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ABSTRACT 
Mussel aquaculture is a significant industry in Prince Edward Island (Canada), and a 
moratorium on further leasing there was established in 1999 - 2000. Recently, a Marine Spatial 
Planning process was initiated in order to review the moratorium and explore the potential 
expansion of mussel culture in Malpeque Bay. In this study, we have focused on the effects of a 
projected expansion scenario (590 ha) on current mussel lease (770 ha) productivity and 
availability of suspended food resources. The goal was to provide the most robust scientific 
assessment possible using available datasets. Towards that aim, three different modelling 
approaches have been carried out:  

(1) a connectivity analysis among the different culture areas of the bay;  

(2) a scenario analysis of organic seston dynamics based on a simplified biogeochemical 
model; and,  

(3) a scenario analysis of phytoplankton dynamics based on a nutrient-phytoplankton-
seston-bivalve ecosystem model.  

In addition, sensitivity tests were carried out to identify the parameters and processes for which 
further research is needed to reduce model uncertainty. The main outcomes of these modelling 
exercises suggest:  

(1) a potential increase of mussel production in the bay;  

(2) a net reduction of chlorophyll a of 17.7% at the bay-scale compared to a hypothetical 
scenario without aquaculture; and,  

(3) a maximum reduction of 8% (±2%) in mussel growth at the local scale due in part to 
direct connectivity among leases but also to bay-scale effects driven by the overall 
increase in bivalve biomass within the bay. 
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Capacité de charge pour la mytiliculture dans la baie Malpeque,  
à l'Île-du-Prince-Édouard 

RÉSUMÉ 
La mytiliculture est une industrie importante à l'Île-du-Prince-Édouard (Canada), et un moratoire 
sur l'augmentation des concessions a été mis en place en 1999-2000. Récemment, un 
processus de planification de l'espace marin a été lancé afin de revoir le moratoire et d'étudier 
l'expansion possible de la mytiliculture dans la baie Malpeque. Dans le cadre de cette étude, 
nous avons concentré nos efforts sur les effets d'un scénario d'expansion éventuelle (590 ha) 
sur la productivité des concessions de mytiliculture actuelles (770 ha) et la disponibilité des 
ressources alimentaires en suspension. L'objectif consistait à fournir l'évaluation scientifique la 
plus robuste possible à l'aide des ensembles de données disponibles. Pour atteindre cet 
objectif, trois approches de modélisation différentes ont été utilisées :  

(1) une analyse de la connectivité entre les différentes zones de culture de la baie;  

(2) une analyse du scénario relativement à la dynamique du seston organique fondée sur 
un modèle biogéochimique simplifié;  

(3) une analyse du scénario relativement à la dynamique du phytoplancton en fonction d'un 
modèle écosystémique nutriment-phytoplancton-seston-bivalve.  

De plus, des analyses de sensibilité ont été effectuées pour déterminer les paramètres et les 
processus pour lesquels des recherches plus approfondies sont nécessaires afin de réduire 
l'incertitude relative au modèle. Les résultats principaux de ces exercices de modélisation 
laissent entendre :  

(1) une augmentation potentielle de la production mytilicole dans la baie;  

(2) une réduction nette de la chlorophylle a de 17,7 % à l'échelle de la baie par rapport à un 
scénario hypothétique sans l'aquaculture;  

(3) une réduction maximale de 8 % (±2 %) de la croissance des moules à l'échelle locale en 
raison de la connectivité entre les concessions, mais aussi des effets à l'échelle de la 
baie entraînés par l'augmentation globale de la biomasse de bivalves dans la baie. 

 

v 



 

INTRODUCTION 
Mussel aquaculture is a significant industry in Prince Edward Island (PE, Canada), with an 
annual production of approximately 20,000 tonnes (Aquaculture PE; Statistics Canada 2010). 
The development of this farming activity in PE embayments started in the 1970s and has grown 
steadily in terms of production (Drapeau et al. 2006). Approximately 4,500 ha of PE estuarine 
waters are now leased out to individuals and companies for the specific purpose of cultivating 
mussels. In 1999-2000, Fisheries and Oceans Canada (DFO) instigated a moratorium on further 
leasing for mussel aquaculture in PE embayments. In 2007, the Aquaculture Alliance of Prince 
Edward Island (Canada) made a formal request to DFO to review that moratorium. Malpeque 
Bay was identified as one of the last areas within the PE embayments for potential mussel 
culture expansion.  

The total area of the Malpeque Bay system (Fig. 1a) is 19,640 ha of which 1,400 ha (~7%) are 
currently leased for the culture of mussels and oysters. In 2008, opportunities for further 
development of mussel aquaculture in Malpeque were examined by DFO. The conclusion was 
that lease expansion in Malpeque should be approached with caution, but an increase of 
aquaculture acreage in Malpeque from 7% up to 10% (an addition of 590 ha) was considered 
further. In 2013, DFO identified the need to develop a detailed spatial plan to accommodate this 
potential increase in aquaculture acreage taking into consideration other marine activities, 
aboriginal rights and stakeholder interests. The exact locations in the bay where possible future 
mussel aquaculture leases could be considered, as well as areas where aquaculture should be 
avoided because of conflict among marine users are still under consideration. The projected 
scenario tested in this study has been provided to DFO Science to guide in the assessment of 
carrying capacity but it could be modified during subsequent steps of the consultation process.  

In this study, the potential impact of future leases has been assessed under the umbrella of the 
well-known concept of Carrying Capacity (CC). The concept of CC is relatively new and started 
showing up in the bivalve literature in the 1980s. Four types of CC have been defined (see 
Filgueira et al. 2015):  

• Physical CC, which describes the area that is geographically available and 
physically/chemically adequate for a certain type of aquaculture; 

• Production CC, which is the optimized level of aquaculture production; 

• Ecological CC, which is defined as the magnitude of aquaculture production that can be 
supported without leading to unacceptable changes in ecological process, species, 
populations, or communities in the environment; and  

• Social CC, which can be defined as the amount of aquaculture that can be developed 
without adverse social impacts. 

In regards to the Marine Spatial Planning (MSP) process in Malpeque, it could be said that 
exploratory analyses regarding physical, social and governance aspects of CC have been 
instigated over the past few years. However, one aspect that remains unaddressed is the 
ecological CC. Bivalves can exert multiple ecological impacts, such as: 

• modifying the regime of benthic loading of organic matter in the vicinity of the farms and 
on a bay scale (Guyondet et al. 2014), which may in turn alter nutrient/oxygen fluxes and 
benthic community composition (e.g. Giles and Pilditch 2006; McKindsey et al. 2011; 
McKindsey 2013), 
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• extracting the water-column phytoplankton through increased grazing activity (e.g. Dame 
and Prins 1998; Newell 2004), and 

• transferring diseases and hitchhiking species through stock movements (e.g. Forrest et al. 
2009; Padilla et al. 2011). 

Given recent amendments to the Canadian Fisheries Act and a renewed emphasis on 
protecting the productivity of commercial, recreational and aboriginal (CRA) fisheries, one option 
for exploring ecological CC is focusing on phytoplankton abundance in the water column. 
Phytoplankton populations constitute the primary step in marine food webs and thus their 
protection and conservation is an important tenet of ecosystem based management (Crowder 
and Norse 2008). Maintaining phytoplankton populations at a sustainable level should 
guarantee the flow of energy towards CRA species. A number of ecological CC frameworks 
based on the abundance of phytoplankton populations have been previously suggested for 
bivalve aquaculture sites (e.g. Bacher et al. 1998; Filgueira and Grant 2009). These frameworks 
necessarily involve computer modelling. Models integrate time and space, which is critical for 
understanding ecological dynamics and therefore how natural systems provide ecosystem 
services (Palmer et al. 2004). In addition, scenario building (“what if” scenarios) allows the 
exploration of future situations where unanticipated stressors generate new risks or 
opportunities, and is thus an important tool for managing those changes (Nobre et al. 2010).  

