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EXECUTIVE SUMMARY 

This report presents the findings and conclusions with respect to the evaluation of the 
benefits and drawbacks associated with selected structural flood mitigation 
alternatives using an integrative modelling methodology. This represents a key building 
block of the study to support the International LCRR Study Board regarding the 
selection of structural flood mitigation alternatives. 

 

Background 

The Lake Champlain Richelieu River (LCRR) basin has experienced severe floods several times in the past century. In the 
spring of 2011, the Lake Champlain water level far exceeded the previous historical maximum level 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$105M (2018) (US$82M 2018). This prompted the United States 
and Canadian governments to ask the International Joint Commission (IJC) to review the causes and potential solutions to 
flooding and to recommend actions to minimize impacts of future flooding; the IJC created the International LCRR Study 
Board to identify and evaluate solutions to mitigate floods in the basin.  

Among the range of flood mitigation solutions, the study considered moderate structural measures (also referred to as 
alternatives), aiming at attenuating high water levels. In an earlier phase of the study, the Study Board explored a broad 
range of structural measures (alternatives). Several alternatives were discarded based on a set of decision criteria and the 
most promising ones were improved and selected to undergo a complete evaluation.  

This report presents the findings and conclusions with respect to the evaluation of the benefits and drawbacks associated 
with selected structural flood mitigation alternatives using an integrative modelling methodology. This represents a key 
building block of the study to support the International LCRR Study Board regarding the selection of structural flood 
mitigation alternatives.  

The modelling effort presented in this report allows estimation of the degree to which the flood mitigation alternatives could 
attenuate economic damage and affect some important components of the natural environment by influencing water levels.  
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Flood mitigation alternatives 

The Saint-Jean Shoal is the natural control point for water levels in the LCRR system. This means that it acts as a constriction 
for water flow, influencing water levels upstream. The three following flood mitigation alternatives (also called measures) 
involve modifications to the Richelieu River control section, located at Saint-Jean-sur-Richelieu, through an excavation of the 
shoal or a flow diversion through the Chambly Canal: 

• Alternative 1: Selective excavation of the Saint-Jean shoal with submerged weir 

• Alternative 2: Major Chambly Canal diversion 

• Alternative 3: Selective excavation of the Saint-Jean shoal with submerged weir and  
minor diversion through the Chambly Canal 

Integrative modelling methodology 

To evaluate the benefits and drawbacks associated with flood mitigation alternatives, the LCRR Study developed an 
integrative tool allowing quantification of a broad scope of flood impacts: the Integrated Social, Economic and 
Environmental (ISEE) system. This platform is computer program using a georeferenced database specialized for modelling 
aquatic and riparian areas. It allows the user to simulate floods and estimate the impacts of water level variations over 
decades. Impacts are quantified with different metrics using various performance indicators (PI) that enlighten the 
relationship between water levels and a given resource, such as built heritage and various environmental components. 

Performance indicators were developed in collaboration with over 40 experts from various fields such as damage 
quantification, social vulnerability, economics and ecology, as well as members of Indigenous communities in Canada and 
the United States. Taken together, performance indicators intend to reflect how different components of the society, the 
economy and the environment are likely to be affected by floods and by the alternatives. Environmental performance 
indicators are specifically designed for the purpose of weighing the alternatives based on the impacts of modifying the water 
level regime and do not explicitly cover potential local impacts related to the construction phase.  

To take into account the natural hydrological variability of the system, simulations were run at a quarter monthly (QM) 
time-step over a reference period of 93 years (1925-2017). For each time-step, the ISEE system yields results on a 10 m (33 
ft.) regular grid covering a study area of 250,000 ha (618,000 acres), thus providing more than 100 billion water level and 
flow measurements by simulation for a scenario. To evaluate the impacts of each alternative, simulations were compared to 
a Baseline scenario (a scenario in which no mitigation applied).  
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Effects on water level 

Modelling results show that Alternative 2 (major diversion) would provide the greatest flood relief, with a reduction of the 
water level of Lake Champlain of 19 cm (7 in) at the peak of the 2011 flood, followed by Alternative 3 (weir + minor diversion) 
with 13 cm (5 in), and Alternative 1 (weir) with 10 cm (4 in). Flood relief would be greater at Saint-Jean-sur-Richelieu, with a 
reduction of 30 cm (12 in) for Alternative 2, 19 cm (7 in) for Alternative 3 and 15 cm (6 in) for Alternative 1.  

Over the reference period (1925-2017), the number of years in which the water level reaches the minor flood threshold at 
Saint-Jean-sur-Richelieu would be reduced from 19 to 2 years with Alternative 2, and to 11 years with Alternative 1 and 3. The 
Quebec Ministry of Public Security define the minor flood stage at 30.10m (CGVD28). Similarly, the number of years Lake 
Champlain exceeds flood stage thresholds (USGS) would be reduced from 37 to 18 years with Alternative 2 and to 30 years 
with Alternative 1 and 3. In most years, the flood mitigation alternatives would not significantly affect water levels 
downstream of the Saint-Jean shoal. However, opening the gates of the major diversion through the Chambly Canal 
(Alternative 2) would cause temporary increases in discharge and water level downstream that could sometimes lead to 
higher peak levels. 

During low flow periods, Alternative 2 would have no effect, but Alternatives 1 and 3 would provide an increase of minimum 
water levels by up to 29 cm (11 in), both at Saint-Jean-sur-Richelieu and Lake Champlain. Furthermore, by attenuating high 
flows and increasing low flows, interestingly, Alternatives 1 and 3 would bring the hydraulic regime closer to its natural state, 
as it was before anthropogenic changes were made to the river channel. 

Social performance indicators 

Social performance indicators aim to provide a better understanding of the social and territorial vulnerability in the LCRR 
basin. Based on analysis of the social performance indicators, all three alternatives would be expected to reduce the social 
and territorial sensitivity over the reference period. Specifically, Alternative 2 would be the most effective in reducing the 
social and territorial sensitivity index for minor, moderate and major flood years (1998, 2001, and 2011). The application of 
the social and territorial index provided interesting results for targeting certain socio demographic variables and 
infrastructures that play very important roles in communities. For the social sensitivity, age represented the main factor 
shaping social vulnerability for Canada and the United States. In addition, the findings obtained for territorial sensitivity 
showed that residential and commercial buildings have an impact on the territorial sensitivity of communities. 

Economic performance indicators 

The results of the economic performance indicator analysis suggest that all three alternatives would be expected to reduce 
flood damage. For the entire study area and over the reference period (1925-2017), Alternative 2 would be the most 
effective, with a reduction in damage of CDN$347M (US$261M, 53 percent reduction), followed by Alternative 3 with 
CDN$273M (US$205M, 41 percent reduction) and Alternative 1 with CDN$241M (US$181M, 36 percent percent). 
However, the major diversion of Alternative 2 would tend to increase damages downstream of Saint-Jean-sur-Richelieu by 11 
percent (CDN$11M; US$8M). The increase is associated with occasional peak flooding occurring during the temporary 
increase in discharge that happens following the opening of the gates. This drawback could be attenuated by refining the 
timing for opening the gates. However, opening the gates earlier would be restricted in most years by the presence of ice 
cover. Furthermore, it is likely that the optimization of the timing of gates opening to attenuate downstream damage would 
be offset by the uncertainty of flood forecasting, which was not considered in the modelling. 
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Over the reference period (1925-2017), approximately 95 percent (CDN$629M; US$473M) of expected total economic 
impacts would occur in the Canadian portion of the basin. Flood mitigation alternatives would be the most effective in the 
Upper River area, where most of the 2011 flood damage occurred. In this portion of the basin, Alternatives 1, 2 and 3 would 
reduce damages by 43 percent, 64 percent and 46 percent, respectively, over the reference period, with Alternative 2 being 
the most effective. Alternatives 1 and 3 would reduce damage between Saint-Jean-sur-Richelieu and Chambly, but generally 
have no effect downstream of the Chambly basin. However, on rare occasions, the alternatives could have a minor adverse 
effect downstream of Chambly, where water level could be slightly raised at the same time as the water level of the Saint 
Lawrence River is high. 

The residential sector is the most impacted by flooding, with 63 percent of the total simulated damage (CDN$439M; 
US$329M). Flood mitigation alternatives would reduce residential damage by 42 percent (CDN$183M; US$137M), 58 
percent (CDN$256M; US$192M) and 46 percent (CDN$200M; US$150M), respectively. The largest share of prevented 
damage is concentrated in the Upper River area, scattered in multiple municipalities along the river. In the United States 
portion of the basin, the alternatives would also be effective, but flood vulnerability of the residential sector is low; flood 
events causing substantial damage are not frequent, with 2011 being the only year with residential damages exceeding 
US$1M. 

The commercial, industrial and recreation sector is the second most impacted by floods, as it accounts for 30 percent of the 
total simulated damage (CDN$199M; US$150M). Over the study area, Alternative 2 would reduce combined damage the 
most over the reference period (CDN$86M; US$65M, a 43 percent reduction), followed by Alternative 3 with CDN$64M 
($US48M, 32 percent reduction) and Alternative 1 with CDN$53M (US$40M, 28 percent). 

The agricultural sector accounted for a minor portion of total flood damages (3 percent, CDN$18M; US$14M). From this 
number, about 15% is related to farm damages in the study area. While Alternative 2 would be the most effective at 
preventing damage to farm buildings, Alternative 1 and 3 would be more effective at attenuating yield loss, as they provide a 
water level decrease extending further through the critical period of the year between sowing and harvest dates.  

Impacts on the retained indicators of the public sector are minor, with 0.3 percent of the total damage suffered through the 
1925-2017 period (CDN$1.8M; US$1.4M).  

Environmental performance indicators 

Extensive work was undertaken to evaluate potential impacts of the change in water level regime on some components of 
the natural environment. Environmental performance indicators analysis suggests that the modifications to the water level 
regime caused by the three alternatives would create mostly minor positive impacts on those components.  

By decreasing water levels in the spring of high flood years, the alternatives would provide more suitable depths for Northern 
Pike spawning and migrating waterfowl. In addition, all alternatives would tend to improve optimal nesting habitat area and 
nest viability of Least Bittern, a small endangered heron, in Lake Champlain. Alternatives 1 and 3 would also be beneficial to 
Muskrat winter lodge viability and have no significant impact on the egg survival of Spiny Softshell turtle, an endangered 
species. 

However, while models do not predict important long-term changes in average riverine and lacustrine wetland area, 
Alternatives 1 and 3 might cause a slight shift in the proportion of wetland classes in the Upper Richelieu River, characterized 
by an increase in marsh and swamp areas at the expense of the submerged aquatic vegetation. Also, modelling did not 
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completely exclude the potential for Alternatives 1 and 3 to have a negative impact on the spawning and early larvae 
development of the Copper Redhorse, an endemic fish species., This uncertainty is due to a lack of high-resolution 
bathymetric data at critical locations. 

It is worth noting that the impacts on all key ecosystem characters or species assemblages could not be evaluated with the 
adopted methodology. Thus, while such analysis provides informative insights on the potential environmental impacts of the 
alternatives, a comprehensive environmental impacts evaluation would still be advisable before the implementation of any 
flood mitigation measure evaluated in this report. 

Indigenous interests performance indicators 

The Study collaborated with Indigenous communities1 in Canada and the United States regarding the selection and 
development of meaningful performance indicators and the expertise of the communities informed the analysis. In addition 
to minor impacts on species of interest for fishing and hunting, all three alternatives would have comparable effects on 
performance indicators addressing Indigenous interests, as they would be beneficial to wild rice survival in Lake Champlain 
and Black ash habitat, and have no significant effect on archeological site vulnerability to flooding on the Canadian side. 

Effect on low water levels 

During periods of low flows, the submerged weir (Alternative 1 and 3) would provide an increase in the lake level, by much as 
29 cm (11 in) in years experiencing particularly low water levels. Increased lake levels are considered beneficial for 
recreational boating, as shallow water can restrict access to boats and incur costs for marina owners associated with 
boatlifts and dredging. Higher water levels in low flow periods can also help mitigate water warming during the summer, 
maintain adequate water quality and prevent algal blooms. In contrast, Alternative 2 would have no effect during low flow 
periods.  

Conclusion 

Based on the integrated modelling efforts, all three alternatives would provide benefits while avoiding major drawbacks.  

Alternative 2 would be the most effective at preventing overall damages, but it would increase damages in the downstream 
portion of the basin. In contrast, Alternative 1 and 3 would still be considerably effective upstream of Saint-Jean-sur-Richelieu 
and in the United States, while avoiding generating damage downstream.  

With the minor flow diversion, Alternative 3 would be superior to Alternative 1 at preventing damage in case of major floods 
such as 2011. However, to properly assess the economic viability of mitigation alternatives, a detailed economic analysis is 
required. LCRR benefit-cost analyses incorporating economic PIs, mitigation costs and a probabilistic approach revealed 
that Alternative 1 would be the most economically viable, with the highest benefit-cost ratio, while Alternative 2 had the 
lowest, especially because of its prohibitive costs. 
 
 

 
1 The information provided by the participating First Nations does not represent the entirety of their rights or interests in the LCRR study area. As such, any 
information provided must be used only for the purposes of the LCRR study, and must not be used in any other studies, investigations or negotiations. The 
information provided must not be used or interpreted in any manner that would limit, modify, or cancel the rights or interests of the participating First Nations or 
their community members. 
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All three alternatives would generate a combination of minor positive and minor negative impacts on the natural 
environment components that were evaluated. However, Alternative 1 and 3 have the advantage of bringing the water level 
closer to its natural state, before anthropogenic changes were made to the river channel.  

Finally, Alternatives 1 and 3 would also provide benefits by raising water level during episodes with low flow, which is not the 
case for Alternative 2.  

This report provides important information to make an informed decision on the viability of the structural alternatives. 
However, there are complementary LCRR reports with a complete evaluation of structural measures considering multiple 
criteria, including the requirements for the alternatives to be technically viable, economically viable, equitable and fair, 
resilient to climate change and implementable. Furthermore, should the governments decide to pursue an alternative, a 
comprehensive environmental assessment would be required, including the evaluation of local impacts during the 
implementation phase and additional information on the impacts on Copper Redhorse spawning. 
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THE INTERNATIONAL JOINT COMMISSION 

Under the Boundary Waters Treaty of 1909 (the Treaty), the governments of the 
United States and Canada established the basic principles for managing many water-
related issues along their shared international boundary. The Treaty established the 
IJC as a permanent international organization to advise and assist the governments  
on a range of water management issues. The IJC has two main responsibilities:  
regulating shared water uses; and investigating transboundary issues and 
recommending solutions. 

 

 

 



vii 



ix 

FIND OUT MORE ABOUT THE STUDY 

Want more information on the Lake Champlain-Richelieu River Study?  
Have a question about the Study? 

Email lcrr@ijc.org 

Access the Study Board’s many technical reports, fact sheets and videos on the Study’s website: www.ijc.org/lcrr. 

Follow the IJC on social media 

  @IJCsharedwaters 

  www.facebook.com/internationaljointcommission/ 

  www.linkedin.com/company/international-joint-commission/ 
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Measurement Units and Datum Conversion Factors 

Unless otherwise stated, the following conversion factors are used throughout this document. 

 

Metric System – United States Customary Measurement System Units and Abbreviations 

 

Length 

1 millimetre (mm) = 0.0394 inch (in) 

1 in = 25.4 mm 

1 centimetre (cm) = 0.3937 in 

1 in = 2.54 cm 

1 metre (m) = 3.2808 feet (ft) 

1 ft = 0.3048 m 

1 kilometre (km) = 0.6214 mile (mi) 

1 mi = 1.6093 km 

 

Area 

1 square kilometre (km²) = 0.3861 square mile (mile²) 

1 mile² = 2.59 km² 

1 hectare (ha) = 2.47 acres 

1 acre = 0.405 ha 

 

Volume 

1 cubic metre (m3) = 35.315 cubic ft (ft³) 

1 ft3 = 0.02832 m³ 

1 cubic decametre (dam3) = 1000 m3 

1 dam3 = 0.810714 acre-foot (ac-ft) 

1 ac-ft = 1.233481 dam3 

 

Flow rate 

1 cubic metre per second (m³/s) = 35.315 cubic ft per second (ft³/s) 

1 ft3/s = 0.02832 m³/s 
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NAVD88 – NGVD29 Datum Conversion Factor at Rouses Point 

Datums are the basis for all geodetic survey work. A geodetic datum is an abstract coordinate system with a reference 
surface (such as sea level) that provides known locations from which to begin surveys and create maps.  

For this report, example of conversion between National Geodetic Vertical Datum of 1929 (NGVD 29) and North American 
Vertical Datum of 1988 (NAVD 88), which is specific for a given location specified by the latitude and longitude, will be 
given for Rouses Point that is the geographical outlet of Lake Champlain. 

NAVD88 (ft) = NGVD29 (ft) – 0.43 (ft) 

NGVD29 (ft) = NAVD88 (ft) + 0.43 (ft) 

NAVD88 (m) = NGVD29 (m) – 0.131 (m) 

NGVD29 (m) = NAVD88 (m) + 0.131 (m) 

 

Currency Used and Conversion 

US$1 = CDN$1.332   

For Canadian residential damages, the calibration and validation of the model was done with the Quebec 2011 property 
assessment roll. The model predicted well the observed damages for the 2011 event. The damages under the baseline 
scenario were run from 1925 to 2018 with the Quebec 2018 property assessment roll (valid until 2020) to have the “actual 
conditions” for scenario comparison. Therefore, property values are higher and it is then expected that the damages 
estimated in 2011 are higher than the observed ones regarding this class of damages. The other damages are expressed with 
dollars of CDN$2018. 

US damages were nominally estimated based on structural building values in US$ for the year 2020.   

 

 
2 Conversion rate used in Bouchard St-Amant, P.A. and Dumais, G. (2022). Economic Analysis of structural alternatives, IJC-LCRR Study, Groupe de recherche en 
économie publique appliquée, École nationale d’administration publique. 
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1 INTRODUCTION TO THE REPORT 

In the spring of 2011, the Lake Champlain-Richelieu River (LCRR) region experienced extreme flooding. Over 40 
communities were directly impacted, and thousands of residents were evacuated. Damages were estimated at more than 
CDN$105M (2018) (US$82M)3 (ILCRRSB, 2019). This flooding prompted the United States and Canadian governments 
to ask the International Joint Commission (IJC) to review the causes and potential solutions to flooding and to recommend 
actions to minimize impacts of future flooding; the IJC created the International LCRR Study Board to identify and evaluate 
solutions to mitigate floods in the basin.  

The Evaluation of Structural Flood Mitigation Alternatives Using Performance Indicators provides a quantification of the 
benefits and drawbacks of selected flood mitigation alternatives on key components of the society, the economy, the 
environment and Indigenous communities. The results presented in this report are based on a major integrated modelling 
exercise and performance indicators (PIs) involving more than 40 experts in hydrology, hydraulics, damage modelling, 
social vulnerability, economics, and ecology of fish, birds, and other plant and animal species, and Indigenous communities 
archeology and land occupation in Canada and the United States. 

The report is organised into the following chapters: 

• Chapter 1 gives an overview of the study mandate and the study settings; 

• Chapter 2 describes the specifications, engineering works and effects of a selection of flood alternatives developed 
by the Study; 

• Chapter 3 presents the analysis framework, general methodology and an overview of the Integrated Social, 
Economic and Environmental system (ISEE), the modelling platform developed for evaluating the benefits and 
drawbacks of flood mitigation alternatives; 

• Chapter 4 provides a characterization of the water level regime under Baseline conditions and the changes in 
water level associated with the flood mitigation alternatives; 

• Chapter 5 provides the social benefits of flood mitigation alternatives on two components of the social 
vulnerability: social and territorial sensitivity. 

• Chapter 6 presents the economic benefits of flood mitigation alternatives using PIs describing damage reduction 
on the residential, commercial, industrial, recreational, agricultural and public sectors; 
 
 
 
 
 

 
3 The source cited uses US$/CDN$ conversion rate of 1.28 as opposed to a rate of 1.33 used in this document. 
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• Chapter 7 evaluates the impacts of the changes in water level regime caused by the flood mitigation alternatives 
on the natural environment, using PIs of wildlife habitats; 

• Chapter 8 addresses particular Indigenous community concerns using PIs such as the vulnerability of 
archeological sites to flooding and black ash habitat; 

• Chapter 9 reviews the effects of the alternatives on the low levels of the Lake Champlain and Richelieu River basin; 

• Chapter 10 summarizes the findings with respect to the benefits and drawbacks of the selected flood mitigation 
alternatives. 
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1.1 THE LCRR STUDY MANDATE 

In July 2013, the International Joint Commission (IJC) submitted the LCRR Plan of Study (IJC, 2013) to the governments of 
Canada and the United States. This plan of study described the work needed to explore potential instream and floodplain 
management solutions, flood forecasting, and a range of structural and non-structural flood prevention and mitigation 
alternatives in the Lake Champlain and Richelieu River basin.  

In 2016, the governments of Canada and the United States decided to pursue the project outlined in the work plan to further 
explore the causes, impacts, risks, and solutions associated with flooding in the LCRR basin. This decision led to a reference 
to the IJC and the creation of the International LCRR Study Board. 

The objective of the study was to recommend structural and non-structural alternatives to mitigate flooding and its impacts 
in the LCRR basin. Possible alternatives include moderate structural alternatives, such as weirs and river channel 
modifications, as well as non-structural approaches, such as land use regulations, building immunization, floodplain and 
wetland management, and the development of decision-support tools.  

 

Figure 1.1.1. LCRR Watershed topography. 
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The Study took an international collaborative approach involving experts from federal, state and provincial resource 
management agencies, as well as academics with expertise in flood management, planning and mitigation. The study was 
led by the LCRR Study Board with representatives from Canada and the United States. 

1.2 OVERVIEW OF STUDY SETTING 

Lake Champlain is a natural freshwater lake with a north-south main axis, located between the Adirondack Mountains on 
its western shore (New York) and the Green Mountains on its eastern shore (Vermont) (Figure 1.2.1).  

 

Figure 1.2.1. LCRR Watershed study area 

Like the St. Lawrence Valley, Lake Champlain is one of the remnants of the Champlain Sea created by the retreat of the 
glaciers at the end of the last ice age. It is relatively deep in its western portion, with a maximum depth of about 120 m and 
an average depth of 19.5 m. In contrast, the eastern and northern parts are shallower and contain large islands, connected 
by artificial causeways, which create various basins whose water levels can vary from the main body of water under 
particular wind conditions. 
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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 lake level usually varies between 29 and 30 m (NAVD88), but high water level events around 31 m occur sporadically, 
causing flooding and damage on both sides of the border.  

The Richelieu River is the outlet of Lake Champlain and connects it to the Atlantic Ocean via the St. Lawrence River. The 
Richelieu River is about 124 km long and its average flow is 330 m³/s. The topography of the area is shown in Figure 1.1 1 and 
the elevation profile of the river is illustrated in Figure 1.2.2. 

 

Figure 1.2.2. Schematic elevation profile of the LCRR 
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The river can be divided into three sections with distinct hydrodynamic characteristics. 

First, the ‘Upper Richelieu’ sector is located between Lake Champlain and Saint-Jean-sur-Richelieu and is approximately 35 
km long. This section is characterized by a very low gradient (0.3 m) and has a large floodplain, which can occasionally 
connect to Missisquoi Bay during extremely high water level conditions. This portion of the river is frequently flooded in the 
spring. To some extent, it can be considered an extension of Lake Champlain due to its very low slope and water levels 
similar to those observed in the lake under average flow conditions. This area includes several municipalities that were 
severely impacted by flooding in 2011, including Lacolle, Saint-Paul-de-l'Île-aux-Noix, Saint-Blaise-sur-Richelieu, Henryville 
and Saint-Jean-sur-Richelieu.  

Next, the ‘Chambly Canal’ sector is located between the cities of Saint-Jean-sur-Richelieu and Chambly and extends 
approximately 12 km. It has a significant drop of 25 m, which gives rise to several rapids, including those of Saint-Jean-sur-
Richelieu and Fryer Island (Figure 1.2.2). The Chambly Canal was built to bypass the rapids and allow the navigation of 
barges between the province of Quebec and the state of New York. This section is the most populated area of the watershed 
and the river has undergone multiple channel alterations since the 1800s that have directly influenced the water level 
observed upstream (Gosselin et al., 2022; Thériault et al., 2022).  

Finally, the ‘Lower-Richelieu’ section is located between the towns of Chambly and Sorel-Tracy and extends approximately 
77 km. Except for a steep slope break at Saint-Ours, the slope is relatively low and similar to the one found in the Upper 
Richelieu. However, the floodplain is restricted, the channel being located in a shallow canyon with relatively steep banks. 
Consequently, this region has a lower vulnerability to flooding. However, the northernmost portion of this section of the river 
is strongly influenced by the water level of Lake Saint-Pierre and the flow of the St. Lawrence River, to the point that a 
backwater effect is commonly observed. In the most extreme cases, the effect of the St. Lawrence River level on the Richelieu 
River level could be felt as far upstream as the Chambly Rapids. 

1.3 FLOOD MITIGATION FRAMEWORK 

The Study Board adopted an analytical framework to explore flood mitigation alternatives, ensuring that flooding in the 
LCRR basin is addressed comprehensively and that a broad range of solutions are considered. This framework addresses 
two basic approaches to flooding: structural and non-structural solutions. These two approaches are covered by four main 
themes: 

Structural solutions to reduce high water levels (Themes 1 and 2). 

1. Reduce the extreme levels of the Richelieu River and Lake Champlain.  

2. Reduce water inflow to Lake Champlain and the Richelieu River by storing or impeding the flow of water from 
contributing watersheds 

3. Non-structural solutions to reduce flooding impacts (Themes 3 and 4) 

4. Improve flood response plans and emergency preparedness 

5. Improve floodplain management and flood adaptation.  
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This report focuses on evaluating structural solutions to reduce extreme water levels (Theme 1). More specifically, three 
mitigation alternatives were selected by the study for in-depth analysis of their benefits and drawbacks. These solutions 
involve modifications to the Saint-Jean-sur-Richelieu shoal and the diversion of a portion of the flow into the Chambly Canal. 

Specifically, the following three structural mitigation solutions were examined: 

• Alternative 1: Submerged weir with selective shoal excavation 

• Alternative 2: Flow diversion through the Chambly Canal 

• Alternative 3: Submerged weir with selective shoal excavation and minor diversion through the Chambly Canal 

1.4 PURPOSE  

This report presents the findings and conclusions with respect to evaluating some benefits and drawbacks associated with a 
selection of structural flood mitigation alternatives developed by the LCRR study. The report is a key building block for the 
study to support the International LCRR Study Board regarding the selection of structural mitigation alternatives.  

The modelling work presented in this report allows the evaluation of the degree to which selected flood mitigation 
alternatives could help decrease potential damages to residences, businesses, infrastructure and crops, as well as improve 
protection to vulnerable populations. It also evaluated potential benefits and drawbacks that include impacts on wetlands, 
fish, wildlife, endangered species and cultural resources to Indigenous communities. 

More detailed methodological information on the evaluation of structural flood mitigation alternatives can be found in 
complementary reports (see list of references below) that present the: 

• Modelling of LCRR hydraulics under different water level scenarios (Baseline, structural alternatives and natural 
state scenarios) (Gosselin et al., 2022),  

• Potential structural alternatives (International Lake Champlain-Richelieu River Study Board, 2021),  

• Water balance model (Boudreau et al 2022),  

• Performance indicators Fact Sheets (Bachand et al., 2022),  

• Integrated Social Economic and Environmental system (Roy et al., 2022),  

• Benefit-cost analysis of the alternatives (Bouchard St-Amant and Dumais, 2022) and  

• Evaluation of the structural alternatives supporting the Study Board recommendations (Moin et al., 2022).  
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1.5 INDIGENOUS COMMUNITIES 

Masesoliantegw (Richelieu River) and Pitawbagok (Lake Champlain) have been occupied and used by the W8banaki and 
Kwakwaka'wakw (Mohawk) Nations since time immemorial. Aboriginal customary activities are Aboriginal rights protected 
by section 35(1) of the Canadian Constitution. The Canada-United States border is exogenous to Indigenous communities’ 
territories and the W8banakiak and Mohawk have maintained traditional activities throughout their territory that cross the 
border. Among other things, the shores of Lake Champlain host family and cultural activities and certain ceremonies as well 
as places associated with the spirituality and history of these communities.  

The valued components of the environment - the PIs in the context of this study - are part of the conditions that underpin the 
exercise of these Aboriginal customary rights. These conditions must therefore be broadly promoted by the selected 
mitigation alternatives in order to support the exercise of the Nation's Aboriginal rights for current and future generations. 

In this context, Canadian study team members worked with the Bureau du Ndakina4 5 of the Grand conseil de la Nation 
Waban-Aki (GCNWA) regarding the selection and development of meaningful PIs and the Bureau’s expertise informed the 
analysis. Results of this collaboration can be found in chapters 7 and 8 of this report. 

It is worth noting that Bureau du Ndakina did not review thoroughly all aspects of the Study related to the alternatives 
described in this report, and their participation cannot be interpreted as being part of any mandatory consultation process. 
Bureau Ndakina understands that the IJC is not a substitute for the Crown, which maintains a duty to consult with 
Indigenous communities on any project affecting their territory. 

 

 
4 Bureau du Ndakina office does not claim to represent the plurality of views of the members of the W8banaki Nation nor of all the Indigenous communities 
concerned. 
5 The information provided by the participating Indigenous communities does not represent the entirety of their rights or interests in the LCRR study area. As such, 
any information provided must be used only for the purposes of the LCRR study, and must not be used in any other studies, investigations or negotiations. The 
information provided must not be used or interpreted in any manner that would limit, modify, or cancel the rights or interests of the participating Indigenous 
communities or their community members. 
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2 SELECTED FLOOD MITIGATION ALTERNATIVES 

2.1 INTRODUCTION 

In March 2021, the LCRR Study published the results of a preliminary evaluation of a wide range of structural solutions to 
reduce extreme water levels in the Lake Champlain - Richelieu River system (FMMM/HHM, 2021). The alternatives that 
were evaluated included structural solutions from the 1973 IJC reference study, as well as potential solutions identified from 
the literature. Following this effort, the Study Board decided that the Study would pursue improvements to the most 
promising alternatives, then conduct a more in-depth analysis of their benefits and drawbacks.  

The three alternatives that were selected involve alterations of the shoal at Saint-Jean-sur-Richelieu or a flow diversion 
through the Chambly Canal. To better understand the reasoning behind the development of those alternatives, this chapter 
presents a brief overview of the history of anthropogenic alterations to the river channel and the widening of the Chambly 
Canal, followed by a summary of the key features and engineering works associated with the three structural alternatives 
evaluated in this report: 

• Alternative 1: Selective excavation of the Saint-Jean-sur-Richelieu shoal with submerged weir 

• Alternative 2: Major (200 m3/s) Chambly Canal diversion 

• Alternative 3: Selective excavation of the Saint-Jean-sur-Richelieu shoal with submerged weir and minor (75 m3/s) 
diversion through the Chambly Canal 

History of anthropogenic alterations to the river channel and the widening of the Chambly Canal  

Of all the locations in the Lake Champlain and Richelieu River basin, the shoal of Saint-Jean-sur-Richelieu is undoubtedly 
the one that has undergone the most modifications during the last two centuries. This shoal is a crucial element of the 
morphology of the Richelieu River, regulating the outflow of water and the water level of Lake Champlain. Human activity 
has influenced this control section since the early 1800s. It is for this reason that the structural mitigation alternatives 
evaluated by the Study are located at the Saint-Jean shoal. This section provides a brief overview of the major changes in the 
river. For more details on the chronology of works that were carried out in the Richelieu River, see Thériault et al. (2022). 

Control structures 

The Saint-Jean shoal area acts as a natural control point of the outflow of the upstream section of the River and Lake 
Champlain. Man-made structures are present in the River such as the Saint-Ours Dam and the Chambly Dam. The Saint-
Ours Dam controls the level from upstream to the Chambly basin, while the Chambly Dam controls the level up to the Fryer 
Dam. The Fryer Dam was intended to be a control structure but has never been commissioned. Those downstream control 
structures do not control the upstream level of the river and of the lake, being well below the Saint-Jean shoal. Other 
structures like pumping stations and dykes control the level in the floodplain, mainly for agricultural purposes. Thus their 
contribution to the hydraulics of the river is limited. 
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Previous hydrodynamic modelling work done on the Richelieu River identified difficulties in calibrating the model at the 
Saint-Jean shoal area (Genivar, 2012). There were questions related to the presence of control structures that would 
influence low flows (Genivar, 2012). Among the structures identified are submerged dikes previously used to divert flow to 
now obsolete mills located on both sides of the river, as well as "V" shape structures used for eel fishing. 

During the preparatory phase of this study, similar difficulties were observed at Saint-Jean shoal (Boudreau et al. 2015). 
Model calibration at flows below 300 m3/s was impossible, suggesting that the hypothesis raised by Genivar (2012), 
regarding the role of structures in the riverbed, is realistic. These structures were minimally visible in the bathymetric data 
available at the time. For this reason, the Study included acquisition of detailed bathymetric data for the shoal. 

The preparatory modelling work on the Saint-Jean shoal initiated during this study, specifically the acquisition of detailed 
bathymetric data of the shoal, measured at very low flows in the fall of 2016, allowed for the proper calibration of the 
hydrodynamic model (Gosselin et al., 2022). This model thus serves as the basis for the integrated model that is presented 
in this report. 

The Chambly Canal 

The Chambly Canal is part of a waterway that connects the St. Lawrence River to the Hudson River and New York City. 
Construction began in 1831 and the canal was opened in 1843. Using nine locks, its main purpose is to bypass the Fryer and 
Saint-Jean-sur-Richelieu rapids. It goes across the town of Chambly, apart from the main river channel, then runs directly 
along the river from Île Sainte-Thérèse to the present-day Saint-Jean-sur-Richelieu marina. This means that in the shoal 
area, the construction of the canal was done directly in the river, thus reducing the width of the river channel and affecting its 
flow rating (Thériault et al., 2022). Currently, the water level in the canal in the Saint-Jean area is controlled upstream and 
downstream by locks. It is kept constant so there is no flow going through it and velocities are near zero. Therefore, the 
Chambly canal has no hydraulic capacity. 

A widening of the canal in the Saint-Jean-sur-Richelieu section took place in the early 1970s and was completed in 1973. This 
widening had the effect of reducing the width of the river channel, modifying its hydrodynamic characteristics. More 
specifically, it was determined by the International Champlain-Richelieu Council (ICRC) that the widening of the canal 
resulted in a 3 to 10 cm increase in the level of Lake Champlain (IJC 2021) and 20 cm on the Richelieu River at high water 
levels.  

Commercial use of the canal peaked in the 1870s and slowly declined thereafter, with the last commercial barge crossing 
the canal in 1978. Today, its use is primarily recreational and it is a National Historic Site managed by Parks Canada. 
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2.2 THE ALTERNATIVES 

Alternative 1: Selective excavation of the Saint-Jean shoal with submerged weir 

While the critical goal is to attenuate flood impacts, Alternative 1 pursues three specific objectives: 

• Lowering water levels at high flows to reduce flood impacts in Lake Champlain and the Richelieu River, upstream 
of Saint-Jean-sur-Richelieu. 

• Increasing water levels at low flows, without altering water levels at average discharge (330 m3/s) in Lake 
Champlain and the Richelieu River, upstream of Saint-Jean-sur-Richelieu. 

• Recreating hydraulic conditions closer to the natural, pristine state, before anthropogenic modifications were 
carried out in the Richelieu River, upstream of Saint-Jean-sur-Richelieu (Thériault et al., 2022). 

This alternative involves two distinct engineering interventions in the Richelieu River on the Saint-Jean shoal (Figure 2.2.1). It 
was developed with the intention to limit the amount of work required in the river and minimize its visual impact, while 
maintaining a velocity profile close to the actual configuration. 

The first intervention consists of the removal of an old eel fishing structure and mill structures located along each side of the 
river. This would lower the local friction, thus increasing the hydraulic capacity of the shoal. An additional selective dredging 
of the high points would also improve the hydraulic capacity of the section. A side effect of this modification is that it would 
also lower water levels at low flows, thus requiring another structure to meet all three objectives mentioned above. 

The second intervention, which uses part of the dredged material, is the erection of a low submerged weir upstream of the 
shoal. Its crest would stand at 28.1 m and the natural shoal on the right side of the river would be loosely filled in order to 
funnel the flow over the weir at very low discharges and avoid erosion on the right bank. This submerged weir would control 
the water level during low discharge conditions, but water level control would revert to the shoal at higher discharge. This 
ensures that the constructed weir has little effect during high flows. More technical details are presented in the Structural 
flood mitigation evaluation report (Moin et al., 2022). 
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Figure 2.2.1. Bathymetry (m) of the Richelieu River at Saint-Jean-sur-Richelieu (left) Current state (Baseline) and (right) under Alternative 1: 
Submerged weir with shoal dredging. 

 

Alternative 2: Major Chambly Canal diversion 

This alternative consists of a modification of the Chambly Canal to optimise its diversion capacity. Structural modifications 
are intensive, to allow the diversion of a large quantity of water through the canal (200 m3/s). This discharge represents 
what is theoretically feasible, but future work could prove this alternative is not viable due to external constraints, which 
could lower the diversion capacity. 

This second alternative consists of multiple operations on the Saint-Jean shoal (Figure 2.2.2), and in the canal itself, in order 
to meet two objectives: 

1. Lower water levels at high river discharges to lessen the impact of floods on Lake Champlain and the Richelieu 
River upstream of Saint-Jean-sur-Richelieu. 

2. No modification of the upstream hydraulic conditions in situations of low to average river flows (330 m3/s). 
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The modifications to the Chambly Canal and surrounding areas are as follows: 

1. Dredging of the shoal near the entrance to 25.2 m (82.7 ft) 

2. Remodeling of the canal wall, in order to reach 30.5 m (100 ft) 

3. Installation of a 40 m (131 ft) gate at a new entrance located downstream of lock #9 

4. Installation of control gates near the derivation outlet 

5. Remodeling of the downstream walls, to reach 30.5 m (100 ft) 

6. Installation of a 45 m (148 ft) outlet gate, with dredging of the river at 24.35 m (80 ft) 

Additional modifications would also be required in the canal, to adjust its slope and reinforce its bed. 

Gate management of this solution would be based on the development of a regulation plan depending on the current and 
forecasted conditions of Lake Champlain and the Richelieu River. It requires the use of weather and hydrologic forecasts, 
existing or in development, but also the creation of a governing body. The structure of this governing body is to be 
determined. 

 

Figure 2.2.2. Baseline (left) and Alternative 2 (right) bathymetry in the Saint-Jean-sur-Richelieu area 
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Alternative 3: Selective excavation of the Saint-Jean shoal with submerged weir and minor diversion 

This alternative is similar to Alternative 1, but with the addition of a minor diversion in the Chambly Canal activated at high 
flow. The diversion of Alternative 3 differs from Alternative 2, as it would requires much less work and would divert only a 
minor portion of the river flow.  

Alternative 3 requires two engineering interventions on the Saint-Jean shoal and one in the Chambly Canal (Figure 2.2.3), in 
order to meet three objectives: 

1. Decreasing water levels at high river discharges to reduce the impact of floods on Lake Champlain and the 
Richelieu River upstream of Saint-Jean-sur-Richelieu. 

2. Decreasing water levels at very high river discharges (higher than 1,200 m3/s), with a minor diversion through the 
Chambly Canal, to attenuate flood impacts around Lake Champlain and the Richelieu River upstream of Saint-
Jean-sur-Richelieu. 

3. Increasing water levels during low river discharges, without altering the water levels at average flows (330 m3/s).  

This alternative would require the same two engineering modifications in the Richelieu River as Alternative 1, in addition to a 
minor modification of Chambly Canal, which would consist of the installation of two sets of gates. Alternative 3 limits the 
amount of work required in the river and would have low visual impact, like Alternative 1. It also would maintain the historical 
integrity of the Chambly Canal and its actual recreational uses. 

Additional modifications consist of the installation of entrance and exit gates on the canal dividing wall, at the same 
location as for Alternative 2 (Figure 2.2.3). However, the suggested gates for Alternative 3 are much smaller and would 
require modifications of much smaller scale. No additional dredging in the canal would be required, which limits the 
diversion capacity to 75 m3/s. Operation of the diversion would be limited to conditions where the water level in the river is 
high enough to flood the gates. Because of this constraint, the gate operation depends on river discharge, and the gates 
would only open when the flow reaches 1,200 m3/s, thus providing additional flood relief only during major events. 
Preventive opening of the gates when floods are forecasted would therefore not be possible, due to the high discharge 
needed for the flow to enter the canal. 

More technical details on the three alternatives are presented in Moin et al., 2022. 
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Figure 2.2.3. Bathymetry (m) of the Richelieu River at Saint-Jean-sur-Richelieu. (Left) Current state (Baseline) and (right) Alternative 3:  
Submerged weir with shoal dredging and minor diversion. 
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3 GENERAL METHODOLOGY: THE  
INTEGRATED SOCIAL ECONOMIC AND 
ENVIRONMENTAL SYSTEM (ISEE)  

To evaluate the costs and benefits associated with flood mitigation alternatives, the LCRR Study developed a set of tools, 
including hydrological, hydraulic, economic and ecological models. Most of this information is gathered in a powerful 
integrative tool that allows the user to describe and quantify a large scope of flood impacts on the society, the economy and 
the environment. This chapter provides an overview of the Integrated Social, Economic and Environmental (ISEE) system, 
the different components of this system and a description of the adopted analysis framework to quantify flood benefits and 
drawbacks associated with flood mitigation alternatives using PIs. For more technical details on the ISEE system, see Roy et 
al. (2022). 

3.1 OVERVIEW OF THE ISEE SYSTEM 

The Integrated Social, Economic and Environmental (ISEE) system is a computer program using a geo-referenced database 
that is specialized for modelling aquatic and riparian areas, combined with a script library allowing modelling of PIs over 
long periods of time. PIs are quantitative alternatives reflecting how some components of the society, the economy and the 
environment are likely to be affected by flooding under different flood mitigation scenarios. 

The ISEE system was developed to meet the following objectives:  

• 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. 

• 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. 

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

• 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. 

• Modelling the benefits of flood mitigation alternatives on population vulnerability and social risk and impacts on 
water supply using PIs.  
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• Estimating economic impact reduction provided by the flood mitigation alternatives using PIs of structural and 
material damage to the residential, commercial, industrial, recreational, agricultural and public sectors and 
income losses. 

• Modelling the benefits and impacts to some components of 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, endangered species and Indigenous interests. 

The ISEE system builds on the Integrated Ecosystem Response Model (IERM) developed to evaluate environmental impacts 
of water management plans for the International Joint Commission Lake Ontario-St. Lawrence River Study (Talbot, 2006). 
Since its first development, the modelling approach was 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; Roy et 
al., 2022) and the St. Lawrence Estuary (Morin et al., 2005).  

The ISEE system is a model allowing simulation of floods in space and time and estimation of the impacts of water level 
variations (Figure 3.1.1). Based on a historical water supply time series, the model generates flood maps (i.e. water depths 
and currents) based on two-dimensional (2D) hydrodynamic simulations and a precise digital elevation model. Flood maps 
are cross-referenced to numerous geospatial datasets, such as physical layers (e.g. bathymetry, bed substrate), land use, 
vegetation type, socio-economic data and building information. Then, PIs based on mathematical response functions are 
used to estimate flood impacts. For more detailed information on each of the ISEE system components, see Section 3.2. 

 

Figure 3.1.1. 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). For more detail on each component, see Section 3.2. 
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To take into account the natural hydrological variability of the system, the simulations were run at a quarter monthly (QM) 
time-step over a reference period of 93 years (1925-2017), for a total of 4,464 time-steps (Figure 3.1.2). 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. 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- 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 section 3.3.  

 

Figure 3.1.2. Extent of the study area, modelling sections and spatial and temporal resolutions of the LCRR ISEE system. 

 

3.2 INTEGRATED SOCIAL, ECONOMIC AND ENVIRONMENTAL  
(ISEE) SYSTEM COMPONENTS 

This section presents a brief overview of the main components of the ISEE system to provide background information on the 
general methodology. For further details on ISEE components and specific parameters, see Roy et al (2022a). 

3.2.1 Hydrologic and hydraulic modelling components 

Two modelling components are key to analyze the hydraulic impact of structural alternatives: the Water Balance Model 
(WBM) and the hydrodynamic model. 

Water Balance Model 

The LCRR water balance model (WBM) integrates the effect of the control section at Saint-Jean-sur-Richelieu on Lake 
Champlain outflows. It reproduces historical water levels at key locations along the water body using the Net Basin Supply 
(NBS) as an input. The NBS refers to the quantity of water entering and exiting Lake Champlain and Richelieu River. The 
model is based on the equilibrium of the changes in the volume of the lake and the Richelieu River outflow, and the NBS for 
the current day. The Richelieu River outflow is based on the stage-discharge relationship presented in Champoux et al. 
(2018) and Gosselin et al. (2022) and the WBM was calibrated through an iterative process and was validated with 
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historical observations, resulting in a model with low errors (standard error on water level elevation of 9 cm at Rouses Point, 
6 cm at Saint-Jean-sur-Richelieu and 30 m³/s for flow at Fryer's Dam) (Boudreau et al., 2022). 

The WBM was first calibrated for the Baseline scenario (current conditions). Then, it was modified to simulate different flood 
mitigation alternatives. The Saint-Jean shoal controls the outflow and the water level of Lake Champlain, and the 
modifications to the shoal would result in changes in those variables. Thus, by changing the stage-discharge relationship to 
reflect a change in the Saint-Jean-sur-Richelieu control section, it is possible to assess the impacts of such change on water 
levels over the entire reference period. 

For more details on the LCRR water balance model, see Boudreau et al. (2022).  

Hydrodynamic Model 

The purpose of the Hydrodynamic model is to provide continuous water levels and currents across the study area. For this 
study, hydrodynamic modelling was performed using the H2D2 software (Matte & Secretan, 2008). H2D2 is a finite 
element software that solves 2D shallow water equations, also known as the St.Venant equations. It was developed at INRS-
Eau (now INRS-ETE) with the assistance of Environment and Climate Change Canada and has been used in several studies 
in the past decade, including previous IJC studies (Morin et al., 2005; Morin et al., 2016). 

