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Executive summary

Coastal wetlands are dynamic and complex environments that are critical ecological and
cultural components of the Laurentian Great Lakes. These systems have many important
functions, including providing breeding and migratory habitat for wildlife and spawning and
nursery habitat for fish. Coastal wetlands also provide many ecosystem services, including
nutrient and sediment retention and protection against shoreline erosion.

Great Lakes coastal wetlands have beenimpacted by various human-related stressors,
including nutrient and sedimentloading, fragmentation, invasive species, shoreline alteration,
and water-level regulation. These stressors reduce available habitat for fish and wildlife,
interfere with biophysical processes, and ultimately threaten many of the services provided by

Great Lakes coastal wetlands.

Future climate change represents an additional threat to Great Lakes coastal wetlands.
By the end of the century, significant changesin climate are expected across the Great Lakes,
including increases in over-land air temperatures, over-lake precipitation, lake water levels, and
lake-level variability. These changes are expected to have environmental consequences in the
Great Lakes basin. For example, changes in water levels may influence the structure and
function of coastal wetlands, which may have significant implications for wildlife populations and
habitat.

Environment and Climate Change Canada (ECCC) completed a study to assess the
vulnerability of Great Lakes coastal wetlands to climate change, develop adaptive measuresto
build wetland resilience, and communicate results to wetland stakeholders and practitioners.
This Climate Change Vulnerability Assessment considered howwetlands are expected to
change in response to future environmental conditions driven by climate change (i.e., Sensitivity
based on Exposure), plus the ability of the wetlands to continue to function despite those
changes (i.e., Adaptive Capacity). This report describes the Sensitivity component of the overall

Vulnerability Assessment.

Assessing Sensitivity involved estimating the adverse ecological effects of climate
change on 20 Great Lakes coastal wetlands. We focused on five key ecological attributes of
Great Lakes coastal wetlands: 1) total wetland area, 2) volume of the submerged and floating

aquatic vegetation, 3) wetland interspersion, 4) wetland vegetation community diversity, and 5)



meadow marsh area. We used outputs from the Coastal Wetland Response Model (CWRM)
developed by the Hydrodynamic and Ecohydraulic Section of ECCC’s National Hydrological
Services for each of the 20 coastal wetland sites. The CWRM integrated physical and ecological
data to predict the response of wetland vegetation communities to climate change overtime.
These data included climatic exposure (e.g., temperature), modelled hydrodynamic data (e.qg.,
water levels), surrounding land use, digital elevation models, and data collected from site-level
vegetation surveys.

The CWRM used two down-scaled Global Climate Models under a mitigated
greenhouse gas emission scenario of Representative Concentration Pathway 4.5. The two
models (hereafter, simulations) represented different possible futures to account for uncertainty
in climate projections; the lower-bound simulation and the upper-bound simulation. The lower-
bound simulation had average water-level projections that were relatively similar to the
projected recent past, while the upper-bound simulation projected an increase in water levels
compared to the projected past. Importantly, both the lower and upper-bound simulations had
increased overall variability in Great Lakes water levels compared to the projected past. For
each simulation, the CWRM generated time-series outputs (one grid per year) for each of the 20
study sites. Each cell within the grid represented a 10 x 10 metre area of a particular vegetation
community type. The time series was split into historic projections (hindcast years; 1981 to
2008) and future projections (forecast years; 2071 to 2098).

A response threshold was used to evaluate the negative effects of climate change on
each ecological attribute. The response threshold was based on the 10th percentile in the
hindcast time series for all ecological attributes (i.e., when an ecological attribute went belowthe
lowest 10% of hindcast values); values below this threshold signified an extreme negative state.
This 10th percentile threshold was applied to the forecast years to detect when extreme low
values in each ecological attribute were predicted for each simulation. We then calculated
Attribute Sensitivity as the proportion of extreme forecast years for each site and simulation for
each ecological attribute. We also calculated overall Wetland Sensitivity for each site and
simulation as the proportion of extreme forecastyears across all ecological attributes. Wetland
Sensitivity was classified into three categories indicating the risk that the wetland will experience
negative effects of climate change (lowrisk, at risk, or critically at risk).

We found that area-based ecological attributes (meadow marsh area and total wetland
area) were especially sensitive in the upper-bound simulation. Total wetland area in the upper-



bound simulation had the highest median Attribute Sensitivity (0.71), followed by meadow
marsh area in the upper-bound simulation (0.61). Interspersion had the highest median Attribute
Sensitivity in the lower-bound simulation (0.20), followed by SAV volume and meadow marsh
area (both 0.16).

Wetland Sensitivity values were generally similar among water bodies in the lower -
bound simulation, but were higher in the Huron-Erie Corridor, and to a lesser extent Lake Erie,
in the upper-bound simulation. All three sites in the Huron-Erie Corridor were considered
critically at risk in the upper-bound simulation. Four of five Lake Erie sites and six of seven Lake
Huron sites were considered at risk in the upper-bound simulation, with both exceptions
considered critically at risk. However, Lake Erie sites had higher Wetland Sensitivity values than
Lake Huron sites, on average. Sites on Lake Ontario were the least sensitive; no site was
considered critically at risk in either simulation. Additionally, there was no notable difference in
Wetland Sensitivity between lacustrine and riverine wetland hydrogeomorphic types in either

simulation.

Overall, we found that all coastal wetlands considered in this study were sensitive and
are likely at risk to future climate change. Most notably, more frequent instances of extreme
wetland loss are expected with higher lake levels where the surrounding upland is unsuitable for
landward migration due to land use (e.g., transportation infrastructure, residential development)
or topography (e.g., steep slopes precluding migration). This means that further land
development surrounding coastal wetlands will likely exacerbate climate -driven wetland
loss. Our results suggest that conservation planning for Great Lakes coastal wetlands under
climate change should consider protection of the surrounding landscape. More broadly, given
that coastal wetlands across the Great Lakes are continuing to be lost and degraded due to land
development, the synergistic effects of climate change and land development (both resultingin
habitat loss) should be considered in regional biodiversity planning and recovery strategies for
wetland species at risk.



Table of Contents

F e L0 [T [0 =70 01T o1 USSP [
EXECULIVE SUMIMAIY ... it e ettt e e e e e e ettt e e e e e e e e et s e e e e e e eatan e e e e eeesssnn s eeeeessnnnaaaeneenes i
LIST OF FIQUIES. ..o e et e et ettt ettt et e e bbb bbbt e e e e e e e e e e e e e aeaaeeees Vii
[ o) B =1 o] =T TS PP PPP PP X
g (oo [8ox (o] o P PP 1
Great Lakes coastal wetlands and climate Change............oooooeiiiiiiiiiiiiiii 1

e oT0 =V I 010 0T 1SR 2
Climate Change Vulnerability ASSESSIMENTS..........iiiiiiiiieiiii e e e e e e e e eaes 2
WEIANG SENSIIVILY. .. .ceiiii i e et e e e e e e e e e e e et e e et e e e enanns 3
Ecological attribute SEIECHION ..........oiiiiiieii e e eeees 3
Rationales for selected ecological attribUeS ............oooeiiiiiiiiiie e 8
TOtAl WELIANT @I A. ... . et e e e e e e e e e e e e e e e e e e e e 8
Submerged and floating aquatic vegetation VOIUME...............uuuuiiiiiiiniieeeee e, 10
WEIANA INTEISPEISION ...t e e e e e e ettt e e e bbb bbb es 11
WELIANA TIVEISILY ...ttt e e e e e e e e e e e e e e e e et e e e e b e bb et s 13
MEAOW MATISN @IA......cciieiiiiie ettt ettt e e et et e e e e e e e e e e e e st e e e e e eananns 15
1YL= 0 To Lo PSSP PTPR PSSP 17
S 10 [ Y= (5 17
D=1tz B0 11 (o PP PPPP TP 18
Processing of CWRIM OULPUL ........coouuiiiiii e e e e e e e e e e et e e et eeeeeanas 22
Calculating ecological attriDULES ..........oii i 22
Change-deteCtioN ANAIYSIS........cciieeiiiii et e e e e e e e e e e e e e e e e e eeann s 27
Threshold deVeIOPMENL.... ... 28
HINACASE VEIITICALION. .....eeiitiietit e e e e e e e e e e e e e e e e eneaenneees 29

F N ueg o JU CSI=To o (=T = A (o] o OO U OO PPP PP PPPPTPPRTRPN 30



RESUILS. ... oo oo e e et et et e et e e 33
Ecological AttriDULE SENSITIVIY .......ooeeeeiieiii ettt e e e e e e e e e e e eaae e e eeeeenees 33
WEHIANA SENSIIVILY.....eeeeiiiiee et e e e e e et e e e e et e e e e e eeestn e eeeeaeennaaeeaeeees 34
POSE-NOC ANAIYSES.....eeiiiiiiiiietet ettt e e e e e e e e e e e e e e e enaaaaana 41

IS CUSSION. ..ottt ettt 4o o4 oo oo 2o e e e e e e e e e et et et ettt e e bbn e as 49
Wetland Sensttivity to climate change: drivers ..o 49
Uncertainty in Wetland Sensitivity eStIMAtes.............couvviiiiiiiiiiiiiiiiiiiee e 52
WildIIfe IMPIICALIONS. .....eee e e e e e e et e e e e e e e e et e e eaaaaaeas 53
CONCIUSIONS. ..t e e e e e et et e et ettt e e e e e bbb e e as 54

RETEIEINCES. ..t e e ettt 55

Vi



List of Figures

Figure 1: Vegetation zonation in a typical coastal wetland. This arrangement of wetland plants is
largely determined by MOIStUre CONAILIONS.........coiiiiiiiiiie e 9
Figure 2: Diagram of a wetland with low and high interspersion (as viewed from above).
Adapted from SOWES v3.2 (Ontario Ministry of Natural Resources 2013)..........ccccceeevvvineeenns 12
Figure 3: Locations of the twenty coastal wetland sites used in the assessment of Wetland
Sensitivity. Seven sites are in Lake Huron (13. Hay Bay, 14. Treasure Bay, 15. Whiskey
Harbour, 16. Anderson Creek, 17. Hog Bay, 18. Baie du Doré, 20. Frances Point), three arein
the Huron-Erie Corridor (3. Detroit River, 4. Lake St. Clair, 5. Johnston Bay), five are in Lake
Erie (1. Rondeau Bay, 2. Fox/Dolson’s Creek, 6. Long Point, 7. Selkirk Provincial Park, 8. Grand
River Mouth) four are in Lake Ontario (9. Jordan Station, 10. Lynde Creek, 11. South Bay, 12.
Airport Creek), and one is in the upper St. Lawrence River (19. Hill Island East)..................... 17
Figure 4: Map showing meadow marsh area (yellow) and total wetland area (purple, excluding
meadow marsh) at Lynde Creek, Lake ONntario............oooveeiiiiiiiiiiiiiiiiiiiiiii e 23
Figure 5: Map showing the depth of submerged aquatic vegetation (SAV; blue gradient), from
which SAV volume was calculated, at Hill Island East, St. Lawrence River................ccccvvvveen. 24
Figure 6: Two maps showing submerged aquatic vegetation (blue) and all other vegetation
communities (emergent marsh, meadow marsh, and swamp; yellow) in two different years at
Lynde Creek, Lake Ontario. These vegetation groupings were used to calculate interspersion.
Panel A shows a year with lower interspersion and panel B shows a year with higher
LTS o= £ 0] o HA PP TTRTTP 25
Figure 7: Two maps showing four vegetation communities at Lynde Creek, Lake Ontario. These
vegetation groupings were used to calculate wetland diversity. Panel A shows a year with lower
wetland diversity (note there is very little submerged aquatic vegetation) and panel B shows a
year with higher wetland diVErSItY............oooiiiiiiiiiii e 26
Figure 8: Depiction of howthe 10th percentile threshold was set based on the hindcast of an
ecological attribute, and howthis threshold was applied to the forecast. The horizontal dashed
blue line is the 10th percentile threshold and red circles represent all years that fell belowthe

LT (=S 1o ] o PP 28
Figure 9: Boxplots of Attribute Sensitivity values for all sites in upper and lower-bound
simulations. The horizontal line in each boxis the median, the bottom of each box is the 1st

vii



quartile, the top of each boxis the 3rd quartile, and the whiskers represent values within 1.5
times the INErqUATTIIE TANGE........coeu e e e e e e e e eaens 33
Figure 10: Wetland Sensitivity values for upper and lower-bound simulations for all coastal
wetland sites (n = 20), ordered by maximum Wetland Sensitivity. The circles indicate the upper-
bound simulation and the squares indicate the lower-bound simulation....................ccccooceeein.. 35

Figure 11: Distribution of Wetland Sensitivity scores in the upper and lower-bound simulations.