In this study, three different modelling approaches have been applied to Malpeque Bay. The 
intent was to provide the most robust scientific assessment possible using available datasets. 
Specifically, the study was aimed at answering the following questions related to the MSP 
process:  

• What is the current level of cultivated mussel biomass in Malpeque Bay? 

• Would increasing acreage by 590 ha impact the production of existing mussel farms? 

• Are there any indications that ecological capacity is already attained for some regions of 
Malpeque? 

MATERIAL AND METHODS 

STUDY AREA AND AQUACULTURE PRACTICES 
The Malpeque Bay system (Fig. 1a) is a large and shallow embayment located on the North 
shore of Prince Edward Island. The bay is composed of several basins that cover a surface area 
of 223.6 km2 for a total volume of 629.5 × 106 m3. An intricate river system discharges into 
Malpeque at several different points. During the study period (May – October) individual river 
discharges are low, averaging between 0.29 and 0.55 m3 s-1 (Environment Canada). The 
system is open to the Gulf of St. Lawrence through multiple connections. Currently, most of the 
mussel aquaculture activity (blue polygons in Fig. 1a) is located in the Northeast area of the 
system in two sub-basins that are partially isolated from the main water body, Marchwater and 
Darnley Basin. Marchwater connectivity to the main water body is restricted by a series of 
islands and shallow areas (Fig. 1a). Darnley Basin is located close to the mouth of the bay and 
connected to the main system through a narrow channel (Fig. 1a). The other areas for mussel 
aquaculture are spread along the bay, in areas that are more open to circulation than Darnley 
Basin and Marchwater. The scenario examined in this study places the new leases in the 
central part of the system, South of Marchwater, and on the Western shore. These potential 
new leases are all beyond ~457 m (1500 feet) from the shoreline and in water depths beyond 
~4.6 m (15 feet). The potential new leases would increase the aquaculture acreage in Malpeque 
from 7% to 10% of the spatial area of the bay. 
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Mussel aquaculture in PE embayments is carried out using a longline system of suspended 
polyethylene sleeves (Scarratt 2000). Seed collector ropes are deployed in spring and 
recovered in early autumn when recruited seed reach approximately 15—20 mm in shell length. 
Seed are stripped from collector ropes and placed into 1.8-m long polypropylene sleeves that 
hang from 100 to 200 m longlines, positioned 1 m below surface to avoid damage by a thick 
(~1 m) ice cover during winter. Sleeves are generally hung 44 cm apart along longlines, which 
in turn are moored 12 m apart (Drapeau et al. 2006). Mussels may attain a harvestable size 
(shell length > 55 mm) in the fall of their second year (~18 mo mussels), although most reach a 
harvestable size the following spring—summer (~24 mo mussels). Mussels are typically 
maintained at densities of between 1.10 and 2.07 kg per m2 cultured area (Drapeau et al. 2006). 
Taking into account that approximately 58% of a lease area is utilized at any given time 
(Comeau et al. 2008), the overall density of mussels would range between 0.64 and 
1.2 kg per m2 of leased area. 

 HYDRODYNAMIC MODEL 
A finite element model was developed for Malpeque Bay using the grid depicted in Fig. 1b and 
the RMA suite of models (Resource Modelling Associates). This model was used to reproduce 
water circulation within Malpeque Bay in response to tidal, meteorological (wind and 
atmospheric pressure) and river forcing. CTD vertical profiles (SBE-19plus, Sea-Bird 
Electronics, Bellevue, WA, USA) collected during summer-fall 2012 in conjunction with the water 
sampling described in Appendix C show no sign of long-term vertical stratification in 
temperature or salinity. Hence, a two-dimensional depth-averaged representation of the system 
is suitable to reproduce the main hydrodynamic features of Malpeque. The parameterization of 
the model does not include the effect of farming structures on hydrodynamics. Although bay-
scale effects of farming structures are not expected given the generally good agreement 
between model and observations (Appendix A), local effects on water circulation cannot be 
discarded. Parameterization and calibration of the model was performed for the summer-fall 
2011 period and is presented in Filgueira et al. (2014a) but also summarized in Appendix A. 
Once validated, the model was run under tidal and river forcing only. Meteorological data were 
not included because time series matching the period of time covered by the biogeochemical 
data (spring-fall 2012) were not available. The lack of meteorological forcing can reduce the 
mixing within the bay as discussed below. The outcomes of RMA were processed following 
Filgueira et al. (2012) (See also Appendix B for a detailed description of the computation 
method) and were used in the connectivity and ecosystem analyses but not in the organic 
seston extraction analysis, which was performed using RMA. 

The triangular mesh constructed for the hydrodynamic model, which contains 11,488 nodes and 
5,171 elements (triangles), has been used in the three different modelling exercises carried out 
in this study. The current and future leases (Fig. 1a) were defined by selecting the nearest 
triangles in this mesh (Fig. 1b), which generates a bit of discrepancy in the shape of the leases. 
Nevertheless, the area that new leases occupy in the triangular mesh is 587 ha (Fig. 1b), which 
matches the projected expansion of 590 ha (Fig. 1a). The current leases were grouped and 
numbered from 101 to 107 and the future leases from 1001 to 1006 in order to facilitate the 
description of the results (Fig. 1b).  

CONNECTIVITY ANALYSIS 
Transfer time and transfer rate have been calculated using the outcomes of the hydrodynamic 
model in order to describe the spatial connectivity of the system. Transfer time (Tij) from element 
j of the grid (Fig. 1b) to element i is defined as the average time taken to reach element i from 
element j. Transfer rate (Rij) is the average percentage of matter that will reach element i in time 
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Tij when one unit of matter is released in element j at t = 0. Computations of transfer time and 
transfer rate have been based on the algorithm developed by Leguerrier et al. (2006), which 
uses a matrix of probabilities, called a transition probability matrix, which summarizes the 
probability of a particle moving from one element to another during one time step. Such a matrix 
allows the identification of areas of the bay that are flushed and the time needed by particles to 
leave the bay. The main assumptions of this approach are that the probability of finding the 
particle in any given element depends only on its location at the previous time, and this 
probability does not change over time at some appropriate time scale. This is the basis of 
Markov Chain theory, with a considerable amount of literature dedicated to the analysis of the 
properties of such systems (e.g. Thompson et al. 2002). Leguerrier et al. (2006) have extended 
the application of this framework to the computation of ecosystem indicators (for example 
residence time, first passage time, rate of transfer, recycling index), and used these indicators to 
analyse preferential pathways of matter in a simplified food-web or physical system. 

In this study, we have applied Leguerrier’s algorithm to Malpeque. The transition probability 
matrix has been constructed using the average volumetric flows (m3d-1) among all pairs of 
adjacent elements calculated following Filgueira et al. (2012) (See Appendix B for a detailed 
description of the computation method). We denote Fij as the flow going from element j to 
element i. The last column of the F = (Fij) matrix corresponds to the inputs from the boundary, 
and the last row to the outputs from the elements which are at the boundary. By definition, the 
total output from any element equals the total input to this element. The volume of element i is 
denoted Vi. The probability that a particle which is in element j at time t moves to element i 
during one time step ∆t is equal to:  

Pij= 
Fij

Vj
 × Δt                Eq. 1 

Probability for a particle that is in i to stay in i after one time step is given by: 

Pii=1- � P ki        Eq. 2
k≠i

k∈[1,N+1]

 

The transition probability matrix P = (Pij) can be used to simulate the evolution of a tracer 
concentration in time, from which residence and transfer times can be derived. However, 
Leguerrier’s algorithm has several advantages. Without running simulations, it provides an 
efficient and quick way to estimate residence and transfer times for all elements at the same 
time. It also allows for the computation of other indicators, for example transfer rate, first 
passage time, etc. This is made possible by the properties of Markov Chain matrices and 
appropriate definitions of indicators. Following Leguerrier et al. (2006) we have computed the 
transfer times Tij and transfer rates Rij from element j to element i for all (i,j) pairs. As an 
example, maps of transfer times and rates are displayed to show the results for one source 
element (Fig. 2). These indicators are then used to identify the main pathways of matter within 
the bay. For two elements (i,j), we considered that high Rij and low Tij correspond to a strong link 
between j and i, yielding a potential influence of j on i.  