The study area is divided in quadratic elements forming a finite element grid, with varying dimensions to represent the shape 
and complexity of the terrain. Where the terrain is more complex, a finer mesh with a greater number of elements is required. 
For instance, the Saint-Jean shoal accounts for 133,966 of the 741,670 elements of the entire LCRR model mesh. The model 
predicts a two-dimensional water surface elevation and average current velocities of the water column along the water body 
for a given water supply (discharge or level). Given the presence of dams along the river (Chambly and Saint-Ours dams), 
distinct hydraulic models of the corresponding river reaches were developed to account for the singularities of each section. 
Thus, the study area was separated into three hydraulic sections, each with its own hydrodynamic model parameters and 
boundary conditions (Figure 3.2.1).  
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Figure 3.2.1. The study area was separated into three different sections with different hydraulic characteristics.  

 

Steady state runs for the Baseline scenario were computed over a range of increasing lake levels for each of the three 
sections (Figure 3.2.1).  

For the Lake section, a total of 44 ‘hydraulic scenarios’ were produced, ranging from water elevations of 27.9 to 32.2 m at 
Rouses Point (approximately 0.1 m increments), corresponding to flow discharges ranging from 25 to 2,500 m3/s at Fryer 
Island Dam. Those steady state scenarios represent the equilibrium state of the system under these river discharges and 
cover a wide range of hydrologic conditions. Similar simulations were carried out for each of the three flood mitigation 
alternatives. 

The lower sections of the river are more complex due to the Saint-Ours dam water level management and to the influence of 
the St. Lawrence water level on the Chambly-to-Sorel portion of the river. Therefore, for these sections, four different model 
runs were computed over the same range of river discharge, for four increasing levels of the St. Lawrence River.  

All sets of steady state simulations for the Baseline scenario and the flood mitigation alternatives were projected on the 10 m 
regular grid and integrated in the ISEE system, where they were used to generate flood maps.  

Fore more details on the 2D hydrodynamic model development and calibration, see Gosselin et al. (2022). 
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ISEE system flood map interpolator 

To generate water surface elevation and currents for any given quarter-month of the reference period, the ISEE system uses 
the stored steady-state hydraulic simulation results (i.e., 2D hydraulic scenarios). More specifically, flood maps are 
produced by interpolating between the two closest hydraulic scenarios relative to the water level provided by the water 
balance model. The hydraulics of each section of the water body are interpolated based on the water level at a different 
location (Rouses Point, Saint-Jean-sur-Richelieu, Chambly, Saint-Ours and Sorel). For instance, if for a given time step, the 
water balance model yields a level of 30.85 m at Rouses Point, the hydraulic scenarios for the upstream section with 30.8 m 
and 30.9 m are interpolated to provide a 2D coverage of the water surface elevation. An additional water surface slope 
correction between Rouses Point and Saint-Jean-sur-Richelieu is performed in the upstream section (Upper River area) to 
match with the water balance model outputs, which account for seasonal variation in aquatic plant growth. In the 
downstream sections, the generation of flood maps involves criteria associated with the Saint-Ours Dam operation and the 
interpolation of two sets of hydraulic scenarios to account for both the effects of the Richelieu outflows and the water level of 
the St. Lawrence River. For more details on the ISEE system flood map interpolator, see Roy et al (2022a). 

Digital Elevation Model  

An accurate and precise characterization of the terrain is a critical component of the ISEE system. The hydrodynamic model 
requires elevation information for each node of the finite element grid to provide accurate water levels and currents. The 
ISEE system also uses elevation to estimate water depths across the study area at any given time step of the reference 
period. Elevation data are also used to derive different terrain attributes such as slope aspect and profile curvature, which 
are important variables in several environmental PIs.  

To obtain a coverage of the entire study area, a high definition Digital Elevation Model was created from a vast collection of 
topographic LIDAR and bathymetric datasets provided by multiple governmental sources in the United States and Canada. 
Where necessary, a vertical datum transformation was performed so all datasets could be merged to a common datum, the 
North American Vertical Datum from 1988 (NAVD 88) in this study. At critical locations, field surveys were conducted to 
collect additional elevation data. For instance, a precise bathymetric survey of the shoal was carried out by the ECCC-
Hydrodynamic and Ecohydraulic section during the exceptionally low water level in the fall of 2016. 

Furthermore, the three selected flood mitigation alternatives required modifications of the bathymetry of the Saint-Jean 
shoal area. Therefore, a separate DEM of this area was created for each alternative.  

For more details on the LCRR DEM creation and dataset collection, see Bachand et al. (2022). 

Geospatial information layers 

A key feature of the ISEE system is the large amount of georeferenced layers of information integrated on the same grid. In 
addition to the water levels and current velocities values derived from the hydrodynamic modelling, each grid node is 
associated with a large dataset with information such as land use, wetland vegetation, and building properties. Primary 
information mostly came from official governmental sources (e.g. building values, socio-economic census, elevation surveys, 
crop types), whereas some data were collected specifically for the Study (e.g. first floor elevations, wetland vegetation 
transects).  
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With a few exceptions, geospatial information layers were kept constant for each alternative. However, in the most complex 
cases, outputs from one PI can be used as an input georeferenced layer for the calculations of another PI. For instance, 
modelled wetland classes were used as input to estimate impacts on the waterfowl, Northern Pike and Least Bittern habitats. 
In such cases, the input georeferenced layer was different for each alternative. For more information on the data sources 
used in the ISEE system, see Roy et al., 2022. 

3.2.2 Performance indicators 

PIs are measurable values expressing the link between the water level or discharge and a given interest or resource. Through 
carefully elaborated response functions, these indicators estimate the potential impacts of each flood mitigation alternative. 
The PIs provided useful insights to the Study Board regarding structural flood mitigation alternative selection, especially to 
evaluate the degree to which the proposed alternatives are likely to be economically viable, equitable and fair, and 
environmentally sound.  

Experts from various fields participated in the first compiled set, final selection and development of the different performance 
indicators. For a list of involved experts see Table 3.2.1.  

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. A particular attention was drawn to cover the different 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, the Upper and 
Lower Richelieu River (Figure 3.3.2). 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: 

• The main concerns of local populations towards flooding hazard shared during public meetings. This includes 
obvious flood impacts such as structural damage to residential buildings; 

• Literature reviews on PIs used in previous studies and flood impacts; 

• Consultation of experts in the fields of land use planning, economics and aquatic ecology, through several 
technical working groups and periodic meetings; 

• 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. 
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PI 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, consultation with experts and stakeholders, and the LCRR Public Advisory Group. The key 
criterion for developing all PIs was their sensitivity to peak flood level reduction, or more generally, to water level fluctuations. 
In addition, PIs should be quantifiable, should measure as directly as possible the object of interest and should 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 various PIs cover four components. The economic indicators comprise the monetary losses associated with flooding. For 
example, damage to buildings of the residential sectors, and also loss of income in the commercial and recreational sectors. 
The social indicators were used to model and estimate the vulnerability of populations. In this study, the social indicators 
were the social sensitivity and the territorial sensitivity. The environmental indicators included the impacts of water level 
variations on wetlands, fish reproduction, key species and endangered species. Environmental PIs were specifically designed 
for the purpose of weighing the alternatives based on the impacts of modifying the water level regime and did not explicitly 
cover potential local impacts related to the construction phase. Finally, the study area has been occupied and used by First 
Nations, namely the W8banaki and Kwakwaka'wakw (Mohawk) Nations, since time immemorial. Canadian Study team 
members worked with the Bureau du Ndakina of the Grand conseil de la Nation Waban-Aki (GCNWA) regarding the 
selection and development of meaningful PIs, and the Bureau’s expertise informed the analysis.  

To consult the detailed approach resulting in the final selection of each PI, see Bachand et al (2022). 
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Table 3.2.1. List of performance indicators, associated units and experts. 

 

1  Doyon, B., Leclerc, M. 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., IJC (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 at 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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Response functions 

PIs are quantified using response functions, which are 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 a submersion height. In contrast, some PIs include more complex functions such as the wetland class PI, 
which involves the combination of deep learning and wetland succession algorithms (Figure 3.2.2). To estimate the 
potential impact of a flood mitigation alternative, the changes in water level during a period of interest are linked to other 
explanatory variables. For example, Northern Pike spawning habitat is based on water depths and currents during the 
spawning period and vegetation type (Figure 3.2.3).  

PI outputs were thoroughly analyzed. The results from these analyses are described in the following sections of this report. 
For more detail on the development of PIs, see Bachand et al (2022). 

 

 

Figure 3.2.2. Components of wetland class PI response function. 
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Figure 3.2.3. Conceptual model of Northern Pike habitat area response function. 

 

Performance indicator results 

For most PIs, for each alternative, PIs provide a quantitative value at each grid node for each of the 93 years of 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 
sensitivity are expressed in relative indices with values from 0 to 1.  

PI results can be aggregated spatially over portions of the study area, yielding temporal series (Figure 3.1.1) or they can be 
aggregated over time, for particular years, or averaged over the entire reference period (1925-2017), yielding various maps. 
Results can also be aggregated in both space and time, yielding an average value for the study area for the reference 
period. 

In the following chapters, these three perspectives (i.e., times series, maps and aggregated values) are used to describe PI 
results using the large amount of data that was generated by the ISEE system. The approach focuses on describing the 
impacts associated with the three structural flood mitigation alternatives that were selected by the Study Board through a 
rigorous data analysis framework. 

3.3 DATA ANALYSIS FRAMEWORK 

Each performance indicator was thoroughly analyzed to evaluate the associated benefits and drawbacks of the three flood 
mitigation alternatives. This section describes the adopted data analysis framework. For more detail on specific PIs, see 
Bachand et al (2022). 
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3.3.1 Model calibration 

The PIs were calibrated based on three sources: expert opinion, literature review, including previous modelling, and 
empirical data. Preferred model calibration consists of defining mathematical equation parameters or thresholds for the 
response functions linking simulated water depths, along with other explanatory variables, to impacts observed at a 
particular moment. A regional or local calibration was preferred when calibration data were available or data collection was 
possible. 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). In the United States, where such observed data were not available, an existing flood damage 
model was used (Hazus; FEMA, 2009) and adjusted using local assumptions. An alternative approach is to build a model 
based on literature review and expert opinion and adjust the model parameters iteratively using empirical data until a 
maximum level of concordance between the simulated and observed results is obtained. For instance, Northern Pike egg 
observations were used to perform an iterative calibration of the Northern Pike spawning habitat PI.  

Calibration datasets are sometimes secondary sources of information, such as information extracted from remote sensing 
(for example, wetland type delineations and crop inventories based on image segmentation). Overall, the level of 
concordance between the calibration data and PI results, as well as the extent and quality of calibration datasets, 
contributed to the robustness of each PI.   

3.3.2 Evaluating flood mitigation alternatives 

Once calibrated, PIs were run in the ISEE system for their respective area of interest (e.g. river, lake, entire study area) for 
each quarter-month of the reference period (1925-2017). For each flood mitigation scenario, the ISEE system used the 
appropriate set of hydrodynamic simulations.  

The first run was the baseline scenario, which represented the existing state of the system. This provided a description of how 
the PI fluctuates over time and space in a scenario where no flood mitigation was applied. 

Next, simulations were carried out for the three flood mitigation alternatives. The water level series of each alternative was 
the input to the ISEE system to compute every PI over its respective area of interest through the entire reference period. All 
runs produced time series and maps describing how the PIs fluctuated over time and space under each flood mitigation 
alternative. 

To evaluate the effects of the flood mitigation alternatives, the simulations were compared to the baseline scenario; this can 
be expressed as a ratio: 

PI Ratio=(Alternative-Baseline)⁄Baseline 

Where PI Ratio represents the benefits and drawbacks as a change in average PI value (percent) over the reference period 
associated with a particular alternative, and Baseline and Alternative represent the average PI values. This approach 
simulates the current impacts of flood mitigation alternatives while considering the natural hydrologic variability of the 
recent past (Figure 3.3.1, Figure 3.3.4).  
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Figure 3.3.1. LCRR performance indicator time series on the ISEE system grid to evaluate the impacts of flood mitigations using a performance 
indicator. 

3.3.3 Space and time components 

The impacts of flood mitigation alternatives computed in the ISEE system can be aggregated and analyzed over a range of 
temporal and spatial scales (ranging from one grid node for a specific year, to the whole study area for the entire reference 
period). The relevant scale of analysis depends on the nature of the PIs. 

For instance, it is of interest to analyse flood damage over a range of flood levels (i.e., minor flood to major flood), while 
years of low water levels are irrelevant in terms of flood damage. In addition, the analysis can focus on the most densely 
populated zones, where the precise location of the foreseen impacts is of great importance. Those elements are conducive to 
finer scale analysis. In contrast, dabbling waterfowl habitat area, for instance, is spread out across the whole study area and 
the indicators can be affected by both high and low water level conditions. Therefore, those elements are better addressed 
at coarser spatio-temporal scales.  

In the next chapters, results are presented for different portions of the Study area that exhibit contrasting hydraulic 
characteristics and response to mitigation alternatives, namely Lake Champlain, the Upper Richelieu River area (upstream 
of Saint-Jean-sur-Richelieu) and the Lower Richelieu River area (i.e. downstream of Saint-Jean-sur-Richelieu) (Figure 3.3.2). 
In addition, PI results are presented for both Canada and the United States, since response functions and calibration data 
sources can differ between the two countries (Figure 3.3.2). 
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Figure 3.3.2. Major zones of the study area for which separated results are computed. 

In the following chapters, results are presented in three formats: PI summary table, time series and maps.  

In the summary tables, each row presents a specific portion of the study area (space component) and columns present 
specific years, representative of particular flood levels, or display the average of the entire reference period (time 
component). PI results are presented for the baseline simulation and variations associated with each alternative are 
expressed as a ratio of the baseline value. Color shades highlight variations from desired objectives that are above 5 percent 
(green), between 2 and 5 percent (light green), between -2 percent and 2 percent (white), between -2 and -5 percent (light 
red) and below -5 percent (red). Note that colors are inverted when a reduction of PI values is typically associated with a 
positive impact (ex. residential damage costs). 

Table 3.3.1. Example of summary table used in Chapters 5 to 8 to display the impacts of flood mitigation alternatives with performance indicators 
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Secondly, figures display the temporal variation of PIs on a yearly basis (Figure 3.3.3). The upper figure shows PI values 
under the baseline scenario and each alternative, whereas the lower figure highlights the yearly differences between the 
alternatives and the baseline scenario. Time series are aggregated for specific area of interests or for the entire study area. 

 

Figure 3.3.3. Example time series (here crop yield loss) used in Chapter 5 to 8 to display the temporal variation over the reference period (1925-2017) 
in PI results aggregated for an area of interest. 

Thirdly, a set of three maps displays the spatial distribution of PI results (Figure 3.3.4). The left map shows the values for the 
baseline scenario averaged over the entire reference period, whereas the center and right maps show the differences 
associated with Alternative 1 and Alternative 2 relative to baseline. Results are displayed at the fine resolution of 0.01 ha 
nodes or resampled at coarser resolution to optimize visualization. It is worth noting that spatial patterns of differences 
associated with Alternative 3 are generally very similar to Alternative 1 and therefore not shown in such figures. 
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Figure 3.3.4. Example of maps used in Chapter 5-8 to display the spatial distribution of PI results (here Waterfowl staging habitat during spring 
migration) under the flood mitigation alternatives over the reference period. 

3.3.4 Results interpretation 

The adopted data analysis framework provides for each PI a way to quantify the magnitude of the change associated with 
the flood mitigation and information on when and where the effects occur.   

Statistical significance 

To analyze the difference between the Baseline scenario and an alternative, statistical significance tests were performed to 
determine if the differences in the mean PI values (residuals) can reasonably be attributed to the effect of the flood 
alternative or if that difference could have simply occurred randomly (null hypothesis).  
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Series of residuals obtained by comparing two time series are generally temporally autocorrelated (i.e., consecutive years 
tend to be more similar). Not considering the autocorrelation could wrongfully reject the null hypothesis (Shaughnessy and 
Cavanaugh, 2015) and lead to incorrect assessments of the significance of some predictors (Sherman et al., 1998). 
Therefore, to address this issue, a circular block bootstrap approach with fixed block length (Politis and Romano, 1994) was 
adopted. With this approach, series were subdivided in independent sub-series of contiguous alternatives (blocks). Optimal 
block length was selected based on the corrected version (Patton et al. 2009) of the Politis and White algorithm (2004), 
and computed with Arch library in Python. A lower autocorrelation in the time series yields a lower optimal block length. For 
instance, a block length of one means that the data are independent.  

To test if the difference between the Baseline scenario and an alternative is statistically significant, 10,000 pseudo-series of 
equal length were reconstructed using the circular block bootstrap method and the mean of each pseudo-series was 
calculated. The distribution of the means obtained from the bootstrap iterations was then used to calculate a two-sided 

confidence interval (α=0.05). If zero (no change) was included in the confidence interval, the difference (in the calculated 

mean) between the two-time series was considered not significant. In contrast, if the confidence interval did not include zero, 
there was a significant difference between the baseline scenario and the alternative (p-value < 0.05).  

This statistical significance test was computed for each PI (Table 3.2.1) on results obtained with all three alternatives over 
each major zone of the study area (Figure 3.3.2). If not otherwise mentioned in the text, tables and figures of the following 
sections, the difference observed between the baseline and the alternatives are significant (p-value < 0.05). 

Another test was performed to assess differences between the general population and the population benefiting from 
mitigation measures for the social performance indicators was the two-sample t-test. The two-sample t-test is a parametric 
test that compares the location parameter of two independent data samples. The results of the t-test mean that if the  
h value = 1, the t-test rejects the null hypothesis (h value =0) at the default significance level of 5% (the null hypothesis means 
that the data in the two populations come from independent random samples from a normal distribution with equal 
means). 

Expert interpretation 

The assessment of how quantitative estimates of some PI values may translate into tangible direct and indirect impacts 
requires a profound knowledge of various fields associated with such indicators, combined with a good understanding of 
ISEE capacities and limitations. For instance, a 2 percent reduction in the habitat area of a particular species may not have 
considerable impacts on its population, while a similar loss on another habitat-limited species might be highly detrimental. 
Therefore, this study brought together experts from various fields to collaborate on the interpretation of the results when 
needed. Insights from those experts are shared in the result section of such PIs. However, PIs expressed in monetary values 
are more easily analyzed, and expert insights focused on PI development and calibration. 
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4 MODIFICATIONS TO THE WATER LEVEL REGIME 

This section presents a summary of water level and flow simulation results obtained with the LCRR Water Balance Model for 
the Baseline condition and for the three proposed flood mitigation alternatives. Results are presented for Lake Champlain 
(Rouses Point, New York hydrometric station) and the Richelieu River at Saint-Jean-sur-Richelieu (Marina). 

The downstream part of the river (from Chambly to Saint-Ours) is not discussed in this section, since its complex 
hydrodynamics depend not only on the river discharge, but also on the level of the St. Lawrence River at Sorel-Tracy. Since 
the proposed mitigation alternatives have a relatively limited influence on the river flow, the differences in water level are only 
on the order of a few centimetres, except in periods following the opening or closing of the diversion gates (Alternative 2 and 
Alternative 3). 

In this section, water levels are presented in the North American Vertical Datum of 1988 (NAVD88), unless otherwise 
indicated. 

4.1 BASELINE (STATE OF REFERENCE) 

Over the reference period (1925-2017), the average annual maximum flow of the Richelieu River is 868 m3/s, corresponding 
to an average maximum water level of 29.82 m at the Saint-Jean-sur-Richelieu marina and 30.19 m at Lake Champlain 
(Rouses Point). 

The maximum discharge and water levels of the reference period, reached in 2011, are 1,477 m3/s at Fryer Dam and 31.35 m 
and 30.64 m at Rouses Point and Saint-Jean-sur-Richelieu, respectively (Figure 4.1.1, Figure 4.1.2). At these same stations, 
the minimum discharge and water levels, reached in 1964, are 58 m3/s at Fryer Dam, 28.17 m at Rouses Point and 28.28 m 
at Saint-Jean-sur-Richelieu. It is important to note that the minimum water levels did not occur at the same time that year 
and were not the result of the same event, which explains why the minimum level at Rouses Point is lower than at Saint-Jean-
sur-Richelieu. 
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Figure 4.1.1. Maximum (blue) and minimum (orange) annual outflow from Lake Champlain for the Baseline scenario. 

 

 

Figure 4.1.2. Maximum (blue) and minimum (orange) annual water level of Lake Champlain for the Baseline scenario. 
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4.2 FLOOD MITIGATION ALTERNATIVES 

This section summarizes the effects of the mitigation alternatives in terms of water level changes relative to the Baseline 
condition simulated for the reference period (1925-2017). 

Alternative 1 (submerged weir) and Alternative 3 (submerged weir and minor diversion) 

• Alternative 1 and Alternative 3 are very similar in terms of water level reduction on the lake over a long period. The 
difference between the two alternatives is the activation of a minor diversion through the Chambly Canal when the 
river discharge exceeds 1,200 m3/s (see chapter 2). This flow threshold was reached on three occasions in the 
reference period simulations, in 1993, 1998 and 2011. 

• Alternatives 1 and 3 would provide a reduction in the mean annual maximum water level of Lake Champlain of 5.4 
cm and 5.9 cm, respectively (Figure 4.2.1). Reductions would be greater at higher levels. For example, in 2011, 
Alternatives 1 and 3 would have provided a reduction of 10.5 cm and 13.1 cm, respectively. 

• Water level reduction would also be greater at Saint-Jean-sur-Richelieu, where the average reduction during years 
above the minor flood threshold would be 12 cm for both alternatives, and the maximum reduction would have 
reached 15 cm and 19 cm in 2011 for Alternatives 1 and 3, respectively. The water level reductions associated with 
the alternatives are greater at Saint-Jean-sur-Richelieu than in Lake Champlain due to the friction of submerged 
plants and substrate over the 30 km reach between the weir and the Lake. This friction would reduce the positive 
effect of the submerged weir. 

• In contrast, the average annual maximum flow would be very similar to the Baseline. This is because the reduction 
in water level would not be achieved directly by reducing the maximum discharge, but rather, by modifying the 
level/discharge relationship at the Saint-Jean-sur-Richelieu weir so that for a similar discharge, the water level 
would be reduced. Thus, the average annual maximum discharge would be 891 m3/s for Alternative 1, and  
899 m3/s for Alternative 3, compared to 868 m3/s for the Baseline scenario. Maximum flow values would also be 
similar, at 1,452 m3/s and 1,467 m3/s, compared to 1,477 m3/s for the Baseline. 

• At very low water levels, the effect would be reversed, as the water level would be higher at Lake Champlain and 
upstream of the submerged dike at Saint-Jean-sur-Richelieu. Because the diversion would not be active at low 
water levels, Alternatives 1 and 3 would have the same effect on water levels. The average annual minimum water 
level would be raised by 17.4 cm and the maximum increase in the low water level would be 29 cm (in 1931), still 
without having a major impact on the minimum discharge of the river (less than 20 m3/s). 

• A marked reduction in the number of years in which Lake Champlain level would exceed the ministère de la Sécurité 
publique du Québec (MSP) minor flooding threshold (30.08 m) would be observed, going from 17 years for the 
Baseline to 12 years (Figure 4.2.1 and Table 4.2.5). 

• The same observation is made at Saint-Jean-sur-Richelieu, with 19 years exceeding the MSP minor flooding 
threshold in the Baseline condition reduced to 11 years with Alternatives 1 and 3 (Figure 4.2.2 and Table 4.2.4). 
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• At low flows, there would be a significant reduction in the number of years that the water levels of Lake Champlain 
falls below 28.52 m 6, from 65 years in the Baseline scenario (out of 93, or 70 percent of the years) to only 16 years 
with the submerged weir (Table 4.2.3). On the other hand, while 35 percent of the years in the Baseline condition 
fall below 28.37 m 7, no year would fall below this threshold with mitigation Alternatives 1 and 3. 

• Comparison of the interannual average by quarter-month shows that Alternatives 1 and 3 would be significantly 
closer to the hydraulic regime that prevailed before anthropogenic changes were made to the river channel than 
the baseline scenario, especially during periods of low water levels (Figure 4.2.7 and Figure 4.2.8, for more details 
see Gosselin et al. 2022). 

Alternative 2 

• This alternative consists of a much larger diversion through the Chambly Canal than Alternative 3, involving water 
management based on water supply forecasts, rather than discharge conditions at a given time. When the 
diversion is not active, conditions would gradually revert to baseline conditions, so there would be no effect during 
low-flow periods (see Chapter 3). 

• effect on Lake Champlain water level would be of great consequence with the diversion active, with an average 
reduction in maximum water level in years above the minor flood threshold of 7 cm. The level reduction would be 
greater during high flood events and would have reached 19.1 cm in 2011 (Figure 4.2.1).  

• Level reductions would be more pronounced in Saint-Jean-sur-Richelieu, with an average reduction of 6.5 cm, and 
a maximum reduction of 29.9 cm for the 2011 flood (Figure 4.2.2).  

• The number of years with Lake Champlain above the MSP minor flood level (30.55 m) would be greatly reduced, 
from 17 years to only 7 years (Table 4.2.1, Table 4.2.4). For Saint-Jean-sur-Richelieu, the number of years would 
also be reduced, from 19 years to only 2 years above the minor flood level (Table 4.2.2, Figure 4.2.3).  

 
6 USGS Lake Champlain level of 94 ft in the NGVD29 vertical datum. 
7 USGS Lake Champlain level of 93.5 ft in the NGVD29 vertical datum. 
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Figure 4.2.1. (Upper) Maximum annual water level of Lake Champlain (Rouse's Point) for the Baseline scenario and the mitigation alternatives. 
(Lower) Difference in maximum annual lake level compared to the Baseline scenario. 

 
Figure 4.2.2. (Upper) Maximum annual water level at Saint-Jean-sur-Richelieu (marina) for the Baseline scenario and the mitigation alternatives. 
(Lower) Difference in maximum annual water level compared to the Baseline scenario. 

 
 
 



38 

Table 4.2.1. Number of years above the various Lake Champlain emergency action thresholds for the Baseline scenario and mitigation alternatives. 

 

 

Table 4.2.2. Number of years above different emergency action thresholds in Saint-Jean for different mitigation alternatives. 

 

 

Table 4.2.3. Number of years below low water level thresholds in Lake Champlain for the flood mitigation alternatives. Since there are no official low 
level thresholds in Lake Champlain, the low water level thresholds were chosen based on the minimum observed levels in increments of 0.5 ft between 
92 to 94.5 ft in the NGVD29 datum. 
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Table 4.2.4. Comparison of the different emergency level thresholds that would be reached in Saint-Jean-sur-Richelieu for each year of the reference 
period (1925-2017) simulated for each mitigation alternative (m, NAVD88). 
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Table 4.2.5. Comparison of the different thresholds of emergency levels that would be reached by the water levels (m, NAVD88) in Lake Champlain 
at each year of the reference period (1925-2017) simulated for each mitigation alternative.  
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Table 4.2.6. Comparison of the different emergency level thresholds that would be reached on Lake Champlain at Rouses Point according to the 
mitigation alternatives (feet, NGVD29). 
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Figure 4.2.3. Longitudinal profile for three flood stages and their differences from the baseline scenario. (Right axis in metric (m-NAVD88 and 
difference in meters) and left in imperial (pi-NAVD88 and difference in inches)). St. Theresa Island to Rouses Point, NY area. 
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Figure 4.2.4. Longitudinal profile for three flood stages and their differences from the Baseline scenario. (Right axis in metric (m-NAVD88 and 
difference in meters) and left in imperial (pi-NAVD88 and difference in inches)). Saint-Jean-sur-Richelieu weir area. 



44 

 

Figure 4.2.5. Longitudinal profile for three flood stages and their differences from the Baseline scenario. (Right axis in metric (m-NAVD88 and 
difference in meters) and left in imperial (pi-NAVD88 and difference in inches)). Area from Chambly Basin to Saint-Jean-sur-Richelieu. 
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Figure 4.2.6. Longitudinal profile for three hydrological events and their differences from the Baseline scenario. (Left axis in metric (m-NAVD88 and 
difference in meters) and left in imperial (pi-NAVD88 and difference in inches)). Sector from Sorel to the Chambly Dam.  
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Figure 4.2.7. Comparison of the interannual variation by quarter month of the average Lake Champlain water level for the Baseline, the three 
proposed alternatives and the natural state (i.e. prior to anthropogenic modifications to the channel). 

 
Figure 4.2.8. Comparison of the interannual variation per quarter month of the average level at Saint-Jean-sur-Richelieu (marina) for the Baseline, 
the three proposed flood mitigation alternatives and the natural state (i.e. prior to anthropogenic modifications to the channel). 
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5 SOCIAL PERFORMANCE INDICATORS 

5.1 INTRODUCTION 

Over the last hundred years, the LCRR basin has witnessed uneven population growth, and its population has aged. These 
changing demographic characteristics have implications for the region economy, particularly for its vulnerability to flood 
hazards. At the same time, the heterogeneity of the social landscape of the basin is underpinned by the unequal distribution 
of social vulnerability. Therefore, it is critical to identify which areas are most socially vulnerable to identify flood mitigation 
alternatives that increase resiliency. 

To evaluate the effectiveness of flood mitigation alternatives in reducing some social vulnerability impacts, two PIs were 
developed to estimate vulnerability at the social and territorial levels. These PIs are based on socioeconomic and 
demographic data that characterize the population and the built environment in floodplains. These indicators are a 
valuable tool for understanding which population groups are more vulnerable towards flood events and where these groups 
live. Such PIs can also inform flood related risk management activities. 

In this study, two main social performance indicators are used: the Social Sensitivity Index (SSI) and the Territorial Sensitivity 
Index (TSI). Table 5.1.1 specifies the variables used to build these two social PIs. First, SSI provides an empirical basis to 
compare social differences in various spatial scenarios and for specific environmental hazards. The index is created by 
synthesizing socioeconomic variables (e.g., percentage of the population aged 65 and over, one-person households, etc.) 
through a process called principal components analysis. Then, TSI provides a picture of the vulnerability associated with the 
structural elements of the territory that is mainly informed by the spatial distribution of infrastructures within in the study 
area. These infrastructures are categorized into various classes according to their level of importance in the community day-
to-day operations. The variables employed to create these indexes were selected by disaster and social science experts, with 
extensive research backgrounds (Thomas & Gagnon, 2019). Each social performance indicator was applied in both 
Canada and the United States over the entire study area. 

This chapter presents the results of each social PI and the associated sub-indicators. After a short PI description, results 
under the Baseline scenario are presented for the different portions of the study area (e.g., Lake Champlain, Upper Richelieu 
River area, Lower Richelieu River area; for more details, see Chapter 3). It is followed by a description of the impacts 
associated with Alternatives 1 (submerged weir) and 3 (submerged weir with minor diversion), since those alternatives have 
similar impacts on the water level regime, while impacts of Alternative 2 (major diversion) are described separately. Then, 
key findings highlight the main effects and explain the impacts of the alternatives on the different social PI components. 
Finally, when relevant, two short sections summarize external expert interpretation of the results under the scope of social 
and territorial communities’ considerations. A summary of all key findings is presented at the end of the chapter. 

For more detail on the data, functions, calibration, and validation of the model, associated with each social PI, refer to the 
report Performance indicators Fact Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022).  
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Table 5.1.1. List of social performance indicators developed by experts of the LCRR Study. 

 

5.2 SOCIAL SENSITIVITY INDEX 

PI experts: Isabelle Thomas and Alexandre Gagnon, Université de Montréal 

Performance indicator description  

The composition of the population facing a disaster greatly influences the vulnerability of a municipality (Cutter et al., 
2003) and affects the social cohesion and the capacity to respond to emergencies. Understanding this issue is crucial for 
improving the resilience of society. Using the Social Sensitivity Index (SSI), this study examines the spatial distribution of 
social vulnerability components across the LCRR basin under different flood mitigation alternatives. This performance 
indicator was built based on a methodology developed by the ARIaction team at the Université de Montréal in collaboration 
with Quebec Ministère de la Sécurité Publique (MSP).  

To assess SSI at the residential building level, specific key sub-indicators were selected to represent particularly significant 
socio-economic and demographic factors (Table 5.1.1).These sub-indicators were collected from the dissemination areas of 
both countries (Canada and the United States) and then normalized according to a z-score normalization. These 
component scores were then combined into aggregated Social Sensitivity Index (SSI) ranging from 0 to 1. Every building of 
the study area had an SSI score attributed. Specifically, when a residential building was affected by a flood in the time series 
(baseline and 3 alternative scenarios), its SSI score was added up. Otherwise, the score was not added up. In a second step, 
the output of the SSI was superimposed on the flood hazard map (based on the annual frequency of flooding) of the study 
area to analyze the resulting social risk. 

The SSI and its sub-indicators give information on the characteristics of sensitive populations and their localization while 
also helping understand the effectiveness of alternatives for reducing the flood impacts on the local population. Comparing 
SSI scores across the study area informs on the equity of the impacts of the Alternatives.  
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Results 

This section first presents the results of the social risk mapping, and then the results of total SSI scores in both countries for 
the baseline scenario. The social risk results are represented in the form of a map with score values ranging from low to high 
risk. The SSI score reductions provided by each alternative are shown relative to the baseline for each portion of the study 
area and highlighted for years presenting water levels approximating thresholds of the major flood (year 2011, 1,500 m3/s), 
moderate flood (year 1998, 1,200 m3/s), and minor flood (year 2001, 1,083 m3/s), as well as for the yearly average through 
the reference period. To assess differences between the general population and population benefiting from Alternatives, a t-
test were performed. 

Maps and tables of results for this indicator are presented in the Maps and Tables section.  

Canada 

Baseline scenario (State of reference) 

Overall, the Canadian portion of the Study area appears heterogeneous in terms of social risk variations (Figure 5.2.1). First, 
flood hazard is illustrated along the Richelieu River and the northern bank of the Missisquoi Bay, on the leftmost map, as an 
annual flood probability, ranging from zero to more than 25 percent (Figure 5.2.1-Left). Moreover, a higher probability of 
flooding is observed in the upstream section, while probabilities remain below 20 percent in the downstream section, except 
for a single dissemination area in the north of Chambly. Secondly, higher SSI scores also appear in the southern region of 
the study area (Figure 5.2.1-Center). For example, the municipality of Noyan has the highest values of SSI, while Beloeil and 
Chambly have the lowest values of SSI. The rural lands near the border have high values of social sensitivity as well. Lastly, 
important social risk values can be seen throughout the map (Figure 5.2.1 - Right), particularly in the Upper River area. The 
highest social risk is linked to the combination of high values of flood frequencies and SSI. 

The year 2011 had the highest social sensitivity, with an estimated total SSI score of 1,560, then followed by the years 1998 
(876) and 2001 (248), and the yearly average was 117 for the Canadian portion of the study area (Table 5.2.1). In 2011, 
most of the social impacts were found in the Richelieu River, with an SSI score of 1,287, while Missisquoi Bay had an SSI 
score of 273 in 2011 (Table 5.2.1). The Upper River area was the most socially vulnerable along the Richelieu River with an 
SSI value of 1,141.  

The same pattern can be observed for the scores of the SSI sub-indicators (Table 5.2.2 to Table 5.2.5). Overall, the 
Canadian population represented by the sub-indicator "Percentage of the population aged 65 and over" had the highest 
scores, corresponding to the highest vulnerability, while the “households with tenant status” sub-indicator was the least 
socially vulnerable. For example, the scores related to the sub-indicators "Percentage of the population aged 65 and over" 
and "% of households with tenant status" are 1,668 and 1,253, respectively, for the year 2011 (Table 5.2.2 and Table 5.2.5). 
In addition, the highest values for the SSI sub-indicators were found in the Upper River Region (Table 5.2.2 and Table 
5.2.5). For example, for the sub-indicator "Population 65 years and older", the score was higher in the Upper River region 
(1,223 in 2011) than in the Lower River region (166 in 2011), as well as for the "Single-person households" sub-indicator, 
where the score was higher in the Upper River region (918 in 2011) than in the Lower River region (142 in 2011). 
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Alternatives 

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
observations noted below:  

Alternative 1 and 3 

In the Canadian portion of the basin, for the reference period, Alternatives 1 and 3 would reduce the SSI scores for all 
magnitudes of flood event which results in reductions of the yearly average values (Table 5.2.1). Specifically, Alternatives 1 
and 3 would reduce the SSI scores on average by 37.6 percent and 40.2 percent respectively (Table 5.2.1). For 2011, 
Alternative 1 would reduce the SSI scores by 11.1 percent, while Alternative 3 would decrease the SSI score by 17.5 percent 
(Table 5.2.1). For the 1998 year, Alternative 1 and 3 would reduce the SSI scores by 32.2 percent and 33.9 percent, 
respectively. For the 2001 year, the SSI score is also decreased by 29.4 percent and 30.8 percent for Alternatives 1 and 3, 
respectively (Table 5.2.1).   

In addition, most of the reduction in social sensitivity provided by Alternatives 1 and 3 is concentrated in the Upper River 
area, with average reductions of 37.7 percent and 40.3 percent, respectively (Table 5.2.1).  

By comparing the distribution of the SSI and its sub-indicators for those who benefit from Alternatives 1 and 3 to the 
distribution of the general population using a statistical t-test (two-sample t-test), significant differences were found for all 
the studied sub-indicators (Table 5.2.6) (h=1). 

Alternative 2 

In the Canadian portion of the study area, Alternative 2 would be the most effective, with an average decrease in social 
sensitivity of 52.1 percent. Alternative 2 would reduce the SSI score by 22.9 percent for the 2011 flood event and 35.8 percent 
for the moderate flood event of 1998. 

In the Lower River, for the year 2011, Alternative 2 would provide a lesser benefit than in the Upper River area, reducing SSI 
scores by 15.8 percent. Alternative 2 would increase social sensitivity by 19.9 percent on average over the reference period 
and by 26.6 percent for the moderate flood event of 1998. However, in the Upper River, Alternative 2 would provide major 
benefits by decreasing SSI scores by 58.4 percent (Table 5.2.1) on average and 59.2 percent for the minor flood event of 
2001. In the Canadian portion of the lake, the reductions of SSI values are low compared to the Upper River area for major 
flood (2011), but higher for minor floods (2001).  

Finally, there are significant differences for all the sub-indicators under Alternative 2 (Table 5.2.6) (h=1).  

Findings 

According to the simulation results, in the Canadian portion of the study area, all alternatives would considerably reduce the 
overall social sensitivity associated with SSI, with decreases of 38, 52, and 40 percent, respectively over the reference period. 
Alternative 2 would provide the greatest overall reduction in social sensitivity on average and for all magnitude of flood 
events. Under all alternatives, the majority of the SSI and sub-indicator value reductions are located in the Upper River area. 
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Considerations 

The results indicate that age and single persons are the highest sub-indicators explaining SSI across the Canadian portion 
of the study area. Age has been widely recognized as a main driver of social sensitivity and vulnerability. The elderly along 
the Richelieu River is particularly exposed to disaster risk. According to the results, another important driving force in social 
sensitivity is the single-person households. Single persons may be less resilient facing a flood and implementing actions 
during a disaster; targeting mitigation towards them may be efficient. In addition, the Canadian portion of the Study area 
contains specific zones more prone to social risk, highlighting the need for a cohesive management approach. 

Tables 

Table 5.2.1. Social Sensitivity Index (SSI) in Canada for the Baseline scenario and variations (%) associated with the three alternatives, for a year of 
major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) and for the yearly average of the reference period (1925-2017). 
Color shades highlight variations above 5 percent (red), between 2 and 5 percent (light red), between -2 percent and 2 percent (white), between -2 
and -5 percent (light green) and below -5 percent (green). 

 

 

Table 5.2.2. Percent of the population aged 65 years and older (Social Sensitivity Index (SSI) sub-indicator) in Canada for the Baseline scenario and 
variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) 
and for the yearly average of the reference period (1925-2017). Color shades highlight variations above 5 percent (red), between 2 and 5 percent 
(light red), between -2 percent and 2 percent (white), between -2 and -5 percent (light green) and below -5 percent (green). 
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Table 5.2.3. Single-person households (Social Sensitivity Index (SSI) sub-indicator) in Canada for the Baseline scenario and variations (%) 
associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) and for the 
yearly average of the reference period (1925-2017). Color shades highlight variations above 5 percent (red), between 2 and 5 percent (light red), 
between -2 percent and 2 percent (white), between -2 and -5 percent (light green) and below -5 percent (green). 

 

 

Table 5.2.4. Median after-tax household Income (Social Sensitivity Index (SSI) sub-indicator) in Canada for the Baseline scenario and variations (%) 
associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) and for the 
yearly average of the reference period (1925-2017). Color shades highlight variations above 5 percent (red), between 2 and 5 percent (light red), 
between -2 percent and 2 percent (white), between -2 and -5 percent (light green) and below -5 percent (green). 

 

 

Table 5.2.5. Percent of private households with tenant status (Social Sensitivity Index (SSI) sub-indicator) in Canada for the Baseline scenario and 
variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) 
and for the yearly average of the reference period (1925-2017). Color shades highlight variations above 5 percent (red), between 2 and 5 percent 
(light red), between -2 percent and 2 percent (white), between -2 and -5 percent (light green) and below -5 percent (green). 
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Table 5.2.6. Results of the two-sample statistical t-test for Canada; the value h value = 1 indicates that the t-test rejects the null hypothesis (h value =0) 
at the default significance level of 5% (the null hypothesis means that the data in the two populations come from independent random samples from a 
normal distribution with equals means).  

 

Maps 

 

Figure 5.2.1. (Left) Flood hazard, defined as the average relative annual frequency of flooding of residential buildings (i.e. proportion of flooded years 
during the reference period) averaged in 400m x400m cells for the baseline scenario on the Canadian portion of the basin. (Center) Social sensitivity 
index standardized in dissemination area (Statistics Canada, 2018). (Right) Social flood risk, defined as the product of flood hazard and social 
sensitivity.  
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United States 

Baseline scenario (State of reference) 

Figure 5.2.2 shows the spatial distribution of social risk for the US portion of the study area. Overall, the region scored low 
on social risk in most areas, except for some parts of Lake Champlain, particularly near Burlington, whose census tract had 
high social sensitivity (Figure 5.2.2). The low social risk values are associated mainly with a low probability of flooding for 
buildings. However, the small spatial scale of this study does not capture the diversity of social risk in the community, 
particularly for rural areas and some other municipalities. 

Analyzing the results of the SSI scores in the baseline scenario (Table 5.2.7), it appears that the population was mainly 
affected by the moderate and major flood events (1998 and 2011), where the SSI scores were 46 and 351, respectively. 
However, the SSI score was low (6) for the yearly average.  

Regarding the sub-indicators of the SSI, as obtained in the Canadian study area, the sub-indicators “Percent of the 
population aged 65 years and older” and “Single-person households” presented the highest scores with 394 and 355 in 
2011, respectively (Table 5.2.8 and Table 5.2.9), while the sub-indicator “Median household income” had the lowest score 
of 296 (Table 5.2.10) for the year 2011.  

Alternatives 

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
observations noted below:  

Alternative 1 and 3 

In the US portion of the basin, Alternatives 1 and 3 would decrease the SSI scores and sub-indicators for all flood years, 
particularly for the 2011 major flood (Table 5.2.7). For instance, Alternatives 1 and 3 would reduce the SSI scores by 39.5 
percent and 46.3 percent, respectively, in 2011. The rate of reduction in social sensitivity for the SSI sub-indicators also 
follows a similar trend. The reductions were observed mainly in the year 2011 and for the annual average (Table 5.2.7 to 
Table 5.2.10). For example, Alternatives 1 and 3 would reduce the scores for the sub-indicators “Percentage of the 
population aged 65 years and older” by 39.9 percent and 46.6 percent, respectively, for the 2011 year (Table 5.2.8). 
Alternatives 1 and 3 would also reduce the score for “Single-person households” by 40.0 percent and 46.7 percent, 
respectively, for the same year (Table 5.2.9). 

Using the two-sample t-test (Table 5.2.11), there were no significant differences between the sub-indicators (65+, single, and 
SSI) for Alternative 1 and the income sub-indicator for Alternative 3.  

Alternative 2 

Alternative 2 would be the most effective alternative, with an overall decrease in SSI of 63.2 percent for the yearly average. 
Furthermore, Alternative 2 reduces the SSI scores by 57.6 percent for 2011 and 47.6 percent for 1998. Regarding the SSI 
sub-indicators, Alternative 2 would reduce the yearly average scores by 63.6 percent for the “Percentage of the population 
aged 65 years and older”, 63.7 percent for “Single-person households”, 63.0 percent for “Median after-tax household 
income”, and 63.5 percent for the “Percentage of private household with tenant status”.  
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Findings 

According to simulation results, in the US portion of the study area, all alternatives would considerably reduce social 
sensitivity associated with SSI and its sub-indicators, with a proportionally higher social reduction occurring under higher 
flood conditions (2011). Alternative 2 would provide the greatest reduction in SSI, followed by Alternative 3 and Alternative 1.  

Considerations 

The findings indicate that the factors influencing social sensitivity in the US portion of the Study area include age, income, 
single persons and tenant status. While there is still debate on the selection of the indicators used to measure the social 
vulnerability concept in the United States, an understanding of the spatial distribution of any indicator improves 
understanding of the spatial patterns of social vulnerability.  

Tables  

Table 5.2.7. Social Sensitivity Index score in the United States for the Baseline scenario and variations (%) associated with the three alternatives, for a 
year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) and for the yearly average of the reference period (1925-
2017). Color shades highlight variations above 5 percent (red), between 2 and 5 percent (light red), between -2 percent and 2 percent (white), 
between -2 and -5 percent (light green) and below -5 percent (green). 

