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1. INTRODUCTION 

BACKGROUND INFORMATION  
 
In the spring of 2011, the Lake Champlain water level far exceeded previous historical maximum 
levels and the Richelieu River rose above flood stage for two months. Over 40 communities 
were directly impacted, and thousands of residents were evacuated. Damages were estimated 
at more than CDN$105M1  (US$82M1) (ILCRRSB, 2019). 

Following those historic flooding events, the International Joint Commission (IJC) was mandated 
by the Canadian and US governments to propose and evaluate flood mitigation measures (also 
called alternatives) to attenuate floods and flood impacts in the Lake Champlain and Richelieu 
River (LCRR) basin. Among the range of flood mitigation solutions, the Study considered moderate 
structural alternatives aiming at attenuating high water levels. After an in-depth evaluation of 
a wide range of structural alternatives, the three most promising solutions were selected for 
further analysis (Moin et al., 2022). To quantify the benefits and drawbacks of these structural 
alternatives, performance indicators (PI) were developed. PIs provided the Study Board with 
critical quantitative information on the potential impacts of each flood mitigation alternative 
and clear rationale to communicate recommendations to the public and stakeholders. PIs were 
grouped into four components: Social, Economic, Environmental and Indigenous interest. They 
cover the main concerns that emerged from consultations and workshops conducted with 
specialists and local stakeholders during the first phases of the Study.

DEVELOPMENT OF PERFORMANCE INDICATORS TO EVALUATE 
FLOOD MITIGATION ALTERNATIVES  

This report provides a complete description of each PI developed for the LCRR Study. After 
a brief overview of PI selection and development methodology, the description of each PI is 
provided as an information sheet which can be used as a standalone document. Each sheet 
underlines the relevance of the PI, explains how it reflects the impacts of water level variations 
on a particular component and describes the mathematical response functions that were 
developed to quantify those impacts.

PIs provide measurable values expressing the link between water level or discharge and a 
given interest or resource. Through carefully elaborated response functions, these metrics 
quantify the impacts on social, economic, environmental and Indigenous interests of each 
flood mitigation alternative. The PIs are the foundation of the Study Board recommendations  
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regarding the selection of structural flood mitigation alternatives, especially to evaluate how 
they are economically viable, equitable and environmentally sound. 

The social PIs describe the vulnerabilities of populations based on their socio-economic 
conditions and flood hazard. The economic PIs comprise the monetary losses associated with 
flooding, such as damage to buildings of the residential sector. The environmental components 
quantify the impacts of water level variations on various components of the ecosystem. In 
addition, the study worked with the Bureau du Ndakina2 of the Grand conseil de la Nation 
Waban-Aki (GCNWA) regarding the selection and development of meaningful PIs for W8banaki 
and Mohawk Nations3. US Tribes were also consulted in the selection of PIs, such as wild rice 
survival, which is a species of interest for Indigenous peoples in Lake Champlain area. 

PIs are based on mathematical equations used to estimate the impact of variations in water 
level on a resource. For instance, a stage-damage function, a relatively simple equation, 
predicts flood damage to buildings based on submersion height. In contrast, some PIs include 
more complex functions such as the wetland class PI, which involves the combination of 
machine-learning and wetland succession algorithms. Furthermore, to estimate the potential 
impact of a flood mitigation alternative, the changes in water level can be combined with other 
explanatory variables. For example, estimations of northern pike spawning habitat area are 
based on water depths and currents during the spawning period combined with temperature 
and wetland class distribution. Experts from various fields participated in the selection and 
development of the different PIs. Selected indicators had to be sensitive to water level 
variations and representative of the broad interests of LCRR stakeholders. 

Each PI is incorporated in the Integrated Social, Economic and Environmental (ISEE) system, a 
spatio-temporal modelling platform that generates high precision flood maps (i.e. water depths 
and currents) based on 2D hydrodynamic simulations and a precise digital elevation model. In 
the ISEE system, flood maps are cross-referenced to numerous geospatial datasets (e.g., land 
use or building information) which feeds the PI’s response functions to estimate flood impacts. 
Details about the ISEE system components and workflow can be found in Roy et al. (2022b), 
while a complete analysis of PI results is available in Roy et al. (2022a).

REPORT STRUCTURE 

This report is organised in two sections. The first section presents the general methodology 
for developing the PIs included in this study. It describes the spatial and temporal component  
 
2 The considerations provided by the W8banaki Nation Ndakina Office do not pretend to represent the plurality of   
views of the W8banaki Nation members or the First Nations as a whole. 

3 The information provided by the participating First Nations does not represent all of their rights or interests in the 
LCRR study area. As such, any information provided is to be used solely for the purposes of the LCRR study, and is not to be 
used in any other studies, surveys or negotiations. The information provided must not be used or interpreted in a way that 
would limit, alter or nullify the rights or interests of the participating First Nations or their community members.
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of this study, the different steps carried out to select and develop the 29 PIs included in 
this report and the major components of the ISEE system. The second section is the core of 
this report and describes the methodology of each selected PI. The description of each PI 
is provided in an information sheet format and is meant as a stand-alone document. PIs that 
cover the same economic sector have many characteristics in common and were thus grouped 
in the same information sheet. Each sheet underlines the relevance of the PI, explains how it is 
impacted by water level variations and describes the associated response functions that were 
developed to quantify those impacts.

REFERENCES

Moin, S., Werick, W. and Yuzyk, T. (2022). Evaluation of Potential Structural Solutions in the 
Richelieu River to Mitigate Extreme Floods, prepared by Flood Management and Mitigation 
Measures Technical Working Group for the International Lake Champlain-Richelieu River 
Study, 93 p.

Roy, M., Bachand, M., Maranda, A., Gosselin, R., Thériault, D., Poirier, G., Champoux, O., Fortin, 
N., Julien, M-F., Marcotte, C., Hennebert, A., Oubennaceur K. and Morin, J. (2022a). Évaluation 
des solutions structurelles d’atténuation des inondations à l’aide d’indicateurs de performance 
: Étude du lac Champlain et de la rivière Richelieu. Environnement et Changement climatique 
Canada, Section Hydrodynamique et Écohydraulique. Rapport Scientifqiue, RS-117, 318 p. 

Roy, M., Fortin, N., Poirier, G., Gosselin, R., Thériault, D., Maranda, A., Champoux, O., Bachand, 
M. and Morin, J. (2022b). Integrated Social, Economic and Environmental system (ISEE): Lake 
Champlain Richelieu River Study (2017-2022). Environment and Climate Change Canada, 
Hydrodynamic and Ecohydraulic Section, Technical Report, RT-155, 60 p. 
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2.   GENERAL METHODOLOGY

2.1  STUDY AREA 
The study area of the project is entirely within the LCRR watershed and includes Lake 
Champlain, the Richelieu River and the flooded area under a hypothetical lake level of 32.27m 
at Rouses Point. It lies on both sides of the Canadian-United States border and include parts 
of State of New York to the west, the State of Vermont to the east and Québec to north. 
It is a region characterized by large mountain ranges (Adirondacks to the west and Green 
Mountains to the east) and a fertile agricultural plain bordering the shores of the Richelieu 
River, up to the St. Lawrence River. 

The shores of the lake were settled by various Indigenous communities before colonial times, 
and today the cities of Burlington, Vermont and Plattsburgh, New York are the main population 
centres. Approximately 580,000 people live in the United States portion of the Lake Champlain 
basin, while another 25,000 live in the Quebec portion around Missisquoi Bay. The Richelieu 
River is the outlet of Lake Champlain and connects it to the Atlantic Ocean via the St. Lawrence 
River. It is about 124 km long and includes medium-sized cities among them Saint-Jean-sur-
Richelieu, Chambly, Beloeil, and Sorel-Tracy. The LCRR basin total population is estimated at 
about 1,015,000. About 39 percent of this total lives in Vermont, 38 percent in Québec and 
nearly 23 percent in New York. 

LAND USE OVERVIEW

About two-thirds of the portion of the LCRR basin that lies within the United States is forested. 
Other important land uses in the United States portion of the basin include agriculture (16 
percent); wetlands (six percent); and urban areas (five percent). The remaining is covered by 
a relatively small proportion of shrubland, grassland, herbaceous vegetation and barren land 
(Homer et al., 2015). 

Agriculture occupies nearly 70 percent of the Quebec portion of the basin. Of the remaining, 
about 8 percent is urban land, 16 percent is forested, and about 2.4 percent is wetlands.

 
ECOSYSTEM

The LCRR basin supports a diverse range of ecosystems and wildlife. Lake Champlain includes 
93 species of fish as well as endangered species such as the spiny softshell turtle and the rare 
hairy-necked tiger beetle. Around 200 bird species can be observed around Lake Champlain.
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The Richelieu River is abundant in aquatic diversity. It is home to about 200 species of birds, 
including 35 species of waterfowl, and 80 species of fish (MFFP, 2018; eBird, 2018). Many 
species of mammals can be observed in the LCRR basin, including muskrats, beavers, and 
river otters.

SPATIAL COMPONENT

The selected performance indicators are each applied within a particular geographic context. 
For example, some species are found only in particular portions of the LCRR basin, while some 
datasets are only available in Canada. Since Lake Champlain and the Richelieu River do not 
have the same hydraulic characteristics, the study area is separated into three sectors (‘Lake 
Champlain’, Upper River’ and ‘Lower River’) for the analysis of the PI results (see Figure 2.1-1).

Figure 2.1-1 | Left: the study area represented in red. Center: the study area separated in three different sections 
with different hydraulic characteristics. Right: Canadian and United States portion of the study area.

TIME COMPONENT 

In addition to the spatial component, the adopted modelling approach also has an extended 
temporal component covering 93 years from 1925 to 2017 (hereafter the reference period). 
This reference period was determined considering the availability and quality of the data at 

Borders
Study Area
LCRR Watershed
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the time the study was initiated. Each of the PIs was modeled for each of these years, targeting 
specific periods of the year expressed in quarter month (QM), as detailed in the “temporal 
validity” section of the PI sheets. 

2.2 PERFORMANCE INDICATORS SELECTION
Assembling an appropriate set of PIs is a critical step in the process of evaluating flood 
mitigation alternatives. PI selection requires objective thought, as PIs ultimately provide key 
information to support decision-making. Defining how many indicators is needed is based 
on the balance between providing an appropriate description of the system dynamics (i.e. 
the response to changes in the water level regime) and avoiding creating an onerous and 
overly complex dataset difficult to interpret and communicate (Dale & Beleyer, 2001). Selecting 
indicators at an early stage of the study is important, as it influences decisions such as defining 
study area boundaries and data that needs to be gathered or sampled.

In the LCRR Study, the general approach consisted of compiling a list of PI candidates, with 
the focus on casting a wide net and covering as many aspects as possible, and then selecting 
a subset of PIs through an iterative approach using selection criteria and involving the 
participation of experts and various stakeholders.  

COMPILING AN INITIAL SET OF PIS

The main focus while compiling an initial set of PIs was to cover most impacts associated 
with flooding and alteration of the water level regime. Particular attention was focused on 
covering portions of the study area presenting different features in terms of built and natural 
environments, such as Lake Champlain on both sides of the border, and the Upper and Lower 
sections of the Richelieu River (Figure 2.1-1). Furthermore, care was taken to cover the yearly 
temporal variability, with a particular focus on the spring flood period, but also including 
periods when flows or water levels might be impacted by the mitigation alternatives, such as 
summer low flows. 

The following main sources of information were used to identify the set of initial PI candidates:

1. The main concerns of the local population towards flooding hazard shared during 
public meetings. 

2. Literature reviews on PIs used in previous studies and flood impacts;
3. Consultation of experts in the fields of land use planning, economics and aquatic 

ecology, through several technical working group periodic meetings and workshops;

4. Local interests identified from discussions with stakeholders at the municipal level, 
the LCRR Public Advisory Group, provincial/state and federal advisory committees and 
Indigenous groups.



8         LAKE CHAMPLAIN RICHELIEU RIVER STUDY | 2017 -2019

PI ITERATIVE SELECTION

The list of PIs was narrowed down using selection criteria and a review process that included 
literature reviews, research of existing models and data, and consultation with experts, 
stakeholders and the LCRR Public Advisory Group. The final list was intended to include a 
manageable number of PIs that were relevant and effective for evaluating flood mitigation 
measures. The key criterion for developing all PIs was their sensitivity to peak flood level 
reduction, or more generally, to water level fluctuations. PIs needed to be particularly sensitive, 
since the Study only examined moderate structural alternatives that aimed to modify water 
levels by only a few centimeters. In addition, PIs needed to be quantifiable, to measure as 
directly as possible the object of interest and to be socially, economically or ecologically 
relevant. Furthermore, practical considerations were taken into account for the selection of 
all PIs, as although difficult to assess, costs to develop indicators should not exceed their 
usefulness.

The PIs belonging to the four different components (Social, Economic, Environmental, and 
Indigenous interest) were reviewed following different approaches to meet their respective 
objectives. For the environmental PIs, for example, the objective was to select a limited subset 
of PIs that would be generally representative of the impacts of altering the water level regime. 
In contrast, for the economic component, no effort was made to limit the number of PIs,  to fulfill 
the objective to obtain the most complete assessment of prevented economic losses in order 
to compare it with the cost of implementation of the mitigation alternatives. Nevertheless, 
several economic PIs were discarded for practical reasons.

SOCIAL PI SELECTION  

The social PIs were used to model and estimate the vulnerability of populations. They were 
based on socio-economic census data and built environment geospatial datasets. These PIs 
allowed ranking of flood mitigation alternatives on their ability to prevent social impacts and 
also how they benefit the more or less vulnerable segments of the population. These PIs 
were based on components of a vulnerability analysis developed at University of Montreal 
and using them as a tool to compare scenarios was a novel approach (Thomas and Gagnon, 
2021). Among the initial set of PIs, the accessibility, which describes how residences may 
become inaccessible by road during a flood, was not included because of technical issues 
associated with data resolution discovered through stakeholder review. Globally, social PIs 
provide information that can be used to assess how ‘equitable and fair’ are the mitigation 

ECONOMIC PI SELECTION

The selection of economic PIs was based on a literature review of past flood studies (e.g. 
Shawcross et al 2015b; Circé et al. 2016) and on the flood impacts suffered in 2011 reviewed 
in the report “The Causes and Impacts of Past Floods in the Lake Champlain-Richelieu River 
Basin” (ILCRRSB, 2019). In addition, a specific review was carried out for agricultural PIs 
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(Samson-Tshimbalanga & Rousseau, 2018). Several PIs were identified for each one of the 
following economic sectors: residential, commercial, industrial, agricultural, recreational and 
public. 

Economic PIs were selected and calibrated by economic and flood damage experts, namely 
from the Canadian Coast Guard, Ouranos, École Nationale de l’Administration Publique 
(ENAP), Institut National de la Recherche Scientifique (INRS) and University of Vermont (UVM). 
The selected set of economic PIs was discussed during a dozen workshops and meetings 
gathering US and Canadian members of the LCRR Social, Political and Economic (SPE) Analysis 
Group and the Resource Response (RR) Technical Working Group. Additional economic PIs 
such as Commercial and Recreational Income Loss were developed by US experts but are not 
covered in this report due to delays in an internal peer-review process. Economic PIs can all 
be measured in monetary figures and can be used in benefit-cost analysis to evaluate how 
‘economically viable’ are the mitigation alternatives.

ENVIRONMENTAL PI SELECTION

The environmental PIs aim at defining how environmentally acceptable flood mitigation 
measures are. While the alternatives’ first objective is to lower the peak flows, changes to 
the hydrologic regime can also be felt throughout the year. Such changes to water levels and 
flow patterns can have various effects on different components of the ecosystem and need 
to be quantified and evaluated. Environmental PIs in this study are designed to identify trends 
and be applied on a large scale, as a decision support tool to evaluate how flood mitigation 
measures affect the conditions that are generally favorable to particular environmental 
features. As such, environmental PIs are selected with the purpose of weighing the flood 
mitigation alternatives based on the impacts of modifying the water level regime and do not 
aim to replace a comprehensive environmental impacts assessment.

The initial environmental PIs were identified through literature review and from expert advice. 
Two major sources of literature were used for environmental PI selection: 

1. Past International Joint Commission studies evaluating water level regulation plans using 
environmental PIs, such as the Lake Ontario St. Lawrence study (Morin et al., 2004) and the 
Rainy-Namakan system study (Morin and Bachand, 2016 ). These peer-reviewed studies 
provided a large number of environmental models and the framework for data analysis.  

2. A literature review on the Environmental impacts of flooding in the Lake Champlain 
Richelieu River basin, prepared by the LCRR Resource Response Technical Work 
Group (Julien et al. 2020). This effort aimed at identifying ecological features and 
issues specific to the LCRR basin, along with available data on various species..

Based on that information, a first list of potential environmental PIs (Annex 1) was created 
based on the following criteria:
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Sensitive to water level variations of few centimeters:
Given that the flood mitigation alternatives are expected to cause relatively minor changes to 
the water level regime, selected indicators need to be particularly sensitive to small water level 
variations. Typically, changes in water level have the most impacts on the species and habitats 
located at the interface between the aquatic and terrestrial ecosystems, namely the floodplain, 
shorelines, riverine and coastal wetlands. For instance, on a relatively flat floodplain, a small 
decrease in water level can lead to a considerable decrease in flooded area. Nevertheless, 
instream species and habitats must not be overlooked, especially in shallower areas such 
as the few rapids areas of the Richelieu River, where changes in water level can cause more 
important differences in water depths in relative terms. In contrast, in deeper habitats, minor 
change in water level will not have much impact on the species ecological, economic or 
cultural relevance.

Selected PIs must bear a significance in terms their overall importance in the ecosystem, 
their rarity, precarious status or cultural value. Particular attention was paid to cover umbrella 
species whose significance extends beyond what is actually measured to a larger group of 
species or to a wider range of environmental impact. Examples of PIs selected in this study 
include the northern pike, generally considered as an umbrella species because protecting its 
habitat indirectly protects numerous other species that make up the ecological community of its 
habitat (Casselman & Lewis, 1996). More specifically, altering the timing and extent of flooding 
of the LCRR floodplain would not only have the potential to affect the available spawning 
area of northern pike, but also those of other species such as yellow perch (Mingelbier et 
al., 2005). Similarly, the wetland class PI can infer indirect impacts on the numerous species 
and to ecological services provided by wetlands. Another example is the muskrat, which is 
considered as a keystone species, or ecosystem engineer, that has an effect on plant species 
and habitat heterogeneity, which in turn may have an impact on numerous species (Bomske 
& Ahlers, 2021). 

A special effort has also been made to make sure the PI set covered several species at risk in 
the LCRR basin that might be impacted by a change in the water level regime. This includes 
the copper redhorse, a fish species that is endemic to Quebec and whose only two known 
spawning grounds are found in the Richelieu River. Other endangered species considered 
include the spiny softshell turtle, the least bittern, the black tern, the hairy necked tiger beetle, 
the bridle shiner and sand darter. 

In addition, an effort was made to select species of economic and cultural importance. For 
instance, waterfowl hunting is an important activity in the basin, contributing to the local 
economy and playing a key role in local Indigenous communities’ cultural heritage.

Covers critical life stage: 
When relevant, PIs prioritized life stages that are the most likely to have an impact on fitness 
and population productivity, such as spawning and nesting or survival during winter. 
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Cover the periods of the year where water levels are modified by the alternatives:
PIs were selected with the objective that critical life stages cover all periods of the year, since 
flood mitigation measures are expected to alter water level throughout the year, by decreasing 
peak levels and increasing water levels from the end of the summer until the next spring. 
Thus, the selected set of PIs covers the entire year (Figure 2.2-1). When several PIs were 
covering the same period of the year and were presenting a similar sensitivity to water level 
fluctuations, only one or two were kept. For instance, northern pike was selected over yellow 
perch, the wetland class emergent marsh was selected over hard stem bulrush, muskrat was 
selected over beaver and least bittern was selected over black tern.  

 

Figure 2.2-1 | Temporal validity of the selected environmental PIs for different animal class and vegetation.

Data availability, feasibility of implementation and practical considerations:
Costs and time involved in data collection and PI development were important considerations 
in the final selection of PIs. Therefore, the availability of pre-existing models linking water 
level to a subject of interest developed as part of past IJC studies (Morin et al., 2016; Talbot, 
2006, Morin et al., 2005) was considered as a head start. These studies carried out in different 
large water bodies over the last decades gathered a large number of environmental experts 
to compile the most critical environmental impacts of water level regulation. While these 
studies provided a basis for potential PIs, an effort was made to identify issues of particular 
importance in the LCRR basin (e.g., copper redhorse) and to adapt and calibrate pre-existing 
models with local data. Several initial environmental PIs did not have data or models available, 
such as the frogs, the beaver and the hairy-necked tiger beetle (ANNEX 1: Initial list of potential 
environmental performance indicators).

FINAL SELECTION AND DISCARDED PIs

The initial selection methodology that was foreseen involved a scoring and ranking system, 
where scores would be assigned to each PI candidate by various experts. However, submitting 
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the PI candidates to the key selection criteria resulted in a manageable number of seven 
environmental PIs, presented in Table 2.2-1. As mentioned earlier, one of the key reasons 
for discarding some PI candidates was their low sensitivity to small water level fluctuations 
and the difficulty of assessing that sensitivity in quantitative terms. Some other PI candidates 
were discarded following the analysis of available data and the consultation of experts. These 
PI candidates namely include small fish communities and the Vianney-Legendre fishway 
operation in Saint-Ours Dam. 

Other important environmental issues not modelled

Other important environmental issues related to floods were not retained in the PI set, such as 
water quality, shoreline erosion and the spread of invasive species.

Flooding caused runoff of nutrients from the tributaries into Lake Champlain during the 2011 
flood, causing high concentrations of phosphorus (Julien et al. 2020). Excessive nutrient 
concentrations contribute to the emergence of large blooms of cyanobacteria and excessive 
production of biomass by aquatic plants and algae, leading to the aesthetic degradation of 
watercourses and affecting human activities such as swimming, fisheries and recreational 
boating. Furthermore, periods of cyanobacteria blooms tend to occur during low water years, 
when water residence time and water temperature tend to be higher. As the flood mitigation 
alternatives under evaluation either decrease peak levels and/or increase low levels, they are 
likely to be beneficial for water quality. Nevertheless, quantifying an improvement in water quality 
caused by the flood mitigation alternatives associated with modest changes in water level would 
require a major data acquisition and modelling effort. Therefore, this PI was discarded.

In addition, the high water level of Lake Champlain, combined with strong winds, can cause 
considerable erosion of the Lake Champlain shores, also causing land property damage, loss 
of vegetation, and the spread of toxic contaminants (Castle et al., 2013). However, other factors 
play an important role in riverbank and shoreline erosion, such as sediment type and bank 
protection. Through the PI selection process, an evaluation of cost for the characterization of 
the near shore bathymetry and banks of Lake Champlain was considered prohibitive due to the 
very large extent of the study area. 

Extreme floods are also linked to the spread of invasive plant species, such as common reed 
(Phragmites australis), purple loosestrife (Lythrum salicaria), Japanese knotweed (Fallopia 
japonica), Eurasian watermilfoil (Myriophyllum spicatum), curly-leaf pondweed (Potamogeton 
crispus) and water chestnut (Trapa natans). Most invasive species are rapid colonizers that can 
proliferate quickly in areas that have been denuded of vegetation or where the soil has been 
disturbed either by natural or human actions. Despite the spread of invasive species in areas not 
previously infested prior to the 2011 flood (Sefchick-Edwards, 2018), data were lacking to develop 
a PI for the invasive species with the required level of sensitivity, to quantify the potential impacts 
of the slight changes in water level regime induced by the flood mitigation alternatives.
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INDIGENOUS INTEREST PI SELECTION

The LCRR Study considers it is essential that impacts on First Nation interests be acknowledged in 
the evaluation of flood mitigation alternatives. The Canada-United States border is exogenous to First 
Nations territories and the W8banakiak and Mohawk have maintained traditional activities throughout 
their land that crosses the border. The shores of LCRR have hosted family and cultural activities since 
time immemorial, and certain ceremonies and places are associated with the spirituality and history 
of these Nations. Thus, members of Ndakina Office of the Grand Conseil de la Nation Waban-Aki 
(GCNWA) 4 and the Mohawk Council of Kahnawà:ke (MCK)5 were met by study members to discuss 
land use activities that could potentially be impacted by flooding and mitigation measures. They 
expressed strong concern for any impact of the mitigation alternatives on the natural environment and 
more specifically on the hunted, fished, harvested and trapped species and their habitats (Bureau du 
Ndakina, 2020). Some of the selected environmental PIs such as wetland class area, northern pike 
spawning habitat, waterfowl migration habitat and muskrat survival during the winter are particularly 
meaningful for the W8banaki and Mohawk Nations. Some other PIs were developed exclusively 
according to the First Nations’ interests, such as the black ash basket-grade habitat suitability, wild rice 
survival and the vulnerability of archeological sites. 

Two additional indicators were considered but not developed: the impact on use and occupancy sites 
and the habitat of sweet grass. Regarding the use and occupancy sites, with the exception of sites 
used for fishing and hunting, only one listed site is located in the floodplain, and investigations revealed 
it was outside the range of possible effects of mitigation measures. As for the sweet grass, due to 
the absence of observation data with precise location and the sparse information from the literature 
that would allow establishment of a direct link between water level variations and habitat quality, this 
indicator was discarded.

FINAL LIST OF PIs

The following table (Table 2.2-1) presents the exhaustive list of PIs that were selected and 
used to assess the impacts of the flood mitigation alternatives. Relevant information for each 
selected PI is presented in a fact sheet format in following the section of this report.

4 The considerations provided by the W8banaki Nation Ndakina Office do not pretend to represent the plurality of 
views of the W8banaki Nation members or the First Nations as a whole.

5 The information provided by the participating First Nations does not represent all of their rights or interests in the 
LCRR study area. As such, any information provided is to be used solely for the purposes of the LCRR study, and is not to be 
used in any other studies, surveys or negotiations. The information provided must not be used or interpreted in a way that 
would limit, alter or nullify the rights or interests of the participating First Nations or their community members.
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Table 2.2-1 | List of performance indicators of the LCRR Study with their associated units and experts

List of experts involved in PI development
1. Doyon, B. and Jean, M., Canadian Coast Guard, (2022) 
2. Gosselin, C.A., Ouranos (2020)
3. Safavi, N. and O’Neil Dunne, J., University of Vermont (2021)
4. Werick, B., International Joint Commission (2021)
5. Bouchard St-Amant, P.A. and Dumais, G., École Nationale d’Administration Publique (2022)
6. Rousseau, A. and Savary, S., Institut National de la Recherche Scientifique (2021
7. Garneau, D., State University of New York à Plattsburgh (2020)
8. Morin, J. and Bachand, M., National Hydrological Service, Environment and Climate Change Canada (2021)
9. Lazure, L., Paré, P., Zoo de Granby (2020)
10. Bouthillier, L., Ministère des Forêts, de la Faune et des Parcs (2021)
11. Jobin, B., Tardif, J., Canadian Wildlife Service, Environment and Climate Change Canada (2021)
12. Lepage, C., Canadian Wildlife Service, Environment and Climate Change Canada  (2021)
13. Vachon, N., Mingelbier, M., Hatin, D., Ministère des Forêts, de la Faune et des Parcs (2021)
14. Mingelbier, M., Ministère des Forêts, de la Faune et des Parcs (2021)
15. Treyvaud, G., Grand Conseil de la Nation Waban-Aki (2021)
16. Chokmani, K., Oubennaceur, K., Institut National de la Recherche Scientifique (2021)
17. Thomas, I., Université de Montréal (2021) 
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2.3 PERFORMANCE INDICATOR DEVELOPMENT
The development of PIs is the result of a collaborative work between technical working 
groups and experts from various fields. Experts were chosen according to their expertise 
(publications, laboratory, involvement in similar study, etc.), interest and availability. At first, 
PI models were conceptualized based on data when available. If not, they were based on 
literature review, experts’ advice and previous modelling. Then, a draft version of the model 
was run through the ISEE system to generate preliminary results. Based on those, experts 
suggested modifications and the model was iteratively modified until final approval. 
In the context of this study, two main types of process were adopted:
First, when data were available or data collection was possible, a regional or local empirical 
calibration and validation was preferred. For instance, the residential damage PI on the 
Canadian side was calibrated locally, by linking simulated submersion heights (i.e., water 
depth relative to first floor) to observed damages for the 2011 flood (government compensation 
data records). This data-driven method, which allows a quantitative assessment of the model 
performances, was used when possible. 

On the other hand, when reliable calibration and validation data were not available or when data 
collection was not possible nor advisable (e.g. endangered copper redhorse egg collection), 
the calibration process was based on scientific literature, including previous models used 
in similar context, coupled with experts’ opinions. By comparing preliminary results to the 
experts’ profound understanding of the relation between the model subjects and water level 
variations, model parameters were iteratively calibrated until the results best fit what could 
be expected based on theoretical knowledge. For instance, basket-grade black ash empirical 
observations are of a quite sensitive nature for local Indigenous communities, so the model 
could not be validated with observations at precise locations. Thus, the model was based on 
theoretical knowledge on black ash flood tolerance and basket-grade anatomical features. 
Hence, it is harder to quantitatively assess the performance of such theory based models by 
comparing results to empirical data. 

For most PIs, a mix of both approaches was adopted, where the model was based on literature 
review and expert opinion and the model parameters were iteratively adjusted using a 
limited set of empirical data until a maximum level of concordance between simulations and 
observations was obtained. For instance, for the northern pike spawning habitat model, a 
small dataset of egg observations was used to perform an iterative calibration of a similar 
model developed in previous studies. 

Besides those different methods, PI development can be separated in two groups. First, there 
are the economic and social PIs where the models were mostly developed, calibrated and 
validated by external groups of experts with support from Environment and Climate Change 
Canada Hydrodynamic and Ecohydraulic Section (ECCC-HES). For such PIs, the information 
provided in the fact sheets was essentially derived from experts’ complementary reports, 
where more complete information on the development process can be found. 
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The environmental PIs and PIs of interest for First Nations, were mostly developed by ECCC-
HES with support from external experts for calibration and validation. The information provided 
in the fact sheets for those PIs comes from ECCC-HES with the contribution of some experts 
and does not rely on any complementary report.

Once a PI was validated or developed by the experts, the ECCC-HES integrated it into the 
ISEE system, where it simulated results for the different flood mitigation alternatives and for 
the baseline scenario over the 93 years of the reference period. The output results from 
ISEE were then forwarded to the Technical Working Group that integrated them into the 
Collaborative Decision Support Tool (CDST) (Moin et al., 2022), which guided the Study Board 
in the selection of a flood mitigation alternative.

2.4 OVERVIEW OF THE ISEE SYSTEM
The Integrated Social, Economic and Environmental (ISEE) system is a georeferenced database 
specialized for modelling aquatic and riparian areas, combined with a script library allowing 
modelling of PIs over long periods of time. 

The ISEE system was developed to meet the following objectives: 

1. Recreating water levels throughout the year, over a reference period (1925-2017), 
allowing  quantification of the baseline natural variability of the system, including 
spring floods and summer low flows, anywhere in the LCRR Study area.

2. Quantifying the effects of the mitigation alternatives from a hydraulic perspective 
throughout the year, with a particular focus on flood relief and variations at low flows

3. Covering the entire study area with similar PIs and algorithms, where applicable, 
including the Richelieu River and Lake Champlain, on both sides of the US-Canada 
boundary.

4. Integrating high resolution geospatial datasets over a large extent (up to 250k 
hectares), including flow depths, velocity, slopes, land use and detailed information 
such as buildings and crops.

5. Modelling the benefits of flood mitigation alternatives on population vulnerability and 
social risk and impacts on water supply using PIs. 

6. Quantifying economic impact reduction provided by the flood mitigation alternatives 
using PIs of structural damage and income loss to the residential, commercial, industrial, 
recreational, agricultural and public sectors.

7. Modelling the benefits and impacts to the natural environment caused by the changes to the 
water level regime associated with the flood mitigation alternatives using a selection of PIs 
representing wetlands, fish and wildlife habitats, including key and endangered species. 

The ISEE system is built on a similar framework as the Integrated Ecosystem Response Model 
(IERM), developed to evaluate environmental impacts of water management plans for the 
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International Joint Commission Lake Ontario-St. Lawrence River Study (Talbot, 2006; Morin et al., 
2005). Since its first development, this modelling approach has been adopted in multiple peer-
reviewed studies under IJC jurisdiction, such as the Rainy and Namakan lakes (Morin et al., 2016), 
St-Marys River and the Great Lakes (Bachand et al., 2017 ; ECCC, 2022) and the St. Lawrence 
Estuary (Morin et al., 2005). The ISEE system developed for this Study is based on an improved 
model architecture and script library that allow major improvements in computation performance. 
In addition, ISEE relies solely on free open-source Python libraries which facilitate migrations, 
updates and implementations in other organizations.

The ISEE modelling system allows the simulation of floods in space and time in order to estimate 
the impacts of water level variations on various indicators (Figure 2.4-1). Based on a historical 
water supply time series, the model generates flood maps (i.e. water depths and currents) based 
on 2D hydrodynamic simulations and a precise digital elevation model. Flood maps are cross-
referenced to numerous geospatial datasets, such as physical layers (e.g. slopes, bed substrate), 
land use, vegetation type, socio-economic data and building information. Then, the PIs based on 
mathematical response functions are used to estimate flood impacts. For complete information on 
the ISEE system and its components, see Roy et al. (2022b).

Figure 2.4-1 | Overview of ISEE system workflow. a) Water level time series at several locations for each 
alternative (water balance model output), b) 2D Hydrodynamic simulations specific to each flood mitigation 
alternative, c) Geospatial information (physical, biological, land use, social, economic) d) Performance indicators 
(response functions) estimating flood impacts, e) Output: PI results time series (aggregated over space) f) Output: 
PI results Map (aggregated over time).

To take into account the natural hydrological variability of the system, the simulations were 
run at a daily time-step and were then assembled at a quarter monthly time-step (QM) over 
a reference period of 93 years (1925-2017), for a total of 4,464 time-steps. The maximum, 
minimum and average values on the QM were kept and used for some PIs; residential damages 
are a good example of using the QM with the maximum water level The ISEE system can yield 
results on a 10 m regular grid covering a study area of 250,000 ha, for a total of 25 million 
grid nodes (Figure 2.4-2). To evaluate the impacts of each of the mitigation alternatives, the 
results of each scenario were compared to a baseline scenario. Results from ISEE are geo- 
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and time-referenced and can be easily imported into any GIS software for visualization and 
further analyses. Results can be spatially and temporally integrated over a season, a year or 
over the reference period, or for an analysis of a specific region or the entire study area. For 
more information on the analysis framework, see Roy et al. (2022a). 

Figure 2.4-2 | Extent of the study area, modelling sections and spatial and temporal resolutions of the LCRR ISEE system.

2.5 PERFORMANCE INDICATOR DIMENSIONALITY
 
 
PIs developed in the LCRR study are either one-dimensional (1D) or two-dimensional (2D). 
The 1D PIs represent the relationship between the water level variations at a specific location 
and certain components of the LCRR basin. Thus, they only reflect changes according to the 
time component and results cannot be spatialized. This implies that for a specific time-step, 
1D PIs provide a unique value for the entire area where the PI is valid. In this study, 1D PIs are 
muskrat winter lodge viability, spiny softshell turtle egg survival and wild rice survival between 
germination and floating stage. 

