture 

Oyster 
Table 

Culture 

Suspended 
Oyster 
Culture 

Mussel 
Culture Further Reading 

Shading from 
structures 

(local scale) 
N/A - 

N/A if no 
overlap, - if 

overlap 

N/A if no 
overlap, - if 

overlap 

McKindsey et al. (2011) 
Skinner et al. (2014) 
Wong et al. (2021) 

Howarth et al. (2022) 

Organic Matter 
deposition 

(lease scale) 

+ in 
oligotrophic, 

- in 
eutrophic 

+ in 
oligotrophic, 

- in 
eutrophic 

+ in 
oligotrophic, 

- in 
eutrophic 

+ in 
oligotrophic, 

- in 
eutrophic 

Wicks et al. (2009) 
Borum et al. (2014) 

Castorani et al. (2015) 
Oreska et al. (2021) 

Nutrient 
excretion 

(variable scale) 

+ in 
oligotrophic, 

- in 
eutrophic 

+ in 
oligotrophic, 

- in 
eutrophic 

+ in 
oligotrophic, 

- in 
eutrophic 

+ in 
oligotrophic, 

- in 
eutrophic 

Valiela et al. (1997) 
Alexandre et al. (2015) 
Castorani et al. (2015) 

Sandoval-Gil et al. (2016) 

Phytoplankton 
depletion and 
filtering (bay 

scale) 

+ + + + 

Newell and Koch (2004) 
Ibarra et al. (2012) 

Guyondet et al. (2013) 
Smith et al. (2018) 

Invasive 
epifauna 

(variable scale) 
- - - - 

McKindsey et al. (2011) 
Wong and Vercaemer (2012) 

Carman et al. (2019) 
Murphy et al. (2019) 

Mechanical 
disturbance7 
(local to lease 

scale) 

- - - - DFO (2012) 
Orth et al. (2017) 

Water flow 
reduction and 

wave 
attenuation 

(variable scale) 

+ sheltering 

+ in high 
energy 

systems, - in 
low energy 

systems 

+ in high 
energy 

systems, - 
in low 
energy 

systems 

+ in high 
energy 

systems, - 
in low 
energy 

systems 

Newell and Koch (2004) 
Wicks et al. (2009) 

McKindsey et al. (2011) 
Uhrin and Turner (2018) 

Shading 
Oysters 

Shading is thought to be a major mechanism in which oyster aquaculture negatively affects 
eelgrass (Skinner et al. 2013). This shading can be due to the aquaculture gear itself, the 
presence of animals within the gear, and/or fouling organisms on the outside of the gear 
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(Robertson and Mann 1984; Wong and Vercaemer 2012; Skinner et al. 2013). Globally, it is 
estimated that shading (i.e., reduction in available light) from oyster aquaculture can negatively 
affect eelgrass, although effects vary by context and method. For example, a global meta-
analysis found that shading from suspended and off-bottom oyster aquaculture methods (but 
not on-bottom methods) can negatively impact eelgrass density, growth, and reproduction 
(Ferriss et al. 2019). All maritime Canadian shading experiments have shown losses in eelgrass 
coverage (Robertson and Mann 1984; Skinner et al. 2013; 2014). Studies in the sGSL are 
among a handful of investigations directed at oyster shading from suspended culture (Skinner et 
al. 2013; 2014; Howarth et al. 2022). 
The issue of oyster aquaculture-eelgrass shading interactions in the sGSL was first described 
by the work of Skinner and colleagues. Across three bays in northern NB, Skinner et al. (2013) 
found that aboveground biomass, shoot density, and canopy height were reduced beneath 
suspended oyster operations as compared to reference sites 300 m away. A significant 
reduction in photosynthetic capacity suggested that shading may have played a major role in 
such effects (Skinner et al. 2013). This hypothesis was further supported by experimental 
shading manipulations which significantly reduced eelgrass shoot density, above- and 
belowground biomass, canopy height, leaf size, and photosynthetic capacity after 67 days at 
26% subsurface irradiance (Skinner et al. 2014). Outside of the sGSL, low eelgrass survival is a 
common feature of shading studies (Eriander et al. 2017; Wong et al. 2021). Eelgrass seedling 
survival in shaded vs. unshaded plots in NS were ~35% and ~50% respectively (Robertson and 
Mann 1984). Likewise, Sandoval-Gil et al. (2016) noted an absence of eelgrass under floating 
Pacific oyster aquaculture. 
While it has been demonstrated that oyster aquaculture has the potential to negatively affect 
eelgrass in the sGSL, there are a number of complexities that need to be considered. These 
include distance from a given lease, stocking density, water depth, gear type and culture 
methods, the potential for eelgrass recovery, and potential positive effects of filtration on water 
clarity. For example, the impacts of shading reported in Skinner et al. (2013) were largely 
restricted to a 25 m radius from the farm and impacts sharply dissipated with increasing 
distances from leases. Similarly, across five bays in NB, comparisons between eelgrass within 
suspended oyster leases and eelgrass 300 m away were highly variable for coverage and 
productivity metrics; however, above-ground biomass and leaf productivity were lower under 
culture. The variable response between sites indicates that localized conditions, such as 
nitrogen loads (McIver et al. 2019), can influence the magnitude of effects from oyster culture 
(Skinner et al. 2013). Skinner et al. (2014) found no significant effect of oyster stocking density 
on light, suggesting that shading is caused entirely by gear and is not affected by the quantity or 
biomass of cultured oysters present. Contextually, these studies also were conducted on 
suspended bag oyster aquaculture in very shallow water (0.3–0.6 m), which likely represents 
the worst-case scenario in terms of shading, as will be detailed in sections below. 
Different suspended oyster culture methods can also influence the relative amount of eelgrass 
shading in the sGSL. Skinner et al. (2014) experimentally suspended oyster shells on top of an 
existing eelgrass bed in Bay St. Simon, NB using two culture methods: 1) glued oyster strings; 
and 2) floating oyster bags with and without an additional light-capturing screen to simulate high 
stocking density. They subsequently tracked light and eelgrass productivity for ~ 1 year for 
comparison to a control site with no suspended oysters. Control eelgrass beds with no 
suspended oysters received 60% of subsurface irradiance, while strings received 43% and bags 
received 26%. Reduced photosynthetic rates with increasing shading were apparent. After 
67 days, there were no differences in canopy height between treatments, and only shoot density 
and aboveground biomass were reduced in the most extreme shading treatment. However, by 
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the end of the experiment, all endpoints for eelgrass under the two suspended bag treatments 
were significantly lower than the control; oyster strings showed no reduction in cover, height, or 
biomass (Skinner et al. 2014). 
Eelgrass recovery following the removal of oyster aquaculture gear can also be influenced by 
shading. Herein, the long-term effects of stem die-off have been investigated for a number of 
oyster aquaculture shading studies (Skinner et al. 2013; 2014). Carbohydrate reserves built 
during the growing season support survival of eelgrass through the winter (Burke et al. 1996). 
The bulk of eelgrass productivity may not extend past July in the sGSL; thus, shading during 
this growth period is likely detrimental to energy storage as photosynthesis is impaired (Burke et 
al. 1996; Ochieng et al. 2010; Clausen et al. 2014). Recovery through clonal growth is also 
relatively slow, with growth rates of perennial rhizomes averaging 15 cm per year in United 
States investigations (e.g., Olesen and Sand-Jensen 1994), although annual plants may re-
establish rapidly (Robertson and Mann 1984). 
While direct shading can have negative effects on eelgrass, it is important to note here that the 
filtration capacity of bivalves may positively affect eelgrass. It is well documented that the 
filtration activity of bivalves can enhance water clarity and remove excess nutrients from coastal 
waters. Increasing filter feeder abundances have been shown to enhance water clarity in 
coastal systems (Meeuwig et al. 1998; Lefcheck et al. 2018). Indeed, filtration associated with 
bivalve (mussel) aquaculture has been shown to decrease seston levels in coastal sGSL 
surface waters (Meeuwig et al. 1998; Comeau et al. 2015; Guyondet et al. 2015), although 
studies explicitly with oysters are lacking. Furthermore, bivalve harvesting can help remove 
excess nutrients in coastal waters of the sGSL (Clements & Comeau 2019), although the net 
effect and extent of such harvesting on nutrient levels and eutrophication depends on bay-scale 
conditions and remains speculative. Studies also suggest that increased filtration associated 
with bivalve aquaculture can help reduce epiphytes (Smith et al. 2018) that can negatively affect 
eelgrass (Coffin et al. 2018; DFO 2021). 

Mussels 
Mussel culture in the sGSL is not expected to directly shade eelgrass due to differences in 
depth limitations of the two production systems as previously mentioned. The shading from 
aquaculture structures (e.g., mussel lines and floats/buoys) in the aquatic environment is 
dependent on the proximity and angle of the structure capturing light. However, no exact 
recorded distances between mussel lines and eelgrass beds are available. Neither van den 
Heuvel et al. (2019) nor Murphy et al. (2019) differentiated between mussels or oysters in 
respect to bivalve aquaculture linkages with eelgrass in the sGSL. Other aspects of mussel 
production may also affect light dynamics indirectly (e.g., filtration, sedimentation/ 
biodeposition). 
Mussel or oyster aquaculture material may move into eelgrass beds unintentionally. For 
example, estimated mussel aquaculture material in Tracadie Bay PEI includes 60,000 mussel 
anchors and buoys and 150 km of rope (McKindsey et al. 2011). As any material that absorbs 
light can shade eelgrass, aquaculture litter may be an additional source of eelgrass shading. 
Shading effects of litter can be further compounded by the accumulation of biofouling species. 
Indeed, bivalve aquaculture gear is a known substrate for biofoulers such as invasive tunicates 
(Wong and Vercaemer 2012; Murphy et al. 2019); these species also have the potential to 
adhere directly to eelgrass (Carman et al. 2019). However, quantitative estimates of aquaculture 
litter and any associated shading effects are unavailable in the sGSL. 
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Direct physical disturbance 
Aside from the indirect effects of shading (i.e., the primary focus of this review), shellfish 
aquaculture can affect eelgrass habitat through direct physical disturbance. This can occur 
through multiple pathways and at different stages and can be moderated or exacerbated by 
environmental conditions such as depth and tidal range. Direct physical contact with 
aquaculture gear or related structures can potentially damage both above- and below-ground 
components of eelgrass, and the effects can range from transitory to semi-permanent. 
Most directly, eelgrass habitat can be damaged through the installation of gear structures such 
as anchors used to secure suspended lines. These anchors typically consist of concrete blocks 
or metal screw-anchors applied to either end of each line of gear. Though the extent of this 
interaction is limited, displacement of vegetation can be caused by installation of these 
structures, which can persist if gear remains in place. To mitigate these effects when avoidance 
is not possible, best practices include proper sizing of anchors for local conditions and culture 
practices and the installation during winter months where possible (Transport Canada 2007). 
Off-bottom gear structures (e.g., tables) can be expected to cause similar damage as gear 
anchored in a fixed position. 
Direct disturbance of eelgrass can also result from gear contact with the seabed or plant 
canopy. The likelihood and severity of this type of disturbance depends on factors such as water 
depth, tidal range, gear floatation, duration of impact, and degree of slack in the suspended 
lines. Contact with the seafloor is typically avoided whenever possible due to negative effects on 
the shellfish themselves (e.g., resuspension of sediments, exposure to benthic predators), but 
can occur particularly in very shallow areas and at very low tides. Contact can be particularly 
damaging if the suspended lines allow for movement while near to the seabed, leading to a 
scouring effect that can dislodge rhizomes; this can occur from both gear units themselves (e.g., 
bags or cages) as well as suspension lines and buoys, increasing the footprint of the potential 
impact. Finally, oyster bags or cages set on top of the sediment during overwintering can 
potentially impact eelgrass where it may be present through direct disturbance as well as 
sediment compaction and smothering (Bastien-Daigle et al. 2007). 
In addition to direct physical disturbance from aquaculture gear, eelgrass habitat can potentially 
be affected by direct contact associated with harvesting practices. While not the focus of the 
current process, this may be particularly relevant for bottom-culture conducted without the use 
of gear, as shellfish harvesting is commonly conducted either with tongs, dredges, or other 
suction/pressure-based technologies that can cause significant disturbance to the benthos 
(Ferriss et al. 2019). For suspended culture, physical disturbance associated with harvest 
occurs when boats used by aquaculturists contact the seafloor or the plant canopy, either with 
the vessel hull or propeller (Orth et al. 2017). Impacts can also occur when gear is moved to 
shore for processing either by hand/wading, or mechanically with the use of ATVs or tractors. 
Propeller scarring in eelgrass beds is readily apparent in shallow waters across the Gulf Region, 
both within and outside of aquaculture areas (DFO Gulf, unpublished data); notably this type of 
disturbance is not restricted to vessels conducting aquaculture. 

