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 Wetland ecosystem services (ES) are degrading all over the world  17 
 Spatially explicit quantification of  ES remains under-explored  18 
 We provide a systematic and reproducible approach to map wetland ES 19 
 The spatiotemporal analysis of wetland ES can be used to guide conservation priorities 20 

 21 
Abstract 22 
Wetlands are affected by climate and anthropogenic changes, which influence the ecosystem 23 
services (ES) they provide. This study presents a spatially explicit quantification of wetland ESs. 24 
The study site is the Yamaska river watershed located in Quebec, Canada. The proposed approach 25 
includes four main steps: (1) statistical selection of function indicators (FI) to build a composite 26 
ecosystem service indicator (ESI); (2) temporal land use mapping for past (1984), recent (2011) 27 
and future scenarios (2050); (3) mapping and quantification of FIs and ESIs at all temporal and 28 
spatial scales; and (4) synthesis of multispatial and multitemporal information using a diagram 29 
representation. 30 
Results present the spatiotemporal evolution of the maintaining habitat ES provided by wetlands 31 
in the studied watershed. The historical characterization shows a general degradation of this 32 
service on the entire territory for the last 30 years. Multi-scale analyses can target priority sectors 33 
in which this service has deteriorated or is lacking. Future scenarios show the urgency to act in 34 
order to preserve currently intact areas because even the optimistic scenario indicates that the 35 
studied ES would not return to its 1984 state. Finally, the synthesis analysis provides a decision 36 
support tool adapted to territory managers. Thus, this study shows that the proposed multi-scale 37 
method is reproducible, robust and that it provides simple procedures to assess ES over time and 38 
space.  39 
 40 
Keywords: Wetland, Ecosystem service, Function indicator, Temporal scale, Spatial scale, 41 
Sensitivity analysis  42 
 43 
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FI: Function indicator(s) 47 
ES: Ecosystem service(s) 48 
SW: Sub-watershed(s) 49 
MW: Micro-matershed(s) 50 
SLL: St. Lawrence Lowlands 51 
SA: Sensitivity analysis 52 
SD: Sustainable development 53 
 54 
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1. Introduction 55 
All terrestrial and aquatic ecosystems provide ecosystem services (ES) that benefit society 56 
(Mitsch and Gosselink, 2000), such as maintaining habitats for species (Czúcz et al., 2018; FAO, 57 
2018). Despite the difficulty of objectively assessing and locating the ecosystem elements that 58 
produce these ES, it is essential to develop tools to quantify them (De Groot et al., 2010; Kelly et 59 
al., 2011; Bagstad et al., 2013). These tools will help better identify which services are present 60 
and plan land development accordingly based on the identified characteristics. Urbanization, 61 
agricultural expansion, and forest harvesting, combined with the lack of knowledge about ESs 62 
often lead to the loss or reduction of natural environments (Mitsch et al., 2000). The degradation 63 
of these environments therefore affects the ecological functions they provide, mainly resulting in 64 
the destruction of habitats and a reduction of biodiversity (Wang et al., 2008). Considering the 65 
conservation or restoration of ecosystems in land management is therefore an important solution 66 
to ensure that they continue providing essential ESs (Millennium Ecosystem Assessment, 2005; 67 
Haines-Young et al., 2006). 68 
 69 
Wetlands are transitional areas between terrestrial and aquatic environments. The water table is 70 
below, above or equal to the land surface, long enough to have aquatic processes, semi-aquatic 71 
vegetation, and biological activity adapted to the wet environment. The fauna and flora are 72 
adapted to these permanently or temporarily flooded environments (NWWG, 1997; Brinson and 73 
Malvárez, 2002; Wang et al. 2008). The global wetland area is estimated at 570 million hectares, 74 
which represents 6% of the land surface (Ramsar, 2011). As a result, they provide important ESs, 75 
despite being among the most neglected ecosystems by human activities (Nielsen et al., 2012). 76 
 77 
ESs provided by wetlands are beneficial to all human and animal communities. These 78 
communities are dependent on several services that can be grouped into three categories: 79 
regulating and supporting services, provisioning services, and cultural services (Kremen, 2005; 80 
Dodds et al., 2008; Niemelä et al., 2008). There are many ESs comprised in these categories, 81 
including maintaining habitats, gas regulation, disturbance regulation, water supply, soil erosion 82 
control, recreational activities, nutrient cycling, etc. (Dodds et al., 2008; Wang et al., 2008). 83 
Wetlands are considered to be unique habitats because they support an important food chain and 84 
are known to be biodiversity hotspots (Wang et al., 2008). Wetlands are also known as the 85 
“kidneys” of the Earth for their ability to accumulate water and sequester pollutants and other 86 
elements (Wang et al., 2008), which are several important ecological functions. While ESs 87 
provided by wetlands strictly refer to the benefits they provide to society, ecological functions 88 
relate only to processes and interactions between wetland features and structures (Turner et al., 89 
2000; De Groot et al., 2010; Ramsar, 2011). Ecological functions therefore represent the ability of 90 
ecosystem processes and components to provide ESs and should be considered first when 91 
assessing the status and effectiveness of wetlands (De Groot et al., 2007). 92 
 93 
The analysis of wetland ESs is usually done considering their dynamic role in watersheds, but this 94 
requires the use of adapted spatial units since natural and human stresses occur at different spatial 95 
and temporal scales. Nonetheless, despite the growing recognition for conservation, the loss of 96 
wetlands is accentuated by human activity (Turner et al., 2000; Ramsar, 2011). More than half of 97 
the existing wetlands were lost during the 20th century in regions experiencing strong anthropic 98 
pressures. The main causes are population growth, economic development and more directly, 99 
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infrastructure development, land conversion, water use and over-exploitation of resources 100 
(Millennium Ecosystem Assessment, 2005). 101 
 102 
Several actions are possible to counter the harmful effects caused by the loss of wetlands. It is 103 
essential to first assess the level of disturbance and the degree of destruction of the wetlands to 104 
draw a realistic portrait of the situation. Secondly, it is important to quantify wetland ESs to 105 
concentrate the interventions in areas where their numbers have been significantly reduced. 106 
However, the development of a decision-support and spatial-support system for land use planning 107 
