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ABSTRACT 
Canada has committed to developing effective and representative marine conservation 
networks. Guidance for the development of these networks focuses on core design features, 
including the incorporation of ecologically and biologically significant areas, ecological 
representation, replication, connectivity, and adequacy/viability. Network planning using these 
design features is currently underway in five priority bioregions: the Gulf of St. Lawrence, the 
Scotian Shelf, the Newfoundland-Labrador Shelves, the Western Arctic, and the Pacific 
Northern Shelf. To ensure these networks achieve their biodiversity protection goals and 
objectives, the extent to which the design features are being achieved must be evaluated and 
monitored over time. Practical advice on how to monitor and evaluate Marine Protected Area 
(MPA) networks is critical for identifying the key elements of (future) successful management 
plans. This paper focuses on approaches for evaluating and monitoring the core design features 
of the Canadian MPA Network. We describe the importance of these design features and detail 
tools and approaches relevant for evaluation and monitoring at the network level. We then 
present a detailed case study to show how marine conservation network planning in the 
Northern Shelf Bioregion (NSB) has incorporated the design features in evaluations of draft 
network designs and how those methods can direct future monitoring within the NSB and more 
broadly in the Canadian MPA Network. 
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1. INTRODUCTION: REVIEW OF MPA NETWORK DESIGN FEATURES IN 
CANADA 

Monitoring programs are an essential component of Marine Protected Area (MPA) and MPA 
network management, providing requisite information on the state of, and changes in, protected 
ecosystems. Monitoring is required to gauge the efficacy of MPA networks in achieving their 
conservation objectives and provides information needed to demonstrate that restricted access 
has provided benefits to biodiversity. Moreover, where MPA network restrictions are distributed 
across activities, monitoring will facilitate validation of management decisions, to ensure 
continued access does not undermine the conservation objectives of the MPA (Kenchington 
2013).  
Canada has committed to developing MPA networks in all 13 of its bioregions, and planning is 
currently underway in five priority regions (Figure 1). The Canadian MPA network, also referred 
to as a marine conservation network, is composed of bioregional subnetworks, and several 
regulatory conservation mechanisms including Oceans Act MPAs, Fisheries Act Closures (or 
Marine Refuges), Parks Canada conservation areas, and other effective area-based 
conservation measures (OECMs; as outlined by CBD 2018)1. Bioregional planning has been 
guided by National Science Advice processes including guidance on developing MPA networks 
(DFO 2010), developing conservation objectives, indicators, monitoring protocols and strategies 
(DFO 2013a), and achieving representativity (DFO 2013b). In 2011, federal, provincial, and 
territorial governments released the National Framework for Canada’s Network of MPAs 
(Government of Canada 2011), which has provided strategic direction and overarching goals for 
each of the bioregional MPA network processes. Design features highlighted in the national 
framework include the incorporation of Ecologically and Biologically Significant Areas (EBSAs), 
Ecological Representation, Connectivity, Replication, and Adequacy/Viability.  

                                                

1 For the purposes of this working paper, we use “MPA Network” as a synonym to the “Marine 
Conservation Network” expression recently adopted in Canada. The use of “MPA Network” aligns with 
previous documentation and international literature. 
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Figure 1. Priority marine bioregions for MPA network planning in Canada. Canada’s marine protected 
areas network is being advanced in five of thirteen priority bioregions. Non-priority marine bioregions are 
shaded gray. 

Network planning in each of the priority bioregions is led or co-led by regional DFO Oceans 
Management, and uses regional strategy documents (e.g., Canada – British Columbia Marine 
Protected Area Network Strategy 2014) and Science Advice on selecting conservation priorities 
and the development of design strategies specific to each bioregion (DFO 2015a, 2017a, b, 
2018a, 2019). Ecological conservation priorities focus on the species and habitats to be 
protected in each network. Design strategies identify the areas or features to be conserved 
within the network and their related conservation targets. For example, based on conservation 
goals, an ecologically important species of fish could be identified as a conservation priority. 
The design strategies help identify a relevant spatial feature for that fish (e.g., nursery habitat), 
and recommend a conservation target (e.g., 20-40% of nursery habitat) to be included in the 
MPA network scenario. In general, conservation priorities and design strategies are used as 
inputs into MPA network site selection analyses, often using the spatial planning tool Marxan 
(Ball et al. 2009). The design strategies also provide recommendations on other network design 
features, such as connectivity, replication, size and spacing, and protection levels.  
Scientific monitoring for MPA networks is required for adaptive management, with a focus that 
goes ‘above and beyond monitoring that takes place at a site level’ (Government of Canada 
2011). Regular reporting to the Canadian public on the effectiveness of bioregional MPAs and 
MPA networks (including OECMs) in achieving their stated goals and objectives is required. 
Monitoring will be particularly important as protected areas and OECMs are by definition static 
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(DFO 2016), yet the ecological and physical attributes of the area by which they are applied are 
inherently dynamic, particularly in light of climate change (see Section 5 MPA Network 
Monitoring and Climate Change). This contrast necessitates a continuous evaluation of 
protected areas and, in particular, MPA networks. Theoretical insight into the design of MPA 
networks is well established in the literature (e.g., Botsford et al. 2003; Gaines et al. 2010) and 
in practice (Table 1); however, empirical evidence supporting their predicted outcomes is often 
missing (Grorud-Colvert et al. 2014) and current perspectives on how best to monitor MPA 
networks remains largely conceptual.  
The objective of this working paper is to provide practical advice on approaches for assessing 
and monitoring design features (replication, representativity, connectivity, and EBSAs) in 
Canada’s MPA networks. Previous Science guidance (DFO 2013a) highlighted the importance 
of ensuring design features are adequately incorporated to ensure regional MPA networks meet 
their respective conservation objectives. To better understand how and if these features were 
considered when designing Canada’s networks, we conducted a review of the network planning 
processes in each of the five priority bioregions (Figure 1). We found that implementation of 
design features varied among bioregions, and this variability was primarily related to some 
design features not being incorporated explicitly into the network configuration (Table 1) due to 
data availability and/or differing design strategies. Ultimately, monitoring programs must reflect 
how these features were incorporated into design.   
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Table 1. Summary of MPA network design features in each of the priority bioregions and indication of 
whether approaches for incorporation were recommended by regional advice. Information on the 
bioregional processes was gathered from published and in some cases, unpublished2, documents (DFO 
2015a, 2017b, 2018a, 2019). “Post-Marxan” indicates that the design feature was assessed after site 
selection analysis (i.e., not set as a parameter in the analysis) but prior to network implementation. 

Design Feature Northern  
Shelf 

Scotian  
Shelf 

Newfoundland 
& Labrador 

Shelves 

Estuary and 
Gulf of St. 
Lawrence 

Western 
Arctic 

Representation 
(spatial targets 
including targets 
for EBSAs) 

Yes Yes Yes Yes Yes 

Replication Yes Yes Not explicitly 
addressed 

Yes Yes 

Connectivity Post-Marxan  Post-Marxan Not explicitly 
addressed 

Not explicitly 
addressed 

Partial 
consideration 

Size and Spacing 
(Adequacy/ 
Viability) 

Yes Not explicitly 
addressed 

Not explicitly 
addressed 

Not explicitly 
addressed 

Yes 

Protection Levels 
(Adequacy/ 
Viability) 

Yes No No No No 

Network planning in each of the priority bioregions has incorporated key characteristics of a 
systematic conservation planning approach (SCP; Margules and Pressey 2000) by defining 
explicit goals, identifying conservation priorities and quantitative representation targets, and 
using repeatable methods to delineate a potential network of MPAs. The benefits of regional 
protected area networks should go above and beyond the benefits of individual conservation 
areas because of three key concepts built into networks through an SCP approach: connectivity, 
complementarity, and irreplaceability (Margules and Pressey 2000). Connectivity benefits the 
configuration of MPA networks by facilitating functional linkages between individual MPAs, 
including movement between larval production areas and habitats encompassing other life-
history stages (Government of Canada 2011). When established, these linkages should lead to 
a net effect of the networks that exceeds the sum of the individual component effects. In other 
words, connected networks are assumed to have a synergistic interaction among protected 
areas that result in outcomes ‘O’ (e.g., increased biomass, productivity or resiliency), such that:  
Equation 1.   Onetwork = ∑ Ocomponent + Onetwork interaction 
where Ocomponent is the summed response (e.g., magnitudes of change) within individual 
component MPAs and Onetwork interaction is the magnitude of the interactive effect for reserves, 

                                                
2 Faille, G., Dorion, D., and Pereira, S. unpublished. Methodology for the Development of the Marine 
Protected Area Network. Draft Document November 2014 for the Technical Committee on the Marine 
Protected Area Network. 
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which is assumed to be >0 if connectivity has been integrated into the reserve network (Grorud-
Colvert et al. 2011).  
Elements of connectivity are also relevant to the adequacy and viability of the network through 
the size and spacing of individual MPAs. MPAs should be designed to have the size and 
proximity necessary to support ecological processes important for maintaining biodiversity, such 
as food-web interactions or nutrient flow and spacing to permit connectivity between individual 
MPAs (Government of Canada 2011). Both complementarity and irreplaceability are addressed 
in network design through the representation and replication design features. Complementarity 
is also achieved through coordination among proposed MPA sites, such that the ensemble 
protection provided by the network meets the broader conservation objectives. Irreplaceable 
MPAs contribute to the targets of ecological features that cannot be met elsewhere in the study 
area. The resilience of an MPA network (e.g., to disturbance such as climate change) should 
relate to whether representation, replication, and connectivity are adequately achieved in the 
final configuration (McLeod et al. 2009). Most assessments of MPA networks to date have 
focused on implementation but not quantified these synergistic network effects (Proudfoot and 
Rubidge, in prep.3). 
In the following sections, we describe approaches to assess representation, replication, and 
connectivity, and highlight the importance of monitoring these features in an adaptive 
management framework to ensure the network is fulfilling long-term biodiversity protection 
objectives. Particular detail is provided for the tools and approaches that can be used to assess 
connectivity, given this design feature has had less focus in past bioregion-specific Science 
Advice and, to date, remains largely conceptual in MPA design and monitoring (Balbar and 
Metaxas 2019). We then present a detailed case study to show how MPA network planning in 
the Northern Shelf Bioregion (NSB) has incorporated and assessed the design features using a 
structured decision-making approach, and how this approach could be adapted to a monitoring 
framework.  

2. REPRESENTATION 
Representation and replication are key design features of Canada’s MPA network framework, 
which recommends that Canada’s network be “ecologically comprehensive, resilient, and 
representative…” in order to protect biodiversity and ensure ecosystem integrity for present and 
future generations (Government of Canada 2011). This approach aligns with the Convention on 
Biological Diversity’s (CBD) advice for “ecologically representative” networks of MPAs ( CBD 
2010). Striving for ecological representation in a systematic fashion also helps ensure that MPA 
networks meet international targets (e.g., the protection of 10% of marine and coastal areas 
(CBD 2011)) in an ecologically meaningful way, as opposed to focusing on areas with lower 
opportunity costs (Margules and Pressey 2000; Devillers et al. 2015; House et al. 2017). At a 
broad scale, an ecologically representative network includes the full range and diversity of 
habitats found within the focal area, which in turn will help protect finer-scale natural features 
and areas of importance for the species found within. The representation of identified EBSAs in 
particular is highlighted in Canada’s MPA network framework (Government of Canada 2011), 
and national guidance recommends incorporating representation in an iterative fashion that 
optimizes the other network design features, including EBSAs, replication, and connectivity 
(DFO 2013b).  

                                                
3 Proudfoot, B., and Rubidge, E. In prep. Approaches for evaluating the ecological benefits of Marine 

Protected Area networks. 
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Regional science advice related to the representation and replication of species, habitats, and 
natural features selected as conservation priorities was similar among the five priority bioregions 
and is provided in the design strategies documents for the bioregional network design 
processes (DFO 2015a, 2017b, 2018a, 2019). MPA network design that follows a SCP 
approach can incorporate representation using feature-specific targets as inputs into site 
selection analyses using decision-support software (e.g., Marxan). In all bioregions, features 
were identified from broad-scale habitat classifications, referred to as coarse-filter or 
representative features, and priority species or natural features, sometimes referred to as fine-
filter features4. Both coarse- and fine-filter features were assigned a range of spatial 
conservation targets that varied based on the ecological characteristics of the species or 
habitats (DFO 2015a, 2017a, b, 2018a, 2019). In four of the five bioregions, Marxan spatial 
optimization analyses were used to provide options for meeting conservation targets, while the 
Western Arctic bioregion used ‘moving-window’ and overlay analyses (DFO 2015a). All 
approaches used available spatial data on the conservation priorities to characterize the 
planning landscape. In all bioregions, EBSAs were identified as conservation priorities to be 
captured within network designs, were assigned explicit targets, and were included in spatial 
prioritizations. For example, in coastal areas within the Scotian Shelf bioregion (<100 m depth), 
EBSAs that overlapped multiple fine- or coarse-filter features were prioritized for network 
inclusion (DFO 2018a). In the Newfoundland and Labrador Shelves bioregion, the inclusion of 
EBSAs was not done through Marxan analyses but, instead, were evaluated through GIS 
overlays because it was anticipated that spatial protection wouldn’t benefit all EBSAs equally 
(DFO 2017b).  
Representation is also a commonly used metric in MPA network evaluation, often tied to 
international targets (e.g., Evans et al. 2015; Jantke et al. 2018; Fischer et al. 2019). 
Representativity-related assessment and monitoring activities can also incorporate the spatial 
conservation targets established within each bioregion for MPA network design, in particular for 
species that are identified as indicators. When aligned with operational objectives, 
representation analyses can provide an evaluation of whether conservation targets are 
maintained over time and as network sites are added to the network. In addition, if conducted in 
tandem with monitoring efforts that facilitate improved spatial information through the collection 
of new data, repeat assessments of representation can detect changes in species diversity, 
species distribution, and habitat quality. This information can be integrated into an adaptive 
management framework, help refine EBSAs and spatial datasets on conservation priorities, and 
re-evaluate their contribution towards network conservation objectives (also see Section 5). 
Monitoring areas of importance for species or functional groups can also help identify species 
range extensions or re-establishments, which can demonstrate the added value of an MPA 
network when compared to ad hoc collections of MPAs (Roff 2014). Additionally, monitoring 
changes in representation of sensitive benthic habitats within a network is important not only for 
informing adaptive management but also for monitoring the potential recovery of conservation 
priorities in response to network implementation. 
Assessments of representation can be used to compare proposed or existing MPA networks to 
the broader marine region. Common methods found in the literature include analyses of 
similarity based on sampling of fish communities inside and outside networked MPAs to isolate 
changes in fish biomass, density, or diversity in MPAs compared to surrounding areas (e.g., 