Bivalve activity – deposition and filtration 
Algal shading of rooted aquatic vegetation is common as a result of high levels of nutrients 
(typically nitrogen) inducing macroalgae- or phytoplankton-dominated states in coastal waters 
(Valiela et al. 1997; DFO 2021). As such, the biological processes associated with bivalve 
aquaculture, such as deposition and filtration, that stimulate and/or remove phytoplankton and 
other seston from coastal waters can contribute to eelgrass impacts. Bivalves excrete 
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ammonium and particulate organic matter in the form of feces and pseudofeces, both of which 
contribute to coastal nutrient pools (Guyondet et al. 2010; Jansen et al. 2018). This nutrient 
release can stimulate phytoplankton production; however, eelgrass may also use these 
nutrients (Reusch et. al. 1994; Sandoval-Gil et al. 2016; Jansen et al. 2018). Bivalves release 
ammonium – the preferred form of nitrogen for eelgrass growth (Reusch et. al. 1994; Alexandre 
et al. 2015). As such, bivalves have the potential to stimulate eelgrass production under certain 
conditions; however, increases in phytoplankton associated with nutrient excretion can have the 
opposite effect. Eelgrass adjacent to Pacific oyster off-bottom aquaculture tended to have larger 
leaves and faster growth rates compared to reference areas; however, these larger, faster-
growing eelgrass beds had lower densities than reference areas, and eelgrass was completely 
absent below oyster structures (Sandoval-Gil et al. 2016). 
Shellfish deposits directly add organic matter to sediments and can result in adverse effects to 
eelgrass, namely in the form of sulfide stress (Hargrave et al. 2008; Hasler-Sheetal et al. 2016). 
These effects only occur in depositional areas where organic matter can accumulate, which is 
driven by hydrodynamic conditions. For example, when nitrogen is not limiting for eelgrass 
growth, mussel aquaculture deposits can increase overall sediment oxygen demand resulting in 
increased sulfide tissue incursion and reduced carbohydrate reserves in eelgrass (Castorani et 
al. 2015; Hasler-Sheetal et al. 2016). In the sGSL, high levels of organic matter can accumulate 
under mussel lines and increase porewater sulfide concentrations (Callier et al. 2007; Hargrave 
et al. 2008). Beneath mussel leases in Tracadie Bay, PEI, sediment organic matter can range 
from 3.4–18.3%, whereas eelgrass beds in the same bay display organic matter ranges of 0.6–
2.8% (Hargrave et al. 2008). Skinner et al. (2013) found no differences in sediment organic 
matter in oyster leases with eelgrass compared to eelgrass sites 300 m away. Eelgrass may 
exist in sediments up to 17% organic matter in the sGSL; however, increasing plant stress 
occurs above 4% (Wicks et al. 2009; Coffin et al. 2018). While bivalves reallocate water column 
nutrients for eelgrass growth, excess deposits are potentially detrimental to eelgrass survival 
within the immediate vicinity of aquaculture structures, particularly in depositional environments 
(Castorani et al. 2015; Sandoval-Gil et al. 2016; Jansen et al. 2018). 
It is important to note that the net contributions of bivalve deposition and filtration need to be 
accounted for when considering impacts on eelgrass. For example, light availability can help 
mitigate many negative effects of organic matter over-enrichment (e.g., Castorani et al. 2015) 
and filtration of turbid water may conversely balance light availability (Newell and Koch 2004; 
Ibarra et al. 2012). Since these two processes tend to have contrasting effects on eelgrass, it is 
important to account for the relative impact magnitude of both deposition and filtration when 
assessing impacts on eelgrass. 

Effects of suspended aquaculture on light (experiment) 
The effect on underwater light conditions of oyster cage culture gear was tested through two 
field experiments in Cocagne Bay, NB in late summer and fall 2021. Both experiments were 
conducted at the same site (utilizing suspended oyster cages) and compared light availability in 
the farm and at a reference station located 100 m to the north where there was no aquaculture. 
The rationale for conducting these experiments was to provide data regarding light penetration 
beneath an oyster aquaculture lease that is more representative of current oyster culture 
practices (i.e., oyster cages), as compared to previous studies focusing on suspended bag 
culture in very shallow water (Skinner et al. 2013, 2014). 
The first experiment compared light levels on the bottom of the bay within and outside the farm, 
using 11 photosynthetically active radiation (PAR) sensors arranged in a cross pattern to cover 
both under and between cage line locations, and the bottom reference station equipped with two 
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of the same PAR sensors. A PAR sensor was also deployed immediately below the sea surface 
at the reference station to allow for measurement of background light attenuation through the 
water column. During this first experiment light conditions at all stations were monitored for 
7 days. The second experiment aimed at capturing the light availability at various depths directly 
under the farm structures. The same reference station configuration was repeated to provide 
control light conditions and attenuation. In the farm, replicate PAR sensors were hung directly 
below the center of individual oyster cages at three distances (approximately 0.1, 0.5, and 1 m) 
to measure light availability as a function of distance. For this second experiment sensors were 
left to record for 24 h to avoid fouling and deposition bias and risk of damaging the sensors 
hanging under the cages. For further details on the methodology, please refer to Appendix II. 
Light measurements beneath standard oyster cages indicated that light is severely reduced 
immediately below the cages up to distances of approximately 1 m (Figure 3). This finding 
supports that of Skinner et al. (2014), as they measured light to be approximately 26% of 
subsurface intensity at eelgrass canopy underneath oyster bags in water depth of 0.6 m 
(referenced to chart datum). While light levels beneath oyster cages at the deepest depths we 
measured (2.5 m) were lower than control light levels, we found that differences in daily 
integrated light (i.e., PAR accumulated over 24 h) beneath cages and in the control plots were 
not drastically different after depths of approximately 2 m. This suggests that if oyster cages are 
placed in areas where distance to the eelgrass canopy is at least 2 m, the cages should not 
have a substantial impact on eelgrass with respect to light. However, cages placed in shallower 
water may still cause significant shading effects. 
Given that the majority of shellfish aquaculture in the sGSL occurs at depths > 2 m (see “spatial 
interactions” section below), our results suggest a limited shading impact at the regional scale. It 
is important to recognize that our experiment was conducted in a single bay at a single oyster 
farm under one type of oyster aquaculture gear. Although these results generally support our 
conclusions, further experiments repeating our approach with greater depth resolution in 
different bays and beneath different types of aquaculture gear would provide a more precise 
and holistic understanding of suspended aquaculture effects on light attenuation and, by 
extension, eelgrass. 
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Figure 3. Integrated light under oyster cages and at the bottom of farm and control stations expressed as 
a percentage of sub-surface light. The Beer-Lambert law for the empirically measured diffuse attenuation 
coefficient (KD) is also shown as well as the light thresholds for eelgrass reported in the literature: 11% as 
the lowest value that could support eelgrass (Olesen and Sand-Jensen 1993) and 34% where eelgrass 
can be light-limited (Ochieng et al. 2010). 

Spatial interactions between shellfish aquaculture and eelgrass 
To estimate the potential scale of shading effects from suspended shellfish aquaculture on 
eelgrass habitat, spatial analyses were conducted using Geographic Information Systems (GIS) 
tools to determine the overlap between aquaculture leases and potential eelgrass habitat. 
Efforts to understand the spatial footprint of overlap between shellfish aquaculture and eelgrass 
habitat are hampered by data availability representing both aquaculture operations and the 
distribution of eelgrass in the sGSL. For this report, best available data representing aquaculture 
leases and gear utilization were collected from the provincial (NB, NS) and federal (PE) 
departments responsible for aquaculture in the respective jurisdictions (Table 2). The specificity, 
age, and quality of data varied across and within provinces, mirroring the varied state of 
development of shellfish aquaculture in the region. Generally, the data received included non-
comprehensive information regarding the location and size of leased areas, type of culture (i.e., 
bottom, off-bottom, suspended), and expected utilization. In some cases, counts of gear 
presence (i.e., number of lines, number of culture units, etc.) were available. Additional 
estimates of gear usage were provided from publicly available site development plans as well as 
satellite imagery and orthophotos present in DFO-Science databases. Descriptions of the 
datasets used in the analyses below are shown in Table 2. 
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Table 2. Datasets and sources used for GIS analyses of shellfish aquaculture. 

Province Dataset Source Level of Detail 
NB GIS shellfish 

aquaculture 
leases as of 2023 

NB Department of Agriculture, 
Aquaculture and Fisheries (see 
also MASMP ) 

Outlines (Leased, Vacant, 
Under review, Rejected, 
Overwintering) 

NB GIS suspended 
lease data 2022 

NB Department of Agriculture, 
Aquaculture and Fisheries 

Outlines, bag equivalents for all 
active leases (counted 2022) 

NS GIS leases as of 
2019 

NS Department of Fisheries and 
Aquaculture 

Outlines, type culture, species 

NS GIS leases as of 
2023 

NS Department of Fisheries and 
Aquaculture (see also NS Site 
Mapping Tool) 

Outlines, species 

NS Table of max 
cages 

NS Department of Fisheries and 
Aquaculture 

Maximum number cages per 
county 

PEI GIS leases as of 
2022 

DFO-PEI Aquaculture Leasing 
Division 

Outlines, species 

PEI GIS site 
development 
plans (polygon) 

DFO-PEI Aquaculture Leasing 
Division  

Portions of leases, for some 
leases–max lines, bags, cages, 
racks, spat 

PEI Table bag counts 
2021 

DFO-PEI Aquaculture Leasing 
Division  

Bag count (assumed 6-bag 
cages unless other data 
overlapped) 

For eelgrass distribution, comprehensive maps at the scale of the Gulf Region do not currently 
exist, though efforts are underway to develop eelgrass maps using satellite imagery across the 
sGSL (Monica Boudreau, DFO-MPC, pers. comm.). Developing robust mapping and monitoring 
capabilities is recognized as a critical need for the management of coastal activities that may 
affect eelgrass habitat (Barrell et al. 2015). Notably, ongoing review of satellite imagery has 
detected large-scale interannual changes in eelgrass habitat that were previously unknown in 
several bays throughout the region, indicating that eelgrass dynamics may be undergoing 
changes that could greatly affect the advice provided in this process. Greater efforts towards 
detecting and understanding change in eelgrass distribution are needed to provide high-quality 
advice to management on aquaculture-eelgrass interactions. In the absence of detailed 
eelgrass habitat data, the overlap analysis below is presented in terms of potential interactions 
with eelgrass habitat, rather than quantifying actual interactions occurring in known eelgrass 
beds. 
Additional supporting data included bathymetric maps of aquaculture areas derived from 
acoustic data collected by DFO Science in conjunction with the DFO Marine Planning and 
Conservation (MPC) sector. These acoustic datasets are also used for mapping eelgrass 
distribution (e.g., Barrell and Grant 2013), and allowed for the identification of maximum depth 
limits of eelgrass occurrence across dozens of aquaculture bays in the Gulf Region.  
Published literature suggests that the proportion of available eelgrass habitat that directly 
overlaps bivalve aquaculture in sGSL estuaries is relatively low. For example, van den Heuvel 
et al. (2019) found using boat-based sonar that the area of available eelgrass habitat under 
bivalve aquaculture ranged from 0.03% to 6.28% of available eelgrass habitat across 16 sGSL 
estuaries. Oyster culture is the primary practice in the sGSL that can overlap with eelgrass, as it 
can be practiced at less than 3 m; whereas mussels are typically grown at depths of 5 m or 
greater (Drapeau 2006; A. Ramsay, PEI Dept. of Fisheries and Communities, pers. comm.). 

https://www2.gnb.ca/content/gnb/en/departments/10/open-data/direct_access.html
https://www2.gnb.ca/content/gnb/en/departments/10/open-data/direct_access.html
https://nbdnr.maps.arcgis.com/apps/webappviewer/index.html?id=24c65e8718724c5db1de77899172630d&locale=en
https://www2.gnb.ca/content/gnb/en/departments/10/open-data/direct_access.html
https://www2.gnb.ca/content/gnb/en/departments/10/open-data/direct_access.html
https://nsgi.novascotia.ca/gdd/
https://nsgi.novascotia.ca/gdd/
https://novascotia.ca/fish/aquaculture/site-mapping-tool/
https://novascotia.ca/fish/aquaculture/site-mapping-tool/
https://dfo-glf.maps.arcgis.com/home/item.html?id=16aa8830c7084a8a92ce066b525978b4
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Thus oyster aquaculture in the sGSL is more likely to directly interact with eelgrass through 
mechanisms like shading (Skinner et al. 2013; Boudreau and Landry (2016, PARR-2015-G-04). 
Accordingly, oyster aquaculture will be the primary focus for the analysis below. 