Figure 12: Map showing Wetland Sensitivity scores for the 20 Great Lakes coastal wetland sites
in the lower-bound simulation. Site names are IN FIQUIe 3. ........coooviiiieiiiii e, 37
Figure 13: Map showing Wetland Sensitivity scores for the 20 Great Lakes coastal wetland sites
in the upper-bound simulation. Site names are IN Figure 3...........cooiei i, 38
Figure 14: Partial plot of the relationship between standard deviation of site elevation (in metres)
and Wetland Sensitivity for all 20 study sites in both simulations (3 = -0.16, SE=0.07,t=-2.42,
p = 0.020). Note that a partial plot shows the relationship between two variables, after
accounting for other explanatory variables in a statistical model. ...............c..cocviiiiiiniene, 41
Figure 15: Partial plot of the relationship between Z-scored three-year-mean water level and the
probability of an extreme year of total wetland area for Lake Erie and Huron-Erie Corridor study
sites (B=1.13, SE =0.56, Z=2.02, P = 0.044). Note that a partial plot shows the relationship
between two variables, after accounting for other explanatory variables in a statistical model.. 43
Figure 16: Partial plot of the relationship between Z-scored three-year-mean water level and the
probability of an extreme year of total wetland area for Lake Ontario and St. Lawrence River
study sites in the lower-bound simulation (B =11.82, SE=6.72,Z=1.76, P = 0.078). Note that
a partial plot shows the relationship between two variables, after accounting for other
explanatory variables in a statistical model. ... 46
Figure 17: Partial plot of the relationship between Z-scored three-year-mean water level and the
probability of an extreme year of total wetland area for Lake Huron study sites in the upper-
bound simulation (B =49.55, SE = 23.51,Z=2.11, P = 0.035). Note that a partial plot shows the
relationship between two variables, after accounting for other explanatory variablesin a

RS2 L] 1Tor= | 070 To [ PP 48

viii



List of Tables

Table 1: Summary of the ecological attributes, including a brief rationale for their inclusion and
their relationship with hydrodynamic variables that are expected to be affected by climate
change (Primarily Water IBVEIS)........couiiiiiiiii e e e e e eaaeaneee 6
Table 2: Representative Concentration Pathway (RCP) and driving Global Climate Change
(GCM) models used. RCP 4.5 represents a moderate emission scenario and the two GCMs
represented different possible futures to account for uncertainty in climate projections (higher
and lower water-level scenarios, both with increased variability in Great Lakes water levels
compared t0 the projected PASL).........iiiiiii i 19
Table 3: Community classes used in the Coastal Wetland Response Model (CWRM) to assess
climate change on Great Lakes coastal wetlands. Hydrological conditions and vegetation
characteristics with species examples are provided for each class. Note that open water and
upland classes were not considered wetland classes, and were therefore notincluded in the
Sensitivity assessment. Table adapted from Grabas and Rokitnicki-Wojcik 2015; Keddy and
Fraser 2000; LEE €t al. 1998. .. ... et et e e e e e et e et e e e e rans 20
Table 4: Scoring system for Wetland Sensitivity for each site and simulation. Wetland Sensitivity
is a proportion (0 to 1). Score is a colour classification associated with the Wetland Sensitivity
(green, yellow, and red). The interpretation is based on the risk that a wetland may experience
negative effects of climate change in the projected future. ..o, 31
Table 5: Pearson correlation coefficients between Attribute Sensitivity valuesfor all
combinations of the five ecological attributes. None of the ecological attributes were considered
t0 D@ COIMEIAtEA (I < 0.6) . ..uuuiie e e e e e e e et et e et e e bbbt 34
Table 6: Summary of results for each site showing wetland name, wetland hydrogeomorphic
(HGM) type, Wetland Sensitivity (with colour-coded score), and most and least sensitive
ecological attributes. WI = Wetland Interspersion, MMA = Meadow Marsh Area, TWA = Total
Wetland Area, SAVV = Submerged Aquatic Vegetation Volume, WD = Wetland Diversity....... 39
Table 7: Results from the generalized linear mixed model for Lake Erie and Huron-Erie Corridor
study sites. Results from the likelihood ratio test used to test the significance of the random
effect are also shown. 8 = estimate, SE = standard error, Z=Z-score, 82 = deviance, X21 = Chi
square value with 1 degree of freedom, P = P-value..........ccooooiiviiiiiiiiciee e 42
Table 8: Results from the generalized linear mixed model for Lake Ontario and St. Lawrence

River study sites. Results from the likelihood ratio test used to test the significance of the



random effect are also shown. § = estimate, SE = standard error, Z=Z-score, 62 = deviance,
X21 = Chi square value with 1 degree of freedom, P = P-value...............ccccoeeeieeiiiiiiec e, 44
Table 9: Results from the generalized linear mixed model for Lake Huron study sites. Results
fromthe likelihood ratio test used to test the significance of the random effect are also shown. 3
= estimate, SE = standard error, Z = Z-score, 82 = deviance, X21 = Chi square value with 1
degree of freedom, P = P-VAIUE. .........ooiii e 44
Table 10: Results from the generalized linear mixed model for Lake Ontario and St. Lawrence
River study sites for the lower-bound simulation. Results from the likelihood ratio test used to
test the significance of the random effect are also shown. 3 = estimate, SE = standard error, Z=
Z-score, 62 = deviance, X?1 = Chi square value with 1 degree of freedom, P = P-value............ 45
Table 11: Results from the generalized linear mixed model for Lake Ontario and St. Lawrence
River study sites for the upper-bound simulation. Results from the likelihood ratio test usedto
test the significance of the random effect are also shown. B = estimate, SE = standard error, Z=
Z-score, 6?= deviance, X?1 = Chi square value with 1 degree of freedom, P = P-value............ a7
Table 12: Results from the generalized linear mixed model for Lake Huron study sites for the
upper-bound simulation. Results from the likelihood ratio test used to test the significance of the
random effect are also shown. B = estimate, SE = standard error, Z = Z-score, 62 = deviance,
X21 = Chi square value with 1 degree of freedom, P = P-value.............ccocoeeiiiiiiiiiiiiiiiiiiie 47



Introduction

Great Lakes coastal wetlands and climate change

Coastal wetlands are dynamic and complex environments that are critical components of
the Laurentian Great Lakes. These systems have many important functions, including providing
breeding or migratory habitat for wildlife (including birds, mammals, reptiles, and amphibians;
Markle et al. 2018; Maynard and Wilcox 1997; Mortsch 1998; Sierszen et al. 2012) and
spawning and nursery habitat for fish (Jude and Pappas 1992). Coastal wetlands also provide
many ecosystem services such as nutrient and sediment retention (resulting in improved water
quality; Sierszen et al. 2012) and protection against shoreline erosion (Johnson and Johnston
1995; Keough et al. 1999).

Human-related activities have resulted in enormous losses of wetlands worldwide
(Kingsford et al. 2016). In the Laurentian Great Lakes, specifically, over 50% of coastal
wetlands have been lost since European settlement, principally due to urban and agricultural
development (Brazner et al. 2000). Furthermore, many remaining coastal wetlands are
impacted by various anthropogenic stressors such as nutrient and sediment loading (potentially
leading to eutrophication and excessive algae growth), fragmentation, invasive species,
shoreline alteration, and water-level regulation (Burton 1985; Krieger et al. 1992; SOLEC 2007,
Wilcox et al. 2008). These stressors reduce available habitat for fish and wildlife, interfere with
biophysical processes, and ultimately threaten many of the services provided by Great Lakes
coastal wetlands.

Future climate change represents an additional threat to Great Lakes coastal wetlands.
By the end of the century, significant changesin climate are expected across the Great Lakes,
including increased over-land air temperatures (resulting in warmer winters, less snowfall,
earlier warming in the spring, more extreme heat in the summer, a longer growing season,
heavier precipitation, and less ice cover), increased over-lake precipitation, increased lake water
levels, and increased variability in lake water levels (Lam and Dokoska, in prep.). These
changes will have numerous environmental, economic, and social consequences in the Great
Lakes system. For example, changes in water levels will directly influence the structure and
function of coastal wetlands (Keddy and Reznicek 1986; Smith et al. 2021), which may have
significant implications for wildlife populations and habitat. However, the vulnerability of Great
Lakes coastal wetlands to climate change has not yet been quantified.



Program purpose

The 2012 Canada-United States Great Lakes Water Quality Agreement (GLWQA) and
the 2014 Canada-Ontario Agreement on Great Lakes Water Quality and Ecosystem Health
(COA) included Annexes that recognized the effects of climate change in the Great Lakes basin.
Through the GreatLakes Protection Initiative (GLPI), Environment and Climate Change Canada
(ECCC) sought to provide insight into climate change impacts by assessing the vulnerability of
Great Lakes coastal wetlands. This work supports Canada’s commitments under the GLWQA
and COA to support healthy and productive wetlands and other habitats to sustain resilient
populations of native species. The objectives of this program were to assess climate change
impacts on Great Lakes coastal wetlands, identify wetlands that are most vulnerable, develop
adaptive measures to build wetland resilience, and communicate and share results with relevant

stakeholders and practitioners.
Climate Change Vulnerability Assessments

The Intergovernmental Panel on Climate Change (IPCC) defines Vulnerability as “the
propensity for a system or species to be adversely affected by climate change” (IPCC
2007). Climate Change Vulnerability Assessments (CCVAs) are frameworks used to evaluate
the Vulnerability of a species or system to climate change (Culp et al. 2017; Ellison 2014,
Upgupta et al. 2015; Wabnitz et al. 2018), and include three components: Exposure,
Sensitivity, and Adaptive Capacity (IPCC 2007). Exposure is a measure of howmuch change
in climate a species or system may experience (Glick et al. 2011), Sensitivity represents the
degree to which a species or systemwill respond to climate change, and Adaptive Capacity
describes the species or system’s ability to accommodate or cope with the potential impacts of
Exposure and Sensitivity. ECCC used a modified version of the Glick et al. (2011) framework,
where the Exposure of a coastal wetland to changes in hydro-climatic variables (e.g., water
levels) and the degree to which the wetland responded (i.e., Sensitivity) determined the
potential impact of climate change. The impact may be moderated by a wetland’s ability to
adapt or cope with these changes (i.e., Adaptive Capacity).

This assessment was a collaborative effort between multiple ECCC branches: the
Meteorological Service of Canada (National Hydrological Services and Hydrodynamic and
Ecohydraulic Section), Science and Technology (Wildlife and Landscape Science Directorate),
Strategic Policy (Regional Director General's Office - Ontario Region), and the Canadian Wildlife



Service — Ontario Region (Habitat Assessment and Data Management Unit). This report details
the work led by the Canadian Wildlife Service to assess the Sensitivity of Great Lakes coastal
wetlands to climate change.

Wetland Sensitivity

The goal of this Sensitivity assessment was to estimate the negative ecological effects of
climate change on Great Lakes coastal wetlands and then communicate these science-based
results in an easily understandable way to stakeholders, land managers, and the public. We
define Sensitivity in this CCVA as the degree to which a wetland adversely responds to climate
change. Note that this definition of Sensitivity differs slightly from Glick et al. (2011) because we
are only estimating adverse (or negative) effects of climate change on coastal wetlands. We
focused on adverse effects because the ultimate goal of this CCVA was to determine which
coastal wetlands in the Great Lakes basin were most vulnerable to climate change. Therefore,
to estimate Vulnerability in the context of adverse effects, Sensitivity must focus on the potential
negative impacts of climate change (e.g., wetland loss).

This Sensitivity assessment used predicted wetland vegetation community maps for 20
wetland sites under different climate change scenarios. Given that vegetation communities are
the basis for wildlife habitat and many ecosystem functions (Tews et al. 2004), such data were
considered highly suitable to analyze ecological responses to climate change. These vegetation
community maps were generated through a Coastal Wetland Response Model (CWRM)
developed by the Hydrodynamic and Ecohydraulic Section of ECCC’s National Hydrological
Services (discussed in detail in ECCC 2022a).

Ecological attribute selection

For this Sensitivity assessment, ecological attributes were defined as measures of
coastal wetland ecosystem composition. Our aimwas to identify a simple set of attributes that
would represent key ecological responses of Great Lakes coastal wetlands to climate
change. Vegetation community extent would then be simulated over time based on different
climate change scenarios, which we would use to calculate these ecological attributes.
Ecological attributes would then be aggregated to assess the Sensitivity of different wetland
sites to climate change (discussedin detail below). We considered more than 100 attributes that
could be measured from grid-based maps of wetlands using spatial analysis tools (e.g.,



Hesselbarth et al. 2019; McGarigal et al. 2012). To guide the selection of attributes, we

developed the following criteria.
Attributes must be:
1. Importantin wetland ecology and have a strong ecological basis

The ecological attribute is based on well-established ecological theory and principles
and/or has strong empirical evidence of a relationship with a wildlife species, population,
habitat, or ecosystem function in wetlands (e.g., species-area relationship).

2. Responsive to changes in water levels

The ecological attribute has a strong and predictable relationship with hydrodynamic
variables that are expected to be affected by climate change and that are included in the

Coastal Wetland Response Model (primarily water levels).

w

Relatively independent of other attributes (have low collinearity)

The ecological attribute represents an independent or distinct ecological response of a
coastal wetland to climate change. Each attribute should inform a relatively distinct part
of wetland ecology; therefore, the responses among ecological attributes should not be
highly correlated. Multiple, highly correlated attributes would artificially bias estimates of
Wetland Sensitivity; for example, by “double-counting” the same ecological response or

process.