                                                

4 Fine-filter features represent priority species or spatially discrete natural features (e.g., estuaries). 
Coarse-filter features are broad-scale features of which smaller scale features were nested (e.g., 
oceanographic units). 
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Hamilton et al. 2010; Grorud-Colvert et al. 2014; Soykan and Lewison 2015) and GIS overlays 
to determine how well proposed or finalized MPA networks capture conservation priorities and 
their conservation targets (e.g., seabed geomorphic features and habitat classes; Young and 
Carr 2015; Jantke et al. 2018; Fischer et al. 2019; Martone et al. in prep.5) or areas of high 
conservation value identified through site selection analyses (e.g., Evans et al. 2015; House et 
al. 2017; Virtanen et al. 2018). These analyses have reported on representation for individual 
ecological features (Young and Carr 2015; Martone et al. in prep.5) or using compiled metrics, 
such as species richness (Soykan and Lewison 2015) and mean target achievement, i.e., the 
degree to which conservation targets are attained for the identified conservation priorities 
(Jantke et al. 2018). Examples of representativity-related monitoring tools include eDNA (e.g., 
Sawaya et al. 2019), remote sensing imagery collected using satellites, planes, or drones (e.g., 
Nijland et al. 2019; Schroeder et al. 2019), bathymetric data collected using multi-beam sensors 
(e.g., Haggarty and Yamanaka 2018), or multispecies and habitat surveys conducted using 
divers or remotely operated vehicles (e.g., Haggarty 2015; Frid et al. 2018).  
The appropriateness of a monitoring tool will depend on the indicator that is being monitored, 
the expected spatial-temporal scales of response, and the stressors and natural disturbance at 
the individual sites. Those factors will in turn dictate the frequency and spatial extent of 
monitoring surveys to ensure monitoring resources are used efficiently. For example, a 
conservation target for deep-water sponge reef with very slow recovery times may be monitored 
on a different time frame than a conservation target for canopy-forming kelp forests that have 
rapid growth rates, respond to disturbance on much shorter time scales, and die off annually. 
For sponge reefs in Pacific Canada, Dunham et al. (2018) suggest a general monitoring time 
frame of 3-10 years, with a focus on routine broad-scale surveys and less frequent intensive 
surveys, recommending that the time frame be refined in an adaptive framework as trends 
become clearer as monitoring progresses.  

3. REPLICATION 
Replication, another key design feature and a measure of a network’s resilience and adaptive 
capacity, has been assessed less frequently in the literature in comparison to connectivity and 
representation (Proudfoot and Rubidge, in prep.3). Similar to assessments of representation, 
studies have often used GIS overlays to determine how well seabed features, habitat classes, 
and areas of importance for priority species are replicated throughout a proposed or final MPA 
network (e.g., Ban et al. 2014; Young and Carr 2015; Foster et al. 2017). Integral to these 
analyses are considerations of adequacy/viability and efforts to define a “replicate” or the 
amount of a specific habitat type that must be captured within an MPA in order to qualify as a 
replicate, sometimes referred to as a habitat’s minimum patch size. Assessments of the MPA 
network in California have used species-area curves developed locally to determine the 
minimum area required to capture 90% of the species known to use a habitat, using that 
information to define which habitat patches within the network qualify as a replicate (Saarman et 
al. 2013; Young and Carr 2015). Ideally, habitat-specific species-area curves would be available 
in the Canadian context and a similar threshold could be applied. However, these data are often 
unavailable and, therefore, the “replicate” definition must be derived from other information such 
as patch size. Monitoring efforts can help identify the biodiversity associated with habitat 
patches at varying scales, informing the patch sizes appropriate for replication and the efficacy 
of MPA networks in protecting those habitats. 

                                                
5 Martone, R.G., Robb, C.K., Gale, K.S.P., Frid, A., McDougall, C., and Rubidge, E. In prep. Design 
strategies for the Northern Shelf Bioregional Marine Protected Area Network. DFO Working Paper. 
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Another key component of a “replicate” definition is habitat quality. Most MPA network 
assessments rely on GIS layers of habitat types, some of which are dated with known data 
gaps. These datasets are often used in MPA network site selection analyses assuming uniform 
habitat quality across the planning area. An MPA network monitoring program designed to 
monitor replication can provide information to update spatial datasets and integrate habitat 
quality indices into the habitat type maps. Information on habitat quality can then be 
incorporated into the “replicate” definition, further improving the ability to assess whether the 
network is meeting its replication objectives. The resulting definition of what constitutes a 
“replicate” in an MPA network would have a minimum area (defined by species-area curves) 
and associated habitat quality index (e.g., blade density). An alternative index of habitat quality 
could be developed using human impact scores and proximity to human-derived stressors, to 
identify areas that are more pristine and, therefore, likely to have lower degradation. This 
approach can be used in a GIS framework using cumulative impacts maps (e.g., Clarke Murray 
et al. 2015). Monitoring efforts that result in the collection of new data could also feed back into 
this type of assessment, improving our understanding of cumulative effects. 
Once a definition of what constitutes a replicate of the various habitat types is determined, the 
next step is to assign the number of replicates needed. Less information is available to guide 
the appropriate number of replicates for a given habitat type, though many studies have 
recommended at least three spatial replicates be included in MPA networks (e.g., IUCN-WCPA 
2008; Fernandes et al. 2012). However, it is unlikely that there is a uniformly appropriate 
number of replicates for each habitat type, and the suitable number of replicates should be 
informed by risk, sensitivity, and considerations of habitat quality and be assessed at a 
bioregional (or finer) scale. When features are mapped across the planning landscape, replicate 
monitoring can form a basis for adaptive management. For example, replication thresholds 
(e.g., three replicates of each feature at a defined spatial scale) could be used to gauge network 
performance and trigger management intervention in situations where the replication is 
insufficient or decreasing.  
Regional Science Advice on replication varies among the five priority bioregions. For example, 
for the NSB, the number of replicates was recommended to be based on patch size and rarity, 
in addition to being stratified by a broad-scale physical habitat classification system or by 
planning areas with similar ecological characteristics (DFO 2019). For the Scotian Shelf, 
Science Advice recommended at least two spatial replicates for coarse-filter features and at 
least one spatial example of adequate size for most fine-filter features (which are nested within 
the coarse-filter features), such as biogenic habitats, representing the conservation priorities 
(DFO 2018a). The Newfoundland & Labrador and the Western Arctic MPA network processes 
did not include specific advice on the number of replicates to include in the network (DFO 
2015a, 2017b), while the Gulf regional process6 recommended at least three replicates, based 
on recommendations from the literature.  
Given the differences in the approaches to setting the number of replicates across the 
bioregions, assessment and monitoring advice will be specific to each planning area. However, 
all assessments will have to consider a few key components to assess and eventually monitor 
replicates. These steps include: 1) explicitly define what constitutes a “replicate” in terms of 
patch size and quality of habitats or areas of importance for species; 2) understand the 
replication goals for the network (i.e., how many replicates were recommended and 

                                                
6 Faille, G., Dorion, D., and Pereira, S. unpublished. Methodology for the Development of the Marine 
Protected Area Network. Draft Document November 2014 for the Technical Committee on the Marine 
Protected Area Network. 
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implemented into the final design); and 3) incorporate iterative feedback of newly collected data 
on habitat use, patch size, and quality (e.g., percent cover, species diversity in patch, 
stipe/shoot density) into the description and accounting of replicates. Monitoring the quantity of 
replicates is important because, over time, some habitat patches may be lost or degraded (e.g., 
via climate change (Section 5) or interaction with extractive activities), while others may be 
gained (e.g., via natural recovery or restoration) within the network. Additionally, the appropriate 
number of replicates should be periodically reassessed to reflect changes in risk and/or impacts 
from climate change. Finally, it is important to acknowledge that design features within the 
network interact synergistically to achieve an overall functioning network. In the case of 
replication, this is particularly true with respect to metapopulation7 structure and connectivity. A 
network with adequate replication (or number of metapopulations) will also be inherently more 
connected and, therefore, more viable. 

4. CONNECTIVITY 
Addressing connectivity aligns with Canada’s commitment to the international target set by the 
CBD to protect “10 percent of coastal and marine areas [through] ecologically representative 
and well-connected systems of protected areas” by 2020 (CBD 2010). Ecological spatial 
connectivity refers to the movement of organisms, genes, energy, chemicals, or materials 
among habitats, populations, communities, or ecosystems (Carr et al. 2017; Table 2). Even 
though connectivity is a design feature, it has only been considered comparatively, partially, or 
post-hoc in the five priority bioregions in Canada (Table 1). Grorud-Colvert et al. (2014) identify 
five types of MPA networks, including ad-hoc, conservation, management, social, and 
connectivity. Canada’s bioregional MPA networks currently fall under the ad-hoc or conservation 
categories because connectivity was not explicitly incorporated or evaluated within their 
designs. To meet the expectation to develop connected networks of MPAs within the larger 
Canadian MPA network, regionally specific Science Advice on connectivity will be required to 
inform design and ultimately assessment. 
  

                                                
7 A metapopulation is an assemblage of semi-discrete spatial subpopulations connected through 
dispersal. 
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Table 2. Definition of the types of ecological spatial connectivity and considerations for MPA network 
monitoring. The movement of organisms refers to spores, eggs/larvae, juveniles, or adults. Each metric is 
explained in more detail in the following sections. 

Type of 
connectivity 

Definition Considerations for MPA network 
monitoring 

Landscape 
connectivity 

The degree to which the 
landscape facilitates or impedes 
movement among habitats, 
populations, communities or 
ecosystems. 

· Lowest data requirements 

· Can address multispecies questions 

· Gives information about network-scale 
connectivity patterns 

· Species-specific models require field 
validated resistance values 

Population – 
genetic 
connectivity 

Movement of genes among 
distinct populations through the 
movement of organisms of a 
single species among distinct 
populations. 

· Detects changes over multiple 
generations 

· Detects realized connectivity patterns 

· Spatial resolution is an issue and 
limited/defined by sampling 

Population – 
demographic 
connectivity 

Movement of organisms of a 
single species among patchy or 
discontinuous subpopulations or 
habitats.  

· In-situ measurement tools can provide 
real-time dispersal information (e.g. 
satellite tags) 

· Models provide network scale 
connectivity patterns 

· Models can predict changes to 
connectivity patterns under future 
climate conditions 

· Validating models can be challenging 

Ecosystem 
connectivity 

Movement of energy and 
nutrients through the movement 
of organisms, as well as 
chemicals and materials among 
ecosystems. 

· Logistically challenging 

· May be suitable in specific cases (e.g., 
movement of detritus) 

Measuring the extent of connectivity between network components and within the larger 
planning/assessment area can aid evaluation of MPA network outcomes. In a true network, 
individual MPAs interact with each other such that the magnitude of change in the network is 
greater than the sum of the individual components (Onetwork interaction > 0, see equation 1). To 
design a connected network, managers should first identify which conservation priorities should 
consider connectivity, the role that each MPA plays in supporting connectivity, and the 
appropriate spatial and temporal scale for each conservation priority (Balbar and Metaxas 
2019). In particular, conservation priorities whose persistence depends on spatial linkages 
within the planning region (e.g., links between juvenile abundance and spawning grounds) 
should be given focus when considering connectivity in design. Assessing the connectivity of a 
network at multiple points in time improves the efficiency of future network design, especially 
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when networks are designed in a stepwise fashion, by improving their ability to adapt to a 
changing landscape and environmental conditions (see Section 5). Monitoring connectivity 
patterns can be a key consideration to guide the placement, size, and spacing of future MPAs in 
a growing network. 
The international literature provides only two notable examples of MPA networks that have 
considered connectivity in their design and monitoring: Western Hawaii and the coastline of 
California. In Western Hawaii, Papahānaumokuākea Marine National Monument, Midway Atoll 
National Wildlife Refuge, and the Hawaiian Islands Humpback Whale National Marine 
Sanctuary are MPAs that discuss genetic connectivity and tagging studies as part of ongoing 
monitoring. Their management plan lists understanding the genetic structure of reef invertebrate 
and fish populations in the archipelago as one of the strategies to monitor the local marine 
ecosystem (Papahānaumokuākea Marine National Monument Management Plan 2008; Chow et 
al. 2015). The California North Coast MPA Network assesses the size, spacing, and siting of 
MPAs in the network (Department of Fish and Wildlife 2017) to evaluate fundamental 
connectivity questions such as the influence of inter-MPA distances on connectivity and primary 
mechanisms of connectivity (e.g., through larval exchange or movement of adults, source and 
sink dynamics of populations, and home ranges of organisms (Department of Fish and Wildlife 
2017). These examples show an effort to consider ecological connections; however, we do not 
know of real-world examples that comprehensively measure connectivity of species or habitats 
at a network scale. 