Shellfish aquaculture in the sGSL 
Data representing the shellfish aquaculture leases and gear usage varies across the 
jurisdictions present in the sGSL. Many unknowns exist, requiring several assumptions for the 
analysis below. In particular, suspended leases in all three provinces are commonly authorized 
for multiple species (particularly oysters and mussels), and production levels of each at the 
lease-scale are not known. Detailed information about species or gear present will be integrated 
where possible; otherwise, inferences were made regarding the species being cultured based 
on physical context and what is known of operations by province. The proportion of leases 
currently active was only known for NB; accordingly, information presented below about NB 
represents active leases, while PE and NS reflect all leases. In all cases, the most recent and 
best available data were used whenever possible (Table 2). 
There are notable differences in the terminology used for different culture methods across 
jurisdictions in the sGSL. Prince Edward Island categorizes its leases as either bottom (i.e., 
without gear, mostly oyster), off-bottom, or surface. Off-bottom represents suspended oyster 
leases, while surface represents either suspended oyster or mussel culture. To our knowledge, 
no fixed table-like structures are used in PEI. For New Brunswick, leases are categorized as 
bottom, overwintering, or suspended. Overwintering leases represent areas where gear is sunk 
to avoid winter ice, resulting in gear on the bottom over the winter months. Suspended leases 
accounted for all other types of culture, including one lease utilizing fixed tables. In Nova Scotia, 
leases are categorized as either bottom without gear, bottom with gear, or suspended culture. 
The quantity and type (i.e., species, gear) of shellfish aquaculture varies across the sGSL and 
between the three provinces comprising the study area: 

Prince Edward Island 
Prince Edward Island contains the largest number of combined surface (323) and off-bottom 
(356) leases and leased area (5641.2 hectares (ha)), with an additional 788 bottom leases 
without gear. All of the off-bottom leases are authorized for oyster culture, and 88 of the 
323 surface leases also allow oyster culture, for a total of 444 oyster leases. In sum, the total 
leased area authorized for oyster culture in PEI covers 2065.2 ha. The remainder, which 
comprises the majority of leased area on PEI, is devoted to mussel culture. Information on gear 
type from counts in 2021 and from site development plans was available for a subset of 
261 leases (58.8% of 444 authorized oyster leases). These data identified the primary gear unit 
in use as well as additional gear types for leases with multiple types of gear. Of the 261 leases, 
198 (75.9%) primarily used 6-bag cages, 43 (16.5%) used 4-bag cages, 17 (6.5%) used single 
suspended bags, and 10 (3.8%) used primarily 2-bag cages. Available information also 
indicated that 17 leases used multiple types of gear: 12 used a mix of bags and cages, and 
5 used multiple cage sizes. For leases that had bag data but no indication of culture type (e.g., 
single-bag, cage size), a 6-bag cage was assumed so as to provide a maximum potential cage 
coverage area. 

Nova Scotia 
Nova Scotia has comparatively few suspended leases in the sGSL; based on 2019 data with 
detail on type of culture, sGSL NS contained 15 suspended leases authorized for oyster culture 
(349.3 ha), 28 bottom leases without gear (351.8 ha), and 3 bottom with gear leases (36.7 ha). 
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Though oyster culture in sGSL NS sometimes utilizes 4-bag cages, it is typically 6-bag cages 
that are used. Data provided by NS Department of Fisheries and Aquaculture presumed 6-bag 
cage for all sites. Other methods may be in use in small areas, and can be expected to increase 
in prevalence; for example, multiple sites are currently proposed that would use a different cage 
design (NS DFA, pers. comm.). 

New Brunswick 
In New Brunswick, 276 out of 782 shellfish leases in the sGSL are authorized for suspended 
culture, with the remainder representing bottom culture. According to gear counts from late 
summer 2022, 150 of these sites contained gear and 126 were considered inactive. The vast 
majority of suspended sites in NB grow oysters, with very few (< 5) growing mussels, 
representing little to no production (Joseph Labelle, Province of NB, pers. comm.). Oysters in 
NB are mostly cultured using cages or suspended bags, sometimes with both methods in a 
single lease (Table 3). A third method involving oysters glued individually to ropes also occurs in 
conjunction with other suspended methods in a limited number of leases (16/150 active sites). 
Lastly, one lease utilizes off-bottom tables. As glued oysters and tables represent a small 
fraction of active sites, these methods will not be of primary focus in the shading analysis below. 
Notably, experiments conducted by Skinner et al. (2014) found that the glued oyster method did 
not negatively impact metrics of eelgrass productivity. 

Table 3. Active suspended leases in New Brunswick by gear type with gear quantities in terms of bag-
equivalents; from summer 2022 gear survey. Source: Province of New Brunswick. 

Method Number of Leases Bag-equivalents (BE) Percent of total BE 

Cages 83 464,392 76.27 

Bags 44 73,538 12.08 

Bags & Glued 15 52,839 8.68 

Cages & Bags 6 13,042 2.14 

Tables 1 4,494 0.74 

Cages & Bags & Glued 1 600 0.10 

Total 150 608,905 100 

The total quantity of suspended gear deployed in NB was provided in terms of “bag-
equivalents”, which was quantified based on standard oyster bag sizes; oyster cages typically 
contain 4–6 bags. For the purposes of the calculations below, it was assumed that leases with 
cages used the common 6-bag format, implying that six bag-equivalents equal one cage. For 
glued oysters, 150 oysters were considered equivalent to one bag in the source dataset 
provided by the Province of NB. This information was summarized over aquaculture 
management area (AMA) polygons provided by the Province of NB in order to ensure the 
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privacy of growers. Each AMA is roughly equivalent to a bay unit in extent. Suspended shellfish 
aquaculture gear was present in 11 AMAs along the sGSL coast of NB. In total, active 
suspended leases covered 866.8 ha, or 2.8% of the area of the AMAs in which they occur. 
These active leases contained a total of 608,905 bag-equivalents, with the majority in cages 
(Table 3). 

Overlap with potential eelgrass habitat 
For the purposes of this analysis, potential eelgrass habitat was defined strictly by depth, with a 
maximum threshold of 3 m below mean tide as determined from acoustic mapping across the 
sGSL (Table 4). Acoustic mapping across several sites found that on average 98.01% of 
eelgrass in each bay occurred in depths less than 3 m, with a notable exception of Merigomish 
(NS) where 86.3% occurred below this threshold. This value is consistent with other published 
studies in the sGSL (e.g., van den Heuvel et al. 2019). The mean percent of eelgrass occurring 
below 2 m depth was calculated at 81.94%, implying that while most eelgrass occurs in very 
shallow waters, the 2–3 m range is nonetheless suitable habitat for eelgrass in most bays. 

Table 4. Distribution of eelgrass by depth in a selection of sGSL bays, as determined by acoustic 
mapping conducted by DFO and partners. 

Site Province Year % Eelgrass < 3 m % Eelgrass < 2 m 

Bouctouche NB 2020 99.7% 82.5% 

Boughton PE 2018 90.8% 72.6% 

Cocagne NB 2019 99.9% 86.8% 

Foxley/Trout PE 2020 100.0% 98.3% 

Merigomish NS 2016 86.3% 41.6% 

St-Simon NB 2021 96.7% 65.0% 

Richibucto NB 2020 99.9% 92.5% 

Pugwash NS 2019 97.3% 95.2% 

Kouchibouguacis NB 2019 99.8% 99.3% 

Tabusintac NB 2020 99.8% 99.0% 

Covehead PE 2018 99.7% 85.3% 

Hunter River PE 2019 99.5% 93.7% 

Grande Digue NB 2020 100.0% 98.1% 

Grande Digue NB 2021 100.0% 60.2% 

Dunk PE 2019 99.8% 66.6% 

Southwest River PE 2018 99.0% 74.3% 
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Site Province Year % Eelgrass < 3 m % Eelgrass < 2 m 

Mean 98.01% 81.94% 

Some areas of the sGSL shallower than 3 m of depth will not be suitable for eelgrass, especially 
due to ice (e.g., van den Huevel et al. 2019), and some eelgrass will occur in areas deeper than 
3 m, though available data suggest this is rare in aquaculture bays of the sGSL (Table 4). 
Accordingly, these estimates should be viewed as near the maximum possible overlap of 
footprint, assuming that eelgrass occurs in all areas with suitable depths. 
With respect to culture units, accurate estimates of the shading footprint could only be provided 
for areas with data representing gear utilization. In practice, this information represents a 
snapshot of gear present at a particular time. This may or may not be representative of actual 
utilization throughout the year, and similarly may or may not reflect culture practices in a 
“typical” year. As such, these can only be regarded as rough estimates. 
Shading caused by culture units is complex, and requires several assumptions and 
considerations. Some of this is addressed in the light experiment discussed above. In general, 
the amount of light reaching the seafloor (or eelgrass canopy) is primarily a function of solar 
insolation (i.e., the amount of incident solar radiation per unit area and time) and interactions 
with the air-water interface and the water column, including any obstructions such as 
aquaculture gear. All of these factors are temporally and spatially variable, and precise 
estimation and modeling of these characteristics is beyond the scope of the current process. 
The approach taken here was to quantify the horizontal area of gear expected to cause shading 
in order to scale the potential results. 
To conduct this analysis, the spatial dimensions of common bag and cage culture units were 
estimated from Comeau (2013). Typical oyster bags (i.e., Figure 2C and Appendix I) were 
approximated at 45.7 cm x 88.9 cm (0.41 m2) and 6-bag oyster cages as 147.3 cm x 91.4 cm 
(1.35 m2). For cages of other sizes, it was assumed that 3-bag cages had the same horizontal 
footprint as 6-bag cages, as they are arranged in a 3x1 format. Cages with 4 and 2 bags (i.e., 
2x2 and 2x1 arrangements) were assumed to have horizontal footprints with the same width 
and ⅔ of the length of 6-bag units (Table 5). Note that in practice, there may be variance in the 
size of some culture units, for example due to the size of floats used with oyster bags, and the 
extent to which non-standard sizes of cages and bags are used is not known. Further, the 
shading footprint of spat collectors was not investigated. 

Table 5. Dimensions of typical oyster aquaculture gear units used for determining the spatial footprint of 
shading; adapted from Comeau (2013). 

Gear unit Length (cm) Width (cm) Area (m2) 

Bag 88.9 45.7 0.41 

6- and 3-bag cage 147.3 91.4 1.35 

4- and 2-bag cage 98.2 91.4 0.898 
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Other shading considerations 
The analysis presented below did not account for the effects of other aspects of shellfish culture 
on shading dynamics. In particular, the aggregation of culture units has important implications 
for shading. Suspended bags are typically deployed to either side of a central line (i.e., 
Figure 2C and Appendix I), which could be expected to create a larger shading footprint than if 
the same quantity of culture units were dispersed. In contrast, cage units are typically spaced 
roughly every 3 m along the central line, theoretically allowing more light to pass around the 
culture units. For both methods, sufficient distance is left between lines to allow for access, 
typically 5–9 m (Comeau 2013). The total quantity of cultured shellfish per lease is limited by the 
production carrying capacity; any changes to carrying capacity could be expected to result in 
correspondingly more or fewer oysters, with potential implications for shading. 