ORGANIC SESTON EXTRACTION 
The RMA11 module was used to define a suspended variable representing sestonic bivalve 
food. The dynamics of the seston are then reproduced by the convection-diffusion equation: 

∂P
∂t

+ 
∂(Puj)

∂xj
= 

∂
∂xj

 �Dj
∂P
∂xj
�+ α - βP    Eq. 3  
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where P is the seston concentration in mg C m-3, uj is the current speed in direction xj calculated 
by the hydrodynamic model, Dj is the dispersion coefficient proportional to uj, α is the 
phytoplankton primary production rate in mg C m-3 d-1 and β is the bivalve population clearance 
rate in times per day. Therefore, seston renewal relies on both exchange with the far field and 
phytoplankton primary production within the bay. Other sources of seston, such as 
resuspension and inputs from terrestrial sources, were not included in the model. Accordingly, 
organic seston concentration in this exercise should be understood as a theoretical tracer rather 
than an attempt to simulate the observed levels of seston within the bay. Therefore, the 
outcomes of the model should be interpreted in relative rather than in absolute terms, with the 
aim of identifying the most sensitive areas of the bay to bivalve aquaculture in terms of seston 
levels. 

The primary production rate α was estimated from in situ measurements made during the 
summer of 2011 in Malpeque Bay (L. Comeau, DFO Gulf Region, unpublished data) using the 
14C method (JGOFS 1994). Its value was kept uniform over the model domain and constant 
during the simulation period, and corresponded to a planktonic primary production rate of 65 g C 
m-2 yr-1. No previous report of primary production rates in the area could be found. However, the 
value used here falls within observed rates for other estuaries in the region during the same 
2011 campaign and sits at the lower end of the range (40-550 g C m-2 yr-1) reported for 
temperate estuaries (Heip et al. 1995). 

The bivalve population clearance rate β was calculated as the product of individual bivalve 
clearance rate (m3 ind-1 d-1) and density of bivalves in the farm area (ind m-2) and divided by 
depth (m). Mussel density was adjusted according to the densities reported above, but an 
effective density was calculated by multiplying the reported densities by 0.88 assuming that 
mussels have their valves opened only 88% (± 2.1%) of the time (Comeau et al. 2015). The 
model was populated with individuals of an average size of 45 mm shell length, and which 
filtered at a constant rate of 2.7 L h-1 (Comeau et al. 2015). This last term of Eq. 3 was only 
included in the model grid cells located inside the active farms. Two different scenarios with 
active farms were simulated, one with the current mussel leases and a second one with the 
current plus the potential projected leases (Fig. 1a). 

In order to evaluate the net effect of transport, primary production and bivalve filtration on food 
availability, a Seston Extraction Index (SEI) was calculated from the model results. The SEI is 
expressed as a percent change in seston concentration relative to the boundary concentration 
(P0) that was held constant during the simulations at a value P0 = 1000 mg C m-3 corresponding 
to the mean of concentrations observed just outside Malpeque Bay between May and 
November 2012 (T. Guyondet, DFO Gulf Region, unpublished data, assuming 40% carbon 
content in the suspended particulate organic matter). To allow the seston concentration to reach 
an equilibrium state, we propose simulations for a period equal to or longer than the water 
renewal time of the area of interest. The concentration is then averaged over the last tidal cycle 
of the period at each node i of the model domain and this averaged concentration Pavg is 
compared to the boundary value to estimate the SEI as follows: 

SEI(i) = 100 × 
Pavg(i) - P0

P0
    Eq. 4 

The SEI is sensitive to bivalve filtration. SEI < 0 denotes a decrease in seston availability due to 
bivalve filtration, whereas SEI > 0 reveals seston accumulation due to local primary production 
in less flushed areas. 
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ECOSYSTEM ANALYSIS 
The hydrodynamic model was coupled to a biogeochemical model constructed in Simile 
following Filgueira et al. (2012). The biogeochemical model (Table 1), which includes the sub-
models phytoplankton, nutrients, detritus and mussels, has been previously applied to 
Malpeque by Filgueira et al. (2014a). The latter paper provides a detailed explanation of the 
model equations, coupling, parameterization, forcing, calibration and validation. Mussel density 
was adjusted according to the densities stated earlier. The mussel sub-model used in this study 
has been developed using Dynamic Energy Budget (DEB) theory which has been validated 
worldwide (Rosland et al. 2009; Filgueira et al. 2011), including for other PE embayments 
(Filgueira et al. 2014b). Given that the DEB model that simulates mussel physiology adjusts the 
filtration activity according to environmental conditions, no further adjustments of effective 
density related to open/close behaviour were needed in this approach. Given that tunicates can 
play a significant role on phytoplankton populations, a phytoplankton mortality term was 
parameterized in the ecosystem model assuming that tunicates increase the filter-feeding 
capacity of cultured mussel operations by 15%. The solitary tunicate, Styela clava, is the most 
problematic fouler in Malpeque. The 15% estimate is based on an infestation level of 627 S. 
clava per sleeve and the implementation of control measures (liming) starting in August. At this 
time S. clava individuals are still relatively small (< 40 mm body length) and filter at a rate of 
approximately 0.6 L h-1 ind-1 (Comeau et al. 2015). The fully-coupled model was run from 24 
May 2012 to 7 October 2012 (137 days). The simulated period was determined by the 
availability of forcing data (see Appendix C for a detailed description of available forcing data). 
The same ecosystem model has been successfully applied to several bays in Atlantic Canada 
(Filgueira and Grant 2009; Filgueira et al. 2013a; 2014b; 2014c; 2014d). However, as reported 
by Filgueira et al. (2014a), the outcomes for Malpeque showed partial disagreement between 
field observations and predicted values. The lack of full validation increases the uncertainty of 
the model outcomes, which are discussed below. 

In the same way as for the ‘organic seston extraction’ approach, two different scenarios were 
run, the first with the current mussel leases and the second with the current plus potential 
projected leases (Fig. 1a). In terms of output variables, a Phytoplankton Extraction Index (PEI) 
has been calculated following Eq. 4 and using chlorophyll as a proxy for phytoplankton 
abundance. In addition, in order to explore the sources of uncertainty in the model, a sensitivity 
test was performed for several parameters of the model. This analysis consisted in running 
different scenarios of the model by increasing/reducing a parameter +10/-10% and analyzing 
relative change of the outcomes in terms of nutrients, seston and chlorophyll concentration.  

RESULTS 

CONNECTIVITY ANALYSIS 
The main pathways of matter among leased areas have been identified analyzing transfer time 
(Tij) and transfer rate (Rij) from element j to element i for all the pairs of elements (i,j) that belong 
to any leased area. For example, the current leased area #101 is defined by 46 elements 
according to Fig. 1b and the projected leased area #1001 is defined by 41 elements; 
accordingly, 1886 (i,j) pairs (46×41) were calculated to evaluate the effect of leased area #101 
on leased area #1001. Similarly, 1886 (i,j) pairs were calculated to evaluate the effect of leased 
area #1001 on leased area #101. The (i,j) pair of elements with a high connectivity, represented 
by a low Tij and a high Rij, were identified. Two different criteria were considered to identify (i,j) 
pairs with high connectivity:  
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• Tij < 20 days and Rij > 0.1, which suggests that the time that is required for a particle 
released in element j to reach element i is shorter than 20 days and the average amount 
of matter that reaches element i is above 10%, and 

• Tij < 10 days and Rij > 0.5. 

These thresholds are not based on any ecological process, and should be understood as two 
arbitrary criteria to identify connectivity among the leased areas. Given that the thresholds for 
the second criterion are stricter than in the first one, the second criterion will identify the most 
significant connections among leased areas. For each criterion the number of (i,j) pairs that 
meet the thresholds were counted. After that, this number of successful connections for each 
leased area interaction (for example lease #101 on lease #1001) was divided by the total 
number of possible connections between the leased areas (for example 1,886 for #101 on 
#1001) resulting in the percentage of connections between two leased areas. The results were 
compiled in frequency tables. 