In contrast, 2D PIs reflect changes according to the time and the spatial components. 
They combine geospatial datasets and flood maps (water level and flow) obtained from 
hydrodynamic modelling, to produce results at each node of the ISEE grid for any given 
time-step. 2D PI results can be aggregated spatially over portions of the study area, yielding 
temporal series. They can also be aggregated over time, for particular years, or averaged 
over the entire reference period (1925-2017), yielding a map that can be imported into any GIS 
software for visualization or further analyses. Results can also be aggregated in both space 
and time, yielding an average value for the study area for the reference period. In most cases, 
those values are expressed in quantifiable units such as dollars (for structural damage and 
income loss) and hectares (habitat area). On the other hand, certain PIs such as archeological site 
vulnerability and territorial/social sensitivity are expressed in relative indices with values from 0 to 1.
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3. PERFORMANCE INDICATOR 
 FACT SHEETS

3.1  DESCRIPTOR DEFINITIONS
Since PIs developed in the LCRR study were key elements in the evaluation of flood mitigation 
alternatives, it is important to provide a detailed description of how they work. The information, 
gathered in a fact sheets format, specifies the social, economic and environmental relevance 
of each PI, provides background information, gives details on how it is linked to water level 
variations and, most importantly, presents response function parameters and describes each 
PI’s function. 

While each fact sheet is intended to be a stand alone document, some sheets describing 
PIs developed by external contributors can refer to other reports providing full details on 
PI methodology. However, globally speaking, the fact sheets gathered in this report provide 
sufficient information for external readers to fully appreciate and understand to complexity of 
the work behind each PI. Similar PIs, which cover for example the same economic sector, have 
many characteristics in common and are thus grouped in the same information sheet.

Each PI fact sheet has the following sub-sections:
 
SUMMARY
This section describes in a few sentences the nature of the PI, briefly describing what it 
measures, and why it was selected.

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
Describes the relationship between the PIs and the social, economic, and environmental 
aspects of the study and explains how it is relevant to meet the study objectives.

BACKGROUND INFORMATION
Provides a brief overview of the current knowledge on the PI subject, based on literature 
review, previous modelling and experts’ knowledge. It also highlights the specificities and 
limits of the model.

TEMPORAL VALIDITY
Defines the period of the year (in quarter months) when the model is valid. For example, most 
environmental PIs are inherently linked to climatic variations or to the breeding season. The 
temporal validity of each PI therefore takes these elements into account and is expressed as a 
period of interest in quarter months (QM). For each year of the reference period, each PI is thus 
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calculated with the results from the hydrodynamic models only for the specific QM during this 
period of interest. 

SPATIAL VALIDITY
Presents the geographic extent where PI results are computed and where findings and 
conclusions can be applied. For instance, some species are only found in Lake Champlain, 
or some validation datasets are only available on the Canadian side of the study area. Taken 
outside of this geographic context, PI results may not be valid and were not computed 

FUNCTION AND LINK TO WATER LEVEL
Presents the relationship of the PI with water level variations, whether it be flooding, low water, 
or a sudden change in water level. This information is essential for the modelling of PIs, as it 
defines how the PI is linked to water level variations.

RESPONSE FUNCTION
Outlines the mathematical equations that are used in each model. This section describes the 
set of variables that are considered, and presents the model parameters that are used in the 
context of this study. Although more technical, this section is relevant for anyone who wants 
to understand each PI modelling process and reproduce similar analysis in another context.

DATA SOURCES
This section presents the input data sources used in the model for each of the PIs with its 
associated references.

3.2  SOCIAL PERFORMANCE INDICATORS
Social PIs are used to conduct analysis on population vulnerability evolution, according to 
different flood mitigation alternatives. Two social PIs were developed for this study:

1. Social sensitivity index (SSI);

2. Territorial sensitivity index (TSI).



                        PERFORMANCE INDICATOR FACT SHEETS                                                         25

3.2.1.  SOCIAL SENSITIVITY INDEX

PI Experts: Isabelle Thomas, Alexandre Gagnon
Complementary report: Thomas, I. Gagnon, A. (2019). Analyse de la vulnérabilité et de 
la résilience des communautés locales. Rapport d’avancement 4 -SPE4 à l’intention de la 
Commission mixte internationale. Université de Montréal.
Modeled by:  Mathieu Roy, Gabriel Poirier

SUMMARY
To evaluate the social sensitivity of the population in the LCRR basin, various socio-economic 
factors and characteristics of individuals, households and families were separated into 
components according to the data available from the Canadian census data of 2016. A principal 
component analysis was used to reduce the number of components that account for most of 
the variance and to identify underlying factors that make a location socially vulnerable. This 
effort led to the development of a social sensitivity index (SSI), a composite indicator with values 
ranging 0-1, corresponding to low to high social sensitivity. This index gives insights about the 
characteristics and spatial distribution of certain types of populations that are more vulnerable 
to flooding (see Thomas et al., 2019 for more details).  

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
The SSI and the associated sub-indicators identify the characteristics, spatial dispersion and 
concentration of certain types of populations that can be more vulnerable towards flooding 
events. Moreover, the SSI allows identification of different types of population groups based 
on their sensitivity to flooding and to assign them a different degree of risk. This method can 
help policymakers to select strategies to reduce the risks more efficiently and more fairly. 

BACKGROUND INFORMATION
The concept of vulnerability is one of the significant components in risk management; therefore, 
mastering it helps the development of efficient risk reduction and adaptation strategies. 
One definition of vulnerability is the one given by the United Nations Office for Disaster Risk 
Reduction (UNISDR), which is: "the conditions determined by physical, social, economic and 
environmental factors or processes, which increase the susceptibility of a community to the 
impact of hazard" (Pearson & Pelling, 2015). Consideration of the social dimension is one of the 
most common approaches in vulnerability studies. 

Social vulnerability includes all factors specifically related to the interactions of flood 
hazards with individuals, populations, and communities, including the exposure of people, 
sociodemographic profiles, age, health, education, etc. Identifying the places where the 
most socially vulnerable communities are located and their exposure to flooding is a critical 
component in the development of effective flood risk assessment (Cutter et al., 2009). Social 
vulnerability is frequently measured by assessing aggregated data for an area on different 
socio-economic factors. More so, social vulnerability is conceptualized as consisting of many 
different dimensions such as exposure and sensitivity to events (Figure 3.2-1). Exposure 
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refers to the presence of people in places that could be adversely affected by a hazard, while 
sensitivity reflects the degree to which social systems may be affected, either adversely or 
beneficially, when exposed to climate change or physical hazards (Parry et al.,2007).
 

Figure 3.2-1 | The "formula" of risk. Adapted from Gérard Commarieu. Author: Alexandre Gagnon. Source: Thomas 
et al. (2012)

The heterogeneity of the social landscape of the LCRR basin is underpinned by the unequal 
distribution of social vulnerability and demographic characteristics changes. Therefore, it is 
critical to identify which areas are most socially vulnerable, to identify place-based solutions 
that facilitate increased resiliency. The use of the Social Sensitivity Index (SSI), based on the 
methodology of Thomas et al. (2012), has been proved an efficient method to assess social 
sensitivity. 

In this study, the SSI aims to study the spatial distribution of social sensitivity across the LCRR 
basin and identifies hotspots based on different characteristics of social sensitivity. Specifically, 
it aims to: (1) identify indicators of social sensitivity at the level of the building; (2) apply a social 
sensitivity index (SSI) for the LCRR basin; and (3) map the SSI scores to easily identify more 
socially vulnerable communities.

TEMPORAL VALIDITY
This PI is valid throughout the year (QM1 to QM48) and based on the 2016 census data 
(Statistics Canada, 2016).  

SPATIAL VALIDITY
This PI is valid for the Richelieu River and Lake Champlain, in Canada and the United States.

FUNCTION AND LINK TO WATER LEVEL
Flood risk is commonly determined as a combination of the probability of a flood with given 
intensity, and the potential consequences (Bouwer et al. 2010). Therefore, it includes two 
major aspects: flood hazard and respective vulnerability. The flood hazard is described by 
the physical characteristics of the flood events (e.g., extent and depth) with a probability of 
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exceedance or the associated return period (Merz et al. 2004). The flood risk is a function of 
the frequency of a given type of hazard, while the social vulnerability is not. A hazard may 
cause no risk if it occurs in an unpopulated area or in a region where human systems are well 
adapted to cope with it.

In this study, flood hazard was defined by the average relative annual frequency of flooding for 
buildings over the last 93 years (1925-2017). The value of the flood hazard (the mean annual 
number of days flooded per year) at each building was determined using the empirical data 
on the occurrence of floods in the area. By multiplying the social sensitivity index map with the 
flood hazard map, social risk can be mapped for each residential building.

RESPONSE FUNCTION
The method used to construct the SSI follows the one of SoVI index used by Cutter et al. (2003), 
with the inclusion of data standardization for the input variables and the final SSI scores. The 
computations are carried out using the following steps:

1. Description and calculation of sub-indicators: the SSI is composed of specific sub-
indicators. The value of these sub-indicators is extracted from Canadian or US census 
data (Table 3.2-1).

Table 3.2-1 | The Canadian sub-indicators used to develop the SSI index 

2. Standardization of the sub-indicators: standardize all the selected sub-indicators to 
z-scores, each with mean 0 and standard deviation using the PCA method (Manly et. 
2016). PCA returns a set of orthogonal components that are the linear combinations 
of the original variable. Because PCA is sensitive to the values of the input variables, 
the standardisation method is highly recommended, allowing all variables to have the 
same magnitude and sign. 

SUB-INDICATORS VARIABLES EXTRACTED FROM THE CANADIAN CENSUS OF 
POPULATION 

 Age  Age group and the average age of the population:
 % of the total population 65 years and older 

Single Persons living alone or private households by household size 
% of single-person households 

Income Low-income households
median after-tax household income

Renter % of private households with tenant status
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3. Calculate aggregate social sensitivity index: the sub-indicator scores are used to 
calculate the aggregate social sensitivity index for each building by summing up the 
scores of the different sub-indicators. When a residential building is affected by a 
flood in the time series, its sensitivity score gets counted. Otherwise, the score is not 
counted. This method allows the calculation of cumulative SSI scores for one event, for 
a time series, for a specific water level, etc. 

DATA SOURCES
• ISEE’s predicted average water depth for every quarter month of each year of the  

reference period at every building
• Census data (Canadian and US). This primary data is transformed into a Social Sensitivity 

Index score and for the associated sub-indicators at the census area scale, and then 
transferred to individual residential buildings.

• Residential buildings localization (Doyon et al. 2022)
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3.2.2.  TERRITORIAL SENSITIVITY INDEX

PI Experts: Isabelle Thomas, Alexandre Gagnon
Complementary Report: Thomas, I. Gagnon, A. (2019). Analyse de la vulnérabilité et de la 
résilience des communautés locales. Rapport d’avancement 4 -SPE4 à l’intention de la 
Commission mixte internationale. Université de Montréal
Modeled by: Mathieu Roy, Gabriel Poirier 

SUMMARY
In order to present a picture of a society’s vulnerability to disaster risk, it is necessary to assess 
the organization of the territory, its development, and the infrastructure elements that are 
essential to the proper functioning of the society. To assess this vulnerability portrait, the notion 
of territorial sensitivity was used. Territorial sensitivity is "localizable infrastructures that are likely 
to generate and spread their vulnerability to the whole territory which can disturb, compromise, 
or even interrupt its functioning and development" (D'Ercole and Metzger, 2009). Identifying 
the locations where territorial sensitivity is greater helps to identify the territory weaknesses 
from a prevention and adaptation perspective and even to intervene with full knowledge in the 
event of an emergency like flooding (see Thomas et al., 2019 for more details).

The method used for analyzing the territorial sensitivity in this study was based on the 
calculation of the territorial sensitivity index (TSI). This method consists of counting buildings 
and infrastructure inside geolocalized mesh units, according to different types, and then in an 
aggregated manner by using the method of reduced centered variables (Zscore). The TSI was 
divided into different sub-indicators such as the number of flooded non-residential buildings, 
residential buildings, public buildings, farms, infrastructures, and schools. This method is based 
on the work of Thomas et al. (2012), as these researchers measured the social vulnerability 
of communities near the Des Prairies River in the context of climate change, and on the work 
of Thomas et al. (2017), who refined the analyses for the municipality of Saint-Raymond in 
collaboration with the ministère de la Sécurité publique.

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
The TSI helps understand the characteristics and spatial dispersion or concentration of 
certain types of buildings that can be more vulnerable in different phases of a flooding event. 
The TSI also helps identify “hotspot” areas with the most sensitive buildings, which might 
be suitable for emergency planning, preventive measures and/or the strengthening of flood 
early warning systems.

TSI gives an overview of the concentration of buildings and infrastructures that are affected 
and that could need future renovations or investments to protect and adapt against flooding. 
In addition, this index provides a way of prioritizing buildings and infrastructure projects to 
implement preventive strategies to mitigate flood risks and address the vulnerability of some 
sectors. This index can also help evaluate the financial cost of adaptation measures, which 
must be incorporated into decision-making.
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BACKGROUND INFORMATION
Territorial sensitivity analysis aims to identify, characterize and prioritize areas from which 
vulnerability is generated and disseminated in a territory, causing effects that can disrupt or 
discontinue its development. It can therefore enable the definition of areas for which risk 
prevention measures are highly efficient. Risk prevention should give priority to these areas 
because they can interrupt or alter the development of the territory. The territory must be 
defined as a specific social unit, so the concept of sensitivity may vary from one territory to 
another depending on many parameters, including the area of study (national, regional, local). 

Understanding territorial sensitivity involves analysis of the physical reality of a community, 
which includes various infrastructures. The term infrastructure means any building, structure, 
equipment, or network necessary for the normal operation of a community. Infrastructure is 
of crucial importance in the development of the territory and society. It is therefore necessary 
to be able to locate these elements on the territory and to anticipate the risks of a "domino 
effect" (e.g.: a broken aqueduct or dyke complicating the evacuation of residences for the 
elderly). Special attention should also be paid to essential or critical infrastructures, which are 
of major importance in emergency management.

The methodology used in this study was based on the methodology of Thomas et al. (2012), 
which suggested a TSI which represents the degree of sensitivity of a territory to a given type 
of infrastructure. This TSI used a similar approach developed by D’Ercole and Metzger (2009). 

TEMPORAL VALIDITY
This PI is valid throughout the year (QM1 to QM48).

SPATIAL VALIDITY
This PI is valid for the Richelieu River and Lake Champlain, in Canada and the United States. 

FUNCTION AND LINK TO WATER LEVEL
The TSI considers both the number of infrastructures per grid unit and their sensitivity to 
hydrological changes (e.g., the presence or absence of water). In other words, when a building 
or infrastructure is affected by a flood, the TSI score of the mesh unit gets counted. Otherwise, 
the score is not counted. If multiple buildings or infrastructures are affected in a mesh unit, the 
score gets counted multiple times. The TSI scores are then redistributed to obtain a scale of 
0 to 1. Overall, a grid cell with high TSI score corresponds to a cell highly sensitive to flooding 
due to the presence of infrastructure and vice versa. 

RESPONSE FUNCTION
The methodology used to calculate the territorial sensitivity index (TSI) was composed of four 
main steps adapted from the work of Thomas et al. (2012) (Figure 3.2-2):

1. Identify and select the main territorial elements or infrastructures which are most 
sensitive to the risk of flooding (residential and non-residential buildings, schools, farms, 
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etc.). Then, collect data on the characteristics of these infrastructures from various 
source (property assessment roll, municipalities, universities). These infrastructures 
are affected by flood hazards in different ways and do not display the same territorial 
sensitivity to floods. For this analysis, these infrastructures are classified under different 
sub-indicators (Table 3.2-2).

Table 3.2-2 | Sub-indicators selected for the analysis of the territorial sensitivity index

2. Structure and standardize the infrastructures using a grid obtained from the University 
of Montreal (ARIAction research team): The data of the selected territorial elements 
were organized into a grid with a pixel size of 500 m × 500 m. The spatial relationship 
between the grids and the indicators made it possible to count the number of structures 
in each cell to determine their territorial sensitivity index.

3. Calculate the sub-index for each territorial element following Table 3.2-2.

4. Calculate the aggregate TSI based on the previously identified infrastructures: the   
normalized value obtained for each sub-indicator (Table 3.2-2) are added up to build  
the aggregate TSI. It ranges from 0 to 1, with 1 being the highest territorial sensitivity  
to flooding and 0 the lowest.

 CODE SUB-INDICATORS OF THE TERRITORIAL SENSITIVITY

 T_Resi  Number of flooded residential buildings

 T_non_Resi  Number of flooded total non-residential buildings

 T_Agri  Number of flooded agricultural lands

 T_Com  Number of flooded commercial buildings

 T_Ind  Number of flooded industries 

 T_Publ  Number of flooded public buildings
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Figure 3.2-2 | Schematic representation of the main components used to assess the territorial vulnerability index (adapted from 
Thomas et al. (2012)).

DATA SOURCES
• ISEE’s predicted average water depth for every quarter month.

• Property assessment roll data (Canada and the United States). This data informs on the 
type of building and infrastructure that is present and on their localization.

• Mesh grid for the studied infrastructures (UDEM, UVM)
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3.3 ECONOMIC PERFORMANCE INDICATORS
The economic PIs are used to evaluate how the suggested flood mitigation alternatives are 
“economically viable”. The 17 economic PIs that were developed are grouped in four main 
economic sectors: 

1. Damage to the residential sector

2. Damage to the commercial, industrial and recreational sector

3. Damage to the agricultural sector

4. Damage to the public sector

Since data availability and the methodology related to certain PIs can vary between Canada 
and the United States, in some occasions PIs were developed separately for both countries, 
and hence are presented separately in the follow fact sheets.  

3.3.1.    DAMAGE TO THE RESIDENTIAL SECTOR  

SUMMARY
Economic losses caused by the 2011 floods in the LCRR basin reached over CDN$105M6  
(US$82M1) (ILCRRSB, 2019). The largest part of the losses was inflicted to the residential 
sector, as thousands of homes were damaged in Quebec and in the states of Vermont and 
New York. The Study adopted four PIs to quantify economic damages to the residential 
sector: 1) the structural damage to residential buildings (i.e. damages to the foundation and 
building structure), 2) the material damage to building contents, 3) the costs associated with 
temporary lodging and 4) the clean-up costs related to debris removal and disposal. Each PI 
was developed and calibrated by experts in Canada and the United States. Due to differences 
in data availability, methodology, and to reflect regional particularities, PIs are presented 
separately for each country. 

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
The PIs of the residential sector are among the most important indicators of the Study. Damage to 
primary residences in the LCRR basin accounted for most of the flood damage in 2011. Furthermore, 
flooding of residential buildings causes social impacts, as disaster victims need to be evacuated 
and suffer economic losses associated with repair and clean-up costs, and temporary lodging.

TEMPORAL VALIDITY
PIs assessing the damage to the residential sector are valid throughout the year (QM1 to 
QM48). However, most floods causing damage occur in the spring and occasionally in the fall.
 
6 2018 Currency
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SPATIAL VALIDITY
The residential PIs are valid for the entire floodplain of the Lake Champlain Richelieu River basin. 
Damage is estimated on every residential building contained in the study area (Figure 2.1-1). 

LINK TO WATER LEVEL  
During a flood, water seeping into buildings causes damage to building structure and to the 
material contents; damages generally increase with submersion height (i.e. water level relative 
to the first floor elevation). The presence or absence of a basement affects damage rates. 
Submersion height is generally associated with flood duration, which in turn determines for how 
long residents need to be evacuated, incurring associated costs. Debris clean-up costs are also 
generally related to the magnitude of water level causing structural and material damages.
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CANADA

RESIDENTIAL STRUCTURAL DAMAGE 
Modeled by: Nicolas Fortin, Gabriel Poirier (ECCC).
PI Experts: Bernard Doyon, Myriam Jean (Canadian Coast Guard)
Complementary report:  Doyon, B., Leclerc, M. and Jean, M. (2022). Fonctions d’endommagement 
résidentiel, Étude de la CMI sur le système Lac Champlain - Rivière Richelieu [Document 
technique], Pêches et Océans Canada.

BACKGROUND INFORMATION
On the Canadian side, in 2011, damage to homes accounted for the major part of the economic 
losses. Most damages occurred in the Upper River area, scattered in municipalities bordering 
the river, such as Saint-Jean-sur-Richelieu, Saint-Blaise-sur-Richelieu, Henryville, Saint-Paul-
de-l’Île-aux-Noix, Noyan and Lacolle. Damages also took place around the Canadian portion 
of Lake Champlain, in Venise-en-Québec and St-Georges-de-Clarenceville.

Structural stage-damage curves were derived empirically from 2D hydrodynamic simulations 
recreating submersion heights at each building at the peak of the 2011 flood, combined with 
government compensations paid for damage (Doyon et al., 2022). The structural damage 
curves were developed for different building types (number of stories, basement finish) and 
include damage to driveways and essential equipment for residences unserved by public 
water and sewage services.

DATASETS AND PROCESSING
The development of the structural residential damage PI required four datasets.

1. The georeferenced Quebec Land property assessment roll of year 2018 (ministère des 
Affaires municipales et de l’Habitation, 2018) provided critical information on building 
characteristics, such as building type, precise location, building value and number of 
stories. Additional information on the presence of basements and their level of finish 
was provided by most of the municipalities. Each building was identified as being 
served or not served by public water and sewage services.

2. Residential building first floor elevation data were obtained for all 7,223 primary 
residential buildings in the Canadian portion of the study area using three approaches 
(Doyon et al. 2022). The elevations of the 500 buildings most vulnerable to flooding 
were measured through a land survey using a Global Navigation Satellite System (GNSS) 
(Level 1, error <8cm). The elevations of the second 1,443 most vulnerable buildings were 
estimated by triangulating laser distance meter measurements taken from the road 
(level 2, error 5 cm < z < 30 cm). The first-floor elevations of the remaining buildings 
were obtained by estimating the height around delineated buildings’ footprints using 
a 1 m resolution LIDAR-derived digital elevation model.
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3. Compensations paid by the Quebec government for damages to 1,630 homes related 
to the 2011 floods were obtained from the ministère de la Sécurité Publique (Doyon et 
al., 2022).

4. Maximum submersion heights during the 2011 flood for all buildings contained in the 
Quebec government compensation dataset were simulated using a 2D Hydrodynamic 
model (Gosselin et al. 2022). 

PI METRICS
The evaluations of the residential damage indicators are in Canadian dollars of 2018.

RESPONSE FUNCTION
The response function of the residential structural damage consists of stage damage curves, 
quantifying the amount of damage sustained by a building as a function of submersion height. 
Damages are expressed as a proportion (%) of the building value.

At each building location, the local water level was determined using the ISEE system, using the 
water level value computed at the ISEE grid node that is closest to each building footprint centroid. 
Then, submersion height (h) was estimated such as:

                                                                      [Eq. 1]

H_INON is the water level and H_RDC is the ground floor elevation. (Figure 3.3-1).

Figure 3.3-1 | Schematic representation of building attributes used in the estimation of residential structural 
damage (Doyon, Leclerc and Jean, 2022).

RESIDENTIAL DAMAGE CURVES  
The damage costs were represented in the form of a rate, normalized by the value of 
the real estate of a residence (sum of the value of the main building, the average value 
of a private road and the average value of the equipment, which depends on the type 
of environment in which the residence is located). The main residential damage curves 
developed for this study are presented in Table 3.3-1. They are produced empirically from 
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data on compensation paid for damage to 1,630 homes that were flooded in 2011 in Quebec, 
and from water levels simulated by the ISEE system (Gosselin et al. 2022, Doyon, et al., 2022)  

Table 3.3-1 | Residential damage curves for one- or two-story-buildings, different basement type at various levels 
of submersion heights. (Doyon et al. 2022).

DAMAGE COST EVALUATION
The damage cost is calculated for every QM with the following equation:

                                                                                                                                          [Eq.2]

Where dmg is the damage cost, txe is the damage rate expressed in percent (derived from the 
Damage curves in Table 3.3-1), and B_VAL_BI is the value of essential real estate (combining 
the building value, essential equipment and private road access). The damage cost estimated 
for a given year corresponds to the damage obtained for the highest water level reach in the 
year. The damages are then summed for the entire building stock.
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RESIDENTIAL MATERIAL DAMAGE 
Modeled by: Nicolas Fortin, Gabriel Poirier (ECCC).
PI Expert: Charles-Antoine Gosselin (Ouranos)
Complementary Report: Gosselin, C. A. (2020). SPE10 - Méthodologie : Développement de 
fonctions complémentaires de profondeur-dommages pour le secteur résidentiel primaire et 
secondaire, Ouranos.

BACKGROUND INFORMATION
Residential material damages are the damages to the contents of the buildings, such as 
furniture, electronics, etc. and other non-structural damages on residential buildings during 
flooding. This PI estimates the economic losses associated with these damages. The magnitude 
of damage is related to submersion height and is based on building types and average value 
of household material valuations.

DATASETS AND PREPROCESSING
Data on valuation of household contents comes from the Financial assistance grid for damage 
to essential content of the ministère de la Sécurité Publique (MSP).

Data on the average number of occupants per dwelling per census unit comes from Statistics Canada

Data on building properties and submersion heights (See Residential structural damage 
Datasets and processing section)

PI METRICS
The evaluations of the residential damage indicators are in Canadian dollars of 2018.

RESPONSE FUNCTION
Damage rate estimation
Due to lack of empirical data from past floods linking building content damages to submersion 
heights, material damage was generally not included in flood damage estimations in Quebec 
(Gosselin, 2020). Thus, in this study, damage rate estimations were based on the synthetic 
damage-frequency relationship approaches developed for the province of Alberta (Shawcross 
et al. 2015a). This approach provided different content damage functions for buildings with a 
basement and without a basement.

Damage and content valuation
To obtain damages in dollar figures, the value of household contents was estimated based 
on the MSP Financial assistance grid for damage to essential content, which provides an 
inventory of the usual objects and their average values generally found in houses in the 
area (Gosselin, 2020). Estimations were made for each building type, for combinations of 
basement type and number of stories. The valuation of household contents was also based 
on the average number of occupants. For complete detail on damage content valuation, see 
Gosselin (2020).
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Damage cost evaluation
The material damage for each building at each time step was estimated based on the damage 
rate (txe) at the given submersion height (h) for specific building type and on household 
contents value (Fvalue), such that

                                                                                                                                           [Eq.3]

Yearly maximum damage value of each house is retained as the annual material damage cost 
for that given house. Those values can then be aggregated to determine total damage costs 
for the LCRR region.
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TEMPORARY LODGING COSTS
Modeled by: Nicolas Fortin, Gabriel Poirier (ECCC).
PI Experts: Charles-Antoine Gosselin (Ouranos)
Complementary Report: Gosselin, C. A. (2020). SPE10 - Méthodologie : Développement de 
fonctions complémentaires de profondeur-dommages pour le secteur résidentiel primaire et 
secondaire, Ouranos.

SUMMARY
Temporary lodging costs arise during and after a flood when main residential buildings are 
impacted to the point where the occupants have to leave their residence for a period of time. This 
PI estimates the cost of evacuation and temporary lodging based on the duration of the evacuation.

DATASETS AND PREPROCESSING
Data on building properties and submersion heights (See Residential structural damage 
datasets)

PI METRICS
The evaluations of the residential damage indicators are in Canadian dollars of 2018.

RESPONSE FUNCTION
Duration of evacuation and temporary lodging
The duration of evacuation was estimated using the Days interruption function of the Federal 
Emergency Management Agency (FEMA, 2009). This is a linear function linking the relationship 
between the duration of the evacuation and the maximum depth experienced during a flood 
(submersion height). The y-intercept equals 0 days of evacuation and every additional 0.3m of 
flooding translates into an additional 45 days of interruption. Hence, the number of evacuation 
days (EVACd) is expressed as
                                                                                                                                                        [Eq.4]

where h is the submersion height.

This timeframe includes the time required to repair, replace and clean the building (FEMA, 2009). 

Valuation of evacuation and temporary lodging
The daily values of evacuation and temporary lodging costs used were those adopted by MSP 
financial assistance policy. In Quebec, when the responsible authorities ask to evacuate a 
primary residence, residents are eligible for the following assistance for excess expenses for 
temporary lodging or refreshment:: 

• $20/day/occupant evacuated for lodging (27 days maximum)

• $50/occupant evacuated for the purchase of clothing
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• $1000/building evacuated for moving or storing personal property as a result of the 
loss or the restoration work

If the evacuation is expected to exceed 27 days, the residents support the costs (Gosselin, 2020). 

Damage cost evaluation
The temporary lodging cost (dmg) was calculated at every QM with the following equation.

                                                                       [Eq.5]

where EVAC_d is the number of evacuation days, T_MENAGE, lthe average number of occupants 
in the house and constants represent the values of lodging, clothing and storage costs. The 
temporary lodging cost for a year was the highest one calculated within the 48 QMs of a year.
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CLEAN-UP COSTS
Modeled by: Nicolas Fortin, Gabriel Poirier (ECCC).
PI Experts: Charles-Antoine Gosselin (Ouranos)
Complementary Report: Gosselin, C. A. (2020). SPE10 - Methodology: Development of complementary 
depth-damage functions for the primary and secondary residential sector, Ouranos.

SUMMARY
Clean-up costs are expenses related to the removal of debris and disposal costs after a 
flood has occurred. The PI estimates costs based on the volume of debris to remove for any 
residential building that experienced water above the ground-floor, given the presence of a 
basement or not.

DATASETS AND PREPROCESSING
Data on building properties and submersion heights (See Residential structural damage Datasets)

PI METRICS
The evaluations of the residential damage indicators are in Canadian dollars of 2018.

RESPONSE FUNCTION
Debris removal and disposal rate estimation
To estimate the volume of debris to remove after a flood, the guidelines provided by the Solid 
Waste Association of North America were used. The methodology issued for stakeholders and 
land planners dealing with debris removal after a natural disaster included debris generation 
rates varying with building dimensions and building type (SWANA, 2019). Buildings without 
a basement generate between 19 and 23 m3 of debris and buildings with a basement will 
generate between 34 and 38 m3 of debris. In this study, the median values were used for each 
building type (21 m3 of debris for buildings without a basement and 36 m3 with a basement).

Damage cost evaluation
According to the document Saint-Jean-sur-Richelieu - Indicateur de gestion 2011, 41,283 
metric tons of residual materials were collected that year. From this material, 8,988 metric 
tons were recycling (MAMROT, 2011). Hence, 32,295 metric tons of residuals waste were 
collected and the total cost for this service was CDN$6,312,008, corresponding to a unit cost 
of CDN$195.45/metric ton (Gosselin, 2020).

Recyc-Québec uses a conversion factor of 0.065t/m3 (65 kg/m3) (Recyc-Québec, 2018) for ill-
disposed residual waste. Hence, based on this conversion factor and the total cost of debris 
removal in 2011, the estimated unit cost for debris removal for Saint-Jean-sur-Richelieu in 2011 
was CDN$12.70/m3. 

In addition, the minimal selling price of one emission unit in 2019 in Quebec was CDN$20.82/
metric ton (MELCCQ, 2020). The negative externality cost was estimated to be CDN$0.03/m3. 
Thus, the total estimated cost per volume unit for debris removal including the minimal selling 
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price of one emission unit in 2019 in Quebec was estimated at $12.73/m3 ($12.70/m3 + $0.03/m3). 

Hence, the clean-up costs of flooded buildings correspond to: 

• with basement: $267.33   ($12.73/m3 *21 m3)

• without basement: $458.28   ($12.73/m3 *36 m3)

Clean up cost was calculated for a building every year that it was flooded. The total clean-up 
cost for the Study area was then obtained by summing the cost for every flooded building.
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UNITED STATES

RESIDENTIAL STRUCTURAL AND MATERIAL DAMAGE
Modeled by: James Leach, Gabriel Poirier (ECCC).
PI Experts: Bill Werick (2022), Nina Safavi and Jarlath O’Neil-Dunne UVM (2021)
Complementary Reports:

 Werick, B. (2021). Documentation of the U.S. stage-damage functions - The methods  
 used to derive stage-damage tables for the NY and VT Lake Champlain Coastal   
 Floodplain from Hazus damages at one elevation, FMMM, 9p.

 Safavi, N. and O’Neil-Dunne, J. (2021). Lake Champlain Basin - Flood-Damage   
 Mapping, Université du Vermont - Spatial Analysis Lab, 11p.

During past major floods in the basin, the residential sector in the United States has suffered 
significant structural and material damage caused by high water levels and wave action. In 
2011, structural damage was the primary impact in both Vermont and New York, though the 
cost was substantially higher in New York (ILCRRSB, 2019). Although vulnerable buildings 
built at lower elevations are scattered along the lake floodplain, damage is generally more 
concentrated in denser urbanized areas. The residential structural and material damage PI 
for the US part of the study area is based on the stage-damage curves of the HAZUS United 
States Flood model (HAZUS-MH) developed by the Federal Emergency Management Agency 
(FEMA, 2009). HAZUS-MH is a geographic information system-based natural flood hazard 
analysis tool to estimate damages (FEMA, 2009). 

SUMMARY
Le modèle HAZUS a été choisi en raison de sa procédure normalisée d’estimation des dommages 
The HAZUS model was selected for its standardized procedure to estimate flood damage across a 
large geographic area and for its wide use across the United States (Safavi & O’Neil-Dunne, 2021). 
An inventory of all buildings in the Lake Champlain basin was developed using the DEM to extract 
building footprints and estimate their physical characteristics such as height, foundation type, 
square footage, and first-floor elevations. Due to the large geographic scale of the Lake Champlain 
floodplain, building characteristics for much of the building inventory were approximated. Building 
values were estimated using adjusted census data that approximates value per square foot for 
each building occupancy type. The model adjusted 2006 values to current values using the latest 
Consumer Price Index and a county adjustment factor (Safavi & O’Neil-Dunne, 2021). HAZUS-MH 
provided estimations of damages as proportion of building values, based on submersion height 
computed for each quarter month of the reference period (1925-2017) by the ISEE system.
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INPUT DATA AND PROCESSING
Building inventory
The Spatial Analysis Lab team from the University of Vermont (UVM) produced a dataset of 
residential buildings located within the Lake Champlain floodplain (Safavi and O’Neil-Dunne, 
2021). The building inventory included the precise location, occupancy, value of replacement 
and physical characteristics of each detached building. This inventory was used to make 
adjustments to HAZUS-Fl when determining flood impact.

HAZUS-Fl assigns different structural and material flood damage rates based on standard land 
use classifications called occupancy type. In total, 964 residential buildings within the study 
area were retained for analysis in the state of New York and 1,919 in the state of Vermont.

Residential building value 
Due to the lack of homogeneous public parcel data for the entire region, this study applied the 
HAZUS-Fl tool for estimating building replacement values based on adjusted census data. The 
tool provided an approximation of building values per square foot per occupancy type (RSMeans). 
The model adjusted 2006 values to current building replacement value (BRV) values expressed by 

                                                                                                                                                                     [Eq.6]

where square footage is the total area of building floor extracted from building footprints, PIA is the 
latest consumer price adjustment and CMF is a County modification factor.