 

 

Table 5.2.8. Percent of the population aged 65 years and older (Social Sensitivity Index (SSI) sub-indicator) in the United States for the Baseline 
scenario and variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor 
flood (2001) and for the yearly average of the reference period (1925-2017). Color shades highlight variations above 5 percent (red), between 2 and 
5 percent (light red), between -2 percent and 2 percent (white), between -2 and -5 percent (light green) and below -5 percent (green). 
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Table 5.2.9. Single-person households (Social Sensitivity Index (SSI) sub-indicator) in the United States for the Baseline scenario and variations (%) 
associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) and for the 
yearly average of the reference period (1925-2017). Color shades highlight variations above 5 percent (red), between 2 and 5 percent (light red), 
between -2 percent and 2 percent (white), between -2 and -5 percent (light green) and below -5 percent (green). 

 

 

Table 5.2.10. Median after-tax household Income (Social Sensitivity Index (SSI) sub-indicator) in the United States for the Baseline scenario and 
variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) 
and for the yearly average of the reference period (1925-2017). Color shades highlight variations above 5 percent (red), between 2 and 5 percent 
(light red), between -2 percent and 2 percent (white), between -2 and -5 percent (light green) and below -5 percent (green). 

 

 

Table 5.2.11. Percentage of private households with tenant status (Social Sensitivity Index (SSI) sub-indicator) in Canada for the Baseline scenario 
and variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood 
(2001) and for the yearly average of the reference period (1925-2017). Color shades highlight variations above 5 percent (red), between 2 and 5 
percent (light red), between -2 percent and 2 percent (white), between -2 and -5 percent (light green) and below -5 percent (green). 

 

 

Table 5.2.12. Results of the two-sample statistical t-test for the US; the h value = 1 indicates that the t-test rejects the null hypothesis (h value =0) at the 
default significance level of 5% (the null hypothesis means that the data in the two populations come from independent random samples from a 
normal distribution with equal means). 
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Maps 

 

Figure 5.2.2. (Left) Flood hazard, defined as the average relative annual frequency of flooding of residential buildings (i.e. proportion of flooded years 
during the reference period) averaged in 400m x400m cells for the baseline scenario on the US portion of the basin. (Center) Social sensitivity index 
standardized in dissemination area (Statistics Canada, 2018). (Right) Social flood risk, defined as the product of flood hazard and social sensitivity.  
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5.3 TERRITORIAL SENSITIVITY INDEX 

PI experts: Isabelle Thomas and Alexandre Gagnon, Université de Montréal 

Performance indicator description  

In order to adequately picture the society’s vulnerability towards flood risk, it is necessary to assess the organization of the 
territory, its development, and the spatial distribution of the essential infrastructure. On a theoretical level, these notions 
relate to territorial sensitivity. Identifying the places where sensitivity is concentrated makes it possible to know the territory 
better, to identify its weaknesses from a perspective of prevention and adaptation, to prepare it judiciously for any 
eventuality, and even to intervene with full knowledge in case of emergency. 

In this study, territorial sensitivity was assessed by the territorial sensitivity index (TSI). This index was constructed based on 
the work of Thomas et al. (2012) and Thomas et al. (2019). The TSI was developed and applied in the context of various 
municipalities in Quebec, such as Saint-Raymond near Quebec City. This performance indicator provided a brief territorial 
portrait of the study area and assessed the infrastructure likely to be directly affected by a possible flood. It mainly consisted 
of counting different types of buildings and infrastructure inside geo-located mesh units that would be affected by floods. 
When a building was affected by a flood in the time series, its TSI score was counted; otherwise, it was not the scores were 
redistributed between 0 and 1 and summed over mesh units. 

The assessment of the territorial sensitivity index was based on six sub-indicators: 

• Number of flooded residential buildings; 

• Number of flooded non-residential buildings; 

• Number of flooded agricultural buildings; 

• Number of flooded commercial buildings; 

• Number of flooded industrial buildings; 

• Number of flooded schools. 

Results 

This section first presents the results of total TSI scores and their sub-indicators in both countries for the baseline scenario. 
TSI reductions provided by each alternative are shown relative to the baseline for each portion of the study area and 
highlighted for years presenting water levels close to major, moderate and minor flood thresholds. These results highlight the 
areas of high territorial sensitivity, which helps to understand what type of infrastructure is at stake and to plan for 
adaptation and risk management in these sectors. Maps and tables of results are presented in separate sections after results 
descriptions. 
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Canada 

Baseline scenario (State of reference) 

In the Canadian portion of the study area, simulating the TSI scores for the reference period revealed the following:  

Simulations suggested that highest TSI scores occurred during the major flood event of 2011, with an estimated total TSI 
score 23,080 for the Canadian portion of the study area. In 2011, high TSI scores were mainly concentrated in the Upper 
River area with a TSI score of 14,091, in contrast to the Lower River, which had a TSI score of 6,076. Baie Missisquoi had the 
lowest TSI score (2,913 in 2011) (Table 5.3.1) where only a few residential buildings (405) would have been flooded in 2011 
(Figure 5.3.1 and Table 5.3.2). 

The results simulated for the TSI sub-indicators (Table 5.3.2 to Table 5.3.6), revealed that the majority of flooded buildings 
in the study area were mainly residential, followed by agricultural, commercial, industrial, and public buildings. This sub-
indicator “Number of flooded residential buildings” had the highest TSI score compared to the other TSI sub-indicators 
(Table 5.3.2), thus having the greatest influence on the total TSI score. 

Alternatives 

Comparing the TSI simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
observations noted below:  

Alternative 1 and 3 

In the Canadian portion of the basin and over the reference period, Alternatives 1 and 3 would reduce TSI scores for the 
major and moderate floods (2011 and 1998). However, for the 2001 flood event and for the yearly average, Alternatives 1 
and 3 would mainly reduce the TSI scores in the Upper River, and have almost no effect in the Lower River where results 
suggested very low percentages of territorial sensitivity reduction. For the major flood of 2011, Alternatives 1 and 3 would 
reduce the TSI score by 11.4 and 11.9 percent in the Lower River and by 8.0 percent and 12.3 percent for the Upper River 
respectively. For 2001, the TSI scores would be reduced by 8.4 percent for both Alternatives in the Upper River, while the 
score would be essentially unchanged in the Lower River area (Table 5.3.1).  

Generally, Alternatives 1 and 3 would reduce all the TSI sub-indicators (Table 5.3.2 to Table 5.3.6). For example, 
Alternatives 1 and 3 would decrease the residential buildings score by 30.1 percent and 33.9 percent in the Lower River and 
by 10.3 percent and 18.3 percent in the Upper River in 2011 (Table 5.3.2).  

Alternative 2 

The impact of the alternatives in the evaluation of territorial sensitivity varies according to the flooding events. Alternative 2 
would reduce the TSI scores under the major flood (2011) for the whole study area (Table 5.3.2). However, under the 
moderate flood of 1998, Alternative 2 would increase the TSI score in the Lower River and decrease it in the other sections 
(Table 5.3.2). In the minor flood year of 2001 and for the yearly average, Alternative 2 would not induce changes to the TSI 
scores in the Lower River and would reduce the TSI scores in the other sections of the river (Table 5.3.2).  
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Regarding the TSI sub-indicator scores, Alternative 2 would decrease the number of residential buildings affected by floods 
by 14.8 percent in the Lower River and by 25.6 percent in the Upper River for the 2011 flood. Furthermore, Alternative 2 
would increase the flood impacts on those buildings by 33.1 percent in the Lower River and decrease the flood impacts by 
41.1 percent in the Upper River in the moderate flood of 1998. In the 2001 minor flood, Alternative 2 would reduce the 
impacts of the flooded residential buildings by 40.5 percent in the Lower River and by 55.8 percent in the Upper River. 
Lastly, on average over the reference period, Alternative 2 would increase the flooded residential buildings by 19.8 percent in 
the Lower River and decrease the flooded residential buildings by 57.6 percent in the Upper River. 

Findings 

Simulation results suggested concerns in terms of general TSI scores and associated sub-indicators, particularly the 
residential buildings, in the Canadian portion of the study area. While the three Alternatives have an overall positive 
influence on the TSI scores, some differences exist between the southern and northern areas. A higher value of TSI can be 
found in the upstream section of the Richelieu River, and most flooded buildings are of residential nature. With respect to the 
proposed Alternatives, all three alternatives seem to be efficient in reducing the TSI score, with Alternative 2 the most 
effective, especially in reducing the number of flooded residences. However, Alternative 2 could increase the number of 
flooded buildings and increase TSI in the Lower Richelieu River (e.g. during the moderate 1998 flood and for the yearly 
average). 

Considerations 

The application of the TSI and its sub-indicators in the Canadian portion of the Study area provided interesting results to 
target some infrastructures that play a very important role in the territorial organization. Overall, the results showed that 
residential buildings have a major impact on the territorial sensitivity of communities. Given these results, decision makers 
and managers should focus on adaptation of residential buildings facing high flooding risk, especially in the upstream part 
of the Richelieu River.  

Tables 

Table 5.3.1Territorial Sensitivity Index (TSI) score in the Richelieu River for the Baseline scenario and variations (%) associated with the three 
alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) and for the yearly average of the 
reference period (1925-2017). 
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Table 5.3.2. Total of flooded residential buildings (Territorial Sensitivity Index sub-indicator) score in the Richelieu River for the Baseline scenario and 
variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) 
and for the yearly average of the reference period (1925-2017). 

 

 

Table 5.3.3. Total of flooded non-residential buildings (Territorial Sensitivity Index sub-indicator) score in the Richelieu River for the Baseline scenario 
and variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood 
(2001) and for the yearly average of the reference period (1925-2017). 

 

 

Table 5.3.4. Total of flooded agricultural buildings (Territorial Sensitivity Index sub-indicator) score in the Richelieu River for the Baseline scenario 
and variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood 
(2001) and for the yearly average of the reference period (1925-2017). 
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Table 5.3.5. Total of flooded commercial buildings (Territorial Sensitivity Index sub-indicator) score in the Richelieu River for the Baseline scenario 
and variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood 
(2001) and for the yearly average of the reference period (1925-2017). 

 

 

Table 5.3.6. Total of flooded public buildings (Territorial Sensitivity Index sub-indicator) score in the Richelieu River for the Baseline scenario and 
variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) 
and for the yearly average of the reference period (1925-2017). 
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Maps 

 

Figure 5.3.1. (Left) Number of flooded residential buildings in the 2011 major flood summed in 400m x400m cells for the Baseline scenario on the 
Canadian portion of the basin. (Center). Difference of number of flooded buildings between Alternative 1 and Baseline. (Right) Difference in number 
of flooded buildings between Alternative 2 and Baseline.  
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United States 

Baseline scenario (State of reference) 

In the United States portion of the study area, simulating the TSI scores for the reference period revealed the following:  

High TSI scores mainly occurred for major flood events such as 2011, with an estimated total TSI score of 30,474 (Table 
5.3.7). In addition, the results simulated for the TSI sub-indicators (Table 5.3.8 to Table 5.3.14), revealed that the majority 
of flooded buildings in the study area would be residential, followed by commercial, industrial, agricultural, public buildings, 
and schools. For the major flood event of 2011, the simulated number of flooded residential buildings was 722 (Table 5.3.8), 
while the number of flooded non-residential buildings was 114 (Table 5.3.9). 

Alternatives 

Comparing the TSI simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
observations noted below:  

Alternative 1 and 3 

Alternatives 1 and 3 would reduce TSI scores for all simulated flood events (Table 5.3.7). For the major 2011 flood 
specifically, Alternatives 1 and 3 would reduce TSI scores by 3.7 percent and 5.0 percent, respectively. For the moderate 
flood of 1998, Alternatives 1 and 3 would reduce the TSI scores by 4.0 percent and 5.0 percent. For the minor 2001 flood 
year, Alternative 1 would not reduce the TSI scores significantly (1.5 percent), while Alternative 3 would reduce the TSI score 
by 2.1 percent.  

Similarly, Alternatives 1 and 3 would reduce the number of flooded residential buildings only for the moderate and major 
flood events (2011 and 1998). In contrast, there would be no reduction observed in the minor flood year 2001 (Table 5.3.8). 

Alternative 2 

In the United States portion of the study area, Alternative 2 would reduce the TSI scores for major, moderate and minor 
flood events (2011, 1998 and 2001) and on average over the reference period. Overall, the TSI scores would be reduced by 
7.3, 4.5, and 7.7 percent respectively in 2011, 1998, and 2001. Moreover, Alternative 2 would decrease the TSI sub-indicator 
scores for all types of flood events and on average over the reference period (Table 5.3.8 to Table 5.3.14). 

Findings 

As a whole, all alternatives appear to have a positive impact for reducing TSI scores and also the number of residential 
buildings affected by floods. Alternative 2 stands out by having the highest positive influence on the TSI scores, especially 
during the major flood event of 2011. This alternative would also reduce the number of flooded residential and commercial 
buildings.  
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Considerations 

In the United States, there is a significant concentration of flooded residential and commercial buildings along the shoreline. 
These two types of buildings have played an important role in the TSI distribution. Moreover, commercial buildings could be 
a particular focus for further study and adaptation on the US side.  

Table 5.3.7. Territorial Sensitivity Index (TSI) score in Lake Champlain for the Baseline scenario and variations (%) associated with the three 
alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) and for the yearly average of the 
reference period (1925-2017). 

 

 

Table 5.3.8. Total of flooded residential buildings (Territorial Sensitivity Index sub-indicator) score in Lake Champlain for the Baseline scenario and 
variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) 
and for the yearly average of the reference period (1925-2017). 

 

 

Table 5.3.9. Total of flooded non-residential buildings (Territorial Sensitivity Index sub-indicator) score in Lake Champlain for the Baseline scenario 
and variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood 
(2001) and for the yearly average of the reference period (1925-2017). 

 

 

Table 5.3.10. Total of flooded agricultural buildings (Territorial Sensitivity Index sub-indicator) score in Lake Champlain for the Baseline scenario and 
variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) 
and for the yearly average of the reference period (1925-2017). 

 

 



66 

Table 5.3.11. Total of flooded commercial buildings (Territorial Sensitivity Index sub-indicator) score in Lake Champlain for the Baseline scenario and 
variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) 
and for the yearly average of the reference period (1925-2017). 

 

 

Table 5.3.12. Total of flooded industrial buildings (Territorial Sensitivity Index sub-indicator) score in Lake Champlain for the Baseline scenario and 
variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) 
and for the yearly average of the reference period (1925-2017). 

 

 

Table 5.3.13. Total of flooded public buildings (Territorial Sensitivity Index sub-indicator) score in Lake Champlain for the Baseline scenario and 
variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) 
and for the yearly average of the reference period (1925-2017). 

 

 

Table 5.3.14. Total of flooded school buildings (Territorial Sensitivity Index sub-indicator) score in Lake Champlain for the Baseline scenario and 
variations (%) associated with the three alternatives, for a year of major flood (2011), a year of moderate flood (1998), a year of minor flood (2001) 
and for the yearly average of the reference period (1925-2017). 
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Maps 

 

Figure 5.3.2. (Left) Number of flooded residential buildings in the 2011 major flood summed in 400m x400m cells for the Baseline scenario on the 
Canadian portion of the basin. (Center). Difference of number of flooded buildings between Alternative 1 and Baseline. (Right) Difference in number 
of flooded buildings between Alternative 2 and Baseline. 
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5.4 SUMMARY OF KEY FINDINGS (SOCIAL PIS) 

Based on the social PI analysis, the following key points can be made, with respect to the effects of the submerged weir 
(Alternative 1), the Chambly Canal diversion (Alternative 2) and the submerged weir with minor diversion (Alternative 3):  

• One of the main outcomes deriving from social sensitivity analysis might be the assessment of social risk as an 
interaction of the flood hazard with the social sensitivity. In Canada, the highest social risks within the study area 
have been shown in the Upper River. 

• The simulations suggest that all three alternatives would be effective at attenuating social and territorial sensitivity 
for Canada and the United States. 

• Social sensitivity: In Canada over the reference period (1925-2017), Alternative 2 would be the most effective 
measure, reducing the SSI score by 52 percent, followed by Alternative 3 and then Alternative 1 with SSI reductions 
of 40 percent and 37 percent, respectively. In the US, Alternative 2 would have the highest SSI reduction with 63 
percent. In addition, the age sub-indicator represents the sub-indicator with the highest social sensitivity. 

• Territorial sensitivity: In Canada over the reference period (1925-2017), Alternative 3 would decrease the TSI score 
by 6.8 percent, followed by Alternative 1 with 6.7 percent and Alternative 2 with 6.2 percent. Regarding the results 
of the TSI sub-indicators, Alternative 2 would be the most effective in decreasing the number of flooded residential 
buildings, with a reduction of 50.7 percent on average over the reference period. In the US, Alternative 2 stands 
out as having the biggest positive influence on the TSI scores in a major flood event such as 2011. This alternative 
also would reduce the number of flooded residential buildings. In addition, the residential buildings represent the 
infrastructure with the greatest territorial sensitivity. 

• Most of the reductions in social and territorial sensitivity provided by Alternatives 1 and 3 would be concentrated in 
the Upper River area. 
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6 ECONOMIC PERFORMANCE INDICATORS 

6.1 INTRODUCTION 

Over the last hundred years, the LCRR basin periodically faced damaging flooding events causing severe impacts in the 
region. The economic impacts suffered by local communities are among the most serious consequences of flooding. 
Economic losses incurred during the 2011 floods were estimated at CDN$105M (2018 currency) (US$82M)8 , with 82 
percent occurring in Quebec, 13 percent in New York and 5 percent in Vermont (ILCRRSB, 2019). While structural damage 
to buildings is the most significant economic impact of flooding, broader economic consequences, such as income loss due 
to forced business closure and agriculture yield loss caused by a delay in sowing or crop destruction, are also considerable.  

To evaluate the effectiveness of flood mitigation alternatives at reducing economic impacts, numerous PIs were developed 
to estimate damages on the residential, commercial, industrial, recreational, agricultural and public sectors. Together, these 
PIs are intended to cover a broad spectrum of economic impacts resulting from floods. 

The Study gathered experts from Canada and the United States to select and develop these PIs (Table 6.1.1). When 
sufficient data were available, the experts performed calibration and validation processes, by adjusting model parameters 
to maximize concordance with observation datasets. When possible, to maximize model accuracy, calibration was done 
using local empirical data, such as precise building first floor elevations acquired through field surveys. 

In some instances, due to differences in data availability and to reflect regional particularities, different methodologies were 
used for the Canadian and United States portions of the study area. Furthermore, PI results were sometimes combined 
differently between the two countries, due to the different methods adopted by the different experts or to protect data 
confidentiality.  

Damage reductions provided by the mitigation alternatives were modelled for every year of the reference period (1925-
2017). The objective was to describe and quantify the behaviour of the flood mitigation alternatives and their benefits 
throughout the water level regime, which includes well known past flood events. Estimates of yearly average damage and 
avoided damages associated with minor, moderate and major flood levels allowed assessment of the potential benefits of 
the alternatives over a wide range of hydrological conditions. Maps displaying the spatial distribution of damage across the 
LCRR basin allowed visualizing where damage and damage prevention would take place.  

This chapter presents the results of each economic PI. After a short PI description, results under the Baseline scenario are 
presented for the different portions of the study area (e.g., Lake Champlain, Upper Richelieu River area, Lower Richelieu 
River area; for more details, see Chapter 3). This is followed by a description of the impacts associated with Alternatives 1 
(submerged weir) and 3 (submerged weir + minor diversion), since those alternatives have similar impacts on water level 
regime, while impacts of Alternative 2 (major diversion) are described separately. Then, key findings highlight the main 
effects and explain the impacts of the alternatives on the different economic PI components. A summary of all key findings is 
presented at the end of the chapter. Damages are presented for the two countries in their respective currency9, in Canadian 
dollars (CDN$) and US dollars (US$). 

 
8 The source cited uses US$/CDN$ conversion rate of 1.28 as opposed to a rate of 1.33 used in this document. 
9 The specifics of currency conversions are detailed in the section Measurements Units, Datum and Currency Conversion Factors. 
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Figure 6.1.1. List of economic performance indicators developed by experts of the LCRR Study. 

 

This report presents the basic results of PI modelling. For in-depth economic analyses, including benefit-cost analyses 
considering a quantification of the costs of mitigation alternatives, flood frequency modelling and sensitivity analysis, see 
Bouchard St-Amant and Dumais (2022). Also, for more detail on the development (data, function, etc.) of each economic 
PI, refer to the Performance indicators Fact Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022) and to the 
reports mentioned in Table 6.1.2. 

6.2 DAMAGE TO THE RESIDENTIAL SECTOR 

Introduction 

In 2011 flood events, 82 percent of the losses were incurred in the residential sector, as thousands of homes were damaged 
(ILCRRSB, 2019). Thus, the Study adopted four PIs to estimate the economic damages to the residential sector: 1) the 
structural damage to residential buildings, namely the 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 of these PIs was developed and calibrated in both Canada and the United States. 
 
 



71 

Total flood damages were calculated for each year of the reference period (1925-2017). Damage reductions provided by the 
alternatives are highlighted for years presenting water levels approximating thresholds of major flood (year 2011,  
1,500 m3/s), moderate flood (year 1998, 1,200 m3/s) and minor flood (year 2001, 1,083 m3/s) and for the yearly average 
through the reference period. Note that damage estimates for a particular year represent damage that would occur given 
the simulated hydrological conditions of that year and the building stock of 2018. This approach allows visualization of flood 
damages and damage reduction arising under current conditions, while considering the recent natural hydrological 
variability of the system. 

Spatial distribution of damages and damage reduction for Alternatives 1 and 2 are shown for major flood levels and for the 
yearly average. The sum of damages is also presented for the different portions of the study area where the alternatives have 
contrasting effects, namely Lake Champlain, the Upper Richelieu River area (from the lake to Saint-Jean-sur-Richelieu) and 
the Lower Richelieu River area (downstream from Saint-Jean-sur-Richelieu to the river outlet). 

Canada 

Residential structural damage (RSD) 

PI experts: Bernard Doyon, Michel Leclerc and Myriam Jean, Canadian Coast Guard (2022) 

Performance indicator description  

Residential structural damage is described as flood damage to the structure and foundation of residential buildings. This PI 
assesses the monetary impacts of flooding on residential buildings based on submersion depth, building values and 
properties. Stage-damage curves were calibrated based on different building properties to estimate the damage on the 
main building structure. Damages are expressed as a proportion of the building value.  

In Canada, stage-damage curves were derived empirically from 2D hydrodynamic simulations recreating submersion 
heights at each building at the peak of the 2011 flood (Gosselin et al. 2022), combined with government compensation paid 
for damage to critical immovable property at 1,630 homes that were flooded in 2011 (Doyon et al., 2022). Submersion 
heights at each building were estimated from simulated water levels relative to building first floor elevations obtained 
through an extensive field survey. The elevations of a total of 7,223 residential buildings were estimated (Doyon et al., 
2022). First floor elevations were collected at three precision levels. The elevations of the 500 buildings most vulnerable to 
flooding were measured through a land survey using a Global Navigation Satellite System (Level 1, error <8cm). The 
elevations of the 1,443 second-most vulnerable buildings were estimated by triangulating laser distance meter 
measurements taken from the road (level 2, error between 5 cm and 30 cm). The first-floor elevations of the remaining 
buildings were obtained by estimating the height around delineated building footprints using a 1-m resolution LIDAR-
derived digital elevation model. The building values and number of stories were obtained through the 2018 Property 
Assessment Roll (ministère des Affaires municipales et de l’Habitation, 2018) and the data on finished basements were provided 
by most of the municipalities. Using stage-damage curves, this PI quantifies the damage cost as a percentage of the 
building value estimates (CDN$) using the building stock of 2018.  
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Residential material damage (RMD) 

PI experts: Charles-Antoine Gosselin, Ouranos (2020) 

Performance indicator description  

This PI estimates the economic losses associated with the damages to the contents of the buildings, such as furniture, 
electronics, etc., and other non-structural damages on residential buildings during flooding. 

In Canada, this PI’s calibrated stage-damage curves were based on the Provincial Flood Damage Assessment Study 
prepared for the Government of Alberta (IBI GROUP, 2015), due to the unavailability of empirical data from past floods in 
Quebec. The residential material damage rate, or the proportion of the building content that is damaged, was estimated 
based on the water level at first-floor elevation. Different stage-damage curves were used depending on whether the 
building had a basement or not. The assessment of the monetary value of the content was done based on the financial 
assistance grid for essential content provided by the ministère de la Sécurité publique du Québec (Gosselin, 2020). 

Temporary lodging costs (RLC) 

PI experts: Charles-Antoine Gosselin, Ouranos (2020) 

Performance indicator description  

During a flood, a residential building can be impacted to the point where the occupants have to leave the residence for a 
period of time. This PI estimates the cost of evacuation and temporary lodging based on the duration of the evacuation. The 
duration of the evacuation is estimated based on a relationship with water depth at each building.  

The modeling of evacuation and temporary lodging costs was done by estimating the number of days evacuation would 
last, based on the simulation of submersion height at every building. The monetary value of a day of evacuation was then 
evaluated through the use of the ministère de la Sécurité public du Québec financial assistance grid (Gosselin, 2020).  

The days of interruption function estimated by the US Federal Emergency Management Agency (FEMA, 2009; IBI GROUP, 
2015) was used to estimate the duration of evacuation. It represents the time required to repair, replace and clean a 
building. A flood depth of 30 centimeters represents an evacuation time of 45 days and each increment of 30 centimeter of 
additional water generates 45 more days of evacuation. The daily value of evacuation and temporary lodging costs used by 
the ministère de la Sécurité publique du Québec (2019) financial assistance policy was used as a basis to define assistance for 
excess expenses for temporary lodging or refreshment when residents would be asked to evacuate a primary residence. 
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Clean-up costs (RCC) 

PI experts: Charles-Antoine Gosselin, Ouranos (2020) 

Performance indicator description  

This PI represents the current debris removal and disposal costs on a residential property after flooding has occurred. The 
function estimates the volume of debris to remove for any residential building undergoing water above ground-floor, given 
the presence or absence of a basement. The debris removal and disposal assessment in Canada was then evaluated from 
Saint-Jean-sur-Richelieu – Indicateur de gestion (2011).  

Results 

Total residential damage costs, combining the four PIs, are presented on a range of flood severity (Table 6.2.1). The 
baseline describes the impacts occurring under a scenario where no mitigation alternative is implemented. Damage 
reductions provided by each alternative are shown relative to the baseline for each portion of the study area presenting 
different hydraulic patterns. 

Table 6.2.1. Yearly total residential damage (sum of structural, material, temporary lodging and clean-up costs) (K CDN$) in Canada for the Baseline 
scenario and variations (percent) associated with the three alternatives, for a year of major flooding (2011), a year of moderate flooding (1998), a 
year of minor flooding (2001) and for the yearly average of the reference period (1925-2017). Color shades highlight variations above 5 percent 
(red), between 2 and 5 percent (light red), between -2 percent and 2 percent (white), between -2 and -5 percent (light green) and below -5 percent 
(green). All differences in the yearly average between the alternatives and the Baseline are statistically significant (two-sample t test with 
permutations, p < 0.05). 

 

Simulation results for individual PIs are presented on Table 6.2.2. 

Baseline scenario (state of reference) 

Under the baseline scenario, in the Canadian portion of the Study area, damage exceeding CDN$15M occurred in 12 
different years in the 93 years of the reference period (Figure 6.2.1). Year 2011 had by far the most damaging flood, with 
estimates reaching CDN$99M (Table 6.2.1). The second most damaging flood was recorded on year 1998, with 
CDN$39M in damages (Figure 6.2.1, Table 6.2.1). 

The section downstream of Saint-Jean-sur-Richelieu (Lower River area) is generally less vulnerable to flooding. Over the 
reference period, damage exceeding CDN$2M occurred in three different years (Figure 6.2.2). Year 1976 showed a higher 
proportion of the overall damage in the Lower River area than most years. This is explained by a concomitant high water 
level of the St. Lawrence River (8.13 m) that raised the simulated water level of the Richelieu River in the reach extending 
from the outlet up to the Chambly Rapids. However, downstream of Chambly, despite the shoreline bordering several 
urbanized areas, river banks are generally steep and buildings are located at elevations high enough to avoid frequent 
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flooding. For the year 2011, the model simulations indicated the Lower River area suffered over CDN$9M in total residential 
damage (CDN$6M structural), which accounted for 9 percent of the damage in Canada. In contrast, in the case of a minor 
flood (2001), damages were CDN$0.33M, representing only 4 percent of the total damage in Canada (Table 6.2.1). For 
the year 2011, in the Lower River area, most damage occurs just in the reach between Saint-Jean-sur-Richelieu and Chambly, 
in particular at the Île-Sainte-Thérèse, whereas damage downstream of the Chambly basin is lower (Figure 6.2.5). A similar 
pattern is observed for the average of yearly damage (Figure 6.2.6). 

In the Canadian portion of the basin, the region that is the most impacted by floods is the area located between Saint-Jean-
sur-Richelieu and Lake Champlain (Table 6.2.1). During the reference period, yearly average damage reached CDN$3.8M 
per year. In the case of a major flood (2011), total residential damage of the Upper River area was modelled at CDN$78M, 
which accounted for 80 percent of the damage in Canada. In the case of a minor flood (2001), as much as 92 percent of 
the estimated damage in Canada would occur in the Upper River area. Within the Upper River area, simulated damage for 
a major flood (2011) was distributed unevenly over several municipalities along the river, such as Saint-Jean-sur-Richelieu, 
Saint-Blaise-sur-Richelieu, Henryville, Saint-Paul-de-l’Île-aux-Noix, Noyan and Lacolle (Figure 6.2.5, Figure 6.2.6 and 
Figure 6.2.7). In each of the municipalities, the area bordering the shoreline tends to contain a mix of flooded and non-
flooded buildings, as numerous homes are built on elevated areas. The high monetary loss suffered in the Upper River area 
was associated with a higher rate of damage of the buildings. The spatial distribution of losses for the year 2011, expressed 
as the proportion of the building value being destroyed, averaged in 200 m square cells, shows that buildings were on 
average most severely impacted in the region upstream of Saint-Jean-sur-Richelieu (Figure 6.2.7). 

The area around Lake Champlain, along Missisquoi Bay, is also impacted by floods, to a lesser degree. The average yearly 
residential total damage in Missisquoi Bay was simulated as CDN$0.38M. While the area accounted for 10 percent 
(CDN$11.5M) of the total Canadian damage for a major flood event (2011), it only represented 3 percent (CDN$0.38M) of 
the damage in case of a minor flood (Table 6.2.1). In 2011, important damage was modelled in the western portion of the 
bay, in Venise-en-Québec and along the lake shore in Saint-Georges-de-Clarenceville (Figure 6.2.5). However, vulnerability 
to floods of lower magnitude was low in that area, as illustrated by the distribution of yearly damage (Figure 6.2.6). 

Alternatives 

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
observations noted below.  

Alternative 1 and 3 

In the Canadian portion of the basin, for the reference period, Alternatives 1 and 3 would decrease the yearly average 
damage costs by 42 percent (CDN$1.89M per year) and 45 percent (CDN$2.05M per year), respectively (Table 6.2.1). The 
higher damage reduction of Alternative 3 would be provided by the minor Chambly canal diversion, which would only be 
active during major floods, at a discharge higher than 1,200 m3/s. For the year 2011, Alternative 1 would decrease flood 
damage by 22 percent (CDN$21.6M), whereas Alternative 3 would provide an additional reduction of CDN$9.26M, with a 
decrease of 31 percent (Table 6.2.1, Figure 6.2.1).  

However, in the Lower River area, Alternatives 1 and 3 would have the highest proportional decrease in the case of a major 
flood (2011), with reductions of 40 percent (CDN$3.7M) and 42 percent (CDN$3.9M), respectively (Table 6.2.1). However, 
for moderate and minor floods (1998 and 2001), Alternative 3 would tend to prevent less damage than Alternative 1 
because the diversion of a portion of the flow through the Chambly Canal tends to raise the water level upstream by a few 
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centimeters (Table 6.2.1). For the major flood of 2011, Alternatives 1 and 3 would prevent some damage downstream of 
Chambly, but most of the damage prevention would be concentrated in the reach between Saint-Jean-sur-Richelieu and the 
Chambly basin (Figure 6.2.5). In contrast, when considering all floods of the reference period, the average yearly damage 
shows a slight increase in the reach downstream of Chambly (Figure 6.2.6). Examining the yearly damage along the reach 
between Chambly and the Saint-Ours Dam revealed that in the reference period, Alternatives 1 and 3 would slightly increase 
damage by more than CDN$0.1M in four different years, 1939, 1971, 1976 and 1993 (Figure 6.2.2). The year 1976 presents 
the highest increase caused by the alternatives, with close to CDN$1M (Figure 6.2.2). This situation would occur when an 
event of high water level in the Richelieu occurs simultaneously with high levels in the St. Lawrence River. When that 
happens, with the water level downstream of Chambly being already high, Alternatives 1 and 3 raising the level downstream 
by only 2-5 cm would cause a slight increase in damage. For instance, in 1976, there was a minor flood in the Upper River 
area, with a maximum discharge of 1,150 m3/s, but the water level of the St. Lawrence at the outlet was high (8.13 m 
NAVD88). However, for most flood years, the St. Lawrence River is lower and raising the level downstream by a few 
centimetres would not lead to more residential damage downstream of Chambly.  

The bulk of damage reduction provided by Alternatives 1 and 3 is concentrated in the Upper River area, with a decrease of 
CDN$16M and CDN$24.6M in the case of a major flood (year 2011), which represents damage reductions of 20.5 percent 
and 31.5 percent, respectively (Table 6.2.1). Considering all floods of the reference period, Alternatives 1 and 3 would result 
in reductions of, respectively, 42.8 percent and 46.4 percent of yearly average damage in the Upper River. For minor and 
moderate floods, the higher the magnitude of the flood, the more damage would be prevented, as the ratio of prevented 
damage is similar for minor and moderate floods; this does not hold true for a major flood scenario. In the Upper River area, 
prevented damage would be distributed across all municipalities along the shoreline, with a higher concentration of damage 
between Saint-Paul-de-l'Île-aux-Noix and Saint-Jean-sur-Richelieu, both for year 2011 (Figure 6.2.5) and on average for all 
floods of the reference period (Figure 6.2.6). Similarly, areas with the highest decrease in damage rate (i.e. average damage 
decrease in terms of the percent of the building value) would be scattered along the same shoreline (Figure 6.2.7). 

In the Canadian part of Lake Champlain, the avoided damage would reach CDN$1.87M and CDN$2.29M for Alternatives 
1 and 3, respectively, for the year 2011. The rates of decrease are similar to the Upper River area in the case of major and 
moderate floods (Table 6.2.1). Prevented damages would be distributed along the shoreline, with concentrations where the 
most impacts occur, in Venise-en-Québec and Saint-Georges-de-Clarenceville (Figure 6.2.5 and Figure 6.2.6). 

Alternative 2 

In the Canadian portion of the basin, Alternative 2 would be the most effective, with an overall decrease in the yearly 
average damage of 58 percent (CDN$2.64M per year). , Alternative 2 would prevent 37 percent of the damage for the 
major flood of 2011 (CDN$36.4M) and 46 percent of the damage of a moderate flood (CDN$15.8M) (Table 6.2.1).  

In the Lower River area, Alternative 2 would provide a lesser benefit in 2011 than in the Upper River area, preventing 17 
percent of the damage (CDN$1.5M). However, for all other floods of the reference period, Alternative 2 would increase 
damage downstream of Saint-Jean-sur-Richelieu, by increasing the river flow when the gates are opened and raising the 
water level (Figure 6.2.2). On average, Alternative 2 would increase flood damage by 22 percent for the reference period 
(CDN$69K per year). In case of major floods, the reach extending from Saint-Jean-sur-Richelieu to Chambly shows benefits 
from Alternative 2, whereas there would be no impact downstream of Chambly (Figure 6.2.5). However, while considering 
all floods, upstream and downstream River areas of Chambly would present a slight increase in damage (Figure 6.2.6). 
Alternative 2 can also have an adverse effect downstream of Chambly with increased river flow and high water level in the 
St. Lawrence River (Figure 6.2.3). 
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In the Upper River area, Alternative 2 would provide major benefits. Damage reductions would be higher than those of 
Alternatives 1 and 3 at all flood magnitudes, as Alternative 2 would decrease overall residential damages on average by 64 
percent (CDN$2.5M per year, Table 6.2.1, Figure 6.2.4). For 2011, Alternative 2 would prevent CDN$31.1M in damage 
(Table 6.2.1). Prevented damage would be distributed across all municipalities bordering the river for 2011 (Figure 6.2.5) 
and on average for the reference period (Figure 6.2.6). 

In the Canadian portion of the lake, rates of prevented damage would be slightly lower than for the Upper River area for 
major floods, but higher for minor floods. On average for the reference period, Alternative 2 would decrease the damage by 
59 percent (CDN$0.2M per year) (Table 6.2.1). 

Findings 

Based on the simulations, all three alternatives would partially attenuate overall residential damage, with decreases of 42 
percent, 58 percent and 45 percent, respectively, over the reference period. 

The submerged weir with minor diversion (Alternative 3) would be more effective than the submerged weir alone 
(Alternative 1) in attenuating overall residential damage, with an additional reduction of CDN$9.3M (9.4 percent) in the 
case of a major flood (2011). However, downstream of Saint-Jean-sur-Richelieu, where the magnitude of damage is lower, 
Alternative 3 would be slightly less effective than Alternative 1 for moderate and minor floods. 

The major diversion (Alternative 2) would be the most effective in preventing overall residential damage. However, it would 
tend to increase damage downstream of Saint-Jean-sur-Richelieu. When the gates opened, there would be a transition 
period during which the discharge would be temporarily increased by up to 200 m3/s, until the lake level would drop and 
reach a new equilibrium point and the discharge would become equivalent to the baseline again. If the flood peak occurred 
during this transition period, increased discharge could cause an increase in damage downstream. For example, in 1998, 
the moderate peak flood occurred at the beginning of April, just after the opening of the canal, during the transient period. 
This drawback could be attenuated by refining the timing of the gate opening. However, opening the gates earlier would be 
restricted in most years by the presence of ice cover. Furthermore, it is likely that the optimization of the timing of gate 
opening to attenuate downstream damage would be offset by an important uncertainty in the flood forecasting informing 
the management of the structure. In relative terms, Alternative 2 would be more effective than Alternative 3 for major floods. 

Residential flood damage reduction would be concentrated where the magnitude of the damage is presently the highest, 
upstream of the Chambly basin. Residential damage would also be reduced between Chambly and Saint-Ours in the case 
of a major flood such as 2011, but alternatives would generally have no effect on damage for lower magnitude floods. In rare 
occasions, alternatives can have an adverse effect downstream of Chambly, when the water level is slightly raised at the 
same time as the water level of the St. Lawrence River is high. Alternatives would have no effect on the residential damage 
that might occur in the area between Saint-Ours and the Richelieu River outlet. 

Note that the presented results reflect flood damage simulations for the reference period (1925-2017) and do not include 
flood frequency analysis or margins of error. For a complete economic analysis, including benefit-cost ratios associated with 
the alternatives, refer to Bouchard Saint-Amant and Dumais (2022). 
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Considerations 

The structural residential damage curves developed by Doyon et al. (2022) were peer reviewed. 

Simulation results reflect the particular management plans for the diversions (Alternatives 2 and 3). It is anticipated that 
management could be improved to mitigate possible damage in the Lower River area. 

Table  

Table 6.2.2. Yearly structural, material, temporary lodging and clean-up costs (KCDN$) in Canada for the Baseline scenario and variations (percent) 
associated with the three alternatives, for a year of major flooding (2011), a year of moderate flooding (1998), a year of minor flooding (2001) and 
for the yearly average of the reference period (1925-2017). Color shades highlight variations above 5 percent (red), between 2 and 5 percent (light 
red), between-2 percent and 2 percent (white), between -2 and -5 percent (light green) below-5 percent (green) and non-significant differences in the 
yearly average (two-sample t test with permutations, p > 0.05) between the alternatives and the baseline (light grey). 
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Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

 

Figure 6.2.1. (Upper) Yearly damage costs for total residential damage in the Canadian portion of the LCRR basin for the Baseline scenario and three 
simulated Alternatives. (Lower) Difference in damage costs for each alternative relative to the Baseline scenario. 
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Figure 6.2.2.  (Upper) Yearly damage costs for total residential damage in the Lower Richelieu River area in Canada for the Baseline scenario and 
three simulated Alternatives. (Lower) Difference in damage costs for each alternative relative to the Baseline scenario. 

 

Figure 6.2.3. (Upper) Yearly damage costs for total residential damage in the Lower Richelieu River area in Canada, exclusively in the section 
between Chambly and Saint-Ours, for the Baseline scenario and three simulated Alternatives. (Lower) Difference in damage costs for each alternative 
relative to the Baseline scenario. 
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Figure 6.2.4. (Upper) Yearly damage costs for total residential damage in the Upper Richelieu River area in Canada for the Baseline scenario and 
three simulated Alternatives. (Lower) Difference in damage costs for each alternative relative to the Baseline scenario.  
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Maps 

 

Figure 6.2.5. (Left) Sum of structural damages (K CDN$) aggregated in 400m X 400m for 2011 (major flood) for the Baseline scenario. (Center) 
Differences in structural damage between Alternative 1 and the Baseline scenario. (Right) Difference in structural damage between Alternative 2 and 
Baseline scenario. 
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Figure 6.2.6. (Left) Sum of yearly average residential structural damage (K CDN$/year) in 400m X 400m cells for the Baseline scenario. (Center) 
Difference in yearly average structural damages between Alternative 1 and the Baseline scenario. (Right) Difference in yearly average structural 
damages between Alternative 2 and Baseline scenario.  
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Figure 6.2.7. (Left) 2011 structural damage in percentage of building value (percent) averaged in 400 X 400 m cells for the Baseline scenario. 
(Center) 2011 structural damage difference between Alternative 1 and the Baseline scenario. (Right) 2011 structural damages difference between 
Alternative 2 and Baseline scenario.  
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United States 

Residential structural and material damage  

PI experts: Nina Safavi and Jarlath O’Neil-Dunne, University of Vermont (2021), Bill Werick, IJC (2021). 

Performance indicator description 

In the United States portion of the basin, structural residential damage was estimated 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). 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-Dunne, 2021). An inventory of all buildings 
in the Lake Champlain basin was developed using the digital elevation model (DEM) to extract building footprints and 
estimate their physical characteristics such as height, foundation, square footage, and first-floor elevations. Building values 
were estimated using adjusted census data that approximates value per square foot for each building occupancy type. The 
model adjusts 2006 values to current values using the latest Consumer Price Index and a county adjustment factor (Safavi 
and O’Neil-Dunne, 2021). HAZUS-MH provides estimations of damages as a 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.  

The residential material damage estimated the economic losses associated with the damages to building contents. It used 
the same approach and methodology as the Residential structural damage. Stage-damage curves from HAZUS-MH for 
contents were used to estimate damages. 

The residential structural damages were combined with the residential material damage to provide yearly values in dollars. 

Results 

Total residential damage costs, combining two PIs, structural and material damage, are presented for three years of 
contrasting flood levels. The baseline describes the impacts occurring under a scenario where no mitigation alternative is 
implemented. Then, damage reductions provided by each alternative are shown. 

Baseline scenario (state of reference) 

Under the baseline scenario, residential damage occurred infrequently in the US portion of the basin, with damages 
exceeding US$1M only recorded for the year 2011 (Figure 6.2.8). There were no other notable flood events in the 
simulations, besides in 1998, which had damages of US$0.7M. Damage would be scattered around the lake, with a higher 
concentration on the northern part of the lake and on the Vermont side (Figure 6.2.9, Figure 6.2.10 and Figure 6.2.11).  

The yearly average damage costs over the reference period (1925-2017) were estimated at around US$0.13M. The 
simulated damages for 2011 reached US$9M, which corresponds to 68 times the yearly average. The highest concentration 
in damages was in the coastal area of the city of Burlington, Vermont and residential houses around Milton County, 
Vermont. Substantial damages were also observed in Clinton County, New York (Figure 6.2.9). The damages for 1998 
were around US$0.7M and for 2001, the damages were US$77K (Table 6.2.3).  
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Table 6.2.3. Total residential damages, combining structural and material damage, (K US$) in United States for the Baseline scenario and variations 
(percent) associated with the three Alternatives, for a year of major flooding (2011), a year of moderate flooding (1998), a year of minor flooding 
(2001) in the basin and for the yearly average of the reference period. Color shades highlight variations above 5 percent (red), between 2 and 5 
percent (light red), between -2 percent and 2 percent (white), between -2 and -5 percent (light green) and below -5 percent (green). All differences in 
the yearly average between the alternatives and the baseline are statistically significant (two-sample t test with permutations, p < 0.05). 

 

Alternatives 

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
observations noted below.  

Alternative 1 and 3 

Simulation results showed that Alternatives 1 and 3 would be effective at preventing damage caused by a large flood. For 
2011, Alternatives 1 and 3 would reduce damage by 41 percent (US$3.7M) and 51 percent (US$4.7M), respectively (Table 
6.2.3). On average, during the reference period, Alternatives 1 and 3 would reduce damage by 39 percent (US$53K per 
year) and 49 percent (US$65K per year), respectively.  

Noticeable areas where damage would be prevented include a residential sector located around Delta Park and Colchester 
Bog Natural Area in Vermont, Keeler Bay (Island of South Hero) and in the low shores of Saint Albans Bay. Simulations also 
showed damage prevention close to the outlets of the Ausable River, Little Chazy River and Great Chazy River on the New 
York side (Figure 6.2.9). 

Alternative 2 

Alternative 2 would provide substantial damage reduction, with a reduction of 67 percent for 2011 (US$6.2M), and a 
reduction of average yearly damage of 67 percent (US$89K per year) over the reference period (Table 6.2.3). Damage 
reduction provided by Alternative 2 showed a similar pattern to Alternative 1. Additional potential benefits of Alternative 2 
were noticeable at several locations including Lapans Bay, Vermont, north of Burlington.  