The connectivity analysis for the Tij < 20 and Rij > 0.1 criterion is presented in Table 2. The 
diagonal of the table represents the intra-leased area connectivity, which is generally high, as 
expected. Only in small leased areas such as lease #105 can the currents minimize this 
connectivity. According to the values it appears that the current leases are not strongly 
connected to each other (upper left quadrant in Table 2). Only the connection between leased 
area #106 and leased area #107 shows a strong (74%) connectivity. In contrast, the projected 
leases are subject to strong interactions to each other (bottom right quadrant in Table 2). The 
connectivity from projected leases to current leases (upper right quadrant in Table 2) is weak, 
with the highest connectivity from leased area #1006 to leased area #103 with 25% of (i,j) pairs 
meeting the thresholds. It is important to highlight that leased area #101 from Darnley Basin, 
one of the most productive areas, is completely isolated from the projected leases, with 0% 
predicted connectivity. However, the connectivity from current leases to projected leases 
(bottom left quadrant in Table 2) is quite important, with the current leased areas affecting all the 
new projected leased areas to some degree. The most significant inter-lease connections, with 
percentage of connectivity > 40%, are represented in Figure 3. The most significant connections 
from current leases (represented in blue) to other leases are presented in Figure 3a. The 
outcome shows that current leases have an elevated potential of influencing projected leases 
(represented in red). The most significant connections from projected leases to other leases are 
presented in Figure 3b. While the projected leases are not significantly connected to the current 
leases, there is a strong connectivity among projected leases. Given that this probability 
analysis is based on the integration of large areas of the bay and ocean currents rather than 
Euclidean distances between areas, some of the results may appear unexpected when plotted 
in map view (Fig. 3). For example, there is strong connectivity from lease #102 to lease #1001 
(Fig. 3a) but not from lease #102 to lease #105 (Fig. 3a) even though lease #105 and lease 
#1001 are geographically close. The reason for this is that the connectivity from lease #102 to 
lease #1001 is only strong for the northern part of lease #1001 but weak for the southern part, 
where lease #1001 is close to lease #105 (Fig. 3a). 

The same analysis was performed using the second criterion, Tij < 10 and Rij > 0.5 (Table 3). 
Given that the thresholds are more difficult to meet, this analysis only highlights the strongest 
connections. Similar conclusions can be extracted: low connectivity among current leases 
(upper left quadrant) and from projected leases to current leases (upper right quadrant); but a 
higher connectivity from current leases to projected leases (bottom left quadrant) and 
particularly among the projected leases, which represent the highest connectivity according to 
this criterion (bottom right quadrant). 
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ORGANIC SESTON EXTRACTION 
The Seston Extraction Index (SEI) for the current lease scenario is presented in Figure 4a. 
Three main areas can be distinguished: 

• Darnley Basin (#101) and Marchwater (#102), in which the filtration pressure of mussel 
leases causes a maximum extraction up to -80% and -86% in Darnley Basin and 
Marchwater respectively, 

• the inner part of the Malpeque system, which is homogeneously enriched in organic 
seston compared to the values observed at the boundary, and 

• the main outer water body, near the opening of the embayment, which is slightly enriched 
in organic seston. 

This pattern suggests that the inner part of Malpeque is significantly enriched in organic seston 
compared to the outer part and this enrichment gradually decreases towards the mouth of the 
bay due to dilution with the boundary. The presence of aquaculture, which is concentrated 
towards the mouth, reduces the organic seston in the outer part of the bay, consequently 
increasing the steepness of the inner-outer gradient. 

A second scenario, which included both the current leases and the new projected leases, was 
simulated (Fig. 4b). The projected leases are mostly located in the inner part of the bay that is 
enriched in seston under the current scenario (Fig. 4a). The new leases shifted the SEI into a 
negative range (reduction) in most of the bay. Only the innermost areas of the bay, the heads of 
rivers and a small section protected by a barrier island in the Northwestern shore remained 
enriched in organic seston. It is noteworthy that the extent of extraction within the projected 
lease area is not as severe as in the existing lease areas. In other words the maximum 
extraction in the projected leases (-57%) is below the maximum value observed in current 
leases (-81% and -88% for Darnley Basin and Marchwater, respectively) (Fig. 4b). It is also 
noteworthy that the new leases would not amplify the extraction within the existing lease areas. 
The maximum extraction in Darnley Basin (~ -80%) and Marchwater (~ -90%) is similar in both 
scenarios (Fig. 4a, b). Hence the projected leases would not affect the most sensitive areas, 
that is, the ones presently showing the lowest SEI.  

The comparison of both current and projected scenarios in terms of changes in organic seston 
concentration is presented in Figure 5. In that figure, the organic seston concentration of the 
projected scenario has been subtracted from the current one, resulting in a map that highlights 
the areas that potentially would be more affected by the new leases in terms of seston 
extraction. The results show that the projected leases would not affect current mussel leases in 
Darnley Basin and the inner parts of Lennox (Northwest) and Marchwater. However, the 
projected leases would reduce organic seston concentration by a small extent (~0.2 mg C L-1) 
over much of the Marchwater outer region, i.e., where the majority of existing leases in 
Marchwater are located and, as indicated earlier, extraction is already prominent. Projected 
leases would also reduce organic seston concentration in current leases located in the southern 
part of Malpeque, which is highly enriched in seston (see Fig. 4a). In terms of magnitude, the 
most significant impact on current leases would occur within a small lease located on the 
western shore (leased area #105), whose SEI would change from +50.3% in the current 
scenario (Fig. 4a) to -40.5% in the projected scenario (Fig. 4b), which represents a reduction in 
organic seston concentration of 0.9 mg C L-1 (Fig. 5). This leased area is closest, 400 m, to the 
projected leases. 
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ECOSYSTEM ANALYSIS 
The Phytoplankton Extraction Index (PEI), an index analogous to SEI but exclusively for 
phytoplankton, has been calculated using the ecosystem model. In regards to the current 
leasing scenario (Figure 6a), PEI results show an enrichment of phytoplankton (PEI > 0) inside 
the bay compared to the phytoplankton levels at the boundary, highlighting the potential 
influence of river discharge on phytoplankton dynamics. Rivers, as important sources of 
nutrients, triggered steep gradients in chlorophyll concentration, with high values close the 
mouth that rapidly diluted downstream. The main water body of the system was quite 
homogeneous in terms of chlorophyll, and only the dense farming areas located in the northeast 
part of the bay substantially curtailed chlorophyll levels. The reduced enrichment and PEI at the 
mouth is consistent with the predicted SEI gradient (section 3.2). Figure 6b shows the PEI for 
the projected aquaculture scenario. Again there is consistency with the SEI in that the projected 
scenario curtails chlorophyll in most of the embayment. This effect can be seen as an extension 
of the lowest enriched area from the mouth of the bay towards the West and inner part of the 
system. Therefore both the SEI and PEI suggest bay-scale or ecosystem-scale effects 
associated to the projected leases. However, unlike the SEI, the PEI results suggest that current 
and projected aquaculture cannot reduce phytoplankton populations below boundary conditions.  

At the bay-scale, the current aquaculture scenario reduces chlorophyll a by 0.3 µg L-1 compared 
to a scenario without aquaculture. In comparison, the current scenario + full projected lease 
scenario reduces chlorophyll a by 0.6 µg L-1. A detailed representation of the absolute change in 
phytoplankton concentration is presented in Figure 7. The spatial pattern matches the one 
based on seston (Fig. 5). It seems that the projected leases would reduce phytoplankton 
concentration over the entire system, but that the most substantial reduction would occur south 
of Courtin Island and extend into the Marchwater area. This reduction in phytoplankton 
concentration would therefore amplify the partial extraction already attributed to current leases 
in Marchwater. For that reason Marchwater would be the area most affected in terms of bivalve 
growth. In more detail, the ecosystem model suggests that projected leases would reduce 
mussel growth by 8% (±2%) in the Marchwater area (s.d. values represent spatial variation), a 
value which is within the 20% variation of mussel growth typically measured for mussel culture 
in this area (Filgueira et al. 2013b). Similarly, the projected leases would lower mussel growth 
by 6% within the small lease on the Western shore (leased area #105). In comparison, only a 
0.5% reduction in mussel growth is suggested for Darnley Basin.  