Building type and dimension
Three-dimensional building footprints were developed from a LIDAR-derived DEM to estimate 
building location and characteristics. These characteristics, required as inputs in HAZUS-Fl, 
included foundation types, first floor height, square footage and the number of stories. Assumptions 
of physical characteristics based on the general building stock of the region were the following:

First floor elevations were estimated based on rooftop height and common measurement of 
story heights (Werick, 2021). Those estimates were supplemented by precise surveys of first-floor 
elevations for about 100 buildings in Vermont and other data consistency checks (Werick, 2021).

BRV = (square footage x RSMeans) PIA CMF

 RESIDENTIAL   MULTI-UNIT RESIDENTIAL ALL OTHER OCCUPANCY TYPES 

 4' basement 
 or 1' slab

 4' basement 
 or 1' slab

1' slab

 8’ per story   10’ per story  14’ first story
 10’ subsequent stories

 6' attic   6' attic 6' attic
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PI METRICS
The evaluations of the residential US indicators are in US dollars and reflect the valuations of 2020.

RESPONSE FUNCTION
This PI provided an estimation of structural and material damage cost for each building and for 
each year of the reference period (1925-2017), based on the yearly maximum water level and 
building value. The ISEE system provided a local water level (H_INOND) for each building, the 
level at the closest grid node (10m resolution), for every quarter month of the reference period 
(1925-2017). 

The stage-damage functions include structure, content damage, and inventory damage as it is 
identified in HAZUS-Fl (Werick B., 2021). For complete detail on how stage-damage functions 
were developed and calibrated, see Werick B. 2021 and Safavi and O’Neil-Dunne, 2021. 

Damage cost evaluation
As for the Canadian residential damages, for each year of the reference period, the damage on 
each of the 2,883 residential buildings was estimated based on stage-damage and water levels 
provided by ISEE hydrodynamic modelling. ue d’ISEE. 

DATA SOURCES

 BOTH COUNTRIES
• ISEE predicted maximum water depth (variable “h”) for every quarter-month of 

each year of the reference period at every building.

 CANADA
• Georeferenced Quebec Land property assessment roll of year 2018,  

(ministère des Affaires municipales et de l’Habitation, 2018) (non-nominal)
• Residential building first floor elevation data (Doyon et al. 2022)
• Basement data (Quebec municipalities)
• Quebec Government compensation paid for damage to critical immovable 

property at 1,630 homes that were flooded in 2011 (ministère de la Sécurité 
Publique, Doyon et al., 2022). (aggregated, non-nominal)

• Data on average valuation of household contents from the Financial assistance 
grid for damage to essential content of the ministère de la Sécurité Publique

• Data on the average number of occupants per dwelling per census units 
(Gosselin, 2020)

• Damage rates for material household contents (Shawcross et al. 2015a)
• Days interruption function of the Federal Emergency Management Agency 

(FEMA, 2009)
• Temporary lodging costs of the Québec financial assistance policy (ministère de 

la Sécurité publique)

 RESIDENTIAL   MULTI-UNIT RESIDENTIAL ALL OTHER OCCUPANCY TYPES 

 4' basement 
 or 1' slab

 4' basement 
 or 1' slab

1' slab

 8’ per story   10’ per story  14’ first story
 10’ subsequent stories

 6' attic   6' attic 6' attic
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 `UNITED STATES 
• Building information and stage-table database from UVM and FMMM
• Georeferenced buildings shapefiles, UVM
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3.3.2. DAMAGE TO INDUSTRIAL, COMMERCIAL 
  AND  RECREATIONAL SECTORS

SUMMARY
The Lake Champlain Richelieu River basin is known for its recreational and tourism sector 
based on water related activities. The flood events of 2011 led to significant losses for the 
commercial industrial and recreational sectors, as buildings were damaged and revenues were 
lost (ILCRRSB, 2019). Therefore, the Study developed four PIs to quantify the damage to the 
Commercial, Industrial and Recreational sectors: 

1. Structural Damages to Commercial, Industrial and Recreational buildings, 

2. Material Damages to Commercial, Industrial and Recreational (building contents), 

3. Commercial Income Losses and 

4. Recreational Income losses. 

Due to differences in data availability, methodology and to reflect regional particularities, PIs 
were developed differently for the United States, where a combined material and structural 
damages was developed. 

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
The economic impacts of flooding on the commercial, industrial and tourism sector can be 
direct, such as damage to equipment and building structure, but are also indirect, such as 
reduced commercial activity. In Quebec, the Montérégie region, which contains the Richelieu 
River basin, is among the most popular regions for tourism, with 1.9M visitors in 2011. Reports 
from government agencies reveal that several specific businesses within the tourism sector 
were highly affected by the 2011 flood, and marinas and campgrounds are the most impacted 
types of businesses (ILCRRSB, 2019). In the states of Vermont and New York, several businesses 
applied for loans facilitating repairs and replacement following natural disasters. Furthermore, 
as a result of the spring flooding in 2011, total business along the Champlain Canal decreased 
by 25 percent (ILCRRSB, 2019) and waterfront businesses in Burlington experienced delayed 
openings and event cancellations.

TEMPORAL VALIDITY
PIs assessing the damage to the commercial, industrial and recreational sectors are valid 
throughout the year (QM1 to QM48). However, most floods causing damage occur in the spring 
and occasionally in the fall. 

SPATIAL VALIDITY
The commercial, industrial and recreational PIs are valid for the entire floodplain of the Lake Champlain 
Richelieu River basin. Damage is estimated on every building contained in the study area (Figure 2.1-1)
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LINK TO WATER LEVEL 
Direct building damages are caused by water seeping into buildings and the damage rate 
generally increases with the water level relative to first floor elevation. In addition to direct 
damage, flooding also causes income losses, as businesses are forced to interrupt their 
activities. The number of interruption days a business faces is directly related to flood duration, 
which is correlated to the water level recorded at the peak of a flood.
 
CANADA

COMMERCIAL, INDUSTRIAL AND RECREATIONAL 
STRUCTURAL DAMAGE
PI Modelers and Experts: Pier-André Bouchard St-Amant & Guillaume Dumais (ENAP)
Complementary Report: Bouchard St-Amant, P.A., and Dumais, G. (2022). Economic Analysis of 
structural measures, IJC-LCRR Study, Groupe de recherche en économie publique appliquée, 
École nationale d’administration publique. 

BACKGROUND INFORMATION
On the Canadian side, structural damage to buildings is mainly concentrated in the Upper 
River area. Depth-damage functions were used to estimate damage rate as a function of flood 
depth, where damage rate expressed damage as a proportion of building value and flood depth 
represented the water level relative to ground floor elevation (Bouchard St-Amant and Dumais, 
2022). Damage rates were combined with building valuations to obtain economic damages.

Datasets and processing
The development of the commercial, industrial and recreational structural damage PI was 
based on three datasets. 

The first dataset was the Georeferenced Quebec Land property assessment roll of year 2018, 
(ministère des Affaires municipales et de l’Habitation, 2018). It provided critical information 
on building characteristics present on the floodplain, including identification, precise location 
and building valuations (VAL_T, VAL_B and VAL_I, Table 3.3-2). The floodplain includes 327 
commercial, industrial or recreational evaluation units with potential flood impacts.

The second dataset consisted of building footprints developed by Microsoft based on image 
segmentation7. This method provided high accuracy for identified buildings, with 99% of 
delineated buildings being correctly identified. However, a recall of 72% indicated that nearly 
28% of buildings were missed by the algorithm. To overcome this problem, quality control and 
additional geospatial processes were carried out to delineate the missing building footprints 
by combining the Georeferenced Quebec Land property assessment roll and satellite imagery 
(Figure 3.3-2). 

7 Microsoft Bing Maps worked with Statistics Canada to provide 12 million building footprints in Canada based on 
-Artificial Intelligence-based segmentation. The approach consisted essentially of recognizing the buildings on aerial images 
by segmentation by neural network, then a conversion of the pixels into polygons (polygonization): https://www.microsoft.com/
en-us/maps/building-footprints
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The third dataset consisted of depth-damage functions based on the Alberta Provincial Flood 
Damage Assessment Study (PFDAS) (IBI Group/Golder Associates, 2015). 

Figure 3.3-2 | Example of non-residential building footprints in the LCRR basin (ECCC)

The ground level elevation of each building was extracted from the Quebec government 
LIDAR- derived digital elevation model (MFFP, 2022), which has a planimetric resolution of 1m. 
The ground level elevation of each building was defined as the minimum height in a buffer 
zone of 1m around the building (Table 3.3-2).

Table 3.3-2 | Non-residential buildings geodatabase fields

Commercial evaluation unit of the 
Government of Québec's 2018 land roll

Missed commercial building 
footprint to digitize

Microsoft missed footprints 
(results of the recall of 72.3%)

Microsoft footprints
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PI METRICS
The evaluations of the commercial, industrial, recreational structural damage indicator were 
expressed in Canadian dollars of 2018.

RESPONSE FUNCTION
The structural damage response functions consist of depth-damage curves, quantifying the amount 
of damage sustained by a building as a function of flood depth. Damage rates are expressed as a 
proportion of building value. 

The local water level was determined using the ISEE system, at the closest grid node to the footprint 
centroid. Then, submersion height (h) was estimated such that: 

                                                                                                                                                    [Eq.7]

where WL is the water level and  Z_NAVD88 is the estimated ground floor elevation.

Damage curves of the buildings
Four different building categories were used to develop the structural damage curves 
(Bouchard St-Amant and Dumais, 2022): retail stores and one-story offices, industrial 
buildings and warehouses, high rise buildings, and hotels and motels. Damage rates were 
based on the Alberta Provincial Flood damage assessment Study (PFDAS) (Shawcross 
2015a). To obtain continuous estimation of damage rates (txe), piecewise linear functions 
were developed for each building category; an example curve is shown for the retail store 
and one-story offices building type (Figure 3.3-3) (for all curve parameters see Bouchard St-
Amant and Dumais, 2022)..

Figure 3.3-3 | Depth-damage curve for the Retail Store and One-Storied Offices.
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DAMAGE COST EVALUATION
The damage cost was evaluated by multiplying the damage rate by the building value, such as:

                                                                                                                                                    [Eq.8]

where dmg is the damage cost,  txe is the damage rate expressed as a percent and VAL_B 
is the value of the building. The final cost damage for a year was the highest value obtained 
over the 48 QMs of the year. The damages were then summed for the entire non-residential 
building stock.

COMMERCIAL, INDUSTRIAL AND RECREATIONAL MATERIAL DAMAGE
PI Modelers and Experts: Pier-André Bouchard St-Amant & Guillaume Dumais (ENAP)
Complementary Report: Bouchard St-Amant, P.A., and Dumais, G. (2022). Economic Analysis of 
structural measures, IJC-LCRR Study, Groupe de recherche en économie publique appliquée, 
École nationale d’administration publique. 

BACKGROUND INFORMATION
This PI estimates the economic losses associated to material damages (i.e. flood damages 
to the contents of the buildings, such as furniture, electronics and equipment). Damages are 
estimated based on depth-damage functions developed for different building categories.

Datasets and preprocessing
This PI relies on two datasets.

Data on building properties including footprints identification, precise location and building 
values (ministère des Affaires municipales et de l’Habitation, 2018). See Commercial, Industrial 
and Recreational structural damage PI for more detail).

Depth-damage functions based on the Alberta Provincial Flood Damage Assessment Study 
(PFDAS) (Shawcross 2015a). The valuation of buildings contents is based on the technical 
manual of HAZUS-MH, which establishes a relationship between property values and business 
inventory by business type (FEMA, 2009). 

PI METRICS
The evaluation of the commercial, industrial, recreational material damage indicator is 
expressed in Canadian dollars of 2018.

RESPONSE FUNCTION
Depth-damage functions were derived by fitting curves on empirical depth-damage data from 
the PFDAS study for 21 building types (Shawcross 2015a) (Table 3.3-3).

Material damages at a given time-step was estimated with a power kernel function. Hence, for 
each building i on property j , material damage (CMDij) is defined as:
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                                                                                                                                                   [Eq. 9]

where, ht is the flood depth at time t, PMATi is a conversion parameter used to infer material 
value with property value, bi is an estimated scaling parameter, ρi is an estimated measure of 
the concavity of the power function and PVj is the property value (Bouchard St-Amant and 
Dumais, 2022). Using this type of function with a minimization component alleviates the fact 
that the damage rate cannot exceed 100%.

Table 3.3-3 | Estimations of power function parameters ρ_i and b of the depth- material damage of the commercial, 
industrial and recreational sectors (Bouchard St-Amant and Dumais, 2022).

* Average of C1, C2, C3, C4, C5, C6, D1 and E1

BUILDING TYPE pi b R2

A1: General Office 0.917 0.945 0.999

B1: Medical 1.269 0.889 0.998

C1: Shoes 0.650 1.330 0.996

C2: Clothing 1.073 1.458 0.997

C3 : Stereos/TV/Electronics 0.671 1.769 0.999

C4: Paper Products 1.044 1.447 0.999

C5: Hardware/Carpet 0.678 2.185 0.994

C6: Misc. Retail 0.770 1.663 0.999

C7av: Retail (average)* 0.744 1.636 0.999

D1: Furniture/Appliances 0.466 1.630 0.999

E1: Groceries 0.728 1.081 0.999

F1: Drugs 0.705 1.629 0.996

G1: Auto 1.420 0.996 0.999

H1: Hotel 0.943 1.723 0.998

I1: Restaurant 3.138 0.359 0.999

J1: Personal Service 1.485 1.953 0.996

K1: Financial Service 0.917 0.945 0.999

L1: Industrial/Warehouses 0.644 1.868 0.995

M1: Theatres 6.090 3.489 0.996

N1: Other/Institutional 1.176 0.928 0.999
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Damage Cost Evaluation
The damage cost is evaluated by multiplying the damage rate by valuation of material damage, 
such as:

                                                                                                                                                  [Eq. 10]

where dmg is the damage cost txe is the damage rate  VALB is the value of the building 
and  MV is the material value ratio. The material value ratio expresses the value of business 
inventory relative to building value per occupation type. Due to the lack of public data on the 
value of business inventory in the LCRR region, approximations of MV from HAZUS-Fl were 
used (FEMA, 2009).

COMMERCIAL INCOME LOSS
PI Modéelers and Experts: Pier-André Bouchard St-Amant & Guillaume Dumais (ENAP).
Complementary Report: Bouchard St-Amant, P.A., and Dumais, G. (2022). Economic Analysis of 
structural measures, IJC-LCRR Study, Groupe de recherche en économie publique appliquée, 
École nationale d’administration publique, 171p.

BACKGROUND INFORMATION
Commercial income loss reflects the monetary impacts of flooding on businesses in the 
commercial sector. This PI assessed income losses based on the number of business 
interruption days and the average value of daily business income. 

Data and preprocessing
This PI relies on two datasets.

Data on building properties, including footprint identification, location and building values 
(ministère des Affaires municipales et de l’Habitation, 2018). See Commercial, Industrial and 
Recreational structural damage PI for more detail. 

The valuation of daily business income, based on Statistics Canada Business Counts (Statistics 
Canada, 2018a).

PI METRICS
The estimation of commercial income loss was expressed in Canadian dollars of 2018.

RESPONSE FUNCTION
Flood duration
The duration of business interruption was estimated using the Days of Interruption function 
of the Federal Emergency Management Agency (FEMA, 2009). This is a linear function linking 
the average number of days of interruption and the maximum flood depth during a flood event 
(Table 3.3-4).
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Table 3.3-4 | Days of Interruption as a function of flood depth (FEMA, 2009)

Valuation of days of business interruption
The valuation of daily business income was obtained from Quebec Input-Output tables 
(Statistics Canada, 2018a). These data provided value-added, tax figures and wages paid for 
each type of industry of the North America Industry Classification System. To obtain yearly 
average income per business of each industry type, the total production value was divided 
by number of businesses (Statistics Canada, 2018a). Since Input-output tables provided 
production value on an annual basis, values were divided by 365 to obtain daily business 
income.

Income loss evaluation
For a given year, the number of business days of interruption was estimated at each building 
based on the maximum flood depth simulated at each building. Then, the number of days was 
multiplied by the valuation of daily business income of each industry type.

For more methodological detail, sensitivity analysis and temporal consistency, see Bouchard 
St-Amant and Dumais, (2022)

FLOOD 
DEPTH (M) 

DAYS OF 
INTERRUPTION

 0 0

0.3  45

0.6  90

0.9 135

1.2 180

1.5 225

1.8                            270

2.1 315

2.4 360

2.7 405

 3 450
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RECREATIONAL INCOME LOSS
PI Modelers and Experts: Pier-André Bouchard St-Amant & Guillaume Dumais (ENAP).
Complementary Reports: Bouchard St-Amant, P.A., and Dumais, G. (2022). Economic Analysis of 
structural measures, IJC-LCRR Study, Groupe de recherche en économie publique appliquée, 
École nationale d’administration publique, 171p.

BACKGROUND INFORMATION
Recreational income loss is the monetary impacts of flooding on businesses in the recreational 
sector. This PI assessed the income losses based on the number days of business interruption, 
the variations in number of visitors and the associated valuation of daily business income.

Datasets and preprocessing
This PI relied on two datasets.

Data on building properties including footprint identification, location and building values 
(ministère des Affaires municipales et de l’Habitation, 2018). See Commercial, Industrial and 
Recreational structural damage PI for more detail.

The valuation of recreational daily business income was based on the Travel Survey of 
Residents of Canada. (Statistics Canada 2018b).

PI METRICS
The Recreational Income Loss indicator is expressed in Canadian dollars of 2018.

RESPONSE FUNCTION
Flood duration
The duration of business interruption was estimated using the Days of Interruption function 
of the Federal Emergency Management Agency (FEMA, 2009). This is a linear function linking 
the relationship between the average number of days of interruption and the maximum flood 
depth experienced during a flood event (See Table 3.3-4, Commercial Income loss).

Valuation of days of recreational business interruption
The evaluation of the effect of flooding on the tourism and recreation sector relied on the 
estimation of the number of visitors or participants in tourism or recreational activities. The 
estimated daily income in the tourism and recreation sector was based on the Travel Survey 
of Residents of Canada (Statistics Canada, 2018b). This survey provided data on the volume 
of visitors, geographic location and the time frame for each type of activity on a monthly 
basis. The survey also included visitors’ spending by type of visit, which allowed estimation of 
income per site and day of the year.

The income losses were extracted directly from the Travel Survey of Residents of Canada. 
However, the values were net of costs of operations and taxes. Thus, to be able to compare 
these losses with the ones extracted from the Supply and Use Table (SUT) (commercial and 
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industrial businesses, Statistics Canada, 2020), the profit margins of every type of recreational 
businesses were identified in the SUT and income losses were adjusted (Bouchard St-Amant 
& Dumais, 2022).

The income loss at a given time step corresponded to the visitor average value of spending 
for that period. 
 

UNITED STATES

COMMERCIAL AND INDUSTRIAL STRUCTURAL AND  
MATERIAL DAMAGE
Modeled by: James Leach, Gabriel Poirier (ECCC).
PI Experts: Bill Werick (2022), Nina Safavi & Jarlath O’Neil-Dunne UVM (2021)
Complementary Reports: 

 Werick, B. (2021). Documentation of the U.S. stage-damage functions - The methods  
 used to derive stage-damage tables for the NY and VT Lake Champlain Coastal
 Floodplain from Hazus damages at one elevation, FMMM, 9 p.
 
 Safavi, N. and O’Neil-Dunne, J. (2021). Lake Champlain Basin - Flood-Damage
 Mapping, Université du Vermont - Spatial Analysis Lab, 11 p.

In the states of New York and Vermont, structural damage to buildings of the commercial 
and industrial sectors is not as predominant as residential damage. However, a review of 
applications for Small Business Administration (SBA) loans for repairs following a disaster 
revealed that 20 SBA loans for businesses were filed in Vermont and 8 in New York following 
the 2011 flood. (IJC, 2019). In this study, on the US side, structural and material damage were 
combined in a single PI.

BACKGROUND INFORMATION
For this PI, The HAZUS model (FEMA, 2009) was selected for its standardized procedure 
to estimate flood damage across a large geographic area and for its wide use across the 
United States (Safavi and O’Neil-Dunne, 2021). HAZUS-Fl provided estimations of damages as 
proportions of building values, as a function of flood depth.

An inventory of all buildings in the Lake Champlain basin was developed using a LIDAR-based 
digital elevation model to extract building footprints and estimate their physical characteristics 
such as height, foundation type, square footage, and first-floor elevations. Due to the large 
geographic scale of the Lake Champlain floodplain, building characteristics for the majority 
of the building inventory were approximated. Building values were estimated using adjusted 
census data that approximated value per square foot for each building occupancy type. The 
model adjusted 2006 values to current values using the latest Consumer Price Index and a 
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county adjustment factor (Safavi and O’Neil-Dunne, 2021). HAZUS-Fl provided estimations of 
damages as proportions of building values, as a function of submersion height. To simulate 
damages at any time step, for each building in the US portion of the study area, flood depths 
were computed using the ISEE system. 

Input data and processing 
Building inventory 
Le laboratoire d’analyse spatiale de l’Université du Vermont a produit un jeu de données sur 
The Spatial Analysis Laboratory from the University of Vermont produced a dataset of building 
footprints and building properties located within the delineated Lake Champlain floodplain 
(Safavi and O’Neil-Dunne, 2021). The building inventory included the precise location, 
occupancy, value of replacement and the physical characteristics of each detached building.

Land use and building occupancy type  
HAZUS-Fl assigned different structural and material flood damage rates for different occupancy 
types. Occupancy types were not readily available and were derived from different local 
sources by matching county and state parcel assessor and emergency response datasets to 
the HAZUS-Fl occupancy types. 

To evaluate commercial and industrial structural and material damage indicators, 209 
commercial and 27 industrial buildings were identified within the study area.

Building replacement value
Due to the lack of homogeneous public parcel data for the entire region, this study applied 
the HAZUS-Fl tool for estimating building replacement values based on adjusted census data. 
The tool provided an approximation of building values per square foot per occupancy type 
(RSMeans). The model adjusted 2006 values to current building replacement values (BRV) 
expressed by:

                  [Eq. 11]

where square footage is the total area of floor building extracted from building footprints, PIA 
is the lastest consumer price adjustment and CMF is a County modification factor. 

Building type and dimension 
Three-dimensional building footprints were derived from a LIDAR DEM to estimate building 
location and characteristics including foundation types, first floor height, square footage and 
the number of stories. Assumptions of building characteristics, based on the general building 
stock of the region, are the following: 

 RESIDENTIAL   MULTI-UNIT RESIDENTIAL ALL OTHER OCCUPANCY TYPES

 4' basement or 1' slab   4' basement or 1' slab  1' slab

 8’ per story   10’ per story  14’ first story
 10’ subsequent stories

6' attic   6' attic  6' attic

= ( )
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First floor elevations were estimated based on rooftop height and common measurement of 
story heights (Werick, 2021). Those estimates were supplemented by precise surveys of first-floor 
elevations for about 100 buildings in Vermont and other data consistency checks (Werick, 2021). 

PI METRICS 
The evaluation of this indicator was in US dollars and reflected the valuations of 2020. 

RESPONSE FUNCTION 
This PI provided an estimation of structural and material damage (i.e., building content damage) 
as a percentage of building replacement value for each building of the study area at the yearly 
maximum lake water level. The ISEE system provided a local flood depth (h) for each building 
(flood depth at the closest 10m resolution grid node), at each quarter month of the reference 
period (1925-2017). 

The stage-damage functions included structure, content damage, and building content 
damage as it is identified in HAZUS-FI (Werick B., 2021). Figure 3.3-4 provides an example of 
depth damage functions that were developed for different types of industrial buildings. For 
complete detail on how depth damage functions were developed and calibrated, see Werick 
B. 2021 and Safavi and O’Neil-Dunne, 2021.

Figure 3.3-4 | Industrial depth damage functions, expressing the combined structural damage and material damage 
(i.e. building contents) as a percentage of building replacement value as a function of submersion height (i.e. water 
level relative to first floor elevation), by building type

Damage cost evaluation
For each of the 209 commercial and 27 industrial buildings, yearly damage was defined as 
the damage estimated, based on the depth damage functions, at the yearly maximum flood 
depth provided by ISEE. 

 RESIDENTIAL   MULTI-UNIT RESIDENTIAL ALL OTHER OCCUPANCY TYPES

 4' basement or 1' slab   4' basement or 1' slab  1' slab

 8’ per story   10’ per story  14’ first story
 10’ subsequent stories

6' attic   6' attic  6' attic
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DATA SOURCES
 BOTH COUNTRIES

• ISEE predicted maximum water depth (variable h) for every quarter-month of each 
year of the reference period at every building.

 CANADA
• Georeferenced Quebec Land property assessment roll of year 2018, (ministère 

des Affaires municipales et de l’Habitation, 2018) (non-nominal) 
• Microsoft (2019-06-13) Canadian Buildings Footprints [Dataset]. 
• Georeferenced building shapefiles (Microsoft/ECCC)
• ENAP’s metadata (Corresponding usage codes between Quebec’s land roll and 

HAZUS technical manual, function’s coefficients, time consistency files)

 UNITED STATES
• Building information and stage-table database from UVM and FMMM
• Georeferenced buildings shapefiles, UVM
• SEE predicted lake level outlines (shapefiles)
• Historical record of Lake Champlain levels (NOAA)
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3.3.3.  DAMAGE TO PUBLIC SECTOR

SUMMARY
In 2011, flooding in the Lake Champlain-Richelieu River basin caused economic losses on 
the public sector. Most of the damages were concentrated in urban areas, where flooding 
can impact essential services. For instance, flood impacts on educational buildings were 
reported, which caused administrative reorganization of services and additional costs. Flood 
related damages to the public sector cover a broad spectrum of damages that namely include 
damages to public infrastructures such as roads and bridges, income loss, damages to water 
intakes and damages to public buildings. The study adopted two PIs to quantify economic 
damages to the public sector: 

1. structural damages to public infrastructure and  

2. material damages to public buildings. 

Each of these PIs was developed and calibrated by experts in Canada and the United States. 
Due to differences in data availability, methodology, and to reflect regional particularities, PIs 
are presented separately for each country. 

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
The public sector provides essential services to the population. Therefore, in addition to 
economic impacts caused by flood damage, flooding can generate social impacts related to 
service interruption such as the temporary closure of schools and medical centers. 
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TEMPORAL VALIDITY
The PIs assessing damage to the public sector are valid throughout the year (QM1 to QM48). 
However, most floods causing damage occur in the spring and occasionally in the fall. 

SPATIAL VALIDITY
The PIs assessing damage to the public sector are valid for the entire floodplain of the Lake 
Champlain Richelieu River basin. Damage was estimated on every public building identified 
in the study area. 

LINK TO WATER LEVEL  
During a flood, water seeping into buildings causes damage to building structure and to the 
material contents; damages generally increase with submersion height (i.e. water level relative 
to the first floor elevation).
 

CANADA

PUBLIC SECTOR STRUCTURAL DAMAGE
PI Modelers and Experts: Pier-André Bouchard St-Amant & Guillaume Dumais (ENAP)
Complementary Report: Bouchard St-Amant, P.A., and Dumais, G. (2022). Economic Analysis of 
structural measures, IJC-LCRR Study, Groupe de recherche en économie publique appliquée, 
École nationale d’administration publique, 171p. 

BACKGROUND INFORMATION
The Lake Champlain Richelieu River floodplain contains few public buildings at risk of 
being flooded. However, as property value of public buildings tend to be higher than that of 
residential buildings, flooding can generate substantial damage (Bouchard St-Amant & Dumais, 
2022). The estimation of structural flood damages on public infrastructures was similar to 
the methodology used to estimate structural flood damages on commercial and recreational 
buildings. Depth damage functions were used to estimate damage rate as a function of flood 
depth, where damage rate was expressed as a proportion of property value and flood depth 
was defined as the water level relative to ground floor elevation (FEMA, 2009; Bouchard St-
Amant & Dumais, 2022). Depth damage functions from the HAZUS-MH model were used 
to assess direct physical damages on public buildings. Different depth-damage curves were 
used for main occupancy types: hospitals, medical offices or clinics, government services 
facilities, emergency response buildings, schools or libraries, and colleges or universities. 

DATASET AND PROCESSING
The Georeferenced Quebec Land property assessment roll of year 2018 (MAMH, 2018), 
provided critical information on the properties of the buildings present on the floodplain, 
including identification, precise location and property values. The Canadian portion of the 
LCRR floodplain contains 43 public evaluation units.

Building footprints developed by Microsoft using machine learning-based image segmentation 
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were used as a basis to characterize building ground elevation. The method used to produce 
footprints provided high accuracy for identified buildings, with 99% of buildings correctly 
identified. However, a recall of 72% indicated that nearly 28% of buildings were missed by 
the algorithm (Microsoft, 2019). To overcome this problem, quality control and additional 
geospatial processes were carried out to delineate the missing buildings using imagery and 
the Quebec Land property assessment roll. For more information on building footprints, see 
the Commercial, industrial and recreational structural damage PI. 

The ground elevation of each building was extracted from the Quebec government LIDAR-
derived digital elevation model (MFFP, 2022) with a planimetric resolution of 1 m. The ground 
level of each building was defined as the minimum height in a buffer zone of 1m around the 
building footprints.
 
Public buildings were identified based on the Quebec Land property assessment roll usage 
codes (CUBF) and were matched as closely as possible to the corresponding HAZUS usage 
codes. Building valuations were obtained from the Quebec Land property assessment roll of 
year 2018.

Structural depth-damage functions for public buildings, providing damage as a function of 
water level relative to ground level elevation, were based on the HAZUS-Fl model (FEMA, 
2009). This tool is recognized for its standardized procedure. It is widely used across the 
United States and it was used in previous flood studies in Canada (McGrath, 2017).

PI METRICS
The evaluation of the Canadian public structural damage indicator was in Canadian dollars of 2018.

RESPONSE FUNCTION
The response function of the structural damage consisted of stage damage curves, quantifying 
the amount of damage sustained by a building as a function of submersion height. Damages 
were expressed as a proportion of the building value. 
The local water level at each building was determined, using the ISEE system, at the closest 
grid node from the building footprint centroid. Then, submersion height (h) was estimated 
such that:

                  [Eq. 12]

where WL is the water level and Z_NAVD88 is the estimated ground floor elevation.

Damage curves of the buildings
The estimation of public infrastructure structural damage was based on HAZUS-MH depth- 
damage curves (FEMA, 2009). These curves express flood damage as proportion of the 
building value for discrete increments of flood depth. Power functions were fitted on the data 
to obtain continuous estimate values (Bouchard St-Amant and Dumais, 2022). Distinct curves 
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were used for six main public land use types: hospitals, medical offices or clinics, government 
services facilities, emergency response buildings, schools and libraries, and colleges and 
universities. The damage rate variable (txe) was estimated as a function of local flood depth 
(h) (Figure 3.3-5). 

Figure 3.3-5 | Structural public damage rate as a function of flood depth (FEMA, 2009; Dumais, G. and B. St-Amant, 
P-A. 2022)

Damage cost evaluation
The damage cost was calculated for every QM by multiplying the damage rate by property 
value, such as:

                                                                                                                                                  [Eq. 13]

where dmg is the damage cost, txe is the damage rate expressed in percent and VAL_B is the 
value of the building. The final damage cost for a year was the highest cost obtained over the 
48 QMs of the year. The damages were then summed for the all the public buildings.

PUBLIC MATERIAL DAMAGE
PI Modelers and Experts: Pier-André Bouchard St-Amant & Guillaume Dumais (ENAP)
Complementary Report: Bouchard St-Amant, P.A., and Dumais, G. (2022). Economic Analysis of 
structural measures, IJC-LCRR Study, Groupe de recherche en économie publique appliquée, 
École nationale d’administration publique. 

BACKGROUND INFORMATION
Public material damages are the economic losses attributed to building contents and equipment 
such as furniture and electronics. The relationship between damage and submersion height 
was based on the HAZUS-Fl model (FEMA, 2009). Damage rate and material valuation vary 
per land use type. HAZUS is a tool recognized for its standardized procedure and it is widely 
used across the United States.
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DATASET AND PROCESSING
The Georeferenced Quebec Land property assessment roll of year 2018 (ministère des 
Affaires municipales et de l’Habitation, 2018) provided critical information on the properties of 
the buildings present on the floodplain, including identification, precise location and property 
values. The Canadian portion of the LCRR floodplain contains 43 public evaluation units.

The valuation of building contents is based on the technical manual of HAZUS-MH, which 
establishes a relationship between property values and business inventory by business type 
(FEMA, 2009). 

PI METRICS 
The evaluation of the public material damage was in Canadian dollars of 2018. 

RESPONSE FUNCTION
Depth-damage functions were derived by fitting curves on empirical depth-damage data from 
the HAZUS-Fl model for six public land use types (FEMA, 2009)

Material damages at a given time-step was estimated with a power kernel function. Hence, for 
each building on a property, material damage (CMDij) was defined as.

                                                                                                                                                           [Eq. 14]

where, ht is the flood depth at time  t, PMATi is a conversion parameter used to infer material value 
with property value, bi is an estimated scaling parameter, ρi is an estimated measure of the concavity 
of the power function and PVj is the property value (Bouchard St-Amant & Dumais, 2022). Using 
this type of function with a minimization component alleviates the fact that the damage rate cannot 
exceed 100%.

Table 3.3-5 | Estimations of power function parameters ρi and b of the depth- material damage of the public sectors 
(Dumais, G. and B. St-Amant, P-A. (2022).

BUILDING TYPE pi b R2

Hospitals 1.882 8.657 0.997

Medical offices and clinics 0.367 15.94 0.999

Government services 0.587 5.573 1.000

Emergency response 1.070 7.343 1.000

Schools and libraries 0.444 14.03 0.999

Colleges and universities 0.444 14.03 0.999

 



68         LAKE CHAMPLAIN RICHELIEU RIVER STUDY | 2017 -2019

DAMAGE COST EVALUATION
The damage cost was evaluated by multiplying the damage rate by valuation of material 
damage, such that

                                                                                                                                                    [Eq. 15]

where dmg is the damage cost, txe is the damage rate, VALB is the value of the building 
and MV is the material value ratio. The material value ratio expresses the value of business 
inventory relative to building value per occupation type. Due to the lack of public data on the 
value of business inventory in the LCRR region, approximations of MV from HAZUS-Fl were 
used (FEMA, 2009). For instance, Hospitals material value corresponded to 150% of property 
value of the building (FEMA, 2009).

UNITED STATES

PUBLIC STRUCTURAL AND MATERIAL DAMAGE
Modeled by: James Leach, Gabriel Poirier (ECCC).
PI Experts: Bill Werick (2022), Nina Safavi & Jarlath O’Neil-Dunne UVM (2021)

BACKGROUND INFORMATION
In the states of New York and Vermont, flooding of buildings of the public sector is relatively uncommon. 
For this PI, the HAZUS model was selected for its standardized procedure to estimate flood damage 
across a large geographic area and for its wide use across the United States (Safavi and O’Neil Dune, 
2021). HAZUS-MH provided estimations of damages as proportion of building values, as a function of 
submersion height. 