related to the evaluation of landscape functions is not frequent (Meyer and Grabaum, 2008). Yet, 108 
land use strategies based on short- and long-term needs increase the resilience of territorial 109 
management (Foley et al., 2005) when the three components of sustainable development (SD) are 110 
taken into account: ecological, socio-cultural, and economic (Moctezuma-Malagón et al., 2008; 111 
Turner et al., 2000). Moreover, de Groot et al. (2010) state that only a multi-scale approach can 112 
adequately model ESs. The multi-temporal aspect also needs to be considered to help decision-113 
making (Rebelo, 2009). Despite their importance, spatiotemporal ES analysis tools are not 114 
available due to their complexity, or the lack of data.  115 
 116 
Among the tools developed to assist territorial management related to natural habitats, the one 117 
proposed by Wardrop et al. (2007) is particularly interesting since it addresses several ESs. 118 
However, it does not use a spatial approach in its evaluation, which represents an important 119 
aspect for territorial management (Hanson, 2009). In addition, the functional capacity index used 120 
only evaluates ESs based on a few limited aspects, since socio-cultural and economic aspects are 121 
not considered. This kind of integrated index can, however, be quantitatively analyzed and 122 
presented in a diagram illustrating the state of an ES (Foley et al., 2005). Pinzger et al. (2005) are 123 
among the first to use this visual representation by integrating metrics into a Kiviat diagram. This 124 
kind of radar diagram can show the functional and temporal variations of an entity and facilitates 125 
the identification of relationships between critical trends (Théau et al., 2015). It also allows the 126 
representation of complex metrics to facilitate interpretation and relationship studies. However, 127 
the standardization of values is essential to establish thresholds, facilitate comparisons, and 128 
prevent an oversized diagram. The axes are connected to one another to form a polygon whose 129 
boundaries can fluctuate. The use of the Kiviat diagram to analyze scenarios can also contain a 130 
sustainability limit that delimits a trade-off evaluation space for possible developments in the 131 
territory (Paracchini et al., 2011; Théau et al., 2015). The purpose of this representation is to find 132 
politically acceptable options for sustainability, that is, to determine the space within where trade-133 
offs between different indicators can be assessed. 134 
 135 
Currently, the territorial management of wetlands in inhabited areas is dependent on ESs that are 136 
useful to the local population, which often results in economic but not sustainable valuations 137 
(Boyer and Polasky, 2004). Therefore, an important challenge for land management operations 138 
concerns the identification and sustainable assessment of wetlands and their ESs (Müller and 139 
Burkhard, 2012). The objective of this study is to develop a spatial analysis tool to quantify ESs 140 
to support decision making regarding the management of wetlands at a watershed scale. The tool 141 
aims at being adapted to the practice of the managers of the territory by emphasizing the notion of 142 
durability. The specific objectives involve: (1) identifying and designing spatial indicators 143 
representative of the functions (FI) of the ESs studied; (2) developing an approach that allows two 144 
spatial scales, one for strategic planning and the other for local interventions; (3) mapping past, 145 
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recent, and future wetland ES states in a complete watershed, and (4) ensuring that the approach 146 
is applicable to other watersheds in the same area, as well as to other ESs. 147 
 148 
Three ESs were analyzed in this study: maintaining habitats, flood mitigation, and water 149 
purification. These three ESs are among the most studied in the literature since they correspond to 150 
the dominant ES provided by wetlands (Cedfeldt et al., 2000; Mitra et al., 2005). They also have 151 
relatively simple geospatial features to measure their functional effectiveness. However, for 152 
reasons of space constraints in this manuscript, only the maintaining habitat ES is presented. This 153 
ES is directly related with wildlife habitat support, which is one of the most fundamental elements 154 
in ecology (Brinson, 1993; Wang, 2008). 155 
 156 
2. Study area 157 
The St. Lawrence Lowlands (SLL) are mainly composed of sedimentary rocks. It is steep-sided 158 
by the southern Laurentians and the Appalachian Mountains, and covers more than 29 000 km2. 159 
The topography is relatively flat, hills are rare, and the climate is moderate and humid, 160 
representing the mildest climatic conditions in Quebec, Canada (Li and Ducruc, 1999). The SLL 161 
encompasses the vast majority of urban and agricultural areas in the province of Quebec (Jobin et 162 
al., 2004; Kirby and Beaulieu, 2006). Incidentally, for the last 40 years, watersheds have 163 
reportedly lost more than 45% of their wetlands and 65% of the remaining environments have 164 
been disturbed by human activities, which profoundly affected the ESs they provide (Joly et al., 165 
2008). 166 
 167 
The study site is the watershed of the Yamaska River. It is considered as one of the most 168 
representative of the SLL. This watershed has a representative and diversified number of wetlands 169 
as well as heterogeneity of human and natural pressures (Fournier et al., 2013). It covers 170 
4 784 km2 and 60% of its territory is included in the SLL (Fig. 1). The rest of the watershed’s 171 
territory is located in the Appalachian Mountains, where the terrain is steeper, which represents 172 
an important constraint for agricultural development. Consequently, the majority of the 4% of 173 
wetlands included in the watershed is located in this region. Diverse wetlands are present, but 174 
swamps dominate in number and area (47% and 40%, respectively). Land use is dominated by 175 
two classes: forests (34.6%) and agricultural areas (43.3%). The watershed is drained by three 176 
main tributaries: Noire, Yamaska North and Yamaska Southeast rivers, which cross medium-177 
sized towns, including Granby and Saint-Hyacinthe. Anthropic environments (cities, villages, 178 
roads) make up 7.3% of the territory (Varin, 2013). 179 
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 180 
Fig. 1. Study site – Yamaska river watershed. 181 
 182 
3. Geospatial data  183 
Table 1 shows the geospatial data used in this study. Multiple sources were used and the 184 
minimum map units vary according to each. Different methods were used to produce recent 185 
(2011) and historical (1984) data, including the object-oriented approach (Grenier et al., 2007; 186 
Fournier et al., 2013) and photo-interpretation (Kirby and Beaulieu, 2006). These maps were 187 
subsequently used to simulate future land use maps (2050), using trends observed between 1984 188 
and 2011.  189 
 190 
Table 1. Geospatial data used in this study. 191 