We next investigated whether a selective exclusion of projected leases could abolish or alleviate 
the impact on mussel growth in Marchwater. The projected leases closest to Marchwater (lease 
#1005 and #1006) were removed in the first simulation (Fig. 8a), whereas projected lease 
#1003 was removed in the second simulation (Fig. 8b). In both cases the bay became enriched 
in chlorophyll compared to the full projected scenario (Fig. 6b). These changes were most 
apparent at the local scale in the vicinity of the excluded leases. At the ecosystem level both 
scenarios provided similar results. For example, when compared to a scenario without 
aquaculture, the bay-scale net reduction in chlorophyll a was 0.5 for both scenarios (#1005 and 
#1006 removed, and #1003 removed). Overall the two exclusion scenarios did not abolish the 
8±2% impact on mussel growth forecasted above for Marchwater. However, the exclusion 
scenarios alleviated this impact, which fell to 7±2% (without #1003) and 4±1% (#1005 and 
#1006). 

SENSITIVITY TESTS 
Table 4 summarizes the sensitivity tests carried out for several parameters of the ecosystem 
model. The analyses reveal that seston concentration is less sensitive to changes in the 
parameters than nutrients and chlorophyll concentration. Model outcomes are not very sensitive 
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to changes in the parameters of the seston and mussel submodels that were evaluated. Three 
of the tested parameters caused changes in the model response greater than 10%, which 
suggests that the model is very sensitive to the calibration of these parameters. 
Remineralization rate caused a significant change in phytoplankton response, while 
phytoplankton mortality and changes in primary production affected both nutrient and 
chlorophyll concentration. Primary production rate was the parameter that most affected model 
outcomes, causing a change in phytoplankton concentration of +19.6% and -17.0% when the 
rate was changed +10% and -10%, respectively. 

DISCUSSION 

BIVALVE BIOMASS IN MALPEQUE 
Estimates of cultivated mussel biomass are subject to uncertainty due to husbandry variables 
such as seeding densities, fall offs, and harvesting practices. Our calculations were based on 
leased area and husbandry information collected during other research projects (Drapeau et al. 
2006; Comeau et al. 2008). We estimated the mussel biomass at 5,120 to 9,600 t. The wide 
range is attributable to the span of husbandry information reported by Drapeau et al. (2006) and 
Comeau et al. (2008). Interestingly, the estimate is consistent with a recent survey conducted in 
Malpeque (M. Niles, DFO Gulf Region, unpublished data). During the summer of 2014, mussel 
longlines were counted and the total mussel biomass was estimated at 7,039 t distributed 
amongst 926,212 sleeves. By comparison suspension cultured oyster biomass was estimated at 
only 367 t during the same survey in 2014. Bottom oyster biomass remains undocumented, 
rendering difficult a more comprehensive comparison between mussels and oysters. It is known 
however that the annual port landings of all oysters (cultured and wild confounded) averaged 
169 t over the 1984—2011 period (DFO Statistics). The bulk of these oyster landings was 
located in (1) the Northwestern part of the bay, close to the open boundary with the Gulf of St. 
Lawrence, and (2) the Grand River area. This landing information is consistent with the 
traditional knowledge (fishermen interviews), which is graphically represented in Figure 9.  

It is concluded that the cultured mussel is presently the dominant filter-feeder in Malpeque Bay. 
This was likely not the case prior to the development of the mussel industry in the 1980s. 
Natural hard substrates for byssal attachment are scarce in PE embayments, and Malpeque 
oyster beds were presumably in better health before European colonization, habitat destruction, 
overfishing, and Malpeque disease (Bastien-Daigle et al. 2007; King and Burden 2009). 

IMPACT OF PROJECTED SCENARIO ON CURRENT LEASES AND PRODUCTION 
CARRYING CAPACITY 
The calculations of transfer time and transfer rate following Leguerrier et al. (2006) provide a 
cost-effective analysis of the connectivity among different areas of a bay. The drawback of this 
approach is that the use of averaged water exchange coefficients accounts for the long-term 
circulation of the bay but not for high frequency events such as winds, which can increase 
mixing and trigger high frequency displacements of water within the bay. This drawback is 
aggravated by the lack of meteorological forcing due to the lack of appropriate time series data. 
Therefore, high frequency forcing was not accounted for, which can result in an underestimation 
of the mixing within the bay. Accordingly, while the application of average dynamics is useful for 
looking at long term effects such as growth, it is less appropriate for assessing the risk of 
disease transfer or non-native species distribution, both of which can be affected by high 
frequency forcing. Consequently, the connectivity approach should be understood as a 
probabilistic and relative analysis that aims to identify the strongest spatial connections rather 
than an accurate description of the circulation of the bay. 
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The use of different thresholds of transfer time and transfer rate allows the identification of areas 
with strongest connectivity. The results of these analyses highlights that the effects of projected 
leases on current leases are relatively less important than the effects of current leases on 
projected leases and current leases among themselves (Table 2 and 3, Fig. 3). Accordingly, it 
seems that the effects of the new projected leases on current leases result from global (bay-
scale) dynamics rather than a direct interaction. 

Special attention was directed towards Marchwater. The mussel industry is particularly 
concerned that the projected leases will reduce growing conditions in this area. It is reasoned 
that a reduction in the availability of suspended food particles could reduce the production of 
current leases and consequently decrease the value of these leases. Our results suggest that 
projected leases would reduce mussel growth by 8±2% in the Marchwater area during the study 
period. A selective exclusion of projected leases reduced the impact from 8% (±2%) to 7% 
(±2%) or 4% (±1%), i.e. after removing lease #1003 and leases #1005-1006 respectively. 
Therefore the impact was not completely eliminated by excluding the future development 
closest to Marchwater. Obviously, removing the closest leases to Marchwater, #1005 and 
#1006, triggered the highest improvement, but removing lease #1003 also caused positive 
effects, suggesting that bay-scale effects related to a global increase in bivalve biomass are 
also important. 

In term of production CC, mussel landings in Malpeque averaged 3,431 t annually between 
2000 and 2011 (DFO Statistics). A back-of-the-envelope calculation suggests that an additional 
590 ha would yield another 2,629 t annually. We caution that these estimates do not take into 
account possible extensions of the production cycle or reduced meat contents due to increased 
competition for food particles. 

ECOLOGICAL CARRYING CAPACITY 
Our analysis of ecological CC focused on cultured mussels and their impact on suspended food 
resources, namely seston and phytoplankton. First, the seston extraction index (SEI) was based 
on a hydrodynamic model representing the dynamics of organic seston in coastal waters 
(Guyondet et al. 2013). The simplification of the model from the biogeochemical perspective 
provides advantages and disadvantages. The model is easy to parameterize but the SEI 
absolute values cannot represent the actual variation in seston concentration. The SEI must 
rather be seen as a relative criterion allowing the identification of potentially sensitive areas 
(Guyondet et al. 2013). Our second approach relating to the phytoplankton extraction index 
(SEI) increases complexity in an attempt to bolster ecological realism. Admittedly, imperfect 
knowledge of ecological relationships, parameters and forcing functions may also lead to 
greater scientific uncertainty (FAO 2008). This implies that modelling should restrict its focus to 
relevant components and critical dynamics, which must be defined based on the management 
question to be addressed, available data (including forcing conditions), the important system 
features and the appropriate scales (FAO 2008; Fulton 2010). The information for constructing 
an ecosystem model based on a nutrient-phytoplankton-zooplankton model with the addition of 
mussel and seston sub-models was available for Malpeque. However, the ecosystem model 
showed partial disagreement between field observations and predicted values, which mainly 
were related to an overestimation of simulated phytoplankton concentration (Filgueira et al. 
2014a). The potential causes of this overestimation are discussed in Filgueira et al. (2014a) but 
in summary are related to: 

• the uncertainty in discharge of nutrients from rivers; 
• the use of certain parameters (remineralization, primary productivity and phytoplankton 

mortality) measured in neighbouring PE embayments but identified as very sensitive 
parameters (Table 4); 
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• the fact that phytoplankton productivity in the model is limited by nitrogen, which is 
possibly not the case for Malpeque according to Meeuwig et al. (1998), since turbidity and 
the adsorption of phosphorous to the iron-rich soils of Prince Edward Island may cause 
light and phosphorous to be limiting factors; 

• the lack of other primary producers such as eelgrass and especially Ulva sp., which could 
play an important role in productivity and nutrient dynamics in PE embayments (Raymond 
et al. 2002; Bugden et al. 2014); and  

• the lack of winds and waves on hydrodynamic forcing, which could result in an 
underestimation of mixing within the bay. The lack of winds is a consequence of the 
absence of field data to parameterize and validate the model during the period in which 
biogeochemical data was collected. The underestimation of mixing represents the worst-
case scenario for local depletion of phytoplankton and consequently for mussel growth. 
Therefore, removing high frequency forcing provides a more precautionary approach to 
food dynamics and carrying capacity.  