Findings 

The three alternatives would be effective in reducing damages caused by major floods in the US portion of the basin, with 
Alternative 2 being the most effective, with a reduction of 67 percent of the damages. However, simulations suggest that 
flood events causing substantial damage to the residential sector are not frequent, with 2011 being the only year with 
damage exceeding US$1M. 
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Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

 

Figure 6.2.8. (Upper) Yearly total residential damage around Lake Champlain, United States, for the Baseline scenario and the three simulated 
Alternatives. (Lower) Variation in damage costs for each alternative relative to the Baseline scenario.  
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Maps 

 

Figure 6.2.9. (Left) Sum of structural damages (K US$) in 400 X 400 cells for the Baseline scenario for the major flood of year 2011. (Center) 2011 
structural damages differences between Alternative 1 and the Baseline scenario. (Right) 2011 structural damages differences between Alternative 2 
and Baseline scenario.   
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Figure 6.2.10. (Left) Sum of yearly average total residential damages (K US$) in 400 X 400 m cells for the Baseline scenario. (Center) Yearly 
average structural damages difference between Alternative 1 and the Baseline scenario. (Right) Yearly Average structural damages difference 
between Alternative 2 and Baseline scenario.  
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Figure 6.2.11. (Left) Average structural damages in percentage of building value (percent) in 400m X 400m cells in year 2011 for the Baseline 
scenario. (Center) 2011 structural damages difference between Alternative 1 and the Baseline scenario. (Right) 2011 structural damages difference 
between Alternative 2 and Baseline scenario.  
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6.3 DAMAGE TO COMMERCIAL, INDUSTRIAL AND RECREATION SECTORS 

Introduction 

While the largest part of the losses in 2011 were experienced in the residential sector, damage to the non-residential sectors 
reached several million dollars for this unique flood event. In this study, non-residential sectors include the commercial, 
industrial and recreational sectors. 

The Study adopted several PIs to quantify economic damages to the non-residential sector; these vary between the 
countries, mainly due to differences in data availability. For both Canada and the United States, results for each PI are 
summed up in combined non-residential damage.  

In Canada, combined non-residential damages included four different PIs: commercial, industrial and recreational structural 
damage; commercial, industrial and recreational material damage; commercial income loss; and recreational income loss.  

In the United States, combined non-residential damages included a combined PI: commercial and industrial structural and 
material damages. 

Each of these PIs was developed and calibrated by economic experts. Total flood damage was determined for each year of 
the reference period (1925-2017). Damage reductions provided by the alternatives are highlighted for years presenting 
water levels approaching thresholds of major flood (2011, 1,500 m3/s), moderate flood (1998, 1,200 m3/s) and minor flood 
(2001, 1,083 m3/s) and for the yearly average over the reference period. Note that damage estimates for a particular year 
represent damage that would occur given the simulated hydrological conditions of that year and the building stock of 2018. 
This approach allows visualization of flood damages and damage reduction arising under current conditions, while 
considering the recent past natural hydrological variability of the system.  

Spatial distribution of damages and damage reduction for Alternatives 1 and 2 are shown for major flood levels and for the 
yearly average.  

Canada 

For the Canadian portion of the study area, estimates of structural damage, material damage and income loss rely on 
damage functions provided by Bouchard-St-Amant and Dumais (2022). This method consisted of estimating a robust 
functional form based on the relationship between observed building damage rates and water levels. Then, the developed 
damage rate functions were applied to property values from the Quebec 2018 Property Assessment Roll (Government of 
Quebec, 2018) using 2018 dollar-figures, giving damage values in dollars for each building at each time-step, and the yearly 
maximum damage was retained. Income loss functions were also developed with a similar method to assess the indirect 
damages of floods to the commercial and recreation sectors. 

The 2018 Property Assessment Roll was also used to distinguish commercial, industrial and recreational buildings from 
other usage, retaining 331 buildings for the simulations. The ground level of each building was derived from a 1-meter 
resolution digital elevation model (DEM) from Quebec ministère des Forêts, de la Faune et des Parcs (MFFP). Flood depth 
values that are used as inputs in damage rate functions correspond to submersion height at the ground level of a given 
building. 
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Commercial, industrial and recreation structural damage 

PI experts: Bouchard St-Amant and Dumais, (2022) 

Performance indicator description 

This PI assessed the structural monetary impacts of flooding on commercial, industrial and recreational buildings, based on 
submersion heights and building values. 

Buildings were divided into four categories: retail stores and one-story offices, industrial buildings and warehouses, high-rise 
buildings, and hotels and motels. Each category had its own structural damage rate curve with damage values in dollars per 
square meter ($/m2).  

The structural damage of each building was expressed as a value in dollars for each year of the reference period, based on 
the submersion height, the building structural damage rate function and the property value.  

Commercial, industrial and recreational material damage 

PI experts: Bouchard St-Amant and Dumais, (2022) 

Performance indicator description 

This PI assessed the material impact of flooding on commercial, industrial and recreational building contents, based on 
submersion heights at ground level and building values. 

The estimation of material damages was based on a similar methodology (damage rate functions) as was used for 
structural damage estimations, using 21 categories of buildings instead of four. The material value of each building was 
estimated from the HAZUS-MH technical manual (FEMA, 2009), where the material value is represented as a percentage 
of the building value.  

The material damage of each building was expressed as a value in dollars for each year of the reference period, based on 
the submersion height, the building material damage rate function and the material value.  

Commercial Income Loss 

PI experts: Bouchard St-Amant and Dumais, (2022) 

Performance indicator description 

This indicator assessed the monetary income loss of all businesses except recreational ones. The model used a function that 
determined the number of interrupted business days based on submersion heights, used in the HAZUS-MH model (FEMA, 
2009). The monetary value of a business day interruption was evaluated through Quebec input-output tables (Statistics 
Canada, 2020). Monetary income losses were expressed in dollars for each year of the reference period.  
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Recreation Income Loss 

PI experts: Bouchard St-Amant and Dumais, (2022) 

Performance indicator description 

This PI assessed the monetary income losses on tourism and the recreational sector based on the variation in visitors per 
recreational activity. It used the same function as commercial income losses, determining the number of interrupted business 
days based on submersion heights (FEMA, 2009). The estimation of daily income losses was based on the Travel Survey of 
Residents of Canada (Statistics Canada, 2018), which provided the volume of visitors and visitor spending data. Losses 
were cumulated over the flooding period. Monetary income losses were expressed in dollars for each year of the reference 
period.  

For more detail on the data, functions, calibration and validation of each PI, refer to the report Performance indicators Fact 
Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022).  

Results 

Table 6.3.1 shows the combined results of the four indicators, structural damage, material damage, commercial income loss 
and recreational income loss; these are referred to as combined damages in the discussions below. Individual PI damage 
tables are presented in the Tables section. 

Table 6.3.1. Combined damages (K CDN$) in Canada for the Baseline scenario and variations (percent) associated with the three alternatives, for a 
year of major flooding (2011), a year of moderate flooding (1998), a year of minor flooding (2001) and for the yearly average of the reference period. 
Color shades highlight variations above 5 percent (red), between 2 and 5 percent (light red), between -2 percent and 2 percent (white), between -2 
and -5 percent (light green), below -5 percent (green) and non-significant differences in the yearly average (two-sample t test with permutations, p > 
0.05) between the alternatives and the baseline (light grey). Simulations of each individual performance indicator are presented in Table 6.3.2. 
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Baseline scenario (state of reference): 

In the Canadian portion of the study area, simulating the combined damages for the reference period revealed the 
following: 

The combined damages for 2011 totaled CDN$49M (Table 6.3.1). Most of the structural and material damages would be 
located in the Lower Richelieu River area, but commercial and recreation income losses would be most important in the 
Upper River area, as there is a much larger proportion of marinas and campgrounds. There was also a large portion of 
Missisquoi Bay affected by the flood of 2011 that would face recreation income losses. In the Canadian portion of the study 
area, simulations for five years (1971, 1972, 1976, 1998 and 2011) estimated over CDN$10M of combined damages (Figure 
6.3.1). 

In the Lower River area, over the reference period, the average combined damages value was CDN$0.7M. Structural and 
material damages alone accounted for CDN$0.5M. Simulations showed that few buildings would be impacted, but those 
impacted would be of high monetary value, in the region between Chambly and Saint-Ours. There would also be structural 
damages located in Saint-Jean-sur-Richelieu near the Chambly Canal and north-east of the town of Chambly near the 
intersection of Chemin des Patriotes E. (rd. 133) and rue Conrad-Gosselin. Combined damages in the Lower River area for 
2011 floods total CDN$15.6M (Table 6.3.1). Combined damages would be reduced by half (CDN$7.3M) in years of 
moderate flood conditions such as 1998, and almost nonexistent (CDN$0.1M) during years of minor flood conditions such 
as 2001.  

In the Upper Richelieu River area, over the reference period (1925-2017), the average combined damage value was 
CDN$0.7M. Structural damage and commercial income losses accounted for the largest part of these damages, with a 
yearly average of CDN$0.4M/year. Over the reference period, the section between Saint-Jean-sur-Richelieu and Saint-
Paul-de-l’Île-aux-Noix was the most affected in the simulations (Figure 6.3.5). For a major flood scenario like 2011, the 
Upper Richelieu River area, downstream from Rouses Point (United States) would also be impacted (Figure 6.3.4). 
Combined damages for the Upper River area in 2011 were CDN$20.9M, with commercial income loss accounting for 
CDN$8.2M. During a year of moderate flood conditions, such as 1998, combined damages would total CDN$4.5M with 
CDN$1.5M in commercial income losses. During a year of minor flood conditions, such as 2001, the commercial income 
losses would reach almost CDN$0.3M, while the recreation sector would face CDN$0.15M in damages.  

In Baie Missisquoi, the average combined damage value was CDN$0.6M /year over the reference period. The recreation 
sector was the most impacted, with five large campgrounds that would be submerged, even during minor flood events. For 
2011, combined damages totaled CDN$12.4M, with recreation income loss representing CDN$5M. Damages would be 
mostly concentrated near Venise-en-Québec town-center but would extend up to the east of the Missisquoi Bay. Combined 
damages associated with minor (2001) and moderate (1998) floods totaled CDN$0.9M and CDN$3M, respectively. 
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Alternatives 

In the Canadian portion of the study area, comparing the simulated impacts of each alternative to the Baseline scenario 
over the reference period revealed the following:  

Alternative 1 and 3 

Table 6.3.1 shows that Alternatives 1 and 3 would reduce net combined damages in the Canadian portion of the study area. 
Damage reduction would occur on average over the entire reference period and under minor, moderate, and major flood 
conditions, reaching up to 36.3 percent (CDN$17.8M) under Alternative 3 during major flood conditions. The only 
exception was in the Lower River area, under minor flood conditions, when small damage increases would be associated 
with Alternatives 1 and 3 by increasing the river flow during high flows downstream of Saint-Jean, with CDN$10.7K and 
CDN$22.9K, respectively. However, in the Lower Richelieu River area, the yearly average damage with the alternatives was 
not statistically different from the Baseline (two-sample t test with permutations, p > 0.05) (Table 6.3.1).  

Figure 6.3.5 shows that on average over the reference period, combined damage reduction would be concentrated between 
Saint-Paul-de-l’Île-aux-Noix and Saint-Jean-sur-Richelieu, and in Baie Missisquoi. On the other hand, Figure 6.3.4 shows 
that during major flood events such as in 2011, combined damage reduction would occur more broadly, impacting areas 
downstream of Chambly and other areas close to the international border. However, most damages would remain 
concentrated near Saint-Jean-sur-Richelieu. 

Alternative 3 would provide more damage reduction than Alternative 1 for a moderate and a major flood scenario. The 
small diversion added to the submerged weir under Alternative 3 would bring up to 10 percent more damage reduction than 
Alternative 1, where only the submerged weir would be present.  

The Upper River area is where Alternatives 1 and 3 would bring the most damage reduction on average, with annual 
average reductions of 46.7 percent (CDN$0.34M/year) and 50.5 percent (CDN$0.36M/year), respectively.  

Alternative 2 

Alternative 2 would reduce net combined damages more than the other alternatives, except in the Lower River area, with 
better performance on average over the entire reference period and under major and minor flood conditions.  

However, Alternative 2 would be less efficient in the Lower Richelieu River area, where it would reduce combined damages 
by 33.8 percent for a major flood scenario (less efficient than Alternative 3). Under a minor flood scenario, the 
augmentation of damages would be equivalent to Alternative 3 with an amount of CDN$22.9K. For a moderate flood 
scenario, augmentation would be of CDN$2.46M. Changes in the Lower River area would be mostly concentrated 
downstream of the Chambly basin (Figure 6.3.4 and Figure 6.3.5).  

In the Upper River area, on average over the reference period, Alternative 2 would reduce combined damage by 71.5 
percent (CDN$0.51M), reaching 86 percent reduction (CDN$0.65M) in a year of minor flood conditions such as 2001. 
Changes would occur in the same areas as with Alternative 1 and 3, with slightly more significant damage reduction south of 
Saint-Jean-sur-Richelieu, particularly in 2011 (Figure 6.3.4 and Figure 6.3.5).  
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In Baie Missisquoi, yearly average damage reductions would be 67 percent (CDN$0.42M /year), reaching 90.2 percent in 
years of minor flood conditions such as 2001. Figure 6.3.4 and Figure 6.3.5 show that as for Alternative 1 and 3, changes 
would occur in the northern part of the bay and near Venise-en-Québec.  

Findings  

In the Canadian portion of the study area, Alternatives 1 and 3 would be beneficial in all parts of the basin, especially in the 
Upper River area, where combined damages would be reduced by up to 69.4 percent in years of minor flood conditions 
such as 2001. On average over the reference period, those alternatives would reduce combined damages by more than 
CDN$0.6M/year. The only exception is in the Lower River area under minor flood conditions, where small damage 
increases (from CDN$10K to CDN$20K) would be associated with Alternatives 1 and 3. However, such increases would 
largely be outweighed by damage reductions simulated in other areas under the same flood conditions (CDN$510K in the 
Upper River area).  

Alternative 2 would be the most effective in reducing net combined damages in Canada under major and minor flood 
conditions, with the exception of the Lower River area. In addition, average damage reduction would be the most significant, 
reaching on average over the reference period CDN$0.88M/year. However, this alternative would be the least efficient 
under moderate flood conditions, such as in 1998.  

For all alternatives, on average over the reference period, combined damage reduction would be mostly concentrated in 
Baie Missisquoi and the river portion between Saint-Jean-sur-Richelieu and Saint-Paul-de-l’Île-aux-Noix (Figure 6.3.5). In 
years of major flood events such as 2011, the spatial distribution of damage reduction would be similar for all alternatives 
(Figure 6.3.4.)  

Simulation results suggest that all alternatives would provide an important reduction of combined damage under all types of 
flood conditions, with higher damage reduction under Alternative 2. However, this alternative would not be beneficial in the 
Lower River area during certain conditions, such as in 1998, when flooding occurred particularly early in the year and 
damage would be increased by 33.4 percent (CDN$2.5M). 

Considerations 

Particular attention is needed to provide accurate submersion height, which serves as input for damage and income loss 
functions. Building floor elevation was estimated from a digital terrain model, which does not have the same level of 
precision and accuracy as the technique used to determine the elevation of the first floor of residential buildings (see Doyon 
et al. 2022 for a comparison of accuracy).  

For material damage functions, it was assumed that businesses’ inventory value is a function of the property values as 
described by HAZUS-HM work (FEMA, 2009). Damage rate functions were assigned to different building categories, 
determined by land use codes, which may have included classification errors. To attenuate the impact of such errors, a 
sensitivity analysis was performed by Bouchard St-Amant and Dumais (2022) on the classification. This analysis was 
carried out by using what would be the second-best choice of category in situations where classification may be more prone 
to interpretation. More details on limitations and confidence level are provided by Bouchard St-Amant and Dumais (2022).  
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Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

 

Figure 6.3.1. (Upper) Yearly combined monetary loss (CDN$M on left, US$M on right) for the industrial, commercial and recreation sectors for the 
Canadian portion of the study area under the Baseline scenario and three simulated alternatives. (Lower) Variation (CDN$M on left, US$M on right) 
in damage costs for each alternative relative to the baseline scenario.  
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Figure 6.3.2. (Upper) Yearly combined monetary loss (CDN$M on left, US$M on right) for the industrial, commercial and recreation sectors for the 
Lower Richelieu River area under the Baseline scenario and three simulated alternatives. (Lower) Variation (CDN$M on left, US$M on right) in 
damage costs for each alternative relative to the Baseline scenario. 

 
Figure 6.3.3. (Upper) Yearly combined monetary loss (CDN$M on left, US$M on right) for the industrial, commercial and recreation sectors for the 
Upper Richelieu River area under the Baseline scenario and three simulated alternatives. (Lower) Variation (CDN$M on left, US$M on right) in 
damage costs for each alternative relative to the Baseline scenario.  
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Maps 

 

Figure 6.3.4. (Left) Sum of combined structural and material damages of the industrial, commercial and recreation sectors (K CDN$) aggregated in 
400m X 400m for year 2011 (major flood) for the Baseline scenario. (Center) Differences in combined damages between Alternative 1 and the 
Baseline scenario. (Right) Differences in combined damages between Alternative 2 and Baseline scenario.  
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Figure 6.3.5. (Left) Sum of yearly average combined structural and material damages (K CDN$/year) in 400m X 400m cells for the Baseline 
scenario. (Center) Difference in yearly average combined damages between Alternative 1 and the Baseline scenario. (Right) Difference in yearly 
average combined damages between Alternative 2 and Baseline scenario.  
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Tables 

Table 6.3.2. Yearly damages (K CDN$) in Canada for the Baseline scenario and variations (percent) associated with the three alternatives, for a year 
of major flooding (2011), a year of moderate flooding (1998), a year of minor flooding (2001) and for the yearly average of the reference period 
(1925-2017). Color shades highlight variations above 5 percent (red), between 2 and 5 percent (light red), between -2 percent and 2 percent (white), 
between -2 and -5 percent (light green), below -5 percent (green) and non-significant differences in the yearly average (two-sample t test with 
permutations, p > 0.05) between the alternatives and the baseline (light grey). 
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United States 

Commercial and industrial structural and material damage 

PI experts: Nina Safavi and Jarlath O’Neil-Dunne, University of Vermont (2021), Bill Werick, IJC (2021). 

Performance indicator description 

For the US portion of the study area, the stage-damage tables were based on the Hazus program (FEMA, 2009). HAZUS-
MH provides estimations of damages as proportions of building values, based on submersion heights. Commercial and 
industrial buildings within the study area were selected based on their Hazus occupancy identifier. As recreation buildings 
did not have their own specific class of buildings as on the Canadian side, they were included in the entertainment and 
recreation commercial services. To estimate damages for each year of the reference period, for every selected building, 
submersion heights were computed in ISEE. The commercial and industrial structural damages were combined with the 
commercial and industrial material damage to provide yearly values in dollars.  

Results 

Table 6.3.3 shows the results of the structural and material damage combined.  

Baseline scenario (state of reference) 

In the US portion of the study area, simulating the combined damages for the reference period revealed the following: 

Combined damages for 2011 totaled US$4.1M. Under major flood conditions, most of the damages would be located in the 
bays of Plattsburgh and Burlington (Figure 6.3.8). On average over the reference period, yearly average combined 
damages total US$0.07M/year and would also be mainly concentrated in the bays of Plattsburgh and Burlington (Figure 
6.3.7).  

All three alternatives would reduce combined damage on average over the reference period and under all types of flood 
conditions.  

Table 6.3.3. Combined damages to commercial, industrial and recreational buildings (K US$) in United States for the Baseline scenario and 
variations (percent) associated with the three alternatives, for a year of major flooding (2011), a year of moderate flooding (1998), a year of minor 
flooding (2001) and for the yearly average over the reference period. Color shades highlight variations above 5 percent (red), between 2 and 5 
percent (light red), between -2 percent and 2 percent (white), between -2 and -5 percent (light green) and below -5 percent (green). All differences in 
the yearly average between the alternatives and the baseline are statistically significant (two-sample t test with permutations, p < 0.05). 

 

Structural and material (combined) damage to commercial, industrial and recreational buildings 
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Alternatives 

In the US portion of the study area, comparing the simulated impacts of each alternative to the Baseline scenario over the 
reference period revealed the following:  

Alternative 1 and 3 

On average over the reference period, Alternatives 1 and 3 would reduce combined damages by 38.5 percent 
(US$0.03M/year) and 47.8 percent (US$0.03M/year), respectively. Expressed as proportions of damage reduction, those 
alternatives would have the most impact in a moderate flood (1998), with damage reductions of 50.0 percent (US$0.24M) 
and 60.9 percent (US$0.29M) for Alternatives 1 and 3, respectively. 

Alternatives 1 and 3 reduce damages under all flood conditions. Alternative 3, with the minor diversion through the Chambly 
Canal at high flow, would provide additional flood relief at high flood levels in Lake Champlain.  

Alternative 2 

On average over the entire reference period, Alternative 2 would reduce combined damage by 64.7 percent 
(US$0.04M/year), which is higher than estimated for the two other alternatives. Alternative 2 would be most effective 
under minor flood conditions, such as in 2001, with damage reduction of 97.6 percent (US$0.04M). However, maximum 
damage reduction would occur during major flood conditions with a reduction of 60.0 percent (US$2.44M). Alternative 2 
would reduce damages the most for almost every year of the reference period, with rare exceptions. For example, in 1998, 
when the flood occurred earlier in the spring, Alternative 2 would be outperformed by Alternative 3. During minor flood 
events, Alternative 2 is much more effective than the other alternatives. As shown in Figure 6.3.7 and Figure 6.3.8, damage 
reduction associated with the alternatives would be mostly concentrated near Plattsburgh and Burlington, where most of the 
damage under the Baseline scenario would occur.  

Findings 

According to simulation results, in the US portion of the study area, all alternatives would considerably reduce combined 
flood damages associated with flood conditions, with a proportionally higher damage reduction occurring under higher 
flood conditions. Alternative 2 appears to be the most effective, followed by Alternative 3 and Alternative 1.  

Considerations 

It is worth noting that there are additional impacts related to recreational revenue losses and to the welfare of business 
owners and recreationists that are not included in the scope of the current assessment. These include erosion of property by 
wave action at major flood heights, and threats to revenue in low-water circumstances. 
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Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

 

Figure 6.3.6. (Upper) Yearly combined damages values ($US) in the United States for the Baseline scenario and three simulated alternatives. 
(Lower) Variation ($US) in combined damages for each alternative relative to the Baseline scenario. 
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Maps 

 

Figure 6.3.7. (Left) Yearly combined damage values for each (K US$) in 400m X 400m cells averaged over the reference period for the Baseline 
scenario. (Center) Yearly average difference in combined damages between Alternative 1 and the Baseline scenario. (Right) Yearly average difference 
in combined damages between Alternative 2 and Baseline scenario. Note that patterns of differences associated with Alternative 3 are very similar to 
Alternative 1 and therefore not shown. 
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Figure 6.3.8. (Left) Combined damages (K US$) of the year 2011 in 400m X 400m cells under the Baseline scenario. (Center) Difference of 
combined damages for the year 2011 in between Alternative 1 and the Baseline scenario. (Right) Difference of combined damages for the year 2011 in 
between Alternative 1 and the Baseline scenario. Note that patterns of differences in associated with Alternative 3 are very similar to Alternative 1 and 
therefore not shown.  
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6.4 DAMAGE TO THE AGRICULTURAL SECTOR 

Introduction 

Agriculture is an important economic activity in the LCRR basin. On the Canadian side, agricultural lands are among the 
most fertile on the country and occupy 70 percent of the basin. On the US side, crops are also common along the shorelines 
of Lake Champlain in the states of Vermont and New York. When floods occur in the basin, farmers suffer economic 
impacts, especially through crop yield loss and structural damages to farm buildings (Samson-Tshimbalanga and 
Rousseau, 2018). For instance, following the 2011 Richelieu River flood, compensation awarded by the Governments of 
Québec and Canada to the agricultural sector totaled CDN$474K (Rousseau and Savary, 2020).  

The two performance indicators developed in this study to quantify economic damages to the agricultural sector are (1) crop 
yield loss and (2) damage to farm buildings and farming equipment. 

Each of these PIs was developed and calibrated in both Canada and the United States. Simulation results quantifying flood 
reductions are presented for each flood mitigation alternative for years approaching thresholds of major flood (2011,  
1,500 m3/s), moderate flood (1998, 1,200 m3/s) and minor flood (2001, 1,083 m3/s) and for the yearly average through the 
reference period. The approach allows visualizing flood damage and damage reduction that would occur under current 
conditions, while considering the recent past natural hydrological variability of the system.  

Spatial distribution of damages and damage reduction for Alternatives 1 and 2 are shown (Alternative 1 and 3 give similar 
spatial distribution) for a range of flood levels. The sum of damage is also presented for the different portions of the study 
area where the alternatives have contrasting effects, namely Lake Champlain, the Upper Richelieu River area (from the lake 
to Saint-Jean-sur-Richelieu) and the Lower Richelieu River area (downstream from Saint-Jean-sur-Richelieu to the river 
outlet).  

Canada 

Agriculture yield loss 

PI experts: Alain Rousseau and Stéphane Savary, INRS (2020) 

Performance indicator description  

This PI evaluated agricultural income loss. Floods occurring during the crop sowing period can cause yield losses associated 
with 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. Monetary valuation of crop yield loss at a specific time step depends on the crop area that is 
flooded (ha), crop unit 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 and Savary, 2020). Yield loss curves, based on HAZUS-MH 
(FEMA, 2009), provided an estimation of monetary losses as a proportion of crop value, for each crop type, for each day of 
the year, with higher values between the last day of sowing and the last day of harvesting. HAZUS-MH curves were 
calibrated using crop values and sowing and harvesting dates per crop type data from La Financière Agricole du Québec 
(FADQ, 2016; Rousseau and Savary, 2020). Yield loss was obtained from cross referencing flood depth maps with crop 
coverage data from Agriculture and Agri-Food Canada (AAC, 2019). To account for crop rotations, yield loss was 
estimated by averaging losses using crop coverage of eight consecutive years (2011-2018). The most frequent crops in 



107 

Canada include soybeans and corn. For more detail on the data, functions, calibration and validation of the model, refer to 
the report Performance indicators Fact Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022).  

Damage to farm buildings 

PI experts: Alain Rousseau and Stéphane Savary, INRS (2020) 

Performance indicator description  

For the Canadian portion of the study area, damages to farm buildings were estimated based on stage-damage curves 
expressing monetary losses as a function of submersion heights at building level, building type and building value (Rousseau 
and Savary, 2020). Stage-damage curves from the HAZUS-MH (FEMA, 2009) were used and include structural damage 
to the building, contents, inventory and equipment. Building elevations within delineated building footprints were derived 
from a LIDAR-derived digital elevation model. Building locations and values were based on the 2018 Property Assessment 
Roll (Ministère des Affaires municipales et de l’Habitation, 2018). Yearly damages were associated with the maximum flood 
depths at each building for a given year. When an evaluation unit contained multiple buildings, the value of each building 
was assigned as a proportion of total value relative to its surface ($/m2).  

Results 

Results for both performance indicator are presented separately.  

Crop yield loss 

In the Canadian portion of the study area, simulating the yearly crop yield loss for the reference period revealed the 
following: 

Baseline scenario (state of reference) 

Simulations showed that the Upper Richelieu River area (upstream of Saint-Jean-sur-Richelieu) is the most vulnerable to 
flooding, as it accounted for more than 80 percent of crop yield loss on average over the reference period (1925-2017). The 
most heavily impacted areas for the 2011 flood included the Rivière-du-Sud area and the area north of Saint-Paul-de-l’île-
aux-Noix (Figure 6.4.5). In case of the moderate flooding of 1998, the lowlands in the vicinity of Saint-Georges and 
Henryville were the most affected. In contrast, the Lower River area presents steeper river banks, and agricultural lands have 
less likelihood of being flooded. 

In the Lower River area, the average yield loss simulated for the reference period was CDN$2.3K per year and annual 
damages ranged from CDN$1K to CDN$18K. The maximum loss occurred in 1947, as the water level only reached a minor 
flood threshold, but flooding coincided with high levels in the St. Lawrence River. Yield losses in the Lower River area were 
limited, as the damages did not exceed CDN$10K, except for 1947.  

In the Upper Richelieu River area, the average yield loss simulated for the reference period was CDN$100K per year (Table 
6.4.1) and annual losses ranged from CDN$4K to CDN$655K in 1947. During major and moderate floods, damages were 
equivalent to CDN$0.53M and CDN$0.36M, respectively (Table 6.4.1). In Baie Missisquoi, the average yield loss simulated 
for the reference period was CDN$16K per year (Table 6.4.1) and ranged from CDN$1K to CDN$86K.  
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Table 6.4.1. Agricultural Yield loss (K CDN$) for the Baseline scenario and variations (percent) associated with the three alternatives, for a year 
approaching thresholds of major (2011), moderate (1998) and minor (2001) flood at Saint-Jean-sur-Richelieu, and for the yearly average of the 
reference period. Color shades highlight variations below -5 percent (green), between -2 and -5 percent (light green), between 2 percent and 2 
percent (white), between 2 and 5 percent (light red) above 5 percent (red) and non-significant differences in the yearly average (two-sample t test 
with permutations, p > 0.05) between the alternatives and the baseline (light grey). 

 

Alternatives 

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:  

Alternative 1 and 3 

Under Alternatives 1 and 3, the highest yield loss reductions would occur in sectors that are the most impacted under the 
Baseline scenario, while the highest reduction ratios (percent) would be found slightly further north, closer to Sabrevois and 
Saint-Jean-sur-Richelieu (Figure 6.4.6). 

In the Lower River area, on average over the reference period, crop yield losses under Alternatives 1 and 3 were not 
significantly different from the Baseline (Paired T-test with permutations, p value > 0.05). At most, yield loss reduction 
would reach 7 percent (CDN$0.6K) in major floods. 

In the Upper River area, on average during the reference period, Alternatives 1 and 3 would decrease yield losses by 15.5 
percent (CDN$15K/year) and 17.5 percent (CDN$18K/year), respectively (Table 6.4.1). Yield loss reduction would reach 
more than 25 percent (CDN$90K) for the moderate flood of 1998, while it would be closer to 15 percent for the minor and 
major floods of 2001 and 2011 (CDN$4K and CDN$93K). Alternative 3 would provide a greater benefit for the major flood 
of 2011, reducing yield loss by 19.3 percent (CDN$103K), compared to 16.0 percent (CDN$86K) for Alternative 1. Damage 
reduction provided by both alternatives would be similar during minor (around 15 percent) and moderate floods (around 25 
percent). 

In the Baie Missisquoi area, on average during the reference period, Alternatives 1 and 3 would decrease yield loss by 5.9 
percent (CDN$1K/year) and 8.2 percent (CDN$1K/year), respectively (Table 6.4.1). Yield loss reduction would reach more 
than 15 percent (CDN$2K) during a minor flood such as in 2001, while it would be closer to 10 percent during moderate and 
major flood conditions (CDN$4K and CDN$8K). Alternative 3 would prevent more yield loss during major floods such as in 
2011, reducing yield loss by 12.0 percent (CDN$10K), compared to 7.7 percent (CDN$6K) for Alternative 1. Both alternatives 
would suggest benefits during minor and moderate floods, but Alternative 3 is generally more effective than Alternative 1. 
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Alternative 2 

With Alternative 2, the highest yield loss reductions would occur in the most impacted sectors, while the highest reduction 
ratios (percent) would be found close to Saint-Jean-sur-Richelieu and between Rouses Point and l’Île-aux-Noix (Figure 
6.4.6). However, this alternative would be generally less effective than Alternatives 1 and 3.  

In the Lower River area, on average over the reference period, the difference in yield loss between the Baseline and 
Alternative 2 would not be statistically significant (paired T-test with permutations, p-value > 0.05) (Table 6.4.1). At most, 
yield loss reduction would reach 6 percent (CDN$0.5K) in the case of a major flood. 

In the Upper River area, on average over the reference period, Alternative 2 would decrease yield losses by 7.1 percent 
(CDN$7K/year) (Table 6.4.1). Yield loss reduction would reach 8.0 percent (CDN$2K) for the minor floods of year 2001, 
6.9 percent (CDN$40K) for the major flood of 2011 and 3.7 percent (CDN$13K) for a year of moderate flood (1998). 

In Baie Missisquoi, on average during the reference period, Alternative 2 would decrease yield losses by 5.1 percent 
(CDN$0.8K/year) (Table 6.4.1). Yield loss reduction could reach 18 percent (CDN$14K) during major floods such as year 
2011, while the alternative could provide reductions close to 5 percent (CDN$0.5K) and 1 percent (CDN$0.4K) for minor 
and moderate floods, respectively.  

Damage to farm buildings 

In the Canadian portion of the study area, simulating the yearly farm building damage for the reference period revealed the 
following: 

Baseline scenario (state of reference) 

Under the Baseline scenario, in the Canadian portion of the study area, the damage to farms is mainly located in the Upper 
Richelieu River with structural, content and inventory damage exceeding CDN$100K occurring in the simulations in four 
different years (1976, 1993, 1998 and 2011) over the reference period (1925-2017) (Figure 6.4.4). Flooding in 2011 was by far 
the most damaging, with costs reaching CDN$740K (Table 6.4.2, Figure 6.4.4), as the peak flood reached farm buildings 
near major roads in the Henryville and Sainte-Anne-de-Sabrevois area. The second most damage simulated was in 1998, 
with CDN$185K (Table 6.4.2, Figure 6.4.4). 

In the Lower River area, damage to farms was low, with a yearly average damage of CDN$0.12K/year. Maximum simulated 
damage reached CDN$6K in year 2011. There was no damage downstream of the Chambly basin. Furthermore, there was 
no damage to farms in the case of a typical minor flood (2001) (Table 6.4.2). 

The Upper River area is where most of the damage to farms occurs, with a yearly average for the simulations of CDN$21K 
per year over the reference period. Yearly damage reached CDN$36K, CDN$185K and CDN$734K for selected minor, 
moderate and major floods, respectively (Table 6.4.2). Damages were the most notable in 2011 (Figure 6.4.4). Farm 
buildings located on Rang du Bord-de-l’Eau (Saint-Anne-de-Sabrevois, Henryville) were among the most impacted. In 
contrast, in Saint-Paul-de-l'Île-aux-Noix, farm buildings along the river tended to be spared due to their higher elevation. 

The Baie Missisquoi area, the Canadian part of Lake Champlain, incurred no damage to farm buildings in the simulations 
(Table 6.4.2). 
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Table 6.4.2. Farm building damage (K CDN$) in Canada for the Baseline scenario and variations (percent) associated with the three alternatives, for 
a year of major flooding (2011), a year of moderate flooding (1998), a year of minor flooding (2001) and for the yearly average of the reference 
period. Color shades highlight variations above 5 percent (red), between 2 and 5 percent (light red), between -2 percent and 2 percent (white), 
between -2 and -5 percent (light green) and below -5 percent (green). All differences in the yearly average between the alternatives and the Baseline 
are statistically significant (two-sample t test with permutations, p < 0.05). 

 

Alternatives 

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:  

Alternative 1 and 3 

For the Canadian portion of the study area, Alternative 1 would reduce the yearly average damage to farms by 44.9 percent 
(CDN$10K/year), and Alternative 3, by 50.6 percent (CDN$11K/year) (Table 6.4.2). Farms located on Rang Lamoureux 
and Rang du Bord-de-l'Eau in Henryville would account for an important part of the prevented damages.  

In the Lower River area, although damage to farm buildings would be minimal, Alternatives 1 and 3 would prevent damage 
during moderate and major floods. For a moderate flood (1998), Alternative 1 and 3 would reduce flood damage by 54.9 
percent (CDN$0.4K) and 29.9 percent (CDN$0.24K), respectively (Table 6.4.2). Damage prevention is mostly beneficial 
to a few farms located on Chemin des Patriotes Est (North East of Saint-Jean-Sur-Richelieu).  

In the Upper River area, on average during the reference period, Alternatives 1 and 3 would reduce damage by 44.8 percent 
(CDN$10K/year) and 50.5 percent (CDN$11K/year). In the case of a major flood, with a flow diversion through the canal, 
Alternative 3 would prevent more damage than Alternative 1, with reductions of 46.6 percent (CDN$342K) and 34.2 
percent (CDN$251K), respectively. The highest ratios of reduction would be found in moderate floods, which would be 
reduced by 49.5 percent (CDN$91K) and 53.4 percent (CDN$98K). In the case of a minor flood, both alternatives would 
have similar benefits, with reductions slightly above 40 percent.  

Alternative 2 

On average over the reference period, Alternative 2 would decrease damage to farm buildings by 66.1 percent 
(CDN$14.2K/year). Similarly, to Alternatives 1 and 3, damage reductions would be the most important in the municipality of 
Henryville.  
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However, in the Lower River area, Alternative 2 would tend to slightly increase damage on average during the reference 
period by 55.4 percent (CDN$0.1K/year). Nevertheless, these damages would be low. There would be no damage 
exceeding CDN$1K, except for 1976, 1998 and 2011. In the case of a major flood, the flow diversion through the Chambly 
Canal would decrease the peak flow and associated damages downstream by 11.9 percent (CDN$0.7K). However, in the 
case of a moderate flood, Alternative 2 would cause a slight increase in damages (CDN$0.3K). 

Most benefits associated with Alternative 2 would be found in the Upper Richelieu River area, with a decrease in yearly 
average damage of 66.8 percent (CDN$14K/year). In the case of a major flood, damages would decrease by 54.5 percent 
(CDN$400K), which is approximately 10 percent more effective than Alternative 3 (Table 6.4.2). Alternative 2 would be 
the most effective in the Upper River area in the case of a minor flood, as it would almost suppress all damages, with a 
reduction of 96.4 percent (CDN$35K). 

Findings 

Agriculture yield loss 

Results suggest that all three flood mitigation alternatives would reduce yearly average yield loss in the Canadian portion of 
the basin. Under moderate and major flood conditions, when the canal diversion would be activated, Alternative 3 would 
provide the most flood reduction, followed by Alternative 1. While Alternative 2 would be the most effective at decreasing the 
yearly maximum water level, it would prevent crop yield loss the least. This is explained by the different timing of water level 
relief provided by each alternative relative to crop sowing and harvest dates. With Alternative 2, simulations were carried 
out assuming a “perfect forecast” approach, which involved activating the Chambly Canal diversion in any flood year on 
March 15 and closing it when the water level dropped below flood level at Saint-Jean-sur-Richelieu. For most years, such as 
2011, Alternative 2 would provide a more important reduction of water level in the spring, before sowing dates; the water 
level would progressively return closer to the Baseline during the crop growth season (Figure 6.4.2). In contrast, the shoal 
excavation of Alternative 1 and 3 would tend to provide a water level decrease extending further through the crop growth 
season, thus providing a greater reduction of yield loss (Figure 6.4.2). 

The importance of flood timing on the magnitude of yield loss is also highlighted by examining 2013, the year with the 
second largest yield loss (CDN$668K). Despite a low peak water level (29.72 m), which does not reach the MSP flood 
surveillance threshold at Saint-Jean-sur-Richelieu, yield losses in year 2013 would exceed those of year 2001 (CDN$38K), 
which would reach a higher flood level (30.13m). Although the 2013 peak level would be lower, it would occur at the 
beginning of July (QM 25), which is after the last sowing date for most crop types present in the region. The 2001 peak level, 
in contrast, would occur around the beginning of May (QM-17), before the sowing period, and last for a shorter period of 
time (Figure 6.4.3). Alternatives 1 and 3 would tend to reduce water levels by 10 to 5 cm after the last sowing date for most 
crop types present in the region, which is why they tend to reduce crop yield losses for most of the years (Figure 6.4.1). 

Simulations suggest that the largest part of crop yield losses occur in the Upper Richelieu River area (between Saint-Jean-
sur-Richelieu and Rouses Point). With losses of CDN$100K/year on average over the reference period (1925-2017), this 
area accounts for 60 percent of the average yield loss estimated for the whole study area. The United States portion of Lake 
Champlain ranks second, with 28.5 percent10 (for United States damage, see the United States discussion below), followed 
by the Canadian portion of the lake (Baie Missisquoi) with 9.9 percent and the Lower Richelieu River area, with 1.4 percent 
of the total yield loss simulated over the reference period. However, under major flood conditions, such as in 2011, the Upper 

 
10 CAD/USD exchange rate of 0.75. 
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River area would account for a smaller proportion of total crop yield losses, with 52 percent (CDN$537K), while the United 
States portion of the lake would account for 39 percent (US$296K).  

Damage to farm buildings 

Simulations suggest that damage to farm buildings would be low for minor and moderate floods. Almost all damages to 
farm buildings would occur in the Upper Richelieu River area, comprising over 99 percent of damages on the Canadian 
side. Unlike crop yield loss, damage to farm buildings is related to the yearly maximum water level, regardless of timing. By 
further decreasing the yearly maximum water level, Alternative 2 would prevent more damage to buildings than the other 
alternatives. For a flood such as 2011, Alternative 2 could reduce Lake Champlain levels by approximately 30 cm, which 
would induce damage reduction of CDN$400K in the Canadian portion of the study area.  

Considerations 

Agriculture yield loss 

This PI was calibrated and validated with 2011 crop insurance data on the Canadian side by Rousseau and Savary (INRS, 
2020).  

Crop coverage data comes from a remote sensing image classification at a 30 m resolution. In Canada, the precision in the 
method of identifying crop classes for the data used in ISEE varies from 83 percent to 90 percent (Agriculture and Agri-
Food Canada, 2019). 

It is worth noting that an important dike system and pumping stations in Saint-Georges-de-Clarenceville and Henryville 
(north-west of Baie Missisquoi) were not considered in this analysis. Thus, the simulations tend to overestimate damages in 
the area that is protected by the dike system. For instance, when considering the protection of the dike system, crop yield loss 
in 2011 would be lower by approximately CDN$100K, which accounts for 16 percent of the total estimated for that year 
(CDN$628K) in Canada. 

Damage to farm buildings 

Rousseau and Savary (INRS, 2020) have developed stage-damage curves on the Canadian side, based on HAZUS-MH 
(FEMA, 2009). Stage-damage curves were developed for the different types of farm buildings present in the basin.  
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Figures 

Agriculture yield loss (ASYL) 

 

Figure 6.4.1. (Upper) Yearly yield loss values (CDN$ on left, US$ on right) in the Canadian portion of the study, for the Baseline scenario and the 
three simulated alternatives. (Lower) Variation (CDN$ on left, US$ on right) in yield loss for each alternative relative to the Baseline scenario.  

 
Figure 6.4.2. (Left axis) Effect of the alternatives on water levels for each quarter of month of 2011. (Right axis) proportion of corn yield loss at each 
quarter of month based on the adjusted HAZUS-MH damage curve. This highlights how Alternatives 1 and 3 continue to reduce water levels through 
the whole period where corn yield is mostly impacted.  
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Figure 6.4.3. Water levels at Saint-Jean-sur-Richelieu marina (m) for every quarter of month starting in January for year 2013 (yellow) where 
simulated yield loss total CDN$668K , and year 2001 (blue) where simulated yield loss total CDN$38K. 

 

 

Figure 6.4.4. (Upper) Yearly damage to farm buildings (CDN$M on left, US$M on right, 0.75 currency exchange rate) Upper Richelieu River area 
(Saint-Jean-sur-Richelieu to Rouses Point) in Canada for the Baseline scenario and three simulated alternatives. (Lower) Difference (CDN$M n on 
left, US$M on right) in damage costs for each alternative relative to the Baseline scenario. 
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Maps 

 

Figure 6.4.5. (Left) Sum of Crop yield loss of year 2014 (K CDN$) in 400x400 m cells, for the Baseline scenario. The year 2014 is shown instead of 
2001 (minor flood threshold presented in Table 6.4 1) to reflect a year representative of the average yield loss, whereas 2001, due to its favorable 
timing, presents extremely low damage. (Center) Crop yield loss of year 1998, a year of moderate flood. (Right) Crop yield loss of year 2011, a year of 
major flood. It is worth noting that an important dike system and pumping stations north-west of Baie Missisquoi are not considered in this analysis. 
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Figure 6.4.6. (Left) Sum of crop yield losses for year 1998 (K CDN$) in 400 x 400 m cells for the Baseline scenario. (Center) Difference in crop yield 
losses of Alternative 1 relative to the Baseline scenario. (Right) Difference in crop yield losses of Alternative 2 relative to the Baseline scenario. It is 
worth nothing that an important dike system north-west of Baie Missisquoi is not considered in this analysis.  
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United States 

Agriculture yield loss 

Performance indicator description 

This PI evaluates agricultural income loss in Vermont and New York. The same methodology as for the Canadian side was 
used for this PI. Crop yield loss curves from HAZUS-MH (FEMA, 2009) provided an estimation of monetary losses as a 
proportion of crop value. Damages were estimated using crop values from the National Agricultural Statistics Service 
(NASS) of the United States Department of Agriculture (USDA). This PI used the same sowing and harvesting dates used 
for the Canadian side. The most frequent crops in the United States are pastures and forages, corn and soybeans. For more 
detail on the data, functions, calibration and validation of the model, refer to the report Performance indicators Fact Sheets: 
Lake Champlain and Richelieu River Study (Bachand et al, 2022).  

Combined Structural and Material Damage to farm buildings 

PI experts: Nina Safavi and Jarlath O’Neil-Dunne, University of Vermont (2021), Bill Werick, IJC (2021). 

Performance indicator description 

In the United States., the estimation of damage to farm buildings was based on the HAZUS-MH Flood model (FEMA, 
2009). Building elevations within delineated building footprints were derived from a LIDAR-derived digital elevation model 
(Safavi and O’Neil-Dunne, 2021). United States damage to farm buildings also included building contents. Building values 
were estimated using adjusted census data that approximates value per square foot for each building. The model adjusted 
2006 values to current values using the latest Consumer Price Index and a county adjustment factor (Safavi and O’Neil-
Dunne, 2021). Stage-damage curves provided an estimation of damage as a proportion of building value, based on 
submersion height.  

Results 

Results of each PI are presented separately. First, results are presented for the Baseline, which describes the impacts 
occurring under a scenario where no mitigation alternative is implemented. Then, damage reductions provided by each 
alternative are shown relative to the Baseline for each portion of the study area. 