Geospatial 
data 

Year 
Mapping 
technique 

Minimum 
mapping unit 

(ha) 
Data producers 

Wetlands 
1984 Object-based 1.0 Effigis Geosolutions 
2011 Visual 

interpretation 
0.3 Canards Illimités Canada 

and MDDELCC* 
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2050 Markov chain – 
IDRISI Taiga 

1.0 Université de Sherbrooke 

Land use 

1984 Object-based 1.0 Université de Sherbrooke 
2011 Object-based 1.0 Université de Sherbrooke 
2050 Markov chain – 

IDRISI Taiga 
1.0 Université de Sherbrooke 

* MDDELCC: Provincial Ministry in charge of the environment - Ministère du Développement 192 
Durable, de l’Environnement et de la Lutte contre les Changements Climatiques. 193 
 194 
4. Methods 195 
The ES mapping method is based on the characterization of wetland functions using function 196 
indicators (FI) that are spatially defined. The quantification of ESs is therefore performed using 197 
weighted and standardized FI summations to provide an ecosystem service indicator (ESI) (Alam 198 
et al., 2016). Fig. 2 presents the general methodological diagram, which includes the four main 199 
steps. The first step is to select the FIs that are parts of the ESI using a statistical analysis. In this 200 
study, the maintaining habitat support service was used to illustrate the approach. The second step 201 
involves the production of multitemporal land use maps, including 2050 land use scenarios. The 202 
third step is the mapping of FIs to calculate the ESI for the targeted wetland ES (i.e. maintaining 203 
habitat support service) in the selected watershed, at two spatial scales. FI maps were produced 204 
for the recent state (2011), the historical state (1984), and for two future scenarios (2050). The 205 
final step is a synthesis of the spatial analyses to produce a simplified representation according to 206 
functional criteria of sustainability adapted to wetland managers. 207 
  208 
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 209 
Fig. 2. General methodology of the proposed approach. 210 
 211 
4.1. Selection of function indicators for ecosystem service evaluation 212 
FIs were selected to represent the three components of sustainable development: the ecological, 213 
socio-cultural and economic components to spatially measure the effectiveness of the maintaining 214 
habitat support service. The selection of FIs was performed in two steps. First, a preselection of 215 
FIs was done by listing potential candidates based on a literature review. The preselected FIs must 216 
symbolize the union of important functions that apply to the ES (Floridi et al., 2011). Several 217 
criteria were then applied to refine this preselection. Selection criteria include, but are not limited 218 
to: (1) applicability to the SLL, (2) degree of support by the literature, (3) spatial 219 
representativeness, (4) measurability using GIS with available data, (5) low variability of the 220 
response, (6) integrated for the targeted ES, and (7) mutually exclusive between FIs (Cedfeldt et 221 
al., 2000; Dale and Beyeler, 2001; Feld et al., 2009). 222 
 223 
Secondly, a sensitivity analysis (SA) was performed on the list to test the representability of FIs. 224 
This SA aimed to establish the sensitivity of the ESI to the choice of FIs (Booysen, 2002). In 225 
addition to assessing the stability and robustness of the selected FI, the SA also determines the 226 
extent to which their number can be reduced to eliminate redundancy (Field, 2000). The SA was 227 
therefore divided into three steps: (1) the application of a sensitivity index to FI metrics, (2) the 228 
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analysis of FIs and ESI correlations (Kolmogorov-Smirnov test) in order to eliminate 229 
intercorrelated FIs, and (3) the principal component analysis of FIs to keep the ones that represent 230 
the most variance. The sensitivity index was calculated with the equation found in Duchemin and 231 
Lachance (2002) for the purpose of keeping the most sensitive metric (highest value) of each FI: 232 
 233 
Sensitivity index = (ESImax-ESImin)/ESImean * (FImax-FImin)/FImean                                    (1) 234 
 235 
where ESImax, ESImin and ESImean are the maximum, minimum and mean value of ESI and 236 
FImax, FImin and FImean are maximum, minimum and mean value of FIs. The three steps of this 237 
SA allowed to make a final and reduced selection of FIs that will lead to an effective 238 
quantification of the selected ESs (i.e. maintaining habitat support service). The targeted number 239 
of FIs was between 4 and 8, covering the three aspects of SD (i.e. ecological, socio-cultural, and 240 
economic) independently. The ESI was calculated with an average of all selected FI. In this study, 241 
an equal weight was attributed to each FI because they are mutually exclusive, regardless of 242 
which SD aspect they represent. In addition, FIs were designed to provide normalized values 243 
between -1 and 1, which ensures that ESI values are also standardized between -1 and 1, 244 
following the approach developed by Greene et al. (2010).  245 
 246 
4.2. Producing land use scenarios for temporal monitoring 247 
The production of land use change scenarios is a tool of choice in many environmental 248 
monitoring studies. It is useful to test hypotheses on demographic developments, spatial policies 249 
and location preferences (Quétier et al., 2009; Rebelo et al., 2009). Using the 2011 and 1984 land 250 
use maps as inputs, cartographic simulations were completed for 2050. Two scenarios were 251 
generated using the Markov chain and cellular automata to generalize the temporal trends 252 
observed. This was done using IDRISI Taiga software to simulate land use (Clark Labs, 2015). 253 
These two scenarios were designed as follows: 1) a pessimistic scenario where human 254 
development is dominant and where the degradation of wetlands between 1984 and 2011 is 255 
increased (decrease of about half of the area of wetlands), and 2) an optimistic scenario with 256 
wetland conservation and restoration (15% increase in wetland area).  257 
 258 
4.3. Function indicator quantification and mapping 259 
FI mapping was performed to establish the spatial distribution of their values over the study area, 260 
at two spatial levels. The sub-watershed (SW) scale used a relatively coarse spatial unit (average 261 
area of 50 km2), which leads to a diagnostic of the study site that is adapted to territory 262 
management. The micro-watershed (MW) scale used a fine scale spatial unit (average area of 263 
10 km2) adapted to field interventions. These two spatial units representing relatively 264 
homogeneous hydrological units were generated by adapting a hydrological analysis using the 265 
PHYSITEL model (Varin, 2013; Fossey et al., 2015). 266 
 267 
Each FI map presents the spatial distribution of the indicator at the SW or MW scales. The 268 
transition from the finer scale (MW) to the coarser scale (SW) provides a generalization of the 269 
information. A simple semiology was chosen to represent FI values. Spatial units whose state is 270 
associated to critical values are represented in red, whereas values representing healthy states are 271 
represented in a green scale. Five classes (quantiles) were defined using an equal interval method 272 
based on the year 2011 for the reference thresholds. As values were normalized for all SW and 273 
MW, a critical SW could not appear as such at the MW level. For example, one or several MW 274 
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can provide better ESs than other MW included in the same SW. The interpretation of these 275 
results is therefore relative to the scale. This two-scale mapping was produced for each FI as well 276 
as for the ESI representing the overall maintaining habitat support service, for each time period. 277 
 278 
4.4. Synthesis of spatial analysis information 279 
The spatial indicators (FIs and ESI) were mapped for 1984, 2011 and for the two 2050 scenarios. 280 
It was therefore possible to analyze the study area over a 66-year period, and to detect spatial 281 
variations of FIs and ESIs, as well as the possible influence of anthropogenic activities. This 282 
exercise collects observations on the maintaining habitat support service and analyses its 283 
evolution over time to establish whether there is improvement, stability or deterioration of the 284 
state of wetlands in the watershed.  285 
 286 
The analysis of maps produced at these different spatial and temporal scales was performed to 287 
target problematic areas by comparing ESIs. Areas that were in a critical condition in 2011, which 288 
require human intervention, have been selected to study the evolution of their ES condition. In 289 
this paper, a detailed analysis was carried out on a representative case of temporal changes. The 290 
representation of the results in maps facilitates the interpretation, but their visualization on a 291 
Kiviat diagram, where each axis corresponds to an FI (Théau et al., 2015), is essential to confront 292 
the state of the wetlands with respect to different periods (Foley et al., 2005). A shape index of 293 
the polygonal area illustrated by the diagram provides information on the resilience of the ES in 294 
relation to the equivalent extent of its FIs (Varin et al., 2013). Such a representation made it 295 
possible to concretely illustrate how this information can be used to assist territory managers by 296 
integrating a quantification of the natural state of the ecosystems (Greene et al., 2010). 297 
 298 
5. Results and their interpretation 299 
5.1 Selection of function indicators for ecosystem service evaluation 300 
The literature review permitted a first selection of six potential FIs, which were processed with 301 
the SA. This first selection includes four ecological FIs and two sociocultural FIs (Table 2). FI1 is 302 
a measure of the wetland connectivity inside a spatial unit (SW or MW). The closer wetlands are 303 
to each other, the higher is the indicator’s value (McHattie et al., 2004). FI2 evaluates the 304 
fragmentation of habitats by analyzing the shape of each wetland. A filiform wetland is more 305 
sensitive to an edge effect than a compact wetland (McHattie et al., 2004). FI3 measures the 306 
hydrological connectivity. The closer the wetland is to a water body, the more it can be a habitat 307 
for fauna (Cedfeldt et al., 2000). FI4 reflects the anthropogenic pressure on the wetland. The 308 
higher the urban density within a 500 m buffer zone, the lower is the FI value (Nielsen et al., 309 
2012). FI5 analyzes wetland diversity types inside a wetland complex (group of wetlands at a 310 
distance of 30 m or less (Kirby and Beaulieu, 2006). The more complex the diversity, the greater 311 
the social benefit. FI6 gives a high aesthetic value if the wetlands have a high forest density 312 
around their edges (Dramstad et al., 2006). Finally, an economic FI (FIe) was independently 313 
added to this selection because a statistical method, such as the cost-benefit analysis, needs to be 314 
used to assign an economic value to this ES (Brinson, 1993; Mitsch and Gosselink, 2000). This FI 315 
was elaborated in a related study and also integrates a spatial approach (He et al., 2015). The FIe 316 
represents the economic equivalent in stock for wetlands within each spatial unit (SW and MW).   317 
 318 
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Table 2. Spatial indicator preselection for the characterization of maintaining wetland habitats 319 
support function (indicators in bold were selected for the analysis). 320 