»

Reliably extracted from CWRM grid outputs

The ecological attribute can be calculated from the CWRM grids with high accuracy at
the community or ecosystem scale. Ecological attributes thatrequired a finer resolution
(less than 10 metres [which was the CWRM grid interval]) were excluded (e.g.,

microhabitat features).
5. Easily communicated

The scientific merit of an attribute must be easy to understand and meaningful to

stakeholders, right holders, and the general public. Since the ultimate goal of the CCVA



was to inform Canadians on actions that increase coastal wetland resilience, selection of

attributes requires engagementwith stakeholders.

A workshop was held in March 2019 to discuss these selection criteriaand four
candidate ecological attributes with stakeholders, land managers, and wetland experts from
across the Great Lakes Basin (LimnoTech 2019). The Canadian Wildlife Service presented the
rationale for four candidate attributes: 1) total wetland area, 2) volume of submerged and
floating aquatic vegetation, 3) wetland interspersion, and 4) wetland vegetation community
diversity. Stakeholders and experts supported the selection criteria and ecological attributes,
and identified two additional ecological attributes: meadow marsh area and non-persistent
emergent vegetation area (i.e., emergent vegetation excluding cattail [Typha spp.] and common
reed [Phragmites australis]). We included meadow marsh area because it met all selection
criteria, but excluded non-persistent emergent vegetation area because it could not be modelled
independently from emergent marsh due to lack of data on this community type (i.e., did not
meet selection criteria 4). This resulted in the selection of five ecological attributes for the
Sensitivity assessment (Table 1).



Table 1: Summary of the ecological attributes, including a brief rationale for their inclusion and their relationship with hydrodyna mic

variables that are expected to be affected by climate change (primarily water levels).

Attribute

Rationale

Relationship with Hydrodynamic Variables

Total Wetland Area

Strong evidence of a positive relationship between
habitat area and species abundance, diversity,
ecosystem functions, and services (e.g., Elliott et al.
2020; Smith and Chow-Fraser 2010)

Water-level fluctuations are a
well-documented driver of wetland extent
(reviewed in Keddy and Fraser 2000; Keddy
and Reznicek 1986; Keough et al. 1999)

Submerged and Floating
Aguatic Vegetation (SAV)
Volume

Greater SAV volume is generally associated with
increased SAV vegetation complexity and habitat
structure underwater (Weller and Chow-Fraser 2019);
provides critical spawning, nursery and/or foraging
habitat for fish, amphibians, and reptiles (e.g., Markle et
al. 2018)

Sensitive to changes in water levels (Weller
and Chow-Fraser 2019)

Wetland Interspersion
(Edge Density)

Interspersion is the degree of mixing between vegetation
and open water (Rehm and Baldassarre 2007);
measures wetland structural heterogeneity above water;
proxy for hemi-marsh; representsimportant habitat
structure for wetland wildlife (e.g., marsh birds; Hohman
etal. 2021; Rehm and Baldassarre 2007); increasing
interspersion is a key management action in wetland
restoration (e.g., Schummer et al. 2012)

Water-level fluctuations create interspersion;
high water levels cause die-back and
openings in emergent vegetation, creating
pockets of open water (Keddy and Reznicek
1986; Wilcox et al. 2005); lowwater levels
allow for regrowth of emergent vegetation




Attribute

Rationale

Relationship with Hydrodynamic Variables

Wetland Diversity
(Shannon-Wiener
Diversity Index)

Vegetation community diversity generally provides
habitat diversity (Habitat Heterogeneity Hypothesis; Stein
et al. 2014); habitat diversity is generally positively
related to species richness and ecosystem functioning;
limiting dominance by one vegetation community (e.g.,
monotypic cattail stands) is a key management action in
wetland restoration

Water-level fluctuations are a well-
documented driver of wetland vegetation
community diversity (Keddy and Fraser 2000;
Keddy and Reznicek 1986; Wilcoxand
Nichols 2008)

Meadow Marsh Area

Highly responsive to water-level fluctuations (Wilcox et
al. 2005); well-established performance indicator for
Lake Ontario adaptive management usedto assess
ecological impacts of outflowregulation on coastal
wetlands; highest species richness among wetland
vegetation communities (Keddy and Reznicek 1986)

Water-level fluctuations are required for the
establishment of meadow marsh; stabilization
of lake levels reduces meadow marsh extent
(e.g., Wilcox et al. 2005)




Rationales for selected ecological attributes
Total wetland area

The species-arearelationship is a well-established concept in ecology (Rosenzweig
1999), where species richness and abundance generally increases with habitat area. Many
studies support the species-area relationship (e.qg., Askin and Philbrick 1987; Elliott et al. 2020),
demonstrating that diverse and abundant populations in large areas can more easily tolerate a
range of environmental conditions (reviewed in Elliott et al. 2020). Further, direct reductions in
habitat area can negatively affect community structure by altering the strength of species
interactions and trophic chain length in food webs, and can negatively affect population
structure by influencing distribution, dispersal, reproductive output, foraging success, and
genetic diversity (Fahrig 2003). Studies have shown many wetland birds (e.g., Swamp sparrow
[Melospiza georgiana]) to be area-dependent, meaning that they will not breed unless there is a
certain amount of good quality habitat (Elliott et al. 2020; Riffell et al. 2001; Smith and Chow-
Fraser 2010). Similarly, wetland area has been shown to be positively associated with fish
species richness, and is important in structuring fish community composition (Montgomery et al.
2020).

In Great Lakes coastal wetlands, total wetland area is directly affected by fluctuating
water levels (Keddy and Reznicek 1986). These fluctuations are a natural process that drive the
structure and diversity of wetland vegetation since many wetland plant species are adapted to a
limited range of water depths (Wilcox and Nichols 2008; Figure 1). In general, as water levels
increase, wetland vegetation communities can occupy higher elevations (Keddy and Reznicek
1986), whereas lowwater levels tend to cause wetland vegetation communities to shift
lakeward, leaving higher elevations to be dominated by upland plants (Hartmann 1990; Mortsch
1998). Sustained water levels also alter vegetation communities, often causing an increase in
the occurrence of homogenous communities (Keddy and Reznicek 1986). This has been
described in Lake Huron, where sustained low water levels led to a reduction in fish habitat
(e.g., Fraczand Chow-Fraser 2013; Midwood and Chow-Fraser 2012), and in Lake Ontario,
where water-level regulation has resulted in the proliferation of cattails, primarily at the expense
of meadow marsh (Wilcox and Bateman 2018; Wilcox et al. 2008). However, it is important to
note that the influence of water levels on wetland area is complicated by many factors, including
the frequency of water-level fluctuations at different temporal scales (e.g., Grabas and



Rokitnicki-Wojcik 2015; Grabas et al. 2019; Smith et al. 2021), local bathymetry/topography,

substrate, and adjacent land cover (Keough et al. 1999; Steinman et al. 2012).

- Upland L Coastal Wetland >4 Lake -»
- Swamp >e Marsh >
- Forest »=<  Shrub »< Meadow *< Dense *< Sparse » Submergent

Emergent Emergent

- High water level of lake
« Average water level of lake

- Low water level of lake

== = Ground water levels

Figure 1: Vegetation zonation in a typical coastal wetland. This arrangement of wetland plants is

largely determined by moisture conditions.

Long Description: This figure shows the pattern of vegetation zonation in wetland. From lake to
upland, vegetation community zones occur as follows: submerged and floating aquatic
vegetation, emergent, meadow marsh, shrub swamp, and forest swamp. This arrangement of
wetland plants is largely determined by the ability of species within each community to tolerate

different moisture conditions.

Wetland area has been dramatically reduced in Great Lakes coastal wetlands from
human-related activities (e.g., wetland dredging and filling; Mortsch et al. 2006). Conversion of
wetlands to urban or agricultural land-use results in an immediate loss of wildlife habitat
(Montgomery et al. 2020) and significantly alters biophysical processes (e.g., nutrient and
sediment cycling; Zedler and Kercher 2005). Excessive nutrient input associated with nearby
urban and agricultural land use can lead to a cascading effect of altered ecosystem processes

contributing to lower water quality and loss of wetland habitat (Chow-Fraser 1998; Zedler 2003).
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Submerged and floating aquatic vegetation volume

Submerged and floating aquatic vegetation (hereafter referred to as SAV) is an
important component of Great Lakes coastal wetlands. From a wetland function standpoint, it
stores and releases nutrients (Engel 1988; Stuckey 1989), adds oxygen to the water through
photosynthesis, and provides stability to sediment, reducing turbidity (McNair and Chow-Fraser
2003; Ohrel and Register 2006). SAV also affords habitat for numerous wetland fauna. For
example, it provides spawning structure for adult fish and refugia for larval and young fish
(Casselman and Lewis 1996; Jacobus and Ivan 2005; Jude and Pappas 1992; Trebitz et al.
2009). Lake species (e.qg., yellow perch [Perca flavescens] and walleye [Sander vitreus])
migrate in spring to use SAV for spawning, seeking out the warmer temperatures and protection
fromthe higher wave energy of the open lake (Brazner et al. 1998; Stephenson 1990; Wei et al.
2004). SAV also provides marsh-dependent birds with habitat for activities related to breeding
and feeding (Bannor and Kiviat 2002; Brisbin and Mowbray 2002; Mowbray 1997; Rohwer et al.
2002), and wetlands with healthy SAV communities support more robust marsh bird
communities (Grabas et al. 2012; Rokitnicki-Wojcik et al. 2014). Additionally, certain turtle
species (e.g., eastern musk turtle [Sternotherus odoratus] and Blanding’s turtle [Emydoidea
blandingii]) prefer the warmer microclimate and foraging opportunities offered by SAV (Hartwig
and Kiviat 2007; Markle et al. 2018; Millar and Blouin-Demers 2011).

Determinates of SAV community structure and establishmentin wetlands are water
guality, substrate, and the interaction between bathymetry and water levels (Duarte and Kalff
1986; Grabas et al. 2012; Hudon et al. 2006). When water levels decrease, stranded SAV
generally dies-off and is replaced with plant species with lower water-depth tolerances (e.qg.,
shallow emergent species; Midwood and Chow-Fraser 2012). When water levels increase,
plants intolerant of flooding are replaced by SAV (Keddy and Fraser 2000; Keddy and Reznicek
1986; Smith et al. 2021). As such, rises and falls in Great Lakes water levels will influence the
extent and composition of SAV communities. During periods when water levels remain around
the long-term average, the SAV community generally occupies the same elevation extent over
time, but becomes more dense (Hudon et al. 2006). LeBlanc et al. (2014) found that during
sustained low water years in Georgian Bay, SAV community structure changed, becoming less
diverse and abundant. In relation to water quality, wetlands in the lower Great Lakes with high
conductivity and turbidity tend to have decreased SAV coverage (e.g., Grabas and Rokitnicki-
Woijcik 2015). This sensitivity to physical and chemical conditions suggests the SAV community

is a proxy for overall wetland health (Cvetkovic et al. 2010; Keough et al. 1999).
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Water levels affect the characteristics of SAV communities beyond species compaosition,
density, and areal extent, as described above. Water levels also affectthe overall volume of
SAV, and there is evidence that a three-dimensional measure of SAV (volume) may be a more
informative parameter of habitat quality compared to area (Weller and Chow-Fraser 2019). In
some cases, increases or decreases in water levels may result in more or less habitat area
(Bouvier et al. 2009; Elliott et al. 2020). However, Midwood and Chow-Fraser (2012) and Weller
and Chow-Fraser (2019) found that fish habitat area was not lost under sustained low water
levels in eastern Georgian Bay, but both studies concluded that there was a loss of habitat
volume. These results suggestthat SAV volume is more sensitive to changes in water levels
than area.

The vertical structure of SAV is an important component of fish habitat. Eadie and Keast
(1984) found that more vertical layers of aquatic vegetation provided more fish habitat, and that
fish species diversity was highly correlated with water depth. Trebitz et al. (2009) also found that
deeper wetlands supported a more structurally complex SAV community and more vegetation
cover, allowing more fish to thrive. Although shallower coastal wetlands provide opportunities for
emergent and floating vegetation to grow, these plants provide less structural complexity to
function as fish habitat (Eadie and Keast 1984; Weller and Chow-Fraser 2019).

Wetland interspersion

Wetland Interspersion is the degree of mixing between the two major cover typesin a
wetland: emergent vegetation and open water/SAV (Figure 2; Rehm and Baldassarre 2007).
This spatial juxtaposition between emergent vegetation and water is quantified as the amount of
interface (or edge) between these two cover types (i.e., edge density), where a wetland with
more vegetation-water interfaces has more interspersion (Rehm and Baldassare 2007).
Maximum interspersion occurs when there is a 50:50 ratio of emergent vegetation to open
water/SAV, referred to as “hemi-marsh” (Murkin et al. 1997).
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Little interspersion More interspersion

Wetland open water (including
floating and submerged plants)

Wetland emergent
vegetation, shrubs and trees

Figure 2: Diagram of a wetland with low and high interspersion (as viewed from above).
Adapted from SOWES v3.2 (Ontario Ministry of Natural Resources 2013).