Prince Edward Island 
Detailed data representing gear types and quantities for PEI were reviewed for four aquaculture 
bays (Boughton, Covehead, Hunter River, and Foxley-Trout River). Gear counts from these 
bays were used to estimate gear types and densities across all PEI aquaculture bays. Assuming 
that all suspended and off-bottom leases across the province with oyster listed as a farmed 
species (sum of 2,065.2 ha) contained the same distribution of gear types as the sample bays 
explored in detail, the average percentage of gear cover within-lease was estimated at 3.31% 
based on 2021 bag counts. This makes the gear coverage and shading (regardless of depth) 
about 68.4 ha for PEI. 
Based on the acoustic-derived depth data in these four aquaculture bays, there was an average 
of 1.5% of the suspended lease area in the < 3 m zone defined as potential eelgrass habitat. If 
we assume a similar average depth distribution for the rest of the applicable PEI leases 
(2,065.2 ha of which 3.31% is directly shaded), the result is approximately 1.03 ha of potential 
eelgrass shading from suspended oyster aquaculture in PEI. 
These numbers can only be considered rough estimates due to the assumptions required in 
extrapolating data from four bays to the entire province, and uncertainty around which species 
are cultivated in surface leases authorized for both oysters and mussels. PEI’s mussel culture 
industry is well-developed, taking advantage of deeper waters more common in sGSL PEI than 
NB and NS. As many suspended leases are transitioning from mussel to oyster culture 
(Clements & Comeau 2019), the depth distribution of PEI oyster culture correspondingly is 
much deeper than in the other provinces of the sGSL, resulting in relatively little overlap with 
potential eelgrass habitat despite the size and spatial extent of the industry. 

New Brunswick 
The footprint of shading from aquaculture gear in NB occurred in suspended leases covering a 
total of 866.8 ha. Accounting for variability in gear types required several assumptions. In 
particular, 22 of the 150 active leases were recorded as using multiple methods (Table 3). For 
the 15 leases using bags and glued oysters, all bag-equivalent information was translated to 
bags to estimate gear coverage and shading. Similarly, the 6 leases utilizing both cages and 
bags were assumed to be using bags alone, and the single lease using cages, bags, and glued 
methods was also translated into bags. The single lease utilizing tables was also treated as 
bags, since the dimensions of these tables are unknown. The net effect of these decisions was 
to produce a high-end estimate of effective shading in these leases, which represent 11.66% of 
bag-equivalent culture occurring in the province. Following the above assumptions, the total 
gear coverage in NB sums to 16.4 ha, 1.89% of the active leased area in the province. Of this, 
5.9 ha occurred in sites utilizing bags, with the remaining 10.5 ha in sites utilizing cages. 
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Detailed depth data from five bays (Bouctouche, Cocagne, Richibucto, Saint-Simon North, 
Tabusintac) were used to determine overlap with potential eelgrass habitat. These five bays 
represent 90.3% of all bag-equivalent culture in NB. Complete depth data were available for all 
leases in Cocagne and Tabusintac; for the other sites, the proportion of overlap was estimated 
only from leases with depth information, then extrapolated to the remainder of the leases in 
each bay. In Cocagne, the majority of leases and gear occurred in water < 3 m depth; in terms 
of gear coverage area, 3.2 out of 3.23 ha (99%) occurred over potential eelgrass habitat. A 
similar pattern was detected in Tabusintac with 3.4 out of 3.5 ha (97.1%) of gear area occurring 
over potential eelgrass habitat. Analysis of subsets of leases with depth data for the remaining 
bays found the proportion of gear coverage area within potential eelgrass habitat as 97.7% in 
Richibucto, 97.1% in Saint-Simon North, and 85.2% in Bouctouche. 
For calculating overlap with potential eelgrass habitat in the remaining AMAs, the mean percent 
from the five bays with detailed depth information was used (95.2%). In sum, 15.5 ha of 
potential eelgrass habitat were estimated to be directly shaded by aquaculture gear. 

Nova Scotia 
Data representing aquaculture for sGSL Nova Scotia included publicly-available GIS layers from 
2019 representing lease information as well as maximum gear estimates provided by the 
province that were derived from farm management plans developed for site applications. Gear 
quantities were provided in terms of 6-bag cages broken down by county. There was a 
discrepancy in the total leased area between 2019 lease data (349.3 ha) and information 
provided by the province (263.61 ha); this may be due to accounting for experimental or inactive 
leases, as well as changes occurring between 2019 and when this analysis was conducted in 
2023. Both sets of numbers will be used to provide high and low estimates, with the mean value 
of 306.5 ha used for sGSL-scale estimation. 
Information provided by the province for Pictou and Colchester counties combined accounted 
for 6 suspended culture leases (183.11 ha) with 43,920 gear units. This results in 5.93 ha of 
gear (3.2% of the leased area). Inverness County contained seven suspended leases 
(41.07 ha) with 6,532 gear units covering 0.882 ha (2.15% of the leased area). Antigonish 
County had four suspended leases (39.43 ha) with 6,110 gear units covering 0.825 ha (2.1% of 
the leased area). In sum, the estimated gear coverage from this dataset covers 7.64 ha (2.9% of 
the leased area). Extrapolating to the lease numbers from the 2019 dataset, assuming that all 
suspended leases with oyster listed as a farmed species (349.3 ha) contain 6-bag cages and 
average percentage of gear cover is 2.9% (based on NS-provided dataset above), gear 
coverage regardless of depth was calculated as 10.13 ha. Accordingly, the range of gear 
coverage in NS varied from 7.64 to 10.13 ha (mean 8.89 ha). 
Detailed depth data from Merigomish (Pictou County) were used to determine the proportion of 
leases falling in potential eelgrass habitat. Approximately 29.2% of suspended leases in 
Merigomish fell within the < 3 m zone defined as potential eelgrass habitat. Assuming similar 
depth distribution for all Nova Scotia sGSL suspended leases, the area of potential eelgrass 
habitat covered by suspended leases ranges from 77.2 to 102.3 ha for the provincially-provided 
and 2019 datasets respectively. Applying the mean gear cover per hectare (2.9%) results in 
direct shading of potential eelgrass habitat ranging from 2.2 to 3.0 ha (mean 2.6 ha) for all sGSL 
suspended leases occurring in NS. 

Implications for shellfish culture 
Note that for the values presented below, numbers for NS represent the mean of the range of 
estimates. In sum, the total suspended oyster gear coverage across all three provinces, 
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regardless of depth, was estimated at 93.7 ha (PEI: 68.4 ha; NB: 16.4 ha; NS: 8.89 ha; Table 6). 
Leased area (including only active leases in NB) for suspended oyster culture in all three 
provinces was 3,238.5 hectares (PEI: 2065.2 ha; NB: 866.8 ha; NS: 306.5 ha). Across the 
sGSL, suspended oyster gear covered 2.89% of these leases (PEI: 3.31%; NB: 1.89%; NS: 
2.9%). 
Accounting for depth, potential eelgrass shading was estimated at 19.13 ha (PEI: 1.03 ha; NB: 
15.5 ha; NS: 2.6 ha). While the actual quantity and distribution of eelgrass throughout the sGSL 
is not known, this undoubtedly represents a vanishingly small proportion of existing habitat. For 
comparison, a recent satellite mapping exercise in Tracadie, NB measured 1259.9 ha of 
eelgrass (see Figure 5 below; DFO unpublished data); the estimated 19.13 ha of shading 
represents only 1.5% of the eelgrass habitat occurring in this single bay. Extrapolated over the 
dozens of aquaculture systems in the sGSL, this shading conservatively affects less than 0.1% 
of eelgrass habitat present in the region. In this context, the risk of suspended gear shading on 
eelgrass habitat at the regional scale is expected to be low, and other stressors (e.g., 
DFO 2012, those discussed above) are likely to be greater threats to the distribution and health 
of eelgrass habitat in the sGSL. 

Table 6. Summary of estimates representing potential shading of eelgrass habitat by suspended oyster 
culture in the three provinces of the sGSL. * Values for Nova Scotia represent the mean of the range of 
estimates. ** Leased area for New Brunswick only includes active leases identified in the source dataset. 

Province 

Area shaded by 
suspended oyster 

culture, not 
accounting for depth 

(ha) 

Leased area 
for suspended 
oyster culture 

(ha) 

Percent of 
lease area 

shaded 

Area of potential 
shading, 

accounting for 
depth (ha) 

Prince Edward 
Island 68.4 2065.2 3.31% 1.03 

New Brunswick 16.4 866.8** 1.89% 15.5 

Nova Scotia* 8.89 306.5 2.9% 2.6 

Total 93.7 3238.5 - 19.13 

As supported by the light experiments and spatial analysis of potential gear shading presented 
above, oyster cage culture tends to result in reduced shading relative to suspended bag culture. 
The ongoing shift from suspended bag to cage culture has likely reduced shading of eelgrass, 
with suspended bags representing a worst-case scenario of shading (i.e., Skinner et al. 2014) 
compared to cage culture in deeper waters (i.e., the present study). While cages can still 
significantly shade eelgrass, particularly in depths of less than 2 m, our data suggest that cage 
culture situated in waters deeper than 2.5 m (allowing space above the seafloor for the eelgrass 
canopy) should not result in significant shading. As the spatial overlap analysis detailed, 
eelgrass habitat in aquaculture bays rarely occurs deeper than 3 m, suggesting the existence of 
shading “risk zones”: highest risk in shallow waters, moderate to low risk from 2–3 m, and very 
low to nonexistent risk at depths > 3 m (Figure 4). These findings represent a refinement of our 
understanding of the potential impacts of shading by aquaculture gear on eelgrass habitat under 
current practices in the sGSL. Management of aquaculture-eelgrass interactions thus should 



Gulf Region 
Science Response: Aquaculture-eelgrass 

interactions 
 

24 

take into account gear type, water depth, and local context when assessing shading effects 
caused by suspended aquaculture gear. However, other considerations are also important; see 
the “knowledge gaps” section below. 
Notably, changes in gear usage or culture practices (i.e., change in method/species, gear type, 
number and size of leases) can influence the shading footprint. Culture practices are dynamic, 
and changes are constantly occurring, so this analysis may need to be updated to reflect shifts 
in shellfish aquaculture practices in the sGSL. In particular, the depth distribution of PEI shellfish 
aquaculture trends deeper than in the other provinces likely because many leases began 
culturing mussels before changing to oysters. This distribution could shift shallower as the 
industry continues to prioritize oyster culture, potentially increasing eelgrass shading. 
In NB, a large number of leases approved for suspended culture are currently inactive; 
126 leases totaling 858.4 ha, or approximately double the area currently used for suspended 
oyster culture in the province. This represents a large pool of “latent effort” that could result in 
increased shading if these leases become active. NB also had the lowest proportion of gear 
coverage area of the three provinces at 1.89%. The reason for this is uncertain; however, it may 
be due to the high data quality provided by the Province, which was comprehensive and based 
on direct gear counts, whereas the datasets from the other provinces required estimation from 
site development plans and/or extrapolation from a subset of leases, and therefore could 
represent potential rather than realized gear usage. It may also be a function of the physical 
characteristics of NB culture areas, which are on average shallower than PEI and NS, and may 
include leased areas unsuitable for increased density of suspended culture. Nonetheless, any 
potential increase of NB gear coverage could also increase the shading footprint on eelgrass 
habitat. 
In addition to changes to existing culture areas, the establishment of new suspended leases 
could also lead to increase eelgrass shading. For example, NS currently is reviewing multiple 
lease applications that could potentially increase the leased area in sGSL significantly; two 
suspended leases in Antigonish Harbour (total of 33.59 ha) are currently under review by the 
Nova Scotia Aquaculture Review Board, which would represent an increase of approximately 
10% over current suspended oyster lease area for sGSL NS. 
The sum of potential eelgrass habitat shaded by suspended oyster gear presented here is likely 
an overestimate, as it does not account for actual habitat suitability (aside from depth) or 
currently existing eelgrass. In reality, some of this shaded area will not be suitable for eelgrass, 
and some shaded areas likely contain eelgrass that is able to receive enough light for survival 
(particularly in waters deeper than 2 m). Similarly, the relatively low proportion of gear coverage 
in NB could be an indication that shading in NS and PEI could be overestimated, as proposed 
culture density seems to rarely be realized. Integration of high-quality data representing 
eelgrass distribution and aquaculture practices (including gear type and quantity) is critical for a 
more robust assessment of the impact of shellfish aquaculture shading on eelgrass habitat in 
the sGSL. 