Function 
Indicator’s 

code 
Indicator Indicator’s description Source 

Sustainability 
aspect 

FI1 Wetland 
connectivity 

When two wetlands are separated by 
less than 100 m, the free movement of 
species is facilitated, thus they should 
contain more species than isolated 
habitats. Closely located habitats 
ensure fauna exchanges. Moreover, if 
wetlands are at a distance inferior to 
30 m, they form a wetland complex. 

McHattie et 
al., 2004; 

Kindlmann 
and Burel, 

2008; Uuema 
et al., 2009 

Ecological 

FI2 Habitat 
fragmentation 

A more compact wetland is less 
affected by edge effects (less 
fragmentation). The Miller roundness 
index is used to characterize circular 
habitats, which are known to 
minimize contact between the 
protected inner habitat and the 
adjacent environment, while long and 
narrow habitats have proportionally 
more edge effects. 

Environmental 
Law Institute, 

2003; 
McHattie et 

al., 2004  

Ecological 

FI3 Water 
connectivity 

degree 

A wetland provides a greater diversity 
of fish and invertebrates if it is 
connected to the hydrological 
network. Aquatic diversity is superior 
in third order Strahler streams and 
higher. 

Adamus et al., 
1991; 

Cedfeldt et al., 
2000 

Ecological 

FI4 Anthropogenic 
barrier 

The density of anthropogenic 
structures inside a buffer zone of 
500 m around the wetlands. Wetlands 
in watersheds dominated by 
impervious surfaces are less effective. 

Adamus et al., 
1991; Nielsen 

et al., 2012 
Ecological 

FI5 Natural 
heterogeneity 

The Shannon diversity index helps 
determine the degree of diversity of 
wetland complexes, which are socially 
attractive. 

Dramstad et 
al., 2006 

Sociocultural 

FI6 Natural 
aesthetics 

The density of natural environments 
(wetlands and forest) within a radius 
of 1 km around the wetlands brings an 
important social dimension. Around 
the habitats, a vegetation strip of 
300 m is preferred. 

Environmental 
Law Institute, 
2003; Hoeltje 

and Cole, 
2009   

Sociocultural 

 321 
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After this first selection, the sensitivity index was used to choose between several metrics 322 
measuring these FIs. Metrics with the highest significant weight were chosen (Table 3), except for 323 
FI6. In this case, the metric sensitivity index didn’t show any significant differences. Thus, the 324 
most used metric in the literature was adopted (FI6_1) (Weller et al., 2007). The second step, the 325 
correlation analysis, demonstrated that the majority of the FIs were not intercorrelated, which 326 
demonstrates a successful preselection. Some exceptions were found, such as FI3, which was 327 
correlated with all other FIs (except FI2). Both sociocultural FIs, FI5 and FI6, were also 328 
intercorrelated. These results indicate that FI3 has a smaller influence and that a choice between 329 
FI5 and FI6 must be made. The third step, the principal component analysis, locates the weight 330 
and power of the six FIs in four quadrants generated from the first two components which 331 
represent almost 80% of the total variance (Fig. 3). Only FI4 is alone in the first quadrant, 332 
indicating its independence with all the other FIs. Several FIs are present in the second quadrant, 333 
but FI1 has the longest vector, which indicates that it bears most of the variance found in its 334 
quadrant. The third quadrant is composed of two FIs, but the longest vector is FI5. Therefore, 335 
three FIs were selected following this third step: FI1, FI4 and FI5. The ESI was then recalculated 336 
using these three FIs and compared with the original ESI calculated with the six FIs. These two 337 
ESIs show a correlation of 0.94, indicating that this reduced selection captures most of the 338 
information contained in the whole preselection of FIs. Moreover, these three FIs show the 339 
highest correlation when testing all other possible combinations. The FIe was finally added to this 340 
set to complete the sustainability aspects. 341 
 342 
Table 3. Sensitivity index for the spatial metrics of each indicator (only spatial metrics in bold 343 
were selected). 344 

Indicators Spatial metrics 
Sensitivity 
index 

(FI1) Wetland 
connectivity 

(FI1_1) Parcel proximity 0.99 

(FI2) Habitat 
fragmentation 

(FI2_1) Miller’s circularity adjusted with a wetland 
size factor 

2.08 

(FI2_2) Shape index (FRAGSTATS) 1.87 
(FI2_3) Miller’s circularity adjusted with a wetland 

complex size factor 
0.45 

(FI3) Water 
connectivity degree 

(FI3_1) Proximity to a hydrological network without 
Strahler order’s factor 

1.79 

(FI3_2) Proximity of a hydrological network with Strahler 
order’s factor including intermittent streams 

1.00 

(FI3_3) Proximity of a hydrological network with Strahler 
order’s factor excluding intermittent streams 

0.88 

(FI3_4) Proximity of a hydrological network without bog 
wetland type 

0.88 

(FI4) Anthropogenic 
barrier 

(FI4_1) Anthropogenic density with a 500 m buffer 2.26 
(FI4_2) Anthropogenic density with a 30 m buffer 1.69 

(FI5) Natural 
heterogeneity 

(FI5_1) Shannon’s diversity index 2.57 
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(FI6) Natural 
aesthetics 

(FI6_1) Forest density with a 1000 m buffer 2.63 
(FI6_2) Forest density with a 500 m buffer 2.71 
(FI6_3) Forest density with a 300 m buffer 2.80 