An inventory of all buildings in the Lake Champlain basin was developed using the DEM to extract building 
footprints and estimate their physical characteristics such as height, foundation type, square footage, 
and first-floor elevations. Due to the large geographic scale of the Lake Champlain floodplain, building 
characteristics for most of the building inventory were approximated. Building values were estimated 
using adjusted census data that approximates value per square foot for each building occupancy type. 
The model adjusted 2006 values to current values using the latest Consumer Price Index and a county 
adjustment factor (Safavi and O’Neil Dune, 2021). HAZUS-MH provided estimations of damages as 
proportion of building values, as a function of submersion height. To estimate damages for each year of 
the reference period, for each building in the US part of the study area, submersion heights were then 
computed in the ISEE system. 

INPUT DATA AND PROCESSING 
Building inventory 
The Spatial Analysis Lab team from the University of Vermont produced a dataset of buildings 
located within the delineated Lake Champlain floodplain (Safavi and O’Neil Dune, 2021). The 
building inventory included the precise location, occupancy, value of replacement and the 
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physical characteristics of each building, which were used to adjust HAZUS curves when 
determining flood impact. 

Land use and building occupancy type 
HAZUS-Fl assigns different structural and material flood damage rates for different occupancy 
type. Occupancy types were not readily available and were derived from different local 
sources by matching county and state parcel assessor and emergency response datasets 
to the HAZUS-Fl occupancy types. This processed identified 48 public properties within the 
United Sates portion of the study area. 

Building replacement value 
Due to the lack of homogeneous public parcel data for the entire region, this study applied 
the HAZUS-Fl tool for estimating building replacement values based on adjusted census data. 
The tool provided an approximation of building values per square foot per occupancy type 
(RSMeans). The model adjusts 2006 values to current building replacement values (BRV) 
expressed by: 

                                                                                                                                                           [Eq. 16]

where square footage is the total area of floor building extracted from building footprints, PIA 
is the latest consumer price adjustment and CMF a County modification factor. 

Building type and dimension 
Three dimensional building footprints were derived from a LIDAR DEM to estimate building 
location and characteristics including foundation types, first floor height, square footage and 
the number of stories. Assumptions of building characteristics, based on the general building 
stock of the region, are the following: 

First floor elevations were estimated based on rooftop height and common measurement of 
story heights (Werick, 2021). Those estimates were supplemented by precise surveys of first-floor 
elevations for about 100 buildings in Vermont and other data consistency checks (Werick, 2021). 

PI METRICS
The evaluation of this indicator is in U.S. dollars and reflects the valuations of 2020. 

= ( )

 RESIDENTIAL   MULTI-UNIT RESIDENTIAL ALL OTHER OCCUPANCY TYPES

 4' basement or 1' slab   4' basement or 1' slab   1' slab 

 8’ per story   10’ per story  14’ first story
 10’subsequent stories

 6' attic    6' attic   6' attic
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REPONSE FUNCTION
This PI provides an estimation of structural and material damage (i.e. building content damage) 
as a percentage of building replacement value for each building of the study area at the yearly 
maximum lake water level. The ISEE system provides a local flood depth (h) for each building 
(at the closest 10 m resolution grid node). 

The stage-damage functions include structure, content damage, and building content damage 
as it is identified in HAZUS-FI (Werick, 2021). Figure 3.3-6 provides an example of stage damage 
function for different type of public buildings, combining structural and material damage at 
different flood depth. For complete detail on how depth damage functions were developed 
and calibrated, see Werick B. 2021 and Safavi and O’Neil-Dunne, 2021.

Figure 3.3-6 | Depth damage functions, expressing the combined structural damage and material damage (i.e. 
building contents) to the public sector, as a percentage of building replacement value, as a function of submersion 
height (i.e. water level relative to first floor elevation), by building type. 

Damage Cost Evaluation 
For each of the 48 public buildings, yearly damage was defined as the damage cost estimated, 
based on the depth damage functions, at the yearly maximum flood depth provided by ISEE. 

DATA SOURCES
 BOTH COUNTRIES

• ISEE predicted maximum water depth (variable h) for every quarter-month of each 
year of the reference period at every public building.

 CANADA
• Georeferenced Quebec Land property assessment roll of year 2018, (ministère 

des Affaires municipales et de l’Habitation, 2018) (non-nominal) 
• Microsoft. (2019-06-13) Canadian Buildings Footprints [Dataset]. Microsoft.
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 UNITED STATES
• Building land use information in the US portion of the basin (Safavi and O’Neil 

Dunne, 2021)
• Georeferenced building footprints and building properties (Safavi and O’Neil 

Dunne, 2021)
• HAZUS – Depth-damage functions and occupancy codes (FEMA, 2009)

REFERENCES
Bédard, L. (2021). Retour sur les inondations historiques de 2011, Le Canada Français, 
Retrieved from https: //www.canadafrancais.com/actualite/retour-sur-les-inondations-
historiques-de-2011/. 

Bouchard St-Amand, P.A., and Dumais, G. (2022). Economic Analysis of structural measures, 
IJC-LCRR Study, Groupe de recherche en economie publique appliquee, Ecole nationale 
d’administration publique, 171p. 

FEMA (2009). Multi-hazard Loss Estimation Methodology - Flood Model HAZUS-MH, Federal 
Emergency Management Agency. 569 p. Retrieved from https: //www.fema.gov/sites/default/
files/2020-09/fema_hazus_flood-model_technical-manual_2.1.pdf

McGrath, H. D. (2017). Web-based Flood Risk Assessment – Rapid, User-friendly Tools 
Leveraging Open Data. Geodesy and Geomatics Engineering UNB. Technical Report No. 308. 
Retrieved from http: //www2.unb.ca/gge/Pubs/TR308.pdf.

Microsoft. (2019). Canadian Buildings Footprints [Dataset]. Retrieved from https: //github.com/
microsoft/CanadianBuildingFootprints

Safavi, N. and O’Neil Dunne, J. (2021). Lake Champlain Basin - Flood-Damage Mapping, 
Université du Vermont - Spatial Analysis Lab, 11p.

Werick, B., 2021. Documentation of the U.S. stage-damage functions - The methods used 
to derive stage-damage tables for the NY and VT Lake Champlain Coastal Floodplain from 
Hazus damages at one elevation, FMMM, 9 p. 



72         LAKE CHAMPLAIN RICHELIEU RIVER STUDY | 2017 -2019

3.3.4.  AGRICULTURAL SECTOR 
  PERFORMANCE INDICATORS 

Modeled by: Mathieu Roy, Nicolas Fortin and Gabriel Poirier (ECCC).
PI Experts (Canada): Alain Rousseau and Stéphane Savary (INRS)
PI Experts (United States): Nina Safavi and Jarlath O’Neil-Dunne (UVM)8

Complementary Report: Rousseau, A. and Savary, S. (2020). Agricultural Performance 
Indicators - 2019-2020. Progress Report submitted to Environment and Climate Change 
Canada and the International Joint Commission. Institut national de la recherche scientifique 
Centre - Eau Terre Environnement; 33 p. (INRS Centre Eau Terre Environnement, Documents 
scientifiques et techniques; Rapport d’état d’avancement R1921). 

SUMMARY
Agriculture is an important economic activity in the Lake Champlain Richelieu River basin. On 
the Canadian side, agricultural lands are among the most fertile of the country and occupy 
70 percent of the basin. On the US side, crop lands are also frequent along the shorelines of 
Lake Champlain in the States of Vermont and New York. The events of 2011 led to significant 
crop yield loss and damage to farm buildings (Samson-Tshimbalanga & Rousseau, 2018). For 
instance, following the 2011 Richelieu River flood, compensation awarded by the Governments 
of Québec and Canada to the agricultural sector totalized $474K CAN (Rousseau & Savary, 
2020). The Study developed two PIs to quantify economic damages to the agricultural sector: 
Crop yield loss and damage to farm buildings. 

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
Agricultural activities are abundant in the Richelieu River and the Lake Champlain basin and 
represent an important source of income for local communities. Agriculture occupies 17% of 
the Lake Champlain sub-basin (LCBP, 2018) and this ratio increases to 70% in the Richelieu 
River sub-basin, where agriculture is the predominant activity in the watershed (COVABAR, 
2015). For instance, in the Municipalité Régionale de Comté (MRC) Haut Richelieu, which 
roughly corresponds to the Upper River area, agricultural activities generated CDN$295M 
in 2010 for a population of 117,335 inhabitants (MRC Haut-Richelieu, 2017). In 2011, as the 
water level of Lake Champlain reached 31.5 m, flooding affected more than 1,050 ha of crops 
and 117 farms (Direction régionale de la Montérégie Ouest, 2012 in Samson-Tshimbalanda & 
Rousseau, 2018). 

As a part of the St. Lawrence lowlands, the Canadian portion of the basin is characterized by 
a flat topography which creates a large floodplain where most of the agricultural activities 
take place. While providing rich and fertile lands, this geographic context exposes agricultural 
lands to flood hazards, which can jeopardize their productivity. Productivity losses are mainly 

8 Only for damages on farms buildings. Crop yield loss on US side was developed by ECCC-HES based on the  
methodology developed by Alain Rousseau and Stéphane Savary (INRS) on the Canadian side. 
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associated with crop yield loss since the sowing and planting period of most crops present in 
the region (corn, soy, pasture/forage) coincides with spring floods and water can affect crops 
in various ways. Namely, Samson-Tshimbalanda and Rousseau (2018) report that:

In addition, floods can damage specialized farm equipment and buildings.

Agricultural PIs are particularly important since agricultural activities provide local food 
supplies to communities, and their disruption can result in a shortage of supply and increased 
product costs to consumers. In addition, local farmers are in general deeply involved in their 
businesses and damages induced by floods can cause significant stress.

From an environmental perspective, agricultural lands cover large areas and during spring 
floods they are subject to hillslope erosion, which can lead to sedimentation and pollution of 
waterways. Soil health is also compromised since microorganisms’ regulatory activity can be 
severely affected, which increase the production of undesirable soil contaminants. 

BACKGROUND INFORMATION
The selection and development of PIs for the agricultural sector were based on the work of 
Samson-Tshimbalanda and Rousseau (2018). PIs were chosen based on an extensive literature 
review, data availability, implementation time and available resources. The monetary valuation 
of crop yield loss or farm building damage was mainly inspired by the HAZUS framework 
(FEMA, 2009).

TEMPORAL VALIDITY
Both PIs provided yearly values for the entire reference period of the study (1925-2017). 

Crop yield losses were estimated annually by summing up crop yield loss for each quarter month 
(QM) of the year. However, as will be described below, yield loss mostly occurs between the last day 
of sowing and the last day of harvesting of each crop type. For the crop types present in the study 
area, this mainly corresponds to the period from early-June to mid-November (QM21 to QM42).

Damage to farm buildings was estimated yearly, based on the damages estimated at the QM 
with maximum water levels for each year.

“Waterlogging and flooding cause anoxia in plants, which limits evapotranspiration 
and photosynthesis as stomata close; and the longer these conditions last, the 
lesser are the chances of crops surviving (Butzen, 2007; Pivot et al., 2002). 
Water depth compacts soils, damaging its structure, and exerting pressure on 
the crops (Pivot et al., 2002). Saturated soils inhibit beneficial soil biota such as 
nitrogen-fixing bacteria and earthworms while promoting soil-borne diseases like 
Phytophtora or Pythium (Butzen, 2007; Pivot et al., 2002)”
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SPATIAL VALIDITY
The agricultural PIs are valid for the entire study area.  
As further described below, differences in data availability and crop seasonality led to some 
modifications in the PI configuration, depending on which side of the international border it was 
applied. Thus, for instance, crop yield loss parameters used to develop the PI for the Canadian 
portion of the study area are only valid if the PI is applied in that country. 

CROP YIELD LOSS
Link to water level
Most crop types are sensitive to water submersion, with potential consequences on yield, quality 
and value (Posthumus et al., 2009). High water levels can affect soil health and productivity 
by altering nutrient supply (erosion) and creating unwanted deposits. If water submersion 
persists, especially beyond the sowing periods, it can be detrimental to the soil productivity, 
with crops becoming toxic and inconsumable for animals and human beings (Posthumus et 
al., 2009). The impacts of flooding on crop yield vary according to several parameters such 
as the tolerance of each crop type to water submersion, and the frequency, duration, intensity 
and seasonality of flooding events (Morris and Hess, 1988). Mainly, floods occurring during the 
crop sowing period can cause yield losses associated to a delay in sowing date, which affects 
crop yield rates at harvest, whereas floods occurring after the sowing period can cause the 
destruction of crops. There are additional disruption of agricultural activities linked to water 
level that are not included in the study. This namely includes, the alteration of surface and 
subsurface drainage systems, pollution of drinking water systems for livestock, power outages 
and livestock health and safety (Rousseau & Savary, 2020). 

Input datasets and preprocessing
This PI required several input datasets and preprocessing steps which can vary for the 
Canadian and US portions of the study area (Table 3.3-6).
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Table 3.3-6 | Input datasets used for Crop yield loss performance indicator

Annual crop maps were derived from satellite imagery and provided crop class spatial extent 
over the entire Canadian and US portion if the study area at a 30 m resolution (AAFC, 2019; 
USDA, 2021). On the Canadian side, classification accuracy ranged from 80 to 90% (AAFC, 
2019). Crop class maps were then transposed on the 10 m ISEE grid (Figure 3.3-7).

DATA SETS DESCRIPTION CANADA UNITED STATES

Annual crop maps Crop maps at a 
30 m resolution 
for each year 
from 2011 to 2017 

Agriculture 
and Agri-Food 
Canada

Association is 
performed so that the 
USDA classes (USDA, 
2021) correspond to 
the classes defined 
in Rousseau, A., and 
Savary, S. (2020).

Crop yield values Yields for the 
crop classes 
present in the 
study area

La Financière 
Agricole du 
Québec

Association is 
performed so that the 
USDA classes (USDA, 
2021) correspond to 
the classes defined 
in Rousseau, A., and 
Savary, S. (2020).

Crop unit price Crop unit price 
for each crop 
class

La Financière 
Agricole 
du Québec 
Insurance 
Program

Surveys from National 
Agricultural Statistics 
Service Information of 
the USDA (USDA, 2021).

Hazus crop yield 
loss curves

Crop yield loss 
for each crop 
class

Adjusted 
HAZUS-MH 
curves (FEMA, 
2009) % crop 
yield loss for 
every day of the 
year

Association is 
performed so that the 
USDA classes (USDA, 
2021) correspond to 
the classes defined 
in Rousseau, A., and 
Savary, S. (2020).

Sowing and 
harvesting dates

Last dates for 
sowing and 
harvesting

La Financière 
Agricole du 
Québec

Association is 
performed so that the 
USDA classes (USDA, 
2021) correspond to 
the classes defined 
in Rousseau, A., and 
Savary, S. (2020).
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Figure 3.3-7 | Spatial validity of the crop classification within ISEE

RESPONSE FUNCTION

Monetary valuation of crop yield loss at a specific time step depends on the crop area that is 
flooded (ha), crop units price ($/T or $/ha), crop yield rate (kg/ha or T/ha) and a proportion of 
yield loss based on the timing of the flood relative to sowing and harvesting dates (Rousseau 
& Savary, 2020). This proportion is determined by yield loss curves developed by HAZUS-MH 
(FEMA, 2009), that provide a proportion of crop loss value, for each day of the year, if flooding 
occurs. Those values are higher between last day of sowing and last day of harvesting. Such 
curves were available for each one of the main crop type that is present in the study area. 
To reflect the particular context of this study, HAZUS-MH curves were modified (i.e. adjusted 
curves) using crop unit prices and sowing and harvesting dates from La Financière Agricole 
du Québec (FADQ, 2016; Rousseau & Savary, 2020; Figure 3.3-8)

For any given year, at each QM this 2D model identified all ISEE grid nodes with water depth 
of 0.3 m and above. Then, the model identified the nodes corresponding to each crop type, 
based on crop maps and then calculated the crop yield loss for each crop type with:

                                                                                        [Eq. 17]
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Where: 
P: crop yield loss ($) for a specific flooding period (QM) and specific crop type;
Awet: Flooded area (ha) of a specific crop type at a given QM (one ISEE node = 0.01 ha). Grid 
nodes are considered flooded when the water level reaches at least 0.3m.
R: Crop yield (kg/ha) based data from the Financière Agricole du Québec.
PrixU: Crop unit price ($/ton or $/ha) based on data from the Financière Agricole du Québec 
crop insurance program or unit prices of NASS (USDA, 2022). 
PR(t): The proportion of income loss (0 to 1) of any given day of the year. Those values are 
derived from an adjusted version (Figure 3.3-8; Rousseau & Savary, 2020) of crop yield loss 
curve from HAZUS-MH (FEMA, 2009)

Figure 3.3-8 | Original (FEMA, 2009) and adjusted (Rousseau & Savary, 2020) HAZUS corn flood yield loss curves. 
Adjusted curves were used to determine the proportion of crop yield loss in the study.

From the results of Equation 17, the QM with highest yield loss value was selected as the annual yield loss 
value for that crop type. To simulate a crop rotation cycle, those steps were repeated with each crop map 
from 2011 to 2017, giving height yield loss values for each crop type at any given year. Those height values 
were then averaged to retain one annual yield loss value per crop type. Yield losses of all crop types were 
added up, giving a total annual crop yield loss value (Figure 3.3-9).
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Figure 3.3-9 | Schematic diagram of crop yield loss

DATA SOURCES
• ISEE flood maps at each quarter month of the reference period (1925-2017)

• Crop maps from 2011 to 2017 transposed on ISEE grid (AAFC, 2019; USDA, 2021

• Adjusted version of HAZUS crop yield loss curves (Rousseau and Savary, 2020)

• Annual crop yield values (La Financière Agricole du Québec in Rousseau and 
Savary, 2020)

• Crop unit price (La Financière Agricole du Québec in Rousseau and Savary, 2020)

• Sowing and harvesting dates (La Financière Agricole du Québec in Rousseau and 
Savary, 2020)

Crop type yield 
loss curves

QM flood maps

Crop maps
(2011- 2018)

QM crop species yield 
loss [Eq. 1]

Simulating crop rotation 
cycle (average value from all 

crop maps)

Annual crop specific yield 
loss (maximum value 

among QMs)

Annual total crop yield  
loss value (sum of all crop 

specific values)
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DAMAGE TO FARM BUILDINGS

LINK TO WATER LEVEL
Damage to farm buildings and equipment is caused by high water levels where water seeps 
into buildings and, as the water level increases, damage rates increase. HAZUS flood model 
(FEMA, 2009) suggests various categories of damage, each with their own damage rate 
function (% of loss relative to submersion level). These damage rate functions were used in 
this study to estimate damages to farm buildings.

INPUT DATASETS AND PREPROCESSING
This PI required a list of input datasets and preprocessing steps that can differ for the Canadian 
and US portion of the study area.

Farm buildings at risk of being flooded in Canada were identified by Rousseau, A. and Savary, 
S. from INRS. Buildings’ footprints were manually delimited, with main and secondary buildings 
and silos being prioritized. All farm buildings inside or within 30 m of the 2011 flood extent were 
retained for further analysis (412 in total). Building values were derived from the 2018 property 
assessment roll, which gives a value to each farm property. To account for the fact that several 
buildings can be on the same property, the total value of each property was divided into a 
constant nominal surface value ($/m2). Then, each building was attributed a portion of the 
property total value, based on the area it occupies. 

Farm buildings’ ground floor elevations were derived from a 1-meter resolution digital elevation 
model (DEM) from Quebec ministère des Forêts, de la Faune et des Parcs (MFFP).

The Spatial Analysis Lab team from the University of Vermont (UVM) proceeded to sample the 
building locations and the building footprints that could be impacted by severe flood scenarios 
in United-States. Every building sampled by UVM was identified with a specific occupancy 
identifier corresponding to a list of codes from the HAZUS Flood Technical Manual. For the 
damage to farm building PI, only buildings of agricultural usage (label AGRI1) were selected, 
for a total of 24 buildings for the US portion of the study area.

Building footprints and heights in the Lake Champlain basin were determined using a LIDAR-
derived Digital Elevation Model (DEM). First floor elevations were estimated for each building 
by using LIDAR elevations of the rooftop and common measurements for story heights (Werick, 
2021). Those estimates were supplemented by precise surveys of first-floor elevations for 
about 100 buildings in Vermont and other data consistency checks (Werick, 2021).

RESPONSE FUNCTION
The ISEE system provided flood maps for the entire study area at each QM and those were used 
to determine a submersion height for every farm building based on ground floor elevations. 
HAZUS flood model (FEMA, 2009) damage rate functions provided damage rate (% loss of 
building value) relative to submersion level. HAZUS suggested different structural and content 
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damage rate functions for various types of farm buildings (Figure 3.3-10 and Figure 3.3-11). 
Structural and content damages were calculated for each farm building depending on its 
occupancy code in the property roll, and then added up to provide a total damage value for 
each building.

 
Figures 3.3-10 | Farm building structural stage-damages curves of the HAZUS model (Rousseau, A. and Savary, S. 2020)

 
Figure 3.3-11 | Farm building content stage-damages curves of the HAZUS model (Rousseau, A. and Savary, S. 2020)
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For the Canadian portion of the Study area, submersion height, HAZUS damage rate functions 
and buildings values were used jointly to determine damage values, for each farm building 
at each QM. The QM with maximum damage value for a given year was used as the annual 
damage value for that building. Each building’s damage value was added up to give an annual 
total of damages to farm buildings. 

On the US side, HAZUS damage rate functions were applied to all buildings with water levels 
ranging from 30.17 to 33.22 m with 0.03 m increments (Werick, 2021), giving pre-calculated 
damage values for each building at various water levels. Then, for each simulated year in 
this study, damages to each building were obtained by interpolating values from the two pre-
calculated damage values that were closest to the yearly maximum water level simulated by 
ISEE. For instance, if the maximum water level in a given year was 33.20 m, pre-calculated 
values from levels of 33.19 and 33.22 m were interpolated to determine damage values to 
each building. Finally, each building damage value was added up to give an annual value of 
damages to farm buildings.

DATA SOURCES 
• ISEE flood maps for each quarter month of the reference period (1925-2017)

• 412 Farm buildings’ footprints and elevation values in Canada (INRS/ECCC)

• 24 Farm buildings’ footprints and elevation values in United-States (UVM)

• Property assessment roll information for selected buildings (ministère des Affaires 
municipales et de l’Habitation, 2018)

• HAZUS damage rate functions (FEMA, 2009)

• Pre-calculated damage values for 24 farm buildings on the US side, for water 
levels ranging from 30.17 to 33.22 m (with 0.03 m increments)
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3.4  ENVIRONMENTAL PERFORMANCE INDICATORS
Each species uses a specific habitat or niche defined by its adaptation to a specific range of 
environmental conditions. Thus, each species’ distribution in the environment is closely linked 
to these suitable conditions, and physical variables, coupled with biological ones, may be 
important predictors of the probability of occurrence of that species in the landscape. As such, 
using information taken from the literature, field data, and expert knowledge, a modelling 
approach can be used to simulate, at a certain level of precision, the complex relationship 
between environmental variables, such as water depths and water level fluctuations, and a 
particular species’ habitat. 

In this study, seven environmental PIs were developed to assess the impacts of the variations 
in hydrologic regime on specific components of the ecosystem: 

1. Muskrat winter lodge viability

2. Spiny softshell turtle (Apalone spinifera) egg survival

3. Wetland class succession

4. Least bittern reproductive potential index

5. Waterfowl staging habitat  spring migration

6. Copper redhorse (Moxostoma hubbsi) suitable habitat for spawning and early  
larval development

7. Northern  (Esox lucius) spawning and embryo-larval development habitat

3.4.1.  MUSKRAT WINTER LODGE VIABILITY
Modeled by: Marie-France Julien, Marianne Bachand, Nicolas Fortin

SUMMARY
Muskrats (Ondatra zibethicus) are found in wetlands over a wide range of climates and 
habitats. They are a key species of wetlands, serving as a food source for many predators and 
structuring vegetation composition and diversity (Errington, 1943, 1954, 1961, 1963). Winter 
is the most critical season for muskrat survival due to harsh climatic conditions and limited 
resource availability, and survival is closely associated with water level variations (Errington, 
1963; Messier et al., 1990; Virgl & Messier, 2000). Muskrats build lodges during the fall in 
wetlands around lakes to overwinter, in order to get protection from the elements and direct 
access to underwater food resources. This PI gives the probability of lodge viability (PLV) 
during winter for different increases or decreases of water levels during winter, relative to the 
mean water level during lodge establishment, in the previous late fall.
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SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
Muskrats are an economically significant species, with some of the greatest harvest rates 
of any furbearer species throughout North America (Erb & Perry, 2003; White et al., 2015). 
Muskrat populations across the United States, including the population in Lake Champlain, are 
believed to be declining; however, there is no mechanistic explanation for these widespread 
declines (Ahlers & Heske, 2017; Roberts & Crimmins, 2010). In Canada, data suggest that 
muskrat populations are decreasing due to loss of wetland habitats (Ward & Gorelick, 2018). 
Muskrat is a keystone species of the ecosystem of Lake Champlain and the Richelieu River. 
Females can have two litters per year, and each counts an average of 6.3 to 6.6 individuals 
(range 2 to 11), making muskrats a food source for many predators (Prescott & Richard, 2014). 
They are also ecosystem engineers that can regulate wetland vegetation growth and increase 
plant species richness in wetlands (Allen & Hoffman, 1984; Clark, 1994; Connors et al., 2000). 
Abandoned winter lodges can offer suitable substrate for seed germination, support high 
densities of important microbes that facilitate decomposition processes (Wainscott et al., 
1990), provide nesting sites for birds and turtles, and create microtopography in wetlands. The 
black tern (Chlidonias niger), a species at risk, benefits directly from muskrat activity by using 
abandoned lodges for nesting and open water areas for feeding (Bailey, 1977).

BACKGROUND INFORMATION
Muskrat is a medium-sized, semi-aquatic rodent native to North America that is active year-round. They 
live in tunneled burrows or lodges constructed of aquatic plants. Muskrats’ primary food source during 
summer is cattail (Typha spp.), but they also eat other easily accessible emergent aquatic plants (Bourget, 
2006). In winter, cattail is particularly appreciated because its rhizomes are very nutritious, whereas 
the other plants become senescent and lose part of their nutritive properties (Allen & Hoffman, 1984). 
Cattail can outcompete many plant species and lead to the formation of monotypic environments, since 
they can reproduce vegetatively and use the nutrients available in the environment very efficiently 
(Woo & Zedler, 2002). Because muskrats prefer cattail, they control its density and allow other, probably 
less competitive species to grow (Ouellet, 2006). This preference also results in significant reductions in 
cattail biomass and greater interspersion of open water and emergent plants, which provides suitable 
feeding and reproduction habitat for other species, such as northern pike and black tern (Connors et al., 
2000; Danell, 1978; Errington et al., 1963; Proulx and Gilbert, 1983). 

Muskrat population density varies seasonally, with lower density in the spring followed by higher 
fall density due to recruitment, and varies interannually as a function of water level variations (Erb & 
Perry, 2003; Ervin, 2011). Winter is the time of year when the muskrat mortality rate is highest. Several 
factors may cause mortality, such as food availability, winter temperature, extreme weather events, 
predation, diseases, ice thickness and water level variations. During fall, muskrats build lodges with 
mud and aquatic plants in wetlands with suitable water depths, and these well insulated structures 
protect them from harsh winter conditions (Bourget & Verreault, 2008). Typically, muskrats complete 
their lodges just before the formation of ice cover (Bellrose & Brown, 1941; Errington, 1961). A previous 
IJC study (Morin et al., 2016) established that ice formation begins when daily air temperature is 
around -5⁰C. According to air temperature data obtained from various meteorological stations in the 
Richelieu River-Lake Champlain area, muskrats should build their lodges between the last week of 
November and the third week of December.
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The location of lodges is determined according to certain criteria (presence of emergent vegetation, 
size and type of substrate, etc.) but mainly according to water depth (Ouellet, 2006). Cattail and 
bulrush stands are often used since they offer good shelter during the winter (Clark, 1994; Messier et 
al., 1990). Muskrats generally use vegetation located within a 6 to 12 m radius around the lodge for 
its construction and show a preference for cattails (Bellrose & Brown, 1941; Campbell & MacArthur, 
1998; Connors et al., 2000). Lodges are most commonly found in water 30 to 80 cm deep but are 
sometimes located in water shallower than 10 to 15 cm (Clark, 1994). Lodges are generally not built 
in open or deep water, due to increased wave action or lack of vegetation, stumps, or rocks or to 
anchor them to the substrate (Errington, 1963; Ouellet, 2006). Water depth around lodges must be 
sufficient to prevent freezing of underwater substrates so that muskrats can have access to food 
sources (rhizomes, roots and other underground plant parts) throughout winter (Messier et al., 1990). 

Lodges located in shallow water expose muskrats to increased predation risk and limit food access 
because ice can form at the entrance, which could force them to travel above the ice to find food 
(Clark & Kroeker, 1993; Errington, 1943). This, in turn, would make them exposed to cold temperatures, 
increasing thermoregulation needs and food requirements, which might reduce their survival over 
the winter (Messier et al., 1990). However, in the long term, periodic drought can recycle nutrients 
and enhance emergent vegetation used by muskrats to build houses (Clark, 2000). High water level 
increases can limit muskrat abundance by flooding out lodges and by decreasing emergent vegetation 
availability (Clark & Kroeker, 1993; McDonnell, 1983). Before freeze-up, muskrats can adapt to floods by 
relocating or modifying lodges. After the ice settles, relocating or modifying the exterior of the lodge is 
impossible. However, muskrat lodges are generally constructed to allow for some degree of internal 
adaptation in case of a minor flood, as muskrats can raise the chamber floor by bringing new material 
on the floor and gnawing vegetation from the roof of the lodge (Bélanger, 1986; Darchen, 1964; Ouellet 
and Morin, 2006). However, an increase in water level above a certain threshold will flood lodges, 
forcing muskrats to abandon them. The abandonment rate of lodges is higher when burrows are 
available (Bélanger, 1986. Dispersal capability of muskrats is limited and is dependent on habitat quality 
and connectivity (Errington 1963, Hanski, 1999; MacArthur & Wilson, 1963;). 

TEMPORAL VALIDITY
Fall and winter wetland air temperatures were used to start computing the muskrat PLV for 
each simulated year. Muskrats finish building their winter lodges just before the onset of winter 
and before ice formation (Bellrose & Brown, 1941; Errington, 1961; Ouellet & Morin, 2006), 
from the end of November to the third week of December (QM44 to QM47). Muskrat lodges 
can somewhat adapt to fluctuating water levels during winter, but variation exceeding critical 
thresholds could be detrimental to lodges, rendering them inhabitable. The mean water level 
of the lodge establishment period (QM44 to QM47) was compared to the maximum water level 
of each QM during the winter period (from last week of December to the end of February; 
QM48 to QM8). The maximum water level variation (increase or decrease) between the winter 
and lodge establishment periods was then used to determine PLV (Figure 3.4-1).
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Figure 3.4-1 | Temporal validity for Muskrat winter lodges viability (in quarter months).

SPATIAL VALIDITY
This PI is valid for Lake Champlain, on both the Canadian and US sides. This PI was not 
calculated for the Richelieu River since muskrats use mostly burrows on the banks of the river, 
and this PI is for winter lodges only. 

FUNCTION AND LINK TO WATER LEVEL
Muskrat populations vary interannually, notably as a function of water level variations (Erb & 
Perry, 2003; Ervin, 2011). Because muskrats build their winter lodges in the fall, fluctuating 
water levels after this period are likely to compromise the use of these lodges and access 
to food sources (Glass, 1952; Ouellet, 2006). Several studies show that wetlands with stable 
water levels support a higher muskrat population density than marshes with seasonally highly 
variable water levels (Ouellet, 2006), provided that abundant food sources are available (Jean-
Sébastien Messier, personal communication). 

Winter water level fluctuations can have a significant impact on muskrat survival, depending 
on their magnitude and duration (Bélanger, 1983; Blanchette, 1991; Errington, 1948). Decreased 
water levels may lead to freeze outs, cutting off access to food sources underneath the 
ice (Allen & Hoffman, 1984; Larreur, 2018). On the other hand, increased water levels can 
cause the lodge to flood and then freeze, and might cause mortality (Ouellet, 2006). Both of 
these situations might drive muskrats to find new feeding or lodging areas, increasing their 
vulnerability to predation and hypothermia. Then, if suitable habitat is limited, muskrats could 
be forced to concentrate in the same habitat, which could lead to higher rates of social conflict, 
predation, and diseases (Perry, 1982).

The water level has different impacts on the muskrat lodge viability, depending on the 
potential for lodge adaptation (LA). The lodge may be more or less vulnerable to water level 
fluctuation according to the lodge configuration (Figure 3.4-2). The model used typical lodge 
sizes to determine the lodge adaptation potential, as muskrats could raise the chamber floor 
by bringing in new vegetation and by gnawing material from the roof of the chamber when 
water level increases. The size of medium, small and large lodges was obtained from scientific 
literature, as well as from field studies in Quebec and Lake Champlain. Information from 
available studies (e.g. Bellrose & Brown, 1941; Bélanger, 1983; Dillworth, 1966 Errington, 1961; 
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Greenhorn et al., 2017; Morin et al., 2016; Myers & Foley, 1977; Ouellet & Morin, 2006) and field 
observations in Lake Champlain obtained from Dr. Garneau from SUNY Plattsburgh were used 
to define different lodge parameters for this model. Dr. Garneau surveyed with her students 
the height (above ice) of winter lodges around Lake Champlain, in Wickham and Ausable 
marsh, during the winter of 2010. Dilworth (1966) reported that mean lodge height was around 
30 cm, and Greenhorn et al. (2017), found that the mean height of lodges was 30-50 cm. In 
Lake Champlain, the smallest active lodges were 30 cm, the highest lodge was 90 cm and 
the mean height of lodges was around 50 cm (SUNY Plattsburgh, unpublished data). Bélanger 
(1986) reported from observations in Outaouais (Québec), that to avoid a lodge collapsing, 
roof thickness has to be at least 3 cm. However, the study did not report if this thickness 
allowed good insulation. A previous IJC study (Morin et al, 2016) used a wall thickness of 20 
cm to consider thermal insulation. The minimal chamber height is 13 cm and minimal floor 
height is 14 cm (Myers & Foley, 1977). 

LA was defined by the subtraction of the chamber floor height above the water surface, the 
chamber height (0.13 m), and the minimum wall thickness from the total lodge height above 
the water surface (Table 3.4-1). LA has been determined for lodges with height of 30, 50, and 
90 cm as well as wall thickness of 3 cm and 20 cm. Therefore, LA was equal to the vertical 
distance available for raising the chamber floor. Water levels exceeding this potential distance 
during winter would result in chamber flooding and freezing, making the lodge unusable. It 
was also estimated that winter lodge viability is impacted by water level decreases of 0.15 m 
up to 0.6 m, where greater decreases may cause the lodge to freeze and force the muskrat to 
abandon the lodge and increase its chances of mortality.