Crop yield loss 

In the United States portion of the study area, simulating the yearly crop yield loss for the reference period revealed the 
following: 

Baseline scenario (state of reference) 

Over the reference period (1925-2017), simulated crop yield losses in the United States were low, with only three years 
exceeding US$0.1M, in 1947, 2011 and 2013 (Figure 6.4.7). The highest concentrations of yield losses were located north of 
Burlington on the Winooski River floodplain, in sectors around Otter Creek and in the Chimney Pond State Park area (Figure 
6.4.9). The Winooski River floodplain is where the croplands were the most affected for the entire time series. 
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In the United-Sates portion of Lake Champlain, the average yield loss simulated for the reference period was US$36K 
(Table 6.4.3) and ranged from US$5K in 1965, an extreme low water level year, to US$0.3M in 2011, a year of extreme high 
water level conditions. In 2011, important areas were also impacted in the state of New York, near the Little Chazy River and 
Monty Bae (Figure 6.4.9). At minor flood level, such as in 2001, simulated yield losses were US$19K and US$88K in 1998, a 
year of moderate flooding. 

Table 6.4.3. Crop Yield loss (K US$) for the Baseline scenario and variations (percent) associated with the three alternatives, for major (2011), 
moderate (1998) and minor (2001) flood conditions, and for the yearly average of the reference period. Color shades highlight variations below -5 
percent (green), between -2 and -5 percent (light green), between 2 percent and 2 percent (white), between 2 and 5 percent (light red) and above 5 
percent (red).  

 

Alternatives 

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:  

Alternative 1 and 3 

On average during the reference period, Alternatives 1 and 3 would decrease yearly average yield losses by 11.6 percent 
(US$4K/year) and 14.8 percent (US$5K/year), respectively (Table 6.4.3). Yield loss reduction would reach 15 percent 
(US$15K) or more for a moderate flood year (1998), while the reduction ratio would be slightly lower during minor and 
major floods. For the major flood of 2011, the additional flow diversion in the Chambly Canal of Alternative 3 would 
generate a reduction in yield loss of 15.6 percent (US$46K), compared to 9.9 percent (US$29K) with Alternative 1. At lower 
flood levels, the impacts of both alternatives would be similar, with Alternative 3 being slightly more effective. 

Alternative 2 

In the US portion of Lake Champlain, on average during the reference period, Alternative 2 would decrease yield losses by 
9.4 percent (US$3K/year) (Table 6.4.3). Alternative 2 would be the most effective for the major flood of 2011, with damage 
reduction of 24.3 percent ($US72K), while on average it would have less impact than Alternatives 1 and 3 for floods of lower 
magnitude . Similar to Alternatives 1 and 3, reductions in yield losses would occur in the northern half of the lake. 

Damage to farm buildings 

In the United States portion of the study area, simulating the yearly farm building damages for the reference period revealed 
the following: 

Baseline scenario (state of reference) 

Damage to farm buildings was not frequent, with simulated damage occurring only for a single year (2011) during the 
reference period. (Table 6.4.4, Figure 6.4.8). For a major flood year (2011), damages on farms would reach US$80K and 
would be located mostly on Lakeshore Road in Chazy County, New York.  
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Table 6.4.4. Farm buildings damage costs (K US$) in the United States for the Baseline scenario and variations (percent) associated with the three 
alternatives, for a year of major flooding (2011), a year of moderate flooding (1998), a year of minor flooding (2001) and for the yearly average of 
the reference period. Color shades highlight variations above 5 percent (red), between 2 and 5 percent (light red), between -2 percent and 2 percent 
(white), between -2 and -5 percent (light green), below -5 percent (green), and non-significant differences in the yearly average (two-sample t test 
with permutations, p > 0.05) between the alternatives and the baseline (light grey). 

 

Alternatives 

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:  

Alternative 1 and 3 

For major floods, Alternative 1 would reduce damages to farm buildings by 53.2 percent (US$43K) and Alternative 3, by 
60.7 percent (US$49K). Prevented damages would be located on the east side of Lakeshore Road in New York State.  

Alternative 2 

Alternative 2 would lower damages to farms by 73.2 percent (US$59K). Alternative 2 would reduce the Lake Champlain 
water level more than Alternatives 1 and 3 when the water level reaches the major flood threshold.  

Findings 

Crop yield loss 

On the US side, crop yield losses would be minor, with a yearly average of US$35K/year, as most crops are found at 
elevations high enough to avoid flooding.  

Alternatives 1 and 3 would be, on average, more effective at decreasing crop yield loss by reducing water level at the 
appropriate time between sowing and harvesting dates. Alternative 2 would prevent slightly less yield loss on average, but it 
would be the most effective in the case of the major flood of 2011.  

Damages to farm buildings 

Damage to farm buildings is not frequent, as it happened only one time over the simulated reference period (1925-2017), at 
the major flood level. Therefore, yearly average damage is minimal. Nevertheless, Alternatives 1, 2 and 3 would all be 
effective at decreasing damage to farms by over 50 percent (Figure 6.4.8). 
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Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

 

Figure 6.4.7. (Upper) Yearly yield loss values (CDN$M on left, US$M on right) in the US portion of the study area, for the Baseline scenario and the 
three simulated alternatives. (Lower) Variation (CDN$M on left, US$M on right) in yield loss for each alternative relative to the Baseline scenario.  

 
Figure 6.4.8. (Upper) Yearly damage to farms (M CDN$ on left, M US$ on right) around Lake Champlain in United States for the Baseline scenario 
and three simulated Alternatives. (Lower) Variation (M CDN$ on left, M US$ on right) in damage for each alternative relative to the Baseline 
scenario. 
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Maps  

 

Figure 6.4.9. (Left) Sum of crop yield loss of year 2014 (K US$) in 400 x 400 m cells, for the Baseline scenario. The year 2014 is shown instead of 
2001 (minor flood threshold presented in Table 6.4 3) to reflect a year representative of the average yield loss, whereas 2001, due to its favorable 
timing, presents extremely low damage. (Center) Crop yield loss of year 1998, a year of moderate flooding. (Right) Crop yield loss of year 2011, a 
year of major flooding. 
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Figure 6.4.10. (Left) Sum of crop yield losses for year 1998 (K US$) in 400 x 400 m cells for the Baseline scenario. (Center) Difference in crop yield 
losses of Alternative 1 relative to the Baseline scenario. (Right) Difference in crop yield losses of Alternative 2 relative to the Baseline scenario. 
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6.5 DAMAGE TO PUBLIC SECTOR 

Introduction 

In 2011, flooding in the Richelieu River basin and the Lake Champlain 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 in Canada, which caused administrative reorganization of services as well as additional 
costs. 

Obviously, flood related damages to the public sector cover a broad spectrum of damages that namely includes, damages 
to public infrastructures such as roads and bridges, income loss, damages to water intakes and damages to public 
buildings. Due to some limitations mainly in terms of calibration data availability, this study focused on the damage to the 
main public buildings. Consequently, values of damages to the public sector may be underestimated. 

This Study adopted two PIs to estimate economic damages to the public sector:  

• Structural damage to public sector buildings; 

• Material damage to public sector buildings. 

Each of these PIs was separately developed and calibrated for the Canadian and the US portion of the basin. 

Canada 

Structural damage to public buildings 

PI experts: Bouchard St-Amant and Dumais (2022) 

Performance indicator description  

This indicator assessed the structural damage costs of flooding on certain public sector buildings based on submersion 
heights at ground level and building values. The damages were expressed as a proportion of the building value. 

All structural damages on main public facilities were expressed as depth-damage curves developed by Bouchard St-Amant 
and Dumais (2022). Each building occupancy type, such as hospitals, medical offices or clinics, government services 
facilities, emergency response buildings, schools or libraries, and colleges or universities (Bouchard St-Amant and Dumais 
2022) has its own stage-damage curve. Each public building was assigned an appropriate stage-damage curve based on 
its main activity attribute in the property assessment roll of 2018.  

Forty-seven buildings were identified as public buildings within the delineated floodplain of the Richelieu River. The ground 
elevation of each building was derived from a 1-meter resolution digital elevation model (DEM) from the Quebec Ministère 
des Forêts, de la Faune et des Parcs (MFFP). The structural damage rate is a predicted linear value based on submersion 
height. Using the damage rates estimated to each building, the PI quantified the damage cost as a percentage of the 
building value. 
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Material damage to public buildings 

PI experts: Bouchard St-Amant and Dumais (2022) 

Performance indicator description  

This PI assessed the material monetary impacts of flooding on public sector buildings, based on submersion heights at 
ground level and building material values.  

The estimation of material damages was based on a similar methodology (damage rate functions), that was used for 
structural damage estimations. Material value of each building was estimated with the method from the HAZUS-MH 
technical manual (FEMA, 2009), where the material value corresponds to certain percentage of the building structure 
value. For public buildings, material value was estimated as 100 percent of the structure value of the building (FEMA, 
2009).  

The material damage of each building was expressed as a value in dollars for each year of the reference period, based on 
the submersion height, the building material damage rate function and the building structural value.   

Results 

Damage values were computed for each building and at every quarter month of the year. For each building, the yearly 
damage was defined as the maximum damage obtained for any quarter-month of a given year.  

The baseline describes the impacts occurring under a scenario in which no mitigation alternative is implemented. Then, 
damage reductions provided by each alternative are presented relative to the baseline for each portion of the study area 
presenting different hydraulic patterns. 

Table 6.5.1 and the following sections describe the combined results of the two PIs, structural damage and material 
damage; these are further referred to as combined damages. Individual PI damage tables are presented in Table 6.5.2 and 
Table 6.5.3. 

Table 6.5.1. Combined damage costs (structural + material) (K CDN$) for the Baseline scenario and variations (percent) associated with the three 
alternatives, for major (2011), moderate (1998) and minor (2001) flood conditions, and for the yearly average of the reference period. Color shades 
highlight variations below -5 percent (green), between -2 and -5 percent (light green), between -2 percent and 2 percent (white), between 2 and 5 
percent (light red), above 5 percent (red) and non-significant differences in the yearly average (two-sample t test with permutations, p > 0.05) 
between the alternatives and the baseline (light grey). 
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Table 6.5.2. Structural damage costs (K CDN$) for the Baseline scenario and variations (percent) associated with the three alternatives, for a year 
with major (2011), moderate (1998) and minor (2001) flood conditions, and for the yearly average of the reference period. Color shades highlight 
variations below -5 percent (green), between -2 and -5 percent (light green), between -2 percent and 2 percent (white), between 2 and 5 percent 
(light red), above 5 percent (red) and non-significant differences in the yearly average (two-sample t test with permutations, p > 0.05) between the 
alternatives and the baseline (light grey). 

 

Table 6.5.3. Material damage costs (K CDN$) for the Baseline scenario and variations (percent) associated with the three alternatives, for a year with 
major (2011), moderate (1998) and minor (2001) flood conditions, and for the yearly average of the reference period. Color shades highlight 
variations below -5 percent (green), between -2 and -5 percent (light green), between -2 percent and 2 percent (white), between 2 and 5 percent 
(light red), above 5 percent (red) and non-significant differences in the yearly average (two-sample t test with permutations, p > 0.05) between the 
alternatives and the baseline (light grey). 

 

Baseline scenario (state of reference) 

In the Canadian portion of the study area, simulating the combined damage for the reference period revealed the following: 

Simulated combined damages to public buildings under major flood conditions (2011) total CDN$460K. The simulated 
damages drastically reduced to CDN$61K under moderate flood conditions, and simulations showed no combined 
damages under minor flood conditions. 

In the Lower Richelieu River area, simulated yearly average damages were CDN$1K /year over the reference period, and 
only reached CDN$50K during the major flood of 2011. Damages were concentrated in the southern part of the Chambly 
basin and there was no damage downstream from the town of Chambly. 

In the Upper Richelieu River area, average combined damages over the reference period were CDN$5K/year. Simulated 
damages reached CDN$408K in 2011, which represents more than 90 percent of total public sector damages over the 
reference period in this portion of the basin.  

In the Canadian portion of Lake Champlain, combined damages to the public sector were minor, reaching a maximum of 
CDN$3K in 2011.  
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The region that faces the most damage to the public sector is the municipality of Saint-Paul-de-l’Île-aux-Noix, where school 
services and postal services installations can be affected under major and moderate flood conditions. Simulations show that 
in the Canadian portion of the study, no essential services like police and fire stations would be affected by flood events. 
Educational services appear to be the most impacted.  

Overall, damages remained limited, with only one year (2011) with damages over CDN$100K over the entire reference 
period. 

Alternatives 

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:  

Alternatives 1 and 3 

The yearly average combined damage reduction provided by Alternatives 1 and 3 would not be statistically significant (p-
value > 0.05). Only yearly average values for the Lower River area would be statistically significant, but damages would be 
minor, with damage increases of less than CDN$1K per year on average over the reference period. 

In the Lower River area, damage reduction induced by Alternatives 1 and 3 would be limited, reaching a maximum of 5 
percent (CDN$2.5K) in 2011. During the moderate flood event of 1998, the slight increase of water level downstream of 
Saint-Jean-sur-Richelieu associated with the alternatives would increase combined damages by 2.9 percent (CDN$0.75K) 
and 2.4 percent (CDN$0.61K) for Alternatives 1 and 3, respectively.  

In the Upper River area, under major flood conditions such as in 2011, Alternative 1 would reduce combined damages by 
37.2 percent (CDN$150K); Alternative 3 would be more effective, with a reduction of 65.6 percent (CDN$270K). The 
higher damage reduction of Alternative 3 would be provided by the minor Chambly Canal diversion that would only be 
activated during major floods (discharge higher than 1,200 m3/s). Under moderate flood conditions, Alternatives 1 and 3 
would completely remove combined damage to the public sector in this portion of the basin (damage reduction of 100 
percent, CDN$35K).  

Alternatives 1 and 3 would reduce combined damages by 100 percent (CDN$3K) in the Canadian portion of the lake for 
2011, which is the only year with simulated damages to the public sector over the entire reference period.  

Alternative 2 

Yearly average values of combined damage reduction induced by Alternative 2 would not be statistically significant (p-value 
> 0.05). Only yearly average damages for the Lower River area would be statistically significant, but they are minor, with 
damage increase of less than CDN$1K per year on average over the reference period. 

In the Lower River area, Alternative 2 would increase combined damage by 37 percent (CDN$18K) and 44 percent 
(CDN$11K) under major and moderate flood conditions, respectively. The damage increases that would be induced by 
Alternative 2 are often more than twice the ones associated with Alternatives 1 and 3, but remain under CDN$10K for most 
of the years simulated (Figure 6.5.2). Damage increases would be concentrated around the Chambly basin.  
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In the Upper Richelieu River area, Alternative 2 would considerably reduce combined damages under major and moderate 
flood conditions. It would reduce damages by 100 percent (CDN$35K) during the moderate flood of 1998 and by 82.9 
percent (CDN$338K) during the major flood of 2011.  

Alternative 2 would reduce combined damages by 100 percent (CDN$3K) in the Canadian portion of the lake for 2011, 
which is the only year with simulated damages to the public sector over the entire reference period.  

Findings 

On average over the reference period, all three alternatives would not induce statistically significant (p-value > 0.05) 
changes on combined damage values to public buildings. Only yearly average damages for the Lower River area would be 
statistically significant; however, these would be minor, with damage increases of less than CDN$1K per year on average 
over the reference period. 

Damage reduction to public buildings induced by the alternatives would be concentrated where the magnitude of the 
damage under the Baseline scenario is the highest, upstream of the Chambly basin in the Upper River area. The simulations 
showed that Alternatives 2 and 3 could reduce combined damages by more than 50 percent in the Upper River area, during 
major and moderate flood events such as in 1998 and 2011. The damages in the Upper River area during major floods 
would be almost seven times higher compared to damages related to moderate floods. However, damage reduction would 
remain low in term of dollars, with a maximum reduction of CDN$322K provided by Alternative 2 in 2011.  

Results in the Lower River area for all the alternatives and especially Alternative 2 (Table 6.5.1) tend to show an increase of 
overall damages caused by a small water level increase in the Chambly basin that would occur during moderate and major 
flood events. Compared to the damages prevented upstream, the increase of damages simulated would be much lower, 
with a maximum damage increase of CDN$18K induced by Alternative 2 in 2011.  

When considered separately, the results of the two PIs (structural and material damage to public sector) show similar trends 
to the combined damage results (Table 6.5.2). 

Considerations 

The damage curves were developed by St-Amant and Dumais (2022) and were peer reviewed. 

This PI focused on the damage to the main public buildings, consequently it did not include the entire spectrum of flood 
related damages that the public sector may suffer.   
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Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

 

Figure 6.5.1. (Upper) Yearly combined damage costs (M CDN$ on left, M US$ on right) for public buildings in the Upper Richelieu River area in 
Canada for the Baseline scenario and three simulated alternatives. (Lower) Difference in combined damage costs (CDN$M on left, US$M on right) 
for each alternative relative to the Baseline scenario. 

 
Figure 6.5.2. (Upper) Yearly combined damage costs (M CDN$ on left, M US$ on right) for public buildings in the Lower Richelieu River area in 
Canada for the Baseline scenario and three simulated alternatives. (Lower) Difference in combined damage costs (CDN$M on left, US$M on right) 
for each alternative relative to the Baseline scenario. 
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United States 

Structural and material damage to public sector  

PI experts: Nina Safavi and Jarlath O’Neil-Dunne, University of Vermont (2021), Bill Werick, IJC (2021). 

Performance indicator description  

In the United States portion of the basin, the stage-damage tables were based on the HAZUS program (FEMA, 2009). 
Public buildings were identified based on an occupancy identifier from HAZUS data that covers general services, emergency 
response, grade schools and college/university buildings. HAZUS-MH provides estimations of damages in proportion of 
building values, as a function of submersion height. Submersion heights for each public building in the US portion of the 
basin were computed in the ISEE system. The structural and material damages to public buildings were combined for this 
analysis and are further referred to as combined damages.  

Results 

Baseline scenario (State of reference) 

In the US portion of the study area, simulating the damages for the reference period revealed the following:  

Under moderate and major flood conditions of 1998 and 2011, simulated average combined damages totaled US$124K 
and US$778K, respectively (Table 6.5.4), which is more damage to the public sector than what was simulated in Canada 
under similar flood conditions (Table 6.5.1).  

Table 6.5.4. Combined damage costs (K US$) for the Baseline scenario and variations (percent) associated with the three alternatives, for a year with 
major (2011), moderate (1998) and minor (2001) flood conditions, and for the yearly average of the reference period. Color shades highlight 
variations below -5 percent (green), between -2 and -5 percent (light green), between -2 percent and 2 percent (white), between 2 and 5 percent 
(light red), above 5 percent (red) and non-significant differences in the yearly average (two-sample t test with permutations, p > 0.05) between the 
alternatives and the baseline (light grey). 

 

Over the reference period, simulated average damages were US$10K/year, but yearly values revealed that damages to 
public buildings only occurred on four occasions, in the 1976, 1993, 1998 and 2011 floods (Figure 6.5.3).The damages for a 
major flood event of 2011 reached US$778K, while they were much lower for the moderate flood events of 1998, with 
US$124K. Simulations suggest that damages mostly affect wildlife management area and state park buildings in the state 
of New York and public buildings in the Plattsburgh bay.  

Alternatives 

In the US portion of the study area, comparing the simulated impacts of each alternative to the Baseline scenario over the 
reference period revealed the following:   
 

 

Alt 1 Alt. 2 Alt. 3 Alt 1 Alt. 2 Alt. 3 Alt 1 Alt. 2 Alt. 3 Alt 1 Alt. 2 Alt. 3
Total US 778 -24.6% -48.8% -33.3% 124 -86.2% -95.2% -100% 0 0.0% 0.0% 0.0% 10 -35.8% -57.0% -44.8%

Difference (%)
Base. 
val. 

(K$/y)
Difference (%)Study Area

2011 (major flood) 1998 (moderate flood) 2001 (minor flood) Yearly average (1925-2017)
Base. 
val. 
(K$)

Difference (%)
Base. 
val. 
(K$)

Difference (%)
Base. 
val. 
(K$)
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Alternatives 1 and 3 

Under moderate flood conditions of 1998, Alternative 3 would reduce all damages (100 percent, US$124K) and Alternative 
1 would reduce damages by 86 percent (US$107K). For major flood conditions, Alternative 1 would be less effective than 
Alternative 3, with simulations showing reductions of US$192K and US$259K for Alternative 1 and Alternative 3, 
respectively. On average over the reference period, Alternative 1 and 3 would reduce public damages by 35.8 percent 
(US$3.6K) and 44.8 percent (US$4.5K), respectively, but damage reduction would only occur in four years of the reference 
period (Figure 6.5.3). 

Alternative 2 

Under the moderate flood conditions of 1998, Alternative 2 would reduce damages by 95 percent (US$118K). For major 
flood conditions, Alternative 2 would be the most effective, with simulations showing damage reduction of 49 percent 
(US$380K).  

On average over the reference period, Alternative 2 would reduce public damages by 57 percent (US$5.7K/year) but 
damage reduction would only occur in the four years of the reference period with damages to public buildings (Figure 
6.5.3). 

Findings 

Simulations suggest that damages to public buildings in the US portion of the basin would only occur in four years over the 
reference period. However, damage values for specific flood events and on average over the reference period would remain 
higher than in the Canadian portion of the study area. In addition, when damages do occur, all alternatives would 
considerably reduce damages, with Alternative 2 being the most effective on average and during major flood events, such as 
in 2011.  

Considerations 

This PI focuses on the damage to the main public buildings, consequently it does not include the entire spectrum of flood 
related damages that the public sector may suffer.   
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Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

 

Figure 6.5.3. (Upper) Yearly combined damage costs (M CDN$ on left, M US$ on right) for public buildings damage in the United States for the 
Baseline scenario and 3 simulated Alternatives. (Lower) Difference in damage costs (M CDN$ on left, M US$ on right) for each alternative relative to 
the Baseline scenario. 
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6.6 SUMMARY OF KEY FINDINGS (ECONOMIC PIS) 

Based on the economic PI analysis, the following key points can be made, with respect to the effects of the submerged weir 
(Alternative 1), the Chambly Canal diversion (Alternative 2) and the submerged weir with minor diversion (Alternative 3):  

• Overall, simulations suggest that all three alternatives would be effective at attenuating flood damage. Over the 
reference period (1925-2017), Alternative 2 would be the most effective, reducing damage by CDN$347M (53 
percent), followed by Alternative 3 with a damage reduction of CDN$273M (41 percent) and Alternative 1 with 
CDN$241M (36 percent).  

• Although Alternative 2 would be the most effective overall, the major flow diversion through the Chambly Canal 
would tend to increase damages downstream of Saint-Jean-sur-Richelieu by 11 percent (CDN$11M), mainly due to 
occasional peak floods occurring during the temporary increase in discharge that follows the opening of the gate. 
This drawback could be attenuated by refining the timing of the gate opening. However, opening the gates earlier 
would be restricted in most years by the presence of ice cover. Furthermore, it is likely that the optimization of the 
timing of gates opening to attenuate downstream damage would be offset by the uncertainty of the flood 
forecasting informing the management of the structure. 

Table 6.6.1. Variation in the sum of damage (CDN$M) over the reference period (1925-2017) for each economic sector and each portion of the study 
area under the three mitigation alternatives. Color shades highlight variations above CDN$10M (red), between CDN$1M and CDN$10M (light red), 
between CDN-$1M and CDN$1M (white), between CDN-$1M and CDN-$10M (light green) and below CDN$-10M (green) and non-significant 
differences in the yearly average (two-sample t test with permutations, p > 0.05) between the alternatives and the baseline (light grey). 

 

• Overall, economic impacts of floods in the basin total CDN$659M for the reference period (1925-2017) when no 
flood mitigation alternative is applied (Baseline scenario). The Upper Richelieu River is the most impacted area, 
with 66 percent (CDN$438M) of total damage, followed by the Lower Richelieu River area with 15 percent 
(CDN$96M), the Canadian portion of Lake Champlain with 14 percent (CDN$95M) and the US portion of Lake 
Champlain with 5 percent (CDN$30M). 
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• Around 95 percent (CDN$629M) of total economic impacts occur in the Canadian portion of the basin. 

• Flood mitigation alternatives would be the most effective in the Upper River area, where most of the damage 
occurs. In this portion of the basin, Alternatives 1, 2 and 3 would reduce damages by 43 percent, 64 percent and 
46 percent, respectively, over the reference period.  

• Alternatives 1 and 3 would reduce damages between Saint-Jean-sur-Richelieu and Chambly, but generally would 
have no effect downstream of the Chambly basin. However, on rare occasions, these alternatives can have a minor 
adverse effect downstream of Chambly, where the water level would be slightly raised at the same time as the 
water level of the St. Lawrence River is high. 

Residential sector 

• Damage to the residential sector includes structural damage to buildings, building contents, temporary lodging 
costs and clean-up cost. Damages to the residential sector accounted for 67 percent of the total simulated flood 
damage (CDN$439M from 1925-2017). Flood mitigation alternatives would reduce residential damage by 42 
percent (CDN$183M), 58 percent (CDN$256M) and 46 percent (CDN$200M) for Alternatives 1, 2 and 3, 
respectively. Although Alternative 2 would be the most effective, it can increase residential damage by 22 percent 
(CDN$69K/year) on average in the Lower River area. Such a damage increase would not be observed under 
Alternative 1 and 3. The most important part of prevented damage would be located in the Upper River area, 
scattered in multiple municipalities along the river. Residential damage would also be reduced in the Lower River 
area, between Chambly and Saint-Ours, during major flood conditions such as 2011. However, the alternatives 
generally would have no effect on residential damage during floods of lower magnitude in that sector. In the US 
portion of the basin, the alternatives would also be effective, but flood vulnerability of the residential sector is low, 
as flood events causing important damage are not frequent, 2011 being the only year with residential damages 
exceeding US$1M. 

Agricultural sector 

• Damage to the agricultural sector includes crop yield loss and damage to farm buildings. Damages to the 
agricultural sector in the basin totaled CDN$18M for the simulation period from 1925-2017, which accounts for 3 
percent of the total economic losses. Alternative 3 would reduce yield losses the most, with a total reduction of 
CDN$2.4M (16 percent), followed by Alternative 1 with CDN$2.0M (13 percent), while Alternative 2 would have 
the least impact on yield loss, with a reduction of CDN$1.2M (7 percent). Alternative 2 would be less effective 
because it tends to decrease peak water level in the spring, before sowing dates. In contrast, the selective 
excavation of Alternative 1 and 3 would tend to provide a water level decrease extending further through the 
critical period of the year between sowing and harvest dates, thus providing a greater reduction of yield loss. Most 
yield loss occurs in the Upper River area, with 60 percent of the total yield loss in the basin. Next is the US portion 
of Lake Champlain, with 28.5 percent, followed by the Canadian portion of the lake (Baie Missisquoi), with 9.9 
percent and the Lower River area, with 1.4 percent.  
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• Over the reference period, almost all damage to farm buildings (94 percent) occurs in the Upper portion of 
Richelieu River. In the United States, damage to farms is minor, as farm flooding only occurred in the simulations in 
2011, with estimated costs of US$80K. For the entire study area and over the reference period, Alternative 2 would 
reduce damages to farm buildings the most, with a total reduction of CDN$1.4M (66 percent), followed by 
Alternative 3, with CDN$1.1M (51 percent) and Alternative 1, with CDN$1.0M (45 percent).  

Commercial, industrial and recreation sector 

• Impacts on the commercial, industrial and recreational sectors include structural damage to buildings and income 
loss. Combined damages to the commercial, industrial and recreation sector in the basin total CDN$199M from 
1925-2017 when no flood mitigation alternatives are applied (Baseline scenario). This represents 30 percent of the 
total economic impacts over the reference period. Over the entire study area, Alternative 2 would reduce 
combined damage the most over the reference period (CDN$86M, 43 percent), followed by Alternative 3 with 
CDN$64M (32 percent) and Alternative 1 with CDN$53M (27 percent). However, in particular years, such as 
1998, when flooding occurs early in the season, Alternative 3 can be the most efficient. All alternatives would 
reduce combined damage in every portion of the study area, except in the Lower River area, where damages under 
Alternative 2 would increase by 33 percent (CDN$2.5M) with moderate flood conditions. However, such increase 
is largely outweighed by damage reduction simulated in other zones under the same flood conditions. 

Public sector 

• Total simulated damages to public buildings total CDN$1.8M11 from 1925-2017 when no flood mitigation 
alternatives are applied (Baseline scenario), accounting for 0.26 percent of the total economic losses. Most 
damages (81 percent, CDN$1.5M) occurred during the 2011 flood event and there was no simulated damage 
under minor flood conditions. Alternative 2 would be the most effective under major flood conditions, reducing 
damages by CDN$0.8M (55 percent) in 2011, followed by Alternative 3 with CDN$0.6M (41 percent) and 
Alternative 1 with CDN$0.4M (28 percent) damage reduction. However, over the reference period, the effects of 
the alternatives are not statistically significant (p-value > 0.05) in any of the portions of the study area, except for a 
minor annual increase in damage of less than CDN$1K in the Lower River area.  

 

 
11 Estimations of the entire spectrum of flood related damages to the public sector, included damage to public infrastructures, such as roads, bridges and water 
intakes, and income loss, would likely have provided higher damage values. 
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7 ENVIRONMENTAL PERFORMANCE INDICATORS 

7.1 INTRODUCTION 

To be considered, a flood mitigation alternative needs to be effective at reducing socio-economic impacts, but it must also 
have low impacts on the environment. While the first objective of the mitigation alternatives is to lower the peak lake and 
river stages and reduce water levels, changes to the hydrologic regime can also be felt throughout the year with some 
alternatives (i.e. increasing the low lake levels). Such changes on water levels and flow patterns can have various effects on 
different components of the ecosystem and need to be quantified and evaluated. 

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, environmental PIs were developed to assess the impacts of the variations in hydrologic regime on specific 
components of the ecosystem. As such, those PIs do not pretend to provide a comprehensive environmental impact 
evaluation of the flood mitigation alternatives. 

Each environmental PI (see Table 7.1.1) was carefully selected based on the following criteria: 

• Sensitive to water level fluctuations; 

• Covers period of the year where water levels are modified by the alternatives; 

• Covers species critical life stage; 

• Covers species that are ecologically relevant, such as key species or umbrella species; 

• Covers threatened or endemic species. 

Not every key ecosystem character or species assemblage could be evaluated within the limits of this study, and the selection 
of a limited number of environmental PIs is a sensitive work that is prone to criticism and debate. Such a stark decision 
required a thorough analysis and collaboration effort with various stakeholders. For more details on the PI selection process 
in general, readers can refer to the PI selection section and the report Performance indicators Fact Sheets: Lake Champlain and 
Richelieu River Study (Bachand et al, 2022). 
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Each PI was developed through an iterative process with wildlife and modelling experts to capture, in the most realistic 
manner, how each indicator might be influenced by the changes in hydrologic regime induced by the flood mitigation 
alternatives. When possible, validation and calibration processes were performed, adjusting model parameters to maximize 
concordance with observation datasets, contributing to PI robustness. Due to a lack of calibration data, some model 
parameters were essentially based on previous modelling efforts and theoretical knowledge.  

The environmental PIs were designed to be applied at a large scale, as a decision support tool to evaluate how flood 
mitigation alternatives affect the conditions that are favourable to particular habitats or species. Therefore, the PIs 
predicted the distribution of suitable habitat for different species, but did not necessarily predict species occurrence in a 
particular area. One must keep in mind that numerous factors are not included in the models, such as competition, 
predation, past distributions, or population age structure, which can also influence the occurrence of a species in the 
environment. Note that environmental PIs were specifically designed to assess the impacts of altering the water level regime 
and did not explicitly cover potential local impacts related to the construction phase. It is worth noting that while 
environmental PIs provide informative insights on the potential environmental impacts of the flood mitigation alternatives, 
this process does not pretend to supplant any comprehensive environmental impacts evaluation process. 

This chapter presents the results of each environmental PI. After a short PI description, results under the Baseline scenario 
are presented for the different portions of the study area (e.g., Lake Champlain, Upper River area, Lower River area; for 
more details, see Figure 3.3.2). It is followed by a description of the impacts associated with Alternatives 1 (submerged weir) 
and 3 (submerged weir with minor diversion), since those alternatives have similar impacts on water level regime, while 
impacts of Alternative 2 (major diversion) are described separately. Then, key findings highlight the main effects and explain 
the impacts of the alternatives on the different environmental PI components. Finally, when relevant, two short sections 
summarize external expert interpretation of the results under the scope of biological and Indigenous communities’ 
considerations. A summary of all key findings is presented at the end of the chapter. 

For more detail on the data, functions, calibration and validation of the models associated with each environmental PI, refer 
to the report Performance indicators Fact Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022).  
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Table 7.1.1. List of environmental performance indicators. 

 

1 Garneau, D., State University of New-York à Plattsburgh (2020) 
2 Morin, J., and Bachand, M., National Hydrological Service, Environment and Climate Change Canada (2021) 
3 Lazure, L., Paré, P., Zoo de Granby (2020) 
4 Bouthillier, L., ministère des Forêts, de la Faune et des Parcs (2021) 
5 Morin, J., Bachand, M., National Hydrological Service, Environment and Climate Change Canada (2021) 
6 Jobin, B., Tardif, J., Canadian Wildlife Service, Environment and Climate Change Canada (2021) 
7 Lepage, C., Canadian Wildlife Service, Environment and Climate Change Canada (2021) 
8 Vachon, N., Mingelbier, M., Hatin, D., ministère des Forêts, de la Faune et des Parcs (2021) 
9 Mingelbier, M., ministère des Forêts, de la Faune et des Parcs (2021) 

 

7.2 MUSKRAT WINTER LODGE VIABILITY 

Description  

Muskrat is a key species of wetlands, serving as a food source for many predators and structuring vegetation composition 
and diversity (Errington, 1943, 1954, 1961, 1963). Muskrats build lodges in wetlands around water bodies to overwinter, in 
order to get protection from low temperature and wind, while having direct access to underwater food resources. Winter 
water level variations can have a significant impact on muskrat survival, depending on their magnitude and duration 
(Bélanger and Léveillé, 1983; Blanchette, 1991). Decreased water levels may lead to freeze outs, cutting off access to food 
sources underneath the ice (Allen and Hoffman, 1984; Larreur, 2018). On the other hand, increased water levels can cause 
the lodge to flood and freeze, which could lead to mortality (Ouellet and Morin, 2006). Both situations might drive muskrats 
to find new feeding grounds or lodging areas, increasing their vulnerability to predation and hypothermia. Typically, 
muskrats build their lodges in the month of November and use them during the following winter. 

The Muskrat PI estimated the Probability of Lodge Viability (PLV) associated with water level variations during winter, 
relative to the mean water level during lodge establishment in November. The model used different lodge sizes typically 
found in the study area to account for the muskrat lodges’ adaptation potential, as muskrats can raise the chamber floor by 
bringing new vegetation and by gnawing material from the roof of the chamber, when facing water level increase (Morin 
and Bachand, 2016).  

For more detail on the model data and functions refer to the report Performance indicators Fact Sheets: Lake Champlain and 
Richelieu River Study (Bachand et al, 2022).  
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Results  

Baseline scenario (state of reference)  

Simulating the yearly muskrat winter lodge viability for the reference period revealed the following:  

This PI was only calculated for Lake Champlain, since muskrats in the Richelieu River build burrows in the soft riverbank 
instead of lodges and are not impacted by water level variations during winter. In Lake Champlain, PLV varies highly inter-
annually between 0.0 and 1.0 (Figure 7.2.1), and according to water level variations between the lodge establishment period 
(in fall) and the subsequent winter (Figure 7.2.2). Viable water level conditions (PLV over 0.5) for lodges occur 
approximately every five years (Figure 7.2.1). Over the reference period, the average PLV was 0.3 (Table 7.2.1). The PLV 
was predicted to be low (PLV < 0.2) during 40 percent of the reference period (39 years). Those low scores were mostly 
caused by a rise in water level occurring at the end of February (Figure 7.2.4). In fact, only 5 years (1925, 1927, 1945, 1981 
and 2010) in the reference period showed a decrease in water level greater than 51 cm, which leads to a PLV lower than 0.2. 
Other low PLV years are linked with increases of water level. 

Table 7.2.1. Probabilities of muskrat lodge viability (PLV) in Lake Champlain for the Baseline scenario and variations (percent) associated with the 
three alternatives for a year of high water level increase between the period of lodge establishment and the subsequent winter (1995-1996), a year of 
high water level decrease (2010-2011), and for the yearly average of the reference period. Color shades highlight variations above 5 percent (green), 
between 2 and 5 percent (light green), between -2 percent and 2 percent (white), between -2 and -5 percent (light red), below -5 percent (red) and 
non-significant differences in the yearly average (two-sample t test with permutations, p> 0.05) between the alternatives and the baseline (light grey). 

 

Alternatives  

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:  

Alternatives 1 and 3 

On average, Alternatives 1 and 3 would increase PLV by 13 percent over the reference period, compared to the Baseline 
scenario (Table 7.2.1). Both alternatives would have the same impact (Figure 7.2.1), since the water levels in the winter are 
not high enough for Alternative 3 to have more impact than Alternative 1. Under those alternatives, the water level variation 
between the lodge establishment period and the subsequent winter would be reduced (Figure 7.2.2). This is mostly due to an 
increase of the water level during the lodge establishment period (Figure 7.2.3). Water level would be increased by around 9 
cm on average during this period under both alternatives (Figure 7.2.4) and the water level variation would be reduced by 2 
cm on average. Both alternatives would not affect years with extreme water level variations, such as the winter of 1998 and 
2011 (Table 7.2.1). With Alternatives 1 and 3, 38 years would have low PLV values (PLV < 0.2), which is similar to the 
baseline scenario (39 years).  
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Alternative 2  

Alternative 2 would not change the water level during winter and, therefore, does not impact the muskrat lodge viability. 

Findings  

Alternatives 1 and 3 would increase the water level during the lodge establishment period by 9 cm on average, which would 
reduce the water level variation during the critical period for the muskrats. The projected reduction of water level variation is 
minor on average (2 cm) and slightly increases the PLV.  

Biological interpretation  

High increase of water levels can limit muskrat abundance by flooding out lodges and by decreasing emergent vegetation 
availability, especially cattail that is essential to muskrat (Clark and Kroeker, 1993; McDonnell, 1983). However, muskrat 
lodges are generally constructed to allow some degree of internal adaptation in case of a minor flood, as muskrats can 
adapt by raising the chamber floor by bringing new material on the floor, and by gnawing vegetation from the roof of the 
lodge (Bélanger, 1986; Darchen, 1964; Ouellet and Morin, 2006). An increase in water level above a certain threshold will 
flood lodges, forcing muskrats to abandon them, or causing mortality. Dispersal capability of muskrats is limited and is 
dependent on habitat quality and connectivity (Errington 1963, Hanski, 1999, MacArthur and Wilson, 1963). On the other 
hand, studies on muskrats from the 1980s also concluded that the species was adversely affected by large winter 
drawdowns (Thurber and Peterson, 1988; Thurber et al., 1991). Lodge site selection appears to be limited by water level 
drawdowns in winter, which may cause freezing of the food resources or their access, and increase thermoregulation needs 
(Errington, 1963; Virgl and Messier, 1992). In Lake Champlain, under the Baseline scenario simulations, muskrat lodges 
generally faced more water level increases than drawdowns during winters from 1924 to 2017 (55 years of increase and 41 of 
decrease), thus risking more flooding than freezing. This would also be the case under Alternatives 1 and 3, but with water 
level increases that would be less detrimental for muskrat lodges. 

Lodges in Lake Champlain would present mean PLV slightly higher under Alternatives 1 and 3 than the baseline scenario. 
Nevertheless, these PLV would remain low, even under those two alternatives. Mean low PLV scores over the various time 
series are not necessarily detrimental to muskrat populations. According to the model, the viability of lodges would be highly 
variable under any alternative, like it is observed in the baseline scenario, with one fair year (PLV > 0.5) every 4 to 5 years, 
separated by poor and bad years. 

In summary, the three simulated alternatives would not be detrimental to the presence and persistence of a healthy muskrat 
population in Lake Champlain. The winter water level increases would be lower under Alternatives 1 and 3, but not enough 
to promote high PLV every year. Going forward with one of those two alternatives may have no detrimental impact on 
muskrat populations; on the contrary, a slight improvement could be expected. 
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Considerations for Indigenous communities  

Comments from the Ndakina Office of the W8banaki nation 12 

Muskrat is an important species for the W8banakiak. It is trapped along the river and especially at the outlet of the Richelieu 
River, as well as in the channels of the Sorel islands. In addition to its ecological importance, it is a traditional subsistence 
food.  

It is important to note that muskrat habitat in the Richelieu River differs from that of the Lake Champlain population and this 
difference was not taken into account in the development of this PI. Therefore, the conclusions cannot be extrapolated to 
this section of the study area without being qualified. Indeed, W8banakiak trappers report that, like river beaver, muskrats 
sometimes shelter in holes dug in the slope, or in a variable combination of lodges and holes. This PI looks only at the effect 
of water level variation on lodges, not the holes used by muskrats. To get to them, muskrats must go underwater. However, 
substantial increases in water level would create a significant stress on the species in these habitats, as muskrat can drown. 
During major floods, W8banakiak trappers have noted that many muskrats are drowned in the areas where they use these 
types of habitats. This corroborates the basis of the PI, according to which an excessive variation of the water level in winter 
drastically decreases the viability index of muskrat huts. The trappers added that the stress is even greater when such floods 
are followed by a period of freezing. This observation is not taken into account in the current model but is an interesting 
avenue for improvement. 

Considerations 

The model was calibrated using various data of lodge size obtained from the scientific literature (e.g., Bellrose and Brown, 
1941; Bélanger, 1983; Dillworth, 1961; Errington, 1961; Greenhorn et al., 2017; Morin and Bachand, 2016; Ouellet and Morin, 
2006) as well as from field studies in Quebec and Lake Champlain (Garneau, SUNY Plattsburgh, 2010). The same 
modelling approach has been used in other studies (Morin et al., 2005; Morin and Bachand, 2016).  

The proposed alternatives should not have major impacts on muskrats. For Alternatives 1 and 3, according to the results 
presented, a slight increase of the PLV would be expected. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
12 These considerations do not attempt to represent the plurality of views of the members of the W8banaki Nation or of all First Nations involved. 
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Figures  

Time series  

Temporal distribution of the probability of Muskrat winter lodge viability (yearly values)  

Lake Champlain  

 

Figure 7.2.1. (Upper) Yearly Probabilities of Muskrat Lodge Viability (PLV) in Lake Champlain for the Baseline scenario and 3 simulated alternatives. 
(Lower) Variation (percent) in habitat area for each alternative relative to the Baseline scenario. 

 

Figure 7.2.2. (Upper) Water level variation affecting the Muskrat winter lodge viability in Lake Champlain for the Baseline scenario and 3 simulated 
Alternatives. (Lower) Water level difference between the period of lodge establishment and the subsequent winter for each alternative relative to the 
Baseline scenario. 
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Figure 7.2.3. (Upper) Water level during the Muskrat winter lodge establishment period in Lake Champlain for the Baseline scenario and 3 simulated 
alternatives. (Lower) Water level difference for each alternative relative to the Baseline scenario. 

 

Figure 7.2.4. (Upper) Mean water level by quarter-month in Lake Champlain for the Baseline scenario and 3 simulated alternatives. (Lower) Water 
level difference by quarter-month for each alternative relative to the Baseline scenario.  
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7.3 SPINY SOFTSHELL TURTLE EGG SURVIVAL PROBABILITY 

Description 

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, but rarely in the Richelieu River. It is designated as endangered in Canada (Species at 
Risk Act, Schedule 1, 2005), threatened in Quebec (Act respecting threatened or vulnerable species, 1999) and threatened in 
Vermont (Vermont Statute Annotated, 2005). Due to development along the shoreline of Lake Champlain, there remain 
only a few areas suitable for nesting or foraging for this species, forcing individuals to travel long distances between habitats 
(COSEWIC, 2016). 

The critical period linked to water level variation for the Spiny Softshell turtle is the nesting season, which includes oviposition 
(egg laying), egg incubation (embryo development) and hatching periods. Late-spring or summer water level increases can 
prevent access to nesting sites or drown eggs. On the other hand, water level decrease is less detrimental, but if substantial, 
it may increase exposure to predation. 

This PI predicted the Egg Survival Probability (ESP) as a function of water level variations between the oviposition period 
and the emergence of hatchlings. This indicator only considers the water level increase during this critical period, since no 
threshold for water level decrease tolerance was found in the literature or available data. The model used average nest size 
obtained from the literature and nest monitoring data collected in Pike River, Quebec (Granby Zoo, unpublished data 
2009-2011) to determine the Spiny Softshell turtle tolerance to water level increase during the nesting period. Nest tolerance 
to water level variation is linked to nest elevation relative to the water level and nest chamber height. This one-dimensional 
indicator analysed the water level variations between each week of the oviposition period (mid-May to mid-July) and the 
following 10 weeks of the incubation period to calculate the Egg Survival Probability (ESP). ESP was estimated for each year 
of the reference period (1925-2017). Since the Spiny Softshell turtle does not nest along the Richelieu River, the model for this 
indicator applies only to Lake Champlain. 

For more detail on the model’s data, functions, calibration and validation, refer to the report Performance indicators Fact 
Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022).  

Results 

Baseline scenario (state of reference) 

Simulating the yearly suitable nesting area for the reference period revealed the following: 

Under the baseline scenario, the ESP was relatively high and stable before 1995 (ESP > 0.75, Figure 7.3.1). Over the 
reference period, the average ESP was 0.96 and ranged from 0.61 in 1998 to 1.00 in 2016 (Table 7.3.1). However, some 
years presented low ESP values, especially since the end of the 1990s (Figure 7.3.1), where a downward trend was observed 
due to water level increases during the summer. The lowest ESP values of 0.61, 0.70 and 0.71 were observed for the years 
1998, 2008 and 2013, respectively, for which major water level increases occurred during the summer (Figure 7.3.2). For 
example, an important rise in water level of 1.1 m occurred during the nesting period in June of 2013. In 2011, a year of 
extreme spring flood that lasted through June, the ESP value was 0.96, because the water level during the egg laying period 
was higher than during the incubation period for most of the time, so the nests were never flooded (Table 7.3.1). 
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Table 7.3.1. Egg Survival Probabilities (ESP) in Lake Champlain for the Baseline scenario and variations (percent) associated with the three 
alternatives for a year of high water level rise between the egg laying and incubation periods (2013), a year of moderate water level rise between the 
egg laying and incubation periods (2011), and for the yearly average of the reference period. Color shades highlight variations above 5 percent 
(green), between 2 and 5 percent (light green), between -2 percent and 2 percent (white), between -2 and -5 percent (light red) and below -5 percent 
(red) ESP results. All differences in the yearly average between the alternatives and the baseline are statistically significant (two-sample t test with 
permutations, p < 0.05). 