Conclusions 
• In the sGSL direct shading by suspended aquaculture gear is most prevalent for oyster 

culture due to overlap with depth range for eelgrass habitat. Suspended mussel culture only 
overlaps potential eelgrass habitat in exceptional cases. 

• Based on available data and current practices focusing on oyster cage culture, direct 
shading from aquaculture gear could affect an estimated total of 19.13 hectares of potential 
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eelgrass habitat in the sGSL which represents less than 0.1% of eelgrass habitat in the 
sGSL. 

• The risk of shading from suspended oyster aquaculture on eelgrass habitat at the regional 
scale is expected to be low and context-dependent (Figure 4). Shading from aquaculture in 
the sGSL is unlikely to drive large-scale reductions in eelgrass coverage. 

 
Figure 4. Depiction of the gradient of estimated “risk zones” for the shading of eelgrass habitat by 
suspended oyster aquaculture, as determined by water depth. 

• The biological response of eelgrass to shading from aquaculture gear is complex, and 
further study would be needed to determine specific effects on eelgrass productivity and 
persistence at local and landscape scales. Other stressors are likely to be greater threats to 
the distribution and health of eelgrass habitat in the sGSL. 

• Data representing actual eelgrass distribution and dynamics are critical for determining 
actual rather than potential interactions between suspended shellfish gear and eelgrass 
habitat. 

• Multiple factors can directly affect the impact of shading by aquaculture gear on eelgrass 
habitat, including changes in eelgrass distribution, culture methods, or changes in the 
number of active sites. This Science Response represents current conditions, including the 
identification of important knowledge gaps. 

Knowledge gaps 
As described in detail above, a number of assumptions are required to estimate the potential 
scale of shading on eelgrass habitat in the sGSL. A large knowledge gap exists related to the 
spatial distribution of eelgrass itself. The spatial data presented for this Science Response only 
provides information regarding aquaculture leases. As such, we could only infer potential spatial 
overlap between aquaculture and hypothesized potential eelgrass habitat in the sGSL. A more 
detailed understanding would require knowledge of actual eelgrass distribution in the sGSL. 
While baseline information exists for certain areas of the sGSL, it is insufficient for accurately 
depicting the distribution of eelgrass across the region. Further, eelgrass habitat is highly 
dynamic with constantly shifting baselines over nested timescales, and multi-year data are 
necessary for understanding natural variability and naturally occurring extreme changes in 
distribution (Barrell and Grant 2015; Orth et al. 2022). Preliminary satellite imagery suggests 



Gulf Region 
Science Response: Aquaculture-eelgrass 

interactions 
 

26 

that eelgrass distribution can vary substantially from year to year, complicating the 
establishment of proper baselines for monitoring and making management decisions (Figure 5). 

 
Figure 5. Dynamic change in eelgrass coverage from 2016 to 2021 as determined through analysis of 
high-resolution satellite imagery in Tracadie Bay, NB. The result of change over this period was the net 
loss of 164.4 hectares of eelgrass. The total vegetated area as of the 2021 image was 1259.9 hectares 
Source: DFO-Gulf, unpublished data. 

It is also known that eelgrass does exist within aquaculture leases while it is absent from 
adjacent areas with no aquaculture, further complicating the issue. This suggests the likelihood 
of shading causing stress short of mortality in many cases, which suggests the need for 
interpretation through a cumulative effects framework. As such, a full understanding of 
aquaculture effects on eelgrass requires a quantification of eelgrass distribution with respect to 
intra- and interannual variation. Eelgrass dynamics may differ between bays, requiring different 
approaches to management depending on local context. Efforts by DFO Science and MPC 
sectors are currently pursuing mapping eelgrass habitat throughout the sGSL with satellite 
imagery, however the data were not available for this process (Monica Boudreau, DFO-MPC, 
pers. comm.). 
Aside from the knowledge gaps regarding the actual distribution and natural variability of 
eelgrass, direct links between aquaculture activities and eelgrass productivity at ecosystem-
scale are relatively unexplored in the sGSL. The current process examined the spatial scale of 
potential shading effects, but did not evaluate the response of eelgrass to shading from 
suspended aquaculture gear. Though previous studies have provided insights at the local scale 
(e.g., Skinner et al. 2013, 2014), these efforts only investigated the suspended bag culture 
method, which this process has demonstrated is increasingly uncommon in the sGSL, and in 
very shallow depths not representative of current practices. While the light experiment 
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conducted for this process increases knowledge about shading effects related to additional 
types of suspended gear, direct links with eelgrass productivity and distribution could not be 
established with available data. Understanding links to eelgrass productivity and realized net 
effects of shellfish culture on eelgrass habitat requires further study across the diverse contexts 
under which shellfish culture occurs in the sGSL. 
Interpretation of the significance of the potential shading described above is difficult in absence 
of data representing the status of eelgrass habitat outside of leased areas. While the total area 
of directly shaded potential eelgrass habitat can be reasonably interpreted as a small proportion 
of extant eelgrass, it is important to interpret these results within the context of the eelgrass 
landscape in aquaculture bays. Eelgrass can occur in various spatial distributions, with direct 
implications for biological processes and the provision of ecosystem services (Barrell et 
al. 2015). For example, local shading could be presumed to have increased significance in bays 
with very little eelgrass cover, or that have already experienced documented declines, 
highlighting the need for understanding the local landscape dynamics of eelgrass habitat to help 
guide management decisions. 
The data presented herein regarding the spatial footprint of aquaculture in the sGSL vary in 
terms of resolution between provinces, gear types, and farmed species; other parameters that 
could also influence shading (e.g., culture density, biofouling, boat traffic at culture sites, etc.) 
are also unknown from the available data. Standardizing the way in which these data are 
reported for different provinces, gear types, and cultured species, as well as enhancing the 
degree of information available (e.g., adding stocking densities, boat traffic, etc.) would help in 
resolving this issue of data resolution. 
It is also important to reiterate that this Science Response only deals with direct effects of 
shading, but other pathways of aquaculture can impact eelgrass. There is no information within 
the sGSL on the net effects of aquaculture (i.e., filtration and deposition, physical disturbance, 
and shading) related to eelgrass (Howarth et al. 2022). The positive pathways of interaction 
through reducing turbidity, reducing epiphyte propagule loads, and fertilization have not been 
locally demonstrated (Newell and Koch 2004; Sandoval-Gil et al. 2016; Smith et al. 2018). 
Preliminary model results suggest that the filtration activities of cultured bivalves can improve 
light availability for eelgrass, however the magnitude of improvement, which can reach over 8% 
bottom light increase in non-shaded farm areas, was only estimated in one bay and resultant 
effects on eelgrass productivity metrics have not been assessed (Ouellette et al. 2014, PARR-
2014-G-10). Moreover, the contribution of organic matter in local beds is unknown from oysters 
outside select operations (e.g., Skinner et al,. 2013), which negatively affects eelgrass growth 
and density (Wicks et al. 2009; Borum et al. 2014). These complications related to net effects 
are further compounded by the fact that certain pathways can affect different eelgrass life 
history traits and are context-dependent (Robertson and Mann 1984; Garbary et al. 2014; 
Skinner et al. 2014; Castorani et al. 2015; McIver et al. 2019; van den Heuvel et al. 2019; 
Howarth et al. 2022). It is thus critical to recognize that quantifying the overall impact of 
aquaculture on eelgrass is very complicated and requires detailed assessments of how multiple 
impact pathways affect multiple biological traits across multiple spatial and temporal scales. 
On top of net effects from aquaculture, it is also crucial to consider cumulative effects from 
multiple stressors on eelgrass (Murphy et al. 2019; Orth et al. 2022). In the sGSL, temperatures 
can often exceed the documented threshold for eelgrass survival (Nejrup & Pedersen 2008; 
Sonier et al. 2011). Such effects will almost certainly be compounded as the climate continues 
to warm. Climate change is also driving shifts in other environmental factors that can influence 
eelgrass distribution in the sGSL, such as the frequency and severity of storm events and 
nearshore ice dynamics in winter (Schneider and Mann 1991; Murphy et al. 2021). Increased 
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storm severity can result in eelgrass damage or destruction (Wicks et al. 2009; Murphy et 
al. 2021) while reduced ice cover in winter can increase eelgrass coverage (Warren et al. 2010), 
though lack of winter ice may cause increased vulnerability to winter storms. Furthermore, 
increases in land use intensity within local watersheds can introduce light-capturing materials 
(i.e., humic-organics and/or inorganic particulates) or nutrients which induce the growth of algae 
in eutrophic systems, which may affect aquaculture-eelgrass interactions (Wong et al. 2013; van 
den Heuvel et al. 2019; Orth et al. 2022). 
It is also important to recognize that changes to aquaculture practices are ongoing. Harvesting 
methods, gear types, and decisions regarding the spatial placement of aquaculture leases 
(among other aspects of the industry) are constantly evolving (Medcof 1961). Many of these 
management and logistical changes are put in place to reduce impacts on eelgrass and other 
important species/habitats. The impacts of aquaculture on eelgrass highlighted in this SRR thus 
may not exist under future culture practices in the sGSL. As such, aquaculture-eelgrass 
interactions will require re-evaluation in the future. 
This Science Response has focused on Z.marina interactions with shellfish aquaculture; 
however, in coastal zones which regularly experience < 10 PSU salinity, Ruppia maritima 
(Widgeon grass or Sea ditchgrass) naturally replaces eelgrass (Lefcheck et al. 2018; van den 
Heuvel et al. 2019). Widgeon grass, though mostly a brackish species, is often grouped with 
seagrasses in ecological assessments, provides similar ecosystem services as eelgrass, and is 
faced with similar external pressures (Newell and Koch 2004; Moore et al. 2014; Orth et 
al. 2022). Likewise, there are cases where Widgeon grass grows in areas formerly occupied by 
eelgrass (Moore et al. 2014; DFO-Gulf unpublished data). Moreover, oysters may provide 
similar positive benefits to R. maritima biomass (Newell and Koch 2004), but coverage for this 
species may also change from physical disturbances such as boat propeller scarring (Orth et 
al. 2017). Some oyster growers temporarily place their product in freshwater areas to kill off 
biofouling species (Méthé et al. 2015), which may result in some limited effects of oyster 
aquaculture on widgeon grass in low salinity areas. However, it is believed that only a small 
fraction of oyster growers use this method to reduce biofouling, and an increasing shift to oyster 
cage culture (which removes biofouling organisms via air exposure) further reduces 
aquaculture-widgeon grass interactions. Nevertheless, there exists a data gap in the distribution 
and basic life-history knowledge of widgeon grass in the sGSL and the impacts of aquaculture 
on this ecologically important species—while likely negligible—remain unstudied. Widgeon 
grass is known to occur in coastal zones throughout the sGSL (DFO unpublished data), though 
it is relatively understudied compared to eelgrass. 
Finally, while this Science Response focused on the direct impacts of aquaculture shading on 
eelgrass habitat, impacts on the range of ecosystem services that eelgrass provides must also 
be recognized (Hansen and Reidenbach 2013; Ferriss et al. 2019; Orth et al. 2020). Notably, 
eelgrass beds in the sGSL provide structural habitat for many fish and invertebrate 
assemblages (Joseph et al. 2006; Coffin et al. 2018). However, there is a lack of information on 
how local fish interact with eelgrass landscape characteristics in this region (e.g., bed size, 
patchiness, length of meadow edge, etc.), and it is unknown if changes in eelgrass traits 
translate into concurrent changes in species-specific populations in the sGSL of fish and other 
taxa that utilize eelgrass (Thistle et al. 2010; Jiménez‐Ramos et al. 2019). As such, the 
downstream consequences of aquaculture-eelgrass interactions on populations of other species 
and the biological communities of eelgrass beds in the sGSL warrant research attention.  