 345 

 346 
Fig. 3. Principal component analysis of function indicators (FI). 347 
 348 
5.2. Production of land use scenarios for temporal monitoring 349 
The overall land use changes over time, which can modulate the state of an ES. This is what the 350 
2050 mapping simulations and the use of the 1984 and 2011 data allowed to analyze (Table 4). 351 
The studied watershed underwent a reduction in its agricultural cover from 1984 to 2050, while 352 
urban development and forest increased. Historically, almost 5% of the territory was composed of 353 
wetlands and that number decreased to 4.4% in 2011. The pessimistic scenario of 2050 354 
exaggerated this trend with a loss of 1.1% of wetlands (2.3% remaining), mostly to the benefit of 355 
agriculture and urban development. For the optimistic scenario of 2050, an increase of wetlands 356 
was simulated to reach 5.1%. The optimistic scenario simulation led to smaller agricultural, 357 
urban, and forest areas than the pessimistic scenario because these areas were rather used for the 358 
restoration of wetlands. Finally, the optimistic scenario is composed of more natural 359 
environments than in 2011, which means that it contains more forests and wetlands. 360 
 361 
Table 4. Land use temporal changes in the Yamaska river watershed. 362 

Classes (%) 1984 2011 
2050  

(pessimistic 
scenario) 

2050  
(optimistic 
scenario) 

Agriculture 56.3 42.5 31.1 29.3 
Anthropogenic 4.0 7.1 10.6 10.4 
Forest 30.4 35.3 43.9 43.7 
Wetland 4.9 4.4 2.3 5.1 

Other 56.3 42.5 31.1 29.3 
  363 
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5.3. Function indicator quantification and mapping 364 
FI mapping was first applied at the SW scale for 2011. Fig. 4 presents the results of the ESI and 365 
the four FIs: ecological FI1 and FI4, which respectively represent the connectivity between 366 
wetlands and anthropic barriers, the sociocultural FI5, which evaluates the diversity of the 367 
wetland complex, and the FIe, which measures the economic value of the ES. Results show 368 
variable spatial patterns for FIs and ESIs. Typical examples are presented below. ESI results show 369 
that the most problematic areas are located in the central western part of the watershed. Areas in 370 
this part of the territory are mainly SW with no or very few wetlands. This pattern is also present 371 
in FI1, FI5 and FIe maps. The northern part of the watershed is characterized by relatively low 372 
ESI values. This tendency is caused by very low values observed for FI1, FI5 and FIe, whereas 373 
FI4 show high values. These patterns can be explained by the presence of wetlands that are not 374 
connected to one another, and whose diversity is limited. In contrast, the high values of FI4 375 
reflect a low level of urban development. FI4 exhibits a highly contrasted distribution over the 376 
territory, where critical areas form scattered clusters corresponding to the main cities of the 377 
watershed. It is interesting to see that in these areas, mainly in the central southern part of the 378 
watershed, wetlands are possibly located in urban environments. However, they show a high 379 
diversity and, to a lesser extent, remain connected inside complexes, which is reflected by the 380 
higher values of indicators FI1 and FI5. An overview of the ESI shows that it represents a 381 
synthesis of its four FIs. Indeed, although the central west area remains critical, the north and the 382 
south were modulated by FI4 by averaging the values of the other FIs. These results also illustrate 383 
the equivalent influence of each FI on the ESI given that they have the same weight in the 384 
equation. 385 
 386 

 387 
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Fig. 4. Indicator maps for the maintaining habitat support service in 2011, at the sub-watershed 388 
scale (diagnostic) (FI1: wetland connectivity, FI4: anthropogenic barrier, FI5: natural 389 
heterogeneity, FIe: economic indicator and ESI: ecosystem service indicator). 390 
 391 
Fig. 4 presented the ESIs and FIs at the SW scale, allowing a global diagnostic of the territory. 392 
When applied at a finer scale (Fig. 5), these values are subdivided over the territory, which offers 393 
the possibility of better targeting potential interventions to restore or conserve wetlands. This 394 
smaller spatial unit (MW) makes it possible to detail the trends observed at the SW scale. Below 395 
are presented typical situations. For example, it can be observed that the SWs that are in bad 396 
condition are generally composed of MWs in very bad condition. In that situation, both scales 397 
generally indicate the same conclusion, i.e. a high intervention priority. However, in some cases, 398 
it can be observed that a SW in bad condition can be composed of MWs presenting various 399 
conditions going from bad to good. A better understanding of these particular cases can be 400 
achieved by examining each FI at both scales. This MW scale thus makes it possible to identify 401 
intervention areas to prioritize for ecological function restorations in order to concentrate 402 
resources. 403 

 404 
Fig. 5. Maps of the ecosystem service indicators (ESI) for the maintaining habitat support service 405 
at two spatial scales (sub-watershed (SW) and micro-watershed (MW)) in 2011. 406 
 407 
The multitemporal approach made it possible to monitor the state of the selected ES over time 408 
(Fig. 6). In general, we can see that there are more critical areas in 2011 when compared to the 409 
historical situation (1984), which indicates a degradation of the ES provided, specifically in the 410 
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central western part of the territory. In fact, this area contains an increasing number of SWs 411 
without wetlands. On the opposite, it can be observed that certain SWs improved their situation 412 
during this period, such as those located in the eastern part of the territory. This situation can be 413 
explained by an increased diversity of wetlands caused by their fragmentation over time. In our 414 
ESI, the loss of wetlands was then compensated by an increased diversity, which is considered an 415 
important factor for maintaining habitat support. For the pessimistic scenario, we can see that 416 
many SWs are degraded when compared to 2011, while only a few of them are improved. More 417 
particularly, an important degradation of wetlands is predicted in the central western part of the 418 
territory. This area corresponds to the downstream of the watershed, where increased 419 
anthropogenic activities are expected in the future. Conversely, the optimistic scenario shows an 420 
overall improvement as it reflects the restoration and the creation of new wetlands on the 421 
territory. Overall, this is visible with the distribution of greener SW, although the difference is not 422 
as marked as the opposite (pessimistic) scenario. This difference between the two scenarios is due 423 
to the fact that the pessimistic or optimistic scenarios both include territorial development (e.g. 424 
increase of the urban territory), which affects the FI, even in an optimistic scenario. However, 425 
habitat degradation is slowed down with an optimistic scenario. These results also indicate that 426 
even if important restoration efforts are carried out until 2050 (i.e. optimistic scenario with a 427 
higher area covered by wetlands compared to 1984), the situation would not return to that of 428 
1984. This illustrates the importance of conservation by opposition to restoration when we 429 
compare the cost and benefits of each regarding the preservation of ES.  430 