4.1 CONNECTIVITY IN SPACE AND TIME 
The ecological processes that constitute population connectivity (including spawning, dispersal, 
settlement, survival to reproduction, and juvenile and adult movement) vary among species over 
space and time. For example, larvae from the tunicate Molgula pacifica have an average 
propagule duration (or Pelagic Larval Duration – PLD) of 36 hours and, therefore, only travel 
distances on the scale of metres (Shanks 2009). Alternatively, the larvae of the Dungeness crab 
(Cancer magister) have a propagule duration of three to four months and can travel up to 
500 km (Shanks 2009). Variation in PLD can also be linked to environmental conditions, which 
vary in time and space. For example, expected duration for larval American Lobster (Homarus 
americanus) can vary considerably across the Canadian range, from the warm waters of the 
Scotian Shelf to the much cooler waters of Northwestern Newfoundland (Quinn et al. 2013). 
Seasonal variation in the spawn timing for Atlantic Cod (Gadus morhua) expose eggs and 
larvae to different thermal and oceanographic regimes (i.e., early spring and summer) that 
augment duration and magnitude of dispersal (Bradbury et al. 2000; Stanley et al. 2013). These 
differences in propagule duration and dispersal distance can have large implications for the 
design and assessment MPA networks (Stanley et al. 2015b). Accounting for species or 
conservation features with short dispersal distances can be accomplished by scaling the size of 
an MPA, but long distance dispersers typically require adequate spacing of MPAs, especially 
organisms that spend different parts of their life in different habitats, as is the case for Atlantic 
Cod where juveniles benefit from the availability of Eelgrass (Zostera marina) beds before 
migrating to deeper, offshore waters (Lilley and Unsworth 2014). As dispersal and connectivity 
are influenced by environmental change (i.e., climate change, see Section 5.2) ongoing 
(re)assessment of the scales of dispersal and connectivity within the network will be needed to 
gauge network efficacy.   
The various tools available for measuring connectivity, directly and indirectly, detect patterns at 
different spatial and temporal scales (Figure 2). For example, it is clear that many tools overlap 
at a spatial resolution at 1 – 10,000 km and day – annual ranges. Tools with a finer-scale 
resolution, such as biophysical modelling, parentage analysis, otolith chemistry, and stable 
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isotopes, can elucidate connectivity patterns over a single generation. Conversely, tools with a 
coarse-scale resolution, such as phylogenetics and population genetics, can elucidate 
connectivity patterns over multiple generations.  
When considering the temporal and spatial scale of monitoring connectivity patterns from a 
management perspective, having clearly defined and measurable operational objectives with 
associated indicators will guide the selection of the correct monitoring tool. For example, using 
phylogenetics would not be a suitable tool to assess network connectivity relating to a species 
of interest for a particular year, and landscape-based methods would not permit sufficient 
temporal resolution to resolve patterns of gene flow and population structure.  

  
Figure 2. Spatial and temporal scales for different tools used to measure connectivity in MPA network 
monitoring. Blue circles indicate genetic approaches; green circles indicate chemistry tools. Note that 
parentage analysis can refer to mark-recapture studies, genetic, or natural (e.g., geochemistry) tagging 
approaches. Adapted from Jones et al. (2009). 

4.2 TOOLS AND APPROACHES FOR MEASURING CONNECTIVITY 
One of the barriers that complicates the inclusion of connectivity in the design and assessment 
of MPA networks is the myriad ways that connectivity can be measured (Figure 3) and the 
inherent complexity of measuring a process that varies within (e.g., populations) and among 
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species for networks with multispecies points of focus. Here, we provide an overview of the 
different methods used to measure connectivity directly, and indirectly, to address a range of 
design and potentially conservation objectives. We also contrast these approaches with the 
application of implied connectivity (“Rules of Thumb” based on species dispersal 
categorization). Specifically, we focus on evaluating the spatial-temporal considerations of each 
tool, split into direct and indirect methods, with links to potential applications for MPA network 
monitoring. Described tools include: visual and molecular techniques (e.g., genetics, photo-ID, 
branding, and isotope ratios); passive tags (e.g., spaghetti, band, flipper, passive integrated 
transponder); active transmitting tags (e.g., radio, acoustic, and satellite tags); and short- (e.g., 
camera tags, accelerometer tags, magnetic sensor tags, internal temperature/heart rate) and 
long-term archival tags (e.g., pop-up archival, internal temperature/heart rate, life-history tag, 
daily diary tag).  

 

Figure 3. Potential workflows to incorporate connectivity-based knowledge into MPA network planning 
and monitoring with varying cost requirements. 

4.2.1 Direct Methods 
4.2.1.1 Genetic Tools 

Integrating connectivity into MPA networks is a critical component to allow for migrant 
exchange, source-sink population dynamics, and gene flow (Xuereb et al. 2019). Genetic tools 
can be used to infer fine-scale population structure and local environmental adaptation, to 
understand parentage and sibship relationships, and to estimate gene flow among populations, 
which can provide a quantitative means of evaluating connectivity within an MPA network or 
network design (D'Aloia et al. 2017b; D'Aloia and Neubert 2018). Current high-throughput 
sequencing methods, including restriction site-associated DNA sequencing (RAD-Seq) and 
whole genome sequencing, have made this information more accessible than ever. Despite 
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relatively high up-front costs, researchers now have access to thousands or millions of genetic 
markers (single nucleotide polymorphisms or SNPs) to assess genetic diversity and provide 
unprecedented information on demographic and evolutionary processes (Selkoe and Toonen 
2011; Fuentes‐Pardo and Ruzzante 2017; Jeffery et al. 2017; Van Wyngaarden et al. 2017b).  
Many marine plants and animals have larvae that may disperse hundreds of kilometers over 
days or weeks, while their adult stages are sessile or less motile. This high dispersal potential 
coupled with (assumed) large effective population sizes historically led to the belief that 
geographically distinct populations would be panmictic, exhibiting weak population structure and 
high connectivity across vast distances (Gagnaire et al. 2015). It is becoming the norm that 
when using high-throughput sequencing, complex demographic histories are revealed and local 
adaptation to fine-scale environmental differences (e.g., surface and bottom temperatures, 
salinity, substrate) are being discovered (e.g., Saenz-Agudelo et al. 2015; Van Wyngaarden et 
al. 2017a; Stanley et al. 2018). In the Northwest Atlantic, genomics have been explored for a 
growing number of fishes and invertebrates, including Atlantic Cod (Bradbury et al. 2014; Kess 
et al. 2019), Atlantic Herring (Kerr et al. 2019), Atlantic Salmon (Sylvester et al. 2018; Lehnert et 
al. 2019), and Sea Scallop (Van Wyngaarden et al. 2017a), yet a greater variety of species with 
varying life histories warrant investigation to provide data for MPA network design and 
evaluation.  
An advantage to large SNP panels aside from increased statistical power is that while most 
SNPs (≥90%) will be effectively neutrally evolving (similar to microsatellites), a minority may be 
‘adaptive’ or ‘outliers’ because they reside within a gene region that in turn leads to local 
adaptation despite high levels of gene flow among populations. Although neutral markers evolve 
under genetic drift, outlier SNPs may evolve under selective pressures that can combat the 
effects of strong, homogenizing gene flow. Both types of markers can be useful in conservation 
area network design and monitoring (Xuereb et al. 2019). Adaptive markers may reveal 
genetically unique populations that warrant protection, either because they are rare or contribute 
heavily to overall genetic diversity and adaptive potential of the species, while neutral markers 
can provide information on connectivity among conservation areas (Xuereb et al. 2019).  
Estimating dispersal using neutral genetic markers can broadly be categorized into indirect 
proxy methods, such as calculating the isolation-by-distance relationship (IBD) or FST (fixation 
index) among populations, or direct methods such as parentage assignment and clustering 
methods to understand limits to dispersal or self-recruitment (Gagnaire et al. 2015). Under the 
IBD model, populations become more genetically divergent the farther apart (geographically) 
they are, so the assumption is made that dispersal becomes weaker with increased geographic 
distance. By analyzing the slope of the IBD relationship, it is possible to generate dispersal 
kernels for the species of interest in order to estimate the spatial scales of genetic connectivity, 
which in turn can inform the spatial scale of monitoring.  
Direct methods make fewer assumptions on demographic parameters than indirect models, but 
require far more data to provide realistic estimates of dispersal. For example, parentage 
analysis requires genetic sampling of both parents and potentially thousands of offspring, which 
can realistically only take place over a small spatial scale (D'Aloia et al. 2013; D'Aloia et al. 
2018). D’Aloia et al. (2015) estimated a dispersal kernel of 1.7 km for a tropical reef fish based 
on parentage analysis and concluded that in order for a network of marine reserves to be 
effective at protecting fish communities, reserves must be <10 km apart to protect short-
distance dispersers. More importantly, these methods may only yield quantifications of 
movement, rather than gene flow, as migrants may not successfully reproduce following 
dispersal (Gagnaire et al. 2015). For both indirect and direct estimates of gene flow, continuous 
sampling of individuals along the geographic range of interest is preferred over discrete 
sampling of individuals.  
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Population genetics has a wide variety of applications in network monitoring. These applications 
include monitoring genetic connectivity, detecting new migrants, and examining recruitment 
through parentage and sibship analyses. Once baseline genetics work has been completed, 
smaller, more cost-effective subsets of informative SNPs can be developed from the larger 
panels derived from RAD-Seq or genome sequencing. These smaller SNP panels, ranked 
usually by their ability to distinguish between genetically or geographically distinct populations 
(i.e., by FST or allele frequency differences), can provide the same information as a larger SNP 
panel if designed appropriately (Wringe et al. 2018). This is especially useful if a marine 
conservation area contains mixed stocks of a species, as these diagnostic SNPs can then 
determine regions of origin across regular time intervals (e.g., Jeffery et al. 2018; Sinclair-
Waters et al. 2018). SNPs or new methods used to sequence hundreds of microsatellites 
through direct sequencing (e.g., Bradbury et al. 2018) can be used to monitor self-recruitment 
within MPAs and reveal spillover beyond reserve boundaries (Pelc et al. 2010). Traditional 
microsatellites have successfully been used in combination with biophysical modeling to study 
recruitment of Australasian Snapper (Chrysophrys auratus) in a small (5.2 km2), coastal MPA in 
New Zealand. Le Port et al. (2017) revealed that adult snapper within the MPA contributed 
10.6% of juveniles to a surrounding area of 400 km2, suggesting this small reserve makes a 
disproportionate contribution to larvae in the broader area. Baetscher et al. (2019) genotyped 
nearly 15,000 individual rockfish (Sebastes spp.) in temperate California at 96 genetic markers 
and were able to identify parents and full-sibling individuals within and outside of a network of 
marine reserves, providing evidence of both self-recruitment within a marine reserve, and 
spillover into non-protected areas, providing subsidies for fished populations. These genetic 
markers generated via high-throughput sequencing and powerful bioinformatics analyses can 
be used to monitor connectivity in MPA networks through detecting migration, genetic stock 
identification, and parentage analyses over broad geographic and temporal scales.  

4.2.1.2 Visual identification 
Tracking the movements and distribution of individual marine animals is a challenging task; 
however, visual identification methods such as photo-identification techniques have proven to 
be a useful tool for estimating the abundance, distribution, population structure, and movement 
for well-studied populations of marine mammals (Hammond et al. 1990), sea turtles (Gatto et al. 
2018), whale sharks (McCoy et al. 2018), and seabirds. Repeated documentation of animals 
with uniquely identifiable features (e.g., pigmentation patterns, natural scars) or passive tags 
(e.g., banding, branding, PIT tags) can be used in a similar way to tracking data from telemetry 
units (e.g., Section 4.2.1.3).  
Visual identification programs have been used to estimate abundance, distribution, population 
structure, and movement for relatively well-studied populations of cetaceans (e.g., George et al. 
2004; Wimmer and Whitehead 2004). Known behaviour(s) and individually identifiable markers 
can be used to track an individual through space and time (Hammond et al. 1990; Urian et al. 
2015) and, in combination with digital photography and image analysis, an individual can be 
identified with a high degree of certainty. Photo-identification can provide an assessment of 
connectivity and spatial-temporal use of habitat, which is valuable information for monitoring 
MPAs (Hastie et al. 2003; Gormley et al. 2012). For example, mark-recapture analyses using 
photo identification in the Gully MPA have been used to monitor the abundance and movement 
patterns (among the MPA and adjacent canyons) of the endangered Northern Bottlenose Whale 
(Hyperoodon ampullatus) (Wimmer and Whitehead 2004; O'Brien and Whitehead 2013). 
Surveys that collect sightings data offer an advantage to telemetry methods that require 
relatively closer vessel approaches to deploy tags and often direct handling (Section 4.2.1.3); 
however, potential disturbance to animals related to vessel proximity, duration, and frequency of 
time spent in the vicinity of animals requires consideration. The relatively non-invasive nature of 
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photo-identification surveys may make them a preferred method for tracking the presence, 
abundance, and movement of marine Species at Risk that spend some time at the surface.  
MPA Network monitoring programs could offer a compelling application for the development of 
connectivity indicators using photo-identification methods for applicable conservation objectives 
(e.g., marine mammals). The long-term nature of MPA monitoring provides an opportunity to 
develop standardized, dedicated, and longitudinal survey designs that are required to maximize 
the benefits of photo-identification (e.g., O'Brien and Whitehead 2013; Cheney et al. 2014) and 
constrain observer error that can arise when observations are integrated across programs and 
platforms (Urian et al. 2015). The deployment of survey vessels as part of sustained, long-term 
MPA network monitoring increases the feasibility of implementing visual identification programs; 
however, directed survey designs will still be required (e.g., long-term monitoring of Northern 
Bottlenose Whale populations in the Gully MPA - Whitehead et al. 1997; O'Brien and Whitehead 
2013). Information detailing space use can help to evaluate the spatial overlap between 
protection (e.g., locations of MPAs or zoning within) and the movement/presence of focal 
species or populations (e.g., O'Brien and Whitehead 2013). This may be particularly relevant for 
species that respond strongly to prey and environmental conditions (e.g., North Atlantic Right 
Whale populations in the Northwest Atlantic - Simard et al. 2019; Sorochan et al. 2019), where 
the importance of individual habitat may shift over time. Both visual observations and animal 
telemetry (4.2.1.3) provide information on individual movement that indirect methods (e.g., 
genetics or biophysical models – Sections 4.2.1.1 and 4.2.2.1, respectively) cannot provide.          