Gulf Region 
Science Response: Aquaculture-eelgrass 

interactions 
 

29 

Contributors 
Name Affiliation 

Tanya Arseneault  DFO Science, Gulf Region 
Jeffrey Barrell  DFO Science, Gulf Region 
Jeff C. Clements DFO Science, Gulf Region 
Michael R.S. Coffin DFO Science, Gulf Region 
Sandra Comeau DFO Aquaculture Management, Gulf Region 
Eva Dickson DFO Science, Gulf Region 
Delphine Ditlecadet DFO Science, Gulf Region 
Thomas Guyondet DFO Science, Gulf Region 
Kyle Knysh DFO Science, Gulf Region 
Chris Mills DFO Aquaculture Management, PEI Office Area 
Mikio Moriyasu DFO Science, Gulf Region 
Monique Niles DFO Science, Gulf Region 
Marc Ouellette DFO Science, Gulf Region 
Nicolas Rolland DFO Science, Gulf Region 
Mélanie Roy DFO Science, Gulf Region 
Rémi Sonier DFO Science, Gulf Region 

Approved by 
Matthew Hardy 

Regional Director, Science Branch 
Gulf Region 

Date: May 26, 2023 

Sources of Information 
Alexandre, A., Hill, P.W., Jones, D.L., and Santos, R. 2015. Dissolved organic nitrogen: A 

relevant, complementary source of nitrogen for the seagrass Zostera marina. Limnol. 
Oceanogr. 60, 1477-1483. 

Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, E.W., Stier, A.C., and Silliman, B.R. 2011. The 
value of estuarine and coastal ecosystem services. Ecol. Monogr. 81, 169-193. 

Barrell, J. 2014. Quantification and spatial analysis of seagrass landscape structure through the 
application of aerial and acoustic remote sensing. PhD dissertation, Department of 
Oceanography, Dalhousie University, Halifax, Canada. 

Barrell, J., and Grant, J. 2013. Detecting hot and cold spots in a seagrass landscape using local 
indicators of spatial association. Landscape Ecol. 28, 2005–2018. 

Barrell, J., and Grant, J. 2015. High-resolution, low-altitude aerial photography in physical 
geography: A case study characterizing eelgrass (Zostera marina L.) and blue mussel 
(Mytilus edulis L.) landscape mosaic structure. Prog. Phys. Geogr. Earth Environ. 39, 440–
459. 

Barrell, J., Grant, J., Hanson, A., and Mahoney, M. 2015. Evaluating the complementarity of 
acoustic and satellite remote sensing for seagrass landscape mapping. Int. J. Rem. Sens. 
36:16, 4069-4094. 



Gulf Region 
Science Response: Aquaculture-eelgrass 

interactions 
 

30 

Bastien-Daigle, S., Hardy, M., Robichaud, G. 2007. Habitat management qualitative risk 
assessment: water column  oyster aquaculture in New Brunswick. Can. Tech. Rep. Fish. 
Aquat. Sci. 2728: vii. 

Blok, S.E., Olesen, B., and Krause-Jensen, D. 2018. Life history events of eelgrass Zostera 
marina L. populations across gradients of latitude and temperature. Mar. Ecol. Prog. Ser. 
590, 79–93. 

Borum, J., Raun, A.L., Hasler-Sheetal, H., Pedersen, M.Ø., Pedersen, O., and Holmer, M. 2014. 
Eelgrass fairy rings: Sulfide as inhibiting agent. Mar. Biol. 161, 351–358. 

Boudreau, M. Landry, T. 2016.  Validated indicators, thresholds, and monitoring protocols for 
each of the Pathways of Effects (POEs) endpoints for shellfish aquaculture. PARR-2015-G-
04. 

Burke, M.K., Dennison, W.C., and Moore, K.A. 1996. Non-structural carbohydrate reserves of 
eelgrass Zostera marina. Mar. Ecol. Prog. Ser. 137, 195-201. 

Callier, M.D., McKindsey, C.W., and Desrosiers, G. 2007. Multi-scale spatial variations in 
benthic sediment geochemistry and macrofaunal communities under a suspended mussel 
culture. Mar. Ecol. Prog. Ser. 348, 103-115.   

Carman, M.R., Colarusso, P.D., Neckles, H.A., Bologna, P., Caines, S., Davidson, J.D.P., 
Evans, N.T., Fox, S.E., Grunden, D.W., Hoffman, S., Ma, K.C.K., Matheson, K., McKenzie, 
C.H., Nelson, E.P., Plaisted, H., Reddington, E., Schott, S., and Wong, M.C. 2019. 
Biogeographical patterns of tunicates utilizing eelgrass as substrate in the western North 
Atlantic between 39 °and 47 ° north latitude (New Jersey to Newfoundland). Manag. Biol. 
Invasions 10, 602–616. 

Castorani, M.C.N., Glud, R.N., Hasler-Sheetal, H., and Holmer, M. 2015. Light indirectly 
mediates bivalve habitat modification and impacts on seagrass. J. Exp. Mar. Bio. Ecol. 472, 
41–53. 

CEPI. 2006. Bras d’Or Lakes Traditional Ecological Knowledge Workshop Proceedings, May 3-
4, 2006. 51 p. 

Clausen, K., Krause-Jensen, D., Olesen, B., Marbà, N. 2014. Seasonality of eelgrass biomass 
across gradients in temperature and latitude. Mar. Ecol. Prog. Ser. 506, 71–85. 

Clements, J.C., Comeau, L.A. 2019. Nitrogen removal potential of shellfish aquaculture harvests 
in eastern Canada: A comparison of culture methods. Aquacult. Rep. 13, 100183. 

Coffin, M.R.S., Courtenay, S.C., Knysh, K.M., Pater, C.C., and van den Heuvel, M.R. 2018. 
Impacts of hypoxia on estuarine macroinvertebrate assemblages across a regional nutrient 
gradient. FACETS. 3, 23–44. 

Comeau, L.A., St-Onge, P., Pernet, F., and Lanteigne, L. 2009. Deterring coastal birds from 
roosting on oyster culture gear in eastern New Brunswick, Canada. Aquac. Eng. 40, 87–94. 

Comeau, L.A. 2013. Suspended versus bottom oyster culture in eastern Canada: Comparing 
stocking densities and clearance rates. Aquaculture 410-411: 57-65. 

Comeau, L.A., Mallet, A.L., Carver, C.E., Guyondet, T. 2014 Impact of high-density suspended 
oyster culture on benthic sediment characteristics. Aquacultural Engineering 58: 95-102. 

Comeau, L.A., Filgueira, R., Guyondet, T., Sonier, R. 2015. The impact of invasive tunicates on 
the demand for phytoplankton in longline mussel farms. Aquaculture 441, 95-105. 

https://www.dfo-mpo.gc.ca/aquaculture/rp-pr/parr-prra/projects-projets/2015-G-04-eng.html
https://www.dfo-mpo.gc.ca/aquaculture/rp-pr/parr-prra/projects-projets/2015-G-04-eng.html
https://doi.org/10.3354/meps07034
https://doi.org/10.3354/meps07034
https://doi.org/10.3354/meps07034


Gulf Region 
Science Response: Aquaculture-eelgrass 

interactions 
 

31 

Cottam, C., and Munro, D.A. 1954. Eelgrass Status and Environmental Relations. J. Wildl. 
Manage. 18, 449–460. 

DFO. 2009. Does eelgrass (Zostera marina) meet the criteria as an ecologically significant 
species? DFO Can. Sci. Advis. Sec. Sci. Advis. Rep. 2009/018.11 p. 

DFO. 2012. Definitions of harmful alteration, disruption or destruction (HADD) of habitat 
provided by eelgrass (Zostera marina). DFO Can. Sci. Advis. Sec. Sci. Advis. Rep. 
2011/058. 21 p. 

DFO. 2021. Validation of dissolved oxygen (DO) as Marine Environmental Quality (MEQ) 
measure of nutrient loading status of estuaries. DFO Can. Sci. Advis. Sec. Sci. Advis. Rep. 
2021/023. 15 p. 

Drapeau, A. 2006. Farm management practices and their associations to productivity in Prince 
Edward Island (PEI) mussel farms. MSc Thesis, University of Prince Edward Island, 
Charlottetown, PE. 

Duffy, J.E., Stachowicz, J.J., Reynolds, P.L., Hovel, K.A., Jahnke, M., Sotka, E.E., Boström, C., 
Boyer, K.E., Cusson, M., Eklöf, J., Engelen, A.H., Eriksson, B.K., Fodrie, F.J., Griffin, J.N., 
Hereu, C.M., Hori, M., Hughes, A.R., Ivanov, M. V, Jorgensen, P., Kruschel, C., Lee, K.-S., 
Lefcheck, J.S., Moksnes, P.-O., Nakaoka, M., O’Connor, M.I., O’Connor, N.E., Orth, R.J., 
Peterson, B.J., Reiss, H., Reiss, K., Richardson, J.P., Rossi, F., Ruesink, J.L., Schultz, S.T., 
Thormar, J., Tomas, F., Unsworth, R., Voigt, E., Whalen, M.A., Ziegler, S.L., and Olsen, J.L. 
2022. A Pleistocene legacy structures variation in modern seagrass ecosystems. Proc. Natl. 
Acad. Sci. 119, e2121425119. 

Eriander, L., Laas, K., Bergström, P., Gipperth, L., and Moksnes, P. 2017. The effects of small-
scale coastal development on the eelgrass (Zostera marina L.) distribution along the 
Swedish west coast – Ecological impact and legal challenges. Ocean Coast. Manag. 148, 
182–194. 

Ferriss, B.E., Conway-Cranos, L.L., Sanderson, B.L., and Hoberecht, L. 2019. Bivalve 
aquaculture and eelgrass: A global meta-analysis. Aquaculture. 498, 254–262. 

Filgueira, R. Guyondet, T., Bacher, C., Comeau, L.A. 2015. Informing Marine Spatial Planning 
(MSP) with numerical modelling: A case-study on shellfish aquaculture in Malpeque Bay 
(Eastern Canada). Mar. Pollut. Bull. 100, 200-216. 

Garbary, D.J., Miller, A.G., Williams, J., and Seymour, N.R. 2014. Drastic decline of an 
extensive eelgrass bed in Nova Scotia due to the activity of the invasive green crab 
(Carcinus maenas). Mar. Biol. 161, 3–15. 

Guyondet, T., Roy, S., Koutitonsky, V.G., Grant, J., and Tita, G. 2010. Integrating multiple 
spatial scales in the carrying capacity assessment of a coastal ecosystem for bivalve 
aquaculture. J. Sea Res. 64, 341-359. 

Guyondet, T., Sonier, R., Comeau, L.A. 2013.  Spatially explicit seston depletion index to 
optimize shellfish culture. Aquacult. Environ. Interact. 4, 175-186. 

Guyondet, T., Comeau, L.A., Bacher, C., Grant, J., Rosland, R., Sonier, R., Filgueira, R. 2015. 
Climate change influences carrying capacity in a coastal embayment dedicated to shellfish 
aquaculture. Estuar. Coasts 38, 1593-1618. 

Hansen, J.C.R., and Reidenbach, M.A. 2013. Seasonal Growth and Senescence of a Zostera 
marina Seagrass Meadow Alters Wave-Dominated Flow and Sediment Suspension Within a 
Coastal Bay. Estuaries Coast. 36, 1099–1114. 

https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2009/2009_018-eng.htm
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2009/2009_018-eng.htm
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2011/2011_058-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2011/2011_058-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2021/2021_023-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2021/2021_023-eng.html


Gulf Region 
Science Response: Aquaculture-eelgrass 

interactions 
 

32 

Hargrave, B.T., Doucette, L.I., Cranford, P.J., Law, B.A., and Milligan, T.G. 2008. Influence of 
mussel aquaculture on sediment organic enrichment in a nutrient-rich coastal embayment. 
Mar. Ecol. Prog. Ser. 365, 137–149. 

Hasler-Sheetal, H., Castorani, M.C.N., Glud, R.N., Canfield, D.E., and Holmer, M. 2016. 
Metabolomics Reveals Cryptic Interactive Effects of Species Interactions and Environmental 
Stress on Nitrogen and Sulfur Metabolism in Seagrass. Environ. Sci. Technol. 50, 11602–
11609. 

Hitchcock, J.K., Courtenay, S.C., Coffin, M.R.S., and van den Heuvel, M.R. 2017. Eelgrass Bed 
Structure, Leaf Nutrient, and Leaf Isotope Responses to Natural and Anthropogenic 
Gradients in Estuaries of the Southern Gulf of St. Lawrence, Canada. Estuaries Coast. 40, 
1653–1665. 