Long description: This figure shows different degrees of interspersion in two wetlands. The left
diagram, showing little interspersion, is a wetland comprised primarily of emergent vegetation,
shrubs, and trees with one small pocket of open water (including floating and submerged
aguatic vegetation). The right diagram, showing more interspersion, is a wetland with multiple
pools of open water (in different shapes and sizes) amongst emergent vegetation, shrubs, and
trees.

Interspersion is highly influenced by hydrologic conditions, primarily water levels
(Hohman et al. 2021). Periods of high lake levels cause dieback in emergent vegetation,
creating openings (or “pockets”) of open water/SAV (Wilcox 2004), whereas periods of lower
lake levels allow patches of emergent vegetation to grow (Wilcox 2004). It is this variation in
water levels that ultimately allows for interspersed conditions. Stabilized water levels can
increase the density of invasive vegetation such as Phragmites australis and Typha xglauca
(Tulbure et al. 2007; Wilcox et al. 2008), which reduces interspersion by creating lar ge dominant

stands with fewer edges (Rehm and Baldassarre 2007).

Interspersion has a significant influence on wildlife. Relative abundances of multiple
marsh-obligate bird species, including American bittern (Botaurus lentiginosus), least bittern
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(Ixobrychus exilis), and sora (Porzana carolina) have been shown to increase with greater
interspersion (Rehm and Baldassarre 2007). Moreover, Darrah and Krementz (2009) found that
wetlands with greater interspersion had higher occupancy of nesting king rails (Rallus elegans).
This relationship is likely because there is more preferred feeding and nesting sites along
emergent vegetation-water edges in wetlands and greater visual isolation from conspecifics
(reviewed in Darrah and Krementz 2009; Hohman et al. 2021; Rehm and Baldasarre 2007).
Muskrats (Ondatra zibethicus) also prefer greater interspersion (Proulx and Gilbert 1983). In
turn, increased herbivory by muskrat populations can create more openings and irregularly
shaped channels in emergentvegetation, further increasing interspersion and suitable habitat
for birds such as least bitterns (Weller and Spatcher 1965).

Interspersion in wetlands is often a focus of wetland restoration and management to
increase biodiversity. Interspersion can be artificially increased through mechanical methods
such as dredging and cutting. For example, in Long Point coastal wetlands on Lake Erie, the
relative abundance and speciesrichness of marsh birds were 40% and 16% higher,
respectively, at dredged ponds compared to control sites (Schummer et al. 2012). Similarly,
cattail marshes cut with a 50:50 ratio of vegetation to openwater (i.e., maximum interspersion)
had higher densities of dabbling duck pairs (such as mallards [Anas platyrhynchos] and blue-
winged teals [Anas discors]) when compared to marshes with other experimentally manipulated
ratios (e.g., 70:30 ratio; Murkin et al. 1982).

Wetland diversity

For this assessment, wetland diversity represents the compositional heterogeneity of
vegetation communities in a wetland. We quantified wetland diversity as the variety and
evenness of five wetland vegetation community types using a modified Shannon-Wiener
diversity index following Fairbairn and Dinsmore (2001). The Shannon indexis the most
common measure of diversity used in ecological studies to assess spatial variation in habitat
types (Magurran 2004).

Wetland diversity in the Great Lakes is largely driven by natural water-level fluctuations
of varying frequency and amplitude (reviewed in Grabas and Rokitnicki-Wojcik 2015; Keddy and
Fraser 2000; Wilcox and Nichols 2008; Wilcox et al. 2005). In general, high water levels flood
out trees, shrubs, and encroaching upland vegetation at higher elevations. High water levels

also cause dieback and openings in the lower extent of dominant emergent vegetation, such as
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cattail species (Wilcox et al. 2005). Consequently, the area of treed and shrub thicket swamp
communities decreases and the lower extent of emergent vegetation communities is temporarily
replaced by more flood-tolerant communities of floating-leaved and submerged plants (e.qg.,
Smith et al. 2021). Following these highs, lower water levels expose bare sediments, allowing
germination of propagules and buried seeds. This natural drawdown promotes regeneration of
numerous, less competitive emergent and meadow species that replenish the seed bank
(Wilcox 2004). As a result, the extent of emergent vegetation and meadow marsh increase as
the floating-leaved and submerged communities decrease due to intolerance to

dewatering. Over time, dominant emergent vegetation increases in extent relative to less
competitive emergent species. This natural flooding-dewatering cycle in lake levels over several
time scales drives the dynamic nature of coastal wetland diversity (Keddy and Fraser 2000). In
contrast, coastal wetlands on regulated lakes with dampened water -level fluctuations have
lower vegetation community and structural diversity thanthose on unregulate d lakes (Wilcox
and Meeker 1992; Wilcox et al. 1993). In Lake Ontario, this decreased wetland diversity is
primarily due to the loss of meadow marsh communities and expansion of cattail stands (Wilcox
et al. 2008). Unsurprisingly, emulating natural water-level fluctuations through the
implementation of periodic drawdowns in wetland impoundments is an important management

technique to support diverse ecosystems.

For several reasons, it is important to measure and track changes in wetland diversity
resulting from climate change. Firstly, the compositional heterogeneity of vegetation
communities in ecosystems determines the physical structure of habitat, which greatly
influences the distribution, abundance, and interactions of wildlife (reviewed in Tews et al.
2004). Ecosystems with more habitat types generally have more species (Habitat Heterogeneity
Hypothesis; Cramer and Willig 2005), with plant diversity having the strongest effect on species
richness across several taxa in terrestrial ecosystems (reviewed in Stein et al. 2014). Positive
effects of habitat heterogeneity on biodiversity (Elliott et al. 2020; Guadagnin and Maltchik 2007;
Lorenzdn et al. 2016) and species abundance (Elliott et al. 2020; Gonzalez-Gajardo et al. 2009)
are also empirically documented in wetland ecosystems. Moreover, cattail-dominated coastal
wetlands on regulated lakes have reduced marsh bird richness and abundance (Chin et al.
2014; Meyer et al. 2010), suggesting that more homogenous coastal wetlands may provide less
habitat value. Ecological niche theory provides the mechanism underlying the Habitat
Heterogeneity Hypothesis; increased habitat heterogeneity increases available niche space,
which allows for the co-existence of an increased number of species with different ecological
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requirements (i.e., niche partitioning; Ben-Hur and Kadmon 2020). It should be noted that
heterogeneity-richness relationships are not always linear; unimodal relationships, where
richness peaks at moderate levels of heterogeneity, have been documented in natural systems
(Allouche et al. 2012; Chocron et al. 2015), including wetlands (Elliott et al. 2020). Such
unimodal relationships suggest a possible trade-off between heterogeneity and the area of
habitat required to support viable populations (Allouche et al. 2012).

Secondly, habitat diversity directly and indirectly drives the total number of processes or
functions that an ecosystem provides (i.e., ecosystem multifunctionality), including primary
productivity, carbon sequestration, and nutrient cycling (Alsterberg et al. 2017). Direct effects of
habitat diversity on ecosystem multifunctionality were observed in experimental coastal marine
ecosystems where more habitat types increased ecosystem functioning (Alsterberg et al.
2017). Alsterberg et al. (2017) proposed that a variety of habitats within an ecosystem promotes
structural complementarity and the exchange of material and energy. Given thatloss of one
benthic habitat type significantly changes the metabolic status of marine coastal ecosystems
(Alsterberg et al. 2017), similar complementarity is plausible among Great Lakes coastal
wetland vegetation communities. Indirect effects of habitat diversity on multifunctionality occur
through increased species richness. There is unequivocal evidence that reduced species
richness decreasesthe efficiency of ecosystem functions (reviewed in Cardinale et al. 2012;
Duffy etal. 2017) and that an increased number of species allows for the maintenance of
multiple ecosystem functions (Zavaleta et al. 2010).

Finally, habitat diversity may increase the stability of ecosystems via increased
biodiversity. The presence of more species stabilizes ecosystem functioning over time (Craven
etal. 2018) and increases the resistance of ecosystem function to disturbances (Duffy et al.
2016; Isbell et al. 2015). This is because different species often respond differently to
environmental change. In general, ecosystems with higher diversity (in terms of habitats and
wildlife) should be less susceptible to the negative impacts of environment fluctuations,
including climate change (ECCC 2022b).

Meadow marsh area

The area of meadowmarsh (or wet meadow) has a history of being used as a biological
indicator in Great Lakes coastal wetlands (Wilcox et al. 2005), in part because of its sensitivity
to water-level fluctuations. Meadow marsh (which tends to be dominated by grasses and
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sedges) is generally unable to tolerate persistent flooding, but the establishment of meadow
marsh requires both occasional flooding and low water events (Wilcox et al. 2005). Periodic
flooding staves off downslope growth by woody plant species from higher elevations, while low
water events limit the expansion of emergent plant species to higher elevations (into the
meadow) (Wilcox et al. 2005), and allows meadow marsh species to regenerate from buried
seeds via exposure of the substrate (Keddy and Reznicek 1986). Because meadow marsh is
typically situated between emergent vegetation and shrub-swamp, water-level fluctuations that
influence meadow marsh will concurrently influence surrounding vegetation communities, which
makes meadow marsh extent a useful indicator of overall wetland vegetation community
dynamics.

The reduction of water-level fluctuations has been shown to decrease meadow marsh
area substantially (Smith et al. 2021; Wilcox and Bateman 2018; Wilcox et al. 2005; Wilcox et al.
2008). The regulation of water levels in Lake Ontario since the 1960s provides a case study for
how lack of hydrologic fluctuations affect meadow marsh. The regulation of Lake Ontario had a
dampening effect on water-level fluctuations, thus diminishing the extremes of high and low
water levels that naturally occur in the system (Wilcox et al. 2005). Without the periodic high and
low water events required to curtail the spread of woody plants from higher elevations and
emergent species from lower elevations into meadow marsh-dominated areas, over 50% of
meadow marsh was lost since the 1960s (Wilcox et al. 2005). Much of the loss appeared to be
caused by the aggressive upland expansion of cattail species over this time period (Wilcoxand
Bateman 2018; Wilcox et al. 2008; Wilcox et al. 2005).

The value of meadow marsh as an important ecological attribute is not, however,
restricted to its degree of sensitivity to fluctuating water levels. Meadow marsh also represents
the most diverse vegetation community in Great Lakes coastal wetlands (Wilcox et al. 2005),
with the highest species richness among vegetative guilds (Grabas et al. 2019). Meadow marsh
therefore provides diverse structural habitat for many wildlife species (Wilcox et al. 2005),
including foraging areas for ungulate species (Patton and Judd 1970) and breeding and foraging
habitat for many bird species (Desgranges et al. 2006; Riffell et al. 2001).
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Methods

Study sites

Twenty coastal wetlands in the Great Lakes basin were assessed to determine their
Sensitivity to projected climate change (Figure 3): seven sites in Lake Huron, three in the
Huron-Erie Corridor (specifically, Lake St. Clair and the Detroit River), five in Lake Erie, four are
in Lake Ontario, and one is in the upper St. Lawrence River. These study sites were selected to
represent a range in geographical regions, surrounding land tenure and uses, and two wetland
hydrogeomorphic types (riverine and lacustrine; ECCC 2022a; ECCC 2022b). Lake Superior

wetlands could not be fully assessed and were not included in this report.
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Figure 3: Locations of the twenty coastal wetland sites used in the assessment of Wetland
Sensitivity. Seven sites are in Lake Huron (13. Hay Bay, 14. Treasure Bay, 15. Whiskey
Harbour, 16. Anderson Creek, 17. Hog Bay, 18. Baie du Doré, 20. Frances Point), three arein
the Huron-Erie Corridor (3. Detroit River, 4. Lake St. Clair, 5. Johnston Bay), five are in Lake
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Erie (1. Rondeau Bay, 2. Fox/Dolson’s Creek, 6. Long Point, 7. Selkirk Provincial Park, 8. Grand
River Mouth) four are in Lake Ontario (9. Jordan Station, 10. Lynde Creek, 11. South Bay, 12.
Airport Creek), and one is in the upper St. Lawrence River (19. Hill Island East).

Long Description: This figure is a map showing the study area and the location of the 20
wetland sites used in the assessment of Wetland Sensitivity. The study areais the Canadian
side of the Great Lakes basin, excluding Lake Superior. Seven sites are in Lake Huron
(Anderson Creek, Baie du Doré, Frances Point, Hay Bay, Hog Bay, Treasure Bay, Whiskey
Harbour), three are in the Huron-Erie Corridor (Detroit River, Johnston Bay, Lake St. Clair), five
are in Lake Erie (Fox/Dolson’s Creek, Grand River Mouth, Long Point, Rondeau Bay, Selkirk
Provincial Park) four are in Lake Ontario (Airport Creek, Jordan Station, Lynde Creek, South
Bay), and one is in the upper St. Lawrence River (Hill Island East).