4.2.1.3 Animal telemetry 
Animal telemetry tools developed for tracking aquatic animal movement can be used to better 
understand biodiversity dynamics and space use across spatiotemporal scales, and they can 
help evaluate the design and efficacy of protected areas by providing temporal and spatial 
information on animal abundance, distribution, and movement of individuals. Information on 
animal presence/absence and movement data collected using tagging methods can help 
elucidate patterns in residence, migration scales, and associations with foraging habitat and 
niches described by concurrently collected environmental covariate data (e.g., temperature and 
salinity). Methods of modelling animal movement are evolving towards the inclusion of 
environmental variables that will lead to a better understanding of spatiotemporal patterns of 
habitat use by populations of species, not just individuals.  
In addition to visual observations and mark-recapture methods to assess animal abundance and 
distribution (see Section 4.2.1.2), animal telemetry can be used to estimate dispersal and 
migration patterns of invertebrates, fishes, birds, and marine mammals; mortality rates and 
abundance of resident individuals and seasonal patterns of residence; changes in distribution in 
response to changes in habitat (related to recovery, natural environmental variability, and 
climate change); and connectivity among protected areas within a network and among networks 
for wide-ranging species. Radio-telemetry, acoustic telemetry, bio-logging (archival) tags, 
ARGOS satellite-linked location tags, pop-up archival satellite transmission tags, and GPS 
location tags can be used to collect animal location and additional sensor data. VHF radio tags 
and acoustic tags are limited by the number and distribution of receivers and time spent actively 
tracking; however, fine-scale positioning can be supplemented with the use of autonomous 
mobile acoustic surveys and harvester returns of commercial species (e.g., Cote et al. 2018), as 
well as by leveraging existing infrastructure such as the Ocean Tracking Network (Iverson et al. 
2019). Bio-logging tags can store data from multiple sensors (e.g., depth, temperature, salinity, 
and light level) and provide location estimates based on light level; however, these location 
estimates are less precise compared to locations from satellite and GPS tags. All electronic 
tracking tags have some level of uncertainty associated with location estimates, which vary with 
ambient conditions, animal behavior, study area, duty-cycling and length of deployment. 



 

17 

Satellite, pop-up, and GPS tags are larger and are primarily used to track movements of large 
pelagic fishes, marine birds, marine mammals, and sea turtles. Data from these tagging 
methods can be used to characterize uncertainty in the location estimates, which in turn can be 
incorporated into models used to analyze movement.  
In addition to location error, effects of tagging, tagging bias related to deployment location, and 
sufficient sample sizes are considerations when developing hypothesis-driven tagging studies, 
particularly given the large variation in movement behavior among individuals. The costs of, and 
logistics required for, deploying tags and limitations of battery life are challenges for the 
feasibility of long-term tracking studies of species within protected areas. Despite these 
challenges, data from studies that overlap with existing and future protected areas are sources 
of baseline data that can help design future research and monitoring plans for MPAs and MPA 
networks. Increased acoustic tagging efforts in the vicinity of the St. Anns Bank MPA have been 
supported by the fishing industry, Ocean Tracking Network, and Emera, providing valuable data 
on the movement of Snow Crab (Choi et al. 2018). Deployment of receivers within St. Anns 
Bank MPA and tagging of other species of interest (e.g., Atlantic Cod, Atlantic Striped Wolffish, 
and Shorthorn Sculpin) within the MPA by DFO with support from the fishing industry have 
supplemented and leveraged the infrastructure of this multi-partner Snow Crab acoustic tracking 
project (Choi et al. 2018). These data can be used to estimate spatial-temporal use of the MPA 
by Snow Crab and other tagged species.  
Connectivity research that utilizes electronic tagging methods should be management-driven to 
prioritize resources and maximize the potential impact that results from such studies could have 
on the way MPAs and networks are planned and monitored. Baseline information on the 
presence of species within and adjacent to existing and proposed MPAs in the five priority 
bioregions has been considered during the design phase, but connectivity among protected 
areas has not been assessed using sightings or tracking data. Data from satellite tags on 
marine mammals and sea turtles, and satellite and acoustic tags on large pelagic species, 
provide baseline information and can be utilized for monitoring the relative abundance and 
movement of individuals through MPAs and networks. Such data are included as data sources 
for monitoring Beluga in the Tarium Niryutait MPA, Arctic Region (DFO 2013c) and Leatherback 
Turtles and sharks in the Laurentian Channel MPA, Newfoundland Region (DFO 2015b). In 
Gilbert Bay MPA, Newfoundland Region, acoustic tags are an important source of fishery-
independent information for the MPA that was established in 2005 with the conservation 
objective of protecting and conserving a unique population of Atlantic Cod and its habitat. 
Movement data from these tags help to identify stock mixing, mortality, and migration of both 
Gilbert Bay and Northern cod throughout the year (DFO 2017c). This acoustic tagging 
information was also used to relate declining abundance of Gilbert Bay cod to presumptive 
fishing mortality outside the MPA boundaries. This information suggested that the boundary 
modifications, or changes to adjacent fishing activities, were required to facilitate the primary 
conservation objective of MPA to protect Gilbert Bay cod (Morris and Green 2014).  
Tracking the movement and habitat use of individuals and populations using visual identification 
and animal telemetry may become increasingly relevant with climate change (see Section 5), 
helping to inform the application of dynamic conservation measures that track changing 
environmental conditions (Tittensor et al. 2019). 

4.2.1.4 Geochemical Methods 
Environmental heterogeneity in marine systems is ubiquitous and influences organisms at 
various spatial, temporal, and physiological levels. This variation and physiological response 
can be used to identify organisms through time and space, when chronicled through a biological 
record or ‘tag’ reflecting ambient environmental conditions. Because these geochemical 
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signatures develop in-situ, without the need for artificial intervention, they are increasingly being 
employed as a strategic tool for marine research.  
Geochemical composition of the calcified structures of marine organisms is a commonly applied 
natural tag that can provide information on connectivity and animal movement that is otherwise 
difficult to obtain from direct tagging methods. This approach requires that spatial variability in 
ambient conditions will generate distinct signatures that are recorded in calcified structures such 
as otoliths, statoliths, or shells. When accumulated through an organism’s life history, these tags 
provide an indelible chronology of ambient conditions accumulated from daily to annual 
increments as the organism grows (Campana 1999). These signatures can be used to 
reconstruct experienced environmental conditions when compositional elements are highly 
correlated with specific conditions (Stanley et al. 2015a). For example, elemental strontium 
(e.g., Bath et al. 2000) and oxygen (e.g., Hoie et al. 2004) have been used as indicators of 
transitions along salinity and temperature gradients, respectively, for a variety of organisms. 
This approach can also be used to track the dispersal of larvae (larval shell elemental 
composition; DiBacco and Levin 2000), the natal origins of individuals settling into juvenile 
habitat (e.g., juvenile otolith microchemistry; Stanley et al. 2016), track the migration and 
movement of later life histories (e.g., retrospective otolith chemistry; D’Avignon and Rose 2013), 
or to examine natal homing of spawning adults who have migrated away from the juvenile 
habitat (Thorrold et al. 2001), and thus can provide a powerful tool to evaluate connectivity in 
marine systems (Gillanders 2005).  
Various applications of geochemical analyses have been conducted in Canada to elucidate 
patterns of connectivity. For example, the geochemical composition of Atlantic Cod otoliths has 
been demonstrated to have a strong response to both temperature and salinity (Stanley et al. 
2015a), which vary at local (10s to 100s km; Stanley et al. 2016) and regional (100s to 
1000s km; D’Avignon and Rose 2013) spatial scales. This variation has been used to 
differentiate between inshore and offshore populations of Atlantic Cod (Neville et al. 2018) and 
to differentiate putative spawning groups (D’Avignon and Rose 2013) in the Northwest Atlantic 
when sampled as a mixed ‘stock’. Similar elemental fingerprinting studies on Pacific Halibut 
(Gao and Beamish 2003) and Sockeye Salmon (Gao and Beamish 1999) provided information 
on their spatial distribution and migration patterns. Linking spatially discrete life-history phases 
could provide valuable information for evaluating and monitoring source-sink patterns across the 
planning landscape.  
When information on the species’ specific physiological response to temperature and salinity is 
known, and the scale of spatial variation in ambient conditions matches the scale of interest for 
connectivity information (i.e., size and spacing of network components), geochemical analysis 
can provide a useful tool for understanding spatial biocomplexity (Stanley et al. 2016). In 
particular, geochemical signatures may provide a strong alternative to artificial tagging when 
physically tagging and recapturing is impractical. Often fine-scale variation in marine 
ecosystems is more limited than in freshwater and estuarine systems where ambient conditions 
are influenced by confined terrestrial inputs. 
Tissue-based stable isotope analysis has been used to evaluate marine food webs, owing to 
predictable variation associated with primary production types (e.g., phytoplankton to 
seagrasses). Like geochemical analyses of otoliths, spatial variation in food web isotopic 
signatures, recorded in the tissue of consumers, can provide signatures of spatial-use and 
movement. This information can reveal patterns of connectivity across both small and broad 
spatial scales in the marine environment. For example, latitudinal gradients in the fractionation 
of isotopes of carbon during photosynthesis have been used to evaluate broad latitudinal origin 
of mobile marine consumers including sharks (Bird et al. 2018) and whales (Silva et al. 2019). 
Small-scale spatial variation in diet composition between salt marshes within an estuary were 
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used to demonstrate strong site-fidelity of salt marsh fish species (Green et al. 2012). Using 
stable isotopes of sulfur, Hesslein et al. (1991) demonstrated migratory behavior of whitefish 
populations in the Mackenzie River Basin based on tissue growth associated with a non-local 
dietary composition. 
The application of stable isotopes to elucidate patterns of species movement and habitat is 
predicated on whether the stable isotope composition of the organism reflects the prey base 
that varies spatially, and whether the isotopic composition of prey can be linked to any 
predictable spatial, oceanographic, or biogeochemical gradients, thus producing unique 
geographically distributed ‘iso-scapes’. Baseline studies evaluating these iso-scapes, in addition 
to information on tissue- and species-specific turnover rates (relationship between elemental 
ratios, diet and time), are crucial for the application of this approach.   
For MPA network monitoring, the most pragmatic application of otolith geochemical analyses 
would be to provide baseline information regarding ontogenetic movement of organisms through 
a conserved seascape, particularly where there is spatial movement amongst life phases (e.g., 
Beacham et al. 2000; Bradbury et al. 2008; Bradbury et al. 2011; Stanley et al. 2016). For the 
most part, stable isotope analyses may be most applicable to evaluate larger-scale processes, 
documenting transition between distinct habitat types and associated prey fields (iso-scapes), 
and to generally characterize broad-scale migratory behaviours. These tools could help to 
identify interacting components, thus help to articulate the success or failure of individual sites 
and the network as a whole. In this sense, this approach can help to identify efficacy of the 
existing network and help to identify (spatial) modifications to the network to ensure protection 
extends across life histories. 
Successfully implementing geochemical tagging approaches to measure connectivity requires 
considerable baseline research and, most often, the results are coarse in nature except in 
exceptional circumstances when discrete spatial variation in ambient conditions are known and 
environmental variation (i.e., temperature and salinity effects, prey fields) are controlled through 
space (Stanley et al. 2016). Existing sampling programs for otolith (i.e., groundfish otolith for 
size-at-age sampling collected during multispecies research surveys) could provide a valuable 
data source and historical baseline for network monitoring. Existing laboratory capacity and 
protocols such as the Otolith Research Lab8 could be expanded or resourced to incorporate 
MPA monitoring and connectivity-related research. Stable isotope analysis is a well-established 
field of research. Tissue sampling targeted to specific species (e.g., migratory pelagics) could 
be used to investigate connectivity using stable isotopes but may be limited by the frequency of 
sampling (most research vessel surveys are limited seasonally) and the associated tissue- and 
species-specific turnover rates. Integration of geochemical tagging with existing and expanding 
genetic programs (see Section 3.2.1.1) could be used to add additional precision when genetic 
and geochemical data are collected contemporaneously. This approach has been used 
previously for mixed stock analysis (Smith and Campana 2010) and fine-scale population 
assignment (Barnett-Johnson et al. 2010).  