Further research on these topics would provide positive feedback to the ecosystem model, 
improving its forecasting capabilities. 

Given the SEI’s conceptual limitations and the PEI’s uncertainties, the present study cannot 
provide a definitive assessment of ecological CC in Malpeque. However, this conclusion does 
not invalidate the usefulness of the study for the MSP process. In the field of applied sciences, 
researchers and managers must be able to make objective decisions without full knowledge, but 
by using fully what is known at the time (Polasky et al. 2011). According to this philosophy, the 
best prediction based on current knowledge of the Malpeque system suggests that the full 
expansion of aquaculture would reduce bay-scale chlorophyll a levels by 0.6 µg L-1 compared to 
a hypothetical scenario without aquaculture. This reduction is within the range of natural 
variability within the bay (3.0 ± 1.1 µg L-1, from Filgueira et al. 2014a), which has been 
suggested as a criterion for ecological carrying capacity (Grant and Filgueira 2011). Keeping 
phytoplankton extraction within its range of natural variability suggests that aquaculture signals 
on phytoplankton dynamics cannot be detected against the ecosystem background noise 
(Ferreira et al. 2013). In percentages, this change in chlorophyll represents a decrease of 17.7% 
compared to a hypothetical scenario without aquaculture. This reduction is below the 20-30% 
observed in St. Peter’s Bay (Guyondet et al. 2014), a system that is considered to have reached 
its ecological carrying capacity. Despite the fact that the reduction in chlorophyll in the projected 
scenario is below a neighboring embayment, further research is needed to objectively define 
thresholds for ecological CC in Malpeque. The definition of objective thresholds for ecological 
CC is still in its infancy worldwide and the challenge lies in quantifying the limit at which changes 
in ecological processes are considered unacceptable (Duarte et al. 2003; Fisher et al. 2009). 
Soto et al. (2008) framed this topic in terms of resilience by stating that aquaculture should be 
developed in the context of ecosystem functions and services with no degradation of these 
beyond their resilience capacity. According to this approach, Grant and Filgueira (2011) have 
defined objective precautionary thresholds of ecological CC based on the reduction of 
chlorophyll concentration caused by cultured bivalves and the natural variability of 
phytoplankton biomass at the far field. These thresholds are based on the premise that 
cultivated bivalves should not be allowed to graze primary producers down to a level outside 
their natural variability range, which is assumed to be close to the tipping points of resilience. 
Consequently, further research is needed not only to improve forecasting capabilities but also to 
understand the resilience of the system, with emphasis on phytoplankton dynamics and how 
they affect productivity-state relationships (DFO 2014). 
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CONCLUSIONS 
In this study, we provided insight on cultured standing stocks, the strongest connectivity 
between projected and current leases, and also on ecological CC for the Malpeque system. In 
regards to the full projected scenario, consisting of an additional 590 ha of mussel leases, the 
analysis indicated: 

• an 8% (±2%) reduction in mussel growth in the Marchwater area due in part to direct 
connectivity among leases but also to bay-scale effects driven by the overall increase in 
bivalve biomass within the bay, and 

• a net reduction of chlorophyll a of 17.7% at the bay-scale compared to a hypothetical 
scenario without aquaculture. 

The model outcomes should be understood as the best objective scientific assessment that is 
presently possible with the available data and siting information. Sensitivity tests allowed the 
identification of key processes that should be studied in further steps in order to improve 
forecasting capabilities. This cautionary note is consistent with the concept of MSP, which is a 
dynamic process allowing feedback within a context of adaptive management (Halpern et al. 
2011; Polasky et al. 2011). Adaptive management constitutes a structured and iterative decision 
making process that includes uncertainty; it aims to reduce uncertainty by incorporating 
feedback generated by monitoring programs. 
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TABLES 

Table 1. Ecosystem model equations and terms. 

Ecosystem model equations 

 

 

 

 

 

Term Definition Reference 
dP/dt Phytoplantkton change rate (mgC m-3 d-1) 

Eq. 7 in Grant et al. (2007) 

Pgrowth Phytoplankton growth 
Pmortality Phytoplankton mortality 
Mgrazing Mussel grazing on phytoplankton 

Pmixing 
Exchange of phytoplankton with adjacent 
elements and/or far field 

dN/dt Nitrogen change rate (mgN m-3 d-1) 

Nriver Nitrogen river discharge River discharge x River 
Nitrogen concentration 

Dremineralization Detritus reminiralization See Dowd (2005) 

Mexcretion Mussel nitrogen excretion Eq. 17 in Grant et al. (2007) 
Puptake Phytoplankton nitrogen uptake 

Eq. 15 in Grant et al. (2007) 
Nmixing 

Exchange of nitrogen with adjacent 
elements and/or far field 

dD/dt Detritus change rate (mgC m-3 d-1) 
Dresuspension Detritus resuspension forced by wind Filgueira and Grant (2009) 
Mfeces Mussel feces production Eq. 5 in Grant et al. (2007) 
Pmortality Phytoplankton mortality See above 
Dsinking Detritus removal by sinking Eq. 5 in Grant et al. (2007) 
Dremineralization Detritus remineralization See text 
Dmixing Exchange of detritus with adjacent elements 

dM/dt Mussel change rate (mgC m-3 d-1) 
DEB model (Rosland et al. 
2009; Filgueira et al. 2011) 

Mgrazing Mussel grazing on phytoplankton 
Mexcretion Mussel nitrogen excretion 
Mfeces Mussel feces production 
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Table 2. Percentage of connections among leased areas that meet the criterion of transit time < 20 days 
and transit rate > 0.1. Current leases are numbered in the 100 series (101 to 107) whereas projected 
leases are numbered in the 1000 series (1001 to 1006). The dashes indicate percentage values of 0. The 
values in individual squares are the intra-lease connection values. The most significant inter-lease 
connections (percentage of connectivity >= 40%) are shown in grey background cells.  

Particles 
arriving in 

lease 

Particles originating from lease 

101 102 103 104 105 106 107 1001 1002 1003 1004 1005 1006 

101 89 7 - - - - - - - - - - - 

102 4 54 - - - - - - - 1 - 5 - 

103 - - 50 - - - - - - - - - 25 

104 - - - 73 - - - - - - - - - 

105 - - - - 33 9 - 19 - - - - - 

106 - - - - - 65 74 4 - - - - - 

107 - - - - - 74 50 2 - - - - - 

1001 3 49 - - 67 52 - 74 32 44 24 3 3 

1002 - - - - 100 13 - 91 56 4 - - - 

1003 2 39 - - 81 19 - 81 90 89 93 40 15 

1004 4 45 - 12 77 28 - 78 86 92 88 56 41 

1005 - - 15 56 - 5 6 6 15 46 69 81 85 

1006 - - 45 76 27 1 - 36 70 70 73 94 90 
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Table 3. Percentage of connections among leased areas that meet the criterion of transit time < 10 days 
and transit rate > 0.5. Current leases are numbered in the 100 series (101 to 107) whereas projected 
leases are numbered in the 1000 series (1001 to 1006). The dashes indicate percentage values of 0. The 
values in individual squares are the intra-lease connection values. The most significant inter-lease 
connections (percentage of connectivity >= 40%) are shown in grey background cells.  