Figure 3.4-2 | Example of measurements of a winter lodge (not to scale, adapted from Darchen, 1964). In this 
example, the total height of the lodge is 50 cm. Since roof thickness is 20 cm, minimal chamber height is 13 cm, 
and floor height is 14 cm, the adaptation capacity is 3 cm.
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Table 3.4-1 | Potential for lodge adaptation in Lake Champlain according to different lodge height and wall thickness.

RESPONSE FUNCTION
This PI, used to compare the potential impacts of different mitigation measures in the Lake 
Champlain system, assessed the effect of water level variation on the PLV of muskrat. The 
model predicted the PLV from the last week of December to the end of February (QM48 to 
QM8). The probability ranges between 0 and 1, where at 0 the lodge is flooded or stranded 
and unusable or abandoned and 1 means that the lodge is in good condition. 

Figure 3.4-3 | Model scheme used to calculate muskrat Probability of Lodge Viability (PLV).

LODGE 
HEIGHT 
(CM)

CHAMBER 
HEIGHT (CM)

CHAMBER 
FLOOR 
HEIGHT (CM)

ROOF 
THICKNESS
(CM)

POTENTIAL 
FOR LODGE 
ADAPTATION  
(LA) (CM)

30 13 14 3 or 20 0

50 13 14 20 3

50 13 14 3 20

90 13 14 20 43

90 13 14 3 60

Average water level 
Lodge establishment 

period

PLV c = Min (PLV c 
QMi)

Calculate PLV c for 
QMi

For each lodge 
configuration c

For QMi during the 
lodge viability period

Average PLV

Maximum water  
level variation
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The mean water level during the lodge establishment period (QM44 to 47; Figure 3.4-1) was 
calculated and compared to the maximum and minimum water levels for each week (QMi) of 
lodge viability period (QM48 to QM8; Figure 3.4-3). The water level difference between the lodge 
establishment period and the following QMi was used to calculate the PLV using preference 
curves adapted for different lodge sizes (Figure 3.4-4). 

For each lodge configuration (c), the PLV was calculated for each QMi, keeping the minimum 
value as the annual PLV value for each lodge configuration (PLV c). The PLV for all lodge 
configurations were then averaged to give a final PLV annual value. 

Figure 3.4-4 | Probability of muskrat lodge viability (PLV) over the winter according to water level variation between 
the period that the lodge is established in the current year (QM44 to QM47) and the maximum relative increase or 
decrease in water level from the last week of December to the end of February (QM48 to QM8).The various lines 
are for different lodge adaptation capacity in case of water level increase (see Table 3.4-1 for more details). All 
lodges have the same tolerance to water level decrease.

COLLABORATORS
 Dr Danielle Garneau (State University of New-York à Plattsburg)

DATA SOURCES
• ISEE predicted average water level for every quarter month during the lodge 

establishment period and over the winter of the following year.

• Lodge monitoring data conducted in Lake Champlain in 2010 (Danielle Garneau, 
State University of New York Plattsburg Plattsburgh
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3.4.2.  SPINY SOFTSHELL TURTLE  (APALONE SPINIFERA)   
  EGG SURVIVAL
Modeled by: Marie-France Julien, Marianne Bachand, Nicolas Fortin (Environment and Climate 
Change Canada)

SUMMARY
Eastern spiny softshell turtle (Apalone spinifera) is a medium to large aquatic turtle with a leathery, 
pliant shell, found in Lake Champlain and some of its tributaries. Due to development along the 
shoreline of Lake Champlain, there remain few areas suitable for nesting or foraging for this 
species, forcing individuals to travel long distances between habitats. Its life functions can be 
affected by flooding, since late-spring or summer flooding can prevent access to nesting sites or 
drown nests and eggs. This PI consists of a 1D nest viability model based on the effect of water 
level variation on egg survival probability (ESP) for the eastern spiny softshell turtle. The model 
used water level variation between the beginning of the nesting and egg incubation periods to 
predict the average ESP through summer for different nest configurations.

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
The Lake Champlain eastern spiny softshell turtle population is present in Quebec, Vermont and 
New York, and is separated by more than 200 km from the nearest population located in Lake 
Ontario (Lazure et al., 2019). Disjunct populations such as this one are especially vulnerable 
to extirpation because of limited possibilities for recolonization. The spiny softshell has been 
designated as Endangered in Canada since 2019 (Species at Risk Act) and is also designated 
as a Threatened species under the Act respecting threatened or vulnerable species in Québec. 
This species is also considered as Threatened in the state of Vermont. In Québec, the spiny 
softshell turtle is at the northern limit of its range, and the only remaining population is found in 
the Pike River, with mention of individuals in the Baie Missisquoi (Galois et al., 2002). 

Spiny softshell turtles can be impacted by water level fluctuations throughout the year. However, 
the nesting period was the focus of this PI, as it is one of the most vulnerable periods in the 
life cycle of this highly aquatic turtle (Tornabene, 2014), and because suitable reproduction 
conditions are considered to be a critical driver of this species’ abundance. 
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Figure 3.4-5 | Spiny softshell turtle (credit: Lyne Bouthillier, MFFP)

BACKGROUND INFORMATION
Spiny softshell turtle nest in areas with low slope, low vegetation density and where the 
substrate is mainly composed of gravel or sand (Daigle et al., 2002; Gillingwater, 2004; Graham 
& Graham, 1997). Common nesting areas include sand beaches, sand or gravel bars, or other 
terrestrial areas with sand, gravel, or clay banks (Bolton & Brooks, 2010; COSEWIC, 2002; 2016; 
Gillingwater, 2004). Nesting sites must be free of vegetation creating shade on the substrate, 
since strong direct sunlight from June to October is needed to incubate the eggs (Zoo de Granby, 
unpublished data; Steve Parren, pers. comm.). 

In Quebec, egg-laying mainly occurs between early June and mid-July, and in Vermont, it occurs 
from mid-May to mid-July. However, the start date can be delayed in years of high flood or 
cold temperature. Weather during pre-nesting months, as far back as the previous fall, can also 
influence the egg laying start date since it plays a role in the development of ovarian follicles 
(Schwanz & Janzen, 2008). For example, important flood events can contribute to lower water 
temperature, which can lead to delayed ovarian development. Although some studies reported 
that egg-laying occurred after peak discharge in rivers and streams (Plummer & Mills, 2008; 
Tornabene et al., 2018), in Quebec, females may nest when air and water temperature are similar 
(Lazure et al., 2019). In addition to temperature, egg laying in the Pike River (Quebec) never 
occurs at high water discharge, since females must swim upstream to reach the nesting sites 
(Daigle et al., 2002; Galois et al., 2002; Tornabene et al., 2018). 

Females usually lay eggs close to the water, but sometimes venture 30 to 100 m from the shore 
to nest (Daigle et al., 2002). In Vermont, most nests documented for the Lamoille River are found 
1 to 5 m from the water, but upstream nests tend to be located more than 10 m from the water, 
possibly to avoid nest inundation during storm flooding. In Quebec, at the main nesting site 
located on the Pike River, nest distance to water varied from 0.4 to 8.6 m, and mean distance 
was generally around 3 m (Zoo de Granby, unpublished data). 



96         LAKE CHAMPLAIN RICHELIEU RIVER STUDY | 2017 -2019

The depth of the nest varies with the size of the female, and since they can live up to 60 years, 
there can be large differences in the size of nesting females (S. Parren, pers. comm.). Unlike 
some other turtle species, spiny softshell turtle hatchlings cannot survive tissue freezing and 
must emerge from their natal nests in the fall to hibernate under water (Costanzo et al., 1995). 
Eggs are rigid, heavily calcified, and somewhat tolerant to flooding. Nests are flask-shaped with 
a 2.5 to 3.8 cm diameter neck and a main cavity that ranges from 7.6 to 12.7 cm in diameter and 
from 4 to 27 cm in depth, with a mean depth around 20 cm (Carr 1952; Quebec Spiny Softshell 
Turtle recovery team, unpublished data; Ernst and Lovich, 2009; Steve Parren, pers. comm.; 
Tornabene, 2014). 

TEMPORAL VALIDITY
This PI was focused on the period between the egg laying and the emergence of hatchlings. 
The temporal validity of the PI was based on observations of the spiny softshell turtle population 
of the Pike River. Between 2009 and 2019, laying dates of 107 nests were noted (Lazure et al., 
2019; Québec Recovery Team, unpublished data). According to those data, the nesting period 
occurs between quarter months (QM) 19 and 26 (Figure 3.4-6). Incubation length can vary from 
55 (artificial incubation) to 75 days, both in Vermont (S. Parren, pers. Comm.) and Québec (Zoo 
de Granby, unpublished data; Lazure et al., 2019). For the purpose of this study, the duration 
of the incubation period was ten QMs (Figure 3.4-6).

Figure 3.4-6 | Nest establishment period from QM19 to 26. Incubation period lasts ten QMs following the QM 
of nest establishment (QMe). The egg incubation period occurs between QM20 and QM36, depending on the 
incubation start date.

SPATIAL VALIDITY
This PI was valid for Lake Champlain on both the US and Canadian side.

FUNCTION AND LINK TO WATER LEVEL
Floods occurring during the incubation period can cause partial or complete mortality of eggs 
in the nest of spiny softshell turtle. Oxygen needs are closely related to the development 
stage of the eggs. As egg development progresses, oxygen needs increase and tolerance to 
flooding decreases. Newly laid eggs (time 0) can survive up to 48 h in water, whereas eggs on 
day 25th of their development can survive being flooded for 12 and 24 h but die after 36 h. By 
day 50, eggs generally survived only 12 h. However, regardless of the stage of development, 
eggs are not viable when submerged for more than 48h (Godwin, 2017).
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Nesting data from the Pike River (Zoo de Granby, unpublished data 2009-2011) shows that nest 
elevation (difference in height between the bottom of the nest and water level) is between 
8 and 139 cm above the water level during nesting, and the distance between the ground 
surface and the top eggs of the nest ranges from 4 to 18 cm (Figure 3.4-7). Furthermore, nest 
depth ranges from 8.5 to 27 cm, with an average of 20.3 cm, and chamber height (distance 
from top egg to bottom egg) ranges from 2 to 19 cm (Table 3.4-2; Zoo de Granby, unpublished 
data). From those values, it is possible to estimate a tolerance to water level variation during 
the critical period (Figure 3.4-6) by adding the chamber height to the nest elevation relative to 
water level at the beginning of the nesting period.

Figure 3.4-7 | Schematic representation of nest location relative to water level and nesting habitat parameters.

To account for the observed variability in nest elevation relative to water level, three standard 
cases were developed (Table 3.4-2): low tolerance to flooding (low vertical distance to water 
level + low chamber height), medium tolerance (medium vertical distance to water level + 
medium chamber height) and high tolerance (high vertical distance to water level + high 
chamber height).

Table 3.4-2 | Configurations of the spiny softshell turtle nesting habitat and tolerance to water level variation.

VALUES OF 
TOLERANCE

NEST 
ELEVATION 
(M)

DISTANCE 
FROM GROUND 
SURFACE TO 
TOP EGGS  (M)

NEST 
DEPTH (M)

CHAMBER 
HEIGHT (M)

TOLERANCE 
TO WATER 
LEVEL 
VARIATION 
(M)

Low 0.08 0.04 0.08 0.02 0.10

Medium 0.67 0.10 0.20 0.10 0.77

High 1.39 0.18 0.27 0.19 1.58
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RESPONSE FUNCTION
The model assessed the effect of water level variations on spiny softshell ESP (Figure 3.4-8). The 
model used water level variation between the beginning of the nesting period and the egg 
incubation period (Figure 3.4-6) to predict the ESP through the summer (0 = nest is flooded 
and 1 = nest is not flooded).

Figure 3.4-8 | Model scheme used to calculate the Egg Survival Probability (ESP) of the Eastern Spiny Softshell Turtle. 

For each of the three values of tolerance to water level variation (Table 3.4-2), an equation 
expressing the relationship between water level variation and ESP was developed. For all 
tolerance values, ESP starts decreasing linearly when the water reaches the elevation of the 
chamber bottom, and ESP is null when water reaches the top of the chamber (Figure 3.4-9). 
The tolerance value was defined by the sum of the nest elevation and the chamber height 
(Figure 3.4-9). Therefore, the tolerance value is equal to the height the water can rise before 
the nest becomes completely flooded. The ESP is considered null when flooded, and maximal 
(ESP = 1.00) when the level increase remains below the nest elevation. Given the average 
dimension of spiny softshell turtle nests (Table 3.4-2, line 2), the associated tolerance value to 
rising water level is 0.77 m. Consequently, water level increase greater than 0.77 m will give 
an EPS of 0.00 for average nests. Water level increases between 0.00 and 0.67 m will give 
an EPS of 1.00. Water level variations between 0.67 and 0.77 m were calculated by a linear 
interpolation ([Eq. 18]; Figure 3.4-9, black line). Since nests can have various heights and be at 
different elevations, equations have also been calculated for low tolerance (small nest at low 

Maximum water 
level QMi

Average water  
level QMe

 

ESP i = Min (ESP QMe)

Calculate ESP for 
QMe

For tolerance i to water 
level variation 

(nesting habitats)

For QMi during the 
egg incubation
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nest elevation; Figure 3.4-9, grey dotted line, [Eq. 19]) and high tolerance (large nest at high 
nest elevation; Figure 3.4-9, dark grey dashed line, [Eq. 20]) water level variations. 

Medium tolerance to a rise in water level:

                                                                                                                                                  [Eq. 18]

Low tolerance to a rise in water level rise:  

                                                                                                                                                  [Eq. 19]

High tolerance to a rise in water level:

                                                                                                                                                 [Eq. 20]

In summary, egg survival is impacted when water level variation exceeds 0.13 m during the 
nesting-incubation period. All nests are flooded when the variation exceeds 1.60 m.

Figure 3.4-9 | Egg Survival Probability (ESP) as a function of water level variations during the nesting period.  
The dotted, solid and dashed lines denote a low, medium and high tolerance, respectively, to water level variation

For each level of tolerance to water level variation, ESP was calculated for a given year  
as follows:

The average water level for each of the QMs during the nest establishment period, set between 
QM19 and 26, was calculated (QMe). Then, the maximum water level during ten QMs following 
the incubation period was calculated. Water level of each QMi was subtracted from the water 
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level of QMe to obtain the water variation and to calculate the ESP for a QMe and QMi pair 
(Figure 3.4-9). The minimum ESP for a given QMe and QMi pair was then selected as the ESP 
for that specific QMe  [Eq. 21]. The final ESP value corresponded to the mean of the ESP of 
each QMe during the nesting establishment period [Eq. 22]. 

The final output ESP value for a given year was the average ESP of the three levels of tolerance 
[Eq. 23].

                                                                                                                                                           [Eq. 21]

                                                                                                                                                    [Eq. 22]

                                                                                                                                                      [Eq. 23]
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3.4.3.  WETLAND CLASS SUCCESSION 
Modeled by: Dominic Thériault, Sandrine Hogue-Hugron, Marianne Bachand, Jean Morin 
(Environnement et changement climatique Canada)

SUMMARY
The Lake Champlain basin contains more than 121,000 ha (LCBP, 2021) of wetlands, while the 
Upper Richelieu River area contains approximatively 8,000 ha of wetlands (Ducks Unlimited 
Canada & MDDEFP, 2013). Wetlands are of great importance because of the numerous 
ecosystem services they provide, such as: filtering sediments, pollutants and nutrients, 
preventing erosion, stabilizing shorelines, controlling floods, maintaining biodiversity and 
providing critical habitat and food for fish and wildlife. This PI predicted the distribution of 
large wetland classes according to water level, in order to assess the impacts of different flood 
mitigation measures using the Integrated Social, Economic and Environmental (ISEE) system. 

More precisely, the wetland succession model of Lake Champlain included four wetland 
classes: Submerged Aquatic Vegetation (SAV), Emergent Marshes (EM), Meadow Marshes 
(MM) and Swamps (SW). However, in the Richelieu River, the modelling did not allow separation 
of the different large wetland classes accurately. Therefore, only two wetland classes were 
modeled: SAV and wetlands (including EM, MM and SW). Two boundary classes were also 
included in both models to define the limits of the wetlands: the lower elevation limit was the 
open water (OW) and the higher elevation limit was the upland (UPL).

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
Wetlands provide economic benefits associated with recreation (e.g. fishing, hunting, bird 
watching), water quality improvement and flood attenuation. Growing awareness of these 
ecological and socio-economic benefits over the past decade has led to the implementation 
of new laws and conservation efforts that strengthen wetland protection in Vermont, New York 
and Quebec (LCBP, 2021; MELCC, 2009).

BACKGROUND INFORMATION
Submerged Aquatic Vegetation (SAV) is composed of plant species growing entirely under 
the water. It includes aquatic grasses and attached micro-algae. SAV is an excellent habitat for 
fish, including commercially important species, as it provides shelter from predators and hosts 
a large quantity of small invertebrates and other prey. Burrowing organisms, such as clams 
and worms, live in the sediments among the roots, while fish and crustaceans hide among the 
shoots and leaves, and ducks graze from above. 

Emergent marshes (EM) are dominated by robust emergent macrophytes in monotypic stands 
or in various mixed communities. Dominant species include cattails  (Typha sp.), rushes 
(especially Schoenoplectus acutus, S. tabernaemontani et Bolboschoenus fluviatilis), reeds 
(Sparganium sp.), giant reeds (Phragmites australis), pike weeds (Pontederia cordata), lwater 
plantains (Alisma sp.), arrowheads (Sagittaria sp.), spike rush species  (e.g. Eleocharis smallii) 
and wild rice (Zizania sp.). Due to their high nutrient levels, EM are one of the most productive 
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ecosystems on the planet. They can support a wide range of plant communities, which in turn 
support a wide variety of wildlife in this vital wetland ecosystem. As a result, marshes support 
a diversity of life disproportionate to their size.

Meadow marshes (MM) commonly occur in poorly drained areas such as shallow lake basins, 
and the land between shallow marshes and upland areas. The vegetation of this class usually 
comprises a wide variety of herbaceous species, including sedges, rushes, grasses and a 
wide range of other plant species, such as Parnassia, Lobelia, many species of wild orchids 
(e.g. Calopogon and Spiranthes), and carnivorous plants such as Sarracenia and Drosera.

Swamps (SW) are a wetland class dominated by woody plants. SW are characterized by saturated 
soils during the growing season and standing water at certain times of the year. The highly 
organic soils of SW provide a thick, dark, nutrient-rich environment for the growth of water-
tolerant shrubs and trees such as Silver Maple (Acer saccharinum), Weeping Willow (Salix alba) 
and Sweet Gale (Myrica gale). Plants, birds, fish and invertebrates such as crayfish and clams 
require the habitats provided by the swamps. Swamps can be divided into two broad classes, 
depending on the type of vegetation present: shrub swamps and forested swamps.

TEMPORAL VALIDITY
This PI used the preceding year hydrological conditions to predict the current year wetland 
class distribution. Since the modelled time series in the Study was from 1925 to 2017, the 
wetland PI provided annual predictions of wetland class distribution from 1926 to 2018. The 
hydrological variables of the model were calculated during the growing season (between April 
to October, QM13 to 42) of emergent species that inhabit wetlands.

SPATIAL VALIDITY
A model was developed for the Lake Champlain area and another for the Richelieu River area. 

FUNCTION AND LINK TO WATER LEVEL
Different wetland classes tend to occur at elevations relative to water level and to hydroperiod 
variables (Figure 3.4-10). SAV is permanently wet and usually present at low elevations, whereas 
less frequently flooded higher elevations are often covered by shrubby and forested SW. EM 
is a shallow-water wetland class located usually along the shores of the lake at the land-water 
interface and is subject to frequent or  seasonal flooding. At intermediate elevation, between 
the long-term maximum high and the long-term mean water level, MM typically contains some 
emergent vegetation as well as shrub and upper land species. MM species are generally 
intolerant to prolonged flooding, but occasional flooding increases MM presence, particularly 
at higher elevations. SW is usually located at the higher elevation, at the boundary with the 
terrestrial forest or upland, where land and water habitats meet. It is dominated by flood-tolerant 
tree and shrub species, often with standing water in spring and limited drainage. SW can occur 
along floodplains, in depressions and in places where groundwater is close to the surface.
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Therefore, both the average water level and water level fluctuation patterns are critical drivers 
of plant communities and habitat diversity. The impacts of water level on wetlands tends to 
be even more important in shallow water areas, where even small changes in water level can 
result in significant change in wetland class extent and distribution.

Figure 3.4-10 | Typical sequence of coastal wetland classes observed on a gradient of elevation (IJC.org, http://
www.ijc.org/loslr/en/background/w_wetlans.php).

WETLAND SUCCESSION MODEL
Modeling scheme
Wetland modeling required linking the physical variables, such as water depth and hydroperiod 
variables, to wetland observations. To do so, several input data and modelling operations were 
required (Figure 3.4-11). The input data were wetland observations and ISEE physical variables 
calculated at the observation points. Wetland observations came from different sources such 
as vegetation quadrat surveys or remote sensing data. To assign a wetland class to species 
survey quadrats, clustering analyses were conducted. The vegetation observations from 
remote sensing data were already classified in large wetland classes. 

The link between wetland class distribution and physical variables was analyzed through 
a Random Forest (RF) model, a supervised machine learning method that allowed the 
establishment of multi-variate relationships between the wetland class observations and 
explanatory variables. As a supplement to the RF model, a wetland succession algorithm 
modulated the transition between wetland classes to consider the tolerance to adverse water 
level conditions of the different wetland classes. In the following sections, each part of the 
wetland modelling scheme is presented with further details.
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Figure 3.4-11 | Wetland class succession schematic diagram

Vegetation dataset
Different datasets were used to develop the wetland PI of both water bodies. First, Lake 
Champlain vegetation surveys were done by the Vermont Fish and Wildlife Department 
(VFWD) during the fall of 2019 for 19 sites along the shores of Lake Champlain in Vermont 
and New York. Sites with available bathymetric data, connection to the lake, and no major 
fluvial/river dynamics were prioritized. Each site had three to five transects located to capture 
the variability of vegetation types along an elevation gradient. Each transect had 6 to 12 
wetland quadrats with an additional five (or fewer) aquatic quadrats. Overall, 733 quadrats 
were inventoried in Lake Champlain. Both overall and plant species cover were estimated 
in 0.5 x 1 m quadrats. For aquatic quadrats, only overall cover and species observed were 
recorded. Second, points from land use dataset in the Lake Champlain area were added to the 
vegetation survey points to improve the model, because the vegetation survey points did not 
entirely cover the hydrosere and the representation of each wetland class was imbalanced. 
The National Wetland Inventory (U.S. Fish & Wildlife Service, 2021) dataset was used to add 
vegetation samples by applying spatial filters to select only polygons that are connected to 
the lake to ensure that wetland distribution was influenced by lake level.

In the Richelieu River area, a vegetation survey, similar to the one done in Lake Champlain, 
was done by a private firm (BC2) by surveying a total of 29 transects, including 389 quadrats 
located in the upper Richelieu River and Baie Missisquoi. Total cover of each species was 
estimated in 0.5 x 1 m quadrats. The classes OW, SAV and UPL were underrepresented in the 
vegetation surveys and more points were needed to model those classes. Points were added 
for those classes using the Ducks Unlimited wetland classification (Ducks Unlimited Canada 
and MELCC, 2020) of the Richelieu River area.

STATISTICAL ANALYSIS
Clustering method
To group species surveyed in the quadrats into wetland classes, a clustering analysis was 
conducted. First, in order to minimize the bias induced by rare species, only species with a 
frequency higher than 5% were included in the analyses. Second, forb and graminoid species 
with a frequency lower than 5% were a priori grouped based on the combination of their 
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growth form and wetness index (Reed (1997, 1988) for a total of 6 groups (Table 3.4-3). Some 
groups were also created prior to the clustering analyses, no matter the frequency of the 
species, for four situations (Table 3.4-3):

1. SAV: Submerged aquatic species

2. CAREX: All Carex species associated with wetland habitats (OBL and FACW) were 
added to create a CAREX_WET group;  

3. TREES: trees and shrubs were all grouped according to their wetness index;  

4. DRY: Upland species of all growth forms.

Table 3.4-3 | Groups of species with rare frequencies or of interest prior to clustering analysis. WET group includes 
FACW and OBL. DRY group includes FACU and UPL, ( Reed (1997, 1988) for more definitions on the wetness index. 

GROUPS GROWTH
FORM

WETNESS 
INDEX

RARE
SPECIES

ALL  
SPECIES 

GROUPED

FORB_WET Forb WET X

FORB_FAC Forb FAC X

FORB_DRY Forb DRY X

GRAM_WET Graminoïde WET X

GRAM_FAC Graminoïde FAC X

GRAM_WET Graminoïde DRY X

SHRUB_WET Shrub WET X

SHRUB_FAC Shrub FAC X

SHRUB_SEC Shrub DRY X

ARBRE_WET Tree WET X

ARBRE_FAC Tree FAC X

ARBRE_SEC Tree DRY X

SAV SAV X

CAREX_WET Carex WET X

DRY All UPL X
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Third, in order to associate a general wetland community to these quadrats, an unsupervised 
clustering analysis was performed using the modified species dataset as explanatory 
variables. The clValid R package (Brock et al., 2008) was used to apply the Kmeans clustering 
method. The optimal number of clusters was pre-selected according to the Connectivity, and 
Silhouette and Dunn Indexes. The clustering algorithm regrouped the samples together in 
different clusters. Finally, the clusters were associated with wetland classes according to the 
species present. When a cluster had mixed species of different communities, another step of 
clustering was performed using only the samples from the mixed clusters until the clusters 
were homogenous. This clustering method was applied for the Richelieu River and Lake 
Champlain areas independently.

RANDOM FOREST
The wetland model was calibrated using a Random Forest (RF) algorithm, an ensemble 
learning method used for regression and classification. The RF iteratively builds a set of rules 
(classification trees) using various explanatory variables to discriminate the different wetland 
classes. Some studies have proven the performance of RF over traditional machine learning 
methods such as multiple logistic regression models in ecohydrological modelling (Peters et 
al., 2007) and to study the response of wetlands to global warming (Liu et al., 2011). 

Several physical variables were tested using the RF algorithm in order to calibrate accurate 
wetland models. Different models were calibrated for both water bodies, and those with the 
highest performance were selected. The different hydro-period variables tested were linked 
to the water depth (minimum, maximum, average, median, first quartile and third quartile), 
flooding percentage time, number of wet-dry cycles, number of years since previous floods, 
slope and curvature at different scale. 

For the Lake Champlain, only three variables were used in the RF model: Mean water depth 
(over three preceding growing seasons), slope at 310 m resolution and curvature at 310 
m resolution. Only the mean water depth variable was selected because the water depth 
variables were highly correlated with each other, and the accuracy was similar when using only 
one water depth variable. Thus, the simplest model possible was developed using only one 
water depth variable. The model was mostly influenced by the water depth since this variable 
explained 70% of the presence of wetlands (Figure 3.4-12). The water depth distribution was 
relatively similar for the four wetland classes modelled in Lake Champlain (EM, MM and SW; 
Figure 3.4-13) but the model was able to identify those classes accurately. 
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Figure 3.4-12 | Global variable importance of Lake Champlain model (left) and Richelieu River (right). 

Figure 3.4-13 | Mean water depth distribution (on 3 previous growth seasons) for the wetland classes in Lake 
Champlain after removing the first and last quartile of the NWI samples and after removing the aberrant samples 
in the vegetation surveys. 

For the Richelieu River, the slope and curvature selected were on a smaller scale (30 m). The 
hydrological variables selected were the minimum, maximum and average water depth (over 
three preceding growing seasons). The most important variable was the minimum water depth, 
with 44% of the global importance, followed by the two other water depth variables (mean and 
maximum). The water depth variables explained more than 80% of the wetland presence for 
this model (Figure 3.4-12). In the Richelieu River, it was not possible to model the EM, MM and 
SW classes with acceptable accuracy (accuracy <50%). The water depth distribution did not 
allow accurate differentiation of those classes (Figure 3.4-14). The distribution of wetlands 
in the Upper Richelieu River may also be explained by watershed run-off and underground 
water, which are not modelled in the LCRR study. 
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Figure 3.4-14 | Water depth distribution by wetland classes in Richelieu River.

Succession algorithm
Wetland succession occurs when changes in environmental conditions are maintained for a 
given period. The succession algorithm modulates the transitions between wetland classes 
throughout the period and ensures that it follows the natural wetland succession. In other 
words, based on the prediction of the RF and certain physical thresholds, it ensures that the 
succession of wetland classes for each ISEE grid node follows the ecology of the different 
wetland classes. For example, the succession algorithm ensures that one node does not 
transition from SAV to UPL within a single year. It also takes into consideration the level of 
tolerance of different wetland classes to an increasing or decreasing water level before 
changing state. For example, a single season with high water levels is not enough to induce a 
dieback of EM species (Seabloom et al., 2001; van der Valk et al., 1994; van der Valk et Davis, 
1978), but will be enough to eliminate a plant community dominated by annual plants, like SAV 
(Morin et al., 2005). 

The succession algorithm was represented as a tile system where all the possible wetland 
“states” and transition between them are defined. The tiles system represents the entire 
hydrosere where tile number 1 is the lower boundary class “open water” (OW), and tile 
number 105 is the upper boundary class “upland” (UPL). Each wetland class was assigned 
an “optimum tile” representing the state where the environmental conditions are ideal for 
a wetland class. Some classes encompass more than one tile to represent a “transitioning 
community” towards a drier or wetter class. For every ISEE grid node, every year of the time 
series, the RF predicts a wetland class based on the physical variables experienced at that 
location during the preceding growing season. Since this prediction is based on an array of 
physical variables, the predictions are used in the succession algorithm as an estimation of the 
environmental conditions prevailing at that node. If the RF predicts a wetter community than 
the one that was present the previous year, it indicates that environmental conditions for that 
year were wetter and will lower the tile number for that grid node. If the RF predicts the same 
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community that was prevailing the year before, the tile number will go back to the optimal tile 
number for that community. Finally, if the RF predicts a drier community, the tile number will 
increase (Figure 3.4-15 and Figure 3.4-16).

More specifically, the following sections will describe each wetland class and the rationale 
behind the numbering of the tiles that are represented in Figure 3.4-15 and Figure 3.4-16, for 
the Lake Champlain and Richelieu River models, respectively. Each box in the succession 
algorithm schemes represents a wetland class. The middle number is the optimum tile, 
whereas the lower and upper numbers correspond to the boundary states. For UPL, the 
optimum tile is the upper number (drier state). The full red square represents a transition state 
that occurs when the wetland is flooded or dried for a too long period. This transitional state is 
the succession from one class to another according to the prediction of the RF model and to 
the environmental conditions. The succession of the wetland classes is presented by arrows 
between the wetland classes. Succession conditions are functions of the RF predictions and 
those conditions are written near each arrow. The notation “{wetland class} +” stands for 
{wetland class} and the other drier classes (ex. SW+ = SW, UPL). Inversely, “{wetland class} –” 
stands for {wetland class} and other wetter classes (ex. SW- = SW, MM, EM, SAV, OW). 

Lac Champlain

Figure 3.4-15 | : Succession algorithm in Lake Champlain where each box represents a wetland class and the 
arrows represent the possible transitions between them. The red square is the “reinitialization” state, reached 
when a wetland class is flooded for a prolonged period, reaching a disturbed state. When a point reaches the 
“reinitialization” state, it will transition to the wetland class predicted by the RF model

Open water (OW) was assigned tile #1 (Figure 3.4-15, blue square). This community contains 
only one tile because drier conditions can lead to the establishment of vegetation within one 
year. More specifically, OW will evolve as SAV if water levels are receding gradually. In cases 
where the water level decrease is large and swift, substrate gets exposed (i.e. mudflats), 
which offers suitable germination beds for forbs or graminoid species. Depending on the 
prediction of the RF, it is thus possible for OW to evolve towards an EM or MM within one year 
(depending on the RF prediction). It is, however, impossible for ligneous species to become 
dominant only one year after water receded, so if the prediction of the RF is SW+ (SW or UPL), 
the node will transition to a MM. If the RF prediction is EM, the point will transition to the latter. 
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Periods of extremely low water expose unvegetated lagoon bottoms as mud flats, providing a 
substrate for new plant colonization. Annuals and other opportunistic species rapidly increase 
in abundance and are typically replaced by cattail as the plant matures (Bosley, 1978; Harris et 
al., 1978).

Submerged aquatic vegetation (SAV) was assigned tile #6 (Figure 3.4-15, light blue square). 
This community contains only one tile because most of the species occupying this wetland 
class are annuals (Turgeon et Morin, 2005). More specifically, the community can evolve 
into OW in cases of water level increases or into EM or MM if the water level is decreasing. 
Similarly, to OW, SAV cannot evolve within one year into a swamp and will be directed towards 
EM or MM according to the RF prediction.

Emergent marsh (EM) was assigned tiles #13 to 17, with an optimum at tile #15 (Figure 3.4-15, 
yellow square). This community is largely dominated by cattails, bulrush and broadleaf arrowhead. 
EM were considered to be able to withstand two consecutive years of wetter conditions. In fact, 
several studies observed that it takes two to three years of unfavorable high water level to 
eliminate EM species (Seabloom et al., 2001; van der Valk et al., 1994; van der Valk and Davis, 
1978). More specifically, if the prediction of the RF is SAV, the tile number will be lowered to 14 
or 13 that represents EM that are transitioning towards a wetter community, but that remain 
dominated by emergent marsh species. If the prediction the next year is EM+, then the point will 
transition towards optimum tile (#15). Conversely, if the conditions are getting drier (prediction 
of the RF is MM, SW or UPL), it is considered that two consecutive years of drier conditions are 
necessary before experiencing a change in the plant community. Tile #16 is an EM that starts to 
be invaded by meadow marsh species or shrubs. More precisely, EM can evolve towards a MM 
or a SS after two consecutive years of RF prediction of MM.

Meadow marsh (MM) was assigned tiles #23 to 27, with an optimum at tile #25 (Figure 3.4-15, 
light green square). This community is largely dominated by grass. MM can also be affected by 
the percentage of time they are flooded during the growing season (Millar, 1973; Squires and 
Valk, 1992). It is estimated that it takes three years of continuous dry conditions before the MM 
becomes dominated by shrubs in Lake Champlain. 

Swamp (SW) was assigned tiles #34 to 50, with an optimum tile at #35 (Figure 3.4-15, dark 
green square). This class includes the shrubby swamp and the forested swamps and is largely 
dominated by shrub species such as Cephalanthus occidentalis and tree species such as Acer 
saccharinum. Flooding during the growing season for a long period (>40%) has a negative 
effect on the growth and regeneration of trees (Toner and Keddy, 1997). Also, Jean et al. 
(1992) reported that some trees such as Acer rubrum cannot be flooded for more than two 
consecutive years. Therefore, the transition of SW to a wetter class in the succession model 
was estimated to require two consecutive years of wet conditions. Conversely, the transition of 
SW to UPL was fixed to 15 years of dry conditions in the model.
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Upland (UPL) was assigned tile # 103 to 105 (Figure 3.4-15, grey square). The dryer state is 
105; if the RF predicts UPL it cannot go higher in the topo-sequence. It was assumed that it 
requires three consecutive years of wet conditions for terrestrial forest to become a wetland.