4.2.2 Indirect Methods 
4.2.2.1 Biophysical Modeling 

Since the dispersal of many marine species is accomplished during a planktonic (i.e., drifting in 
ocean currents) phase, ocean circulation typically has a large influence on the connectivity of 
their populations (Pineda et al. 2007; Cowen and Sponaugle 2009). The life cycle of species for 

                                                
8 Otolith Research Lab  

http://www.dfo-mpo.gc.ca/science/aah-saa/otoliths/index-eng.html
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which this is relevant is typified by an adult phase that is either immobile (e.g., barnacles) or has 
limited mobility (e.g., snails) and a planktonic phase that drifts in ocean currents. Physical 
models of ocean circulation can be used to estimate the trajectories of thousands to billions of 
‘particles’ representing the dispersal phase (i.e., larvae). However, physical models without 
added biological components will only predict the dispersal of passive particles (e.g., pollutants) 
and thus for many species have limited precision (Metaxas and Saunders 2009). Of course, 
these physical models are useful for other purposes (e.g., contaminant tracking, biogeochemical 
cycling), and the biophysical modelling of larval dispersal is but one of many value-added 
products. 
These modelled passive particles trajectories would offer a reasonable approximation of larval 
dispersal if larvae were primarily passive (i.e., limited directed behaviour). However, larvae are 
known to swim, or otherwise behaviourally alter their vertical distribution, in response to a 
number of stimuli (Cronin and Forward 1979; Daigle and Metaxas 2011; Lloyd et al. 2012; 
Stanley et al. 2013). Larval behaviours that affect vertical distribution can influence the 
horizontal distributions and resultant dispersal patterns because, in many cases, current varies 
with depth and circulation (e.g., vertical shear). Translating these behaviours into particle 
tracking models can thus create a dispersal track that better approximates larval dispersal. 
Similarly, many larvae will perish in the planktonic phase, but this mortality term is rarely known. 
Planktonic larval duration, the length of time between larval release and settlement, is correlated 
with dispersal distance, but other biological components mentioned above interact to generate 
many exceptions (Shanks 2009). As with most models, the validity of biophysical models of 
larval dispersal will depend on their ability to resolve both the physical (e.g., coastlines, 
currents) and biological (e.g., behaviour, growth, and mortality) (Metaxas and Saunders 2009) 
processes. 
Since larval behaviour, planktonic larval duration, and mortality are species-specific traits, the 
number of possible biophysical models could be considered infinite. It is feasible to focus on a 
manageable set of key species (Magris et al. 2016) or functional traits (Daigle et al. 2016). 
However, since dispersal is often most influenced by physical processes (Daigle et al. 2016), 
using primarily physical-driven passive particle tracking with no behaviour or mortality may be a 
useful means of quantifying connectivity at the multi-species or MPA network scale.  
In terms of MPA network monitoring, biophysical modelling is particularly useful for 
experimentation, prediction, or environmental assessments. The physical ocean circulation 
models used as the basis for particle tracking can simulate various climate change scenarios, or 
other anthropogenic scenarios (e.g., building a new causeway or port). Assessing connectivity 
between network components using this modelling framework can be used for the initial design 
(e.g., Magris et al. 2016), but it can also periodically be repeated to evaluate whether changing 
environmental conditions that in turn influence dispersal (e.g., circulation and temperature 
variation) have influenced connectivity at the network scale. When coupled with climate and 
biological models (e.g., temperature-dependent mortality and/or growth), these dispersal-
simulating models can provide powerful inference for how connectivity might change and how to 
account and monitor for that change going forward. Importantly, in lieu of comprehensive 
empirical measures of connectivity (e.g., seascape genetics and tagging programs), these 
models can provide a cost-efficient and powerful tool to understand and monitor connectivity 
within the planning region. However, wherever possible, biophysical models should be 
accompanied by empirical validation. Comparisons of connectivity using biophysical models and 
population genetics (estimated relatedness) is a common approach to ‘validate’ biophysical 
models. In cases where biological parameters (e.g., timing, behaviour, duration) are well 
resolved, biophysical models generally show agreement with genetic estimates of relatedness. 
For example, biophysical models developed for sea cucumbers on the Pacific coast (Xuereb et 
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al. 2018) and American Lobster in the Atlantic (Benestan et al. 2016) have shown strong 
agreement with analyses of genetic similarity. Even at large spatial scales (e.g., Truelove et al. 
2017), well parameterized biophysical models have provided useful inference for dispersal and 
connectivity. 

4.2.2.2  Landscape Ecology 
The relationship between species (demographics and diversity) and area is well established in 
ecological theory, whereby a larger area generally leads to more individuals, resources, and 
variation, which in turn leads to more opportunities for niche specialization (MacArthur and 
Wilson 2001). It is through this specialization that life-history stages, species, and populations 
occupy habitat through space and time. During movement and dispersal, marine organisms 
utilize resources and thus the association of species to their habitat is inextricably linked to 
connectivity (Crooks and Sanjayan 2006; Hodgson et al. 2009).  
Facilitation of connectivity via the conservation of habitat (aptly referred to as ‘conservation 
connectivity’) is a core component of traditional conservation planning. In terrestrial settings, 
conservation connectivity is generally based on the conservation of habitat patches and the 
corridors of habitat that link them (Doerr et al. 2011; Dickson et al. 2019). This process is 
encapsulated in a variety of nomenclature including ‘Habitat’, ‘Landscape’, and ‘Structural 
connectivity’, all of which refer to the physical attributes of the land- or sea-scape over which an 
individual disperses, and thus is an intrinsic component of the habitat preferences of the life-
history stage, species, or population. Structural connectivity is thus distinct from ‘Functional 
connectivity’, which describes the degree to which movement of energy (i.e., food resources), 
individuals (immigration/emigration), or genetic materials (gene flow) actually occurs across the 
physical landscape. In this working paper, we have discussed several methods of assessing 
functional connectivity including artificial and natural tagging (e.g., visual observation or 
geochemical approaches), and population genetics, in addition to a biophysical modelling 
approach that attempts to simulate functional connectivity using various biophysical elements of 
the focal area. Landscape connectivity is generally quantified using spatial structural elements 
that describe the spatial arrangement and quality of habitat types within a conserved seascape 
(i.e., physical connectedness, size, quality, aggregation, centrality). Because these metrics are 
habitat-focused, they are assumed to carry some multispecies inference for connectivity within 
design and monitoring (Calabrese and Fagan 2004; Doerr et al. 2011). 
Landscape connectivity theory has been somewhat entrenched in the design and monitoring of 
terrestrial systems, with the application of this theory to the marine setting generally limited to 
research focusing on elements of dispersal and functional connectivity. Applications of 
landscape-based connectivity for design and monitoring of MPAs has some history at fine 
spatial scales within highly structured ecosystems (Dorenbosch et al. 2007). For example, the 
response of fish populations has been shown to strongly respond to structure (i.e., size and 
spacing) and connectedness (related to suitability of between-patch areas to facilitate dispersal) 
of habitat patches such as coral reefs (Olds et al. 2012), mangroves (Pittman et al. 2007), and 
seagrasses (Nagelkerken et al. 2008; Staveley et al. 2017). The configuration of habitat patches 
has also been demonstrated to have a strong influence on the behavior and survival of juvenile 
Atlantic Cod in Newfoundland, whereby the between-patch habitat had a strongly regulated 
connectivity (Ryan et al. 2012). 
Application of landscape-based metrics of connectivity at scales amenable to networks (100s-
1000s km) are a core component for design and monitoring in terrestrial analogues but are 
uncommon in marine systems (e.g., Riggio and Caro 2017). This disconnect might relate to the 
three dimensional aspect of marine habitat, whereby habitat conditions can change between 
pelagic and benthic systems and across depth gradients; thus, the movement, rather than the 
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structural elements of movement (i.e., conditions of movement habitat), have been the focus. 
Where landscape-based connective measurements have been made, they generally focus on 
spatial configuration metrics (i.e., betweenness centrality; Magris et al. 2016; Daigle et al. 2018; 
Friesen et al. 2019) or resistance. In resistance-based studies, connectedness between MPA 
network components is assessed as a cumulative score of the dispersal path, where, for 
example, the resistance is the inverse of habitat suitability (Dickson et al. 2019). As opposed to 
simple Euclidean geographic distance among sites, habitat resistances may provide a more 
realistic approach to modeling connectivity by revealing lower resistance among patches 
through suitable habitat corridors. 
With a variety of tools (e.g., predictive models) and data (e.g., predictive seascape features) 
available to assess the distribution and habitat suitability of marine species (e.g., Kenchington et 
al. 2019), the application of landscape connectivity as a design and monitoring feature should 
be possible. However resistance-based approaches have rarely been implemented in the 
marine realm, potentially because for many species, the primary mode of dispersal occurs 
during the pelagic larval stages, which is more difficult to accurately model structural resistance. 
Connectivity during this life-history stage is regulated by a variety of biological and physical 
elements that vary in time, space, and even depth (Metaxas and Saunders 2009; Daigle et al. 
2015). For marine meroplankton (benthic species with pelagic larval dispersive stages), 
integration of ocean currents with adult habitat suitability remains the only feasible way to study 
resistance models among conservation areas. Correspondingly, some studies have revealed 
that population structure in the marine environment correlates more strongly with ocean currents 
than geographic distance (Dambach et al. 2016; Xuereb et al. 2018), suggesting that isolation 
by distance relationships alone might be unsuitable in a complex fluid environment.  
When applying connectivity to the design and monitoring of MPA networks, structural 
connectivity offers some advantages. Functional connectivity is challenged by the uncertainty 
implicit in its calculation (e.g., biological attributes of dispersal - Section 4.2.2.1), particularly 
because it integrates movement potential with the dynamics of each life history, species and 
population (Doerr et al. 2011). Despite substantial support in the literature that connectivity is a 
central component to conservation planning to safeguard productivity and resilience of a 
network of protected areas, there remains sparingly few tangible examples of its application in 
the design, and ultimately monitoring, of MPA networks (Balbar and Metaxas 2019). This might, 
in part, link to the fact that SCP considers optimization of conservation features in a spatial 
context, thus abstracting direct measures of functional connectivity, generally, from traditional 
conservation planning (but see Section 3.2.3 and Daigle et al. 2018) - connectivity and 
representativity have different units. Measuring structural connectivity with existing or proposed 
network configurations offers a mechanism to measure connectivity in space (i.e., resistance-
based approaches described previously), thus fitting it into the traditional conservation spatial 
optimization paradigms (e.g., Marxan). In a monitoring context, a reduction in structural 
connectivity (e.g., through loss of linking suitable habitat) among protected areas would indicate 
that biological connections between areas, and thus the viability and resilience of the network as 
a whole, may have been reduced. When represented spatially, structural connectivity could 
provide managers with information on areas to prioritize for network development and to 
evaluate how connectivity may respond, or may be responding, to changing environmental 
conditions associated with climate change (Section 5.2, Stanley et al. 2018).   
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An ongoing study by Wilcox et al. (in prep.9) aims to simulate landscape connectivity using 
circuit theory (Shah and McRae 2008) and resistance based on gene flow, habitat suitability 
(adults), and circulation (larvae) (e.g., Figure 4). These maps will show hotspots for dispersal 
and connectivity that are based on ocean currents and suitable adult habitat (inverse used as a 
resistance), as well as any geographic barriers to gene flow. Information generated by this 
approach can provide a spatial connectivity baseline that can be used to evaluate design and 
also monitor change when periodically reassessed. 

 
Figure 4. Resistance seascape for Atlantic Scallop based on adult habitat suitability. Bright yellow and 
green regions show potential corridors of low habitat resistance. These regions, especially if congruent 
across a wider variety of species, can highlight representative regions of potentially high connectivity that 
can be used in MPA network design and ongoing monitoring.  

For some, the uncertainty with measuring functional connectivity abstracts it from being a 
tangible or practical guidepost for conservation and monitoring (e.g., Hodgson et al. 2009; 
Costello and Connor 2019), advocating instead that the maintenance of habitat representation 
and increased spatial extent of protected areas should be the primary focus. Cabral et al. 
(2016), for example, found habitat quality and coverage to be more useful criteria for network 

                                                
9 Wilcox, M., Stanley, R.R.E., Jeffery, N.W., DiBacco, C., Beiko, R., and Bradbury, I.R. In prep. 
Development of spatial connectivity network models in support of spatial conservation planning. 
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design than siting MPAs based on sources, sinks, or other centrality measures. This view 
assumes that connectivity conservation simply can be achieved by expanding habitat (Hodgson 
et al. 2009) via protected area coverage or habitat improvements. However, this ignores that the 
primary focus of conservation of connectivity in a planning landscape is to ensure the viability of 
protected metapopulation(s) across a variety of spatial scales (Worboys 2010). This objective 
requires that the network of protected areas both maintains and improves connections across 
habitats (Doerr et al. 2011), thus evaluation of structural or landscape connectivity should be an 
element of MPA monitoring and overall connectivity conservation (Pittman et al. 2007). 
Protection of habitat areas and quality alone cannot ensure metapopulation persistence.  
The most pragmatic metric that could be derived from landscape-based connectivity for MPA 
network planning would be a summed resistance (e.g., Wilcox et al. in prep.9) among MPA 
components and conservation objectives (where appropriate). In this case, deviations from the 
baseline can indicate improved or decreased connectivity within the network. Resistance would 
be across the planning landscape and thus would imbibe spatial features both within and 
outside the protected network. Changes to the network configuration could be used to identify 
how connectivity could be improved by adding or moving network components (sensu D'Aloia et 
al. 2019; Tittensor et al. 2019). This approach could also be used to identify habitat types with a 
high ‘connective value’ that may necessitate enhanced protection (e.g., new or shifted network 
components). With climate change expected to have profound influences on the natural, and 
specifically marine, environment (IPCC 2007), monitoring changes in landscape connectivity 
across the protected network may be vital to integrate changes in the distribution of habitats, 
species, and conservation priorities within a regional planning area. 