 

Alternatives  

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:  

Alternative 1 and 3 

In Lake Champlain, Alternatives 1 and 3 would not change significantly (p-value > 0.05) the average ESP of the Spiny 
Softshell turtle over the reference period relative to the Baseline scenario (less than 1 percent; Table 7.3.1). Water level 
variations between the egg laying and egg incubation periods would be higher under Alternative 1 and 3 than under the 
Baseline scenario (Figure 7.3.2). Alternatives 1 and 3 would reduce the water level during the egg laying period by 7 cm 
(Figure 7.3.3) and increase the water level during the egg incubation period by 6 cm, compared to the baseline scenario 
(Figure 7.3.4). Those changes in hydrology could cause a yearly reduction of ESP of up to 10 percent, especially after the 
1990s, but generally, the ESP would remain unaffected by the two alternatives for most years of the reference period (Figure 
7.3.1).  

For years with moderate water level increase during the egg incubation period, Alternatives 1 and 3 would reduce the ESP by 
0.2 and 4.3 percent, respectively (Table 7.3.1). The water level variation between oviposition and the egg incubation periods 
would be larger under those alternatives (Figure 7.3.2). For years, like 2013, with high water level increase, Alternatives 1 and 
3 would have no impact on the ESP (Table 7.3.1 and Figure 7.3.1) 

Alternative 2 

Alternative 2 would not change significantly (p-value > 0.05) the average ESP over the reference period when compared to 
the Baseline scenario (less than 1 percent; Table 7.3 1). It would slightly increase the water level variation during the critical 
period for the Spiny Softshell turtle by 2 cm on average (Figure 7.3.2). More specifically, the alternative would reduce water 
level during the oviposition period (Figure 7.3.3) and increase it during the egg incubation period (Figure 7.3.4). 

In years with moderate water level increase during the egg incubation period such as 2011, Alternative 2 would reduce the 
ESP by 4 percent (Table 7.3.1), by efficiently reducing peak flood levels, thereby reducing the water level during the egg 
laying period (Figure 7.3.3) and creating a larger water level increase during the egg incubation (Figure 7.3.4). In years with 
high water level increase (ex: 2013), Alternative 2 would have no impact on the ESP compared with the Baseline scenario 
(Table 7.3.1 and Figure 7.3.1). 
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Findings 

For all three alternatives the average egg survival probability (ESP) would not be statistically different from the baseline (p-
value >0.05). 

However, Alternatives 1 and 3 would increase the ESP in years with low survival under baseline conditions, due to a high 
water level variation during the nesting period (e.g. 1998). In contrast, in years when the water level variation is low and ESP 
is higher in baseline conditions, Alternative 1 and 3 would tend to decrease Spiny Softshell turtle egg survival. 

Alternative 2 would tend to slightly reduce the water level during the oviposition period and slightly increase the water level 
rise during the egg incubation period. Although the difference in average ESP would not be statistically significant (p-value 
>0.05), the ESP can be reduced by up to 4 percent for some years.  

Biological interpretation 

The Spiny Softshell turtle is a long-lived animal with a late age of sexual maturity and a high mortality rate during the early 
life stages, mainly caused by predation and water level variations. Predation was not considered by the model. Only water 
level variations were considered in relation to different possible nest configurations. The Lake Champlain population is also 
vulnerable because of its small size, and because it is isolated from other populations. Therefore, the possibilities of 
recolonization are limited. This turtle species also faces numerous anthropogenic threats, such as habitat loss, disturbance 
of nesting sites and climate change. Any decrease in the ESP is detrimental for this endangered species (L. Bouthillier, MFFP 
and V. Bellavance, Granby Zoo, personal communication, November 2021). In general, the proposed alternatives cause 
minor changes in the average ESP that are not statistically significant in Lake Champlain (p-value >0.05). Recommending 
those alternatives should not be detrimental for the oviposition of this endangered turtle. Even more, the Alternatives 1 and 3 
should increase water level in years of low water, which should prevent invasion of nesting sites by vegetation (especially 
willow) and the build-up of debris; this could have a positive impact on the quality of nesting sites. Spiny Softshell turtles nest 
in open sand and gravel substrates, free of vegetation (L. Bouthillier, MFFP and V. Bellavance, Granby Zoo, personal 
communication, November 2021; COSEWIC, 2016).  

Spiny Softshell turtles are also vulnerable to water level variation during other stages of their life cycle, such as hibernation. 
Spiny Softshell turtles are very intolerant of anoxia and hypoxia, so waters with high oxygen saturation are required (Galois 
et al., 2002 in COSEWIC, 2016). Since the proposed alternatives would not have a major impact on water levels during the 
winter, those concerns are low. However, caution should be paid to insure the alternatives would not increase the frequency 
or magnitude of ice jams, which is known to be detrimental to hibernating turtles. However, this is a relatively limited risk, as 
only a few scattered individuals have been reported in the Richelieu River (L. Bouthillier, MFFP, personal communication). 

A slight decrease in ESP was observed after the 1990s under all scenarios. Since that decade, the severity of summer storm 
events has resulted in higher rates of flooding during the oviposition and egg incubation periods (COSEWIC, 2016). The 
oviposition period can be delayed in years of high floods or cold temperatures, which could prevent access to nesting sites, 
or force females to nest at inadequate sites (COSEWIC, 2016). For example, in 2011, the oviposition period was delayed by 
2 weeks in the Pike River in Quebec (Granby Zoo, unpublished data). Weather during pre-nesting months, as far back as the 
previous fall, can also influence the start of the oviposition period because it plays a role in the development of ovarian 
follicles (Schwanz and Janzen, 2008). Floods occurring during the incubation period can also cause partial or complete 
mortality of eggs in the nest, and eggs are usually not viable if immersed for more than 48 hours (Godwin, 2017). Finally, 
because the proposed alternatives would not improve or worsen the ESP after the 1990s, and no impacts would be expected 
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during winter, the alternatives should not be detrimental to this species (L. Bouthillier, MFFP and V. Bellavance, Granby Zoo, 
personal communication, November 2021). 

Considerations 

This model is based on nest monitoring data provided by Granby Zoo (Quebec, 2009-2019), Vermont Fish and Wildlife 
Department (2004-2018) and literature review.  

Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

Lake Champlain 

 

Figure 7.3.1. (Upper) Yearly Egg Survival Probability (ESP) values during the oviposition period in Lake Champlain for the Baseline scenario and 3 
simulated alternatives. (Lower) Water level difference area for each alternative relative to the Baseline scenario. 
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Figure 7.3.2. (Upper) Yearly mean water level variation between the oviposition and incubation periods in Lake Champlain for the Baseline scenario 
and 3 simulated alternatives. (Lower) Water level variation difference for each alternative relative to the Baseline scenario. 

 

 

Figure 7.3.3. (Upper) Yearly mean water level during the oviposition period in Lake Champlain for the Baseline scenario and 3 simulated alternatives. 
(Lower) Water level difference area for each alternative relative to the Baseline scenario. 
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Figure 7.3.4. (Upper) Mean water level during the egg incubation period in Lake Champlain for the Baseline scenario and 3 simulated alternatives. 
(Lower) Water level difference for each alternative relative to the Baseline scenario. 

 

7.4 WETLANDS 

Description 

Wetlands are of great importance, as they provide numerous ecological services, such as filtration of sediments, pollutants 
and nutrients, prevention of erosion, stabilization of shorelines, flood attenuation, preservation of biodiversity and critical 
feeding and reproduction habitat for wildlife. Wetlands also provide economic benefits associated with recreation (e.g., 
fishing, hunting, and 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 (NWCA, 2021; MELCC, 2009).  

The presence and sustainability of wetlands is strongly dependent on particular hydrological conditions. Different categories 
of wetlands hosting various plant communities with a range of tolerances to flooding tend to occur at particular elevations 
relative to water level. (Figure 7.4.1).  
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Figure 7.4.1. Typical sequence of coastal wetland classes observed on a gradient of elevation (IJC.org, URL: 
http://www.ijc.org/loslr/en/background/w_wetlans.php ). 

This PI predicted the area and composition of lacustrine and riparian wetlands based on the following wetland classes: 

• Submerged aquatic vegetation (SAV) is composed of aquatic species such as Nymphaea spp., Pontederia cordata, 
Ceratophylum demersum and Vallisneria americana that are permanently under wet conditions and present at lower 
elevations. 

• Emergent marsh (EM) is composed of wetlands obligate species such as cattails (Typha spp.), river bulrush 
(Bolboschoenus fluviatilis) and broad-leaved arrowhead (Sagitaria latifolia), mostly flooded throughout the growth 
season and located close to water bodies at lower elevations. 

• Meadow marsh (MM) is composed of grass and sedge species such as reed canary grass (Phalaris arundinacea), 
Dulichium arundinaceum and Bidens cernua that occur where land is seasonally flooded or moist, and are influenced 
by the river or lake water level.  

• Swamp (SW) including treed and shrub swamps are composed of flood-tolerant trees and shrubs such as Acer 
saccharinum, Fraxius pennsylvanica, Salix alba and Cephalanthus occidentalis and are considered to be the transition 
zone between marshes and upland. 

This wetland PI was calibrated using wetland vegetation observations and hydro-period variables such as water-depth, 
water velocity and length of the flooding period. A vegetation calibration dataset was obtained through extensive field 
surveys13 carried out in Canada and the United States during the summer and fall of 2019 and wetland delineations derived 
from aerial images. The wetland PI was based on a machine learning model and a succession algorithm. The machine 
learning model learns the different attributes of each wetland class from the hydro-period variables and predicts a wetland 
class based on environmental conditions. The succession algorithm ensures that wetland classes follow natural succession 
lag time and tolerance to flooding based on the literature.  

 

 
13 For more details on field surveys, see Bachand et al., 2022. 
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For Lake Champlain, the wetland classes modeled are SAV, EM, MM and SW. For the Richelieu River, the model calibration 
did not allow discrimination between EM, MM and SW because of the very low topographic variation along the Richelieu 
River shore. Those classes were therefore regrouped into one global wetland class. Therefore, for the Richelieu River, the 
model yields results for two classes: SAV and Wetlands.  

The model was applied on the entire study area, including Lake Champlain and the Richelieu River, for the complete 
reference period (1925 to 2017). Since the model used hydro-period variables from the previous year to predict wetland 
classes of a given year, wetland PI results were available from 1926 to 2018. The PI only considers wetlands connected to the 
water body and therefore influenced by water level variations. 

For more detail on the model data, algorithms, calibration and validation, refer to the report Performance indicators Fact 
Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022).  

Results  

Baseline (state of reference)  

Simulating the yearly wetlands area for the reference period revealed the following: 

Richelieu River 

On the entire Richelieu River, during the reference period, total wetlands (EM, MM and SW) covered on average 2,634 ha, 
and SAV 3,475 ha under the Baseline scenario (Table 7.4.1). Most wetlands are located in the Upper Richelieu area 
(between Saint-Jean-sur-Richelieu and the United States border) with 2,310 ha of wetlands (SAV, EM, MM and SW) and 
2,381 of SAV, while the Lower Richelieu River (i.e., downstream of Saint-Jean-sur-Richelieu) comprises 324 ha of wetlands 
and 1,094 ha of SAV (Table 7.4.1, Figure 7.4.14-Figure 7.4.15). In the reference period, total wetland area tended to 
alternate between 5-8 years of high plateaus and 1-3 years of low plateaus (Figure 7.4.4). These alternations were driven by 
changes in the water level during the growing season. For example, the decrease of wetland area in the Upper Richelieu 
between the year 1970 and 1972 was associated with an increase in water level beginning in 1970 (Figure 7.4.2). A similar 
pattern was shown for the Lower Richelieu (Figure 7.4.3; Figure 7.4.5 and Figure 7.4.6). SAV responds faster to the 
variation of water level during the growing season, as each high peak of SAV is linked to an increase in water level the 
previous year (Figure 7.4.2-Figure 7.4.3; Figure 7.4.6-Figure 7.4.7). 
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Table 7.4.1. Yearly average area of submerged aquatic vegetation (SAV) and wetland (EM, MM, SW) (hectares) for the Baseline scenario and 
variations (percent) associated with the three alternatives over the reference period (1926-2018). Color shades highlight variations above 5 percent 
(green), between 2 and 5 percent (light green), between -2 percent and 2 percent (white), between -2 and -5 percent (light red), below -5 percent 
(red) and non-significant differences in the yearly average (two-sample t test with permutations, p > 0.05) between the alternatives and the baseline 
(light grey). 

 

Lake Champlain 

The major wetlands in Lake Champlain are situated in the Pike River Ecological Reserve (Québec, Canada) and in wildlife 
management areas such as: Missisquoi National Wildlife Refuge (Vermont, United States), Sand Bar (Vermont, United 
States), Kings Bay (New York, United States), Ausable Marsh (New York, United States), Monty’s Bay (New York, United 
States), Wickham Marsh (New York, United States) and Putts Creek (New York, United States). Other wetlands are 
located along the shores or tributaries of Lake Champlain (Figure 7.4.16 and Figure 7.4.20). 

In Lake Champlain, on average during the reference period, total wetlands (EM, MM, SW) cover 13,611 ha; EM covers 5,454 
ha, MM, 2,268 ha and SW, 5,889 ha (Table 7.4.2) for the Baseline scenario. SAV is the most abundant wetland class, with 
an estimated area of 17,801 ha (Table 7.4.2). Wetland area presents cycles of 6-8 years, with 2-3 years of high wetland 
area, followed by years of lower wetland area (Figure 7.4.9). Those fluctuations are driven by the hydrological regime, 
where the wetland area increases with water level decline and decreases with water level rise (Figure 7.4.8). Before the 
1970s, EM area was on a downtrend corresponding to the lower water levels. Steady water level rise from 1970 to 1976 was 
correlated with an increase of EM area (Figure 7.4.8 and Figure 7.4.10). The EM area remained higher in the following 
years, following the trend of water levels. Conversely, MM and SW are favored by lower water levels. The 1970 to 1976 
period when the water level increased was associated with a decrease for both MM and SW (Figure 7.4 8, Figure 7.4 11 and 
Figure 7.4.12). In 1980, the water level decline coincided with an important increase of MM, followed by a steady decline 
with increasing water levels in the following years (Figure 7.4.8 and Figure 7.4.11).  

For SW, the water level decline of 1980 also seemed to result in an increase in area in the following period, characterized by 
frequent water level fluctuations. The pre-1970s SW area was higher than the 1970-2018 period, inversely correlated to the 
water level trend. For SAV, since this class is highly responsive to water levels, the results suggested a strong inverse 
correlation between the water level and the predicted SAV area (Figure 7.4.8 and Figure 7.4.13). High water levels induce a 
decrease of SAV area, while low water levels lead to an increase in SAV (Figure 7.4.13). For instance, in 2011, when the 
water level was at its highest, SAV area was at its lowest.  
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Table 7.4.2. Yearly average area of emergent marsh (EM), meadow marshes (MM) and swamps (SW) yearly average area (ha) for the Baseline 
scenario and variations (percent) associated with the three alternatives over the reference period (1926-2018) (Only available for Lake Champlain). 
Color shades highlight variations above 5 percent (green), between 2 and 5 percent (light green), between -2 percent and 2 percent (white), between 
-2 and -5 percent (light red), below -5 percent (red) and non-significant differences in the yearly average (two-sample t test with permutations, p > 
0.05) between the alternatives and the baseline (light grey). 

 

Alternatives  

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:  

Alternatives 1 and 3 

Richelieu River 

On average during the reference period, Alternatives 1 and 3 would increase the average area of wetlands (EM/MM/SW) in 
the river by 2.8 percent (74 ha/year) and 3.1 percent (82 ha/year) respectively, with a slight increase in the Lower Richelieu 
(Alternative 1: 1.5 percent, 5 ha, Alternative 3: 1.0 percent, 3 ha) and a moderate increase in the Upper Richelieu (Alternative 
1: 3.0 percent, 69 ha; Alternative 3: 3.4 percent, 79 ha). In contrast, Alternatives 1 and 3 would slightly decrease the average 
area of SAV by 1.4 percent (48.2 ha) and 1.6 percent (55.4 ha) respectively over the entire river, with no statistically 
significant change in the Lower Richelieu and a slight significant decrease in the Upper section (Alternative 1: 2.0 percent, 
48.8 ha; Alternative 3: 2.4 percent, 56.4 ha; Table 7.4 1). 

In general, the mean water level during the growing season would increase under Alternatives 1 and 3 by around 3 cm in the 
Upper Richelieu area. Those increases are more noticeable in the years of low water level Figure 7.4.2). In the Lower 
Richelieu area, the water level would be increased by less than 1 cm (Figure 7.4.3). In the Upper section of the river, the water 
level increase is linked to an increase in wetland area (Figure 7.4.4) and a decrease in SAV area (Figure 7.4.6), especially 
during low water level years. In the Lower Richelieu, the forecasted increase in wetland area is more constant when 
compared to the Baseline scenario (Figure 7.4.5), as the mean water level increase during the growing season is also 
constant in this river area (Figure 7.4.3). Still, the water level change in this portion of the study area would be low and may 
explain the non-significant changes for SAV under Alternatives 1 and 3 (Figure 7.4.7). 
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Lake Champlain 

On average during the reference period, Alternatives 1 and 3 would decrease the wetlands area in the lake by 1.0 percent 
(135 ha) and 1.1 percent (148 ha), respectively (Table 7.4 1). While there would be no statistically significant change in the 
average area of EM, MM area would decrease by 2.7 percent (61 ha) and 3.3 percent (74 ha) for Alternatives 1 and 3, 
respectively. Similarly, the average area of swamps would decrease by 2.6 percent (152 ha) under Alternative 1 but no 
statistically significant change would be observed for this wetland class under Alternative 3 (Table 7.4.2). Alternatives 1 and 
3 would cause no statistically significant changes for SAV (Table 7.4.1). 

Alternatives 1 and 3 would reduce levels in years of high-water levels and increase levels in low water level years, while 
increasing the average water level by 1.7 cm during the growing season in Lake Champlain (Figure 7.4.8). This increase in 
water level would cause a slight decrease in total wetland area (Figure 7.4.9).  

During the pre-1970s period, the EM area would be increased by higher water levels. In the following years, the EM area 
would tend to be similar to Baseline or slightly decreased (Figure 7.4.10). For MM, a decrease in habitat area would be 
observed for most years. During the 1975-1979 and 2008-2016 periods, an increase in MM area would be caused by a 
reduction of the water levels. SW area would be mostly decreased during the pre-1970s period (Figure 7.4.12). This 
decrease in SW area would be caused by an increase of lower water levels (Figure 7.4.10). Conversely, during the 2006-
2018 period, SW area would be increased by a reduction of the higher water levels.  

With Alternatives 1 and 3, modelling results showed a change in wetland composition where the EM area would increase at 
the expense of SW and MM (Figure 7.4.18-Figure 7.4.20). Furthermore, SAV area would increase when high water level 
would be reduced, and decrease when the low water level would be increased (Figure 7.4.8 and Figure 7.4.13), but overall, 
both alternatives would cause no statistically significant change of SAV area. 

Alternative 2 

Richelieu River 

In the Richelieu River, on average during the reference period, Alternative 2 would generally cause no statistically significant 
change (p-value > 0.05) to wetland area in both the Upper and Lower Richelieu area. However, SAV would undergo a 
minor decrease (1.1 percent, 38 ha). For SAV, a decrease of 1.6 percent (38 ha) would occur in the Upper Richelieu and no 
statistically significant change (p-value > 0.05) would be simulated in the Lower Richelieu. 

By reducing the peak water levels, the SAV area would be decreased in the Upper Richelieu River. The large, flat banks of 
the rivers are suitable for SAV during high water level years and a reduction of the high-water levels would reduce the 
suitable area for SAV in those areas (Figure 7.4.15).  

Lake Champlain 

In Lake Champlain, on average during the reference period, Alternative 2 would cause no significant change in wetland 
area and would increase SAV area by 0.7 percent (125 ha). Even if this alternative would cause no statistically significant 
change in total wetland area, Alternative 2 would be associated with a change in wetland composition. EM area would 
decrease by 2.2 percent (120 ha), while MM area would decrease by 1.7 percent (39 ha) and SW would increase by 2 
percent (116 ha). 
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Since this alternative would only be effective at reducing the peak water levels (Figure 7.4.8), there would be a reduction of 
EM during most of the reference period (Figure 7.4.10). MM would be also reduced for most of the reference period, but 
there are some years when the area would be increased, such as the 1975-1979 period, because there would have been a 
few consecutive years of water level reduction in the previous years, which would have increased the MM suitability (Figure 
7.4.8 and Figure 7.4.13). In Lake Champlain, the overall SAV area would increase with lower water levels. With the 
reduction of peak water levels, SAV area would slightly increase in the years following high water levels (Figure 7.4.13). 

Findings 

Overall, the flood mitigation alternatives cause minor changes in wetland area and composition.  

Alternatives 1 and 3 would lead to a slight increase in wetland area and a slight decrease in submerged aquatic vegetation 
(SAV) in the Richelieu River, caused by an increase in low water levels and a decrease of high-water levels. In Lake 
Champlain, Alternatives 1 and 3 are associated with a slight decrease of wetland area, while there would be no statistically 
significant change in SAV. Gentle topographic gradients along the banks of the Upper Richelieu generally allow wetlands to 
migrate landwards, while slopes along the lake shores tend to restrain migration. Furthermore, a longer flooded period 
during the summer might lead to a minor change in wetland composition, as conditions might be slightly more favorable for 
emergent marshes (EM) and less favourable for meadow marshes and swamps.  

Alternative 2 would cause no statistically significant change in wetland area (p-value >0.05), but a slight decrease in SAV in 
the Richelieu River and a slight increase in Lake Champlain (<2 percent). It would cause a decrease of high water levels, 
creating conditions in Lake Champlain that would lead to a slight expansion of SW lakeward, at the expense of MM and 
EM. 

Biological interpretation 

Wetland area and wetland class distribution 

Alternatives 1 and 3 should slightly benefit the EM over MM and SW in Lake Champlain, as water level variations would be 
reduced and the mean water level would be increased, thereby increasing the area more permanently flooded. However, the 
changes in wetland classes would be relatively small. Stabilizing the water level can cause a reduction in plant diversity and 
the replacement of MM and EM with woody plants (Keddy, 2010). With Alternative 1 and 3, the water level would be 
somewhat stabilized, but the intra-annual fluctuations would remain important and more similar to the state of the river 
before anthropogenic modifications were made. Therefore, it should not cause a major loss of plant diversity or shift in 
wetland class distribution. For Alternative 2, with the reduction of peak floods, the higher elevation MM might be dried-out 
and replaced by woody plants, and higher elevation SW might transition to upland forests.  

In general, having larger area covered by wetland is beneficial for several ecosystem services, such as water filtration and 
coastal erosion prevention. Therefore, it is crucial that the flood mitigation alternative allow the maintenance of diversified 
wetlands that can support multiple plant and animal species. In this sense, Alternatives 1 and 3 would be beneficial to 
wetlands in the river, but less so in the lake.  

Wetlands are an essential component of the ecosystem and are involved in the biological cycles of several wildlife species, 
such as Northern Pike, waterfowl, muskrat, and multiple other species. This PI was also developed to provide input data for 
other PIs such as the Northern Pike Spawning Habitat model, waterfowl staging habitat during spring migration model and 
the Least Bittern Reproductive Potential Index. Northern Pike spawns preferably in flooded MM and SW, which would be 
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negatively impacted by Alternatives 1 and 3. However, they can also use EM, which would not seem to be affected by the 
same alternatives. Overall, results suggest that the impacts would be minor for that species (See Section 7.8). Similarly, 
Least Bittern nest in EM, for which Alternative 1 and 3 would have no impacts, but which would be negatively affected by 
Alternative 2 (See section 7.5). 

Submerged aquatic vegetation 

Alternatives 1 and 3 would reduce the average SAV area in the Upper Richelieu River, but would not cause a change in Lake 
Champlain. As SAV grows in the shallowest portions of the water bodies, SAV distribution is highly sensitive to water level 
fluctuations. In general, higher water levels will move suitable habitat landward, while lower water levels will move suitable 
habitat lakeward. However, if the terrain is too steep or not favorable landward (ex: urbanization), SAV habitat area will be 
reduced by higher water levels during the growing season; this is the case in the Upper section of the Richelieu River (Figure 
7.4.15). 

SAV is an essential component of the biological cycle of several wildlife species (fishes, water birds, aquatic invertebrates, 
etc.); its presence is required to maintain the health of wetland ecosystems. Abundant SAV can support abundant 
populations of benthos and fish species. However, too much or too dense SAV can also be considered as a nuisance to 
navigation and other species. High densities of SAV also have the potential to modify their habitat and thus change 
environmental conditions and affect other species. These side-effects are mostly apparent through the reduction of the 
concentration of dissolved oxygen from biomass decomposition, reduction of water movement, and reduction of light 
penetration (i.e. lowering photosynthesis) in the water column. It is thus easier to assess the desirable amount of SAV in the 
LCRR ecosystem by linking SAV presence to the wildlife species using them as a habitat. In this study, SAV is a component 
of the Northern Pike spawning habitat model. As such, their inclusion in the habitat models of other taxa is expected to 
facilitate the recommendations regarding the Alternatives. 

Considerations for indigenous communities 

Comments from the Ndakina Office of the W8banaki nation 14 

The Ndakina Office of the W8banaki Nation emphasizes that wetlands are essential. In addition to their ecological role, 
they are home to several species of cultural importance such as yellow perch, pike, black ash, sweetgrass, cattail, etc. 
Wetlands are central to the cultural continuity of many traditional activities and the transmission of knowledge. The 
Ndakina Office is concerned with the ecological implications of the changes associated with the alternatives in particular, 
the ecological impacts of a decrease in submerged aquatic vegetation in favor of other types of wetlands, particularly with 
respect to the survival of fish larvae. The Ndakina Office is also concerned about the potential effect of the alternatives 
evaluated on the proliferation of invasive exotic species, both fauna and flora, which is a growing problem on the Ndakina 
and affects the health of populations of important species.  

Considerations 

In the Richelieu River, the low variation in elevation of the vegetation samples did not distinguish a clear relationship 
between hydro-period variables and wetland communities. The model only allowed prediction of a single wetland class and 
SAV with an overall classification accuracy of 80 percent, with a Kappa score of 73 percent. 

 
14 These considerations do not attempt to represent the plurality of views of the members of the W8banaki Nation or of all First Nations involved. 
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In Lake Champlain, data filtering was performed to remove outliers and noisy data to reduce misclassifications and 
confusion between wetland classes. The overall classification accuracy was 86 percent, with a Kappa score of 84 percent. 

Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

Richelieu River 

 

Figure 7.4.2. (Upper) Yearly values of mean water level in Upper Richelieu River (Saint-Jean-sur-Richelieu) during the growing season for the 
Baseline scenario and the three simulated alternatives. (Lower) Variations (percent) in mean water level for each alternative relative to the Baseline 
scenario. 
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Figure 7.4.3. (Upper) Yearly values of mean water level in Lower Richelieu River (Chambly basin) during the growing season for the Baseline scenario 
and three simulated Alternatives. (Lower) Variations (percent) in mean water level for each alternative relative to the Baseline scenario. 

 

 

Figure 7.4.4. (Upper) Yearly wetland (EM, MM, SW) area (hectares) in the Upper Richelieu River for the Baseline scenario and three simulated 
alternatives. (Lower) Variations (percent) in wetland area in the Upper Richelieu River for each alternatives relative to the Baseline scenario. 
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Figure 7.4.5. (Upper) Yearly wetland area (hectares) in the Lower Richelieu River for the Baseline scenario and three simulated alternatives. (Lower) 
Variations (percent) in wetland area in the Lower Richelieu River for each alternatives relative to the Baseline scenario. 

 

 

Figure 7.4.6. (Upper) Yearly submerged aquatic vegetation area (hectares) in the Upper Richelieu River for the Baseline scenario and three simulated 
alternatives. (Lower) Variations (percent) in submerged aquatic vegetation area in the Upper Richelieu River for each alternatives relative to the 
Baseline scenario. 
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Figure 7.4.7. (Upper) Yearly submerged aquatic vegetation area (hectares) in the Lower Richelieu River for the Baseline scenario and three simulated 
alternatives. (Lower) Variations (percent) in submerged aquatic vegetation area in the Lower Richelieu River for each alternative relative to the 
Baseline scenario. 

 

Lake Champlain 

 

Figure 7.4.8. (Upper) Yearly mean water level in Lake Champlain (Rouses Point) during the growing season for the Baseline scenario and three 
simulated alternatives. (Lower) Variations (percent) in mean water level in Lake Champlain for each alternative relative to the Baseline scenario. 
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Figure 7.4.9. (Upper) Yearly values of wetland area (EM, MM, SW) area (hectares) in Lake Champlain for the Baseline scenario and three simulated 
alternatives. (Lower) Variations (percent) in wetland area in Lake Champlain for each alternative relative to the Baseline scenario. 

 

 

Figure 7.4.10. (Upper) Yearly emergent marsh area (hectares) in Lake Champlain for the Baseline scenario and three simulated alternatives. (Lower) 
Variations (percent) in emergent marsh area in Lake Champlain for each alternative relative to the Baseline scenario. 

 



161 

 

Figure 7.4.11. (Upper) Yearly meadow marsh area (hectares) in Lake Champlain for the Baseline scenario and three simulated Alternatives. (Lower) 
Variations (percent) in meadow marsh area in Lake Champlain for each alternative relative to the Baseline scenario. 

 

Figure 7.4.12. (Upper) Yearly swamp area (hectares) in Lake Champlain for the Baseline scenario and three simulated alternatives. (Lower) 
Variations (percent) in swamp area in Lake Champlain for each alternatives relative to the Baseline scenario. 
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Figure 7.4.13. (Upper) Yearly submerged aquatic vegetation area (hectares) in Lake Champlain for the Baseline scenario and three simulated 
alternatives. (Lower) Variations (percent) in submerged aquatic vegetation area in Lake Champlain for each alternative relative to the Baseline 
scenario. 
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Maps 

Richelieu River 

 

Figure 7.4.14. (Left) Relative frequency of wetlands (EM, MM, SW) (i.e. proportion of years over the reference period) for each grid node for the 
Baseline scenario from Rouse’s Point (United States) to Chambly basin (Canada) in Richelieu River. (Center) Difference in wetland relative frequency 
between Alternative 1 and the Baseline scenario. (Right) Difference in wetland relative frequency between Alternative 2 and Baseline scenario. Note 
that patterns of differences associated with Alternative 3 are very similar to Alternative 1 and therefore not shown.  
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Figure 7.4.15. (Left) Relative frequency of submerged aquatic vegetation (SAV) (i.e. proportion of years over the reference period) for each grid node 
over the reference period for the Baseline scenario. (Center) Difference in SAV frequency between Alternative 1 and the Baseline scenario from 
Rouse’s Point (United States) to Chambly basin (Canada) in Richelieu River. (Right) Difference in SAV relative frequency between Alternative 2 and 
Baseline scenario. Note that patterns of differences associated with Alternative 3 are very similar to Alternative 1 and therefore not shown.   
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Lake Champlain 

 

Figure 7.4.16. (Left) Relative frequency of wetlands (EM, MM, SW) (i.e. proportion of years over the reference period) for each grid node over the 
reference period for the Baseline scenario. (Center) Difference in Wetlands frequency between Alternative 1 and the Baseline scenario in Lake 
Champlain. (Right) Difference in Wetlands relative frequency between Alternative 2 and Baseline scenario. Note that patterns of differences 
associated with Alternative 3 are very similar to Alternative 1 and therefore not shown.  
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Figure 7.4.17. (Left) Relative frequency of emergent marshes (EM) (i.e. proportion of years over the reference period) for each grid node over the 
reference period for the Baseline scenario. (Center) Difference in EM frequency between Alternative 1 and the Baseline scenario in Lake Champlain. 
(Right) Difference in EM relative frequency between Alternative 2 and Baseline scenario. Note that patterns of differences associated with Alternative 
3 are very similar to Alternative 1 and therefore not shown.  
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Figure 7.4.18. (Left) Relative frequency of meadow marshes (MM) (i.e. proportion of years over the reference period) for each grid node over the 
reference period for the Baseline scenario. (Center) Difference in MM frequency between Alternative 1 and the Baseline scenario in Lake Champlain. 
(Right) Difference in MM relative frequency between Alternative 2 and Baseline scenario. Note that patterns of differences associated with Alternative 
3 are very similar to Alternative 1 and therefore not shown.   
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Figure 7.4.19. (Left) Relative frequency of swamps (SW) (i.e. proportion of years over the reference period) for each grid node over the reference 
period for the Baseline scenario. (Center) Difference in SW frequency between Alternative 1 and the Baseline scenario in Lake Champlain. (Right) 
Difference in SW relative frequency between Alternative 2 and Baseline scenario. Note that patterns of differences associated with Alternative 3 are 
very similar to Alternative 1 and therefore not shown.  
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Figure 7.4.20. (Left) Relative frequency of submerged aquatic vegetation (SAV) (i.e. proportion of years over the reference period) for each grid 
node over the reference period for the Baseline scenario. (Center) Difference in SAV relative frequency between Alternative 1 and the Baseline 
scenario in Lake Champlain. (Right) Difference in SAV frequency between Alternative 2 and Baseline scenario. Note that patterns of differences 
associated with Alternative 3 are very similar to Alternative 1 and therefore not shown.  
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7.5 LEAST BITTERN REPRODUCTIVE POTENTIAL INDEX 

Description 

Least Bittern (Ixobrychus exilis) is a small heron adapted to live in dense marshes. This species is designated as vulnerable in 
Quebec, threatened in Canada (Act respecting threatened or vulnerable species, 2009; Species at risk act Schedule 1, 
2005), and threatened in New York and as a Species of Special Concern in Vermont. Least Bittern nests exclusively in 
wetlands, preferentially in cattail marshes, whose availability is closely linked to long-term water level fluctuations, and to a 
lesser extent, in shrubby and submerged swamps. Eggs and nestlings are most vulnerable to water level fluctuations for 
about one month after the construction of the nest, as water level increases can drown eggs and chicks, whereas water level 
decreases facilitate access to the nest to ground predators. 

The presence of wetland vegetation is a key component of Least Bittern habitat quality. As such, wetland class extent 
calculated from the wetland PI (section 7.4) was used as an input of this model for each year of the reference period. 

This PI estimated the Reproductive Potential Index (RPI) of Least Bittern during the breeding season (last week of May to the 
last week of June). The probability of suitable habitat for nesting is estimated based on wetland classes and water depths 
during the nest establishment period. A probability of nest viability was then estimated for the month following the 
construction of the nest. Nest viability is also dependent on water level fluctuations between nest establishment and egg 
incubation periods. The model also considers the possibility of re-nesting when the first attempt fails. RPI values are used to 
define three levels of habitat suitability: 

• Unsuitable habitat: RPI <= 0.6 

• Suboptimal habitat: 0.6 < RPI <= 0.8 

• Optimal habitat: 0.8 < RPI <= 1  

The breeding habitat area was defined as the total area presenting RPI values in the range of each suitability level and was 
estimated for each year of the reference period where wetland prediction results were available (1926 to 2017) in Lake 
Champlain. 

For more detail on the model data, functions, calibration and validation, refer to the report Performance indicators Fact 
Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022).  

Results 

Baseline scenario (state of reference) 

Simulating the yearly available breeding habitat area for the reference period revealed the following: 

For the Baseline scenario, the average area of optimal breeding habitat (RPI between 0.8 and 1.0) in Lake Champlain was 
660 ha, and ranged from 24 ha in 2011 to 2,296 ha in 1930 (Figure 7.5. 1). Table 7.5.1 shows habitat area for a year of 
extreme high water level (2011) and a year of extreme low water level (2016). Both years present low optimal habitat area 
compared to the average. In the year 2011, high water levels generated depths in wetland areas exceeding the suitable 
range for nesting, whereas low water levels in 2016 led to insufficient depths. Notable areas concentrating optimal habitats 
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were located in large wetlands such as Missisquoi National Wildlife Refuge (Vermont), Sand Bar Wildlife Management 
Area (Vermont) and Ausable Marsh Wildlife Management Area (New York) (Figure 7.5.3).  

Suboptimal habitat area tends to be of the same order of magnitude as optimal habitat area. The average suboptimal 
habitat area (RPI between 0.6 and 0.8) was 527 ha and ranged from 13 ha to 1,304 ha (Figure 7.5.2). Suboptimal habitats 
were mostly located on the lake shorelines, in wetlands connected to Lake Champlain such has the ones found in the 
northern part of Baie Missisquoi (Quebec) (Figure 7.5.4).  

Table 7.5.1. Least Bittern optimal breeding habitat (hectares) for the Baseline scenario and variations (percent) associated with the three alternatives, 
for a year of extreme high water level (2011), a year of extreme low water level (2016), and for the yearly average of the reference period. Color 
shades highlight variations above 5 percent (green), between 2 and 5 percent (light green), between -2 percent and 2 percent (white), between -2 and 
-5 percent (light red), below -5 percent (red) and non-significant differences in the yearly average (two-sample t test with permutations, p > 0.05) 
between the alternatives and the baseline (light grey). 

 

Table 7.5.2. Least Bittern suboptimal breeding habitat (hectares) for the Baseline scenario and variations (percent) associated with the three 
alternatives, for a year of extreme high water level (2011), a year of extreme low water level (2016), and for the yearly average of the reference period. 
Color shades highlight variations above 5 percent (green), between 2 and 5 percent (light green), between -2 percent and 2 percent (white), between 
-2 and -5 percent (light red), below -5 percent (red) and non-significant differences in the yearly average (two-sample t test with permutations, p > 
0.05) between the alternatives and the baseline (light grey). 

 

Alternatives  

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:  

Alternatives 1 and 3 

In Lake Champlain, on average during the reference period, Alternative 3 would increase Least Bittern optimal breeding 
habitat area by 5.1 percent (33.6 ha) (Table 7.3.1), whereas simulation results for Alternative 1 indicate no statistically 
significant difference (p-value >0.05) in optimal habitat area over the entire lake. The Canadian portion of the lake would 
see higher increases in optimal habitat under Alternatives 1 and 3 with 9.1 percent (5 ha) and 16.5 percent (9.1 ha), 
respectively. On the other hand, these alternatives would decrease suboptimal breeding habitat area by 9.1 percent  
(48.3 ha) and 10.3 percent (54.2 ha) (Table 7.3.2). Under these alternatives, optimal and suboptimal habitats would be 
located in the same areas as under the Baseline scenario (Figure 7.5.3 and Figure 7.5.4).  
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During extreme low level years, when the water level is lower than 29.0 m, Alternatives 1 and 3 would slightly increase 
optimal habitat area (Table 7.3. 1). However, suboptimal breeding habitats would be negatively affected. For instance, a 
loss of 24.1 percent was reported for 2016 (representing 15.2 ha) for Alternative 1 and 24.9 percent (15.7 ha) for  
Alternative 3 (Table 7.3.2). The increased water depth during low water level years appear to impact mainly the  
suboptimal habitats.  

During extreme high-level years when the water level is higher than 30.0 m, Alternatives 1 and 3 would increase both 
suboptimal and optimal breeding habitats. Both alternatives would improve the suitable nesting habitat and the nest 
viability by reducing the water levels and reducing the amplitude of the fluctuations, which would increase the breeding 
potential of Least Bittern in high-level years.  

Alternative 2 

On average during the reference period, Alternative 2 would lead to a minor increase in optimal habitat area in Lake 
Champlain (2.1 percent, 14.3 ha) attributed to a reduction of high flood events. However, simulation results for Alternative 2 
indicated no statistically significant difference (p-value >0.05) in sub-optimal habitat area over the entire lake. As this 
alternative would have no effect on low water levels, there would be no impacts on Least Bittern breeding habitats for low 
water level years. 

Findings 

Simulation results suggest that Alternatives 1 and 3 would be beneficial to Least Bittern by increasing its optimal breeding 
habitat area. This is mainly due to a reduction of water level variability during the breeding period, with lower levels in the 
spring and higher levels in the summer.  

Alternative 2 would also be beneficial to Least Bittern, by increasing optimal breeding habitat area. It would increase the 
potential habitat for nesting by reducing the maximum water level throughout the breeding season, providing more area 
with optimal water depths. Alternative 2 would also provide benefits in high water level years by decreasing water level 
variation during the breeding season, thus increasing nest viability. Alternative 2 would have an impact only for years with 
high water level in the spring and would have no impact for low water level years. 

Biological interpretation 

Overall, the impacts of all three alternatives on Least Bittern are considered minor. The variations in habitat area associated 
with the alternatives would be low in comparison to the variability in baseline conditions. In some years, optimal habitat 
would be lower, but individuals can adapt by nesting in less optimal habitats.  

Since the reproductive success of the Least Bittern is largely dependent on water level fluctuations during the nesting period, 
the simulated alternatives should not be detrimental to the Least Bittern breeding population, since they tend to reduce the 
intra-annual water level variations (Benoit Jobin, pers. comm., 2021). 

The slight decrease of suboptimal habitat area should have a minimal impact on the overall breeding population of Lake 
Champlain. The Least Bittern should also be able to adapt to a slight change in the emergent marshes distribution caused 
by the alternatives.  
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Inter-annual variation in water levels may modify the settling pattern of breeding birds. High water levels upon their arrival 
on the breeding ground in the spring may limit their use of suitable habitat (as shown in Quebec during the 2019 floods 
along the Outaouais River), but this pattern may not last in subsequent years, given a return to closer to average water 
levels. Thus, the alternatives should reduce the potential impacts on settling pattern by reducing high water levels in the 
spring. 

Considerations 

The model functions have been reviewed by Least Bittern experts from the Canadian Wildlife Service (Environment and 
Climate Change Canada). The data used to validate the model comes from the CDPNQ and SOS-POP databases, and 
includes locations of Least Bittern nesting sites as well as monitoring data over the years for the Upper Richelieu River and 
Baie Missisquoi (CDPNQ, 2021; SOS-POP, 2020). Known nesting sites are generally located in the potential habitat 
predicted by the model. However, data on nest viability and breeding success is limited, so direct quantification of 
reproductive success could not be carried out. 

Globally, the authors are confident with the model’s results since it is calibrated using an extensive literature review and 
expert opinion of how changes in water level conditions would affect Least Bittern nesting habitat and breeding potential.  

According to expert opinion, the loss of suboptimal suitable breeding habitat that would be caused by Alternatives 1 and 3 
should have minimal impacts on the population of this threatened species. The population should be able to adapt and use 
the optimal breeding habitats that remain stable or are increased by the proposed changes on the hydrology of the system.  
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Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

Lake Champlain 

 

Figure 7.5.1. (Upper) Yearly values of optimal habitat area for Least Bittern nesting in Lake Champlain for the Baseline scenario and the three 
simulated alternatives. (Lower) Variations (percent) in the optimal habitat area for each alternative relative to the Baseline scenario. 

 

 

Figure 7.5.2. (Upper) Yearly values of suboptimal habitat area for Least Bittern nesting in Lake Champlain for the Baseline scenario and the three 
simulated alternatives. (Lower) Variations percent) in the suboptimal breeding habitat area for each alternative relative to the Baseline scenario. 
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Maps 

Whole study area 

 

Figure 7.5.3. (Left) Relative frequency of optimal habitat (proportion of years of the reference period where RPI is between 0.8 and 1) for Least 
Biteern nesting at each grid node for the Baseline scenario. (Center) Difference in relative frequency of optimal habitat between Alternative 1 and 
Baseline Scenario. (Right) Difference in relative frequency of optimal habitat between Alternative 2 and Baseline Scenario. Note that patterns of 
differences associated with Alternative 3 are very similar to Alternative 1 and therefore not shown.  
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Figure 7.5.4. (Left) Frequency of suboptimal habitat (proportion of years of the reference period where RPI is between 0.8 and 1) for Least Biteern 
nesting at each grid node for the Baseline scenario. (Center) Variation in optimal habitat frequency between Alternative 1 and Baseline Scenario. 
(Right) Difference in optimal habitat frequency between Alternative 2 and Baseline Scenario. Note that patterns of differences associated with 
Alternative 3 are very similar to Alternative 1 and therefore not shown. 
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7.6 WATERFOWL STAGING HABITAT DURING SPRING MIGRATION  

Description 

During the spring migration, dabbling waterfowl, such as dabbling ducks (Anas sp.), 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 shallow water habitats to feed. Therefore, water depths in suitable foraging grounds are an 
important determinant of available habitats. This PI estimated the dabbling waterfowl staging habitat suitability index 
(HSI), further referred to as habitat quality, based on the availability of combined suitable vegetation and water depths. 
Habitat quality was then used to estimate the weighted usable area (WUA) of suitable staging habitat during the spring 
migration period, further referred as habitat area. Waterfowl habitat area was estimated for each year of the reference 
period where wetland prediction results were available (1926 to 2017) and over the whole study area. 

The presence of wetland vegetation is a key component of waterfowl staging habitat quality. As such, wetland class extent 
calculated from the wetland PI (section 7.4) was used as an input of this model for each year of the reference period. 
Agricultural crops were also integrated into the model by using an agricultural crop geospatial database since those area 
are highly suitable for waterfowl feeding during spring. 

For more detail on the model’s data, functions, calibration and validation, refer to the report Performance indicators Fact 
Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022).  

Results 

Baseline scenario (state of reference) 

Simulating the yearly available staging habitat area for the reference period revealed the following: 

In Lake Champlain, the average habitat area simulated for the reference period was 1,771 ha and ranged from 702 ha in 
1965, a year of extreme low water level, to 2,400 ha in 1974, a year of high water level (Figure 7.6.2). High habitat quality 
(HSI) values were mostly concentrated in large wetlands such as Ausable Marsh Wildlife Management Area, wetlands near 
Mallet’s Bay and Missisquoi National Wildlife refuge (Figure 7.6.3). 