Data source

We used outputs from the Coastal Wetland Response Model (CWRM) developed by the
Hydrodynamic and Ecohydraulic Section of ECCC’s National Hydrological Services for each of
the 20 wetland study sites. The CWRM integrated physical and ecological data to evaluate the
response of wetland vegetation communities over time to climate change. Data included climatic
exposure (e.g., temperature), modelled hydrodynamic data (e.g., water levels), land use, digital
elevation models, and data collected from study site-level vegetation surveys (ECCC 2022a).

The CWRM used two down-scaled Global Climate Models (GCMs) under a mitigated
greenhouse gas emission scenario of Representative Concentration Pathway (RCP) 4.5 (Table
2). RCPs are scenarios of emission, concentration and land-use trajectories that are used for
climate modelling (Moss et al. 2008). RCP 4.5 is a moderate emission scenario in which
“radiative forcing” (or the heating effect caused by atmospheric greenhouse gases) is stabilized
at 4.5 watts per square metre (equivalent to approximately 650 ppm of carbon dioxide) by the
end of the century due to the implementation of mitigation measures (Thomson et al. 2011). The
GCMs were down-scaled to fit the Great Lakes region. The two GCM models (hereatfter,
simulations) represented different possible futures to account for uncertainty in climate
projections; the lower-bound simulation and the upper-bound simulation. The lower-bound
simulation had average water-level projections that were relatively similar to the projected
recent past, while the upper-bound simulation projected an increase in water levels compared to

the projected past. Importantly, both the lower and upper-bound simulations had increased

18



overall variability in Great Lakes water levels comparedto the projected past. For each
simulation, the CWRM generated 56 grid outputs (one grid per year) for each of the 20 study
sites. Each cell within each grid represented 100 square metres of a vegetation community
(Table 3) with the highest probability of occurrence. These grid outputs included historic
projections (hindcast years; 1981 to 2008) and future projections (forecastyears; 2071 to
2098).

Table 2: Representative Concentration Pathway (RCP) and driving Global Climate Change
(GCM) models used. RCP 4.5 represents a moderate emission scenario and the two GCMs
represented different possible futures to account for uncertainty in climate projections (higher
and lower water-level scenarios, both with increased variability in Great Lakes water levels
compared to the projected past).

Scenario Driving Global Climate Change Model Simulation ID
RCP 4.5 CanESM2 (lower water level) Lower-bound
GFLD-ESM2M (higher water level) Upper-bound
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Table 3: Community classes used in the Coastal Wetland Response Model (CWRM) to assess climate change on Great Lakes
coastal wetlands. Hydrological conditions and vegetation characteristics with species examples are provided for each class. Note
that open water and upland classes were not considered wetland classes, and were therefore not included in the Sensitivity
assessment. Table adapted from Grabas and Rokitnicki-Wojcik 2015; Keddy and Fraser 2000; Lee et al. 1998.

Community Class Hydrological Conditions General Vegetation Description Example Species

Little macrophyte cover; no shrub or tree cover;
Open water > 2m water depth ) n/a
plankton dominated

Submerged and _ )
_ _ > 25% cover of submerged, rooted, and free-floating Potamogeton pusillus
floating aquatic < 2m water depth;
_ vascular macrophytes, Characeaea, and Nymphaea odorata
(shallowopen permanently inundated ) )
_ Ceratophyllaceae; no tree or shrub cover Spirodela polyriza
aquatic marsh)

> 25% cover of emergent plants with above-
substrate growth that persists (e.g., cattail spp.) or

does not persist (e.g., Schoenoplectus spp.) the Typha x glauca

Emergent marsh Flooded for most of the . ) _ _
_ following growing season; species tolerant of Pontederia cordata

(shallow marsh) growing season _ _ _ _

prolonged flooding; most species require occasional Schoenoplectus acutus

low water levels to expose substrate for seed

germination

Seasonally flooded; > 25% cover of vascular plants dominated by Carex stricta

Meadow marsh (wet _ _ _ _ _
inundated during spring, sedges, grasses, and forbs; species less tolerant of Calamagrostis canadensis

meadow) ) _ _
moist to dry by summer prolonged flooding; < 25% tree and shrub cover Stachys palustris
Shrub thicket Occasionally flooded; > 25% shrub cover; hydrophytic woody perennials  Salix petiolaris
rub thicke
inundated during high water <5 metres in height with usually more than one low- Cornus sericea
swamp

levels only branching stem; < 25% tree cover Alnus incana
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Community Class

Hydrological Conditions General Vegetation Description

Example Species

Treed swamp

Occasionally flooded; ) )
_ _ _ > 25% tree cover; hydrophytic trees > 5 metres in
inundated during high water

Fraxinus pennsylvanica

Thuja occidentalis

levels only height Acer saccharinum
Occasionally flooded; > 25% hydrophytic tree and shrub cover; used when
Swamp inundated during high water there was insufficient data to model treed swamp As above
levels only and shrub swamp separately at a given wetland site
Any open, shrub, and treed communities dominated
by plant species that typically do not or rarely occur Acer saccharum

Upland (terrestrial)

Water rarely above _

in wetlands (e.g., forest, meadow, pasture, rock
substrate _ o

barren); species coefficient of wetness >0 (Oldham

etal. 1995)

Prunus virginiana

Maianthemum canadense
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Processing of CWRM output

We extracted the number of grid cells in each vegetation class from 1120 CWRM grid
outputs (20 sites x 56 years) to calculate the ecological attributes for each year (described
below) and produce a time series of each attribute for each site and simulation (i.e., five
attributes x 20 sites x two simulations = 200 time series). We only considered 100 square-metre
grid cells classified as a wetland vegetation community; open water and upland classeswere
excluded from all analyses. These datawere processedin ESRI's ArcGIS Pro and ArcPy API
v2.6 (ESRI, Redlands, CA) and Python v3.6 (Van Rossum and Drake 2009). The coordinate
reference systemwas WGS 1984 (UTM zones 17N and 18N).

Calculating ecological attributes

We calculated area for each vegetation community by summing the number of grid cells
classified as the respective vegetation community and then multiplying by 100 square metres
(the area of each grid cell) for each site, year, and simulation combination. For example, there
were 2512 grid cells classified as meadow marsh for Lynde Creek in the 2071 projection;
therefore, the total area of meadow marsh was 251200 square metres. Total wetland area was
calculated by summing the total area of all wetland vegetation communities for each site, year,
and simulation combination (Figure 4).
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Figure 4: Map showing meadow marsh area (yellow) and total wetland area (purple, excluding

meadow marsh) at Lynde Creek, Lake Ontario.

Long description: This figure is a map of the Lynde Creek study site (in Lake Ontario) showing
meadow marsh area and total wetland area (excluding meadow marsh). Meadow marsh area
and total wetland area were two of the five ecological attributes selected to assess Wetland

Sensitivity to projected climate change.

We calculated SAV volume of each grid cell classified as SAV by multiplying the mean
water depth (in metres; based on water-level projections by the Meteorological Service of
Canada) by 100 square metres (the area of each grid cell; Figure 5). The resulting volume for
each grid cell was then summed across a site for each year and both simulations.
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Figure 5: Map showing the depth of submerged aquatic vegetation (SAV; blue gradient), from
which SAV volume was calculated, at Hill Island East, St. Lawrence River.

Long description: This figure is a map of the Hill Island East study site (in the St. Lawrence
River) showing the depth of submerged aquatic vegetation (SAV). Depth was used to calculate
SAV volume, which was one of the five ecological attributes selected to assess Wetland
Sensitivity to projected climate change. In this example, depth varies between 0.5 metres and 3
metres. Total wetland area (excluding SAV) is also shown.

Wetland interspersion was somewhat unique among the ecological attributes selected to
assess Wetland Sensitivity because it was the only measure of structural vegetation complexity;
the other ecological attributes were all measures of wetland composition. To quantify
interspersion, we calculated edge density, or the amount of edge between SAV and other
vegetation communities for each site, year, and simulation combination. To calculate edge
density, we first converted grid cells to polygons for each wetland vegetation community. We
then measured the total edge length where polygons of SAV bordered other vegetation
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communities using the Polygon Neighbors analysis tool in ArcGIS and divided the resulting

edge length by total wetland area (Figure 6).
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Figure 6: Two maps showing submerged aquatic vegetation (blue) and all other vegetation
communities (emergent marsh, meadow marsh, and swamp; yellow) in two different years at
Lynde Creek, Lake Ontario. These vegetation groupings were used to calculate interspersion.
Panel A shows a year with lower interspersion and panel B shows a year with higher

interspersion.

Long Description: This figure displays two maps of the Lynde Creek study site (in Lake Ontario)
showing submerged aquatic vegetation (SAV) and all other vegetation communities (emergent
marsh, meadow marsh, and swamp) in two different years. These vegetation groupings were
used to calculate interspersion (or edge density), which was one of the five ecological attributes
selected to assess Wetland Sensitivity to projected climate change. The map on the left (panel
A) has less edge where SAV borders other vegetation communities relative to total wetland
area, indicating lower interspersion. The map on the right (panel B) has more edge where SAV
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borders other vegetation communities relative to total wetland area, indicating higher

interspersion.

Finally, we used the area of each vegetation community as described above for each

site, year, and simulation to calculate the Shannon-Wiener diversity diversity index (H):

S
H=- Zpi Inp;
i1

where p is the area of vegetation community i divided by the total wetland area, and S is the
total number of vegetation communities (Figure 7). Note that higher index scores indicate a
greater variety and more even distribution of vegetation communities.
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Figure 7: Two maps showing four vegetation communities at Lynde Creek, Lake Ontario. These

vegetation groupings were used to calculate wetland diversity. Panel A shows a year with lower
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wetland diversity (note there is very little submerged aquatic vegetation) and panel B shows a

year with higher wetland diversity.

Long Description: This figure displays two maps of the Lynde Creek study site (in Lake Ontario)
showing submerged aquatic vegetation (SAV), emergent marsh, meadow marsh, and swamp in
two different years. These vegetation groupings were used to calculate wetland diversity (or
Shannon Index), which was one of the five ecological attributes selected to assess Wetland
Sensitivity to projected climate change. Both maps have the same number of vegetation
communities, but the map on the left (panel A) has less evenness among vegetation
communities because there is very little SAV, indicating lower wetland diversity. The map on the
right (panel B) has more evenness among vegetation communities, indicating higher wetland
diversity.

Change-detection analysis

For each site and simulation, projections for hindcast years (1981 to 2008) were
compared to the projections for forecast years (2071 to 2098) to detect adverse effects of
climate change on coastal wetlands. This change-detection approachis well established to
assess effects of projected climate change (Alahuhta et al. 2011; Lee et al. 2015; Morales-Marin
etal. 2019; Sofaer et al. 2016). The approach does not assume that a hindcast represents a
reference condition or a healthy state that has not beenimpacted by climate change;itis likely
that all wetland study sites have been influenced by climate change to some degree. Instead,
the hindcast period represents the range in wetland conditions (i.e., variability) through the
recent past due to natural variation and human-related stressors. Comparing the forecast to a
hindcast instead of historical observations is the best approach because it controls for any
misspecification, bias, or imprecision in the GCM that could be falsely attributed to Wetland

Sensitivity to climate change (Sofaer et al. 2016).

We sought a technical review of our change-detection approach by external experts
(independent of ECCC). The reviewers were selected to represent a range of expertise related
to climate change, national and regional wetland science, and statistics. Their inputwas
incorporated into the following methods.
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Threshold development

A response threshold was used to evaluate the negative effects of climate change on
each ecological attribute. We set the response threshold based on the 10th percentile in the
hindcast time series for all ecological attributes (i.e., when an ecological attribute was within the
lowest 10% of hindcast values); values belowthis threshold signified an extreme negative state.
We then applied this 10th percentile to the forecast to detect when extreme low values in each
ecological attribute were predicted for each simulation (Figure 8). We also conducted our
analysis using third and 20th percentile thresholds, but found that it did not meaningfully change
the interpretation of the results; regardless of the threshold choice, all wetland sites were
considered at risk or critically at risk in at least one simulation.
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Figure 8: Depiction of howthe 10th percentile threshold was set based on the hindcast of an

ecological attribute, and how this threshold was applied to the forecast. The horizontal dashed
blue line is the 10th percentile threshold and red circles representall years that fell belowthe
threshold.
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Long Description: This figure provides a graphical example of howthe 10th percentile threshold
was set based on the hindcast data for an ecological attribute, and howthat threshold was
applied to the forecasted data. The y-axis of the graph is the area of an ecological attribute (in
square kilometres), and the x-axis is year, splitinto two panels for the hindcast (1981 to 2008)
and forecast (2071 to 2098) periods. In this example, the threshold based on the hindcastwas
set 1.11 square kilometres. There were three instances where area of the ecological attribute
fell below the threshold in the hindcast, and 14 instances where it fell belowthe threshold in the
forecast. Overall, the area of the ecological attribute was much more variable from year-to-year
in the forecast than the hindcast.