4.2.3 Connectivity and Spatial Optimization 
Connectivity has mostly been considered an afterthought in MPA network planning (Table 1, 
Balbar and Metaxas 2019) despite being considered vital for species’ persistence and 
population viability. Additionally, climate change and species range shifts will undoubtedly alter 
connectivity in the ecosystems (Mumby et al. 2011), which may undermine the network-level 
benefits (e.g., population resilience, rescue effects; Section 5.2). In monitoring MPA networks, 
connectivity is key to understanding network level interactive effects (i.e., Onetwork interaction > 0, see 
equation 1). 
In regions where spatial optimization using Marxan was used, the most common method of 
including ‘connectivity’ in the design phase was the use of the Boundary Length Modifier (BLM) 
in conjunction with spatial dependencies (i.e., boundary definitions) that represent the shared 
boundary length among neighbouring planning units. The BLM is a scaling parameter in Marxan 
that modifies the ‘clumping’ of the selected planning units (Ardron et al. 2010). Increasing the 
BLM effectively reduces the edge-to-area ratio of the selected areas. Reducing this ratio is 
known to be associated with increasing population viability in protected areas (Woodroffe and 
Ginsberg 1998). If connectivity patterns are known, it is possible to use connectivity strength as 
the spatial dependency since connectivity is, by definition, a better indicator of movement than 
boundary length (e.g., Beger et al. 2010). In these cases, the scaling parameter is known as the 
Connectivity Strength Modifier (CSM), and increasing the CSM will create a more well-
connected network and reduce the amount of emigration (i.e., spillover). This exercise can be 
done manually using Marxan or facilitated directly using Marxan Connect (Daigle et al. 2018). 
Of course, reducing spillover is not the only goal to consider for connectivity and may not always 
be desirable. Connectivity can also be integrated into the Marxan process via conservation 
features (White et al. 2014; D'Aloia et al. 2017a; Krueck et al. 2017; Daigle et al. 2018). These 
connectivity-based conservation features are often based on graph theory and can be used to 
accomplish a wide variety of goals. Some of these conservation features are system specific, for 
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example Krueck et al. (2017) use larval dispersal properties to identify priority areas that will 
promote both conservation and fisheries. Other conservation features are applicable to most 
systems such as ‘in-degree’, which indicates the number of connections coming into each 
planning unit. Areas with high in-degree are generally found to have higher genetic diversity, 
species diversity, and population resilience (Hanski 1982; Almany et al. 2009; Munguía-Vega et 
al. 2015). Alternatively, using PageRank, a graph theory metric that corresponds to the 
importance of a planning unit to the network, was associated with the highest mean 
metapopulation lifetime (Kininmonth et al. 2019)10.  
This variety of approaches and corresponding objectives highlights the necessity of conducting 
post-hoc evaluations of effectiveness for all relevant methods. Such an evaluation can take the 
form of population viability models or metapopulation metrics (Daigle et al. 2017; Kininmonth et 
al. 2019). In the absence of species-specific growth rates, fecundity, and other life-history 
parameters, it is also possible to set thresholds for connectivity-related indicators (e.g., ProtCon; 
Saura et al. 2017). It is important that evaluation methods are chosen to reflect the objectives of 
the network. Software like Marxan Connect could be used to evaluate network performance by 
incorporating new or revised connectivity information, in addition to other baseline data (i.e., 
information on species distribution), to evaluate network configuration(s) against an (revised) 
optimized baseline. These evaluations should be assessed iteratively to assure that the MPA 
network remains adequately connected. 

4.2.4 Rules of Thumb 
Connectivity has become a major research theme in marine conservation planning (e.g., 
Botsford et al. 2009; Balbar and Metaxas 2019). Although the inventory of tools available to 
evaluate connectivity is diverse and growing (reviewed above), significant investments of time, 
effort, and resources would be still be required to gain a comprehensive baseline of ground-
truthed, spatially and taxonomically representative, measures of connectivity within an MPA 
network. Even for mature MPA networks (e.g., UK, California, and on the Great Barrier Reef), 
research on connectivity among network components continues. In Canada, information on 
dispersal, movement, and connectivity available within the planning regions (Figure 1) is often 
focused on species of commercial, recreational, conservation, or cultural importance (Burt et al. 
2014), and is potentially limited in comparison to established planning regions (i.e., the Great 
Barrier Reef MPA Network - Balbar and Metaxas 2019). This limited range of available 
information on connectivity is in contrast to the overarching intent of the Canadian MPA network 
to safeguard a much wider array of taxa, including marine birds, marine mammals, plant and 
algal species, across three oceans. Capturing the complexity and diversity of information to 
characterize and operationalize connectivity into MPA network design and monitoring would 
encompass a monumental investment of time and resources, especially considering the 
heterogeneity in dispersal scale expected in marine species (Kinlan and Gaines 2003). Even if 
high-resolution ground-truthed information on connectivity within a planning region was 
available, the likelihood of a set of design principles serving the needs of all species and regions 
within the network is highly unlikely (Fernandes et al. 2012). Conversely, targeted networks 
developed with spatially-explicit connectivity data outperform networks developed using ‘rules of 

                                                
10 For more information on these conservation features and more see the Marxan Connect website 
Daigle, R.M., Metaxas, A., Balbar, A., McGowan, J., Treml, E.A., Kuempel, C.D., Possingham, H.P., and 
Beger, M. 2018. Operationalizing ecological connectivity in spatial conservation planning with Marxan 
Connect. bioRxiv. doi:10.1101/315424. 

http://marxanconnect.ca/index.html
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thumb’ in terms of ecological and economic outcomes for the targeted species (Rassweiler et al. 
2014; Daigle et al. 2017). 
Generalizing connectivity among functional groupings of species (e.g., coastal and offshore 
species, fish and invertebrates, spring and fall spawners, short and long pelagic larval 
durations) based on available information is a practical approach that has been applied in the 
design of MPA networks (e.g., DFO 2019). For example, meta-analyses on observed or 
predicted scales of adult movement and larval dispersal have been conducted for priority 
species within networks in the UK (Roberts et al. 2010), California (Shanks et al. 2003; 
California Department of Fish and Game (CDFG) 2008) and Canadian Pacific (Burt et al. 2014). 
These analyses provide specific connectivity design advice for the size and spacing of MPAs 
that is generalized within the planning region and among species. Though taxonomic, 
biophysical, and oceanographic attributes would vary considerably among these study regions, 
advice on size and spacing was remarkably consistent, with a target MPA size range of 10 to 
100 km2 in nearshore areas and increasing with depth, and inter-MPA distances not exceeding 
approximately 100 km. This consistency suggests that generalized connectivity benchmarks can 
be developed to evaluate network connectivity overtime. For example, ‘ProtConn’ (Saura et al. 
2017) is a metric that quantifies the percentage of a planning region covered by connected 
protected areas. This metric can be calculated for specific habitat types or generalized for all 
protected areas, and it can accommodate inputs derived from the spatial arrangement of 
protected areas combined with either rules of thumb (e.g., dispersal distances of 1, 10, 30, and 
100 km) or spatially explicit connectivity data (e.g., population genetics or animal telemetry – 
Section 4.2.1).  
Considering the general biodiversity focus of the Canadian MPA Network, ‘rules of thumb’ 
approaches offer the advantage of integrating empirical observations or predictions (e.g., 
through biophysical models) into generalized design parameters, which can be updated, 
benchmarked, and monitored through time. For example, periodic updates of the inventory of 
estimated dispersal ranges (e.g., through new empirical tagging/genetic data or by improved 
biophysical model predictions) could be used to reassess benchmark size and spacing 
guidelines and the efficacy of existing/proposed network designs. Reassessments will be 
particularly important as conservation priorities for the MPA networks evolve over time and 
biological processes respond to climate change (see Section 5). 
The successful application of ‘rules of thumb’ for the design and monitoring of MPA networks 
will require some direct or indirect measures of movement and dispersal within the planning 
region. Generalizing movement scales from different ocean systems or across latitudes may 
lead to inappropriate spatial considerations, particularly as the range of movement and, in 
particular, dispersal scale is expected to increase with latitude (Laurel and Bradbury 2006). 
Even within planning regions, spatial variation in connectivity (e.g., barriers to dispersal or 
gradients in temperature - Stanley et al. 2018) can influence the utility of generalized targets. 
These limitations serve as considerations for the development and application of ‘rules of 
thumb’ for MPA network monitoring and the need for ground-truthed assessments of 
connectivity within the planning region. When interlaced with targeted design attributes required 
for specific species, populations, or regions (see example prioritization framework - Smith and 
Metaxas 2018), ‘rules of thumb’ offer an informed approach by which to base assessment and 
monitoring at the scale of an MPA network. These generalized design principles are particularly 
relevant for the broad biodiversity focus of the Canadian MPA Network because they are not 
necessarily hindered by data limited to a subset of species, populations, or regions.  
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4.3 CONNECTIVITY SUMMARY 
A variety of approaches can be used to incorporate or evaluate connectivity within the design of 
MPA networks. The approach by which ecological connections are incorporated into network 
design will depend on the available information and resources, ranging from generally relatively 
low cost ‘rules of thumb’ to direct observations of connectivity (e.g., population genetics, tags) 
that require considerably more resources and effort to collect. Evaluation of connectivity in 
network design can be used to iteratively compare different design configurations and identify 
gaps in connectivity. As new information becomes available, connectivity evaluations can be 
revised (Figure 3). The decision about whether the appropriate level of connectivity is achieved 
within a bioregional network will ultimately depend on the conservation priorities and whether 
their persistence depends on spatial linkages within the planning region (e.g., Smith and 
Metaxas 2018). The development of connectivity baselines for bioregional MPA network 
designs should be commensurate with the tools, data, and resources available, until additional 
information is gained about feasibility and limitations of each measurement approach. 

5. MPA NETWORK MONITORING, CLIMATE CHANGE, AND ADAPTIVE 
MANAGEMENT 

Climate change and the loss of biodiversity present two significant global sustainability 
challenges (IPCC 2018). These two threats are also inextricably linked in that climate change is 
both a driver of, and a dynamic threat to, biodiversity (Pressey et al. 2007; García Molinos et al. 
2015), which can itself mediate the impact or magnitude of climate change (McLeod et al. 2009; 
Côté and Darling 2010). The influence of oceanic changes in response to climate change will 
influence ecosystems in myriad ways (Harley et al. 2006; Pörtner et al. 2014). For example, the 
spatial distribution of some species may shift in response to rising temperatures or sea levels, 
resulting in some species ranges shifting beyond the MPAs designed to protect them (Maxwell 
et al. 2013). Further, changes to trophic levels (Cheung et al. 2013) or increasing vulnerability of 
species to acidity or hypoxic events (Strong et al. 2014) may affect species interactions and 
community structure within MPAs. 
Well-designed and connected MPA networks can increase the resilience of biological systems 
under the influence of climate change (McLeod et al. 2009), and MPAs are one of the few tools 
available to address such broad-scale impacts (Gaines et al. 2010). However, MPA networks 
offer little direct resistance to climate change, except by strategic placement in areas of low 
projected change (i.e., in thermal refugia; Magris et al. 2014). Further, static protected areas 
may fall short of mitigating climate change impacts in a rapidly changing environment, and the 
need for integrating spatially dynamic threats into conservation planning is increasingly 
important (Araujo et al. 2011). There is a growing interest in dynamic area-based 
management11 as an adaptation tool in the marine environment to mitigate climate change 
impacts on biodiversity (e.g., Game et al. 2008; Lewison et al. 2015). D'Aloia et al. (2019) have 
proposed coupled networks of permanent and dynamic conservation areas to improve the 
adaptive capacity of reserve networks. In Canada, where MPA networks may use a variety of 
federal, provincial, and Indigenous spatial management tools, coupling permanent MPAs (e.g., 
Ocean Act MPAs) with more nimble and less permanent spatial tools (e.g., Fisheries Act 
closures) may provide an avenue for establishing integrated dynamic-permanent networks that 
can more readily adapt to a changing ocean. Although species’ responses to climate change 

                                                
11 Areas are temporarily protected from anthropogenic stressors, and then released from formal 
protection when no longer needed. 
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remain difficult to predict, monitoring data can be used to better understand species 
movements, particularly when paired with historical data on species distributions (e.g., Perry et 
al. 2005). Ongoing evaluation of the MPA network for the key design elements (i.e., 
representation, replication and connectivity) will provide the valuable feedback needed to 
understand the spatio-temporal changes of the conservation priorities within the network 
footprint. In the decision framework provided by D'Aloia et al. (2019), monitoring data would 
feed into adaptive management and increase the robustness of the network design. 

5.1 CLIMATE CHANGE AND REPRESENTATION AND REPLICATION 
Replication and representation are recognized in MPA networks as measures of resilience and 
adaptive capacity in the face of uncertain conditions, or human, natural and/or climactic impacts 
(DFO 2013b; Canada – British Columbia Marine Protected Area Network Strategy 2014). 
Changes in ocean conditions resulting from climate change can have significant impacts on 
species distribution, range habitat suitability, and community dynamics (Kroeker et al. 2013; 
Maxwell et al. 2013). Biodiversity redistribution in response to climate change can thus lead to a 
reduction in representation and replication of conservation priorities within the static boundaries 
of MPA networks. 
Several tools to measure and monitor representation and replication within MPA networks are 
available (reviewed in this paper), and can incorporate climate change projections, and 
associated implications, to better account for its influence on conservation objectives. 
Approaches and techniques for detecting changes in representation and replication of 
conservation priorities within an MPA network through time should consider both the 
vulnerability of a species or community to climate change (e.g., Stortini et al. 2015) and 
predicted ocean conditions to effectively monitor and assess MPA networks (Rilov et al. 2019). 
Understanding the varying degrees of the vulnerability of conservation priorities to climate 
change can help identify monitoring indicators and determine decision criteria to inform adaptive 
management and action (Whitney and Conger 2019). 
The contraction or loss of suitable habitat and species range shifts beyond the boundaries of the 
existing network will impact the representation and replication of conservation features and limit 
the efficacy of the network under future conditions. Monitoring activities should contribute to 
improving and updating spatial datasets to integrate habitat quality indices so that repeat 
assessments of representation and replication can occur (Young and Carr 2015). In particular, 
information is needed on: habitat use, patch size, patch quality, and inside-outside comparisons 
(as discussed in Sections 2 & 3). GIS overlay analyses and assessments of biophysical 
classifications can document habitat loss, reductions in habitat quality, boundary changes and 
ecosystem shifts under climate change. Modelling approaches can also be used to predict how 
projected ocean conditions and climate projections will influence habitat quality and species 
ranges and how they are predicted to overlap with existing MPA boundaries through time 
(Gormley et al. 2013). Predictive models should be validated with ongoing monitoring and 
sampling activities to confirm that representative and suitable habitats and species distributions 
are maintained and replicated within the network (Fulton et al. 2015).  