In the Richelieu River, average habitat area simulated for the reference period was 525 ha and ranged from 83 ha in 1965, a 
year of extreme low water level, to 900 ha in 1996, a year of moderate-high water level (Figure 7.6.1). High habitat quality 
values were mostly located in the upstream portion of the river from Saint-Jean-sur-Richelieu, in wetlands close to Sabrevois, 
Saint-Paul-de-l'Île-aux-Noix and Rivière du Sud (Figure 7.6.3). Those simulated areas of high habitat quality were 
consistent with dabbling duck experts’ field observations from 2004 to 2010 (C. Lepage, CWS, personal communication 
2021). 
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Table 7.6.1. Waterfowl staging habitat area during spring migration (hectares) for the Baseline scenario and variations (percent) associated with the 
three alternatives, for a year of extreme high water level (2011), a year of extreme low water level (1965), and for the yearly average of the reference 
period. Color shades highlight variations above 5 percent (green), between 2 and 5 percent (light green), between -2 percent and 2 percent (white), 
between -2 and -5 percent (light red), below -5 percent (red) and non-significant differences in the yearly average (two-sample t test with 
permutations, p > 0.05) between the alternatives and the baseline (light grey). 

 

Alternatives  

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:  

Alternative 1 and 3 

In Lake Champlain, on average over the reference period, Alternatives 1 and 3 would increase the available staging 
waterfowl habitat area by 3.0 percent (53 ha) and 3.1 percent (54 ha), respectively (Table 7.6.1). Increase in habitat quality 
would mostly be concentrated in large wetlands (Figure 7.6.3). During extreme low-level years (water level lower than 29.0 
meters), Alternatives 1 and 3 would increase habitat area by up to 20 percent, while no gain or even small decrease in 
habitat area would be observed during medium-low level years (between 29.00 and 29.25 meters) (Figure 7.6.2). However, 
for most years of the reference period, Alternatives 1 and 3 would show an increase in habitat area by 5 to 10 percent. 

The Richelieu River would see on average over the reference period a higher increase in habitat area than what is simulated 
for the lake, with increases of 13.6 percent (71 ha) and 14.1 percent (74 ha) for Alternatives 1 and 3, respectively. Those 
increases would mostly be concentrated in wetlands near Saint-Paul-de-l'Île-aux-Noix, Sabrevois and Rivière du Sud (Figure 
7.6.3). Increases in habitat area can reach 70 percent during extreme low water level years (< 28.8 meters), while no gain or 
even low habitat loss would be shown for medium level years (near 29.00 meters) (Figure 7.6.1). For most years, waterfowl 
habitat area would increase by 5 to 20 percent under Alternatives 1 and 3 in the Richelieu River (Figure 7.6.1). In the 
downstream portion from Saint-Jean-sur-Richelieu, simulation results indicate no statistically significant change in habitat 
area (p-value >0.05). 

In Lake Champlain and the Richelieu River, the highest increases of habitat area relative to the Baseline scenario would 
occur during extreme low water level years. For those years, habitat area under the baseline scenario would be at its lowest 
and the alternatives would tend to increase water levels during the spring, providing more areas with suitable water depths.  
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Alternative 2 

On average over the reference period, Alternative 2 would provide minor increases in habitat area in Lake Champlain and 
the Richelieu River with 1.3 percent (24 ha) and 2.1 percent (11 ha), respectively (Table 7.6.1). During high water level years, 
WUA increases can reach 10 percent in Lake Champlain (near to 30.0 m, Figure 4.2.1) and more than 20 % in Richelieu 
River (near to 29.2 m, Figure 4.2.2) However, for most years, modelling predicts no gains, or even small losses of staging 
habitat area in Lake Champlain and Richelieu River with Alternative 2 (Figure 7.6.2 and Figure 7.6.1). 

Findings 

Simulation results suggest that Alternatives 1 and 3 would improve the habitat conditions that are favourable to dabbling 
waterfowl for staging during spring migration in the lake and the upstream portion of the river, by decreasing water level in 
high level years and increasing water level in low level years. In contrast, Alternative 2 would only provide a minor positive 
increase on average, as the benefit in high water level years would be offset by a decrease in habitat area in moderate water 
level years. 

For all three alternatives, for most of the years, the positive increase in waterfowl staging habitat is associated with 
decreasing water levels in the spring, providing more adequate water depths in areas with suitable vegetation that would 
otherwise present excessive water depths for foraging. Such predicted changes are mostly identified in areas of high habitat 
quality (Figure 7.6.3) which include some protected lands and sectors that are monitored by waterfowl experts from 
Canadian Wildlife Service. 

Biological interpretation 

The alternatives would generally increase suitable staging habitat, which could benefit waterfowl in multiple ways. More 
suitable grounds for foraging in the spring would allow the geese and ducks to spend more time in staging areas and 
develop loyalty to those sites over the years. Alternatives 1 and 3 would also increase the available staging habitat during 
years with low water level during the spring migration period, which could also be favorable to waterfowl (C. Lepage, M. 
Tétreault, pers. comm., 2021).  

The spring staging period is very important for the accumulation of fat reserves by females of dabbling ducks, who will lay 
eggs and go for almost 25 to 30 days without eating during the egg incubation period. Increased suitable staging habitats 
along the Lake Champlain and Richelieu River could improve individual fitness, as females would be likely to arrive at 
nesting sites in better condition (with more accumulated fat reserve), and thus be more likely to have good egg-laying 
success (C. Lepage, M. Tétreault, pers. comm., 2021). 
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Considerations for indigenous communities 

Comments from the Ndakina Office of the W8banaki nation 15 

In 2020, the W8banaki Nation, through the GCNWA, ratified an Administrative Agreement "reconciling federal law to the 
practice of traditional activities with migratory birds by members of the W8banaki Nation." This agreement provides for the 
practice of traditional food, ceremonial and social activities related to migratory birds throughout the federally recognized 
consultation priority area, which extends from the Richelieu River to the Etchemin River, with the exception of private lands 
without prior authorization and migratory bird sanctuaries. 

Many W8banakiak hunt waterfowl year-round in the LCRR study area. Like other desirable species, waterfowl play a role in 
the food security of many families. Intensification of farming in this area of the Ndakina would have resulted in an ecosystem 
imbalance and disruption of migratory bird habits, as evidenced by the following interview excerpt (Bureau de Ndakina, 
2020): 

Over time, we've learned that ducks and migratory birds move around. They go to the water bodies at night for refuge, but 
during the day they eat, yes at Lake St. Pierre, but they go to the feeder fields and crop fields when the fields are cut to feed. 
Ninety-nine percent of that was ducks for about fifteen years. At some point, the culture changed. Crops became more 
monoculture. Soybeans and corn were the main crops. Oats, barley, buckwheat and wheat were no longer grown. These 
were grains that were grown early in the season. So we went hunting early. So the ducks would feed early in mid to late 
September in those fields that were cut. But now, with soybeans and corn that are harvested in the middle or end of 
October. Some of them don't even harvest until the following spring and let the winter pass. So the duck has changed its 
habits. It no longer went to the fields to feed. So, in the 1990s, there was a decline of the goose. After efforts were made, 
hunting was closed for 5 years and the population came back. When hunting was allowed again, we turned to the Canada 
goose. 

Nonetheless, the Ndakina Office did not identify, any obvious issues regarding the potential effects of the alternatives 
studied on waterfowl. 

Considerations 

The model has been reviewed by experts from Canadian Wildlife Service (Environment and Climate Change Canada) and 
suitable habitat estimated localisations were validated with some of their field observations from the early 2000s. Such 
validation provides confidence in the model, although field observations from the United States portion of the study could 
help to improve validation. 

Globally, the authors are confident in the model’s estimation of how changes in water level conditions would affect 
waterfowl staging habitats during spring migration. 

 
 
 

 
15 These considerations do not attempt to represent the plurality of views of the members of the W8banaki Nation or of all First Nations involved. 
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Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

Richelieu River 

 

Figure 7.6.1. (Upper) Yearly habitat area (WUA) for waterfowl migration in Richelieu River for the Baseline scenario and three simulated 
Alternatives. (Lower) Variations (percent) in habitat area for each alternative relative to the Baseline scenario. 
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Lake Champlain 

 

Figure 7.6.2. (Upper) Yearly habitat area (WUA) for waterfowl migration in Lake Champlain for the Baseline scenario and three simulated 
Alternatives. (Lower) Variation (percent) in habitat area for each alternative relative to the Baseline scenario. 
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Maps 

Whole study area 

 

Figure 7.6.3. (Left) Habitat suitability (HSI) values for each grid node averaged over the reference period for the Baseline scenario. (Center) Average 
habitat difference in habitat quality between Alternative 1 and the Baseline scenario. (Right) Average HIS difference between Alternative 2 and 
Baseline scenario. Note that patterns of differences in habitat quality associated with Alternative 3 are very similar to Alternative 1 and therefore not 
shown.  
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7.7 COPPER REDHORSE SUITABLE HABITAT FOR SPAWNING AND EARLY LARVAL 
DEVELOPMENT 

Description 

The Copper Redhorse (Moxostoma hubbsi) is an endangered fish species that is endemic to Quebec. It 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). It is also an umbrella species, since the spawning 
grounds used by the Copper Redhorse are also used by other species that spawn in riffle areas. This species 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 aging (Mongeau et al., 1986, 1992). 

The Richelieu River hosts the only two known spawning grounds of the species, downstream of the Chambly and Saint-Ours 
rapids. These two zones are located downstream of swift currents, where water depth deepens and gravel beds form. 
Copper Redhorse weighs more than 5kg and can reach 50 cm in length. 

The Copper Redhorse PI covers the reproduction period, namely spawning, egg survival and larvae development, which 
occurs from early June to late July. This PI estimates the suitability of habitat for spawning and verifies if the hydraulic 
conditions necessary for the survival of the eggs and for the early larvae development on gravel substratum are adequate. 

The habitat suitability index (HSI), further referred as habitat suitability, was estimated based on the following attributes of 
Copper Redhorse critical habitat: a gravel substrate, water depths ranging from 0.75 to 4m and moderate to high flow 
velocities between 0.2 and 1.3 m/s (DFO, 2012). Local habitat suitability at each ISEE grid node was then used to estimate 
the weighted usable area (WUA) of suitable spawning habitat in hectares, further referred to as spawning habitat area. The 
number of hectares of suitable habitat was calculated for each year of the reference period (1925 to 2017) for the two 
spawning grounds located downstream of the Chambly and Saint-Ours Rapids. 

For more detail on the model data, functions, calibration and validation, refer to the report Performance indicators Fact 
Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022).   

Results  

Baseline (state of reference)  

Simulating the yearly available habitat area for the reference period revealed the following: 

In the Chambly rapids, spawning habitat area generally would increase with higher mean water levels during the 
reproduction period (early June to late July). Over the reference period (1925-2017), the average habitat area was 6.08 ha 
and ranged from 2.55 ha in 1965, an extreme low water level year, to 10.88 ha in 1947, a year of extreme high water level 
conditions in that section of the river during the Copper Redhorse reproduction period (Figure 7.7.2 and Figure 7.7.3). 
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In the Saint-Ours rapids, available area of spawning habitat generally would decrease with higher mean water levels during 
the reproduction period (early June to late July). The average spawning habitat area was 3.04 ha and ranged from 0.32 Ha 
in 1947, an extreme high water level year, to 4.45 Ha in 1963, a year of low water level conditions in that section of the river 
during the Copper Redhorse reproduction period (Figure 7.7.4 and Figure 7.7.5). 

Table 7.7.1. Copper Redhorse spawning habitat area (hectares) for the Baseline scenario and variations (percent) associated with the three 
alternatives, for a year of high water level (2011), a year of low water level (2016), and for the yearly average of the reference period. Color shades 
highlight variations above 5 percent (green), between 2 and 5 percent (light green), between -2 percent and 2 percent (white), between -2 and -5 
percent (light red), below -5 percent (red) and non-significant differences in the yearly average (two-sample t test with permutations, p > 0.05) 
between the alternatives and the baseline (light grey). 

 

Alternatives  

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:  

Alternatives 1 and 3 

In the Chambly rapids, on average during the reference period (1925-2017), Alternatives 1 and 3 would be associated with a 
slight decrease in habitat area relative to the Baseline scenario, -0.9 percent (0.06 ha) and -1.3 percent (0.08 ha), 
respectively (Table 7.7.1). Decrease in habitat area can reach 11.8 percent during low water level years, while the alternatives 
would reduce water levels by up to 6 cm during the spawning period (Figure 7.7.2 and Figure 7.7.3). However, Alternative 1 
and 3 would also be associated with an increase in spawning habitat area by more than 4 percent for 10 different years over 
the reference period.  

In Saint-Ours rapids, simulation results indicated no statistically significant change in average yearly habitat area  
(p-value >0.05). Variations in habitat area would be slightly positive for most years, whereas decreases above 5 percent 
would be recorded for five different years over the reference period (Figure 7.7.4). 

Alternative 2 

On average during the reference period, Alternative 2 would cause a minor decrease in habitat area in the Chambly sector 
(-1.02 percent, -0.06Ha) (Table 7.7.1). Decreases can reach 5 percent in low level years and 10 percent during extreme high 
water level years. Alternative 2 would have no effect in years of low water level (Figure 7.7.2). In Saint-Ours, variations in 
spawning habitat area would not be statistically significant (p-value >0.05) (Table 7.7.1).  
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Findings 

Simulation results suggest that Alternatives 1, 2 and 3 would slightly decrease habitat conditions that are favourable to 
Copper Redhorse spawning and larval development in Chambly rapids, by decreasing water levels by 2 to 6 cm in that 
section of the river during the reproduction period (Figure 7.7.3).  

In contrast, variations in spawning habitat area in the Saint-Ours rapids would not have a statistically significant impact (p-
value >0.05). 

Biological interpretation 

The Copper Redhorse is endangered and endemic to Quebec, and the only two known spawning grounds are located in the 
Richelieu River; thus, protecting these habitats is critical for the species. A habitat loss of even 1 percent in spawning habitat 
in the Chambly sector might have a significant impact on the species, especially because the Chambly spawning area is the 
larger and higher quality spawning area of the two (N. Vachon, pers. Comm.).  

Moreover, because both spawning grounds are used by numerous fish species, it is possible that there could be an impact on 
the reproduction of other species, not only the Copper Redhorse. 

However, the minor variations in water depths and associated spawning habitat area must be interpreted with regard to the 
model limitations and uncertainty. In particular, in the Chambly rapids, the river bed has a complex shape and bathymetric 
data is coarse, which prevents a proper assessment of potential impacts (positive or negative) of such small variations in 
water level (2 to 6 cm).16 

Considerations for indigenous communities 

Comments from the Ndakina Office of the W8banaki nation  

The Ndakina Office of the W8banaki Nation points out that the Copper Redhorse is very fragile, listed as endangered under 
the federal Species at Risk Act and has the status of threatened species under the Quebec government's Loi sur les espèces 
menacées ou vulnérables. Although it is not fished by the W8banakiak for stewardship and ethical reasons, its survival is 
important to the Nation. Several recovery efforts are being implemented in this regard. The alternatives studied cannot be 
culturally or ecologically acceptable if they affect the Copper Redhorse, which has already passed the tolerance threshold of 
its habitat. In such a context, a slight negative impact on the species' habitat must be interpreted as an additional and 
cumulative pressure that could have major consequences. Due to the many uncertainties associated with the model, it is 
imperative that the impacts of the proposed alternatives on the Copper Redhorse be better understood before any of the 
proposed flood mitigation alternatives are implemented. 

Considerations 

The model covers different aspects of the reproduction of the species and was developed according to the current 
knowledge of the species, including literature review, previous field studies and expert opinion. It has also been reviewed by 
experts from Quebec ministère des Forêts, de la Faune et des Parcs (MFFP).  

 
16 These considerations do not attempt to represent the plurality of views of the members of the W8banaki Nation or of all First Nations involved. 
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Important limitations in the digital elevation model (DEM) and validation datasets bring important concerns towards the 
level of confidence on the modelling results, especially for the Chambly rapids. For instance, low density bathymetry datasets 
in Chambly rapids (mostly longitudinal transects) do not allow: 1) accurate simulation of small water level variations in the 
sector in terms of hydrodynamic modeling, and 2) proper determination of the location and characteristics of the preferred 
spawning grounds according to the available observations. Therefore, it is not possible to properly quantify the effect the 
small water level changes induced by the alternatives would have on Copper Redhorse spawning habitat area. 

This is mainly caused by the poor resolution of the recent bathymetric dataset in the Chambly rapid. The entire lower 
Richelieu River was surveyed with high density-high quality soundings with the help of the Canadian Hydrographic Service. 
However, in the Chambly rapids, the relatively shallow depths and the swift currents did not allow the use of a multibeam 
echosounder. Instead, in the rapids, an experimental instrument (Hydroball), a buoy mounted with a moonbeam 
echosounder, was trailed behind a single kayak in each of the secondary channels of the rapids (Figure 7.7.1). Despite the 
significant efforts, the few sounding lines provide a spatial resolution that is insufficient for proper 2D modelling (Figure 
7.7.1).  

 

Figure 7.7.1. Bathymetry transects in the Chambly rapids (Left) did not allow creation of an accurate and precise digital terrain model (center) in 
Chambly sector (Right). 

Spawning ground substrate datasets (maps) also need to be improved, since the existing data set only counts 401 surveyed 
points (136 at Saint-Ours and 265 at Chambly), from which a particle size index was interpolated to create a continuous 
coverage over both sectors. Substrate is a fundamental component in spawning habitat quality, and a more extensive 
survey would drastically improve confidence in the model outputs.  

Finally, due to the rarity and precariousness of Copper Redhorse, confirmation of spawning for this species is not easy to 
obtain, as surveys involving egg collection during the spawning period can cause disturbance. Thus, the available spawning 
observation dataset is very limited, which also limits the confidence in the model. 

Recommendations  

Although the variations in water level and associated spawning habitat area are minor, given the status of the species and 
the limitations of the models, further work would be required to confidently evaluate the impact of the alternatives on 
Copper Redhorse spawning habitat. 
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In order to quantify the effects on Copper Redhorse spawning habitat, a more complete mapping of the riverbed 
topography and an extensive survey of the substrate would be needed. Also, more in situ observations of the species at 
spawning sites would improve the model calibration and validation. Those improvements would help provide a more robust 
evaluation of the effects of the alternatives, which is needed since the Chambly rapids area is a unique and important area 
for the reproduction of the Copper redhorse and several other fish species. 

Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

Chambly rapids 

 

Figure 7.7.2. (Upper) Yearly spawning habitat area (ha) of Copper Redhorse spawning habitat for the Baseline scenario and the three simulated 
alternatives at the Chambly rapids. (Lower) Variations (percent) in spawning habitat area for each alternative relative to the Baseline scenario. 
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Figure 7.7.3. (Upper) Yearly mean water level during Copper Redhorse reproduction period (early June to late July) for the river section between 
Chambly and St-Ours rapids, for the Baseline scenario and 3 simulated alternatives. (Lower) Water level difference for each alternative relative to the 
Baseline scenario.  

 

Saint-Ours sector 

 

Figure 7.7.4. (Upper) Yearly spawning habitat area (ha) of Copper Redhorse spawning habitat for the Baseline scenario and three simulated 
alternatives at Saint-Ours rapids. (Lower) Variations (percent) in spawning habitat area for each alternative relative to the Baseline scenario. 
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Figure 7.7.5. (Upper) Yearly mean water level during Copper Redhorse reproduction period (early June to late July) for the river section between St-
Ours rapids and Sorel, for the Baseline scenario and 3 simulated alternatives. (Lower) Water level difference for each alternative relative to the 
Baseline scenario. 
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Maps 

Chambly sector 

 

Figure 7.7.6. (Left) Habitat suitability (HSI) values for each grid node averaged over the reference period (1925-2017) for the Baseline scenario. 
(Center) Difference in average habitat suitability between Alternative 1 and the Baseline scenario. (Right) Difference in average HSI between 
Alternative 2 and Baseline scenario. Note that patterns of differences in habitat quality associated with Alternative 3 are very similar to Alternative 1 
and therefore not shown.  
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Saint-Ours sector 

 

Figure 7.7.7. (Left) Habitat suitability (HSI) values for each grid node averaged over the reference period (1925-2017) for the Baseline scenario. 
(Center) Difference in average habitat quality between Alternative 1 and the Baseline scenario. (Right) Difference in average HSI between Alternative 
2 and Baseline scenario. Note that patterns of differences in habitat quality associated with Alternative 3 are very similar to Alternative 1 and therefore 
not shown.  

7.8 NORTHERN PIKE SPAWNING AND EMBRYO-LARVAL DEVELOPMENT HABITAT  

Description 

Northern Pike is considered as an umbrella species, since protecting its habitat integrity indirectly protects the many aquatic 
species that compose the ecological community of its habitat. It is also one of the most important species for recreational 
fishing, which represents an important economic activity in the LCRR basin. Northern Pike acts as an umbrella species for 
other fish such as perches and sturgeons, which are of particular cultural importance for local Indigenous communities. 

This PI estimates the area of Northern Pike habitat available for spawning and embryo-larval development. This fish species 
generally spawns shortly after ice-out, in sheltered and shallow waters of the inundated floodplain vegetation. Spawning 
habitat suitability index (HSI), further referred to as habitat suitability was estimated based on the combined availability of 
suitable vegetation, water depths and current velocity at the peak of the spawning period. Habitat suitability was then used 
to estimate a weighted usable area (WUA), further referred to as spawning habitat area. The yearly peak of the spawning 
period was determined for different portions of the study area based on daily temperature records, and generally occurred 
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between mid-March and late April. Spawning habitat area exposed to dewatering, further referred to as exposed habitat 
area, was estimated during the month following egg deposition. Exposed areas were then subtracted from the spawning 
habitat area to obtain the suitable area for both spawning and embryo-larval development, further referred to as available 
habitat area. Northern Pike spawning, exposed and available habitat areas were estimated for each year of the reference 
period where wetland prediction results were available (1926 to 2017) and over the whole study area. 

The presence of wetland vegetation is a key component of Northern Pike spawning habitat quality. As such, wetland class 
extent calculated from the wetland PI (section 7.4) was used as an input of this model for each year of the reference period. 

For more detail on the data, functions, calibration and validation of the model, refer to the report Performance indicators Fact 
Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022).  

Results  

Baseline (state of reference)  

Simulating the yearly available habitat area for the reference period revealed the following: 

In Lake Champlain, the average available habitat area simulated for the reference period was 3,128 ha (Table 7.8.1) and 
ranged from 630 ha in 1965, an extreme low water level year, to 4,346 ha in 1982, a year of medium-high water level 
conditions (Figure 7.8.1). High habitat suitability values were mostly concentrated in large wetlands such as Ausable Marsh 
Wildlife Management Area, wetlands near Mallet’s Bay and Missisquoi National Wildlife refuge (Figure 7.8.6). 

In the Richelieu River, the average available habitat area simulated for the reference period was 619 ha and ranged from 17 
ha in 1952, a high water level year, to 1,459 ha in 1996, a year of low water level conditions (Figure 7.8.3). High habitat 
suitability values were mostly observed in the upstream portion from Saint-Jean-sur-Richelieu, in wetlands close to Sabrevois, 
Saint-Paul-de-l'Île-aux-Noix and Rivière du Sud (Figure 7.8 6). Some years showed extremely low available habitat area, 
due to a rapid decrease in water levels after the spawning period, which exposed the eggs to dewatering (Figure 7.8.3 and 
Figure 7.8.4).  

The downstream portion of the Richelieu River (north of Saint-Jean-sur-Richelieu) presents a low available habitat area with 
an average of 14.5 ha, due to a low amount of suitable vegetation and a generally steeper floodplain (Figure 7.8.7). For the 
reference period, available habitat area ranged from 0 ha in 1939 to 35 ha in 1947 (Figure 7.8.5). 
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Table 7.8.1. Northern Pike available habitat area (hectares) for the Baseline scenario and variations (percent) associated with the three alternatives, 
for a year of high water level (2011), a year of low water level (2016), and for the yearly average of the reference period. Color shades highlight 
variations above 5 percent (green), between 2 and 5 percent (light green), between -2 percent and 2 percent (white), between -2 and -5 percent (light 
red), below -5 percent (red) and non-significant differences in the yearly average (two-sample t test with permutations, p > 0.05) between the 
alternatives and the baseline (light grey). 

 

Alternatives  

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:  

Alternatives 1 and 3 

In Lake Champlain, on average over the reference period, simulation results for Alternatives 1 and 3 indicated there would be 
no statistically significant difference in available habitat area relative to the Baseline scenario (p-value > 0.05) (Table 7.8.1).  

Yearly available habitat values in Lake Champlain show that Alternatives 1 and 3 would increase habitat area by 20 to 40 
percent for years when available habitat areas are at their lowest (Figure 7.8.1). Those are generally years of low water 
levels, when the alternatives would raise water levels by 10 to 20 cm. On the other hand, habitat area losses would occur 
during years of high habitat area and medium water levels, when the alternatives would raise water levels by less than 5 cm. 
Those habitat area losses are not associated with lesser quality habitats during the spawning period, but to more habitat 
exposed to dewatering during the month following egg deposition (Figure 7.8.2). 

In Richelieu River, on average over the reference period, Alternatives 1 and 3 would increase available habitat area by 8.3 
percent (51 ha) and 7.6 percent (47 ha), respectively (Table 7.8.1). Those increases are mostly concentrated in wetlands 
near Saint-Paul-de-l'Île-aux-Noix, Sabrevois and Rivière du Sud (Figure 7.8.6). For a few years, increases in available 
habitat area would reach 50 percent. This would generally occur when available habitat areas are low, during years of low 
water level conditions when the alternatives would raise water levels by a few centimeters. In most years, available habitat 
area would be increased by around 10 percent, as the alternatives would decrease high water levels by 5 to 15 cm.  

Minor losses of available habitat are shown in the downstream portion of the Richelieu River with Alternatives 1 and 3 (losses 
of 2.1 and 1.8 ha respectively). Those losses would primarily be located in a small channel west of Fryer Island and are 
associated with more habitat exposed to dewatering during the month following egg deposition (Figure 7.8.5). 
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Alternative 2 

On average during the reference period, Alternative 2 would increase habitat area in the Richelieu River by 5.6 percent (34 
ha) (Table 7.8.1). Increases would reach over 50 percent during high water level years, as Alternative 2 would lower the 
water level by about 30 cm (Figure 7.8.3). A few medium water level years would show a decrease in available habitat area, 
as Alternative 2 would lower water levels by 10 to 20 cm. Habitat losses would occur in the downstream portion of the 
Richelieu River, in the reach between Saint-Jean-sur-Richelieu and Chambly, as for Alternatives 1 and 3 (Figure 7.8.6).  

In Lake Champlain, during the reference period, the average available habitat area under Alternative 2 would not be 
statistically different from the Baseline scenario (p-value > 0.05) (Table 7.8.1). Yearly values show that habitat area would 
decrease during medium water level years, when Alternative 2 would lower water levels by 10 to 20 cm (Figure 7.8.1).  

Findings 

Simulation results suggest that in Lake Champlain, the average available habitat area under the three alternatives would 
not be statistically different from the Baseline scenario (p-value > 0.05), whereas a small increase in habitat area would be 
observed in the Richelieu River. Therefore, overall impacts of changes in water levels on Northern Pike available habitat area 
are considered minor.  

More specifically, Alternatives 1 and 3 would increase Northern Pike available habitat area in the upstream portion of 
Richelieu River (Table 7.8.1 and Figure 7.8.3). These alternatives would decrease water levels during high level years and 
increase water levels in low level conditions, providing more adequate water depths and water velocities in areas with 
suitable vegetation for spawning. Such predicted changes are mostly identified in areas of high habitat quality (Figure 
7.8.6), which include some protected lands. Alternative 2 also would improve habitat area, but to a lesser degree, since it 
also would decrease water levels during medium water level years, which would reduce habitat area, and would not affect 
water levels during low water level years (Table 7.8.1 and Figure 7.8.3).  

The downstream portion of the Richelieu River showed small available habitat area decreases under all alternatives. Those 
losses would associated with more habitat exposed to dewatering during the month following egg deposition, which would 
outweigh the spawning habitat gains that would be observed for some years under Alternatives 1 and 3 (Figure 7.8.5). In 
this portion of the study area, over the reference period, without considering the habitat exposed to dewatering, Alternatives 
1 and 3 would on average increase habitat area by 6.4 percent (1.7 ha) and 2.4 percent (0.7 ha), respectively. However, this 
portion of the study area contains few Northern Pike spawning habitats, according to spawning habitat data collected in 
Quebec by ministère des Forêts, de la Faune et des Parcs (MFFP) and estimations under the Baseline scenario, due to low 
availability of suitable vegetation and steeper riverbanks. 

In Lake Champlain, yearly values show that by raising low water levels by 10 to 20 cm, Alternatives 1 and 3 would increase 
habitat area by 20 to 40 percent when habitat area values are at their lowest. In contrast, Alternative 2 would not provide 
such benefits (Figure 7.8.1).  

Over the entire study area, for particular years such as 1995 and 2001, Alternatives 1 and 3 would expose more habitat to 
dewatering during the month after egg deposition (Figure 7.8.2, Figure 7.8.4 and Figure 7.8.5). This would outweigh the 
spawning area gains generated by these alternatives, resulting in net habitat area loss for those specific years.  
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Biological interpretation 

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 habitats in the spring (Mingelbier et al., 2008). 
In Lake Champlain and the Richelieu River, under natural conditions, available spawning habitat area is highly variable 
from year to year. Decreasing water level tends to decrease the area flooded in the floodplain, but it also would increase 
habitat quality by providing more suitable depths where the vegetation is adequate. Given that the simulations suggest no 
difference or an increase in available spawning habitats, the impacts of the alternatives are considered minor. Available 
data does not allow inference of the potential benefits that an increase in spawning habitat area would have on recruitment, 
but it could be assumed positive for the species.   

Considerations for indigenous communities 

Comments from the Ndakina Office of the W8banaki nation 17 

According to the information made available, Ndakina Office of the W8banaki Nation highlights the following: 

The role of pike as an umbrella species for other culturally significant fish such as yellow perch and sturgeon makes the PI on 
Northern Pike spawning habitat quality particularly important for the W8banaki Nation. These two species use very similar 
spawning habitat to Northern pike during this time of year. The general conclusions of the Northern Pike habitat quality 
model can therefore be transposed to yellow perch and sturgeon spawning habitat, all with caution. 

The sturgeon is the emblem of the Odanak community and is very present at community meals. The yellow perch has a 
particular historical, cultural and social importance. This species is, for many, representative of the spring collective fisheries. 
For the W8banaki Nation, these two species have an important identity and cultural dimension and play a role in the 
transmission of knowledge and techniques and in the food security of the members of the Nation. These two species of fish 
spawning in the floodplain are therefore a source of concern and require special attention.  

In the 2019 Land Use and Occupancy Study (GCNWA, 2022), W8banakiak fishermen highlighted the following regarding 
yellow perch and sturgeon habitat:  

"High water levels in the spring are necessary for some species to reproduce in rushes, for example. So if the amount of 
water in the system drops too steeply, the eggs would not have time to hatch." 

and 

"Since yellow perch generally lay their eggs on hay twigs, water levels in the spring must be high enough for them to lay 
their eggs. Furthermore, these levels must remain high enough until the fry hatch. " 

 
 
 

 
17 These considerations do not attempt to represent the plurality of views of the members of the W8banaki Nation or of all First Nations involved. 
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These testimonies are consistent with the PI model, which states that wetlands with emergent plants, such as rushes or hay, 
that are lightly flooded at peak spawning (spring) provide the highest index of habitat quality for spawning. In addition, the 
model requires that these areas remain submerged for the month following spawning to avoid dewatering of eggs and 
larvae. Thus, although the model applied is specifically for Northern Pike, these testimonies remind us that the relationship 
between water level and spawning habitat for Northern Pike applied in the model is similar to the relationship between water 
level and different fish species important to W8banakiak, including yellow perch. Thus, the general trend of impacts 
generated by the proposed mitigation alternatives would be, with some nuances, transferable to these other fish species. It is 
therefore encouraging to see that the proposed alternatives tend to increase the spawning habitat of Northern Pike. 

Furthermore, Wabanakiak fishermen testify that Northern Pike are increasingly parasitized in the Ndakina in particular 
because of an increase in water temperature. Moreover, the health and quality of the Northern Pike would depend on the 
water temperature. It is therefore encouraging to see that the proposed Alternatives 1 and 3 tend to increase the levels 
during low water periods, which would have the effect of reducing the water temperature during the periods of the year 
when the water is warmest. 

The Lower Richelieu and the outlet of the river are particularly interesting for yellow perch fishing, because of their relative 
proximity to Odanak and the poor health of the population of this species in Lake St-Pierre. Considering what is mentioned 
above, it is worrisome to see that the habitat available for the spawning of Northern Pike in the lower Richelieu River seems 
to be negatively affected by the three alternatives modelled. If this were to result in a decrease of yellow perch in the area, 
this could have detrimental effects on the Nation's ancestral rights. 

Considerations 

The model covers different aspects of the reproduction of Northern Pike and was developed according to the current 
knowledge on the species, including literature review, previous field studies and expert knowledge. Field work was also 
conducted for this project in 2019 by Quebec MFFP, and by the Vermont Agency of Natural Resources. 

The model has been reviewed by experts from MFFP and from Environment and Climate Change Canada.  

Globally, the PI provides a confident estimation of how changes in water level conditions would affect Northern Pike 
spawning and embryo-larvae development habitat. 
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Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

Lake Champlain 

 

Figure 7.8.1. (Upper) Yearly available habitat area (WUA) for Northern Pike spawning and embryo-larval development in Lake Champlain for the 
Baseline scenario and the three simulated alternatives. (Lower) Variation (percent) in habitat area for each alternative relative to the Baseline 
scenario. 

 

 

Figure 7.8.2. Yearly spawning habitat area exposed to dewatering during the month following egg deposition in Lake Champlain for the Baseline 
scenario and the three simulated alternatives. 
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Richelieu River 

 

Figure 7.8.3. (Upper) Yearly available habitat area values (WUA) for Northern Pike spawning and embryo-larval development in Richelieu River for 
the Baseline scenario and three simulated alternatives. (Lower) Variation (percent) in habitat area for each alternative relative to the Baseline 
scenario. 

 

 

Figure 7.8.4. Yearly spawning habitat area exposed to dewatering during the month following egg deposition in Richelieu River for the Baseline 
scenario and the three simulated alternatives. 
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Figure 7.8.5. (Upper) Yearly variation (percent) of spawning area in the downstream portion of Richelieu River for each alternative relative to the 
Baseline scenario. (Center) Yearly variation (percent) in spawning area exposed to dewatering in the downstream portion of Richelieu River for each 
alternative relative to the Baseline scenario. (Lower) Yearly variation (percent) in available habitat area in the downstream portion of Richelieu River 
for each alternative relative to the Baseline scenario.  
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Maps 

Whole study area 

 

Figure 7.8.6. (Left) Habitat suitability index (HSI) values for each grid node averaged over the reference period for the Baseline scenario in Lake 
Champlain and the Upstream section of the Richelieu River. (Center) Average habitat quality index variation of Alternative 1 relative to the Baseline 
Scenario. (Right) Average habitat quality index variation of Alternative 2 relative to the Baseline Scenario. Note that patterns of difference in habitat 
quality associated with Alternative 3 are very similar to Alternative 1 (not shown).   
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Figure 7.8.7. (Left) Habitat suitability index (HSI) values for each grid node averaged over the reference period for the Baseline scenario in the 
Richelieu River. (Center) Average habitat quality index variation of Alternative 1 relative to the Baseline Scenario. (Right) Average habitat quality 
index variation of Alternative 2 relative to the Baseline Scenario. Note that patterns of difference in habitat quality associated with Alternative 3 are 
very similar to Alternative 1 (not shown).  
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7.9 SUMMARY OF KEY FINDINGS (ENVIRONMENTAL PIS) 

Based on the environmental PIs analysed, the following key points can be made, with respect to the effects from the 
submerged weir (Alternative 1), the major Chambly canal diversion (Alternative 2) and the submerged weir with minor 
diversion (Alternative 3): 

• Overall, simulations for the three flood mitigation alternatives suggest that the variations in water levels would 
create mostly positive impacts on the selected environmental PIs (Table 7.9.1). However, further data would be 
needed to exclude with certainty the possibility of a negative impact on Copper Redhorse spawning habitat in the 
Chambly rapids.  

Table 7.9.1. Summary of variations (percent) in Performance indicator values for the three evaluated flood mitigation alternatives [Alternative 1, 
submerged weir, Alternative 2, Chambly canal diversion, Alternative 3, submerged weir & minor diversion] in Lake Champlain, The Upper Richelieu 
River (Rouse’s Point to Saint-Jean-sur-Richelieu) and the Lower Richelieu (downstream of Saint-Jean-sur-Richelieu). Color shades highlight variations 
above 5 percent (green), between 2 and 5 percent (light green), between -2 percent and 2 percent (white), between -2 and -5 percent (light red), 
below -5 percent (red) and non-significant differences in the yearly average (two-sample t test with permutations, p > 0.05) between the alternatives 
and the Baseline (light grey). 

 

Wetland class area and composition 

• Wetlands are of great importance, as they provide numerous ecosystem services such as water filtration, 
prevention of erosion, preservation of biodiversity and critical feeding and reproduction habitat for wildlife. The 
presence and sustainability of wetlands is strongly dependent on particular hydrological conditions. Different types 
of wetlands hosting various plant communities with a range of tolerance to flooding tend to occur at particular 
elevations relative to water level. Wetlands tend to shift, migrate, expand or contract with variations in water level. 

• Overall, the flood mitigation alternatives would cause minor changes in wetland area and composition. 
Alternatives 1 and 3 would lead to a slight increase in wetland area and a slight decrease in submerged aquatic 
vegetation (SAV) in the Richelieu River caused by an increase in low water levels and a decrease of high water 
levels. In Lake Champlain, Alternatives 1 and 3 would be associated with a slight decrease in wetland area, while 
there would be no statistically significant change in SAV. Gentle topographic gradients along the banks of the 
Upper Richelieu generally allow wetlands to migrate landwards, while slopes along the lake shores tend to restrain 
migration.  

• Furthermore, a longer flooded period during the summer might lead to a minor change in wetland composition, as 
conditions might be slightly more favorable for emergent marshes and less favourable for meadow marshes and 
swamps.  
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• Alternative 2 would cause no significant change in wetland area, but a slight decrease of submerged aquatic 
vegetation in the Richelieu River and a slight increase in Lake Champlain (<2 percent). In Lake Champlain, a 
decrease of high water levels would create conditions that would favor slightly the expansion of swamps lakeward, 
at the expense of meadow marshes and emergent marshes. 
 

Key species 

• Muskrat is a key species of wetlands, serving as a food source for many predators and structuring vegetation 
composition and diversity. Winter water level variation can have a significant impact on muskrat survival, as it can 
lead to freeze outs, cutting out access to food sources, or cause lodges to flood and freeze. By raising water levels 
during the lodge establishment period and reducing water level variations in the winter, Alternatives 1 and 3 would 
increase muskrat lodge viability. Alternative 2 would have no impact since it would not affect water levels during 
that period of the year. 

• Waterfowl dabbling ducks are considered as key species in ecological processes in wetlands and surrounding 
habitats through predator-prey interactions and their transportation of nutrients. Because of their morphology 
and feeding tactics, dabbling ducks are limited to using shallow water habitats to feed. On average, Alternatives 1 
and 3 would globally provide more staging habitat area during the migration period, by reducing water levels in 
the spring in years of high water level and increasing water levels in years of low water levels. The benefits of 
Alternative 2 would be lower, since it has no effect on low level years. 

• Northern Pike is considered as an umbrella species representing multiple fish species spawning in the inundated 
floodplain in the spring. By reducing water levels in the spring in years of high water level and increasing water 
levels in years of low water levels, Alternatives1 and 3 would globally provide more spawning habitat area for 
Northern Pike. Since Alternative 2 only would reduce water levels during high level years, and have no impact when 
levels are low, the positive impact on Northern Pike would be lower. A decrease in spawning habitat area is 
predicted downstream of Saint-Jean-sur-Richelieu, but this area naturally contains few habitats due to a low 
availability of suitable vegetation and steep riverbanks. 

Endangered species 

• Spiny Softshell turtle is an endangered medium to large aquatic turtle with a leathery, pliant shell, found in Lake 
Champlain and some of its tributaries. An increase in water level during the nesting season can prevent access to 
nesting sites or drown eggs. Although the mitigation alternatives would tend to increase water levels during the 
nesting season, the average survival probability of Spiny Softshell turtle would not be statistically different from the 
baseline for all alternatives 

• Least Bittern is an endangered small heron adapted to live in dense marshes. Eggs and nestlings are vulnerable to 
water level fluctuations during nesting, as they can drown eggs and chicks or facilitate access to the nest to ground 
predators. All alternatives would tend to improve Least Bittern optimal nesting habitat area and nest viability. 
Simulated changes would be minimal and potential impacts on the species are considered to be minor for all 
proposed alternatives.  
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• Copper Redhorse is a large-scaled fish endemic to the province of Quebec. The Richelieu River has the only two 
known areas where reproduction has been confirmed for this fish. The species requires a specific range of substrate 
size, water depths and flow velocities to spawn and for the survival of the eggs and early larvae development. 
Modelling suggests there would be no statistically significant difference at the Saint-Ours site. However, at the 
Chambly rapids, modelling suggests an average reduction of spawning habitat area of about 1 percent for the 
three alternatives, caused by a decrease of water level of 3 cm to 6 cm during the reproduction period. However, 
due to a lack of high-resolution bathymetric data at critical locations, especially in the Chambly rapids, and the 
relatively sparse information on spawning habitat requirements, further work is needed to confidently evaluate the 
impact of the alternatives on Copper Redhorse spawning habitats.  

Bringing the water level regime closer to its natural state 

• The reduction of water levels at high flows and the increases at low flows caused by Alternatives 1 and 3 would 
bring the water level regime closer to its natural state, before multiple anthropogenic modifications were made to 
the Richelieu River channel (Figure 4.3.7 and Figure 4.3.8; Thériault et al., 2022). Restoring the natural state 
might be considered as an advantage from an ecological standpoint. Alternative 2 would not provide this 
advantage. 

Recommendations 

Globally, modelling results for the three evaluated flood mitigation alternatives suggest that impacts on environmental PIs 
associated with changes in water level regime would be minor. However, further investigation involving the acquisition of 
more detailed biological observations and bathymetric data would be required to properly assess the potential impacts on 
the endangered Copper Redhorse. Furthermore, an evaluation of the local impacts associated with the implementation of 
the mitigation alternatives, such as the local release of fine sediments and local habitat modification would be needed. 
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8 PERFORMANCE INDICATORS RELATING TO THE 
INTERESTS OF THE W8BANAKI AND MOHAWK 
NATIONS18 19 

8.1 INTRODUCTION 

W8banaki and Mohawk Nations have used and occupied 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. The Canada-United States border is exogenous to First Nations territories and the 
W8banakiak and Mohawk have maintained traditional activities throughout their land that cross the border. The shores of 
Lake Champlain host family and cultural activities, and certain ceremonies and places associated with the spirituality and 
history of these Nations.  

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. Thus, Study members met with members of Indigenous organizations in Canada 
and the United States to discuss land use activities that could potentially be impacted by flooding and flood mitigation 
alternatives. 

Following these discussions, the Ndakina Office of the Grand Conseil de la Nation Waban-Aki (GCNWA) and the Mohawk 
Council of Kahnawà:ke (MCK) began collaborating with the Study to develop a detailed description of the traditional and 
contemporary land use through consultations with members of their respective Nations. A geospatial database of features 
of interest was also produced. Subsequently, GCNWA experts contributed to the selection and development of PIs of 
interest. 

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

Traditional occupation of the land 

It is important to distinguish between the constitutionally protected food, ritual and social activities related to the 
subsistence of the Nation and the sport and recreational fishing, hunting and trapping activities of the non-native 
population. Traditional Indigenous activities also have cultural, emotional and spiritual values for the W8banaki Nation and 
are important to the overall well-being of individuals and communities. Moreover, community fisheries and hunts contribute 
to the food security of the members of the Nation, particularly the elders and the families in precarious socio-economic 
situations. Finally, the majority of these activities are linked to family and intergenerational gathering. They play an 
important role in the cultural transmission and the consolidation of intergenerational and socio-community ties. 

 
18 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. 
19 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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In this sense, the members of the Nation consulted expressed a 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. 
The results of the environmental PIs of interest to the W8banaki and Mohawk Nations are presented in Chapter 7 and are 
accompanied by interpretation from the perspective of the collaborating organizations. The list of these PIs is presented in 
Table 8.1.1. 

Table 8.1.1. List of environmental performance indicators (PIs) of interest to W8banaki and Mohawk Nations. The results of these performance 
indicators are presented in Chapter 7. 

 

In addition, there are three indicators of cultural significance (Table 8.1.2). The assessments of these indicators are 
presented in this chapter. 

Table 8.1.2. List of performance indicators (PIs) of particular importance to W8banaki and Mohawk Nations. The assessments of these performance 
indicators are described in this chapter. 

 

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 
alternatives. 
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Sweet grass (Hierochloë odorata) is a sacred resource for the W8banaki Nation. It is one of the two essential resources, along 
with black ash, for the practice of basketry, an ancestral traditional art that was the object of intense economic activity in the 
19th and 20th centuries (see section 8.3 on Black Ash). The W8banakiak have a close relationship with this species and 
hold much traditional knowledge about it. Sweet grass grows on the banks of streams and is very sensitive to changes in 
stream levels and water quality. The W8banakiak are finding that its presence has been significantly reduced on the 
Ndakina, primarily due to the use of herbicides for agricultural purposes and the effects of climate change and erosion. It is 
present in the study area. However, at the time of this assessment, the Ndakina Office had not been able to locate more 
areas of the study area where it could be found. In addition, since it is a grass, inventories are difficult to conduct. 
Furthermore, a literature review revealed that although Sweet grass has a competitive advantage in wetlands, its ecological 
niche related to soil moisture is quite broad and the species could also occur in drier terrain (Goldsmith and Murphy, 1980). 
A botanist consulted reported that the species can even occur on the top of roadside slopes or in sand dunes (Frederick 
Coursol, personal communication). In the absence of location data or information from the literature that would allow a 
direct link between water levels and habitat quality of Sweet grass, development of this indicator was excluded. 