Particles 
arriving in 

lease 

Particles originating from lease 

101 102 103 104 105 106 107 1001 1002 1003 1004 1005 1006 

101 59 3 - - - - - - - - - - - 

102 - 19 - - - - - - - - - - - 

103 - - 50 - - - - - - - - - - 

104 - - - 39 - - - - - - - - - 

105 - - - - 22 4 - - - - - - - 

106 - - - - - 45 17 1 - - - - - 

107 - - - - - - 50 - - - - - - 

1001 - - - - 22 3 - 25 1 1 3 - - 

1002 - - - - - - - - 38 - - - - 

1003 - - - - 4 <1 - 9 15 46 25 - - 

1004 - - - - 15 <1 - 22 38 23 39 1 - 

1005 - - - - - - - - - - 2 35 18 

1006 - - - 11 - - - - - - 6 13 46 
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Table 4. Sensitivity test for different parameters of the ecosystem model. The effect of changing a 
parameter has been evaluated in three different components of the model, nutrient, seston and 
chlorophyll concentration. 

Sub-model Parameter Change 
(%) 

Nutrients 
(%) 

Seston 
(%) 

Chl-a 
(%) 

Nutrients 
Nutrient discharge 

10 0.1 1.3 2.5 
-10 -0.1 -1.3 -2.5 

Remineralization 
10 1.6 6.8 14.4 
-10 -2.1 -6.1 -12.7 

Phytoplankton 
Primary Production 

10 -13.6 9.7 19.6 
-10 17.7 -8.5 -17.0 

Phytoplankton mortality 
10 14.4 1.0 -7.4 
-10 -12.9 -1.3 8.4 

Seston 
Sinking and burial rates 

10 -0.4 -5.7 -4.3 
-10 0.4 6.3 4.5 

J to mgC 
10 -1.9 0.3 0.9 
-10 2.5 -0.4 -1.1 

Mussel 

XK 
10 -0.7 0.1 0.4 
-10 0.8 -0.2 -0.4 

{ṗXm} 
10 2.1 -0.4 -1.1 
-10 -2.0 0.5 1.2 

[ṗM] 
10 0.1 0.1 0.2 
-10 -0.1 -0.1 -0.2 
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FIGURES 

 
Figure 1. A (left panel). Water depth, current and new mussel leases (blue and red polygons 
respectively), as well as oyster leases (orange). B (right panel). Triangular mesh used in the modelling 
exercises and current and future mussel cultivation areas, blue and red, respectively. Cultivation areas 
have been coded to facilitate the description of the results. 
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Figure 2. Transfer time (left panel, A) and transfer rate (right panel, B) between element #1004 (in red) 
and all other elements of the grid. 
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Figure 3. The most significant inter-lease connections from current to other leases (A, left panel) and from 
projected leases to other leases (B, right panel). These connections are identified in each panel for 
clarification. 

  

24 



 

 
Figure 4. Seston Extraction Index (SEI, %) for current leases (A, left panel) and current leases plus 
projected leases (B, right panel). 
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Figure 5. Absolute change in organic seston concentration in the projected scenario compared to the 
current scenario. 
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Figure 6. Phytoplankton Extraction Index (PEI, %) for current leases (A, left panel) and current leases 
plus projected leases (B, right panel).  
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Figure 7. Absolute change in phytoplankton concentration in the projected scenario compared to the 
current scenario. 
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Figure 8. Absolute change in phytoplankton concentration in projected scenario (A, left panel) without 
leased areas #1005 and #1006, and (B, right panel) without leased area #1003, compared to the current 
scenario. 
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Figure 9. Mollusc fishing locations in the Malpeque Bay area, based on interviews conducted with local 
fishermen in 1996 and 1997 (Source: DFO unpublished data. The Southern Gulf of St. Lawrence Coastal 
Fishery Resources Mapping Project). 
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APPENDICES 

APPENDIX A. HYDRODYNAMIC MODEL 
RMA-10 solves the Reynolds form of the Navier-Stokes equations for momentum, the continuity 
equation and a convection-diffusion equation for transport of heat, salinity and any dissolved or 
suspended matter. It uses a Smagorinsky scheme (Smagorinsky 1963) to estimate horizontal 
eddy diffusivities. Sea level fluctuations forcing the hydrodynamic model were recorded using 
tide gauges (Water Level Data HOBO Logger, Onset Computer Corporation Inc. Bourne, MA, 
USA) at outside stations L1, L2 and L6 (Figure A.1). Inner stations (LC3, L4, L5, L7 and L8) 
shown on Figure A.1 were equipped with HOBO tide gauges and one of them (LC3) with a 
current meter (Workhorse Sentinel, Teledyne RD Instruments, Poway, CA, USA) and were used 
for validation purposes. 

A good agreement between observations and model results was reached for both currents 
along their principal axis (C3) and water levels all around Malpeque Bay. The model explains 
more than 80% of the total variance in water level fluctuations at all stations except L8 and 
results of the harmonic analysis (Foreman 1977) of observed and predicted water level time 
series at all inner stations show that tidal propagation within the system is well reproduced by 
the model (Table A.1). 

Predicted tidal circulation in Malpeque is presented in Figure A.2, both at a) maximum flood and 
b) maximum ebb currents. The inlets to the Gulf of Saint-Lawrence are the most dynamic areas 
with currents in excess of 1 m s-1. The circulation remains fairly active over most of the central 
basin of the bay with maximum tidal currents of 10 – 15 cm s-1, while inner parts of Darnley 
Basin, Marchwater and the south bay show much less water exchange with maximum currents 
reduced to a few cm s-1. 

References 
Foreman, M.G. 1977. Manual for tidal heights analysis and previsions. Pacific Marine Science 

Report 77-10. 

Smagorinsky, J. 1963. General circulation experiment with the primitive equations. Mon. 
Weather Rev. 91: 99−164. 
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Table A.1. Harmonic analysis of observed and predicted water level time series with 95% confidence 
intervals for the three main tidal constituents (O1, K1 and M2) and fraction of the total variance of 
observed level fluctuations explained by the model at all sampled stations inside the domain. 

Parameter Station 
Amplitude (m) Phase (º) 

Observed Predicted Observed Predicted 
O1 LC3 0.17 ± 0.05 0.17 ± 0.06 248.1 ± 13.0 240.1 ± 18.0 

L4 0.16 ± 0.05 0.17 ± 0.04 262.6 ± 19.4 254.5 ± 16.9 
L5 0.17 ± 0.05 0.17 ± 0.05 249.8 ± 21.4 252.5 ± 19.4 
L7 0.17 ± 0.06 0.18 ± 0.06 251.5 ± 21.3 251.5 ± 19.4 
L8 0.17 ± 0.07 0.17 ± 0.06 254.7 ± 20.5 257.4 ± 15.3 

K1 LC3 0.17 ± 0.05 0.15 ± 0.05 285.6 ± 17.2 278.6 ± 21.6 
L4 0.15 ± 0.05 0.16 ± 0.04 299.5 ± 21.3 293.1 ± 17.4 
L5 0.17 ± 0.06 0.17 ± 0.06 284.9 ± 22.7 292.1 ± 20.6 
L7 0.17 ± 0.07 0.16 ± 0.06 289.2 ± 19.9 294.2 ± 18.8 
L8 0.17 ± 0.06 0.16 ± 0.05 289.2 ± 24.3 300.3 ± 19.4 

M2 LC3 0.14 ± 0.04 0.15 ± 0.04 205.6 ± 14.1 195.6 ± 14.7 
L4 0.12 ± 0.04 0.12 ± 0.04 231.9 ± 14.7 213.3 ± 21.2 
L5 0.18 ± 0.05 0.16 ± 0.04 217.0 ± 15.6 222.1 ± 13.3 
L7 0.18 ± 0.04 0.17 ± 0.04 218.8 ± 15.0 220.1 ± 15.3 
L8 0.18 ± 0.05 0.16 ± 0.05 226.2 ± 16.3 232.8 ± 15.7 

Variance 
explained  

(%) 

LC3 93.7 
L4 84.2 
L5 88.9 
L7 89.5 
L8 77.0 
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Figure A.1. Map of Malpeque, including bathymetry, current leases (red polygons), sampling stations 
(MQ1, MQ2, MQ3, MQ4 and MQext), rivers (R1, R2, R3, R4 and R5), and hydrodynamic stations (L1, L2, 
LC3, L4, L5, L6, L7 and L8. L = Water level. C = Current meter). 