Richelieu River
For the Richelieu River succession algorithm, the OW, SAV and UPL classes have the same 
mechanism as for Lake Champlain. The wetland class (WET) was assigned tile #13 to 25 
(Figure 3.4-16, yellow square), with an optimum tile at #15 (Figure 3.4-16, grey square). Since 
the wetland class (WET) groups EM, MM and SW, the model considers that it would require 3 
years of wet conditions (similar to EM and MM) for the wetland to transition to a wetter class 
(SAV or OW), according to the RF prediction. The model considers that a wetland requires 10 
consecutive years of dry conditions to become UPL.

Figure 3.4-16 | Succession algorithm in the Richelieu River, where each box represent a wetland class and the 
arrows represent the possible transition between them. The red square is the “reinitialization” state, reached 
when a wetland class is flooded for a prolonged period, reaching a disturbed state. When a point reaches the 
“reinitialization” state, it will transition to the wetland class predicted by the RF model.

Model accuracy
RF models and succession algorithms were validated using a dataset composed from 
30% of the vegetation samples for each class. The validation was done by comparing the 
predicted class of each model to the observed class. It is important to consider that the 
succession algorithm used the Random Forest prediction as input, which explains why the 
results of both models were relatively close. The different validation metrics used to validate 
the models were the Global Accuracy, Precision, Recall, F1-Score, and Cohen’s kappa score 
(Cohen, 1960; Powers, 2008).

In Lake Champlain, the RF model and succession algorithm were highly accurate in 
reproducing the selected observation samples (Table 3.4-4). Removing the aberrant values 
considerably improved the validation scores of the model and reduced the noise and 
confusion in the predictions. Most classes were well predicted, with F1-score higher than 
80%, except for SW where the F1-score was 69%, which is still relatively high for this class. 
In the Richelieu River, the RF model and succession algorithm were also highly accurate in 
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predicting the selected classes (Table 3.4-5). Since most wetland classes were aggregated 
into a unique wetland group, with the exception of SAV, it is not surprising to see the high 
performance of the model.

Table 3.4-4 | Lake Champlain validation results for the Random Forest model and the succession algorithm..

RANDOM FOREST

MODEL OW SAV EM MM SW UPL

OOB error 0.09

Accuracy 0.91

Kappa 0.89

Recall 1.00 1.00 0.85 0.86 0.86 1.00

Precision 1.00 1.00 0.82 0.86 0.86 1.00

F1-score 1.00 1.00 0.84 0. 86 0.69 0. 86

SUCCESSION
ALGORITHM

Accuracy 0.87

Kappa 0.84

Recall 1.00 1.00 0.79 0.81 0.53 1.00

Precision 1.00 0.97 0.82 0.69 0.64 1.00

F1-score 1.00 1.00 0.81 0.75 0.58 1.00
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Table 3.4-5 | Richelieu River validation results for the Random Forest model and the succession algorithm.

DATA SOURCES
• ISEE hydro period variables (min, max, mean water depth and mean velocity) during the 

growing season at each grid nodes

• Vegetation monitoring dataset in Richelieu River done by Groupe BC2 (2019).

• Vegetation monitoring dataset in Lake Champlain done by Vermont Fish and Wildlife 
Department (2019)

RANDOM FOREST

MODEL OW SAV HUMIDE UPL

OOB error 0.12

Accuracy 0.91

Kappa 0.88

Recall 0.81 0.71 1.00 0.93

Precision 0.86 0.85 0.92 1.00

F1-score 0.83 0.77 0.96 0.96

SUCCESSION
ALGORITHM

Accuracy 0.92

Kappa 0.87

Recall 0.80 0.83 0.99 0.87

Precision 0.94 0.85 0.92 0.95

F1-score 0.86 0.84 0.95 0.91
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• National Wetland Inventory (NWI) Wetland classification dataset (U.S. Fish & Wildlife 
Service, 2021)

• Detailed mapping of wetlands in populated areas of southern Quebec (Ducks Unlimited 
Canada and MELCC, 2020)
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3.4.4. LEAST BITTERN REPRODUCTIVE POTENTIAL INDEX
Modeled by: Marie-France Julien, Sandrine Hugron, Dominic Thériault, Marianne Bachand, 
Jean Morin (Environnement et Changement climatique Canada)

SUMMARY
The Least Bittern (Ixobrychus exilis) is a small heron that is adapted for life in dense marshes. 
This PI calculated a Reproductive Potential Index (RPI) for least bittern during the breeding 
season. The PI combined a habitat suitability index (HSI) for nesting with a probability of nest 
viability. The HSI was estimated according to vegetation type and water level during the nest 
establishment period. The probability of nest viability was then estimated for the four quarter-
months (QM) following the construction of the nest. Renesting was also considered in the 
model, since least bittern has a potential to renest if the first nesting attempt fails. The RPI was 
determined for each node of the ISEE grid over the entire reference period (1926-2017).

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
Least bittern is designated as vulnerable in Quebec (Act respecting threatened or vulnerable 
species, 2009) and threatened in Canada (Species at risk act; Schedule 1, 2005). The species 
is considered Threatened by the New York State Department of Environmental Conservation 
(NYSDEC) and it is a Species of Special Concern in Vermont. The North American Bird 
Conservation Initiative (NABCI) considers the Lower Great Lakes/St. Lawrence plain (BCR 13), 
which includes the Lake Champlain – Richelieu River basin, as critical to the life cycle of the 
least bittern. In Canada, the critical habitat designated for the species includes three sites 
on Lake Champlain (Environment Canada, 2014). These sites are considered essential to the 
survival and recovery of the species in Canada.

BACKGROUND INFORMATION
Breeding habitat description
Least bittern nest exclusively in wetlands. In the study area, they nest mainly in cattail marshes 
and, to a lesser extent, shrubby swamps and submerged swamps (Bogner & Baldassarre, 2002; 
Chabot et al., 2014; Gibbs et al., 1992; Jobin & Robillard, 2005; Jobin et al., 2011; Meyer & Friis, 
2008; Regroupement Québec Oiseaux, 2014; Sandilands & Campbell, 1988; Weller, 1961). Nests 
are generally located within a 3.5 – 10 m distance from open water (Bogner & Baldassarre, 2002; 
Gibbs et al., 1992; Jobin et al., 2011). Hemi-marshes (about 50% vegetation cover interspersed 
with 50% of open water) were reported to be the most productive breeding habitats (Bartok, 
2011; Bogner & Baldassarre, 2002; Gibbs et al., 1992; Jobin et al., 2011; Rehm & Baldassarre, 
2007; Weller, 1961; Weller & Spatcher, 1965). Water depth at nesting site exceeding 20-30 cm 
seems to be preferred (Gibbs et al., 1992; Jobin et al., 2009; Weller, 1961), but depth has been 
reported to vary between 15 and 112 cm (Bogner & Baldasarre, 2002; Chabot et al., 2014; Poole 
et al., 2020; Weller et al., 1965).

Survival of eggs and nestlings seems to be better with depths of 40-80 cm (Hill, 2015). The size 
of wetlands in which least bittern nest varies greatly, and the number of pairs that a wetland can 
support also differs. Various studies reported that wetlands used by least bittern for nesting can 
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vary between 0.4 and 983 ha (Bogner & Baldassarre, 2002; Brown & Dinsmore, 1986; Cherukuri 
et al., 2018; Gibbs et al., 1992; Griffin et al., 2006; Jobin et al., 2011; Regroupement Québec 
Oiseaux, 2014). Bird density during the breeding period varies from 1 to 15 nests per ha (Arnold, 
2005; Bartok, 2011; Gibbs et al., 1992; Jobin et al., 2009; Meyer & Friis, 2008). Such differences 
in bird density and home range make it difficult to assess the importance of the wetland size for 
breeding (COSEWIC, 2009).

Figure 3.4-17 | Least bittern on nest (credit: Missouri Department of Conservation).

Nest Viability
In Canada, the first clutch is initiated between the last week of May and the end of June, 
and the highest number of active nests occurs between the second week of June and the 
first week of July (Poole et al., 2020; Rousseau & Drolet, 2017). One study reported that nest 
onset can be delayed by approximately 15 days if suitable habitat is not available, for example 
because of an early spring flood (Arnold, 2005). Bogner and Baldassarre (2002) observed 
that at least 60% of least bitterns attempted laying a second clutch after the first one failed. 
Incubation starts with the laying of the first or second egg (Weller, 1961), and lasts 17 to 20 
days (Gibbs et al., 1992). The young are fed in the nest the first two weeks, but by the fifth day, 
most hatchlings are mobile enough to grasp and balance on vegetation, and begin to forage 
for food (Gibbs et al., 1992; Post, 1998). Their mobility allows them to hide in the dense vegetation 
surrounding the nest, which aids in avoiding predation. Youngs normally leave the nest at the age 
of 13-15 days (Gauthier & Aubry, 1996), and take their first flight at around 29 days (Bogner, 2001).

Water level fluctuations during the first four QMs after the nest establishment thus have a 
critical impact on least bittern nest viability (Jobin et al., 2009). Nests are generally located 
15-163 cm above water (Arnold, 2005; Bogner & Baldassarre, 2002; Poole et al., 2020). Water 
level increases after the nest establishment can drown the eggs and chicks. Adults can 
somewhat raise nests to deal with rising waters, but persistent or sudden increases will be 
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detrimental (Arnold, 2005). For example, in Missouri, a rapid increase in water levels (83-94 
cm) in June submerged all eggs and nestlings, resulting in nest failure (Arnold, 2005). On the 
other hand, decreases in water level make eggs and nestlings more susceptible to predation, 
increase the rate of nest abandonment and cause individuals to disperse if they cannot forage 
near the nest (Arnold, 2005; Budd & Krementz, 2010). Overall, stable water levels throughout 
the breeding season are preferable (Hill, 2015).

TEMPORAL VALIDITY
The model was valid for the least bittern breeding season, from the last week of May to the 
end of July (QM20 to 28). This period covered the nest establishment period (QM20 to 24) 
and the four subsequent QMs needed to complete egg incubation and part of the brood-
rearing period (nesting period) (Figure 3.4-18), which are the stages most vulnerable to water 
fluctuation (Benoit Jobin and Josée Tardif, pers. comm., January 22, 2021; Morin et al., 2004; 
Rousseau & Drolet, 2017).

Figure 3.4-18 | Nesting period for the least bittern (in quarter month).

SPATIAL VALIDITY
Valid for all Lake Champlain area (Canada and United States).

FUNCTION AND LINK TO WATER LEVEL
Least bittern reproductive success is highly influenced by water level variations. This bird 
species nests in wetlands, and preferentially in cattail marshes whose availability is closely 
linked with long term water fluctuations. Nests are typically built-in emergent vegetation that 
is flooded throughout the nesting season. During that period, water level increases can drown 
eggs/chicks, while water level decreases increase ground predator access to the nest.

RESPONSE FUNCTION
This 2D model calculated the least bittern RPI (Figure 3.4-19). The index is the HSI for least 
bittern nesting [Eq. 24] multiplied by the probability of nest viability [Eq. 25]. The RPI for a given 
year was calculated for each QM between the QM20 to 24 [Eq. 25].
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Figure 3.4-19 | Model scheme.

Habitat suitability index for Least Bittern nesting
The HSI for least bittern nesting (HSInesting) [Eq. 24] was calculated for each QM during the 
nesting season according to the wetland type present and the water depth during the QM of 
nest establishment [Eq. 24].

                                                                                                                                                  [Eq. 24]

The probability of wetland classes (Pwetland class) was based on the yearly prediction of the 
wetland succession model developed for Lake Champlain (Section 3.4.3). A value ranging 
from 1 (suitable wetland) to 0 (unsuitable wetland) was attributed to each wetland class of the 
model (Table 3.4 6). 

Table 3.4-6 | Probability of least bittern nesting habitat based on wetland class predicted by the wetland model.

                               9  

9  Meadow marsh corresponds to emergent and meadow vegetation with shrub subdominance, which is why a score 
of 0.25 was attributed to that class.

Wetland model 
outputs

Water depth 
from

QM 20 à 28 

Suitable habitat
 QMn

(nest establishment 
period) Eq. 24

Reproductive 
success

QMn Eq. 30 

Reproductive 
Potential Index

Eq. 32

Nest viability to 
water fluctuations

QMnv Eq. 25 

Calculate nest 
viability

QMn Eq. 26

Reproductive 
success renesting

QMn Eq. 31 

Calculate renesting 
viability QMnv 
Eq. 27 & Eq. 28 

Calculate renesting 
viability 

QMn Eq. 29

Reproductive 
Potential Index with 

renesting
QMn  Eq. 33

WETLAND CLASS NESTING HABITAT PROBABILITY

Emergent marsh 1

Swamp 0.75

Meadow marsh9 0.25
Open water, Upland, Submerged 
aquatic vegetation 0

(QM ) = P P (QM )
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The probability of nesting habitat based on water depth (Pwater depth) was determined by a 
preference curve (Figure 3.4-20) based on values found in the literature and expert opinions 
(Chabot et al., 2014; Benoit Jobin and Josée Tardif, pers. comm., January 22, 2021). Optimal 
water depth during nest establishment period (nesting probability of 1.00) is between 0.40 to 
0.80 m. In shallower waters, nesting probability decreases linearly reaching 0 at 0.15 m depth, 
and in deeper waters nesting probability decreases linearly, reaching 0 at 1.12 m.
 

Figure 3.4-20 | Preference curve showing the relation between water depth at a given QM (quarter month) of 
nesting and the probability of nesting.

Probability of nest viability
The probability of nest viability [Eq. 25] was calculated for each pair of QMs of the nest 
establishment period compared to the QMs of the egg and nestling development period 
(nesting period). Since nests cannot be established after QM24, nest viability cannot be 
calculated later than QM28. The water level variation between the QM of nest establishment 
(QMn) and the four following QMs of the nesting period (QMnv) was calculated to determine the 
nest viability during this critical period. The probability of nest viability at QMnv was calculated 
using the preference curve presented in Figure 3.4-21. Between a decrease of water level 
of 0.20 m and an increase of 0.20 m, the probability of nest viability is at maximum, with a 
value of 1.0. Decreasing water levels of 0.20 to 1.00 m raises the risks of stranding, which may 
result in predation or abandonment of the nest. A probability of nest viability of 0.5 in case of 
stranding was included in the preference curve. A probability of nest viability of 0.0 was given 
for a water level increase greater than 0.80 m. For water level increases between 0.20 and 
0.80 m, the probability of nest viability was obtained from interpolation (Figure 3.4-21)

                                                                                                                                                  [Eq. 25]P (QM ) = f(WD QM , WD QM ) Figure 3.4-21
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Figure 3.4-21 | Preference curve used to calculate the probability of nest viability between the QM of nest 
establishment (QMn) and the following QM of the nesting period (QMnv). A success rate of 0.5 in cases of stranding 
(negative values of fluctuations) is included in the preference curve.

Renesting
Nest viability without renesting
The Probability of nest viability at QMn was calculated by multiplying the nest viability 
probabilities for each QM (QMnv) during the nesting period [Eq. 26].

                                                                                                                                                   [Eq. 26]

Nest viability with renesting
When a clutch fails, it is possible for the least bittern to renest if the nest fails no later than 
QM24. The renesting was included in the calculation of the probability of nest viability with the 
following assumptions:

A decrease in nest viability from one QM to another was interpreted as a proportion of nesting 
failures. For example, if nest viability at QM21 was 0.8, it was considered that 20% of the nests 
failed during this time period. For the following QM, the proportion of nest failure was the 
difference between the nest viability of the preceding QM and the current QM. 

Renesting would occur within the same QM that nest failure occurred. In the previous example, 
we will thus consider that the 20% of least bitterns that experienced nest failure would attempt 
to renest in QM21. 

Renesting would be attempted by least bitterns at the same location as the previous nest 
(same node).

during the nesting period [Eq. 26

P (QM ) = P (QM )
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Least bittern can attempt renesting only once during the breeding season (between QM20 
and QM24 inclusively).

If the QM of renesting (QMnv) was the first QM after the QM of nest establishment (QMnv = 
QMn+1), the probability of nest viability for renesting (PRenesting Viability) was calculated with:

                                                                                                                                                  [Eq. 27]

If the QM of renesting (QMnv) was later than the first QM after the QM of nest establishment 
(QMnv > QMn+1), the probability of nest viability for renesting was calculated with :

                                                                                                                                                  [Eq. 28]

This condition allowed only the proportion of nests that failed in the preceding QM to retry to 
establish a nest in the current QM. 

                                                                                                                                                 [Eq. 29]

Total Reproductive Potential Index
The RPI during nesting for a given QM was computed for each QM during the nest 
establishment period (QM20 to 24). It was calculated by multiplying the HSI for nesting by the 
Probability of nest viability [Eq. 30]).
                                                                                                                                                 [Eq. 30]

The RPI during renesting (RPIrenesting) for a given QM was computed for each QM of the nest 
establishment period (QM20 to 24). It was calculated by multiplying the HSI during renesting 
by the Probability of renesting viability [Eq. 31]. 
                                                                                                                                                   [Eq. 31]

To obtain the Average RPI for a given year, the RPI for all QMs in the nest establishment period 
were averaged [Eq. 32]).

                                                                                                                                                 [Eq. 32]

Where N = Number of QM in the nesting period (QM20 to 24) = 5 QM

To include the Renesting in the Average RPI, the mean of RPI with Renesting was added to 
the Average RPI [Eq. 33]).  

                                                                                                                                                 [Eq. 33]

P (QM , QM ) = 1 P (QM ) P (QM )

P (QM , QM )
= P (QM ) P (QM ) P (QM )

only the proportion of nests that failed in the preceding QM to retry to establish a

P (QM ) = P (QM )

RPI (QM ) = HSI (QM ) P (QM )

RPI (QM ) = HSI (QM ) P (QM )

Average RPI =
1
N

RPI (QM )

Average RPI with Renesting = Average RPI +
1
N

RPI (QM )
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For further analysis, the potential habitat was divided into three classes according to the 
following Average RPI thresholds:

• Non-suitable habitat: Average RPI <= 0.6
• Suboptimal habitat: 0.6 < Average RPI <= 0.8
• Optimal habitat: 0.8 < Average RPI <= 1 

CONTRIBUTORS
 Benoit Jobin, Josée Tardif, Sylvain Giguère (CWS-ECCC)

DATA SOURCES
• ISEE predicted average water depth for every QM during the breeding period and the 

four following quarter of months at each grid node
• ISEE predicted wetland type for every year at each grid node
• Nesting sites data from SOS-POP database (SOS-POP, 2019)
• Vermont Center for Ecostudies, data from the Vermont Atlas of Life 
• Vermont Breeding Bird Atlas data (Laughlin and Kibbe 1985; Renfrew, 2013)
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3.4.5. WATERFOWL STAGING HABITAT DURING 
  SPRING MIGRATION
Modeled by: Marie-France Julien, Antoine Maranda and Marianne Bachand

SUMMARY
During spring migration, dabbling waterfowl use the floodplains, flooded woodlands 
and agricultural lands to feed, rest, and seek protection from predators. Because of their 
morphology and feeding tactics, dabbling ducks are limited to using shallow water habitats to 
feed, therefore water depth is an important determinant of available foraging grounds, making 
this waterfowl species very sensitive to water level variation. Other waterfowl species, such as 
the Canada goose, which is a more generalist feeder, will also be affected by variations in water 
levels but to a lesser extent. Using the dabbling duck here as a representative of waterfowl 
in general allows us to look at the impacts of water level variations on the most vulnerable 
waterfowl species. This PI calculated the dabbling waterfowl staging habitat suitability index 
(HSI) and the area of this habitat during the spring migration period of each year, based on the 
likelihood of suitable vegetation and water depth. 

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
Spring migration habitat is important for waterfowl to rest, feed and hide from predators 
along their journey to breeding habitats. Food availability can have important effects on lipid 
reserves of birds, which can influence reproductive success and ultimately, population size 
(Anteau & Afton, 2009). The Richelieu River is very strategic for several species as a migratory 
corridor between Lake Champlain, the St. Lawrence, and further north (CIME, 2017). The Lake 
Champlain and Richelieu River are essential foraging and breeding areas for large numbers of 
transient waterfowl, marsh birds and shore birds during the spring and fall migration periods 
(Myers & Foley, 1977). 

Waterfowl hunting is an important activity in the basin, contributing to the local economy around 
the Lake Champlain and along the Richelieu River. Also, the purchase of state and federal 
waterfowl stamps, required for waterfowl hunting, funds the acquisition of conservation lands, 
thereby protecting other wildlife species.

BACKGROUND INFORMATION
Spring migration is a crucial period for many birds, since energetic costs are high, and nutrient 
reserve acquisition can influence their subsequent breeding success and even their survival 
(Azrel et al., 2006; Dombrowski et al., 2000). The timing of migration varies between species, 
but most dabbling ducks using staging areas around the Richelieu River and the northern part 
of Lake Champlain migrate from the beginning of March to the first week of May (eBird, 2021). 
Some species may migrate earlier or later.

Lake and river wetlands, particularly emergent marshes, wet meadows, flooded agricultural 
fields, and forested and shrubby swamps provide an abundance of food and cover for 
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migrating waterfowl (Ewert et al., 2012; Lacroix & Bélanger, 2000; Morin et al., 2004). Many 
factors influence the distribution of birds in stopover habitats, such as food abundance, carrying 
capacity, foraging efficiency, predator avoidance, disturbance, inter- and intra-specific competition, 
weather, and breeding strategy (Nolet et al., 2016; Scott et al., 2002 in Lindstrom et al., 2020).

Waterfowl obtain energy and make fat reserves from seeds, roots, tubers of aquatic plants and 
invertebrates, and the relative proportion of each food source in the diet varies considerably 
among species, depending on their needs. The spring condition hypothesis recognizes the 
likely relationship between food availability at staging sites and subsequent reproductive 
success at breeding sites (Anteau & Afton, 2009). Nutrient reserves acquired during spring 
migration may influence the onset of rapid ovarian follicle development in some waterfowl, 
which can influence nest-initiation dates, or even the probability that a female will breed (Anteau 
& Afton, 2009). Some dabbling waterfowl might need a higher protein and lipid intake before 
nesting, so invertebrates may become an important food source in the spring (Dombrowski et 
al., 2000; Swanson, 1977; Tidwell et al., 2013). Water depth influences vegetation density and 
thereby invertebrate population and abundance, as well as food accessibility (Baschuk et al., 
2012; Behney et al., 2018; Bolduc & Afton, 2004; Rajpar & Zakaria, 2011).

Wetland utilization by waterfowl is strongly related to water depth, and depth requirements 
differ greatly among species (Bolduc & Afton, 2008). Dabbling waterfowl (Anas spp., Aix spp., 
Mareca spp., Spatula spp.) are limited to shallow water habitats to feed due to their morphology 
and feeding tactics (Pöysä, 1983). They feed by filtering food items, either by skimming along 
the surface of the water or by tipping up and eating with their head and neck submerged in 
the water to reach food that is further down in the water column or in the substrate (Azrel et 
al., 2006; Bastien, 1993; Dombrowski et al., 2000; Hagy & Kaminski, 2015; Lepage & Bordage, 
2013). Variation in morphological features (i.e., bill length and shape, distance between the 
lamellae, neck length, etc.) allow species to forage at different depths and on different foods 
(Bolduc & Afton, 2008; Pöysä, 1983). Shallow emergent marsh with depth lower than 40 cm 
is essential to many species of dabbling ducks, and depths of 5 to 25 cm seem to be optimal 
for them (François Bolduc, Christine Lepage and Mathieu Tétrault, pers. comm; Ma et al., 2010; 
Pöysä, 1983; Taft et al., 2002).

Water depth also affects the energy intake of dabbling waterfowl since foraging efficiency 
decreases with increasing water depth (Ma et al., 2010) and foraging cost increases (Behney, 
2020; Nolet et al., 2016). In deeper water, prey can be more difficult to detect, especially 
in turbid water, and can also escape horizontally as well as vertically, decreasing foraging 
efficiency (Ma et al., 2010). Water depth was also found to be an important factor predicting 
the feeding intensity of wood ducks and mallards, since foraging in deeper water might result 
in greater predation (Behney et al., 2018). Indeed, when feeding with their head or body 
underwater, ducks may not be as efficient in detecting and avoiding predators as they might 
when feeding in shallower water with their eyes above the surface. (Pöysä, 1987).

Since wetlands are characterized by short-term and long-term water level fluctuations 
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(Fredrickson & Reid, 1990), waterfowl have developed flexible behavior to take advantage 
of these variations (Kushlan 1989; Skagen & Knopf, 1994). For instance, waterfowl are 
opportunistic feeders, and some species (e.g., Mallards, Northern Pintails, Green-Winged 
Teals) have learned to benefit from agricultural crops (Nelms et al., 2007), such as pastures, 
corn, soybeans, rice, millet, barley, oat, wheat, potato and peas (Dombrowski et al., 2000; 
Fredrickson & Reithmeyer, 1991; Lacroix & Bélanger, 2000). However, agricultural seeds can 
decompose at different rates when flooded during the fall, and soybeans break down rapidly 
when they absorb water (Nelms & Twedt, 1996). Soybeans also contain a phytochemical that 
inhibits the absorption of protein in waterfowl, so the energy provided by soybeans might be 
lower than other food sources (Nelms et al., 2007; Strickland et al., 2009). Corn, rice and millet 
seemed to have a slower decomposition rate (Nelms & Twedt, 1996), but deterioration rates 
may vary depending on cultivars and regional climate (Williams et al., 2014). 

TEMPORAL VALIDITY
This PI targets the period of spring migration for dabbling ducks, ranging from the beginning 
of March to the first week of May (QM 9 to 17; Figure 3.4-22) of each year.

Figure 3.4-22 | Migration period for dabbling waterfowl in the LCRR basin (in quarter months).

SPATIAL VALIDITY
This PI is valid for the Richelieu River and Lake Champlain, in Canada and the United States.

FUNCTION AND LINK TO WATER LEVEL
Dabbling waterfowl are limited to using shallow water for feeding due to their morphology and 
feeding tactics. Water depth is an important determinant of available foraging grounds (Nolet 
et al., 2016), as well as waterfowl density and diversity (Bolduc & Afton, 2008). Moreover, 
foraging efficiency is higher in shallow water and predation risk is lower. For these reasons, 
suitable habitats with depth of 5 to 25 cm are considered ideal, but habitats with depth less 
than 5 cm and up to 40 cm can also be used by dabblers (François Bolduc, Christine Lepage 
and Mathieu Tétreault, pers. comm.; Hagy and Kaminski, 2015; Ma et al., 2010; Taft et al., 
2002). This is consistent with previous studies in Quebec, where water depths lower than 40 
cm were considered suitable (Bastien et al., 1993; Bourgeois et al., 1983; Dombrowski et al., 
2000; Morin et al., 2004).

Lake Champlain water level regime during the spring bears an important relationship with the 
needs of waterfowl during migration and reproduction (Myers & Foley, 1977). Long-term water 
level fluctuations define habitat suitability for waterfowl, and habitat use can be influenced by 
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seasonal and annual changes in water level (Markham, 1982). Variations in water depth also 
influence the composition and abundance of emergent vegetation, impacting the abundance 
of available food, such as invertebrates, which are an important food source for waterfowl.

Low water levels can reduce the quantity and quality of suitable staging habitat for waterfowl. 
Inadequate water levels can reduce the amount of available floodplain and wetland habitat, 
forcing birds to concentrate in fewer habitats, where resources may be depleted, resulting 
in increased inter- and intra-specific stress. (Bourgeois et al., 1983; Dombrowski et al., 2000; 
Lehoux et al., 2005; Myers & Foley, 1977; Talbot et al., 2006). 

RESPONSE FUNCTION
This PI used a 2D model calculating the dabbling waterfowl staging habitat suitability index (HSI) 
during the spring migration period of each year (QM 9 to 17; Figure 3.4-22). The staging HSI was 
determined for each node of the ISEE grid, based on variables measured at each QM during the 
migration period. HSI values of each QM were averaged to give the annual HSI of a given node. 
The summation of each node HSI multiplied by its area (100 m2), gave the total area of suitable 
habitat for staging during the spring migration period of each year (Figure 3.4-23). 

The HSI was expressed as the product of two selected habitat variables, vegetation type and 
water depth (Figure 3.4-23). Water depth variables were calculated using ISEE hydrodynamic 
models and Digital Elevation Models, for each QM during the migration period. Vegetation 
type was obtained from ISEE wetland succession model (See section 3.4.3) and annual crop 
inventories from Agriculture and Agri-food Canada and the United States Department of 
Agriculture ([Eq.34]).

Figure 3.4-23 | Model scheme
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Habitat suitability index 
(IQH) for staging (Eq. 34)

Area of suitable staging 
habitats (SHSI) (Eq. 37)
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                                                                                                                                                [Eq. 34]

Where HSI is the habitat suitability index,Vy is the vegetation type score and WDy is the water 
depth score.

Water depth score 
Suitable habitats with depth from 5 to 25 cm are considered ideal with water depth scores 
(WDQM)) of 1.0, and scores gradually decrease for habitats with water depths up to 40 cm and 
as low as 0 cm (Figure 3.4-24). Therefore, areas with no water or water depth greater than 40 
cm are considered unsuitable and have (WDQM)) value of 0.0.

Water depth scores (WDQM)) were calculated for each QM during the migration period of 
each year and averaged to give an annual value ((WDY) [Eq. 35]). 

                                                                                                                                                 [Eq. 35]

Where WDyis the annual water depth score, WDQM is the water depth score for each QM during 
the migration season and n is the number of QM during the migration season.

Figure 3.4-24 | Preference curve showing the relation between water depth at the QM of migration and the water 
depth score (WDQM).

Vegetation type score
The annual Vegetation type score (VY) was based on the wetland class succession model 
(see section 3.4.3) and Annual Crop Inventory from Agriculture and Agri-food Canada and 
the United States Department of Agriculture. Since crop data were not available for the entire 
time series, data from 2011 to 2018 were used to simulate an entire crop rotation cycle. Thus, 
for each year in the time series, simulated vegetation score (SVa) was calculated 8 times with 

HSI = V WD
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crop data from each available year. The average of those 8 values determined the Vegetation 
score (VY) for that given year. 

Preferred foraging habitats are emergent marshes and wet meadows, which were given a 
score of 1.0. swamps, submerged aquatic vegetation, row crops (soybeans, corn, barley, rye, 
wheat, spring and winter wheat, oats, spelt, sorghum, peas, beans, millet, beans, canola, 
safflower) are also good habitats, but might not be as suitable, and thus were associated with 
a SVa score of 0.75. Pastures/forages, shrubland, forests, fallow/idle cropland and open water 
might also be used, with a score of 0.50. All other types of vegetation or cultivated lands are 
considered unsuitable and have a SVa score of 0.00. If a node was associated with both a 
suitable wetland and agricultural class, the highest SVa value was given to the node.

                                                                                                                                                  [Eq. 36]

Where, Vy is the annual vegetation type score for each year, SVa is the simulated vegetation 
type score for each year with crop data available (2011-2018) and n is the number of years with 
crop data available.

Table 3.4-7 | Scores associated with different vegetation types

                                                                                                     10                                                                                                    

Final metric: area of suitable staging habitat
The area of suitable staging habitat  (SHSI) for each year was the summation of each grid node 
HSI (result of [Eq. 34]) multiplied by the area it covers  (Sunit = 100 m2). 

                                                                                                                                                 [Eq. 37]

Where, SHSI is the area of suitable staging habitat, Sunit  the area covered be an ISEE node and  
HSIunit  is the habitat suitability index attributed to that node.

COLLABORATORS
François Bolduc, Christine Lepage and Mathieu Tétreault (Service canadien de la faune, 
Environnement et Changement climatique Canada),
DATA SOURCES 
10  Suitable agricultural classes present in the study area: soybeans, corn, barley, other cereals, millet, oats, rye, spelt, sorghum, 
wheat, winter wheat, spring wheat, canola, safflower, peas, beans 

SCORE (SVa) VEGETATION TYPE 

1.00 Emergent marsh, wet meadow

0.75 Row crops10, swamp, submerged aquatic vegetation

0.50 Pastures/forages, fallow/idle cropland, shrubland, forests, open 
water

0.00 Other habitats



                     PERFORMANCE INDICATOR FACT SHEETS 133

• ISEE predicted average water depth for every QM during migration period at each grid 
node

• ISEE predicted wetland type for every year at each grid node

• Annual cropland inventory from 2011-2018 of Agriculture and Agri-food Canada

• Annual cropland inventory from 2011-2018 of United States Department of Agriculture

• 14 321 dabbling duck observations between 2010 and 2020 extracted from eBird 
database

• Environment and Climate Change Canada, Waterfowl surveys conducted in southern 
Quebec (Suivi de la sauvagine du Québec méridional), 2004-2010 

REFERENCES
Anteau, M.J. and Afton, A.D. (2009). Lipid reserves of lesser scaup (Aytha affinis) migrating across 
a large landscape are consistent with the ''Spring condition'' hypothesis. The Auk, 126(6): 873-883.

Arzel, C., Elmberg, J. and Guillemain, M. (2006). Ecology of spring-migrating Anatidae: a review. 
Journal of Ornithology, 147: 167-184.

Baschuk, M. S., Koper, N., Wrubleski, D.A. and Goldsborough, G. (2012). Effects of Water Depth, 
Cover and Food Resources on Habitat use of Marsh Birds and Waterfowl in Boreal Wetlands 
of Manitoba, Canada. Waterbirds, 35(1): 44-55.

Bastien, H. (1993). Sélection de l'habitat and bilan d'activité du Canard pilet (Anas acuta) au 
printemps, à la halte migratoire de Saint-Barthélemy, Québec. Mémoire de maîtrise, Université 
du Québec à Trois-Rivières. 77 p.

Benhey, A. C. (2020). The Influence of Water Depth on Energy Availability for Ducks. The 
Journal of Wildlife Management, 84(3): 436-447.

Behney, A. C., O'Shaughnessy, R., Eichholz, M. W. and Stafford, J. D. (2018). Indirect risk effects 
reduce feeding efficiency of ducks during spring. Ecology and evolution, 8(2): 961–972. https: 
//doi.org/10.1002/ece3.3714

Bolduc, F. and Afton, A.D. (2004). Relationships between Wintering Waterbirds and 
Invertebrates, Sediments and Hydrology of Coastal Marsh Ponds. Waterbirds, 27(3): 333-341.

Bolduc, F. and Afton, A.D. (2008). Monitoring waterbird abundance in wetlands: The importance of 
controlling results for variation in water depth. Ecological Modelling, Volume 216, Issues 3-4: 402-408.
Bourgeois, J.-C., Bourgeois, J., Lehoux, D. and Darveau, M. (1983). Bilan d'activité diurne de Ia 



134         LAKE CHAMPLAIN RICHELIEU RIVER STUDY | 2017 -2019

sauvagine et sélection des types de culture pour son alimentation lors de Ia halte migratoire 
printanière dans le secteur Nicolet-Longue Pointe, lac Saint-Pierre. Programme d'acquisition 
de connaissances sur les terres inondables du lac Saint-Pierre. Ministère du Loisir, de Ia 
Chasse et de Ia Pêche. Direction régionale de Trois-Rivières et Environnement Canada. 
Service canadien de Ia faune. 99 p.