 431 
Fig. 6. Maps of the ecosystem service indicators (ESI) for the maintaining habitat support service 432 
at the sub-watershed scale (diagnostic) for different periods and scenarios. 433 
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 434 
5.4. Synthesis of spatial analysis information 435 
All spatial analyses produced in this study can be synthesized to provide critical information 436 
when targeting priority areas. Multi-scale and multitemporal approaches can be structured using 437 
Kiviat diagram representation. This simplified representation aims to support decision-making 438 
regarding the restoration and conservation of wetlands in the territory. Taking the example of a 439 
MW, Fig. 7 presents comparisons between 1984 and the 2050 optimistic scenario (Fig. 7a), and 440 
between 2011 and the 2050 pessimistic scenario (Fig. 7b). The areas covered by these FIs show 441 
shape indexes of 0.23, 0.44, 0.24 and 0.13 for 2011, 1984, 2050 optimistic scenario and 2050 442 
pessimistic scenario, respectively. The higher the index, the more compact the area, which means 443 
that FIs have equivalent values. This indicates a balanced and sustainable distribution for the 444 
selected ES. Fig. 7a) represents two very different situations, where the majority of FIs were 445 
higher in 1984 compared to the 2050 optimistic scenario. The economic FI, on the other hand, 446 
remained stable. This shows that in wetland restoration, it is difficult to return to the original 447 
state. For example, between the two periods, there was a loss of wetland diversity and an increase 448 
in anthropogenic barriers. This tool helps guide decision makers toward the restoration of some 449 
types of wetlands and better protect the wetlands near urban areas in this particular case. Fig. 7b) 450 
shows two similar situations, where the FIs remain relatively stable between 2011 and the 2050 451 
pessimistic scenario, except for a degradation of FI5, and FI1 to a lesser extent. In this example, 452 
wetland degradation has caused a decrease in wetland diversity in the complexes. The 453 
management team for this territory should thus focus on the conservation of diversified wetland 454 
complexes or on the restoration of diversified wetlands in existing complexes.  455 
 456 

 457 
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   458 
Fig. 7. State of the maintaining habitat support service represented by a Kiviat diagram. State 459 
comparison between 1984 and optimistic scenario 2050 (a), and 2011 and pessimistic 460 
scenario 2050 (b) for a selected sub-watershed unit (FI1: wetland connectivity, FI4: 461 
anthropogenic barrier, FI5: natural heterogeneity, FIe: economic indicator). 462 
 463 
6. Discussion 464 
This study proposes an approach to map the ESs provided by wetlands, aiming for a watershed-465 
level diagnostic. This new approach can also guide potential initiatives for land conservation and 466 
restoration. Our approach differs from existing studies on five main aspects: (1) ES mapping 467 
procedures, (2) the presence of a multi-scale diagnostic, (3) various temporal assessments, (4) a 468 
visual representation of ES according to SD, and (5) the ability to generalize and transfer the 469 
approach.  470 
 471 
Spatially explicit quantification of wetland ESs is still a methodological challenge and remains 472 
insufficiently explored, even if this information is relevant to most stakeholders and decision-473 
makers (Bennett et al., 2015; Lavorel et al., 2017). Only a few studies link wetland functional 474 
traits with their spatial domain (Wolff et al., 2015). The method we proposed provides 475 
information on such links, by using wetland spatial metrics describing the maintaining habitat 476 
support service on a landscape perspective. Our method also includes evaluation techniques for a 477 
rigorous and objective quantification of ecological functions that are both easy to apply and 478 
reproducible. An exhaustive list of FI spatial metrics, available in raster or vector format, is first 479 
identified through a literature review and expert assessment. Then a selection of the most relevant 480 
FI spatial metrics is based on a SA which greatly reduces the number of metrics, keeping only 481 
those that are mutually exclusive and the one having the greatest magnitude. Such procedures 482 
take advantage of all available data, while providing the ability to map wetland ES over large 483 
areas. 484 
 485 
The interaction between ESs at different scales is also a relevant element for decision-makers and 486 
stakeholders, but is once again insufficiently discussed in the literature (Martínez-Harms and 487 
Balvanera, 2012; Geijzendorffer and Roche, 2014; Bennett et al., 2015; Maes et al., 2016). The 488 
ES of wetlands are strongly associated to their hydrological unit. We proposed two spatial units 489 
based on sub-watershed boundaries that were in turn based on criteria related to landscape 490 
management. The proposed spatial units were the following: the first one averaging 10 km2 491 
(MW), adapted to landscape management, and the second one averaging 50 km2 (SW) for general 492 