For more details on the data, functions, calibration, and model validation associated with each PI, refer to the report 
Performance indicators Fact Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022).  

8.2 WILD RICE SURVIVAL BETWEEN THE GERMINATION AND FLOATING STAGES 

Description  

Wild rice (Zizania ssp.) is an aquatic annual grass, which reaches 100 to 300 cm in height (Dore, 1969; Archibold, 1995) 
and is one of the two cereals native to North America. It was a staple food for native 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 (USDA, 2004). Rice beds can be important nursery areas for fishes and amphibians. They 
can also maintain the water quality of wetlands by tying up nutrients, stabilizing soils, and forming a natural windbreak over 
shallow water areas (USDA, 2004). 

Water levels influence wild rice during each growth stage. The wild rice seeds begin germination between late April and 
early May at the ice-out, and the germination period lasts for one month. Ideal water depths for wild rice germination are 
usually between 0.50 and 1.20 m. Wild rice is most sensitive to water level variations during a floating stage of 5 weeks after 
the germination, and stable water levels are preferable during that period. For instance, water level increase can force the 
plants to be taller and produce less vigorous plants, or it can rip young plants with limited root development from the 
substrate. Conversely, water level decrease may bend and flatten wild rice plants.  

The model predicted the probability of wild rice survival (PRS) in Lake Champlain, based on water level variations between 
germination and floating stages. As germination may occur between late April and mid-May, its starting date is determined 
for each year based on the observed ice-out dates and air temperature data. PRS was estimated for each year of the 
reference period (1925-2017). Since there is no wild rice in the Richelieu River, this PI applies only in Lake Champlain. This 
one-dimensional (1D) model provides a yearly PRS measure for the entire lake, hence, it is not possible to assess the spatial 
distribution of PRS under different alternatives. 

For more detail on the model data, functions, calibration and validation, refer to the report Performance indicators Fact Sheets: 
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Lake Champlain and Richelieu River Study (Bachand et al, 2022).  

Results  

Baseline scenario (state of reference)  

Simulating the wild rice survival between the germination and floating stages for the reference period revealed the following:  

The model assumed that wild rice can tolerate water level variations of ± 50 cm without detrimental effects and cannot 
tolerate water level variation of ± 120 cm between the germination and floating stages. PRS showed important fluctuations 
from one year to another (Figure 8.2.1). Under the Baseline scenario, the average PRS was 0.67 (Table 8.2.1) and varied 
from 0.04 in 2011 to 1.00 in 2015 (Figure 8.2.1). With the extreme high water levels of 2011, the water level between the 
germination and floating stage decreased by 1.2 m and most likely caused the complete mortality of the species, as the 
model predicted a PRS close to 0 (0.04) for that specific year. In 2013, a year with substantial water level increase (76 cm) 
between the two critical stages, PRS value was 0.64, which is close to the average PRS value over the reference period 
(Table 8.2.1). 

Table 8.2.1. Summary of wild rice survival results in the Lake Champlain for the Baseline scenario and variations (percent) associated with the three 
alternatives over the reference period (1925-2017). Color shades highlight variations above 5 percent (green), between 2 and 5 percent (light green), 
between -2 percent and 2 percent (white), between -2 and -5 percent (light red) and below -5 percent (red). All differences in the yearly average 
between the alternatives and the baseline are statistically significant (two-sample t test with permutations, p < 0.05). 

 

Alternatives  

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:   

Alternatives 1 and 3 

Generally in Lake Champlain, germination starts between mid-April and mid-May and lasts one month. On average over 
the reference period, Alternatives 1 and 3 would reduce water level during germination stage by 6.7 and 8.5 cm, respectively 
(Figure 8.2.2) Those alternatives also would reduce water level variations during the floating stage which occur during the 
month following germination (Figure 8.2.3). Water level increases during the floating stage would be reduced on average 
by 1.0 cm for both alternatives and water level decreases would also be reduced on average by 2.0 and 3.0 cm for the two 
alternatives, respectively. 

For the complete reference period, the alternatives would increase PRS by 3.9 percent (0.026) and 5.2 percent (0.035), 
respectively (Table 8.2.1). The positive impacts of both alternatives would be much more important during years with 
substantial water level decrease between the germination and floating stage, such as 2011, where the alternatives would 
increase PRS by 77.7 percent (0.029) and 62.2 percent (0.023). For a year with important water level increase, such as 
2013, the alternatives would increase PRS by 7.8 percent (0.049) and 14.1 percent (0.089) by reducing water level increase 
by 3.0 and 6.0 cm, respectively (Figure 8.2.2).  
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Alternative 2  

Alternative 2 would reduce water level during the germination period of wild rice. It also would reduce, but to a lesser 
degree, the water level during the floating stage (Figure 8.2.3). On average over the reference period, Alternative 2 would 
reduce water level during germination stage by 5.0 cm, with yearly values ranging from 0.0 to 22.0 cm (Figure 8.2.2). 
Water level decreases between both stages would be reduced by 4.0 cm on average, with yearly values ranging from 0.0 to 
14.0 cm. It also would reduce water level increases by 2.0 cm on average, with yearly values ranging from -1.0 to 8.0 cm 
(Figure 8.2.2). Over the reference period, wild rice would face more stable water level conditions between the two critical life 
stages with Alternative 2 than under the Baseline scenario. 

On average over the reference period, Alternative 2 would increase PRS by 6.9 percent (0.047). For a year with high water 
level decrease, such as 2011, this alternative would increase PRS by 369 percent (0.136) with a reduction of water level 
decrease of 9.0 cm. For a high water level increase year, such as 2011, this alternative would have no effect (Table 8.2.1).  

Findings  

All alternatives would improve water level conditions for wild rice survival with important increases of PRS values, especially 
during years with high water level variations between mid-April and early July. While Alternative 2 would be more effective 
during years of important water level decrease, such as in 2011, it would have no effect during years of water level increase 
between the germination and floating stages. In contrast, Alternatives 1 and 3 would have positive impacts on PRS during 
years of both water level increases and water level decreases. On average over the reference period, all alternatives would 
increase PRS by similar values with 3.9 percent, 6.9 percent and 5.2 percent for Alternatives 1, 2 and 3, respectively.  

Biological interpretation  

Water level variations between germination and floating stages can limit wild rice abundance and productivity. However, 
wild rice can adjust to a limited water level increase through internodal elongation (Pip and Stepaniuk, 1988). Increasing 
water levels during this critical period can force plants to be taller but less vigorous, thus increasing the period of the floating 
stage and producing plants bearing fewer seeds (Stevenson and Lee, 1987; Wang et al., 2014). Water level increase may 
also increase wave-battering of the plants and an abrupt water level increase has the potential to rip young plants with 
undeveloped root systems from the substrate (Oelke et al., 1997; Pillsbury and McGuire, 2009). Conversely, it has been 
suggested that wild rice plants may collapse following a water level decrease during the floating stage. Under the various 
time series evaluated for this PI, the species would more often face water level decreases than increases between its 
germination and floating stages, as important water level increases occurred only in 2006 and 2013. 

This 1-Dimensional model is exclusively dependent on water level variations between the germination and the floating stages 
of wild rice. As such, low PRS are caused by large water level variations. Under the Baseline scenario, high water level during 
the spring flood period was generally associated with high water level during the wild rice germination stage. The decrease 
in water level that follows a flood can occur during the floating stage, which can cause the plants to collapse. Alternatives 1 
and 3 would reduce water levels during the germination period, usually around late April, improving PRS by reducing water 
level variations with the following floating stage. Alternatives 1 and 3 would increase water level during the germination 
period when the water level is very low and reduce the following water level increase, but this phenomenon was rarely 
observed in the time series simulated. It was more often the reduction of water level during the germination period that had 
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an impact on PRS values. That explains why a higher increase in PRS would be observed under Alternative 2, since this 
alternative would be more effective in reducing the high water levels.  

In summary, the three proposed alternatives would improve water level conditions for wild rice survival during the 
germination and floating stages and would not be detrimental to the presence and persistence of a healthy wild rice 
population in Lake Champlain. Water level variations occurring during this critical period for wild rice would generally be 
lower under all alternatives. Going forward with one of these alternatives should not have detrimental impact on wild rice 
populations; rather, an improvement can be expected.  

Considerations 

The model was peer-reviewed and was mainly inspired by a similar model in another IJC project on the Rainy Lake – 
Namakan Reservoir (Morin et al. 2016). Globally, the PI provides a confident estimation of how changes in water level 
conditions would affect wild rice survival in Lake Champlain. 

Overall, the water level variations induced by the suggested alternatives would cause minor changes to the wild rice survival 
between the germination and floating stages and should not cause any threat to the wild rice population. 

Figures  

Time series  

 

Figure 8.2.1. (Upper) Yearly probability of wild rice survival in Lake Champlain for the Baseline scenario and three simulated alternatives. (Lower) 
Difference for the three alternatives with the Baseline scenario. 
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Figure 8.2.2. (Upper) Water level during the germination stage. (Lower) Difference with the Baseline scenario. 

 

 

Figure 8.2.3. (Upper) Mean water level by quarter-month in Lake Champlain for the Baseline scenario and three simulated alternatives. (Lower) 
Water level difference by quarter-month for each alternative relative to the Baseline scenario. 
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8.3 BLACK ASH BASKET-GRADE HABITAT 

Description 

Black ash (Fraxinus nigra) is a hardwood tree that is often found in wetlands. It grows from 15 to 20 m in height and 30 to 50 
cm in diameter. It is of particular ecological, ethnobotanical and cultural importance, as indigenous peoples in Canada and 
the United States have used its flexible wood for centuries for the production of baskets, barrels, chair seats, snowshoe 
frames and canoe frames (Benedict, 2001; Benedict and Frelich, 2008).  

Black ash tolerance to flood is moderate to high, as 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). An 
important anatomical feature of basket-grade black ash is the thickness of its annual growth ring, which is directly linked to 
water level fluctuations. Seasonal flooding seems to yield trees with thicker rings, but very wet years can cause trees to 
suddenly stop growing 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. Thus, basket-grade black ashes are mainly found in 
swamps that are temporarily flooded. In addition, droughts during the summer are identified as a limiting factor for black 
ash (COSEWIC, 2018). 

This PI quantified the area of potential suitable habitat for basket-grade black ash, in terms of duration of flooding and 
minimum water depth during the growing season (from April to mid-September). In a given year, to be considered a suitable 
habitat for basket-grade black ash, an area must be:  

• Flooded during 1 to 3 consecutive weeks; 

• Located no more than 2 m above the minimum water level throughout the growing season. 

When both conditions were met, the habitat was considered suitable. When the habitat was suitable, two consecutive years 
of unfavorable conditions were necessary for the habitat status to become unsuitable. Conversely, when the habitat was 
unsuitable, the conditions had to be favorable for two consecutive years to become suitable again.  

This PI assessed black ash habitat based on the hydrologic conditions necessary for the wood to be usable for basketry. 
Unsuitable basket-grade habitat conditions lead to a low wood quality for a given year but do not infer a black ash 
population decline. Furthermore, suitable habitat herein refers solely to water level conditions. It does not take into account 
other important factors such as soil type, competitive species or invasive threats such as Emerald ash borer. However, the 
model was applied on natural areas where black ash can grow, such as wetlands and upland forest. The anthropogenic 
land use classes such as agricultural lands, residential and commercial usage and public infrastructure were considered 
unsuitable. 

The property status of the lands (public, private) where black ash suitable habitat was located were examined in order to 
provide additional insight on land accessibility to First Nations and the public. Also, to assess the potential changes in 
habitat suitability associated with the proposed alternatives, the average change in habitat suitability was examined not 
only across the study area, but also at particular locations where black ash is currently present, to evaluate impacts on 
current population. The available dataset shows a portion of the current black ash population that occupies an area of 51 ha 
in the Upper-Richelieu area (CIME Haut-Richelieu, 2020). 
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Yearly suitable basket-grade black ash habitat area, further referred to as habitat area, was calculated by summing nodes 
covering 100m² where habitat was suitable along the Richelieu River for each year of the reference period (1925-2017).  

For more detail on the model data, functions, calibration and validation, refer to the report Performance indicators Fact 
Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022).  

Results  

Baseline (state of reference)  

Simulating the yearly available habitat area for the reference period revealed the following: 

Suitable habitat conditions in the Richelieu River area are dynamic and vary greatly on a yearly basis (Figure 8.3.1, Figure 
8.3.2). The yearly average black ash suitable area in the Richelieu River was 72 ha, including 52 ha located in the upstream 
section and 20 ha in the downstream section (Table 8.3.1).  

In the Upper River area, habitat area varied from 0 ha in 2017 to 331 ha in 1925 (Figure 8.3.2). Suitable habitats were 
located in nearshore forested swamps that are partially flooded during the growing season (Figure 8.3.4). In the Lower 
River area, the habitat area varied from 0 ha in 2017 to 137 ha in 1925 (Figure 8.3.3). Average habitat suitability on the 
floodplain tended to be slightly higher in the Lower River area (Figure 8.3.4). In Baie Missisquoi, the yearly average suitable 
habitat area was estimated at 20 ha and the most suitable habitats were located in the higher elevations of the wetlands, 
such as in swamps, connected to the river. 

Both extreme high and extreme low water level conditions generally provide poor habitat conditions for basket-grade black 
ash. In low level years, such as 1965, hydrologic conditions were unsuitable for basket-grade black ash habitat (Figure 
8.3.1). During high level years, such as 2011, the suitable habitat area was mostly found in the downstream section, with 12.6 
ha, whereas the upstream section had almost no suitable habitat (0.1 ha).  

Along the river, most suitable habitat areas were located on private lands. A few public lands were located in the Upper 
River area within the floodplain. Those lands tended to present low suitability for black ash, with an average area of 0.4 ha 
of suitable habitat over the reference period, because these lands were generally flooded for an excessive period of time 
during the growing season. 
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Table 8.3.1. Black ash basket grade habitat area (hectares) for the Baseline scenario and variations (percent) associated with the three alternatives, 
for a year of extreme high water level (2011), a year of extreme low water level (1965), and for the yearly average of the reference period. Color 
shades highlight variations above 5 percent (green), between 2 and 5 percent (light green), between -2 percent and 2 percent (white), between -2 and 
-5 percent (light red) and below -5 percent (red) and non-significant differences in the yearly average (two-sample t test with permutations, p > 0.05) 
between the alternatives and the baseline (light grey). 

 

Alternatives  

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period revealed the 
following:  

Alternatives 1 and 3 

On average over the reference period, in the upstream section of the Richelieu River, Alternatives 1 and 3 would increase 
black ash habitat area by 14.3 percent (7.4 ha) and 17.2 percent (8.9 ha), respectively. In contrast, in the downstream 
section, the alternatives would have a very low impact on the habitat area (Table 8.3.1). In public lands of the study area, 
Alternatives 1 and 3 would increase the overall suitable habitat by 53.5 percent (0.2 ha) and 68.8 percent (0.27 ha) by 
reducing the length of the flooded period. Furthermore, in areas where black ash is observed (CIME Haut-Richelieu), the 
difference in average habitat suitability under Alternatives 1 and 3 relative to the baseline would be close to null, which 
means the habitat conditions where black ash were observed would remain unchanged.  

During extreme low level years, such as 1965, the habitat would not be suitable for basket-grade black ash and both 
alternatives would not improve habitat conditions, in both the Upper and Lower river sections (Table 8.3.1, Figure 8.3.2). 

During extreme high level years, such as 2011, Alternatives 1 and 3 would have no impact on the habitat area in the 
upstream section of the river, but would increase the habitat area by 33.1 percent (4.2 ha) and by 42.8 percent (5.4 ha) in 
the downstream section. However, according to available data, the species is not very abundant in this portion of the river. 

Alternative 2 

On average during the reference period, Alternative 2 would increase the habitat area by 12.7 percent (6.6 ha) in the 
upstream section and by 21.3 percent (4.4 ha) in the downstream section. When only considering public lands, Alternative 2 
would increase the suitable habitat by 23.6 percent (0.1 Ha). 

This alternative would not affect low water level years such as 1965 and therefore would not affect black ash habitat 
suitability in such years. During the extreme water level event of 2011, although Alternative 2 would attenuate the peak of the 
flood, water level reduction during the growing season would not be sufficient to have an impact in the Upper River area, 
and would have a slight negative impact on black ash suitable habitat in the Lower River area. 
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Areas with black ash observation data present no change in habitat suitability. 

Findings 

All three alternatives would improve the average hydrologic conditions that are favorable for basket-grade black ash. The 
increase in habitat area would mainly be associated with a reduction of the duration of the flooded period in the spring and 
an increase of the minimum water level during the growing season.  

The most favorable years for black ash were those with medium water level during the growing season (end of March to 
mid-September). In those years, the alternatives would tend to reduce water levels in the spring to mitigate flooding and 
consequently reduce the black ash flooding period. Years of high water level, such as 2011, present a low habitat area, 
because spring water levels are too high and areas are flooded for an excessive continuous period. During such high level 
years, the alternatives would not sufficiently reduce the flooded period to improve habitat suitability. Similarly, during low 
level years, such as 1988, 1995 and 1999, the increase in water level provided by Alternatives 1 and 3 would not be high 
enough to increase habitat area, while Alternative 2 would have no impact on low level years. 

Most of the black ash suitable habitat is located on private lands. The alternatives would have minimal impacts on the black 
ash that is located on the public domain, since most publicly owned lands are primarily located at low elevation along the 
shoreline, and thus flooded for an excessive period of time.  

All three alternatives would not impact habitat suitability in areas with available black ash observations. Therefore, increase 
in suitable habitat induced by the alternatives would occur outside such areas. 

Biological interpretation  

The impacts on the basket-grade black ash habitat would generally be positive for all three alternatives. Habitat area keeps 
fluctuating over time, but the occurrence of favorable years would increase, driven by a reduction of the duration of the 
flooded period in the spring and by an increase of low water levels. 

While increasing suitable habitat area of basket-grade black ash might be beneficial, it does not mean that the population 
will increase in a short period of time. Black ash take decades to grow and face competitive species sharing an overlapping 
ecological niche. Furthermore, habitat availability is not considered as the most critical limiting factor preventing black ash 
colonization (COSEWIC, 2018). The main threat to black ash population is posed by the Emerald Ash Borer, an invasive 
beetle species, which is predicted to expand further with the effect of climate change (COSEWIC, 2018). 

Considerations for indigenous communities 

Comments from the Ndakina Office of the W8banaki nation20 

The selection of this PI was prompted by data collected at the beginning of the LCRR study by the W8banaki and 
Kanien'kehà:ka Nations Land Use and Occupancy Study, produced jointly by the two Nations (GCNWA, 2022). Black ash 
is central to the identity and culture of the W8banaki and Kanien'kehà:ka (Mohawk) Nations.  

 

 
20 These considerations do not attempt to represent the plurality of views of the members of the W8banaki Nation or of all First Nations involved. 
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The W8banakiak have a spiritual connection to the Black Ash. According to the story of creation, they come from the ash 
tree. Black ash and sweet grass are also the two primary resources for basketry. Originally a customary and utilitarian 
practice, W8banakia ash basketry expanded dramatically during the 19th century, providing a livelihood for many families. 
Even today, basketry is practiced and passed on. This practice symbolizes the continuity and cultural resilience of the Nation 
and W8banakiak ash baskets are considered true works of art.  

The W8banaki Nation is increasingly sourcing black ash through agreements with private forest owners as the availability of 
public land is largely restricted. Modelling suggests that the majority of suitable black ash habitat for basketry is on private 
land. It is important to note that black ash is harvested in a manner that respects the health of the stand, based on a variety 
of knowledge that guides the selection criteria.  

Only a small amount of Black Ash is of sufficient quality to be used for basketry. Black ash is becoming increasingly scarce 
on the Ndakina and nearby communities in particular, due to agricultural development, urbanization, and historical 
logging. The species thrives in wetlands, including lowland wet forests, upland meadow forests, and wooded ponds 
(Benedict and Frelich 2008; Tardif & Bergeron 1997). It is therefore interesting to note that the proposed Alternatives 1 and 
3 would tend to increase the area of wetlands in the Richelieu River (see wetlands PI; Section 7.4).  

The proximity of the resource to the communities is a determining factor. In this sense, it would be interesting to know the 
impacts of the alternatives on the existing stands of Black Ash in the Lower Richelieu, which would consequently have more 
effects on the Nation, but the Study did not have data on existing stands in this portion of the study area. 

Faced with the increasing threats to the species, the W8banaki Nation has undertaken several studies and partnerships to 
promote its protection, putting the ancestral knowledge of its members at the forefront. These various complementary 
efforts make the W8banaki and Mohawk Nations leaders in the stewardship and protection of the species, ensuring that the 
scientific efforts invested are consistent with its cultural values and traditional knowledge. 

It should be noted that although the literature and Mohawk knowledge holders were consulted, and the criteria used in this 
model appear to be relevant, there is still considerable uncertainty about the ideal physical-mechanical properties for 
basketry. These are not yet well understood from a wood science perspective. A doctoral project is currently underway in 
partnership with the Centre de recherche sur les matériaux renouvelables of the Département des sciences du bois et de la 
forêt of Université Laval on this subject. 

Considerations 

The thresholds at the basis of the model were defined through consultations with black ash experts Michael Benedict and 
Allaire Diamond. Polygons of stands containing black ash (CIME Haut-Richelieu, 2020) were used to evaluate if the model 
predicted area where black ash is located. However, there was no information available on the location of black ash suitable 
for basket making.  

Overall, none of the proposed alternatives would threaten the basket-grade black ash suitable habitat.  
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Figures 

Time series 

Temporal distribution of the PI results (yearly values) 

Richelieu River 

 

Figure 8.3.1. (Upper) Yearly values of mean water level at Saint-Jean-sur-Richelieu during the black ash growing season (April to mid-September) for 
the Baseline scenario and three simulated alternatives. (Lower) Variations in mean water level (m) for each alternative relative to the Baseline 
scenario. 
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Figure 8.3.2. (Upper) Yearly values of basket grade black ash habitat area (ha) in the upstream section of the Richelieu River for the Baseline scenario 
and three simulated alternatives. (Lower) Variations in habitat area (ha) for each alternative relative to the Baseline scenario. 

 

 

Figure 8.3.3. (Upper) Yearly values of basket grade black ash habitat area (ha) in the downstream section of the Richelieu River for the Baseline 
scenario and three simulated alternatives. (Lower) Variations in habitat area (ha) for each alternative relative to the Baseline scenario. 
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Maps 

Richelieu River 

 

Figure 8.3.4. (Left) Relative frequency of suitable basket-grade black ash habitat (percentage of years of the reference period for which habitat is 
suitable) over the reference period for the Baseline scenario. (Center) Difference in relative frequency of suitable habitat of Alternative 1 relative to the 
Baseline scenario. (Right) Difference in relative frequency of suitable habitat of Alternative 2 relative to the Baseline scenario. Note that patterns of 
differences in habitat suitability associated with Alternative 3 are very similar to Alternative 1 and therefore not shown.  
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8.4 INDIGENOUS ARCHEOLOGICAL SITES VULNERABILITY 

Description 

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 populations that populated the 
entire American and Canadian Northeast from 12,000 years BP. These peoples 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 humans. In fact, it is in southern Quebec, northern Maine, Vermont, and New 
Hampshire that the oldest archeological sites demonstrating an occupation of the Northeast dating back to 12,000 years 
BP are found. 

Around the world, archeological heritage is threatened by degradation caused by natural hazards. In particular, flooding 
can increase archeological sites’ vulnerability by displacing, altering or destroying archeological contents. Sites located 
close to the banks or shoreline are the most at risk of being repeatedly flooded and eroded. Flooding can also lay bare 
archeological deposits. An archeological site thus exposed can disappear definitively within a few months. For particular 
sites, increased moisture in historical materials and structures can cause physical, chemical and biological degradation 
(Sesana et al. 2021). These risks are aggravated by climate change. Several international approaches have emerged in 
recent years, to protect archeological heritage sites from coastal erosion and climate change, especially in Europe and in 
America (CITiZAN (Sherman 2015), SCHARP (SCAPE, 2022)), ALeRt (Barreau et al., 2013), CARRA (Pollard- Belsheim et 
al., 2014)). These studies point to the importance of an interdisciplinary approach in recognizing the vulnerability of 
archeological sites and that the impact of erosion on archeological sites (Betts, 2019). 

As part of this study, 37 Indigenous archeological sites were investigated. The sites are located on the floodplain of 
Masesoliantegw (Richelieu) and the Canadian part of Pitawbagw (Champlain), especially Masipshwitegw (Missisquoi 
Bay). A total of 109 potential areas located in riparian and inland areas have also been identified (Bureau de Ndakina, 
2020). While these areas do not contain known archeological sites, their prime location suggests a high likelihood of past 
occupation. Areas of potential were identified by combining all the information contained in the written and oral 
archeological sources available that demonstrate ancient use and occupation by the W8banakiak. The information 
obtained from these various sources was then coupled with information on the settlement schemes related to the occupation 
and use of the territory by the W8banakiak. Then, geomorphological and geological data, watershed information, ancient 
maps of the region, forest and wildlife resource maps were used to delineate archeological areas of interest using a 
Geographic Information System. 

In this study, indigenous archeological site vulnerability (IASV) was defined as the vulnerability of Indigenous archeological 
sites based on exposure to flooding. This PI was calibrated based on an empirical relationship between flood exposure and 
the observed level of degradation of 37 documented archeological sites located in the Canadian portion of the LCRR 
floodplain. The level of degradation of each site was evaluated by Indigenous archeological experts through fieldwork. Each 
designated archeological site was documented and visited (Bureau de Ndakina, 2020). Then, soil descriptions, 
terminology, and artifacts were re-evaluated with current knowledge. Data relative to erosion were collected: current state 
of the site, type of soil, signs of erosion and percentage of degradation. Finally, an overall index of vulnerability was 
produced based on these data (Bureau du Ndakina 2020).  
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Flood hazard variables at each site were derived using the ISEE system. Among several variables, the yearly mean water 
depths (MWD) and yearly mean duration of inundation in weeks (T) over a historical period (1925-2017) were found to be 
the best-combined predictors of the site level of degradation (multiple regression, R2=0.8). Cross-validation was carried out 
using the same data sample, which resulted in a good model fit (R2=NASH=0.71). 

Using the equation calibrated with the 37 documented sites, IASV values ranging from 0 to 1 were computed for all 
designated archeological sites and 109 areas of potential located in the Canadian part of the study area.  

For more detail on the model data, functions, calibration and validation, refer to the report Performance indicators Fact 
Sheets: Lake Champlain and Richelieu River Study (Bachand et al, 2022).  

Results 

Baseline (state of reference)  

Simulating the Indigenous Archeological Sites Vulnerability (IASV) index for the reference period revealed the following:  

Designated archeological sites 

In the Richelieu River, IASV values ranged from 0.54 to 0.90 (Figure 8.4.1), with a mean value of 0.67. Sites showing higher 
vulnerability were mainly located in the Upper River, upstream from Saint-Jean-sur-Richelieu, close to Sabrevois, l’Île-aux-
Noix and Baie Missisquoi (Figure 8.4.1). Sites presenting lower vulnerability values were observed mainly in the Lower River 
area.  

The most vulnerable site is BgFg-8, a site close to the river, frequently flooded and located at the mouth of the Pike River in 
the Missisquoi Bay with an IASV value of 0.89. The surrounding region holds a great number of archeological sites and 
areas of archeological potential, many of which are highly vulnerable. Six sites are located on the shore of the Canadian side 
of Missisquoi Bay. These sites bear witness to the First Nations’ occupation of the region for millennia. They are locations 
where people gathered together while traveling to the St. Lawrence or Hudson rivers. Artifacts found show the importance 
of the natural resources in the surrounding ecosystem. Most sites are located near the mouth of the Pike River and Rivière du 
Sud. These rivers were important means of transportation towards key destinations such as Mont Pinacle and other sources 
of lithic material. 

Areas of archeological potential 

IASV values for potential sites varied from 0.54 to 0.80 (Figure 8.4.2-Left). Higher vulnerability values were observed in 
areas with high water depths in the Upper River area, close to Sabrevois, l’Île-aux-Noix and Baie Missisquoi. Lower IASV 
values were mainly observed in areas with lower water depths, in the downstream section and in Baie Missisquoi.  
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Table 8.4.1. Indigenous archeological site vulnerability index (sum of vulnerability scores of all sites) for designated sites for the Baseline scenario and 
variations (%) associated with the three alternatives. Light grey shade indicates non-significant differences in IASV between the alternatives and the 
baseline (two-sample t test with permutations, p > 0.05). 

 

Table 8.4.2. Indigenous Archeological site vulnerability index (IASV weighted area) of archeological potential for the Baseline scenario and 
variations (%) associated with the three alternatives.). Light grey shade indicates non-significant differences in IASV between the alternatives and the 
baseline (two-sample t test with permutations, p > 0.05). 

 

Alternatives  

Comparing the simulated impacts of each alternative to the Baseline scenario over the reference period reveals the 
following:   

Alternatives 1 and 3 

Designated sites: In the Richelieu River, by lowering the peak flow and increasing the average submersion duration for low 
elevation sites, Alternatives 1 and 3 would have minimal impact on IASV values of designated sites with changes of -0.14% 
and -0.20%, respectively (Table 8.4.1). These variations were not statistically significant. 

Areas of archeological potential: In the Richelieu River, Alternatives 1 and 3 would decrease the IASV values by 0.31% and 
0.36%, respectively (Table 8.4.2). Slight decreases were mostly observed in the upstream portion of Richelieu River, near 
l’Île-au-Noix, Sabrevois and Rivière-du-Sud (Figure 8.4.2). No variation, or in some areas a slight increase, was observed in 
the Lower River area. However, the difference in IASV between the Alternative 1 and the Alternative 3 are not statistically 
significant. 
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Alternative 2 

Alternative 2 would result in variation in average IASV values for both the designated (-0.07%) and potential archeological 
sites (-0.29%) that were not statistically significant (Table 8.4.1 and Table 8.4.2). Reduction of IASV values is associated 
with a decrease in yearly mean flood depth and flood duration. IASV decreases were mainly concentrated in the Upper 
River, near l’Île-au-Noix, Sabrevois and Rivière-du-Sud. A few small increases, but mainly no variations, were observed in the 
downstream portion of the river (Figure 8.4.1 ; Figure 8.4.2).  

Findings 

Analyses revealed a link between the level of degradation of designated archeological sites and exposure to flooding. 
However, due to the small changes in the water level regime associated with the flood mitigation alternatives, the average 
changes in IASV are not statistically significant. 

Archeological vulnerability was mostly noticeable in the Upper River area, near l’Île-au-Noix, Sabrevois and Rivière-du-Sud, 
and mainly under high risk condition of flooding. The IASV index identifies the most vulnerable archeological sites to flood 
hazard. Thus, it provides useful information to preservation efforts of designated sites and areas of potential that could face 
flood hazard. 

While results indicated very minor variations to IASV under both Alternatives 1 and 3, the current vulnerability of sites and 
areas of potential was considered relatively high by archeological experts (Bureau de Ndakina, 2020). Therefore, the 
synthesis of IASV provided the opportunity to identify the most vulnerable archeological sites and may provide critical 
information informing actions to ensure monitoring and protection of these sites in the long-term in order to increase their 
resilience to flood hazard. 
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Maps 

 

Figure 8.4.1. (Left) Indigenous Archeological Sites Vulnerability (IASV) values for each grid node of archeological sites for the Baseline scenario. 
(Center) IASV difference between Alternative 1 and the Baseline scenario. (Right) IASV difference between Alternative 2 and Baseline scenario.   
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Figure 8.4.2. (Left) Indigenous Archeological Sites Vulnerability (IASV) values for each grid node of potential sites for the Baseline scenario. (Center) 
IASV difference between Alternative 1 and the Baseline scenario. (Right) IASV difference between Alternative 2 and Baseline scenario. 
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8.5 SUMMARY OF KEY FINDINGS (INDICATORS OF PARTICULAR INTEREST  
FOR W8BANAKI AND MOHAWK NATIONS)  

Based on the PI analysis, the following key points can be made, with respect to the effects of the submerged weir (Alternative 
1), the Chambly Canal diversion (Alternative 2) and the submerged weir with minor diversion (Alternative 3): 

• All three alternatives would increase wild rice survival in Lake Champlain, by reducing water levels during the 
germination period, and reducing the amplitude of water level decreases between the germination and floating 
stages. 

• All three alternatives would increase basket-grade Black ash habitat in the Canadian portion of the study area, by 
reducing the length of the flooded period. However, even if increasing habitat area might be beneficial for the 
species, it does not mean that the population will increase in a short period of time, since the habitat availability is 
not considered as the most critical limiting factor preventing black ash colonization. 

• The effect of all three alternatives on the vulnerability of excavated and potential archeological sites along the 
Richelieu River would not be statistically significant.  

Globally, the suggested alternatives would have minor effects on the PIs that are of particular interest to local indigenous 
communities.  

Table 8.5.1. Summary of variations (percent) in performance indicator values for the three evaluated flood mitigation alternatives. Measure 1, 
submerged weir, Measure 2, Chambly canal diversion, Measure 3, submerged weir & minor diversion in Lake Champlain, the Upper Richelieu River 
(Rouses Point to Saint-Jean-sur-Richelieu) and the Lower Richelieu (downstream of Saint-Jean-sur-Richelieu). Color shades highlight variations 
above 5 percent (green), between 2 and 5 percent (light green), between -2 percent and 2 percent (white), between -2 and -5 percent (light red), 
below -5 percent (red) and non-significant differences in the yearly average (two-sample t test with permutations, p > 0.05) between the alternatives 
and the Baseline (light grey). 

 

For the W8banakiak21, access to the Pitawbagok (Lake Champlain) and Masesoliantegw (Richelieu River) riverbanks is 
essential to the exercise of Indigenous rights. However, the study area appears to have reached a certain threshold in terms 
of land access and experience. Data from the Ndakina Office indicate that Masesoliantegw is being used less and less by 
the Nation members due to its extreme privatization and difficulty of access. The appropriation and privatization of the river 
and its banks by individuals, industries or businesses is a recurring and important issue for the Nation. The overabundance 
of recreational boating has a significant impact on the experience on the land and the tranquility of the area. 
 
 
 
 
 

 
21 Bureau du Ndakina does not claim to represent the plurality of views of the members of the W8banaki Nation nor of all the Indigenous communities concerned. 
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In this context, according to the Ndakina Office, slight impacts incurred by the studied mitigation alternatives would add 
additional pressure on the Nation, since they are part of a cumulative context where the development and exploitation of the 
Ndakina as a whole have already greatly diminished the members’ access to natural territories of quality for the practice of 
their traditional activities. 

The valued components of the environment22 the PIs in the context of this study - are part of the conditions that underpin the 
exercise of Indigenous rights . These conditions must therefore be broadly promoted by the selected flood mitigation 
alternatives in order to support the exercise of the Nations’ Indigenous rights for current and future generations. The 
evaluated mitigation alternatives appear to be broadly supportive of these conditions (especially Alternatives 1 and 3). This 
does not mean, however, that the study relieves the Crown of its constitutional duty to properly consult and accommodate 
First Nations when considering decisions that will affect their rights. The Ndakina Office understands that the IJC is not a 
substitute for the Crown in this process, which remains subject to its duty to consult with First Nations on any project 
affecting their territory. In this regard, a similar comment was made by the Mohawk Council of Kahnawà :ke in the land use 
and occupancy study report produced for the IJC (GCNWA 2022). 

 

 
22 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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9 LOW WATER LEVELS 

9.1 EFFECTS ON LOW WATER LEVELS 

While the primary objective of flood mitigation alternatives is to attenuate peak water levels, the measures have the 
potential to modify water levels during periods of low flow (Figure 9.1.1). Excavating the riverbed at the control section has 
the potential of decreasing upstream water level at low flows. In order to prevent this effect, Alternatives 1 and 3 included a 
submerged weir that would maintain higher water levels during low flow periods, upstream from the structure, in the Upper 
Richelieu River and Lake Champlain. 

On average over the reference period, Alternatives 1 and 3 would increase the yearly minimum water level of Lake 
Champlain by 17 cm (Figure 9.1.1). Alternatives 1 and 3 would have the effect of reducing the variability of minimum water 
level between years, as the lower the water level, the higher the increase in water level. Increases of the Lake Champlain 
minimum water level induced by Alternatives 1 and 3 would exceed 20 cm in 38 years of the reference period (40 percent of 
years) and can reach up to 29 cm. Under these alternatives, only 16 years of the reference period would reach levels below 
28.52 m 23 and none would have levels below 28.37 m 24, while those thresholds are reached one 65 and 33 occasions, 
respectively, under the Baseline scenario.  

By decreasing high water levels and increasing low water levels, Alternatives 1 and 3 would compress the shape of the yearly 
average hydrogram (Figure 9.1.2). In an average year, Alternatives 1 and 3 would decrease peak levels of Lake Champlain 
by up to 7 cm from mid-April until mid-June (QM 14 to 22) and raise minimum water levels until the next spring, with the 
maximum average increase occurring in the fall (>14cm). Furthermore, with these changes, Alternatives 1 and 3 would bring 
the hydrologic regime closer to the natural state of the system, before European colonization (pristine state; Figure 4.2.7 
and Figure 4.2.8). 

In contrast, Alternative 2 would only be activated during floods. Therefore, it would have no effect during periods of low 
flows. 

Potential benefits of increased low water levels 

This study quantified environmental benefits and drawbacks over the range of water level conditions, including low flows, 
but did not develop PIs specifically related to low flow periods. However, assumptions can be inferred from a general 
understanding of natural processes and from knowledge gained from stakeholders in the basin and previous studies. 

 
 
 
 
 
 

 
23 USGS Lake Champlain level of 94 ft in the NGVD29 vertical datum. 
24 USGS Lake Champlain level of 93.5 ft in the NGVD29 vertical datum. 
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For instance, low water levels during the boating season in the lake and the river are generally considered detrimental. Low 
levels make it more difficult to launch powerboats, increase the difficulty of navigating shallow passages and increase risks 
of damages. Sailboats require even higher depths because of the design of the keel. Sailboats owned by both Canadians 
and Americans frequently occupy the northern part of Lake Champlain, and shallower water makes it more difficult to 
navigate or dock the boats. Surveyed marina owners have reported they have spent considerable sums on dredging and lift 
mechanisms (LCRR TWGs, 2021). Surveyed stakeholders reported that increasing Lake Champlain minimum water levels 
by 30 cm would be beneficial to recreational boating (LCRR TWGs, 2021). 

In addition, increased low water levels during the summer are generally considered beneficial for water quality. Potential 
benefits include helping to mitigate water warming during the summer and reducing the impacts of harmful algal blooms. 
The strong blooms of 2012 in Baie Missisquoi were accompanied by low water levels, which may have increased hydraulic 
residence time and warmed surface temperatures, generally increasing nutrient concentrations and the related 
cyanobacteria blooms (LCRR TWGs, 2021). However, nutrient concentrations can also be affected by other factors, such as 
the timing of spring runoff, farming practices, and the impact of air temperature and cloud cover on water temperatures. 
Therefore, there is more work needed to determine how the suggested alternatives may reduce harmful algal blooms. 

 

Figure 9.1.1. (Upper) Yearly minimum water levels in Lake Champlain for the Baseline scenario and the three simulated alternatives. (Lower). 
Variation (m) in water level for each alternative relative to the Baseline scenario. 
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Figure 9.1.2. Inter-annual average by quarter of month of Lake Champlain water levels (m), under the Baseline scenario, the three alternatives and a 
natural state of the system (i.e. without anthropogenic alterations to the channel). 
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10 CONCLUSION 

The International Lake Champlain Richelieu River Study explored a range of structural solutions to mitigate flooding and 
selected three alternatives for an in-depth evaluation. Quantifying the benefits and drawbacks associated with flood 
mitigation alternatives represents a key building block supporting the Study Board regarding the selection of structural 
solutions. 

The three structural alternatives are the following: 

• Alternative 1: Selective Excavation of the Saint-Jean-sur-Richelieu Shoal with Submerged Weir. Excavation 
would allow attenuation of peak flows by increasing the flow capacity at the shoal, while the submerged weir 
would increase water level upstream of the weir in periods of droughts. 

• 2: Major Flow Diversion through the Chambly Canal. Activated only in the spring in flood years, it would 
attenuate peak flows by increasing the flow capacity at the shoal and would have no effect on years of average or 
low flows.  

• 3: Selective Excavation on the Saint-Jean-sur-Richelieu Shoal with Submerged Weir and minor diversion 
through the Chambly Canal. This is similar to Alternative 1, with the difference of providing an additional 
reduction of water level in years of high flow. 

The social PIs provided an assessment of social and territorial sensitivity to flooding in the LCRR basin using the SSI and TSI 
approaches, based on the social and territorial context of Canada and the United States. The results of social performance 
indicators emphasized that all the alternatives would decrease the social and territorial sensitivity for the Canadian study 
area, as the SSI and TSI scores were decreased respectively by 52 and 6.2 percent with Alternative 2, 40 and 6.8 percent 
with Alternative 3, 37 and 6.7 percent with Alternative 1 over the reference period. In the United States, all Alternatives 
would also decrease the SSI and TSI respectively, by 39 and 4.4 percent with Alternative 1, 63 and 4.3 percent with 
Alternative 2 and 46 and 6.0 percent with Alternative 3. 

On the economic level, the modelling results suggested that all three flood mitigation alternatives would prevent economic 
losses, as damages would be decreased by CDN$347M (53 percent) with Alternative 2, CDN$273M (41 percent) with 
Alternative 3 and CDN$241M (36 percent) with Alternative 1 over the reference period (1925-2017). Most of the damage is 
concentrated on the Canadian portion of the basin (95 percent, CDN$629M) and flood mitigation would be the most 
effective in the area upstream of Saint-Jean-sur-Richelieu. Alternatives would also reduce damage on the United States side, 
but flood vulnerability is lower, as flood events causing important damage are not frequent, 2011 being the only year with 
residential damages exceeding US$1M. Despite being the most effective at decreasing overall damage, Alternative 2 would 
generate temporary increases in water level downstream of Saint-Jean-sur-Richelieu following the opening of the canal 
gates, leading to an increase in damage of 11 percent (CDN$11M) in the section over the reference period. 
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Environmental PI analyses suggested that the modifications to the water level regime associated with the mitigation 
alternatives would create mostly minor positive impacts on the selected components of the ecosystem that were simulated. 
For instance, by decreasing water level in the spring in years of high water level, the alternatives would provide more suitable 
depths for Northern Pike spawning and waterfowl staging habitat during spring migration. Changes would also be 
beneficial to Least Bittern (endangered heron) optimal nesting habitat and muskrat lodge suitability in the winter. 
Furthermore, models do not predict important long-term change in average riverine and lacustrine wetland area. However, 
Alternatives 1 and 3 might cause a slight shift in wetland class distribution in the Upper Richelieu River, with a decrease in 
submerged aquatic vegetation and an increase of marsh and swamp areas. Regarding the effect of the alternatives on the 
spawning and early larvae development habitat of the Copper Redhorse, an endemic and endangered fish species, it is not 
possible to conclude on the impact of the alternatives, due to a lack of high-resolution bathymetric data at critical locations, 
especially in the Chambly rapids.  

It is important to note that the impacts on all key ecosystem characters or species assemblages could not be evaluated with 
the adopted methodology, Thus, while such analysis provides informative insights on the potential environmental impacts of 
the alternatives, a comprehensive environmental impacts evaluation would still be advisable before the implementation of 
the selected flood mitigation alternative.   

All three alternatives would have comparable effects on PIs addressing Indigenous concerns, as they would be beneficial for 
wild rice survival during early life stages and Black ash habitat and would have no statistically significant (p-value > 0.05) 
effect on the archeological site vulnerability on the Canadian side. 

At low flows, from July to the following spring, Alternatives 1 and 3 would provide an increase in water levels, while 
Alternative 2 would have no effect on low water levels. The increase can reach up to 29 cm in years experiencing particularly 
severe low water levels. Increased low flows are generally beneficial for recreational boating, as shallow water can restrict 
access to boats and cause expenses to marina owners via lifts and dredging. Higher low water levels can also help maintain 
water quality and prevent algal blooms.  

Based solely on the integrated modelling efforts, Alternatives 1 and 3 would provide the most benefits while avoiding major 
drawbacks. Alternative 2 would be the most effective at preventing overall damage, but Alternatives 1 and 3 would still be 
considerably effective upstream of Saint-Jean-sur-Richelieu and in the United-States, while avoiding generation of damage 
downstream. With the minor flow diversion, Alternative 3 would be superior to Alternative 1 at preventing damage during 
major floods such as 2011. However, the LCRR benefit-cost analysis carried out by incorporating economic PIs, mitigation 
costs and a probabilistic approach revealed that Alternative 1 would be the most economically viable, with the highest 
benefit-cost ratio (Bouchard-St-Amant and Dumais, 2022).  

While all three alternatives would generate mostly minor positive impacts on the selected natural environment components, 
Alternatives 1 and 3 have the additional advantage of bringing the water level regime closer to its natural state, before 
anthropogenic changes were made to the river channel. Finally, Alternatives 1 and 3 also provide benefits during episodes of 
low flow, which is not the case for Alternative 2.  
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This report quantified the benefits and drawbacks associated with three structural flood mitigation alternatives on selected 
components of the society, the economy, and the environment and Indigenous interests. The adopted approach relies on 
PIs, developed through an integrated modeling effort involving more than 40 experts from Canada and the United States. 
While, this report mainly focuses on describing the results of the selected PIs, providing only key background information, a 
full description of the different components of the modelling approach can be found in the complementary reports listed in 
section 1.4.   

For a complete evaluation of mitigation alternatives using a set of decision criteria supporting the Study Board 
recommendations, see Moin et al., 2022. 
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