Hindcast verification

Attribute Sensitivity thresholds depended on the hindcast, so we assessed whether there
were any significant linear trends in the hindcasts that might lead us to set unrepresentative
forecast thresholds. The threshold in a given forecast was set based on the lower 10th
percentile of the associated hindcast, which, given the number of years in each hindcast, means
it was effectively set based on the three years with the lowest values (or most extreme negative
states) in the associated hindcast. If, for example, a strong negative trend in wetland area
existed in the hindcast of a site or simulation, and the associated forecast’s threshold was set
based on the last three years of said hindcast, then this threshold might be considered
unrepresentative since the temporal trend would suggestthat more extreme negative states
could continue to be observed if the time series were to continue. Setting thresholds in this way,
based on the tail end of significantly linear hindcasttrends, could thus lead to thresholds being
set too high or low to effectively represent the frequency of extreme negative attribute states

that existed in the past.

To avoid this issue, we analyzed each hindcast (n = 200) to detect significantlinear
trends using a bootstrapped studentt-test (“notrend_test” function; funtimes package). Based
on this test, which is designed to detect significant linear trends in time series data, nineteen
hindcasts exhibited significant linear trends. We then ran simple linear models to determine the
direction of the linear trend. Of the 19 significant trends, five were negative and 14 were
positive. We inspected all 19 significant trends visually to determine whether they were extreme
enough to have led to the establishment of unrepresentative thresholds. Upon examination, we
were confident that the directional trends did not lead to unrepresentative thresholds. There
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were no situations where thresholds were based on either the firstthree or last three years of a

hindcast with a strong negative or positive trend.
Attribute aggregation

We calculated Attribute Sensitivity (i.e., the proportion of extreme forecast years) for
each site and simulation by summing the number of extreme forecast years for each ecological

attribute and dividing by the number of forecast years (28).

We also calculated the overall Wetland Sensitivity for each site and simulation by
summing the number of extreme forecast years for all five ecological attributes and dividing by
the total number of forecast years across all ecological attributes (140). This represented the
proportion of years thatthe ecological attributes existed in an extreme negative state foreach

site and simulation.

We classified Wetland Sensitivity for each site and simulation into colour-coded
Sensitivity scores and gave qualitative descriptors of the risk that a wetland will experience
negative effects of climate change in the future (Table 4). We considered a coastal wetland to
be low risk when the percentage of extreme forecast years across the five ecological attributes
was less than 10%; in other words, the number of extreme forecast years did not exceed the
number of extreme hindcast years. Our wetland experts and stakeholders identified that
negative responses that were beyond the normal range of variation for a given wetland were of
conservation priority under climate change. When there were more than 10% extreme forecast
years, we categorized risk accordingto Table 4. While the choice of threshold defining at risk
and critically at risk was subjective, splitting the remaining percentiles in this way is analogous
to published work on alert thresholds for environmental variables (Van Wynsberge et al. 2013).
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Table 4: Scoring system for Wetland Sensitivity for each site and simulation. Wetland Sensitivity
is a proportion (0 to 1). Score is a colour classification associated with the Wetland Sensitivity
(green, yellow, and red). The interpretation is based on the risk that a wetland may experience
negative effects of climate change in the projected future.

Wetland Sensitivity Score Interpretation
<0.1 Green Low Risk
0.1-0.55 Yellow At Risk
>0.55 Red Critically At Risk

One shortcoming of additive indices is that they can be biased by highly correlated
variables, as these can lead to pseudoreplication or “double counting” within an index (Gibbons
et al. 2006). Therefore, to ensure independence among ecological attributes (selection criteria
3), we examined the Pearson correlations among Attribute Sensitivity values. We considered

ecological attributes to be correlated whenr > 0.6.
Post-hoc analyses

To gain insight into the mechanisms driving our results, we explored the relationship
between physical variables used in the CWRM (i.e., elevation and water level) and Wetland
Sensitivity. Firstly, we assessed whether Wetland Sensitivity was affected by the topographic
profile of a site because we suspected that sites with more variation in elevations would have a
greater ability to migrate in response to water-level fluctuations, and therefore would be more
resilient to climate change. Topographic elevation data above the mean water level was
extracted from a digital elevation model. We used a general linear model with Wetland
Sensitivity as the response variable and standard deviation in elevation and simulation as
explanatory variables. An interaction term between elevation and simulation was also initially
included in the model, but was dropped because it was not statistically significant. Standard
deviation was used as a measure of variation in elevation at a site and was selected rather than
range in elevations because the edges of a topographic profile are often represented by very
little area, and therefore, range may provide a misleading representation of the distribution of
elevations present at a site. Standard deviation of elevation was transformed with a log base 10

transformation to accommodate scaling issues. All model assumptions were met.

31



Secondly, we assessed whether water-level fluctuations were associated with the
probability of an extreme year of total wetland area. We chose to assess the relationship with
total wetland area because it was the most sensitive attribute to climate change in this study.
We used generalized linear mixed modelling to determine if the occurrence of an extreme
forecast year of total wetland area was affected by the mean water level in the preceding three
years. This explanatory variable was selected because wetland vegetation reacts to water-level
fluctuations with a time lag (Wilcox and Nichols 2008) and because it was shown to be highly
important in the CWRM. The models were split among lakes because of differences in water
levels that caused scaling issues and also to improve interpretability. Note that the three sites in
the Huron-Erie Corridor were included in the Lake Erie model and the one site in the St.
Lawrence River was included in the Lake Ontario model. In each of the generalized linear mixed
models, we used the binary response variable of whether or not total wetland area exceeded
the response threshold in a given year. Explanatory variables in each model were three-year-
mean water level and simulation. An interaction term between three-year-mean water level and
simulation was also initially included in each model, but was dropped from the Lake Erie model
because it was not statistically significant. Year and site were initially included as random effects
in all models, but site was dropped from the Lake Erie model due to issues with model fit and
because it did not significantly improve the model. The significance of random effects was
determined based on likelihood ratio tests. Toaccommodate scaling issues, three-year-mean
water level was converted to a Z-score (Z=x - y/o) in all models, and was transformed with a
log base 10 transformation in the models for lakes Ontario and Huron. Mixed models were
performed using the “glmer” function in the Ime4 package (Version 1.1-26; Bates et al. 2015)
and met model assumptions. All statistical analyses were conductedin R version 4.0.3 (R Core
Team 2020).
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Results

Ecological Attribute Sensitivity

Median Attribute Sensitivity for the five ecological attributes ranged from 0.07 to 0.20 in
the lower-bound simulation and 0.07 to 0.71 in the upper-bound simulation, and was higher in
the upper-bound simulation for three attributes (Figure 9). Area-based attributes (meadow
marsh area and total wetland area) were especially sensitive in the upper-bound simulation.
Total wetland area in the upper-bound simulation had the highest median Attribute Sensitivity
(0.71), followed by meadow marsh area in the upper-bound simulation (0.61) (Figure 9).
Interspersion had the highest median Attribute Sensitivity in the lower-bound simulation (0.20),
followed by SAV volume and meadow marsh area (both 0.16). Ecological attributes were not

strongly correlated (r <0.6; Table 5).
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Figure 9: Boxplots of Attribute Sensitivity values for all sites in upper and lower-bound
simulations. The horizontal line in each boxis the median, the bottom of each box is the 1 st
guartile, the top of each boxis the 3rd quartile, and the whiskers represent values within 1.5

times the interquartile range.
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Long description: This figure displays boxplots summarizing Attribute Sensitivity values for all
coastal wetland study sites for each of the ecological attributes in both the upper and lower -
bound simulations. The y-axis is Attribute Sensitivity and the x-axis is the name of each
ecological attribute, split into two panels for the upper and lower-bound simulations. Attribute
Sensitivity was low for all ecological attributesin the lower-bound simulation, but was generally
higher and more variable in the upper-bound simulation. Total wetland area in the upper-bound
simulation had the highest median Attribute Sensitivity, followed by meadow marsh area in the

upper-bound simulation.

Table 5: Pearson correlation coefficients between Attribute Sensitivity values for all
combinations of the five ecological attributes. None of the ecological attributes were considered
to be correlated (r < 0.6).

Total Wetland Wetland SAV Meadow
Area Diversity Volume Marsh Area
Wetland Diversity 0.42 - - -
SAV Volume 0.46 0.33 - -
Meadow Marsh Area 0.44 0.49 0.13 -
Wetland Interspersion 0.18 0.08 0.23 -0.22

Wetland Sensitivity

All coastal wetland study sites were considered at risk (Wetland Sensitivity= 0.1) in at
least one simulation, and five wetland sites (25%) were critically at risk (Wetland Sensitivity >
0.55) in at least one simulation (Figures 10 and 11). Ten sites (50%) had different Wetland
Sensitivity scores between simulations, but no site was low risk in one simulation and critically
atrisk in the other.
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Figure 10: Wetland Sensitivity values for upper and lower-bound simulations for all coastal
wetland sites (n = 20), ordered by maximum Wetland Sensitivity. The circles indicate the upper-

bound simulation and the squaresindicate the lower-bound simulation.

Long description: This figure displays a graph showing Wetland Sensitivity values for all 20
coastal wetland study sites in the upper and lower-bound simulations. The y-axis is Wetland
Sensitivity and the x-axis is the name of each wetland site. The Wetland Sensitivity values for
both simulations are provided for each site using different symbols. All study sites were
considered at risk to projected climate change in at least one simulation. Five sites were
considered critically at risk (all in the upper-bound simulation), and five sites were considered
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low risk (four in the lower-bound simulation and one in the upper-bound simulation). For all but
three sites (Airport Creek, Anderson Creek, and Hay Bay), Wetland Sensitivity was higher in the
upper-bound simulation than the lower-bound simulation. Sites have been ordered from
smallest maximum Wetland Sensitivity to largest. The lowest maximum Wetland Sensitivity was
for Lynde Creek in the upper-bound simulation, and the highest maximum Wetland Sensitivity

was for Lake St. Clair in the upper-bound simulation.
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Figure 11: Distribution of Wetland Sensitivity scores in the upper and lower-bound simulations.

Long Description: This figure displays a histogram showing the number of coastal wetland study
sites in the three risk categories (lowrisk, at risk, critically at risk) for both the upper and lower-
bound simulations. The y-axis is the number of wetland sites and the x-axis are the risk
categories, split into two panels for the upper and lower-bound simulations. In the lower-bound
simulation, four sites were considered lowrisk, 16 sites were considered at risk, and no sites
were considered critically at risk. In the upper-bound simulation, one site was low risk, 14 sites

were at risk, and five sites were critically at risk.

Sensitivity values were generally higher in the upper-bound simulation than the lower-
bound simulation, with the exception of Anderson Creek, Airport Creek, and Hay Bay. In the
lower-bound simulation, 16 sites (80%) were considered at risk and no sites were critically at
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risk (Figure 12). In the upper-bound simulation, 14 sites (70%) were considered at risk and five
sites (25%) were critically at risk (Figure 13).
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Figure 12: Map showing Wetland Sensitivity scores for the 20 Great Lakes coastal wetland sites
in the lower-bound simulation. Site names are in Figure 3.

Long Description: This figure displays a map of the study area with Wetland Sensitivity scores
for all 20 coastal wetland study sites in the lower-bound simulation. Four sites were considered
low risk: one in Lake Huron (Treaure Bay), one in Lake Erie (Selkirk Provincial Park), and two in
Lake Ontario (South Bay and Lynde Creek). All other sites were considered at risk.
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Figure 13: Map showing Wetland Sensitivity scores for the 20 Great Lakes coastal wetland sites

in the upper-bound simulation. Site names are in Figure 3.

Long Description: This figure displays a map of the study area with Wetland Sensitivity scores
for all 20 coastal wetland study sites in the upper-bound simulation. One site was considered
low risk (Airport Creek on Lake Ontario) and five sites were considered critically at risk: one in
Lake Huron (Whiskey Harbour), three in the Huron-Erie Corridor (Detroit River, Johnston Bay,
Lake St. Clair), and one in Lake Erie (Long Point). All other sites were considered at risk.

Sensitivity values were generally similar among water bodies in the lower-bound
simulation, but were notably higher in the Huron-Erie Corridor, and to a lesser extent Lake Erie,
in the upper-bound simulation (Table 6). All three sites in the Huron-Erie Corridor were
considered critically at risk in the upper-bound simulation. All Lake Erie and Lake Huron sites
were considered at risk in the upper-bound simulation, with the exceptions of Long Point (Lake

Erie) and Whiskey Harbour (Lake Huron), which were both considered critically at risk (but we
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note that the Sensitivity of Whiskey Harbour may have been overestimated due to data
limitations; ECCC 2022a). However, Lake Erie sites had higher Sensitivity values than Lake
Huron sites, on average (mean = 0.45 and 0.33, respectively). Sites on Lake Ontario were the
least sensitive in the upper-bound simulation; no site was considered critically at risk, and
Airport Creek Marsh was the only site that was low risk across all lakes. Additionally, there was
no notable difference between lacustrine and riverine wetland hydrogeomorphic types in either

simulation (Table 6).

Table 6: Summary of results for each site showing wetland name, wetland hydrogeomorphic
(HGM) type, Wetland Sensitivity (with colour-coded score), and most and least sensitive
ecological attributes. Wl = Wetland Interspersion, MMA = Meadow Marsh Area, TWA = Total
Wetland Area, SAVV = Submerged Aquatic Vegetation Volume, WD = Wetland Diversity.