Howarth, L.M., Lewis-McCrea, L.M., LaBelle, J., and Reid, G.K. 2021. Managing aquaculture 
and eelgrass interactions in Nova Scotia. Centre for Marine Applied Research (CMAR), 
Dartmouth, Nova Scotia, Canada. 53 p. 

Howarth, L.M., Lewis-McCrea, L.M., Kellogg, L.M., Apostolaki, E.T., and Reid, G.K. 2022. 
Aquaculture and eelgrass Zostera marina interactions in temperate ecosystems. Aquac. 
Environ. Interact. 14,15–34. 

Ibarra, D.A., Cembella, A., and Grant, J. 2012. Attenuation of sunlight measured from moored 
radiometers to assess depletion of suspended particles caused by bivalve aquaculture, 
Limnol. Oceanogr. Methods. 10, 1051-1069. 

Jansen, H.M., Strand, Ø., van Broekhoven, W., Strohmeier, T., Verdegem, M.C., Smaal, A.C. 
2018. Feedbacks from Filter Feeders: Review on the Role of Mussels in Cycling and 
Storage of Nutrients in Oligo- Meso- and Eutrophic Cultivation Areas. In: Smaal, A., Ferreira, 
J., Grant, J., Petersen, J., Strand, Ø. (eds) Goods and Services of Marine Bivalves. 
Springer, Cham. 143-177 pp. 

Jiménez-Ramos, R., Egea, L.G., Vergara, J.J., Bouma, T.J., and Brun, F.G. 2019. The role of 
flow velocity combined with habitat complexity as a top–down regulator in seagrass 
meadows. Oikos 128, 64-76. 

Joseph, V., Locke, A., and Godin, J.G.J. 2006. Spatial distribution of fishes and decapods in 
eelgrass (Zostera marina L.) and sandy habitats of a New Brunswick estuary, eastern 
Canada. Aquat. Ecol. 40, 111–123. 

Joseph, V., Schmidt, A.L., and Gregory, R.S. 2013. Use of eelgrass habitats by fish in eastern 
Canada. DFO Can. Sci. Advis. Sec. Res. Doc. 2012/138. ii + 12p. 

Karmakar, M., Leavitt, P.R., and Patoine, A. 2019. Effects of Bridge Construction and 
Wastewater Effluent on Phytoplankton Abundance and Sediment Geochemistry in an 
Atlantic Temperate Coastal Bay Since 1930. Estuaries Coast. 42, 365–377. 

Keddy, C.J., and Patriquin, D.G. 1978. An annual form of eelgrass in Nova Scotia. Aquat. Bot. 
5, 163–170. 

Krumhansl, K.A., Dowd, M., and Wong, M.C. 2021. Multiple metrics of temperature, light, and 
water motion drive gradients in eelgrass productivity and resilience. Front. Mar. Sci. 8, 
597707. 

https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2012/2012_138-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2012/2012_138-eng.html


Gulf Region 
Science Response: Aquaculture-eelgrass 

interactions 
 

33 

Lefcheck, J.S., Orth, R.J., Dennison, W.C., Wilcox, D.J., Murphy, R.R., Keisman, J., Gurbisz, 
C., Hannam, M., Brooke Landry, J., Moore, K.A., Patrick, C.J., Testa, J., Weller, D.E., and 
Batiuk, R.A. 2018. Long-term nutrient reductions lead to the unprecedented recovery of a 
temperate coastal region. Proc. Natl. Acad. Sci. 115, 3658–3662. 

Léger-Daigle, R., Noisette, F., Bélanger, S., Cusson, M., Nozais, C. 2022. Photoacclimation and 
light thresholds for cold temperate seagrasses. Front. Mar. Sci/ 13, 805065. 

McIver, R., Cullain, N., Schmidt, A.L., Lotze, H.K. 2019. Linking eutrophication indicators in 
eelgrass habitats to nitrogen loading and mitigating site characteristics in eastern New 
Brunswick, Canada. Mar. Environ. Res. 144, 141-153. 

McKindsey, C.W., Archambault, P., Callier, M.D., and Frédéric, O. 2011. Influence of 
suspended and off-bottom mussel culture on the sea bottom and benthic habitats: a review. 
Can. J. Zool. 89, 622–646. 

McRoy, C.P. 1969. Eelgrass under Arctic Winter Ice. Nature. 224, 818–819. 
Medcof, J.C. 1961. Oyster Farming in the Maritimes. Fisheries Research Board of Canada. 

Bulletin 131. xi + 157 p. 
Meeuwig, J.J., Rasmussen, J.B., Peters, R.H. 1998. Turbid waters and clarifying mussels: their 

moderation of empirical chl:nutrient relations in estuaries in Prince Edward Island, Canada. 
Mar. Ecol. Prog. Ser. 171, 139-150. 

Méthé, D., Comeau, L.A., Stryhn, H., Landry, T. and Davidson, J. 2015. Stress response of 
Crassostrea virginica (Gmelin, 1791) oysters following a reciprocal transfer between upriver 
and downriver sites. Aquac. Res. 46, 2841-2850. 

Moore, K.A., Shields, E.C., and Parrish, D.B. 2014. Impacts of Varying Estuarine Temperature 
and Light Conditions on Zostera marina (Eelgrass) and its Interactions With Ruppia maritima 
(Widgeongrass). Estuaries Coast. 37, 20–30. 

Murphy, G.E.P., Dunic, J.C., Adamczyk, E.M., Bittick, S.J., Côté, I.M., Cristiani, J., Geissinger, 
E.A., Gregory, R.S., Lotze, H.K., O’Connor, M.I., Araújo, C.A.S., Rubidge, E.M., 
Templeman, N.D., and Wong, M.C. 2021. From coast to coast to coast: ecology and 
management of seagrass ecosystems across Canada. FACETS. 6, 139–179. 

Murphy, G.E.P., Wong, M.C., and Lotze, H.K. 2019. A human impact metric for coastal 
ecosystems with application to seagrass beds in Atlantic Canada. FACETS. 4, 210–237. 

Nejrup, L.B., and Pedersen, M.F. 2008. Effects of salinity and water temperature on the 
ecological performance of Zostera marina. Aquat. Bot. 88, 239-246. 

Newell, R.I.E., and Koch, E.W. 2004. Modeling seagrass density and distribution in response to 
changes in turbidity stemming from bivalve filtration and seagrass sediment stabilization. 
Estuaries 27, 793–806. 

Ochieng, C.A., Short, F.T., and Walker, D.I. 2010. Photosynthetic and morphological responses 
of eelgrass (Zostera marina L.) to a gradient of light conditions. J. Exp. Mar. Bio. Ecol. 382, 
117-124. 

Olesen, B., and Sand-Jensen, K. 1993. Seasonal acclimatization of eelgrass Zostera marina 
growth to light. Mar. Ecol. Prog. Ser. 94, 91–99. 

Olesen, B., and Sand-Jensen, K. 1994. Patch dynamics of eelgrass Zostera marina. Mar. Ecol. 
Prog. Ser. 106, 147–156. 



Gulf Region 
Science Response: Aquaculture-eelgrass 

interactions 
 

34 

Oreska, M.P.J., McGlathery, K.J., Wiberg, P.L., Orth, R.J., and Wilcox, D.J. 2021. Defining the 
Zostera marina (Eelgrass) Niche from Long-Term Success of Restored and Naturally 
Colonized Meadows: Implications for Seagrass Restoration. Estuaries Coast. 44, 396–411. 

Orth, R.J., Dennison, W.C., Gurbisz, C., Hannam, M., Keisman, J., Landry, J.B., Lefcheck, J.S., 
Moore, K.A., Murphy, R.R., Patrick, C.J., Testa, J., Weller, D.E., Wilcox, D.J., and Batiuk, 
R.A. 2022. Long-term Annual Aerial Surveys of Submersed Aquatic Vegetation (SAV) 
Support Science, Management, and Restoration. Estuaries Coast. 45, 1012–1027. 

Orth, R.J., Lefcheck, J.S., McGlathery, K.S., Aoki, L., Luckenbach, M.W., Moore, K.A., Oreska, 
M.P.J., Snyder, R., Wilcox, D.J., and Lusk, B. 2020. Restoration of seagrass habitat leads to 
rapid recovery of coastal ecosystem services. Sci. Adv. 6,  eabc6434. 

Orth, R.J., Lefcheck, J.S., and Wilcox, D.J. 2017. Boat Propeller Scarring of Seagrass Beds in 
Lower Chesapeake Bay, USA: Patterns, Causes, Recovery, and Management. Estuaries 
Coast. 40, 1666–1676. 

Ouellette, M., Niles, M., Guyondet, T., Landry, T., Webster, T., Collins, K. 2014. The effect of 
cultured shellfish on eelgrass productivity in estuaries of New Brunswick and Prince Edward 
Island. PARR-2014-G-10. 

Reusch, T.B.H., Chapman, A.R.O., and Gröger, J.P. 1994. Blue mussels Mytilus edulis do not 
interfere with eelgrass Zostera marina but fertilize shoot growth through biodeposition. Mar. 
Ecol. Prog. Ser. 108, 265–282. 

Robertson, A.I., and Mann, K.H. 1984. Disturbance by ice and life-history adaptations of the 
seagrass Zostera marina. Mar. Biol. 80, 131-141. 

Sandoval-Gil, J., Alexandre, A., Santos, R., and Camacho-Ibar, V.F. 2016. Nitrogen Uptake and 
Internal Recycling in Zostera marina Exposed to Oyster Farming: Eelgrass Potential as a 
Natural Biofilter. Estuaries Coast. 39, 1694-1708. 

Schmidt, A.L., Wysmyk, J.K.C., Craig, S.E., and Lotze, H.K. 2012. Regional-scale effects of 
eutrophication on ecosystem structure and services of seagrass beds. Limnol. Oceanogr. 
57, 1389–1402. 

Schneider, F.I., and Mann, K.H. 1991. Rapid recovery of fauna following simulated ice rafting in 
a Nova Scotian seagrass bed. Mar. Ecol. Prog. Ser. 78, 57–70. 

Skinner, M.A., Courtenay, S.C., and McKindsey, C.W. 2013. Reductions in distribution, 
photosynthesis, and productivity of eelgrass Zostera marina associated with oyster 
Crassostrea virginica aquaculture. Mar. Ecol. Prog. Ser. 486, 105–119. 

Skinner, M.A., Courtenay, S.C., McKindsey, C.W., Carver, C.E., and Mallet, A.L. 2014. 
Experimental determination of the effects of light limitation from suspended bag oyster 
(Crassostrea virginica) aquaculture on the structure and photosynthesis of eelgrass (Zostera 
marina). J. Exp. Mar. Bio. Ecol. 459, 169–180. 

Smith, C.S., Ito, M., Namba, M., and Nakaoka, M. 2018. Oyster aquaculture impacts Zostera 
marina epibiont community composition in Akkeshi-ko estuary, Japan. PLoS One. 13, 
e0197753. 

Sonier, R., LeBlanc, K., Hardy, M., Ouellette, M., Comeau, L.A., and Landry, T. 2011. Shellfish 
Monitoring Network in Atlantic Canada 1996-2001: Temperature, growth, condition and 
Survival. Can. Data Rep. Fish. Aquat. Sci. 1234: x + 25p. 

https://www.dfo-mpo.gc.ca/aquaculture/rp-pr/parr-prra/projects-projets/2014-G-10-eng.html
https://www.dfo-mpo.gc.ca/aquaculture/rp-pr/parr-prra/projects-projets/2014-G-10-eng.html
https://www.dfo-mpo.gc.ca/aquaculture/rp-pr/parr-prra/projects-projets/2014-G-10-eng.html


Gulf Region 
Science Response: Aquaculture-eelgrass 

interactions 
 

35 

Thistle, M.E., Schneider, D.C., Gregory, R.S., and Wells, N.J. 2010. Fractal measures of habitat 
structure: Maximum densities of juvenile cod occur at intermediate eelgrass complexity. Mar. 
Ecol. Prog. Ser. 405, 39-56. 

Transport Canada. 2007. Replacement Class Screening Report for Water Column Oyster 
Aquaculture in New Brunswick. Report of the Canadian Environmental Assessment Agency. 
Moncton, NB. 124 p. 