Centre d’interprétation du milieu écologique du Haut-Richelieu (CIME) (2017). Analyse de la 
valeur écologique du Richelieu et des statuts de reconnaissance possibles. 64 p.
Dombrowski, P., Dolan, D. and Lehoux, D. (2000). Étude sur les fluctuations des niveaux d'eau du 
fleuve Saint-Laurent : niveaux printaniers favorisant la sauvagine au lac Saint-Pierre. 185 p.

eBird (2021). eBird: An online database of bird distribution and abundance [web application]. eBird, 
Cornell Lab of Ornithology, Ithaca, New York. http: //www.ebird.org (Accessed: May 5, 2021).

Ewert, D.N., Doran, P. J., Hall, K. R., Froehlich, A., Cannon, J., Cole, J. B. and France, K. E. 
(2012). On a wing and a (GIS) layer: Prioritizing migratory bird stopover habitat along Great 
Lakes shorelines. Final report to the Upper Midwest/Great Lakes Landscape Conservation 
Cooperative. 86 p.

Fredrickson, L.H. and Reid, F.A. (1990). Impacts of hydrologic alteration on management of 
freshwater wetlands. Management of Dynamic Ecosystems (ed. J.M. Sweeney), The Wildlife 
Society, West Lafayette, IN, p. 71-90. 

Hagy, H.M. and Kaminski, R.M. (2015). Determination of Foraging Thresholds and Effects of 
Application on Energetic Carrying Capacity for Waterfowl. PLoS ONE, 10(3): e0118349. doi: 
10.1371/journal.pone.0118349

Kushlan, J.A. (1989). Avian use of fluctuating wetlands. Freshwater Wetlands and Wildlife, 
CONF-8603101, DOE Symposium Series No. 61 (eds R.R. Sharitz & J.W. Gibbons), USDOE 
Office of Scientific and Technical Information, Oak Ridge, TN, p. 593- 604.

Lacroix, G. and Bélanger, L. (2000). Utilisation par les canards barboteurs en migration d’unités 
aménagées et naturelles d’une plaine inondable à vocation agricole. Service canadien de la 
faune, région du Québec. Série de rapports techniques no. 344. 69 p.

Lehoux, D., Dauphin, D., Laporte, P., Morin, J. and Champoux, O. (2005). Recommendation 
of water plans and final management criteria less detrimental to breeding and migrating 
waterfowl along the St. Lawrence river within the Lake St. Louis and Lake St. Pierre area. 
Environment Canada, 28p. + appendices.

Lepage, C. and Bordage, D. (2013). Status of Quebec Waterfowl Populations, 2009. Technical Report 
Series No. 525, Canadian Wildlife Service, Environment Canada, Quebec Region, Quebec City. xiii + 243 p.
Lindstrom, J.M., Eichholz, M.W. and Behney, A.C. (2020). Effect of Habitat Management on 



                     PERFORMANCE INDICATOR FACT SHEETS 135

Duck Behavior and Distribution During Spring Migration in Indiana. Journal of Fish and Wildlife 
Management, 11(1): 80-88.

Ma, Z., Cai, Y., Li, B. and Chen, J. (2010). Managing Wetland Habitats for Waterbirds: An 
International Perspective. Wetlands, 30: 15–27.

Markham, B.J. (1982). Waterfowl production and water level fluctuation. Canadian Water 
Resources Journal. 7(4): 22-36.

Morin, J., Champoux, O., Martin, S., Turgeon, K., Mingelbier, M., Brodeur, P., Giguère, S., Rioux, 
D., Armellin, A., Lehoux, D., Drolet, B., de Lafontaine, Y. and Desgranges, J.-L. (2004). Selected 
performance indicators of the Environment Technical Working Group (Lower St. Lawrence). 
Technical Report MSC – Hydrology RT-137, Environment Canada (MSC, CWS, CSL) and MRNFP, 
Sainte-Foy, prepared for the Environmental Technical Working Group (ETWG) of the International 
Lake Ontario – St. Lawrence River Study Board (International Joint Commission). 61 p.

Myers, T. and Foley, D. (1977). The Productivity of Lake Champlain with Regard to Waterfowl, 
Furbearers, and Other Wildlife. Prepared under contract to Fish and Wildlife Service, Newton 
Corner, Massachusetts, for the International Joint Commission, August 1977. 175 p.

Nelms, K.D. (2007). Wetland management for waterfowl handbook. USDA, Natural Resources 
Conservation Service, Greenwood, Mississippi. 133 p.

Nelms, C.O. and Twedt, D.J. (1996). Seed deterioration in flooded agriculture fields during 
winter. Wildlife Society Bulletin, 24: 85-88.

Nolet, B.A., Gyimesi, A., van Krimpen, R.R.D., de Boer, WF and Stillman, R.A. (2016). Predicting 
Effects of Water Regime Changes on Waterbirds: Insights from Staging Swans. PLoS ONE, 
11(2): e0147340. doi: 10.1371/journal.pone.0147340

Pöysä, H. (1983). Resource utilization pattern and guild structure in a waterfowl community. 
Oikos, 40: 295–307.

Rajpar, M. N. and Zakaria, M. (2011). Effects of Water Level Fluctuation on Waterbirds Distribution 
and Aquatic Vegetation Composition at Natural Wetland Reserve, Peninsular Malaysia. 
International Scholarly Research Network, Volume 2011, 13 p.

Skagen, S.K. and Knopf, F.L. (1994). Migrating shorebirds and habitat dynamics at a prairie 
wetland complex. Wilson Bulletin, 106, 91–105.

Strickland, B. K., Kaminski, R. M., Nelms, K., Tullos, A., Ezell, A. W., Hill, B., Godwin, K. C., 
Chester, J. C. and Madsen, J. D. (2009). Waterfowl Habitat Management Handbook for the 



136         LAKE CHAMPLAIN RICHELIEU RIVER STUDY | 2017 -2019

Lower Mississippi River Valley. Other Publications in Wildlife Management. 34 p.

Swanson, G. A. and Meyer, M.I. (1977). Impacts of fluctuating water levels on feeding ecology 
of breeding blue-winged teal. Journal of Wildlife Management, 41: 426–433.

Taft, O.W., Colwell, M.A., Isola, C.R., Safran, R.J. (2002). Waterbird communities and wetland 
drawdown. 2002 British Ecological Society, Journal of Applied Ecology, 39: 987-100 
https: //besjournals.onlinelibrary.wiley.com/doi/epdf/10.1046/j.1365-2664.2002.00763.x

Talbot, A. (2006). Water Availability Issues for the St. Lawrence River: An Environmental 
Synthesis. Environment Canada, Montréal. 204 p.

Tidwell, P.R., Webb, E.B., Vrtiska, M.P., Bishop, A.A. (2013). Diets and food selection of 
female Mallards and Blue-winged teal during spring migration. Journal of Fish and Wildlife 
Management, 4(1): 63-74; e1944-687X. doi: 10.3996/072012-JFWM-06

Williams, C. K., Dugger, B. D., Brasher, M. G, Coluccy, J. M., Cramer, D. M. , Eadie, J. M., Gray, 
M. J., Hagy, H. M., Livolsi, M., McWilliams, S. R., Petrie, M., Soulliere, G. J., Tirpak, J. M. and 
Webb, E. B. (2014). Estimating habitat carrying capacity for migrating and wintering waterfowl: 
considerations, pitfalls and improvements. Wildfowl Special Issue, 4: 407-435

3.4.6.  COPPER REDHORSE (MOXOSTOMA HUBBSI)    
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  SUITABLE HABITAT FOR SPAWNING AND EARLY   
  LARVAL DEVELOPMENT
Modeled by: Marie-France Julien, Antoine Maranda, Sandrine Hogue-Hugron, Dominic Thériault, 
Marianne Bachand, Jean Morin (Environnement and Changement climatique Canada)

SUMMARY
The copper redhorse (Moxostoma hubbsi) is an endangered fish species endemic to Quebec. 
The only two known spawning grounds of the species are located in the Richelieu River, in 
areas of low to moderate current. The current creates the gravelly substrates that are needed 
for the spawning of this species. This PI determined the suitability of the habitat for spawning 
and verified if the hydrological conditions were adequate for the survival of the eggs and 
the early larvae development while they are still in the substrate. The habitat suitability index 
(HSI) (combining spawning habitat and subsequent egg and early larval survival) depends on 
substrate type, water depth, and current variables, and was calculated for each year. Weighted 
suitable area for spawning and eggs and larvae development was then calculated for each 
year of the reference period.

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
The copper redhorse is endemic to Quebec province and thus occurs nowhere else in the 
world. More specifically, the distribution of the copper redhorse is limited to the St. Lawrence 
River and some of its tributaries (COSEWIC, 2014). The only two known spawning grounds 
for this species are in the Richelieu River, one in the Chambly archipelago and the other 
downstream of the Saint-Ours dam. The Richelieu River is thus very important in the species 
life cycle as it ensures the functions of spawning, nursery, feeding and growth and migration 
route for the copper redhorse. 

The copper redhorse is legally designated as endangered under the Species at Risk Act in 
Canada (SARA). In Quebec, the species is designated as threatened under the Act respecting 
threatened or vulnerable species (RLRQ, c E-12,01). Copper redhorse used similar spawning 
ground to other copper species present in the river, such as river redhorse and shorthead 
redhorse. The copper redhorse is also regarded as an indicator of the impacts of human 
activity on aquatic ecosystems in southern Québec.

The species is rare throughout its range and the decline of its population has been observed 
over the last few decades. The copper redhorse is experiencing serious difficulties in 
reproducing in the wild and its population is ageing (Mongeau et al., 1986, 1992). The main 
threats contributing to its decline include the deterioration and fragmentation of its habitat, 
and increased agricultural activities leading to eutrophication, siltation, contamination of 
watercourses and invasive species. Furthermore, several characteristics of the species biology 
and ecology increase its vulnerability. For example, the species reaches sexual maturity around 
10 years old, and because spawning activity takes place late in the season, the copper redhorse 
is exposed to lower water levels and a shorter growing season for fry, which are consequently 
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smaller in size when facing their first winter. The spawning period of the copper redhorse also 
coincides with the pesticide application period and therefore to peaks in concentrations of 
these pollutants. Various protection and recovery actions have been implemented to promote 
the recovery of its population and the protection and improvement of its habitat for more than 
25 years, such as conservation of its critical habitat, the construction of the Vianney-Legendre 
fish pass (located in Saint-Ours), and artificial reproduction.

BACKGROUND INFORMATION
The copper redhorse is a large copper-colored fish that can live more than 30 years. Migration 
for reproduction is triggered by physical conditions such as temperature and flow, which can 
occur several weeks before the proper environmental conditions for spawning are met. Also, 
water temperature, flow rate and time of day are the main factors that determine the duration 
of the spawning period for this kind of species (Grabowski and Isely, 2007 Jenkins and Jenkins, 
1980; Page and Johnston, 1990).

Only two copper redhorse breeding sites are known in the entire study area, both located 
in the Richelieu River: in the Chambly Rapids archipelago and downstream of the Saint-Ours 
dam. These spawning grounds are located in shallow (0.75 to 4.00 m) riffle areas without 
vegetation and exposed to a low to moderate current of 0.20 to 1.32 m/s (MFFP, unpublished 
data). Deeper areas (> 8.00 m) with higher velocity (> 1.00 m/s) might be used for reproduction 
(COSEPAC, 2014; Gariépy, 2008), although it is uncommon. The substrate is composed of fine 
to coarse gravel mixed with pebble, rocks and sometimes fragments of boulders embedded 
in clay (Boulet et al., 1995, 1996; Dumont et al., 1997; Hatin et al., 2009; La Haye et al., 1992; 
La Haye and Clermont, 1997; Mongeau et al., 1986, 1992; Nathalie Vachon, pers. comm.). 
The interstitial spaces in the coarse substrate allow for water flow to oxygenate the eggs, 
and protect eggs and larvae from predation during their early development (Collier, 2018; 
COVABAR, 2014; Sutherland et al., 2002). Too high flow velocity could crush or dislodge eggs 
from the interstices and carry them to habitat unsuitable to their development (Bruch and 
Binkowski, 2002). 

Spawning occurs between mid-June (QM22) and the first week of July (QM25), in water 
exhibiting temperatures between 17oC and 23oC (Boulet et al., 1996; Gariépy, 2008; La Haye 
et al., 1992; Mongeau et al., 1986, 1992, Vachon, pers. comm.). The eggs are slightly adhesive 
and with an orange-yellow color. Hatching occurs after 4.5 to 6.5 days of incubation, when 
the temperature is kept constant at 20°C. After hatching, the larvae remain in the substrate for 
10 to 14 days to absorb their yolk sac and continue development. Vesicular larvae’s yolk sac 
resorption occurs about 15 days after fertilization, and the onset of swimming behavior occurs 
12 to 16 days after fertilization, with maximum activity after 15 days (Branchaud et al., 1993, 
1995; Branchaud and Gendron, 1993). Dispersal is carried out by larval drift around 3 weeks 
after hatching. The juveniles remain in coastal grass beds along the river during one or two 
growing seasons (Vachon, 1999).
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TEMPORAL VALIDITY
This PI is valid between mid-June (QM22) and the third week of July (QM27). This period 
covers the potential spawning period (QM22 to 25) and the two subsequent QM needed to 
complete egg incubation and early larval development.

Figure 3.4-25 | Spawning, incubation and early larval development period (QM: quarter month).

SPATIAL VALIDITY
This PI is valid only for the 2 known spawning grounds of the copper redhorse, which are 
located in the Richelieu River (Chambly and Saint-Ours).

FUNCTION AND LINK TO WATER LEVEL
Copper redhorse spawning grounds are located in areas with water depth between 0.75 and 
4.00 m with low to moderate current, which creates the gravelly substrates that are needed 
for spawning. Modifications of the water regime can modify the spawning sites and success of 
this endangered species. Water level decreases during the spawning period can lead to egg 
and larvae mortality by desiccation, or create conditions unsuitable for their development. High 
water level increases during egg incubation period may reduce water temperature, delaying 
hatching and leading also to egg mortality. Flow velocity is an indicator of dissolved oxygen, 
which is a very important parameter for eggs and larvae development of copper redhorse. The 
absence of current may lead to egg mortality due to lack of oxygen. High velocity currents, 
in contrast, can reconfigure the substrate at spawning sites, as was observed at the Chambly 
spawning site after the extreme floods of 2011. They can also wash out the eggs and young 
larvae from the spawning site.

RESPONSE FUNCTION
This PI applied a 2D model calculating for each year the habitat suitability index for the 
spawning and early stages of copper redhorse (Figure 3.4-25).The HIS was the combination of 
hydrodynamic and substrate scores [Eq. 38]. It was determined for every node of the ISEE grid 
at both spawning sites and depended on substrate type, water depth, and current velocity. 
The summation of each node HSI multiplied by its area (100 m2), gave the total area of suitable 
habitat for spawning and larval development (Figure 3.4-26). 

                                                                                                                                                          [Eq. 38]=
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Figure 3.4-26 | Model scheme

Hydrodynamic score 
The model first determined if the habitat was suitable for copper redhorse spawning, and 
eggs and larvae survival and development, based on water velocity and water depth. Each 
given year, the suitability of the spawning habitat was assessed for each node, for each QM 
during the spawning season (Figure 3.4-25). Suitable spawning habitat was defined as follows:

• Water depth must be between 0.75 and 4.00 m. Temperature, water velocity and water 
levels influence reproduction activities (migration, spawning) and eggs and larvae 
development. 

• Water velocity between 0.20 and 1.32 m/s; waters with slower current are prone to 
anoxic conditions. 

If a node was considered as suitable habitat for any of the given QM of the spawning season, 
the model then determined if the conditions of the two following QMs were adequate for the 
survival of eggs and the early larval development stage before drifting. The suitable conditions 
for eggs and larvae survival were defined as follows:

• Water velocity must remain between 0.20 and 1.32 m/s during the entire period; slower 
current may cause anoxic conditions that are detrimental to eggs and larvae, while 
higher current could carry them to unsuitable habitats.
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• Water depth must remain between 0.20 and 5.00 m during the entire period; dewatering 
and extremely low water levels may be fatal for eggs and larvae, while water depth 
above 5.00 m may be associated with water temperature not conducive to eggs and 
larvae development.

If, for at least one QM during the spawning season, a node had suitable conditions for 
spawning and had suitable conditions for eggs and larvae development during the two 
following QMs, this node had a hydrodynamic score of 1.0. If the conditions were not suitable, 
the hydrodynamic score was 0.0.

Substrate score
Riverbed substrate was characterized at 401 locations within the two known copper redhorse 
breeding sites (136 locations in St-Ours and 265 in Chambly) in the fall of 2020 by COVABAR. 
Primary, secondary and tertiary substrates in terms of abundance were classified in one of ten 
substrate classes based on their particle size (Table 3.4 8). 

Table 3.4-8 | Substrate classes and particle size (adapted from Bovee, 1986).

 

From that classification, a granulometry index11 (g_idx) was calculated as follows:

                                                                                                                                                 [Eq. 39]

Where s1, s2 and s3 are the primary, secondary and tertiary substrate and % is their respective 
proportion in the composition of the substrate sample.

11 Inspired from the work of Faune et Parcs Québec on salmon rivers in 1999 (Caron et al., 1999) 

CLASS PARTICLE SIZE SUBSTRATE CLASS

1 < 1 mm Organic detritus

2 < 1 mm Clay

3 < 1 mm Silt

4 1 - 2,9 mm Sand

5 3-7.9 mm Fine gravel (pebble)

6 8-64 mm Coarse gravel (pebble)

7 65-255 mm Cobble

8 256-600 mm Small boulder

9 > 600 mm Large boulder

10 Bedrock

_ = ( 1 %) + ( 2 %) + ( 3 %)
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Granulometry index values were then interpolated (with Natural Neighbor algorithm12) at a 10 m 
resolution within the convex hull of the sampled points13. This process provided granulometry 
index values covering the two known spawning grounds of the copper redhorse. Those values 
were then transposed on a preference curve that gave a substrate score which reflected the 
substrate types that are suitable for spawning (Figure 3.4-27).

Figure 3.4-27 | Granulometry index.

Weighted usable area
The weighted usable area (WUA) is the area of the river that is weighted by its suitability 
for spawning as well as early larval development [Eq. 40]. The WUA for each year was the 
summation of each grid node’s HSI (result of [Eq. 38]) multiplied by the area covered by a node 
(Sunit= 100 m2). 
                                                                                                                                                 [Eq. 40}

COLLABORATORS
Nathalie Vachon, Marc Mingelbier, Daniel Hatin (ministère des Forêts de la Faune et des Parcs 
du Québec)

DATA SOURCES
• ISEE’s predicted average water depth for every QM during spawning period at each 

grid node of the two known spawning grounds of the copper redhorse

12  Sheehan and Welsh in 2009 found that Natural Neighbor interpolation outperformed other algorithms such as Ordi-
nary Kriging, Inverse Distance Weight, Spline and Kriging to predict substrate in stream habitats (Sheehan and Welsh, 2009). 

13 Interpolation accuracy was assessed by performing a 100 fold 20/80 test-train bootstrap, where 20% of randomly 
selected sampled points were compared to the values obtained by the interpolation generated with the 80% remaining points. 
After 100 iterations, root mean square errors between interpolated and sampled granulometry index values were 0.87 in St-
Ours and 1.15 in Chambly

=
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• ISEE’s predicted average current velocity for every quarter month during spawning 
period at each grid node of the two known spawning grounds of the copper redhorse

• Riverbed substrate dataset collected during the fall of 2020

• Telemetry data, MFFP
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3.4.7.  NORTHERN PIKE (ESOX LUCIUS) SPAWNING AND   
  EMBRYO-LARVAL DEVELOPMENT HABITAT
Modeled by: Marie-France Julien, Antoine Maranda, Mathieu Roy, Jean Morin (Environment 
and Climate Change Canada)

SUMMARY
This PI indicated the habitat area suitable for spawning and embryo-larval development of 
northern pike. Northern pike generally spawns in sheltered and shallow water on inundated 
floodplain vegetation. The area of suitable spawning habitat in a given year was estimated 
based on the availability of suitable wetland vegetation, water depths and current velocity. 
Stable water levels for approximately 30 days after the peak of the spring flood protect eggs, 
larvae, and fry from drying out or from getting trapped in isolated pools on the floodplain and 
promote their growth by increasing water warming (Mingelbier et al., 2008). Dewatered area 
several weeks after spawning was subtracted from the area available for spawning, in order to 
obtain the suitable area for both spawning and embryo-larval development.

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
Northern pike is a keystone species and top predator, exerting "top-down" predatory control 
over the fish community and ecosystem balance (Casselman & Lewis, 1996). It is also considered 
to be a significant ecological indicator because of its use of the floodplain as spawning habitat 
and because their reproduction period coincides with the peak of spring flooding. In addition, 
northern pike is considered as an umbrella species because protecting its habitat integrity 
also protects the habitat of many aquatic species spawning on the floodplain such as perch 
and sturgeon, which are of particular cultural importance for local Indigenous communities. 
Furthermore, northern pike is one of the most popular targets among sport fishermen, who 
represent an important recreational economic activity in the LCRR region.

BACKGROUND INFORMATION
Spawning habitats include grass and sedge hummocks and moderately dense vegetative 
cover, wet meadows, flooded pastures, marshes, and shrubs with herbaceous layer (Casselman 
& Lewis, 1996). Studies have reported that wet meadows dominated by short and narrow-
stemmed grasses, such as canary grass (Phalaris spp.), are the habitat in which northern 
pikes lay most of their eggs. When preferred habitat is not available or accessible, emergent 
vegetation (e.g., Phragmites australis, Scirpus sp., Sparganium spp. and Typha spp.), as well 
as submerged aquatic vegetation in deeper waters can be used (Fortin et al., 1982; Farrell et 
al., 1996; Massé et al., 1988). Northern pike tends to avoid dense Typha stands, as they can be 
difficult for adults to access (Farrell, 2001).

Northern pike has a marked preference for spawning sites characterized by shallow waters 
that tend to warm up more quickly. Water depth at spawning sites is generally between 10 and 
100 cm, although some studies reported that most eggs are deposited at a depth of 15 to 40 
or 60 cm (Dumont & Fortin, 1977; Fortin et al., 1982; Larochelle, 2011). Field work conducted 
at spawning sites in the Richelieu River and Lake Champlain in 2019 reported mean water 
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depths between 39 and 45 cm, with eggs found in water depths as low as 10 cm and as high 
as 100 cm (MFFP, unpublished data; Vermont Department of Environmental 

conservation, unpublished data). Temperature influences incubation time and egg hatching 
time, so eggs deposited in shallow areas hatch earlier because they are exposed to warmer 
temperatures (Dumont and Fortin, 1977). However, eggs deposited at a depth of less than 15 
cm are very susceptible to dewatering by sudden drops in water level (Dumont & Fortin, 1977). 
Reproductive success is enhanced by stable water levels during incubation (Mingelbier et al., 
2008). In the absence of preferred spawning habitat, northern pike can spawn on submerged 
vegetation at greater depths, but lower water temperatures might slow egg development, or 
even prevent eggs and larvae development (Farrell et al., 2006). 

The spawning period usually occurs soon after ice-out and generally lasts for 10 to 18 days 
(Dumont and Fortin, 1977). When the water temperature reaches 5°C, northern pike starts to 
move towards spawning grounds (Raat, 1988), and usually reaches them 8 to 12 days later 
(Massé et al., 1991). However, migration can sometimes occur in less than a week if no sudden 
drop in temperature is observed (Franklin and Smith, 1963). Water levels often peak at the 
end of the spawning period when most of the snow has melted. Spawning can be interrupted 
by cold weather, high wind, water-level drawdown, or heavy rain (Clark, 1950; Inskip, 1982), 
and resume when conditions are suitable. Prolonged interruptions may result in atresia (egg 
resorption). Various studies have reported that fluctuations in temperature and water level, 
as well as restricted access to spawning sites, can result in the disruption of the timing of 
gonadal maturation stages and decreased fertility. In these situations, eggs may be deposited 
on unsuitable substrates or eventually be resorbed (June, 1970; Raat, 1988).

Northern pike spawns when the water temperature is 8 to 12°C (Raat, 1988; Casselman & Lewis, 
1996). In Quebec, studies reported that peak spawning occurred when the average water 
temperature was between 6 and 12°C (Fortin et al., 1982; Dumont & Fortin, 1977; Massé et al, 1991) 
and most females completed spawning when temperatures exceeded 13° C (Schryer et al., 1971).

Once deposited, eggs remain attached to the grass or flooded vegetation for about two weeks 
(11-19 days) before hatching. The length of the incubation period depends on temperature and 
thus water depths (Dumont & Fortin, 1977). Larvae are 6 to 8 mm long at hatching. Larvae stick 
to the vegetation with a nasal adhesive gland and remain there for 6-10 days while absorbing 
yolk (Bry, 1996). The vegetation supports zooplankton and provides refuge from predators 
(Inskip, 1982). Once the nasal gland regresses, the 12-15 mm fry swim to the surface, fill their 
swim bladders with air, and begin feeding on zooplankton for 7-10 days before turning to 
aquatic insect larvae and then to fish, which predominate when the young reach 5 cm in 
length (Scott and Crossman, 1973). Growth of young northern pike is positively correlated with 
water temperature and is optimal at 21°C (Inskip, 1982). Fry start to emigrate from the spawning 
grounds when they reach about 20 mm in length, usually 30 to 40 days after spawning begins 
(Dumont and Fortin, 1977). Emigration can be concentrated or prolonged and is inhibited by 
low light intensity; and slowed by extended periods of overcast weather.
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Figure 3.4-28 | Northern pike in a shallow wetland (Wawang Lake Resort).

TEMPORAL VALIDITY
This PI targeted the period between peak spawning (egg deposition), which occurs in the 
spring shortly after ice-out, and larval development until the larvae can swim (fry stage). 
Spawning generally lasts 3 QM, and the spawning peak occurs in the middle of that period. 
An average of 4 quarter months (QM) of stable water levels after the maximum spawning date 
(MSD; spawning peak) is required for eggs to incubate and larvae to reach 20 mm in length, after 
which they are able to swim and avoid stranding in vegetation during dewatering (Figure 3.4-29). 
Since the timing of northern pike spawning varies between years, the maximum spawning 
date was determined by a method based on air temperature and accumulated degree-days 
(see response function section). Similarly, the critical period of the four QMs was adjusted 
each year using the maximum spawning date. 

The observed spawning peak in the Lake Champlain-Richelieu River basin was reported to 
occur between the last week of March (QM12) and the last week of April (QM16), with earlier 
or later dates depending on the year and location. The MSD14 calculated by the model was 

14 Based on 756 MSDs calculated from daily temperature data of 11 weather stations from 1925 to 2018, the 25th per-
centile for the MSD date was at QM12 and 75th percentile was at QM14
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generally between late March (QM12) and mid-April (QM14), but varied between the end of 
February (QM8) and early May (QM17), depending on the year and location. 

Figure 3.4-29 | Maximum spawning date (spawning peak) and embryo-larval development period for northern pike 
(4 QM), after which the fry show sufficient size to leave the breeding grounds.

SPATIAL VALIDITY
This PI is valid for the Richelieu River and Lake Champlain, in Canada and the United States.

FUNCTION AND LINK TO WATER LEVEL
Fish species that use shallow, low-velocity waters, such as northern pike, are particularly 
sensitive to changes in discharge and water level, which influence the supply and access to 
suitable spawning habitat during spring (Mingelbier et al., 2008). The reproductive success 
of northern pike is favored by high water levels during the spawning period and stable levels 
during the incubation period. To ensure the survival and development of eggs and larvae, 
spawning habitats must remain flooded for at least 30 to 40 days, especially in years of 
average runoff. Because northern pike spawn in shallow habitats, eggs, larvae and fry may 
dry up or become trapped in the floodplain once the water recedes, especially if the eggs are 
deposited in water depths less than 15 cm (Dumont & Fortin, 1977).

RESPONSE FUNCTION
This 2D model calculates the northern pike spawning habitat suitability index (HSI) at the 
QM of the maximum spawning date (MSD) of each year (Figure 3.4 30). The index reflects 
the quality of suitable spawning habitat based on the specific habitat requirements for pike 
spawning described in the literature, which primarily consist of specific vegetation type, water 
depth and current velocity. The HSI was calculated for each node of the ISEE grid, based on 
variables modelled at the maximum (peak) spawning date (MSD). A potential mortality index 
(PMI) of eggs and larvae was then quantified by simulating the dewatered areas during the 
early life stages (four QMs after MSD). The total areas of the HSI and PMI were calculated on a 
yearly basis. Finally, the area of habitat available for spawning and embryo-larval development 
in each year (SSED) was obtained by subtracting the area likely to be dewatered (SPMI) from 
the area of suitable spawning habitat (SHSI). 
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Figure 3.4-30 | Model scheme

Pike spawning and embryo-larval stage chronology
The HSI represents the overall suitability of a site for northern pike in the spring when spawning 
is at its peak. As the timing of spring freshets varies from year to year, the timing of peak 
spawning will also differ. In order to identify this peak, a method using accumulated degree-
days developed by Mingelbier et al. (2008) was used. 

Maximum spawning date (MSD) occurs when the daily air temperature meets the following 
two conditions:

• Condition 1:DDTmax>5°C ≥ 80°C ;
• Condition 2: Tmax ≥8°C ;

where DDTmax >5°C represents the accumulated degree-days above a threshold of 5°C, using 
maximum daily temperature records. Thus, on the first day of the year when DDTmax >5°C was 
equal to or greater than 80°C, Condition 1 was met. From this date, the first day when the daily 
maximum temperature reached or exceeded 8°C (Condition 2), determined the MSD. The QM 
including the MSD was then used as an input to the model to star its calculation. 

Daily temperature records and MSD calculation
Because air temperature records determine the MSD, temperature data were selected with 
caution. The need to cover a large study area encompassing two countries and the calculation 
of the HSI over a long time series required gathering data from several meteorological stations 
to create uninterrupted and reliable daily temperature datasets (most meteorological stations 
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in the study area did not have daily records for the entire time series). Due to the different data 
availability in each country, two different methods were used to process the datasets.

On the Canadian side, five homogenized daily maximum temperature series (Vincent et al., 
2012) recorded by stations located near or within the study area (Montreal, Brome, Sorel, 
Farham, and Hemmingford) were selected and combined with three non-homogenized series 
from stations within the study area (Philipsburg, St-Hubert, Iberville). For each station, yearly 
MSD (in QM) was calculated, creating height MSD time series. Overlaps among those MSD time 
series were analyzed to determine if adjustments were needed between two station records 
(based on the mean difference in MSD values within the overlap). For instance, to determine 
the MSD in an area near Philipsburg station for a year that the closest weather record was 
from Montreal station, the analysis informed if the MSD based on the Montreal record could be 
used as is, or whether the MSD value needed to be adjusted by a certain number of QMs. This 
way, for each portion of the study area (ISEE tiles) and for each year, the model used the MSD 
values of the nearest station with available data and determined if it needed to be adjusted to 
be more representative of the weather in that portion of the study area. 

On the US side, 26 stations located in the study area were separated into 3 main zones, North, 
Center and South. For each day of the time series, all available weather records in the same 
zone were averaged to create a weather data series for each zone. From those, MSD in QM 
was calculated for each year in each zone. If data were missing for more than 50 days in a 
given year in a specific zone, the MSD of that year was taken from the adjacent zone with an 
adjustment (based on the mean difference in MSD values within the overlap of the two MSD 
series). If the MSD was not available in any zone for a given year, the most frequent MSD value 
(mode) observed over the time series was attributed to that specific year.

With such calculation method, the model determined that maximum spawning date (MSD) 
generally occurs between late-March (QM12) and mid-April (QM14), although it can also occur 
as early as the end of February (QM8) or not before early-May (QM17), depending on the year 
and the portion of the study area

Habitat suitability index for spawning
The HSI was expressed as the product of three selected habitat variables [Eq. 41], each 
weighted using exponents derived from Mingelbier et al., 2008.

                                                                                                                                                  [Eq. 41]

where V is the potential value of vegetation, D is the potential value of water depth, C is potential 
value of current velocity and RV, RD and RC are their respective ranks. The rank is defined as 
the log 10 of the values proposed by Casselman & Lewis (1996) and K is a constant to scale HSI 
estimates between 0 and 1 (K = 11.46). HSI has a value from 0.0 (unsuitable) to 1.0 (suitable). 

=
is the potential value of vegetati on, D is the potential value of water depth, C is potenti al value
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Table 3.4-9 | Variables and potential values used in the spawning habitat suitability (HSI) model, according to their 
level of suitability: unsuitable (0), low (1), medium (2) or high (3).

The Vegetation potential (V) is based on the prediction of the Wetland model developed for 
the Lake Champlain Richelieu River study, crops coverage raster data on the Canadian side 
(Annual Crop Inventory, Agriculture and Agri-food Canada, 2019) and US side (United States 
Department of Agriculture). Crop coverage data from 2011 to 2018 were used to simulate crop 
rotation cycles. Thus, for each year in the time series, Vegetation potential was calculated 
for each of the 8 different crop coverages and the mean of those 8 values determined the 
Vegetation potential (V).

Preferred spawning habitats are wet meadows and swamps, so they were given a V value of 3. 
Emergent vegetation, and pastures and forages are also suitable, but less than meadows and 
swamps, so their V value was 2. Submerged aquatic vegetation can be used in the absence of 
preferred habitats, so it was assigned a value of 1. Upland or open water habitats are not suitable 
(V value of 0). Because the wetland models for the river and the lake are different, the vegetation 
classes also differed. In the occurrence of a node associated with two vegetation types which 
had different V values, which is possible since wetland and agriculture vegetation types come 
from different datasets, the highest V value was assigned (Table 3.4 9).

The suitability of the spawning habitat related to water depth was determined by a preference 
curve (Figure 3.4 31) based on values found in the literature, expert opinion and field work 
conducted in 2019 (Dumont & Fortin, 1977; Marc Mingelbier, pers. comm., MFFP, unpublished 
data; Morin et al. 2016). In this model, preferred water depths for spawning ranged from 15 to 50 
cm. Water depths ranging from 0 to 15 cm are very sensitive to dewatering (Dumont and Fortin, 
1977), but eggs were found in water depths as low as 10 cm (MFFP, field work unpublished data). 
Water depths ranging from 50 to 100 cm were considered suitable but not optimal. Water depths 
exceeding 100 cm were considered not suitable.

VARIABLE RANK POTENTIAL DESCRIPTION

Water depth 1 0 à 3 (See 
Figure 3.4-31)

Preference curve

Vegetation 1 0 Absence, open water, upland

1 Submerged aquatic vegetation

2 Emergent vegetation, pastures/forages

3 Wet meadow swamp

Current velocity 0.22 0 >10cm/s

3 <10cm/s
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Figure 3.4-31 | Preference curve showing the relation between water depth at the QM (quarter month) of maximum 
spawning date (MSD) and the probability of spawning.

As northern pike spawns in lotic environments, current velocity below 10 cm/s were considered 
suitable, while higher values were considered unsuitable (Table 3.4 9).

Area of suitable spawning habitat
The area of suitable spawning habitat (SHSI) was computed using a weighted usable area 
approach, which  multiplied the area covered by each ISEE grid node (100 m2) by its HSI, so highly 
suitable sites accounted for a greater share of the suitable area than less suitable sites [Eq. 42]. 