5.2 CLIMATE CHANGE AND CONNECTIVITY 
Climate change will also have a profound influence on connectivity by restructuring the physical 
environment through which dispersal and movement occur. These changes can manifest in 
myriad interconnected ways, including reduced larval transport (shorter PLDs; Lett et al. 2010), 
altered survival (shorter duration and exposure to predication, physiological response to 
temperature change; O'Connor et al. 2007), changing phenology (earlier spawning of adults; 
Petitgas et al. 2013), changing prey composition (e.g., shifting copepod communities leading to 
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emerging presence of North Atlantic Right Whale in the Gulf of St. Lawrence; Record et al. 
2019), altered species distributions (presenting new or disrupting existing connections; Stanley 
et al. 2018), and disrupted transport (shifting hydrodynamic conditions changing physical 
linkages between areas; Cetina‐Heredia et al. 2015). Circularly, the responses of impacted 
ecosystems will also depend themselves on connectivity, which influences the ability of 
organisms, populations, and ecosystems to respond and adapt to disturbance and change (e.g., 
via demographic or evolutionary 'rescue'; Xuereb et al. 2019). 
These connections pose a significant challenge for the design and monitoring of MPA networks, 
particularly for the traditional static protected area paradigm (D'Aloia et al. 2019; Tittensor et al. 
2019). Although connectivity and climate change are widely considered in marine conservation 
planning, their incorporation has been largely conceptual (Balbar and Metaxas 2019) and rarely 
integrated (Magris et al. 2014). As climate change begins to fundamentally and directionally 
alter marine ecosystems, connectivity monitoring may be an important tool to elucidate 
functional ecological changes and ultimately help to inform how conservation objectives and 
network performance are themselves changing. Monitoring connectivity across the MPA 
network can help to disentangle local and regional influences of climate change on conservation 
priorities and, thus, provide managers the information required to assess spatial elements of the 
MPA network (i.e., zoning and spatial network configuration). 
Unsurprisingly, studies that evaluate or predict quantitative changes in connectivity in response 
to climate change report significant deviation in connectivity and self-seeding among MPAs 
(Andrello et al. 2015; Coleman et al. 2017), suggesting spatial network arrangements 
would/could be inadequate to maintain connectivity into the future. Adaptively managing MPA 
networks to maintain connectivity and conservation objectives will depend on continued 
evaluation of connectivity and species response to a changing ecosystem. In particular, any 
decisions about changes to the network to account for shifting biological systems (D'Aloia et al. 
2017a; Tittensor et al. 2019) should consider how climate change will influence functional and 
structural linkages across the seascape.   
Several reviews provide frameworks and approaches for anticipating the influence of climate 
change on connectivity (for example see review by Magris et al. 2014) and metrics for 
measuring MPA network connectivity have been reviewed in this working paper. Predictive 
approaches that evaluate how habitat and oceanographic change could be used as a basis to 
predict the temporal and spatial scales by which connectivity may change (e.g., Coleman et al. 
2017). These approaches can be informed by global (e.g., the National Oceanic and 
Atmospheric Administration’s Coupled Model Intercomparison Project - NOAA CMIP12) or 
regionally downscaled oceanographic models (e.g., Wang et al. 2018) and be used as a 
scaffold to ensure efficient monitoring investment (Field et al. 2007). Connectivity should not be 
assumed to be a static feature of a planning landscape, and existing linkages within the network 
will change in response to climate change, and thus the network itself, will be reorganized 
(Mumby et al. 2011). Monitoring how this reorganization is occurring should be applied as both 
a spatial and temporal question, whereby changes in seasonal elements (i.e., timing of 
spawning or productivity) should be considered in addition to spatial dependency (i.e., source-
sink dynamics and landscape based resistance) between protected and unprotected areas. 
Seascape-based approaches that integrate structural and functional connectivity in the marine 
realm (e.g., Wilcox et al. in prep.9 - Figure 3) have taken advantage of physical projections of 
climate change to predict how dispersal and connectivity might change in response to a 

                                                
12 NOAA  

https://www.esrl.noaa.gov/psd/ipcc/ocn/
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changing marine environment (e.g., Lett et al. 2010). To add to this, biophysical modelling-
based approaches have also included the element of changing ocean circulation patterns and 
their effects on dispersal and connectivity (e.g., Runge et al. 2010). Genetic approaches that 
evaluate how species and populations will respond to climatic vitiation (Lowen et al. 2019; 
Razgour et al. 2019) can improve predictive models and help to identify priority areas where 
changes in connectivity might be most pronounced (i.e., at the interface between population 
sub-units – inflection points of genetic clines; Stanley et al. 2018). 
Often changing ocean climate conditions necessitate redistribution in concert with spatial shifts 
in physiological and ecological niches, given the canalized niches of many marine species (i.e., 
niche conditions are not evolutionarily labile; Wiens and Graham 2005). However, species or 
populations may also respond through adaptation to novel conditions (Aitken and Whitlock 
2013; Sunday et al. 2014). Connectivity can have a strong influence on acclimation and 
adaptation by contributing to both standing genetic variation and gene flow across a planning 
landscape. The exchange of beneficial mutations and genetic variation, referred to as 
‘evolutionary rescue’ (sensu Carlson et al. 2014), can increase the fitness of connected 
populations. In the context of monitoring, evaluating genetic diversity and structure across a 
planning landscape could provide important information regarding changes in connectivity (i.e., 
relatedness among MPAs or populations) and diversity associated with environment and 
environmental change. Applications of seascape genetics (evaluation of genomic-environmental 
associations) have provided novel information regarding structure and connectivity in the marine 
environment (e.g., Selkoe et al. 2016; Van Wyngaarden et al. 2017a; Jeffery et al. 2018; 
Lehnert et al. 2018) and can be readily applied with existing genomic processing pipelines (e.g., 
regional and industrial genomics labs). Despite relatively high upfront costs (tens of thousands 
of dollars for sample collection and sequencing), small (dozens to hundreds) of diagnostic 
genetic markers can be subsampled from the initial data and can be used to monitor adaptive 
gene regions, genetic diversity, and connectivity for orders of magnitude less cost. 
Though tools to measure and monitor connectivity within and among network components are 
available (reviewed here and in this working paper), setting quantitative benchmarks or 
thresholds for change in connectivity that would inform conservation planning and management 
is challenging. Still, the role that climate and connectivity change might play in biological 
systems has been recognized (e.g., Pressey et al. 2007; Lett et al. 2010) and can be 
incorporated into the design of MPA networks (Magris et al. 2014; D'Aloia et al. 2019; Tittensor 
et al. 2019). The challenge remains on how to operationalize connectivity monitoring as a 
foundation to re-evaluate the efficacy of the current network configuration. Currently, there 
remains little practical guidance on how changes in connectivity within MPA network should 
trigger management action.  
At a minimum, monitoring plans should periodically re-evaluate connectivity within the 
implemented and proposed network designs. Erosion of functional and structural linkages within 
the network should prompt action, particularity where these linkages are related to the long-term 
persistence and maintenance of the conservation objectives. The frequency and extent of these 
re-evaluations should be informed by models capable of predicting change. Wherever possible, 
genetic information should be incorporated into these assessments, as the maintenance of gene 
flow and standing genetic variation is directly linked to the maintenance of connectivity within an 
MPA network and planning area.   
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5. CASE STUDY: EVALUATION AND ASSESSMENT OF MPA NETWORK 
SCENARIOS IN THE NORTHERN SHELF BIOREGION USING 

PERFORMANCE MEASURES 
These approaches were co-developed by members of the MPA Network Technical Team (MPATT) in the 
NSB: Chris McDougall (MPATT), Rebecca Martone (B C Ministry of Forest, Lands, Natural Resource 
Operations and Rural Development), Carrie Robb (DFO Science), Katie Gale (DFO Science), Karin 
Bodtker (MPATT), Greig Oldford (DFO Oceans), Lais Chaves (Haida Oceans Technical Team), Amos 
Chow (DFO Oceans), John Cristiani (University of British Columbia), and Emily Rubidge (DFO 
Science)13. 

5.1 STRUCTURED DECISION MAKING IN THE CONTEXT OF MPA NETWORK 
MONITORING 

Structured decision making (SDM) is a transparent, inclusive, and informed approach to 
decision making that can help identify potential management options and make explicit any 
associated uncertainties and trade-offs (Tulloch et al. 2015). SDM is an iterative, objectives-
oriented process that focuses on: 1) setting objectives and performance measures; 2) 
identifying possible management actions; 3) estimating the consequences of each action; 4) 
assessing possible trade-offs; and 5) identifying the preferred alternative to meet the specified 
objectives (Figure 4). Performance measures, incorporating thresholds based on ecological and 
stakeholder values, help to evaluate whether the objectives are met by the chosen management 
actions (Martin et al. 2009). Monitoring informs both performance measures and thresholds, 
helping to minimize uncertainties and allowing managers to iteratively assess the effectiveness 
of management actions against the objectives (Lyons et al. 2008). 
Within resource management, SDM has been used to develop a framework known as 
management strategy evaluation (MSE), which is a systematic modeling approach that 
incorporates a suite of performance measures based on established objectives to help assess 
potential management procedures, provide advice on robust management actions, and identify 
the associated trade-offs that should be considered (Bunnefeld et al. 2011; Kronlund et al. 
2014). MSE can facilitate the assessment of management actions as new information becomes 
available, help identify monitoring and data collection priorities, and enhance transparency by 
highlighting uncertainties inherent in the ecological systems, models and decision-making 
process (Bunnefeld et al. 2011). In a Canadian context, MSE has been identified as a method 
applicable to fulfilling the Precautionary Approach requirements of the Sustainable Fisheries 
Framework (Kronlund et al. 2014) and has been used in management assessments of the 
Redfish and Pollock fisheries (DFO 2011, 2018b). 
SDM can also be used to support MPA network planning and be adapted for MPA network 
monitoring, as shown in Figure 4. Indicators and performance measures can be identified to 
help evaluate the effectiveness of a suite of alternative MPA network designs, with associated 
consequences estimated and clearly stated. Trade-off analyses can help to improve network 
efficiency so that a network design can be prioritized for implementation. The scenario 
evaluation SDM framework, with the addition of indicators and a monitoring plan, can be 
adapted to support network monitoring to ensure the network continues to meet its goals and 
objectives. In the monitoring context, the performance measure can be recalculated using data 
collected via a monitoring program to examine any potential changes in the network since 

                                                
13 MPATT is co-chaired by: Sheila Creighton (DFO), Steve Diggon (Coastal First Nations), and Kristin 
Worsley (British Columbia Ministry of Forests, Lands, Natural Resources Operations and Rural 
Development). 

https://www.dfo-mpo.gc.ca/reports-rapports/regs/sff-cpd/overview-cadre-eng.htm
https://www.dfo-mpo.gc.ca/reports-rapports/regs/sff-cpd/overview-cadre-eng.htm
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implementation. Instead of evaluating these metrics in the context of differing configurations of 
the network design, we would be evaluating these metrics on the network through time. The 
timeframe for evaluation would be determined based on network objectives, chosen indicators, 
and the rate at which new information is collected. Monitoring the network using an SDM 
framework will also reduce uncertainties associated with estimating the consequences of 
management actions in a dynamic, multi-species, multi-objective context.  

 
Figure 5. SDM framework for MPA network planning, adapted from the SDM approach described in 
Gregory et al. (2012). Grey boxes indicate steps in the planning process. Blue boxes indicate required 
inputs. 

5.2 EXAMPLE PERFORMANCE MEASURES AND APPROACHES TO ASSESSING 
REPRESENTATION, REPLICATION, AND CONNECTIVITY IN THE NSB 

To support MPA network planning in the NSB (Figure 5), the interdisciplinary MPA network 
technical team have developed an SDM framework, with a suite of draft performance measures 
(PMs) guided by network objectives, available spatial data, and feedback from stakeholders and 
an external science advisory committee. The PMs incorporate ecological, socioeconomic, 
cultural, and governance metrics; they are being used to compare draft network design 
scenarios and report on how well each iteration achieves network objectives. Although PMs are 
important for improved transparency and trade-off evaluations in support of MPA network 
design, they can also be used to evaluate the efficiency and efficacy of the resulting MPA 
network once implemented, particularly when combined with monitoring efforts that generate 
regularly updated data and information. Of particular relevance to the objectives of this paper 
are network-wide assessments related to the representation, replication, and connectivity of 
ecological conservation priorities. 
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Figure 6. Map of the NSB including subregions delineated for MPA network planning. 

5.2.1 Representation and EBSAs 
The Canada – British Columbia Marine Protected Area Network Strategy (2014) specifies that 
the MPA network in the NSB should include the full range of biodiversity present in the study 
area. As in all Canadian bioregions, network planners in the NSB have used guidance from 
DFO’s Canadian Science Advisory Secretariat (CSAS) processes to develop ecological 
conservation priorities (DFO 2017a; Gale et al. 2019) and ecological conservation target ranges 
(DFO 2019; Martone et al. in prep.5). Spatial datasets, termed ecological features, were 
compiled for site selection analyses using Marxan as one input into initial draft network designs. 
Using the PMs, representation can be iteratively assessed through metrics focused on feature-
specific representation, species richness, and biodiversity to evaluate how well competing 
scenarios are meeting network objectives.   
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Species representation and richness is determined for the PMs by the presence of ecological 
features within a given network design scenario and the proportion of those spatial features that 
meet their recommended target ranges (Table 3). Although these are common indicators in the 
design and assessment of MPAs, species richness is also evaluated for the PMs in the context 
of the human activities proposed to be allowed in the draft sites. Incorporating the known 
stressors of the relevant conservation priorities during design and monitoring can increase the 
efficacy of MPA networks (Mach et al. 2017). Following CSAS guidance (DFO 2019), the 
potential cumulative impacts of allowed activities on each species or habitat within each site are 
assessed and the contribution of each MPA towards meeting each ecological conservation 
target is scaled accordingly, in an analysis termed the conservation gaps analysis (CGA) 
(Martone et al. 2018; Martone et al. in prep.5). 