19 
 

watershed diagnostics. Defining relevant reporting spatial units enhances the importance of the 493 
spatial scale in relation to either managing or reporting, two components that need to be 494 
integrated. As an example, it is possible that the same ES is procured in different ways according 495 
to the selected spatial unit (Mitsch, 2000; Hanson, 2012). Our results display such a scale effect. 496 
As some areas appear in ES deficit at the SW level, it becomes clearer what MW may be the 497 
source of this situation when mapping at the MW level. To a certain point, an SW may appear to 498 
have an average ES level, but after looking at the MW level, we notice that it actually contains 499 
extreme values that average themselves. In such a situation, a coarse level map may mask a 500 
critical situation found at a finer lever. This scaling hierarchy allows to target specific areas at the 501 
finer scale for which landscape management decision are critical. It also facilitates prioritizing 502 
efforts where it is required. Conversely, coarse scale maps are useful to extract a general snapshot 503 
of the situation of a large watershed. Defining the relevant reporting spatial units is yet an 504 
important aspect to explore from project to project in accordance with constraints like landscape 505 
management objectives, biophysical configuration and existing datasets.  506 
 507 
Temporal assessment is a major contribution of this study but it is lacking in other similar studies. 508 
Moreover, neither historical nor predictive assessments are generally present (Kremen, 2005; 509 
Bennett et al., 2015; Wolff et al., 2015). However, this aspect is essential to better understand the 510 
drivers that influence ESs, their response delay, and the interactions between these ESs 511 
(Lautenbach et al., 2011; Wolff et al., 2015). This study presented an assessment of one ES over a 512 
historical period of 27 years (1984 to 2011) and a predictive period of 39 years (2011 to 2050) 513 
using two wetland conservation scenarios. This procedure is directly linked to the changes in land 514 
use. In general, results show that there are more critical areas in 2011 compared to the historical 515 
situation in 1984, due to habitat degradation. This is probably related to the significant loss of 516 
wetlands in the territory between these two periods. For the pessimistic scenario, it can be 517 
discerned, compared to 2011, that many SWs are degrading, but in some cases, they can even 518 
improve. Several explanations can be derived from this latter phenomenon. For example, a few 519 
big fragmented wetlands can create several wetlands, potentially benefiting FI1 and FI5, by 520 
forming new complexes. The optimistic scenario of 2050 shows that a few SWs may be in a 521 
worse condition than in 2011. In fact, the expansion or agglomeration of many wetlands may 522 
have the effect of reducing the complex’s diversity by mitigating connectivity. This shows the 523 
importance of the choice of FIs and how complex interpretation can become.  524 
 525 
The temporal assessment can also support which decision to take concerning land use change. For 526 
example, a critical MW could be explained by two alternatives. First, this MW could either have 527 
no wetland at all for a long time or have a reduced wetland area over time. Secondly, wetlands 528 
could be functionally ineffective for this ES. In the case where the ES would have degraded 529 
between 1984 and 2011, this state could be further amplified for a pessimistic scenario, but it is 530 
also possible for the ES to return to its original state (1984) by making restoration actions. If the 531 
ES is degrading even in an optimistic scenario, maybe the restoration of a few wetlands is not 532 
enough in a region where an ecological threshold has been reached. This aspect is part of the 533 
proposed tool to support informed decision-making and guide land use.  534 
 535 
The choice of FIs representing all fields of SD is an innovative element of this study, which 536 
increases the social acceptability of the decisions. ESs, in some ways, are tied to human needs, 537 
but their characteristics and value vary from the stakeholder’s perception (Van Hecken and 538 
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Bastiaensen, 2010; Barnaud and Antona, 2014; Bennett et al., 2015). The value attributed to an 539 
ES has multiple dimensions, but the ones that are usually put forward are the ecological, socio-540 
cultural and economic values (Wang et al., 2008; Greene et al., 2010). These three fields were 541 
represented by the selected FIs and were integrated into a single multidimensional ESI. The 542 
values of this composite indicator were then plotted on a Kiviat diagram as a way to synthesize 543 
ES values according to different scenarios which in turn ease interpretation for decision-makers. 544 
This simplifies and complements the interpretation of the detailed analysis of maps with the 545 
spatial units (Théau et al., 2015). The Kiviat diagram is a convenient way to illustrate the 546 
relationship between different ESIs in an area for a multi-temporal plan. 547 
 548 
The method is intended to be systematic, reproducible and applicable to other ESs and 549 
watersheds. The work described in this article is only a subset of a larger study where our method 550 
has been applied on two other ESs (flood regulation and sediment retention) using new series of 551 
FIs and applied to another watershed of the SLL (Bécancour River watershed) (Fournier et al., 552 
2013). The transferability of the approach was confirmed by the complete exercise, demonstrating 553 
the contrast between multiple ESs at the same time. However, the study of ES interactions at 554 
different scales and temporal periods is not yet fully demonstrated (Bennett et al., 2015; Xin et 555 
al., 2018). More research is needed to better understand and characterize spatial synergies and 556 
trade-offs between ESs to manage the territory in a sustainable way (Egoh et al., 2011; Baral et 557 
al., 2014). We developed a flexible tool allowing to map multiple ESs, to address multi-temporal 558 
changes, and to illustrate the resulting data with a Kiviat diagram. This method is thus suitable to 559 
study the relationships between ESs in greater depth. 560 
  561 
Although the approach we proposed is flexible and adapted to complex ecological systems, we 562 
identified three main limitations. The first limitation was the importance of using consistent data 563 
to allow method reproducibility. This limitation was also pointed out by Müller and Burkhard 564 
(2012). Indeed, FIs are very sensitive to the data used, as they measure wetlands or their 565 
immediate environment. For example, the minimum wetland mapping unit was different for our 566 
input map used between 2011 (0.3 ha) and 1984 (1 ha). Therefore, some small wetlands could 567 
have been omitted in 1984. To limit the impact of this difference, all wetlands of 2011 that were 568 
non-existent in 1984 (except those that were artificially created) were added in the 1984 layer. 569 
The working premise being that an existing wetland in 2011 must have existed 27 years earlier.  570 
 571 
The second limitation concerns the socio-economical FI. Our research was based on the selection 572 
of diverse FIs following the three aspects of SD (ecological/sociocultural/economical). Those FIs 573 
were selected from the literature, but the number of FIs found was uneven between the 3 types. In 574 
fact, there was fewer FIs of the sociocultural and economical type in comparison to those from 575 
the ecological type. Moreover, socio-cultural FIs are usually picked from a social interpretation of 576 
ecological processes (Haines-Young et al., 2006). More precisely, the sociocultural FIs we chose 577 
(i.e. Natural heterogeneity and Natural aesthetics) were convenient structural metrics but more 578 
relevant metrics could be inferring the socio-cultural function. Despite the fact that these 579 
indicators are hard to formalize, it is still an important aspect of SD to characterize (Alessa et al., 580 
2008). For our economic indicator, we used the benefit-transfer method to assess a value from a 581 
meta-analysis (He et al., 2015). This involved several uncertainties for the monetary evaluation of 582 
wetland ESs since the assigned values were inferred from data collected in other countries, at 583 
different spatial scales and from studies with various objectives. Instead, the use of primary data 584 
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should be prioritized for economic indicators of natural environments (Cimon-Morin et al., 2013). 585 
This is a complex subject to address with many potential perspectives because appropriate 586 
valuation approaches should differ for each ES. One of them would involve the cost of 587 
replacement for maintaining ecosystem (Farber et al., 2002; United Nations et al., 2014). Overall, 588 
is it important that the selected FIs make sense for the decision-makers because adoption of the 589 
mapping framework depends on their perception. It is therefore critical that the approach allows 590 
to assign certain weights to specific FIs, and also add the necessary FIs to represent the three 591 
spheres of SD. 592 
 593 
The third limitation of the proposed approach concerns the fact that all wetlands were 594 
consolidated into one class. We have decided to regroup them for simplicity, but it is clear that 595 
not all wetlands are similar. Our land cover maps identified seven wetland classes (i.e. fen, bog, 596 
forested peatland, marsh, wet meadow, swamp and shallow water). Each wetland class has 597 
functions of different nature and amplitude. For example, marshes have a much better water 598 
retention ability for flow control than bogs (Price et al., 2005; Smith et al., 2008). Although this 599 
simplification brings greater ease of application, it would be interesting to measure its effect 600 
compared to a modulated approach considering the wetland class.  601 
 602 
7. Conclusions 603 
This study proposes an approach to map and quantify ESs by using a statistical selection of FIs 604 
representative of ecological, socio-cultural and economical aspects at watershed scales. Two 605 
spatial scales were used and four periods (1984, 2011 and two scenarios in 2050). Based on this 606 
spatiotemporal analysis, changes at the level of the ESI represent a valuable tool to analyze the 607 
evolution of the territory, and to guide management and conservation actions. The development 608 
of a graphical tool to synthesize complex information is adapted to guide decision makers in 609 
various organizations. This tool can support territory managers in their planning process, which 610 
often involves compromises between conservation and development. The study focuses on the 611 
characterization of the maintaining habitat ES provided by wetlands in a targeted watershed. As 612 
the approach is systematic, it can be replicated for other ESs in different territories. For example, 613 
it could also be applied to other areas such as forest and aquatic environments. The approach 614 
could also be improved by adjusting the weight of FIs to local needs, and by adapting FIs for each 615 
wetland class. 616 
 617 
8. Acknowledgments 618 
The authors gratefully acknowledge assistance provided by Jessika Pickford (Traduction 619 
Catalytik) for the English translation. 620 



22 
 

9. References 621 
Adamus, P.R., Stockwell, L.T., Clairain, E.J., Morrow, J.M.E., Rozas, L.P. and Smith, R.D., 622 

1991. Volume 1: Literature Review and Evaluation Rationale. Wetland Evaluation Technique, 623 
297 p. 624 

 625 
Alessa, L.N., Kliskey, A.A. and Brown, G., 2008. Social-ecological hotspots mapping: A spatial 626 

approach for identifying coupled social-ecological space. Landscape and Urban Planning, 85 627 
(1), 27-39 (https://doi.org/10.1016/j.landurbplan.2007.09.007). 628 

 629 
Alam, M., Dupras, J. and Messier, C., 2016. A framework towards a composite indicator for 630 

urban ecosystem services. Ecological Indicators, 60, 38-44 631 
(https://doi.org/10.1016/j.ecolind.2015.05.035). 632 

 633 
Bagstad, K.J., Semmens, D.J., Waage, S. and Winthrop, R., 2013. A comparative assessment of 634 

decision-support tools for ecosystem services quantification and valuation. Ecosystem 635 
Services, 5, e27-e39 (https://doi.org/10.1016/j.ecoser.2013.07.004). 636 