 

 
Figure A.2. Map of tidal currents predicted in Malpeque Bay at a) maximum flood (left panel) and b) 
maximum ebb (right panel). 
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APPENDIX B. VOLUMETRIC FLOW CALCULATION (BASED ON FILGUEIRA ET 
AL. 2012). 
Every node (vertex of each triangle) of the grid is represented with X and Y Cartesian 
coordinates. For each node, RMA provides values for three quantities at each time step: water 
speed in the x-direction, water speed in the y-direction, and water depth. RMA stores the results 
in matrices that can be programmatically retrieved and manipulated. Each element (triangle) of 
an unstructured triangular grid can be surrounded by a maximum of three elements and a 
minimum of one element. The exchange of water for a given element is defined in relation to 
each of the surrounding elements in the grid in terms of volumetric exchange. The volumetric 
flow through a link from one element to another is calculated by multiplying the net velocity by 
the cross-sectional area through the side: 

Volumetric Flow = (net velocity) x cross-sectional area 

= (net velocity) x (average depth at the two nodes of the link) x (length of link) 

The net velocity (nx.u + ny.v) is defined as the projection of the velocity vector (u, v) at the 
centre of each side (link) into the unit perpendicular vector of the link (nx, ny). The units of the 
velocity vector (u, v), where u is the average velocity in the x-direction at the two ends of the link 
and v is similarly defined for the y direction, are adjusted to meters per day. The unit 
perpendicular vector (nx, ny) is defined to point towards the centre of the element (Figure B.1a). 
Therefore a positive/negative net velocity indicates that flow is into/out of the element. 

Taking into account the node coordinates (xA, yA) and (xB, yB), the (nx, ny) vector is calculated 
as follows (Figure B.1a): 

nx = -(yA - yB) / [(xA - xB)2+(yA - yB)2]0.5 

ny = (xA - xB) / [(xA - xB)2+(yA - yB)2]0.5 

or 

nx = (yA - yB) / [(xA-xB)2+(yA - yB)2]0.5 

ny = -(xA - xB) / [(xA - xB)2+(yA - yB)2]0.5 

In order to compute which of the vectors is directed into the element, the (nx, ny) vector must be 
compared with the direction of the vector (px, py) whose origin is the bisector of the link and 
whose terminus is the opposing node (Figure B.1b). If the quantity nx.px + ny.py is positive, 
then (nx, ny) and (px, py) follow the same direction into the element, and vice versa for negative 
values. 

RMA provides a time series for water velocity and depth at each node, and the protocol 
described above can be applied to each time step. The volumetric flows for all time steps are 
averaged as a daily average for each link following a first order upwind scheme. The error of 
this scheme is kept to a minimum if the spatial and temporal variation of the concentration of a 
conservative tracer remains small for each element and time step: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (%) = �
|ΔConc. |
𝐶𝐶𝐸𝐸𝐶𝐶𝑐𝑐.������� �

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

2

× 100      𝐸𝐸𝐸𝐸.𝐵𝐵. 1  

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡 (%) = �
|ΔConc. |
𝐶𝐶𝐸𝐸𝐶𝐶𝑐𝑐.������� �

𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡

2

× 100      𝐸𝐸𝐸𝐸.𝐵𝐵. 2 
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where |∆Conc.| is the absolute difference in concentration between two connected elements at a 

given time (Eq. B.1), or between two time steps for the same cell (Eq. B.2).  is the mean 
concentration of both values for each case. The calculation of this error is crucial for evaluating 
the general error of the coupling scheme. 

The numerical procedure carried out to calculate the exchange and the averaging process can 
produce a residual water imbalance within the bay. A minimization algorithm under constraint 
(pinv function in Matlab) was applied to the averaged exchange in order to minimize this water 
imbalance (to make the net flows zero) while keeping the correction factors as small as 
possible. After this process, the averaged volume (m3) of each element and the averaged 
volumetric exchange rates (d-1) for each link, i.e. between every adjacent element pair, are used 
to define the average circulation of the bay (Filgueira et al. 2012). 

References 
Filgueira, R., Grant, J., Bacher, C., Carreau, M. 2012. A physical-biogeochemical coupling 

scheme for modeling marine coastal ecosystems. Ecol. Inform. 7: 71-80. 

 
Figure B.1. Structure of the element defined by the nodes A (xA,yA), B (xB,yB) and C (xC,yC) and vectors 
used to calculate the flow through the link A-B. For panel A (left panel), the vector (nx, ny) originates at 
the bisection of link A-B and is oriented perpendicular to A-B. For panel B (right panel), the vector (px,py) 
originates at the bisection of the link A-B and D (xD,yD), and is directed to the node that opposes A-B, C 
(xC,yC). 

  

35 



 

APPENDIX C. AVAILABLE DATASETS FOR ECOSYSTEM MODEL 
The five largest rivers were considered in the current model. River flows were obtained from 
Environment Canada. Nutrient time series in these rivers were generated using the Department 
of Environment, Labour and Justice of Prince Edward Island database. Multi-year data were 
pooled together in order to generate continuous time series that represent average conditions in 
the different rivers. Given that there is no nutrient data available for River 5 (Figure C.1), the 
same values used for River 1 were used to force River 5 based on the similitude of land-use 
pattern of both watersheds. 

Monthly temperature, chlorophyll, seston and nutrient samples were collected from 24 May to 
20 November 2012 at four stations inside the bay (MQ1 – MQ4) and one external station 
(MQext) that was used as a boundary condition (Figure C.1). Water samples for chlorophyll 
analyses were collected in duplicate. Samples were filtered through 25 mm Whatman GF/F 
filters, and then kept frozen (-20 ºC) until analysis, which was performed following EPA Method 
445.0. Chlorophyll concentration was converted to carbon units assuming a carbon:chl of 50:1. 
Total Particulate Matter (TPM) was measured gravimetrically on pre-ashed (500 ºC, 4 h) 47 mm 
Whatman GF/F filters. Two replicates were collected at each sampling point. After filtering, the 
salts were eliminated by washing with isotonic solution of 0.5M ammonium formate. The filters 
were dried at 70 ºC for 24 h and weighed to determine the TPM. Particulate Organic Matter 
(POM) was determined after ashing the filters for 6 h at 500 ºC. The detrital carbon was 
calculated by multiplying the POM value by 0.5 and subtracting the phytoplankton carbon 
(Filgueira and Grant 2009). Pre-filtered water samples (syringe filters, 0.8 µm) were analysed in 
duplicate at each station for nutrient concentrations with a Seal Automatic Analyser III (SEAL 
Analytical Inc., Mequon, Wisconsin, USA) and following the colorimetric methods described by 
Strickland and Parsons (1972). 

References 
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Strickland, J.D.H., and Parsons, T.R. 1972. A practical handbook of seawater analysis. Fish. 
Res. Board of Can. Vol.167. 

  

36 

http://wateroffice.ec.gc.ca/index_e.html
http://www.gov.pe.ca/environment/
http://www.gov.pe.ca/environment/


 

 
Figure C.1. Map of Malpeque, including bathymetry, current leases (red polygons), sampling stations 
(MQ1, MQ2, MQ3, MQ4 and MQext), rivers (R1, R2, R3, R4 and R5), and hydrodynamic stations (L1, L2, 
LC3, L4, L5, L6, L7 and L8. L = Water level. C = Current meter). 
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