Uhrin, A. V., and Turner, M.G. 2018. Physical drivers of seagrass spatial configuration: the role 
of thresholds. Landsc. Ecol. 33, 2253–2272. 

Valiela, I., Mcclelland, J., Hauxwell, J., Behr, P.J., Hersh, D., and Foreman, K., 1997. 
Macroalgal blooms in shallow estuaries: Controls and ecophysiological and ecosystem 
consequences. Limnol. Oceanogr. 42, 1105–1118. 

van den Heuvel, M.R., Hitchcock, J.K., Coffin, M.R.S., Pater, C.C., and Courtenay, S.C. 2019. 
Inorganic nitrogen has a dominant impact on estuarine eelgrass distribution in the Southern 
Gulf of St. Lawrence, Canada. Limnol. Oceanogr. 64, 2313-2327. 

Vandermeulen, H. 2005. Assessing Marine Habitat Sensitivity: A case study with eelgrass 
(Zostera marina L.) and kelps (Laminaria, Macrocystis). DFO Can. Sci. Advis. Sec. Res. 
Doc. 2005/032. ii + 53 p. 

Warren, M.A., Gregory, R.S., Laurel, B.J., and Snelgrove, P.V.R. 2010. Increasing density of 
juvenile Atlantic (Gadus morhua) and Greenland cod (G. ogac) in association with spatial 
expansion and recovery of eelgrass (Zostera marina) in a coastal nursery habitat. J. Exp. 
Mar. Bio. Ecol. 394, 154–160. 

Wicks, E.C., Koch, E.W., O’Neil, J.M., and Elliston, K. 2009. Effects of sediment organic content 
and hydrodynamic conditions on the growth and distribution of Zostera marina. Mar. Ecol. 
Prog. Ser. 378, 71-80. 

Wong, M.C., Bravo, M.A., and Dowd, M. 2013. Ecological dynamics of Zostera marina 
(eelgrass) in three adjacent bays in Atlantic Canada. Bot. Mar. 56, 413-424. 

Wong, M.C, and Dowd, M. 2021. Sub-seasonal physical dynamics of temperature, light, 
turbidity, and water motion in eelgrass (Zostera marina) beds on the Atlantic coast of Nova 
Scotia, Canada. Can. Tech. Rep. Fish. Aquat. Sci. 3447: v + 74 p. 

Wong, M.C., Vercaemer, B. 2012. Effects of invasive colonial tunicates and a native sponge on 
the growth, survival, and light attenuation of eelgrass (Zostera marina). Aquat. Invas. 7, 315-
326. 

Wong, M.C., Vercaemer, B.M., and Griffiths, G. 2021. Response and recovery of eelgrass 
(Zostera marina) to chronic and episodic light disturbance. Estuaries Coast. 44, 312-324. 

https://www.dfo-mpo.gc.ca/csas-sccs/publications/resdocs-docrech/2005/2005_032-eng.htm
https://www.dfo-mpo.gc.ca/csas-sccs/publications/resdocs-docrech/2005/2005_032-eng.htm


Gulf Region 
Science Response: Aquaculture-eelgrass 

interactions 
 

36 

Appendices 

Appendix I: Depictions of suspended oyster bag and cage aquaculture 

 
 

Figure A1.1. Visual comparison of a typical oyster bag lease (A) versus a typical oyster cage lease (B). 
Note that the first row of cages in B are “flipped up” for removing biofouling, while the remaining cages 
are submerged for oyster growth. Photo credits: S. Doiron (A), J. Barrell (B). 

 

Figure A1.2. (left) Depiction of suspended bag oyster aquaculture as commonly practiced in the sGSL. 
Individual floating bags are attached in pairs to a central longline anchored at both ends. (right) Aerial 
view of a lease with multiple longlines. From Comeau (2013). 
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Figure A1.3. (above) Depiction of suspended oyster cage culture as commonly practiced in the sGSL. 
Individual cages are attached along an anchored longline system with space left between culture units. 
(below) Multiple longlines distributed throughout a lease. From Comeau (2013). 

Appendix II: Detailed methods for light experiments 
Study region 
Cocagne Bay is a typical southern Gulf of St. Lawrence semi-enclosed embayment with a mean 
depth of 1.7 m and relatively low tidal range of approximately 1 m (Figure A2.1). 
Over the course of a few weeks in late summer 2021, two field experiments were conducted to 
characterize the underwater light field in the vicinity of a suspended oyster farm using the 
OysterGroTM technique. 
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Figure A2.1. Location of the experimental site in Cocagne Bay, NB (both experiments) and distribution of 
the depth treatments of experiment #2 among the cages of the selected lines within the study farm. 

Experiment #1 
This first experiment aimed at evaluating suspended oyster farm-scale effects on bottom light 
levels and light attenuation. Photosynthetically Active Radiation (PAR) sensors (Odyssey 
submersible PAR sensor, Dataflow Systems Ltd, New Zealand) were deployed on the bottom of 
Cocagne Bay, NB, both under an oyster cage farm and at a control station outside the farm 
(approximately 100 m to the north). Duplicate sensors were deployed at each location on 
vertical rods mounted on flat steel tripods lying on the sea bed and holding the sensors in a 
vertical position at 0.735 m off-bottom. 
At the farm location, the duplicate sensors were deployed at 6 sites distributed on a North-
South/East-West grid such that, initially, one pair of sites was directly under an oyster cage line, 
another pair was directly under the adjacent oyster cage line and the last pair of sites was 
directly in between these two cage lines. Oyster cage lines are only anchored at each extremity, 
which provides some freedom of movement to each cage along the line. Cage movements were 
not monitored during the experiment but the grid arrangement of sensors was meant to provide 
a representative estimate of light conditions at the farm-scale. All seven (six within farm and one 
control outside) bottom deployment platforms were also equipped with pressure sensors (HOBO 
U-20, Onset) to measure water depth and its variations through time during the entire 
experiment. 
At the control station an additional PAR sensor was deployed on a weighed PVC frame 
equipped with buoys to hold the sensor in a vertical position and at a constant depth (ZS = 
0.1 m) to measure surface light intensity. This experiment covered a period of 7 days from 
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10 August to 17 August 2021 and all light and pressure sensors were set to record every 5 min. 
All light sensors were simultaneously calibrated prior to deployment, against measurements 
from a LI-193 PAR sensor (LI-COR Biosciences, Nebraska, USA) to provide light intensity 
values in µmol photons m-2 s-1. One of the sensors deployed under the oyster farm did not 
record any data, bringing the total number of farm measurement locations to 11 (Table A2.1). 
Simultaneous bottom (IC) and surface (IS) light intensity values at the control site were used to 
estimate a light extinction coefficient (KD in m-1), assuming the bulk PAR attenuation through the 
water column followed the Beer-Lambert law: 

𝐾𝐾𝐷𝐷 = − 1
(𝑍𝑍𝐶𝐶−𝑍𝑍𝑆𝑆) 𝑙𝑙𝑙𝑙 �

𝐼𝐼𝐶𝐶
𝐼𝐼𝑆𝑆
�  Eq. 1 

Where ZC is the depth of the bottom control sensors provided by the corresponding pressure 
sensor. 
All bottom farm sensor measurements (IFn for n = 1 to 11) were then corrected for the slight 
differences in deployment depth (summarized in Table A2.1) using the control site depth (ZC) as 
a common reference, the depth provided by pressure sensor data from the respective 
deployment platforms (ZFn* for n* = 1 to 6, only one pressure sensor per platform) and the light 
extinction coefficient calculated above: 

𝐼𝐼𝐹𝐹𝐹𝐹(𝑍𝑍𝐶𝐶) = 𝐼𝐼𝐹𝐹𝐹𝐹(𝑍𝑍𝐹𝐹𝐹𝐹∗)𝑒𝑒−𝐾𝐾𝐷𝐷(𝑍𝑍𝐶𝐶−𝑍𝑍𝐹𝐹𝐹𝐹∗) Eq. 2 
Light conditions within the farm could then be compared to the control outside, both in terms of 
integrated light intensity at the bottom for the whole experiment period and light extinction 
coefficient calculated at each farm site using Eq. 1 and replacing the control intensity (IC) by 
intensity at each site (IFn). 

Table A2.1. Locations and summary data for Experiment #1 light and pressure sensor deployments in 
Cocagne Bay (mean ± SE). 

Site Latitude Longitude Mean Light 
Sensor Depth 

(ZX, m) 

Mean Integrated 
Light Intensity 

(IT, mol photons 
m-2 d-1) 

Daily Integrated 
Light Intensity 

(% of sub-surface) 

Mean Light 
Extinction 
Coefficient 
(KD, m-1) 

Control 
Surface 

46.3689 -64.6070 0.100 28.71 ± 2.29 - - 

Control 
Bottom 

46.3691 -64.6070 2.147 9.28 ± 0.68 32.49 ± 0.67 0.592 ± 0.0002 

Farm1 46.3679 -64.6071 2.149 8.65 ± 0.47 30.30 ± 0.71 0.677 ± 0.0044 

Farm2 46.3680 -64.6071 2.102 8.49 ± 0.42 29.77 ± 0.66 0.642 ± 0.0007 

Farm3 46.3681 -64.6071 2.085 8.21 ± 0.63 28.73 ± 0.88 0.653 ± 0.0022 
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Site Latitude Longitude Mean Light 
Sensor Depth 

(ZX, m) 

Mean Integrated 
Light Intensity 

(IT, mol photons 
m-2 d-1) 

Daily Integrated 
Light Intensity 

(% of sub-surface) 

Mean Light 
Extinction 
Coefficient 
(KD, m-1) 

Farm4 46.3680 -64.6070 2.108 7.74 ± 0.53 26.88 ± 0.90 0.704 ± 0.0007 

Farm5 46.3682 -64.6071 2.097 8.79 ± 0.50 30.64 ± 0.54 0.628 ± 0.0001 

Farm6 46.3680 -64.6070 2.085 8.08 ± 0.53 28.21 ± 1.02 0.667 ± 0.0005 

Experiment #2 
This second experiment was designed to test the direct light attenuation under oyster cages at 
different depths. The same Odyssey PAR sensors were deployed on PVC frames hanging from 
oyster cages at different distances below the cages. Deployment frames were cross-shaped 
with arms matching the cage dimensions and meeting in the center of the cage where one PAR 
sensor was attached. Each frame was weighed in its center with a 5 kg piece of chain to restrain 
movements of the frame as much as possible under the cage and hold the sensor in a vertical 
position. 
Oyster cages used in the study farm were 20 cm thick and were held 5 cm below the water 
surface by two buoys on top. Hence, the bottom of the cages, where the deployment frames 
were suspended, was located 0.25 m below the surface. Two pieces of rope going through the 
arms of each deployment frame were used to suspend the frame from the center points of the 
four edges of the cage and adjusted in length to hold the PAR sensors at 0.1, 0.475 and 1.02 m 
below the cage or 0.35, 0.725 and 1.27 m below the water surface. Each depth treatment was 
repeated three times under cages of three adjacent lines located in the center part of the farm 
(Figure A2.1, lines #20, 21 and 22 from the eastern edge of the farm). Depth treatments were 
distributed randomly among the 3 cages of each selected line. Lines in the study farm were 
roughly aligned along the North-South direction. 
The same Control station as in Experiment #1 was equipped again with a sub-surface PAR 
sensor, two bottom PAR sensors and a pressure sensor to record water depth variations 
throughout the experiment. All PAR sensors were calibrated prior to deployment as in 
Experiment #1. The experiment lasted over a full 24-hr cycle in late September 2021 and 
sensors were set to record every 5 min. Figure A2.2 provides an example of raw data from the 
PAR sensors both within (Line #21) and outside the farm. Besides the expected stronger 
attenuation closer to the cages, these data show that any location deeper than 0.1 m below the 
farm receives direct shading from a cage only during part of the day (see change in light 
intensity temporal pattern indicated by the arrows). 
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Figure A2.2. Time series of light intensity at the three different depths tested (z = 0.1, 0.475 and 1.02 m) 
under oyster cages of Line #21 (left axis) and at the sub-surface control station (right axis). Intensity 
values are plotted on a logarithmic scale to help comparison of series from different depths. 
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