Table 3. Select draft performance measures related to the design features of representation, replication, 
and connectivity developed to support MPA network planning in the NSB. Spatial scale for the bioregion 
and subregions outlined in Figure 4. 

Design Feature Draft Performance 
Measure 

Description Scale 

Representation Ecological conservation 
priority target range 

Conservation Target 
Assessment - Number 
and proportion of 
features below and 
meeting target ranges 

Bioregion, subregion 

Ecological Marxan - 
average selection 
frequency 

Average Marxan 
selection frequency 
score of planning units 
captured in the network 

Bioregion, subregion, 
MPA 

Ecological Marxan - 
proportion high 
selection frequency 

Proportion of high 
Marxan selection 
frequency planning 
units captured in the 
network 

Bioregion, subregion, 
MPA 

Replication Ecological conservation 
priorities meeting 
minimum number of 
desired replicates 

Number and proportion 
of features meeting 
desired replicates 

Bioregion, subregion 
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Design Feature Draft Performance 
Measure 

Description Scale 

Connectivity Spacing Number and proportion 
of sites meeting 
spacing guidelines (40-
200 km apart) 

Bioregion, subregion 

Connectivity hotspots 
(Centrality) 

Number and proportion 
of connectivity hotspots 
(e.g., Eigenvector 
centrality) captured in 
the network across 
different habitat types 

Bioregion, subregion 

Connectivity hotspots 
(Betweenness) 

Number and proportion 
of connectivity hotspots 
(betweenness) 
captured in the network 
across different habitat 
types 

Bioregion, subregion 

Through the CGA, species richness can be assessed at a site or network scale and can be 
parsed out using attributes of the proposed MPAs, such as protection level or designation type, 
or characteristics of the ecological features, such as functional group or conservation status 
(Martone et al. 2018). For example, the representation and richness of habitat classes from the 
Pacific Marine Ecological Classification System (PMECS; Rubidge et al. 2016) or identified 
EBSAs can be assessed independently. Alternately, features important for different life-history 
stages and the contribution of individual MPAs can be assessed to determine how well 
complementarity is achieved within a network design. A monitoring program can inform the 
effectiveness of the protection levels and identify the change in status of ecological features 
within specific functional groups or at a given conservation status. 
The PMs also assess representation by considering areas identified through Marxan analyses 
as having high conservation value due to their elevated species richness (a proxy for 
biodiversity, based on available spatial data). In the NSB, Marxan analyses were run iteratively 
to identify a range of solutions based on the ecological features alone and ecological and 
cultural features together, both with and without consideration of socioeconomic information. 
Outputs of these analyses include a selection frequency map that shows how often each 
planning unit is selected to be part of a solution, with higher selection frequency planning units 
considered more critical across solutions (Ardron et al. 2010). To evaluate ecological 
representation, the PMs use the overlap of each network design scenario with the ecological-
only Marxan analysis to determine the average selection frequency and the proportion of high 
selection frequency planning units captured by each scenario.   

5.2.2 Replication 
The assessment of replication for MPA network planning in the NSB is also guided by advice 
from CSAS (DFO 2019). The appropriate number of replicates for each ecological feature is 
based on its patch size and rarity within the NSB and is assessed at a subregional scale, with 
more replicates recommended for rarer, more spatially restricted features. The minimum 
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number of replicates is 2-3 per subregion for the more common, broadly distributed features. 
For the PMs, replication achievement for a given network design scenario is based on the 
proportion of ecological features that achieve the minimum number of recommended replicates. 
This would be the same in a monitoring context as new information is acquired. For example, 
upon implementation an assessment of the network using available data may indicate that 70% 
of CPs and associated spatial features are meeting the replication objectives. After five years of 
monitoring, and integrating updates to available spatial datasets, this PM can be recalculated 
and we may find an increase in this PM. As ecosystems in the network recover, perhaps this 
PM is now at 80% five years post-implementation. Similar to the PMs related to representation, 
the metrics can be parsed out using the characteristics of the MPAs or ecological features, such 
as EBSAs. Monitoring replication at a finer scale would enable researchers to determine 
whether MPAs implemented using a specific tool or at a higher protection level are better able to 
meet replication targets or whether certain species or habitats are benefiting more from the 
protection afforded by an MPA network. 
The calculations associated with the PMs for replication use the site-level outputs of the CGA 
and are therefore informed by the potential interactions between the ecological features and 
human activities within each site. To determine the recommended number of replicates for each 
ecological feature, the median amount of each ecological feature is calculated for all proposed 
sites and quartiles are used to assign features to a replicate class, with those features having 
the largest patches requiring the fewest replicates. Because the requisite information is not yet 
available for generating species-area curves like those developed in California (Saarman et al. 
2013), a pragmatic approach was used so that MPAs within a network design contribute as a 
replicate for a given ecological feature if they contain more than 1% of the total amount of an 
ecological feature in the NSB. However, because 1% can vary depending on the size of the 
ecological feature, that amount was capped at 13 km2 for coastal features and 50 km2 for 
offshore features based on the recommendations for MPA sizes (DFO 2019). Lacking from this 
metric is an understanding of habitat patch quality and information about the diversity it 
supports. This information can be collected through ongoing monitoring efforts and improve the 
assessment of replicates as we learn more about the areas in the network. 

5.2.3 Connectivity 
To determine how well draft MPA network scenarios achieve ecological connectivity, the PMs 
assess the number and percent of connectivity hotspots for a suite of benthic habitat types that 
overlap with the proposed MPAs. Connectivity hotspots are based on Eigenvector Centrality, 
which indicates MPAs that are highly connected to others within the draft scenario, as well as 
Betweenness, which indicates MPAs that are key connectors to other MPAs (Friesen et al. 
2019). Both of these metrics use distance thresholds to infer connectivity associated with adult 
movement for species with moderate adult home ranges (Friesen et al. 2019). This approach 
could be used to iteratively evaluate network performance in capturing connectivity hotspots as 
connectivity changes in a dynamic marine environment (Section 5.2), as well as suggest 
emerging areas of (connectivity) importance for consideration of any future network alterations.  
The spacing between the proposed MPAs in a draft network scenario is also assessed as a 
proxy for connectivity. The spacing PM assesses the number and proportion of proposed MPAs 
within a draft scenario that meet the guidelines of at least 40 to 200 km between MPAs that 
were developed through CSAS (DFO 2019). These guidelines are based on the dispersal 
distance of intermediate dispersers, which may increase the extent of the coastline that is 
replenished by larvae produced within MPAs (Carr et al. 2017). The lower range of these 
spacing guidelines is similar to that for California’s nearshore (Kinlan and Gaines 2003) and 
would accommodate shorter-distance dispersers (DFO 2019). Spacing is unlikely to change 
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once the network is implemented, so this would not make a useful monitoring PM. However, 
other metrics of connectivity that are being monitoring (e.g., summed resistance compiled using 
genetic, adult habitat, and larval connectivity - Section 4.2.2.2), could be used to better 
understand if the spacing or configuration of MPAs in the network needs to be adapted to 
ensure individual MPAs are well-connected.   

5.3 FROM COMPARATIVE SCENARIO EVALUATION FRAMEWORK TO MPA 
NETWORK MONITORING 

Repeat assessments of representation, replication, and connectivity are important as the MPA 
network design process in the NSB moves into implementation and monitoring. Targeted and 
ongoing survey efforts both within and outside of the MPA network will fill important gaps in 
available spatial data. For example, survey information detailing the spatial distribution of many 
key habitats, such as kelp beds, is often outdated and largely incomplete ((British Columbia 
Marine Conservation Analysis (BCMCA) Project Team 2011). However, work is underway to 
address this limitation and develop a comprehensive kelp dataset based on remote sensing 
imagery using the Google Earth Engine archive (Nijland et al. 2019). This dataset can be used 
in the future to evaluate representation and replication of kelp within the MPA network, when 
compared to the distribution of kelp for the entire NSB14.  
Species richness provides one measure of representation within an MPA network but is a metric 
that can be confounded by the complex interactions of the species and habitats within any 
ecosystem, which can be further investigated through monitoring efforts. Soykan and Lewison 
(2015) found that biomass and abundance information more consistently differentiated between 
MPAs and control sites than estimates of species richness and may be useful metrics as 
additional information is collected. Jantke et al. (2018) compiled representation into a single 
metric focused on mean target achievement using the Aichi target of 10% for all ecological 
features. Efforts are underway to update this metric to incorporate variable feature targets, such 
as those used in Canada’s priority bioregions. Regular reassessments of this metric can provide 
a simple yet intuitive performance time series of an MPA network. In the meantime, the metric 
could be calculated to assess the target achievement of sets of conservation priorities. For 
example, in the NSB, conservation priorities were assigned a low, medium, or high target class 
based on their ecological role, vulnerability, and conservation status. The Jantke et al. (2018) 
method could be used to ascertain how well the targets have been achieved over time for 
conservation priorities assigned higher targets (i.e., those species and habitats considered more 
vulnerable or threatened or with higher functional importance). 
As new and more comprehensive ecological information is compiled through monitoring efforts, 
or as management measures are adjusted, feature representation and replication assessments 
can be updated and compared to determine whether the network continues to meet the 
ecological conservation targets and to identify sites and features that may have changed and 
may no longer contribute as much to the network. For example, studies have used updated 
species and habitat data to identify representative sites for monitoring work (Young and Carr 
2015) and to evaluate the representation of ecological features within MPA networks originally 
designed using predictive models or proxy species (Young and Carr 2015; Virtanen et al. 2018). 
Further, Virtanen et al. (2018) have used updated ecological information in new site selection 
analyses to assess whether the final network design continues to capture areas of high 

                                                
14 Similar projects are being conducted on the East coast for coastal Eelgrass (Zostera marina). 
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conservation value based on their species richness or diversity, while House et al. (2017) have 
used Marxan analyses to identify ways to adaptively manage inefficient networks.   

7. SUMMARY 
Effective MPA networks must be representative of their conservation objectives (and the 
planning region as a whole), have sufficient replication (where appropriate) to ensure resilience 
to stochastic disturbance, and be well-connected so that individual network components 
interact with each other to maintain ecological function and provide conservation outcomes that 
exceed the summed results of network components. Network monitoring programs can provide 
the requisite information to determine the efficacy of the network design through time, as the 
network develops and as the environment changes. As marine ecosystems respond to climate 
change, monitoring programs will be essential for adaptive management and insurance that 
MPA networks continue to produce the conservation outcomes they were designed to produce 
in the most (spatially) efficient way possible.  
Many tools exist for measuring representation, replication, and connectivity among design 
features. MPA Network monitoring, in some ways, is challenged by the very diversity networks 
are developed to protect. No one tool or approach should be used to monitor these design 
features. Monitoring efficiency is more than a cost-limited decision, and the selection of the most 
appropriate tools should explicitly consider the spatial-temporal scales of the ecological features 
of interest in addition to cost of deployment. Research that improves the efficiency of these 
tools, for both cost and (spatial, temporal, and taxonomic) comprehensiveness, should be 
prioritized for regional and national MPA programs. Given design features are shared within the 
Canadian MPA Network, bioregional monitoring programs should implement, wherever 
possible, standardized approaches for monitoring. These standardized approaches would 
provide for more efficient and targeted investments (i.e., shared technical equipment or 
expertise) and reporting for the Canadian MPA Network. Additionally, investment and 
integration with existing broad-scale monitoring programs within DFO (e.g., multi-species RV 
surveys, the Atlantic Zone Monitoring Program and other scientific regional monitoring programs 
(e.g., Parks Canada National Marine Conservation Area monitoring and Marine Plan 
Partnership Protected Management Zone monitoring in the Pacific Region) should be prioritized 
to ensure comprehensive data long-term baselines are available to evaluate network 
performance.  
Network scenarios have been developed in each of the five priority bioregions; however, at the 
time of writing, no network has been completed, and the timeframe for implementation has not 
yet been set. Advice on monitoring program development and strategies for assessing the 
network design principles should be specific to the design of each bioregion and linked to their 
respective objectives. Guidance from this report could provide a useful framework outlining the 
approaches, requirements, and rationale for design-based monitoring moving forward; however, 
specific advice for the development of monitoring programs cannot occur until network 
configurations and management plans have been finalized.   

NEXT STEPS 
Marine Spatial Planning (MSP) is an initiative to manage ocean spaces in a collaborative and 
transparent manner that has been recently funded by the department. At its core, the MSP 
program seeks to map anthropogenic activities and marine resources to best understand usage 
patterns and areas of overlap. Conservation area planning falls within this broad program, also 
seeking to examine the footprint of activities like commercial fishing, aquaculture operations, 
and shipping routes, and areas of ecological and geomorphological importance. To deliver on 
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broad objectives of sustainability, MSP would be well served by integrating  ecological principles 
such as connectivity (Foley et al. 2010), representation, and replication. Integration of mapping 
products produced by the MSP program could be used as additional inputs when implementing 
monitoring at the network scale. For example, efforts to map the distribution of species, 
biodiversity (hotspots), and fishing within each planning region through the MSP program could 
be used by monitoring programs to assess representativity, connectivity (e.g., landscape 
connectivity metrics), and MPA network performance. The MSP program could be used to 
augment MPA networks to maintain or enhance structural or landscape connectivity within a 
network and help to enhance network performance by structuring adjacent activities (e.g., 
marine industries) to facilitate conservation objectives. This is particularly true as patterns of 
connectivity and anthropogenic activity (i.e., industrial activity, shipping, etc.) change as the 
underlying physical and biological seascape reorganize under climate change. Long-term 
planning achieved through MSP and MPA networks should thus be integrated when considering 
the impacts of changing ocean use and climate change on the conservation objectives. 
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