Scenario
Lower-bound Simulation Upper-bound Simulation
: Wetland Wetland
Site Name HGM Type L Most Least o Most Least
Sensitivity Sensitivity
Lacustrine, TWA & TWA MMA &
Rondeau Bay Sand-spit 0.19 Wi (0.43) MMA 0.31
(0.96) WD (0)
embayment (0.071)
Lacustrine,
Fox Creek Barred 0.15 SAVVE v (0) 0.54 SAVV WD
drow nedriver- (0.39) (0.93) (0.18)
mouth
Riverine, SAVV TWA &
Detroit River Open 0.15 MMA (0 MMA (0
"R P ) (0.32) © WD (1) ©)
shoreline
- TWA,
Riverine, SAVV &
Lake St. Clair Open 0.15 Wi (0.43) WD TWA (1) WI (0.25)
shoreline
(0.071)
Johnston Bay Riverine, 0.12 WI (0.39) MMA (0) WAL\ (0)
Delta marsh MMA (1)
Lacustrine,
. ustrlnfa WD TWA & WD
Long Point Sand-spit 0.16 WI (0.32)
(0.036) MMA (1) (0.036)
embayment
Riverine,
Selkirk Barred MMA TWA 034 TWA SAVV &
Provincial Park  drow nedriver- (0.29) (0.036) ' (0.89) WI (0)
mouth
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Scenario

Lower-bound Simulation

Upper-bound Simulation

; Wetland Wetland
Site Name HGM Type L Most Least o Most Least
Sensitivity Sensitivity
Riverine,
Grand River Barred 021 WD wi 0.44 TWA wi
Mouth drow ned river- ' (0.39) (0.071) ' (0.93) (0.036)
mouth
Riverine,
. . MMA MMA
Jordan Station  Drow ned river- 0.37 TWA (0) 0.43 W1 (0)
(0.96) (0.89)
mouth
Riverine,
TWA &
Lvnde Creek Barred Wi MMA & 0.4 TWA SAVV &
ynde Lree drow nedriver- WD (0) ' (0.50) WI (0)
(0.071)
mouth
Lacustrine,
South Ba Open SAVY MMA (0) 0.29 MMA SAVV (0)
y P (0.071) ' (0.79)
embayment
Riverine,
. MMA WD & WI MMA
Airport Creek  Open drow ned 0.27 SAVV (0)
. (0.71) (0.071) (0.29)
river-mouth
Lacustrine, WD TWA &
Hay Bay Protected 0.19 (0.36) SAVV 0.18 WI (0.61) SAVV (0)
embayment ' (0.071)
Treasure Ba LF?rCol:;(t.:rtlgg ’ MMA WD (0) 0.28 TWA SAx\D/ .
y (0.18) : (0.39)
embayment (0.21)
. Lacustrine, SAVV &
Whiskey Protected 0.20 MMA TWA MMA (1)  WI (0.29)
Harbour (0.036)
embayment (0.29)
Riverine, TWA,
Anderson Open drow ned 0.29 MMA WD 0.15 MMA SAVV &
Creek pen drowne : (0.46) (0.036) : (0.68)
river-mouth WD (0)
Lacustrine, WD TWA & TWA
Hog Bay Protected 0.14 0.25 wi 0.36 0.64 WI (0.21)
embayment (0.25) (0.036) (0.64)
Lacustrine,
. . MMA TWA
Baie du Doré Open 0.21 Wi (0.39) 0.41 SAVV (0)
(0.036) (0.82)
embayment
. Riverine, MMA MMA
Hill Island East Protected 0.25 WI (0) 0.52 WI (0.32)
(0.64) (0.89)
embayment
Lacustrine, SAVV SAVV MMA
Frances Point Protected 0.19 MMA (0) 0.23
(0.39) (0.93) (0.32)
embayment
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Post-hoc analyses

Wetland Sensitivity decreased significantly with increased standard deviation in
elevation at a site (3 = -0.16, SE=0.07,t=-2.42, p =0.020; Figure 14). This indicates that
wetlands with less topographicrelief had higher Sensitivity values. In the site elevation model,
Wetland Sensitivity was significantly higher in the upper-bound simulation compared to the
lower-bound simulation (8 =0.23, SE=0.05,t=4.98, p <0.001).
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Figure 14: Partial plot of the relationship between standard deviation of site elevation (in metres)
and Wetland Sensitivity for all 20 study sites in both simulations (8 =-0.16, SE=0.07,t=-2.42,
p = 0.020). Note that a partial plot shows the relationship between two variables, after

accounting for other explanatory variables in a statistical model.

Long Description: This figure displays a partial plot showing the relationship between the
standard deviation of site elevation (in metres; x-axis) and Wetland Sensitivity (y-axis) for all 20
coastal wetland sites in both simulations. Wetland Sensitivity decreased with increasing
standard deviation of site elevation (f =-0.16, SE=0.07,t=-2.42, p =0.020). Note that a
partial plot shows the relationship between two variables, after accounting for other explanatory

variables in a statistical model.
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Additionally, we found that the effect of three-year-mean water level on the probability of
an extreme year of total wetland area differed among lakes. In the Lake Erie model (Table 7),
the probability of an extreme year significantly increased with three-year-mean water level ( =
1.13, SE =0.56, Z = 2.02, P = 0.044), and was significantly higher in the upper-bound
simulation compared to the lower-bound simulation (3 =10.18, SE=1.94,t=5.24, p < 0.001)
(Figure 15).

Table 7: Results from the generalized linear mixed model for Lake Erie and Huron-Erie Corridor
study sites. Results fromthe likelihood ratio test used to test the significance of the random

effect are also shown. 3 = estimate, SE = standard error, Z=Z-score, 82 = deviance, X21 = Chi
square value with 1 degree of freedom, P = P-value.

Variable — Variable Type B+ SE z 52 X% P
3-year-mean water level —fixed 1.13+0.56 2.02 - - 0.044
Simulation — fixed 10.18+1.94 5.24 - - <0.001
Year —random - - 94.13 31.14 <0.001
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Figure 15: Partial plot of the relationship between Z-scored three-year-mean water level and the
probability of an extreme year of total wetland area for Lake Erie and Huron-Erie Corridor study
sites (3=1.13,SE = 0.56, Z= 2.02, P = 0.044). Note that a partial plot shows the relationship

between two variables, after accounting for other explanatory variables in a statistical model.

Long Description: This figure displays a partial plot showing the relationship between three-
year-mean water level (Z-scored; x-axis) and the probability of an extreme year of total wetland
area (y-axis) for Lake Erie and Huron-Erie Corridor coastal wetland sites. Probability of an
extreme year significantly increased with increasing three-year-mean water level (3 =1.13, SE =
0.56,Z =2.02, P = 0.044). Note that a partial plot shows the relationship between two variables,
after accounting for other explanatory variables in a statistical model.

There was a significant interaction between simulation and three-year-mean water level
in the models for lakes Ontario and Huron, indicating that the relationship between three-year-
mean water level and probability of an extreme year differed significantly between simulations.
In the Lake Ontario model (Table 8), there was a significant negative interaction ( =-38.88, SE
=8.27,Z=-4.70,P < 0.001), and in the Lake Huron model (Table 9), there was a significant
positive interaction (f =36.10, SE=18.33, 2= 1.97, P = 0.049).
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Table 8: Results from the generalized linear mixed model for Lake Ontario and St. Lawrence
River study sites. Results from the likelihood ratio test used to test the significance of the
random effect are also shown. § = estimate, SE = standard error, Z=Z-score, 62 = deviance,
X21 = Chi square value with 1 degree of freedom, P = P-value.

Variable — Variable Type B * SE z &2 X?1 P
3-year-mean water level — fixed 19.12+4.70  4.07 - - <0.001
Simulation — fixed 17.74+£3.75 4.73 - - <0.001
Simulation: 3-year-mean water level —fixed -38.88+8.27 -4.70 - - <0.001
Year — random - - 220.52 18.15 <0.001
Site —random - - 226.84 11.82 <0.001

Table 9: Results from the generalized linear mixed model for Lake Huron study sites. Results
fromthe likelihood ratio test used to test the significance of the random effect are also shown. 3
= estimate, SE = standard error, Z = Z-score, 2 = deviance, X?1 = Chi square value with 1
degree of freedom, P = P-value.

Variable — Variable Type B+ SE z &2 X?1 P
3-year-mean water level — fixed 17.78+5.96 2.98 - - 0.003
Simulation — fixed -21.91+£9.24 -2.37 - - 0.018
Simulation: 3-year-mean water level —fixed 36.10+18.33 1.97 - - 0.049
Year —random - - 31555 17.85 <0.001
Site — random - - 299.59 33.81 <0.001

To interpret these interactions, we fit generalized linear mixed effects models for each
simulation separately for both lakes. In these models, the response variable was the binary
response variable of whether or not total wetland area was in an extreme negative state (i.e.,
exceeded the response threshold), the fixed effect was three-year-mean water level with a log
base 10 transformation (to accommodate scaling issues), and the random effects were year and
site. In the lower-bound simulation model for Lake Ontario (Table 10), there was a marginally
significant increase in the probability of an extreme year of total wetland area with increasing
three-year-mean water level (3=11.82, SE=6.72,Z2=1.76, P = 0.078, Figure 16).
Alternatively, in the upper-bound simulation model for Lake Ontario (Table 11), the effect of
three-year-mean water level on the probability of an extreme year was not statistically significant
(B=-13.27,SE=23.77,Z=-0.56, P = 0.577). In the upper-bound simulation model for Lake
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Huron (Table 12), there was a significant increase in the probability of an extreme year with
increasing three-year-mean water level (3 =49.55, SE = 23.51,Z2=2.11, P = 0.035, Figure 17).
In the lower-bound simulation model for Lake Huron, the effect of three-year-mean water level
on the probability of an extreme year was positive; however, model assumptions were violated
due to a significant non-linearity, meaning that the statistical inferences derived from the model

were notreliable.

Table 10: Results from the generalized linear mixed model for Lake Ontario and St. Lawrence
River study sites for the lower-bound simulation. Results from the likelihood ratio test used to

test the significance of the random effect are also shown. B = estimate, SE = standard error, Z=
Z-score, 62 = deviance, X?1 = Chi square value with 1 degree of freedom, P = P-value.

Variable — Variable Type B * SE z &’ X?1 P
Three-year-meanwater level —fixed 11.82+6.72 1.76 - - 0.078
Year —random - - 75.31 3.91 0.048
Site —random - - 77.68 154 0.215
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Figure 16: Partial plot of the relationship between Z-scored three-year-mean water level and the
probability of an extreme year of total wetland area for Lake Ontario and St. Lawrence River
study sites in the lower-bound simulation (B =11.82, SE=6.72,Z=1.76, P = 0.078). Note that
a partial plot shows the relationship between two variables, after accounting for other

explanatory variables in a statistical model.

Long Description: This figure displays a partial plot showing the relationship between three -
year-mean water level (Z-scored; x-axis) and the probability of an extreme year of total wetland
area (y-axis) for Lake Ontario and St. Lawrence River study sites in the lower-bound simulation.
Probability of an extreme year increased with increasing three-year-mean water level (f =
11.82,SE=6.72,Z=1.76, P = 0.078). Note that a partial plot shows the relationship between

two variables, after accounting for other explanatory variables in a statistical model.
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Table 11: Results from the generalized linear mixed model for Lake Ontario and St. Lawrence
River study sites for the upper-bound simulation. Results from the likelihood ratio test usedto
test the significance of the random effect are also shown. = estimate, SE = standard error, Z=
Z-score, %= deviance, X?1 = Chi square value with 1 degree of freedom, P = P-value.

Variable — Variable Type B SE z &2 X1 P
Three-year-meanwater level — fixed -13.27 +23.77 -0.56 - - 0.577
Year - random - - 122.17 37.28 <0.001
Site —random - - 145.43 14.02 <0.001

Table 12: Results from the generalized linear mixed model for Lake Huron study sites for the
upper-bound simulation. Results from the likelihood ratio test used to test the significance of the
random effect are also shown. = estimate, SE = standard error, Z = Z-score, 62 = deviance,
X21 = Chi square value with 1 degree of freedom, P = P-value.

Variable — Variable Type B+ SE z &2 X% P
Three-year-mean water level —fixed 49.55+23.51 2.11 - - 0.035
Year - random - - 22588 6.62 0.010
Site - random - - 18296 49.53 <0.001
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Figure 17: Partial plot of the relationship between Z-scored three-year-mean water level and the
probability of an extreme year of total wetland area for Lake Huron study sites in the upper-
bound simulation (3 =49.55, SE = 23.51,Z=2.11, P = 0.035). Note that a partial plot shows the
relationship between two variables, after accounting for other explanatory variablesin a
statistical model.