                                                                                                                                                        [Eq. 42]

Potential mortality caused by dewatering
The potential mortality index (PMI) determined the susceptibility of mortality by dewatering of 
eggs and larvae. At each grid node, if the water depth was ≤ 0 m for any of the four QMs 
following the MSD, the grid node was considered dewatered and PMI=1.0, otherwise PMI=0.0 .

The area susceptible to dewatering (SPMI) was calculated by multiplying the area covered by 
each grid node (100 m2) by its PMI [Eq. 43].

                                                                                                                                                        [Eq. 43]

Habitat areas available for spawning and embryo-larval development
Finally, the area of habitat available for spawning and embryo-larval development in each year 
(SSED) was calculated by subtracting the area likely to be dewatered (SPMI) from the area of 
suitable spawning habitat (SHSI).

=

=



154         LAKE CHAMPLAIN RICHELIEU RIVER STUDY | 2017 -2019

                                                                                                                                                          [Eq. 44]

COLLABORATORS
Marc Mingelbier (Ministère des Forêts de la Faune et des Parcs du Québec)

DATA SOURCES
• ISEE predicted average water depth for every QM during maximum spawning date and 

the four following QMs at each grid node

• ISEE predicted wetland type for every year at each grid node

• ISEE predicted current velocity for every QM during maximum spawning date

• Homogenized maximum daily temperatures series at 5 Canadian stations (Vincent et al. 2012)

• Non homogenized maximum daily temperatures series at 3 Canadian stations (ECCC, 
n.d.) and 26 stations from the United States (Meene et al., 2012)

• Annual cropland inventory from 2011-2018 (Agriculture and Agri-food Canada, 2019)

• Annual cropland inventory from 2011-2018 (United States Department of Agriculture; 
Boryan et al. 2011)

• Northern pike egg observations obtained through a spawning survey conducted in 2019 
by the ministère des Forêts, de la Faune et des Parcs (MFFP) in Quebec and by the 
Vermont Agency of Natural Resources in Vermont.
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3.5  INDIGENOUS INTEREST 
  PERFORMANCE INDICATORS

W8banaki and Mohawk Nations have used and occupied the Masesoliantegw (Richelieu River) 
and Pitawbagok (Lake Champlain) region since time immemorial. Indigenous customary activities 
are Indigenous rights protected by section 35(1) of the Canadian Constitution. In this context, the 
LCRR study considers it is important that impacts on First Nations’ interests be acknowledged in 
the evaluation of flood mitigation alternatives. The First Nations are generally concerned by the 
impacts on the environment, and more specifically, on the hunted, fished, trapped and harvested 
species and their habitats.

This chapter presents the results of the modelling of PIs that are of particular importance to 
the W8banaki and Mohawk Nations15. The selection and development of the indicators was a 
collaborative effort between the Ndakina Office16, the IJC, and various experts.

In addition to some of the environmental PIs (muskrat, wetland, waterfowl, copper redhorse 
and northern pike) that have been designated as important for the Nation consulted, there are 
three indicators of cultural significance that were exclusively modelled to assess the impacts on 
Indigenous interests. 

• Wild rice survival probability between the germination and floating stages.

• Suitable habitat for basket-grade Black ash

• Indigenous archaeological sites vulnerability.
 

15 The information provided by the participating First Nations does not represent all of their rights or interests in the 
LCRR study area. As such, any information provided is to be used solely for the purposes of the LCRR study, and is not to be 
used in any other studies, surveys or negotiations. The information provided must not be used or interpreted in a way that 
would limit, alter or nullify the rights or interests of the participating First Nations or their community members

16 The considerations provided by the W8banaki Nation Ndakina Office do not pretend to represent the plurality of 
views of the W8banaki Nation members or the First Nations as a whole.
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3.5.1.  WILD RICE SURVIVAL PROBABILITY BETWEEN 
  THE GERMINATION AND FLOATING STAGES
Modeled by: Marianne Bachand, Nicolas Fortin, Mathieu Roy and Jean Morin (ECCC).

SUMMARY
Wild rice is of particular importance for Indigenous people for its nutritional properties. The 
performance indicator (PI) of Wild Rice was used to model the impacts of water level variation on 
its survival probability. Although this species is tolerant to water level variations during its adult 
stage, its survival between the germination and the floating stages is affected by important rise 
or decline of water level. 

SOCIAL, ECONOMIC, AND ENVIRONMENTAL RELEVANCE
Wild rice is one of the two native grains to North America. It was a staple food for some early North 
American Indigenous peoples who introduced it to European explorers. Wild rice provides good 
cover and brood rearing habitat for ducks. It is also consumed by muskrats, deer, moose, beavers 
and other herbivores. Rice beds can be important nursery areas for fishes and amphibians. They 
can also contribute to maintain water quality of wetlands by tying up nutrients, stabilizing soils, 
and forming a natural windbreak over shallow water areas. 

BACKGROUND INFORMATION
Wild rice life cycle
Wild rice is an aquatic self-sowing annual grass, which reaches 100 to 300 cm in height (Dore, 
1969; Archibold, 1995; MNDNR, 2008). Wild rice seeds are cylindrical and approximately 2 cm 
long by 0.15 cm wide. At maturity, seeds detach from the parent plant and usually fall in the water 
and sink to the bottom. Given adequate environmental conditions in the following spring, seeds 
germinate between late-April and early-May (QM15to QM18). A single primary root appears from 
the seed base 5 to 12 days following the splitting of the seed coat. The first leaves, which are 
thin and pale green, remain submerged and grow rapidly, but quickly die when the subsequent 
leaves reach the water surface. Growth is vigorous in the floating stage of the plant, which occurs 
from mid-May to mid-June (QM19 to QM23). At the floating stage, wild rice plants develop long 
ribbon-like leaves floating across the surface. As the stem internodes elongate, the first aerial 
leaves emerge between late-June and mid-August (QM24 to QM30). Finally, the reproductive 
structures appear between late-July and the first two weeks of August. At this stage, wild rice 
plants are more sensitive to weather conditions than they are from water level variations, since 
harsh weather could release the seeds before they are mature (UNIES, 1981). 

Habitat description
There are two species of wild rice located in Lake Champlain, of the genus Zizania (Zizania 
palustris and Zizania aquatica). Wild rice grows in shallow areas of lakes, rivers and streams, 
mostly in marshes and protected bays with limited wave action (Archibold, 1995; Drewes, 2008). 

Water level influences wild rice, during each successive growth stage from April to August: 
germination, submerged stage, floating leaf stage and emergent leaf stage (Figure 3.5 1). 
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During the germination and submerged stages, occurring between late–April and early-May, 
water depth is critical, because young plants have to reach the water surface quickly and are 
susceptible to drowning if water is too deep (Stevenson and Lee, 1987; MNDNR, 2008). Wild rice 
may germinate and grow at water depths of up to 1.8 to 2.5 m (UNIES, 1981; Stevenson & Lee, 
1987; MNDNR, 2008) but ideal water depths are estimated at 0.50 to 1.20 m (Pip & Stepaniuk, 
1988; Archibold, 1995; MNDNR, 2008; Tucker et al., 2011). Temperature is also an important 
factor for wild rice germination. Different studies indicate that wild rice germination begins when 
water temperature reaches 4.5 to 7˚C for 10 consecutive days (Rogosin, 1954; Simpson, 1965; 
MNDNR, 2008). 

The floating stage is the most sensitive stage to water level variations (Thomas & Stewart, 1969; 
UNIES, 1981) and water depth greater than 0.90 m during this stage limits total growth and 
yield (UNIES, 1981). Nevertheless, wild rice can adjust to a limited water level increase through 
internodal elongation (Pip & Stepaniuk, 1988). Increasing water depth, however, requires 
taller plants and thus increases the duration of the floating leaf stage, which produces less 
vigorous plants bearing less seeds (Stevenson & Lee, 1987; MNDNR, 2008; Wang et al., 2014). 
A sudden water level increase during the floating stage has the potential to rip young plants 
with limited root development from the substrate, while water level increase may allow waves 
to batter the plants (Oelke et al., 1997; MNDNR, 2008; Pillsbury & McGuire, 2009). It has also 
been noted that high water levels maintained during the submerged leaves stage attenuated 
growth and weakened plants which were then easily destroyed by wave action and adverse 
weather (Chambliss, 1940). As such, studies found that a water level increase greater than 0.15 
m during early stages reduced plant productivity (Chambliss, 1940; UNIES, 1981; Stevenson & 
Lee, 1987; NRCS, 2001). Additionally, Stevenson and Lee (1987) found that in all growth stages 
following germination, water level increases greater than 0.30 m reduced plant productivity, 
but increases up to 0.50 m did not affect plant survival. Moyle (1944) found that an increase 
of 0.15 m above normal water level during the period from May 15th to July 1st reduced the 
harvest of some stands by more than half, while water levels more than 0.30 m above normal 
resulted in crop failure. 

Following a water level decrease, floating wild rice plants may bend and flatten. A water level 
decrease of 0.15 m may also affect young plants’ survival and productivity (NRCS, 2001; Tucker et 
al., 2011). When excluding mortality related to plant uprooting that is largely influenced by water 
depth and not water level variation, a 0.05 m water level decrease during the floating leaf stage 
resulted in a 23% mortality rate (Pillsbury & Bergey, 2000). 

When plants reach their emergent stage, water level variations have less impact, but wild rice 
plants cannot be completely submerged, nor will they tolerate a significant water level decrease. 
Water level variations should be limited within a particular year, but not be too stable over multiple 
years, as this would favour competition from perennial vegetation (David, 2011). 

Wild rice growth and abundance depend on multiple environmental variables, such as water 
depth, water clarity, water quality, sediment type, sediment size, site protection and competition. 
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However, to evaluate the effect of flood mitigation alternatives on wild rice, this PI focused 
on the effect of one-dimensional water level variation on survival during the germination and 
floating stages.

TEMPORAL VALIDITY
The beginning of the germination period of each year was determined based on estimated 
ice-out date and temperature. More specifically, the germination was assumed to begin at the 
first QM (quarter month) following ice-out, when the mean daily temperature exceeds 5°C for 
10 consecutive days. Germination usually occurs between late-April and mid-May (QM14 to 19) 
depending on the year, and lasts four QMs. The floating stage begins after the germination 
period (four QMs after the start of germination) and lasts five QMs (Figure 3.5 1). This PI is thus 
valid from QM14 to 28 according to the temperature and ice-out dates. 

Figure 3.5-1 | Wild rice growing stages per quarter month (QM)

SPATIAL VALIDITY
This model was one-dimensional (1D) and was valid for Lake Champlain. It was mainly based on 
lake level variations. The vegetation survey done in 2019 revealed large wild rice communities 
and presence of both Zizania aquatica and Zizania palustris in Lake Champlain. No such 
observation has been made in the Richelieu River. 

FUNCTION AND LINK TO WATER LEVEL
Wild rice is relatively tolerant to water level variations between the germination stage and 
floating stage, but high water level increase or decrease between those periods affects its 
survival. Increasing water level requires taller plants and thus increases the duration of the 
floating leaf stage, leading to less vigorous plants bearing fewer seeds. Furthermore, a sudden 
water level increase during the floating stage has the potential to rip young plants with limited 
root development from the substrate and may allow waves to batter the plants. Water level 
decreases are also detrimental to the species, causing wild rice plants to bend and flatten. 
Moreover, an important water level decrease can cause plants to die, as the species cannot 
survive outside the water. 

RESPONSE FUNCTION
This 1D model provided a probability of wild rice survival (PRS) based on water level variations 
between the germination and the floating stages. For each year, the water level variation between 
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the germination and floating stage (WLV) was obtained by estimating the difference between the 
average water level during the germination period and the water level of each of the five QM of the 
floating stage, which usually occurs in May and June (Figure 3.5 1). 

Then, the PRS was calculated for each QM of the floating stage and the minimum value was retained 
(lowest survival probability). PRS is maximal when water level variations are ± 0.50 m (Stevenson & 
Lee, 1987) (Figure 3.5 2, [Eq. 45]). Given that wild rice cannot survive when the water level rises above 
its maximal height, that the maximum height of wild rice is approximately 2.0 m and the average water 
depth in which it grows is around 0.80 m, a water level increase above 1.2 m leads to a null probability 
of survival (Figure 3.5 2, [Eq. 47]). Similarly, when the water level decreases by more than 1.2 m, plants 
suffer from drought and their survival is null (Figure 3.5 2, [Eq. 47]). For water level variations between 
± 0.5 m and ± 1.2 m, the PRS was estimated linearly (Figure 3.5 2, [Eq. 46] and [Eq. 48]). 

                                                                                                                                                      [Eq. 45]

                                                                                                                                                       [Eq. 46]

                                                                                                                                                       [Eq. 47]

                                                                                                                                                        [Eq. 48]

Figure 3.5-2 | Probability of wild rice survival (PRS) as a function of water level variation between the germination and 
floating stages (WLV). See [Eq. 45] to [Eq. 48].
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3.5.2.  SUITABLE HABITAT FOR BASKET-GRADE BLACK ASH
Modeled by: Marie-France Julien, Dominic Thériault, Sandrine Hogue-Hugron

SUMMARY
Black ash (Fraxinus nigra) is a hardwood tree that is often found in the temporarily flooded 
areas of wetlands. It is of particular importance for indigenous communities since it is used 
for traditional basket making. It is central to the identity and culture of the W8banaki and 
Mohawk nations. To acquire basket-grade properties, black ash must be flooded in the spring, 
but not through the entire growing season. This PI represents the area of potential suitable 
habitat for basket-grade black ash, which is influenced by the duration of the flooding and by 
the minimum water depth over the growing season. The area of potential suitable habitat is 
estimated on a yearly basis.

SOCIAL, ECONOMIC, AND ENVIRONMENTAL RELEVANCE
Black ash is of particular ecological, ethnobotanical and cultural importance. Its flexible wood 
makes it ideal for the manufacture of baskets, barrels, chair seats, snowshoe and canoe frames 
(Benedict, 2001; Benedict & Frelich, 2008). In the Richelieu River area, W8banaki use black 
ash for traditional splint basketry because its porous annual growth rings can be separated 
with a relative ease which form splints that, when soaked in water, are malleable (Benedict, 
2001). The baskets are woven from thin flexible splints, which are obtained by hammering 
a log with a mallet until the annual rings of growth can be peeled off (Benedict & David, 
2003). Black ash trees can produce splints of different qualities that are used to make different 
types of baskets, and a single tree can also yield a variety of ring sizes (Costanza et al., 2017; 
Diamond & Emery, 2011). There are baskets that are more utilitarian and others that will be 
more decorative, depending on the quality of the splints, their fineness and color (Alarcón et 
al., 2015; W8banaki Nation experts, pers. com). In addition, W8banakiak experts do not always 
consider trees according to the same quality criteria (Costanza et al., 2017). Artisans assess 
trees according to the likelihood that they will have appropriate ring size and quality for their 
particular use (Diamond and Emery, 2011).

Black ash is considered threatened in Canada by COSEWIC (2018) and is being evaluated 
to be legally protected under the Species at Risk Act (SARA). The main threat to Black ash 
population is posed by the emerald ash borer (Agrilus planipennis), a non-native wood-
boring beetle inadvertently introduced in North America in the 1990s (COSEWIC 2018). Even 
before the introduction of the emerald ash borer, black ash population was reported to be 
declining. Habitat conversion to agriculture, and urbanization were among the reasons for 
this earlier decline. Other causes include the construction of electric dams, crown dieback 
caused by an unknown factor, climate change, logging and wood harvesting, wood and pulp 
plantation, severe browsing by deer and moose and possibly targeted harvesting (COSEWIC, 
2018). Black ash provides habitat for Canadian sphinx (Sphinx canadensis), a hawk moth 
exclusively dependent upon black ash as a larval food plant in Canada. Ten other arthropods 
are associated with black ash and could be threatened by ash decline (COSEWIC, 2018).
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BACKGROUND INFORMATION 
Black ash (Fraxinus nigra) is a medium-sized broad-leaved hardwood tree which belongs to 
the Oleaceae. It typically reaches a height between 12 and 18 m, sometimes more than 20 m 
(Gouvernement du Québec, 2014; Wright & Rauscher, 1990). It is a mid- to late-successional species 
with a potential longevity estimated to be over 200 years (COSEWIC, 2018). Black ash grows relatively 
slowly in natural settings, and growth rate depends on competition, access to light, hydrology and 
climate (Wright & Rausche, 1990). Black ash is usually found in association with other hardwood or 
softwood species adapted to wetlands, such as silver and red maples, elms, balsam poplar, northern 
white cedar, hemlock, tamarack and balsam fir. The species sometimes forms pure stands on wet 
sites where other deciduous trees cannot establish. 

Black ash tolerance to flood is moderate to high. The species can survive inundation for several 
weeks in well-aerated underground moving water but is stressed in conditions of anoxic stagnant 
water (Wright and Rauscher, 1990). Black ash is also associated with groundwater seepage and 
seepage-driven wetlands (Allaire Diamond, pers. comm., March 23, 2021). In Lake Duparquet in 
Quebec, where Black ash occurs in pure stands, flooding lasts an average of 24 days ± 17, with a 
range from 0 to 65 days (Tardif and Bergeron, 1997). Black ash can tolerate spring floods averaging 
24 days, but water must circulate at the beginning of the summer to ensure better aeration of the soil 
and prevent asphyxiation and decay of the roots and top dieback (Gouvernement du Québec, 2014). 
Indeed, the species exhibits many adaptations to high moisture environments: shallow and fibrous 
root system, adventitious roots, hypertrophied lenticels, ring porous xylem structure and seeds that 
can remain dormant for up to eight years (Benedict & David, 2003; Kozlowski, 1984; Sims et al., 1990).
Black ash has been used by Indigenous peoples in Canada and the United States for centuries 
for traditional basketry. Annual growth rings are separated to create flexible splints that can be 
woven. The conditions in which the tree grows will influence the width of the annual growth rings, 
which need to be wide enough to allow for easy separation. Basket makers in New England, Maine, 
Québec and Nova Scotia also agree on other important physiological tree characteristics: basket-
grade trees are straight, without curves or knots for a length of at least 2 m (Benedict & Frelich, 2008; 
W8banakiak experts), without low branches on the trunk and in good general health (Costanza et al., 
2017; Diamond & Emery, 2011). Only 1 to 20% of black ash trees have the necessary characteristics to 
be used for basketry (Benedict & Frelich 2008; Diamond, 2009).

Basket-grade black ash often grows in swamp or forested wetlands, often in association with streams, 
and in floodplain forests. However, the best basket-grade specimens do not grow in permanent 
standing water, but in seasonally flooded areas or in areas with groundwater seeps or springs 
(Diamond & Emery, 2011). Ideal trees often grow along wetland and upland transitions which are 
characterized by seasonally saturated soil (Benedict & Frelich, 2008; Costanza et al., 2017; Diamond 
and Emery, 2011). 

TEMPORAL VALIDITY
Valid over the growing season of Black ash from the beginning of April to mid-September (QM13 
to 34; Figure 3.5 3).
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Figure 3.5-3 | Temporal validity for Black ash growing season, from the first week of April (QM13) to mid-September 
(QM34) (in quarter month).

SPATIAL VALIDITY
Valid for the Richelieu River and Missisquoi Bay (Canadian side).

FUNCTION AND LINK TO WATER LEVEL
Basket-grade black ashes are found in swamps that are temporarily flooded. An important 
anatomical feature of basket-grade black ashes is the thickness of their annual growth ring, 
which is directly linked to water level fluctuations. Indeed, standing water during the spring has 
a positive impact on black ash ring growth, but standing water throughout the growing season or 
no standing water leads to narrow rings (Benedict & Frelich, 2008; Costanza et al., 2017). Black 
ash growing on sites with seasonal flooding seems to yield trees with thicker rings, but very wet 
years can cause trees to suddenly restrict growth for a certain period (Michael Benedict, pers. 
comm., January 27, 2021). Seasonal flooding should therefore last long enough to control the 
growth of vegetation that could compete with black ash, but should not last too long since it 
could inhibit black ash growth or cause crown dieback. 

RESPONSE FUNCTION
This 2D model calculated the yearly area of potential suitable habitat for black ash (Figure 3.5 
4). The model first determined which nodes of the ISEE grid are suitable habitat. A resistance 
algorithm was then applied to consider the ability of black ash to survive even if hydrological 
conditions are unsuitable for a short period of time (1 year). Two consecutive years of favorable 
conditions are necessary for the habitat to become suitable, while two years of adverse 
conditions are necessary for the habitat to become unsuitable.
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Figure 3.5-4 | Black ash habitat model scheme. 

Suitable habitat for Black ash is defined as following two conditions: 

1. Nodes are flooded at least one QM but for a maximum of three QMs (Michael 
Benedict, pers. comm., January 27, 2021; Tardif & Bergeron; 1997) 

2. Water depth (which is here used as a proxy of the level of the water table) remains 
above -2 m through the entire growing season. In other words, a suitable habitat is 
located 2 m above the minimum water level during the growing season. 

The model classified each node of the ISEE grid as suitable or unsuitable habitat on a yearly basis.

The probability of suitable habitat for black ash was calculated in order to identify the areas 
having the most potential to be suitable habitat for this species during the reference period 
(1925 to 2017) and to compare the changes in this probability with the different flood mitigation 
scenarios. This probability was defined as the proportion of years of the reference period for 
which habitat was suitable ([Eq. 49]), such that:

                                                                                                                                                        [Eq. 49]

Where: 
N = Number of years in the period
FXNI Habitat = Node where the habitat is suitable for the Black ash for a given year
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COLLABORATORS
Michael Benedict (Mohawk Council of Akwesasne), 
Allaire Diamond (Vermont Land Trust).

DATA SOURCES
• ISEE predicted average water depth for every QM 

• Polygons of stands containing Black ash are available for the upper Richelieu River 
region (source: CIME Haut-Richelieu)
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3.5.3.  INDIGENOUS ARCHAEOLOGICAL 
  SITES VULNERABILITY
PI Experts: Geneviève Treyvaud and Alexandre Tellier, Bureau de Ndakina, Grand Conseil de la 
Nation Waban-Aki.
Modeling: Karem Chokmani, Khalid Oubennaceur, Institut national de la recherche scientifique.

SUMMARY
Flooding has had a particularly strong impact on archaeological heritage over the centuries and 
has become one of the main threats to the preservation of our cultural heritage (Reimann et al., 
2018). Flooding impacts are considered to alter and accelerate archaeological sites’ vulnerability. 
In this study, the flood-related vulnerability of archaeological sites was assessed through the 
Indigenous Archaeological Site Vulnerability index (IASV). This performance indicator (PI) was 
calibrated based on an empirical relationship between flood hazard exposure (mainly the 
flood depth and the duration) and the observed level of degradation of 37 sites located in the 
Canadian portion of the LCRR floodplain (hereafter referred to as documented sites). Degradation 
assessment was completed through a visit to documented archaeological sites where soil 
description, terminology, and artifacts have been re-evaluated with current knowledge. Different 
data relative to degradation, such as the current state of the site, the type of soil, signs of erosion 
and the percentage of degradation, were collected and an overall index of vulnerability was 
produced based on this data (Bureau du Ndakina 2020). 

This PI was then applied at 109 potential archaeological sites (hereafter, potential sites) across 
the Richelieu River, identified by combining information from written and oral archaeological 
sources and where localization suggests a good potential for past occupation.

This PI gives a quantitative measure of the vulnerability of a specific site by using values 
from 0 to 1, with values close to 1 corresponding to a high vulnerability level. IASVI provides 
information that may guide future decisions regarding the conservation and restoration of 
archaeological sites.

SOCIAL, ECONOMIC AND ENVIRONMENTAL RELEVANCE
Archaeological sites are a static and non-renewable type of cultural heritage, which provide 
valuable social, cultural, and economic assets for the communities. They can foster social cohesion 
and identity among communities, increase community resilience, and enhance education 
(Hillerdal et al. 2019). This key role is recognized by UNESCO (United Nations Educational, 
Scientific and Cultural Organization) and ICOMOS (International Council on Monuments and 
Sites), which has included the protection of archaeological sites in its Agenda 21 program for 
Sustainable Development Knowledge Platform (Mattei et al. 2019). Archaeological sites can also 
enhance the capacity for learning and transferring archaeological knowledge into current social 
contexts and experiences, such as mitigation and adaptation to climate change (Lafrenz et al. 
2016). Furthermore, archaeological sites are important drivers of local and national economies, 
as they can support the creation of businesses, create job opportunities, and stimulate the 
tourism employment sector (Cullinane et al. 2016). 
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Archaeological sites are also part of the broader category of cultural heritage, which combines 
analysis of artifacts, soils, cultural practices, built environment, living traditions, oral histories and 
other intangible aspects with traditional and indigenous knowledge, knowledge of landscape, 
and knowledge about nature and science (Rockman et al. 2020). These combinations produce 
descriptions and interpretations of components of society that have come into the present from 
some elements in the past.

BACKGROUND INFORMATION
Masesoliantegw (Richelieu River) and Pitawbagw (Lake Champlain) are part of a system of 
communication routes that First Nations have used for millennia. The W8banakiak are drawn 
from the countless Indigenous groups that populated the entire American and Canadian 
northeast. These people gradually settled in the Pitawbagw Lake area as the Laurentide Ice 
Sheet retracted to the north and revealed a landscape capable of receiving diverse fauna and 
flora, allowing the arrival of the first human settlements. In fact, it is in southern Quebec, northern 
Maine, Vermont, and New Hampshire, that the oldest archaeological sites demonstrating an 
occupation of the Northeast can be found, dating back to 12 000 years BP. 

Flood risk is commonly defined as the product of hazard (the physical and statistical characteristics 
of the floods) and vulnerability of exposed environment (Apel et al. 2009). The vulnerability 
of archaeological sites is described as the susceptibility or exposure of the archaeological 
heritage to floods hazards (Valagussa et al. 2020). Exposure analysis identifies the location of 
the various elements at risk and their proximity to inundated areas (Meyer and Messner, 2005). 
The archaeological heritage can be associated with different property attributes, such as its 
location, materials, form, and shape (Rodwell et al. 2012). These characteristics vary widely, since 
each archaeological site is unique due to its age, structural and architectural characteristics, and 
the mechanisms by which it may be damaged. 

In the recent decades, several studies and tools devoted to the protection of archaeological 
sites by means of different site-specific indicators have been carried out by archaeologists 
(McLaughlin and Cooper, 2010; Daungthima and Kazunori, 2013; Garcia et al. 2013; Daly 2014), 
Stancheva et al. 2016; Hollesen et al. 2018; Maio et al. 2018). Among them are the use of the so-
called “Vulnerability Indices (VIs)” to quantify the likelihood that a site will be affected by a threat 
(Daly 2014). The main goal of these indices is to protect archaeological heritage by mapping 
sensible areas and identifying the reasons for vulnerability variations. This information increases 
the understanding of the systems by decision makers and resource managers (Reeder-Myers et 
al. 2015). For example, Lanza (2003) was the first to begin investigating the relationship between 
the cultural heritage sites and flood hazard, focusing on the city of Genoa (Italy), followed by 
other historical locations, such as Prague (Holický & Sýkora, 2010), Seville (Ortiz et al. 2016), 
and Florence (Arrighi et al. 2018). In addition, Daly et al. (2014) presents vulnerability framework 
for site-based assessment within two World Heritage sites in Ireland. In an Arctic context, a site 
based field protocol has been developed to rank a site level archaeological state of preservation 
and asset value in south west Greenland (Harmsen et al. 2018).
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TEMPORAL VALIDITY
This PI provided yearly IASV values for the entire reference period of the study (1925-2017).

SPATIAL VALIDITY
Thirty-seven documented indigenous archaeological sites were investigated (hereafter, 
documented sites) in this study. Documented sites bear witness to the First Nations’ occupation 
of the region for millennia. The sites are located on the east and west shores of Masesoliantegw 
(Richelieu) and the Canadian part of Pitawbagw, especially in Masipshwitegw (Missisquoi Bay). 

In addition, a total of 109 areas of potential archaeological interests, located in riparian and 
inland areas, have also been studied (hereafter, areas of potential). While these areas do not 
contain known archaeological sites, their prime localization suggests a good potential for past 
occupation. Areas of potential were identified by combining information from written and oral 
archaeological sources, in order to demonstrate the use and ancient occupation of the study 
area by the W8banakiak. The information obtained from these various sources was then coupled 
with settlement schemes relating W8banakiak land use and occupancy. Geomorphological and 
geological data, watershed information, ancient maps of the region, forest and wildlife resource 
maps were used to prepare a database to map archaeological areas of interest (Bureau du 
Ndakina 2020).

Documented sites and areas of potential are mostly locations where people gathered while 
traveling along the river system, an important pathway towards key destinations such as the 
Atlantic coast, the St. Lawrence River, and different sources of lithic material.

FUNCTION AND LINK TO WATER LEVEL
Flooding has had particularly strong impact on archaeological heritage over the centuries and 
has become one of the main threats to the preservation of our cultural heritage (Reimann et 
al. 2018). In this context, the protection of threatened archaeological property is a fundamental 
concern for UNESCO. Flooding relates to archaeological heritage preservation in two major 
areas. One area is analyzing flood effects on archaeological site materials, and the other is 
to investigate the effects of flooding on archaeological sites using a flood risk map. Both are 
beneficial in establishing a preventive conservation strategy to decrease flood damage. Flooding 
impacts have already been observed to alter and accelerate archaeological sites’ vulnerability. 
They increase moisture in historical materials and structures, causing physical, chemical and 
biological degradation, and sometimes even the loss of objects (Sesana et al. 2021).

In addition, shoreline erosion, combined with the anthropization of natural lands and climate 
change, is significantly and increasingly threatening the archaeological heritage (Dawson, 
Hambly et al. 2020). Global warming is leading to a process of degradation of riparian areas that 
lay bare archaeological deposits. An archaeological site thus exposed can disappear definitively 
within a few months. The impact of erosion on archaeological sites varies according to several 
degradation factors which may or may not be combined, depending on the geographic area and 
the season (Betts 2019).
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From the point of view of flood hazard analysis, flood depth is treated as the main parameter 
for each archaeological site, followed by other factors such as flood duration, return period, 
current velocity and terrain topography (Garrote et al. 2020). The ISEE system provided flood 
maps at every quarter month of the reference period (1925-2017) that allowed determining the 
flood hazard level of each site, and eventually considering the various phases of flooding to get 
a better estimate of the vulnerability. The advantage of flood maps is that it allows for a global 
comparison of different sites within a given temporal interval. 
 
RESPONSE FUNCTION
Indigenous archaeological site vulnerability (IASV) is described as the susceptibility of 
archaeological sites in areas exposed to flooding. Regarding the flood hazard analysis, the 
variables used were the yearly mean water depth over the reference period (1925-2017), and the 
yearly duration of inundation in weeks. Both variables were derived from the ISEE system and 
were found to be the best-combined predictors of the site level of degradation (Oubennaceur 
et al. 2021).

From the point of view of flood vulnerability analysis, the variable of interest was the observed 
level of degradation of 37 documented sites located in the Canadian portion of the LCRR 
floodplain. This variable was obtained from the Grand Conseil de la Nation Waban-Aki (GCNWA). 
The level of degradation of each site was determined through fieldwork and the collection of 
a set of archeological parameters. Soil descriptions, terminology and artifacts have been re-
evaluated with current knowledge. Data relative to erosion, such as the actual state of the site, 
type of soil, signs of erosion and percentage of degradation were collected, and an overall 
index of vulnerability was produced based on this data (Bureau du Ndakina 2020). A total of 37 
documented sites have been analysed and calibrated. The level of damage to the archaeological 
site is very variable for each site. It varies mainly according to the type of site and the nature of 
the archaeological material.

The combination of flood hazard and vulnerability variables for each archaeological site allowed 
the determination of the IASV index using stepwise multiple regression (Figure 3.5 5). The 
mathematical expression of IASV index is summarized in Eq. 50. This index can be calculated 
at any site where site characteristic values are available. IASV gives a quantitative measure 
of vulnerability according to the flood hazard variables and allows ranking them over a large 
spatial scale such as the Canadian portion of the study area. The highest value of IASV (IASV= 
1) corresponds to the most vulnerable sites, while the lowest, to the least vulnerable areas 
(IASV=0). IASV values have been used to characterize the risk of flooding in each site, as well 
as the ordered categorization of the patrimonial elements according to their risk level, those at 
extreme risk and therefore whose conservation is compromised. IASV was then applied at all 
109 areas of potential over the Canadian portion of the study area. 

                                                                                                                                                       [Eq. 50]IASV = 8.40 x log (Duration +1) + 2.67 x Depth + 5390
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Figure 3.5-5 | A schematic representation of the Indigenous Archaeological Site Vulnerability Index.

The performance of the IASV index was evaluated using the cross-validation technique, in 
which a sample was temporarily removed from the calibration dataset and the remaining 
samples were then used as training data to estimate the value of the removed sample using 
the pre-calibrated model. This operation was then repeated for the whole dataset. Once all 
IASV scores were estimated, the model performance could be evaluated using statistical 
indices such as the coefficient of determination (R2), root mean square error (RMSE), bias 
(BIAS), and NASH criterion (NASH; Figure 3.5 7). 

The results of the calibration showed that the yearly mean flood duration and yearly mean 
flood depth are positively correlated with the archeological sites vulnerability (Figure 3.5 6). 
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Figure 3.5-6 | Results of the calibrated model using a multivariate regression.

Once the IASV index was developed and validated, the indicator was applied to the 37 
documented sites and the 109 areas of potential located in the Richelieu River and Missisquoi 
Bay to assess their flood-related vulnerability. For visualization purpose and considering the 
sensitive aspect of such data, vulnerability values were resampled on a 400m resolution regular 
grid, which can easily be integrated in any Geographic Information System for further analysis. 

Figure 3.5-7 | Results of the validation model using cross validation technique.
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DATA SOURCES

• ISEE predicted average water depth for every quarter month during the reference 
period (1925-2017) at each grid node;

• Level of degradation of archaeological sites located in the Canadian portion of 
the LCRR floodplain (Bureau Ndakina, 2020);

• Information on documented and potential archaeological sites (Bureau du 
Ndakina, 2020).
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4. APPENDIX 1: INITIAL LIST OF     
 POTENTIAL ENVIRONMENTAL    
 PERFORMANCE INDICATORS  

GROUP TAXA GROUP TAXA GROUP TAXA

Vegetation
• Hard stem    

bulrush
• Wetland 

succession

Mammal

Reptile

• Beaver
• Muskrat
• White tailed deer

• Spiny softshell turtle

Bird

• Black tern
• Least Bittern
• Migrating 

Waterfowl
• Wetland birds

Fish

Insect

Other

• Hairy-necked tiger 
beetle

• Fish Passage at  
St-Ours

• Erosion
• Water quality

• Bridle Shiner
• Brown 

Bullhead
• Catfish 

Channel
• Eel
• Lake 

Sturgeon
• Largemouth  

Bass
• Northern 

Pike
• Copper 

redhorse
• Sand Darter
• Smallmouth 

Bass
• Trout
• Walleye
• Yellow Perch

· Bull frogs
· Green frogs
· Leopard frogs

Amphibiens