Long Description: This figure displays a partial plot showing the relationship between three -

year-mean water level (Z-scored; x-axis) and the probability of an extreme year for total wetland
area (y-axis) for Lake Huron study sites in the upper-bound simulation. Probability of an extreme
year significantly increased with increasing three-year-mean water level (8 = 49.55, SE = 23.51,
Z=2.11,P=0.035). Note that a partial plot shows the relationship between two variables, after

accounting for other explanatory variables in a statistical model.
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Discussion

Our results suggest that all coastal wetland sites in this study are at risk under climate
change. This is consistent with the IPCC assessment of wetlands as among the most vulnerable
ecosystems to climate change (IPCC 2014; Lee et al. 2015). This work builds upon existing
impact studies or vulnerability assessments that have found wetland flora and fauna to be
vulnerable to climate change (Ellison 2015; Lamsal et al. 2017; Saintilan et al. 2019; Steenet al.
2017; Wardrop et al. 2019).

Wetland Sensitivity to climate change: drivers

As mentioned above, the two simulations used in this study represented different
possible futures to account for uncertainty in climate projections; the lower-bound simulation
had average water-level projections that were relatively similar to the projected recent past and
the upper-bound simulation projected an increase in water levels (and both projected increased
overall variability in water levels). We found that Great Lakes coastal wetlands were generally
more sensitive in the upper-bound simulation, and that Sensitivity was primarily due to loss of
wetland area. Although wetland area generally fluctuated over time, our results predict that
there will be more years in the future with less wetland area relative to the past. We note that
more years with less wetland area does not necessarily indicate wetland loss overall; however,
an analysis of these data using percent mean-change from the hindcast showed that wetland
area decreased by 17.6% across sites and that most sites (80%) were projected to decrease in
area by 5to 55% (ECCC 2022a). These results are consistent with other hydrodynamic studies
that project wetland loss under climate change across the globe. In the Prairie Pothole Region
of central North America, Sofaer et al. (2016) developed hydrologic projections forced by
downscaled climate models and found that, on average, densities of wetlands are projected to
decline across 10 GCMs and two emission scenarios (RCPs 4.5 and 8.5) due to drier
conditions. Their results corroborate several studies predicting wetland loss as a result of
climate change in that region (reviewed in Sofaer et al. 2016). In mountain wetlands in the
northeastern United States, Lee et al. (2015) projected climate -induced hydrologic change
under 10 GCMs and one emission scenario and found increased probability of drier conditions
resulting in wetland loss. Along ocean coasts around the world, numerous climate change
assessments predict that between 20% and 50% of coastal salt marshes will be lost due to
climate-induced sea-level rise (reviewed in Kirwan et al. 2016a). Similarly, we found that the
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probability of Great Lakes coastal wetland loss increased with increasing three-year-mean water
levels across most lakes and simulations (Figure 15-17). The one exception was Lake Ontario
in the upper-bound simulation (where the relationship was negative, but not statistically
significant), which was likely driven by two sites (Airport Creek and Lynde Creek) where gentle
slopes and surrounding land-use would allowthese wetlands to migrate landward under
considerably higher average lake levels. While inland wetlands are projectedto be lost due to
decreasing water levels and coastal wetlands are projected to be lost due to increasing water
levels, the mechanism driving Wetland Sensitivity to climate change is the same — changes to
hydrology. Takentogether, the projected widespread loss of wetland area as a result of climate
change appears to be due, in part, to climate-driven changes in water levels. This is not
surprising given that climate ultimately drives water levels and variability, which have a
significant influence on wetland structure (Keddy and Fraser 2000; reviewed above).

We also found that Wetland Sensitivity decreased with increasing variationin
elevation. This implies that greater topographic diversity provides more locations for upward
migration in response to increasing water levels, likely by providing more refugia for vegetation
establishment and growth. This would include gently-rising slopes that span a large breadth in
elevation. Conversely, a narrowtopographic profile that is very shallow or very steep could

increase Wetland Sensitivity because there would be limited opportunity for wetland migration.

Land use surrounding wetlands could also increase Wetland Sensitivity by restricting
landward migration in response to increasing lake levels despite suitable topography. In the
CWRM, it was assumed that specific land uses, including impervious surfaces, residential
development, agriculture, and areas controlled by dikes, would be unsuitable for wetlands and
restrict wetland migration into surrounding uplands (referred to as “masked areas”; ECCC
2022a). For example, Fox Creek on Lake Erie had the greatest proportion of masked area
surrounding the site (0.65) and was among the most sensitive sites in the upper-bound
simulation. Similarly, several sites (Detroit River, Johnston Bay, Lake St. Clair, and Selkirk
Provincial Park) had high Wetland Sensitivity valuesin the upper-bound simulation likely
because the land surrounding the wetland was classified as unsuitable for landward migration,
resulting in “coastal squeeze” and wetland loss. These projections suggest that even a small
area of land use adjacent to a wetland can have a large effect on Wetland Sensitivity by limiting
landward migration. Therefore, it is likely that our inferences on Wetland Sensitivity are
conservative because, with the exception of Fox Creek, we did not sample wetlands in the basin
with more than 29% surrounding masked area.
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The response of Great Lakes coastal wetlands to climate change could also depend on
several other physical and biological processesthat we were unable to consider in this
assessment. Physical processes may include littoral sediment dynamics, riverine discharge, and
nutrient and sediment loading. Of these, we expect that including littoral sediment dynamics in
our assessment would have the largest effect on Wetland Sensitivity estimates. Since the
delivery and deposition of sediment rebuilds substrate for vegetation growth, it is likely that
natural littoral sediment transport would decrease Wetland Sensitivity by creating suitable
downslope conditions for wetland migration and providing protection from storm surges and
coastal erosion. However, there is strong evidence that littoral sediment transport to wetlands is
significantly reduced by shoreline hardening and revetments constructed to protect coastal
properties and harbours (Kirwan et al. 2016b). Most impacted in the GreatLakes are large
sand-spit wetlands on Lake Erie (e.g., Point Pelee, Rondeau, and Long Point), which require
littoral sediment transport from the western shoreline to maintain their physical integrity (Zuzek
2018, 2021). As shoreline alteration continues to increase across the Great Lakes, increasing
sediment starvation and coastal erosion at existing wetlands could increase Wetland Sensitivity

by exacerbating wetland loss.

We also were unable to assess the effect of climate change on biological processes that
are temperature-controlled in wetlands. There is strong evidence from acrossthe globe of
climate change-driven increases in plant productivity (van der Wal and Stein 2014), shifting
plant species composition (Liu et al. 2018), earlier phenology (e.qg., spring flowering; Gonsamo
etal. 2013), and poleward range shifts of plants (Harsch et al. 2009; Parmesan and Hanley
2015), all of which could influence Wetland Sensitivity. For example, Liu et al. (2018) found that
warming increased grass biomass at the expense of sedges and forbsin alpine grasslands,
which resulted in deeper root systems that may have allowed plant communities to acquire
more water, thereby stabilizing primary production. In the Great Lakes, similar community shifts
(resulting in deeper root systems) may also protect from coastal erosion by stabilizing sediment,
which could decrease Wetland Sensitivity. However, it remains largely unclear how such
temperature-driven changes will influence Wetland Sensitivity in the Great Lakes basin. This is
a notable area for further research.

Alternatively, it is possible that invasive species could influence Wetland Sensitivity
through their widespread impact on physical and biological processes in wetlands (reviewed in
Bansal et al. 2019; Gallardo et al. 2016). For example, Phragmites australis subsp. australis

grows in dense stands that displace native wetland vegetation, generally resulting in fewer
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vegetation communities, decreased interspersion, and consequently lower biodiversity (Jung et
al. 2017; Tulbure et al. 2007). Since ecosystem stability increases with increasing biodiversity
(Craven et al. 2018), we would expect that greater areal extent of Phragmites would increase
Wetland Sensitivity. However, dense Phragmites stands increase sediment retention in
wetlands via greater litter accumulation and more extensive rhizome networks compared to
cattail stands (Rooth et al. 2003, Bourgeau-Chavez et al. 2013). Over time, this sediment
trapping results in greater vertical accretion rates in Phragmites-dominated wetlands (Rooth et
al. 2003), which could decrease Wetland Sensitivity. Determining the net effect of Phragmites
on Wetland Sensitivity requires additional research (ECCC 2022a).

Uncertainty in Wetland Sensitivity estimates

One of our key methodological decisions was howwe calculated Wetland Sensitivity (as
the proportion of years thatkey ecological attributes existed in an extreme negative state for
each site and simulation). The Meteorological Service of Canada assessed climate change
impacts on the same 20 coastal wetland sites based on percent mean-change from the hindcast
and found that wetland area decreased by 17.6% across sites in the upper-bound simulation,
and that most (80%) sites were projected to decrease in areaby 5 to 55% (ECCC 2022a).
These results are consistent with our findings that coastal wetlands will be negatively impacted
by climate change due to wetland loss, and suggest that our approach for assessing Wetland

Sensitivity was robust.

We found that wetlands were more sensitive in the upper-bound simulation thanthe
lower-bound simulation. As a result, our inferences on Wetland Sensitivity, and the potential
negative effects of climate change on Great Lakes coastal wetlands, may be biased toward
wetter future scenarios (i.e., higher lake levels represented in the upper-bound simulation).
Interestingly, these wetter future scenarios are possibly more aligned with the future climate of
the Great Lakes basin. Wetland responses to climate change were assessed under RCP 4.5, a
moderate emission scenario in which radiative forcing is stabilized at 4.5 watts per square metre
by 2100 (Thomson et al. 2011); however, recent evidence suggeststhat the global emissions
pathway is on a trajectory towards RCP 8.5, which is characterized by a significant increase in
greenhouse gas emissions over time, leading to a radiative forcing of 8.5 watts per square
metre by the end of the century (IPCC 2014; Schwalm et al. 2020). Although we did not assess
Wetland Sensitivity to climate change under RCP 8.5 (ECCC 2022a), ECCC (2022c) projected
water levels for all the Great Lakes across 10 GCMs under RCP 8.5, and predicted higher lake-
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levels that are similar to or beyond the upper-bound simulation under RCP 4.5. Given the
positive relationship between three-year-mean water level and total wetland area detected in
our assessment, itis likely that many Great Lakes coastal wetlands would be more sensitive to
climate change due to extensive wetland loss under RCP 8.5. Taken together, we suggest that
our Wetland Sensitivity values are likely underestimated, or at the very least, the upper-bound
estimate is more reliable for conservation management planning for Great Lakes coastal
wetlands under future climate change.

Wildlife implications

As a result of climate change, we predict there will be more years in the future with less
wetland area relative to the past, which would have significant implications for wildlife. Firstly,
wetland loss represents a reduction in habitat for many wetland-dependent species (i.e., wildlife
requiring wetlands for a least one part of their life cycle), several of which are undergoing
population declines in the Great Lakes basin (e.g., marsh birds; Tozer 2016) or are listed as
federal or provincial species at risk (e.g., least bittemn, Blanding’s turtle). Habitat loss generally
results in lower population sizes and diversity of wildlife due to lower resource availability. If
there is substantial loss of coastal wetland habitat across the GreatLakes in the future as a
result of climate change, there would likely be significant wildlife population declines and
regional biodiversity loss. Species-specific habitat suitability modelling within our assessment
framework is an important avenue of future research to support wildlife conservation. Secondly,
local habitat loss at key coastal wetlands could have disproportionate effects on regional wildlife
populations. For example, the coastal wetlands of Long Point are internationally recognized as
important stopover habitat for several eastern populations of migratory species, including
waterfowl and particularly tundra swans (Cygnus columbianus; Badzinski et al. 2011; Knapton
and Petrie 1999; Petrie et al. 2002), monarch butterflies (Crewe and McCracken 2015), bats,
and forest birds (Tayloret al. 2011). Since Long Point is projected to lose up to 55% wetland
area in some years (ECCC 2022a), it is possible that the eastern populations of all of these
migratory species would be negatively affected. Lastly, habitat loss is generally assumed to
decrease ecosystem functioning and services provided to humans (Brisson et al. 2014; Dobson
etal. 2006). The monetary value of ecosystem services provided by coastal wetlands in
southern Ontario is estimated to be $750 million per year for carbon sequestration, nutrient
regulation, recreation, and aesthetic value (Troy and Bagstad 2009). Decreased ecosystem
functioning would also occur indirectly from wetland loss, as both biodiversity and habitat
heterogeneity are generally positively associated with habitat area.
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Conclusions

The goal of this study was to provide a science-based assessment of Wetland Sensitivity
to climate change to inform mitigation strategies for Great Lakes coastal wetlands. We found
that all coastal wetlands considered in this study were sensitive to future climate change and
are likely at risk. Most notably, significant loss of wetland area was predicted to occur more
frequently as a result of higher lake levels where surrounding land is unsuitable for migration
due to land use (e.g., transportation infrastructure, residential development) or topography (e.g.,
steep slopes precluding migration). This means that further land development surrounding
coastal wetlands will likely exacerbate climate-driven wetland loss. Our results suggest that
conservation planning for Great Lakes coastal wetlands under climate change should consider
protection of the surrounding landscape. More broadly, given that coastal wetlands acrossthe
Great Lakes are continuing to be lost and degraded due to land development, the synergistic
effects of climate change and land development (both resulting in habitat loss) should be

considered in regional biodiversity planning and recovery strategies for wetland species at risk.
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