 637 
Baral, H., Keenan, R.J., Stork, N.E. and Kasel, S., 2014. Measuring and managing ecosystem 638 

goods and services in changing landscapes: a south-east Australian perspective. Journal of 639 
Environmental Planning and Management, 57 (7), 961-983 640 
(http://dx.doi.org/10.1080/09640568.2013.824872). 641 

 642 
Barnaud, C. and Antona, M., 2014. Deconstructing ecosystem services: Uncertainties and 643 

controversies around a socially constructed concept. Geoforum, 56, 113-123 644 
(https://doi.org/10.1016/j.geoforum.2014.07.003). 645 

 646 
Bennett, E.M., Cramer, W., Begossi, A., Cundill, G., Díaz, S., N Egoh, B., Geijzendorffer, I.R., B 647 

Krug, C., Lavorel, S., Lazos, E., Lebel, L., Martín-López, B., Meyfroidt, P., Mooney, H.A., L 648 
Nel, J., Pascual, U., Payet, K., Pérez Harguindeguy, N., D Peterson, G., Prieur-Richard, A.-H., 649 
Reyers, B., Roebeling, P., Seppelt, R., Solan, M., Tschakert, P., Tscharntke, T., Turner II, BL, 650 
Verburg, P.H., F Viglizzo, H., White, P. CL. and Woodward, G., 2015. Linking biodiversity, 651 
ecosystem services, and human well-being: three challenges for designing research for 652 
sustainability. Current Opinion in Environmental Sustainability, 14, 76-85 653 
(https://doi.org/10.1016/j.cosust.2015.03.007). 654 

 655 
Booysen, F., 2002. An overview and evaluation of composite indices of development. Social 656 

Indicators Research, 59 (2), 115-151 (https://doi.org/10.1023/A:1016275505152). 657 
 658 
Boyer, T. and Polasky, S., 2004. Valuing urban wetlands: A review of non-market valuation 659 

studies. Wetlands, 24 (4), 744-755 (https://doi.org/10.1672/0277-660 
5212(2004)024[0744:VUWARO]2.0.CO;2). 661 

 662 
Brinson, M.M. and Malvárez, A.I., 2002. Temperate freshwater wetlands: Types, status, and 663 

threats. Environmental Conservation, 29 (2), 115-133 664 
(https://doi.org/10.1017/S0376892902000085). 665 

 666 



23 
 

Cedfeldt, P.T., Watzin, M.C. and Richardson, B.D., 2000. Using GIS to identify functionally 667 
significant wetlands in the Northeastern United States. Environmental management, 26 (1),  668 
13-24 (https://doi.org/10.1007/s002670010067).  669 

 670 
Cimon-Morin, J., Darveau, M. and Poulin, M., 2013, Fostering synergies between ecosystem 671 

services and biodiversity in conservation planning: A review. Biological Conservation, 166, 672 
144-154 (https://doi.org/10.1016/j.biocon.2013.06.023). 673 

 674 
Clark Labs, 2015. Modeling RESD Baselines using TerrSet’s Land Change Modeler, Clark Labs, 675 

Clark University, https://clarklabs.org/wp-content/uploads/2016/03/TerrSet18-676 
2_Brochure_WEB.pdf (Accessed December 2015). 677 

 678 
Czúcz, B., Arany, I., Potschin-Young, M., Bereczki, K., Kertész, M., Kiss, M., Aszalós, R. and 679 

Haines-Young, R., 2018. Where concepts meet the real world: A systematic review of 680 
ecosystem service indicators and their classification using CICES. Ecosystem Services, 29, 681 
(Part A), 145-157 (https://doi.org/10.1016/j.ecoser.2017.11.018). 682 

 683 
Dale, V.H. and Beyeler, S.C., 2001. Challenges in the development and use of ecological 684 

indicators. Ecological Indicators, 1 (1), 3-10 (https://doi.org/10.1016/S1470-160X(01)00003-685 
6). 686 

De Groot, R.S., Stuip, M., Finlayson, M. and Davidson, N., 2007. Valuing wetlands: guidance for 687 
valuing the benefits derived from wetland ecosystem services. Ramsar Technical Report 688 
No.3/CBD Technical Series No. 27 Ramsar Convention Secretariat, Gland, Switzerland & 689 
Secretariat of the Convention on Biological Diversity, Montreal, Canada (ISBN: 2-940073-31-690 
7). 691 

 692 
De Groot, R.S., Alkemade, R., Braat, L., Hein, L. and Willemen, L., 2010. Challenges in 693 

integrating the concept of ecosystem services and values in landscape planning, management 694 
and decision making. Ecological Complexity, 7 (3), 260-272 695 
(https://doi.org/10.1016/j.ecocom.2009.10.006). 696 

 697 
Dodds, W.K., Wilson, K.C., Rehmeier, R.L., Knight, G.L., Wiggam, S., Falke, J.A., Dalgleish, 698 

H.J. and Bertrand, K.N., 2008. Comparing ecosystem goods and services provided by restored 699 
and native lands. Bioscience, 58 (9), 837-845 (https://doi.org/10.1641/B580909). 700 

 701 
Dramstad, W.E., Tveit, M.S., Fjellstad, W.J. and Fry, G.L.A., 2006. Relationships between visual 702 

landscape preferences and map-based indicators of landscape structure. Landscape and Urban 703 
Planning, 78 (4), 465-474 (https://doi.org/10.1016/j.landurbplan.2005.12.006). 704 

 705 
Duchemin, M. and Lachance, M., 2002. Sensitivity analysis of the CEQÉROSS model. Revue des 706 

Sciences de l'Eau, 15 (4), 789-807. 707 
 708 
Egoh, B.N., Reyers, B. and Rouget, M., 2011. Identifying priority areas for ecosystem service 709 

management in South African grasslands. Journal of Environmental Management, 92 (6), 710 
1642-1650 (https://doi.org/10.1016/j.jenvman.2011.01.019). 711 

 712 



24 
 

Erwin, K.L., 2009. Wetlands and global climate change: The role of wetland restoration in a 713 
changing world. Wetlands Ecology and Management, 17 (1), 71-84 714 
(https://doi.org/10.1007/s11273-008-9119-1). 715 

 716 
Environmental Law Institute, 2003. Conservation Thresholds for Land Use Planners. Washington 717 

D.C., 64 p (ISBN: 1-58576-085-7). 718 
 719 
Farber, S.C., Costanza, R. and Wilson, M.A., 2002. Economic and ecological concepts for 720 

valuing ecosystem services, SPECIAL ISSUE: The Dynamics and Value of Ecosystem 721 
Services: Integrating Economic and Ecological Perspectives. Ecological Economics, 41 (3), 722 
375-392 (https://doi.org/10.1016/S0921-8009(02)00088-5). 723 

 724 
Feld, C.K., Da Silva, P.M., Sousa, J.P., De Bello, F., Bugter, R., Grandin, U., Hering, D., Lavorel, 725 

S., Mountford, O., Pardo, I., Pärtel, M., Römbke, J., Sandin, L., Bruce Jones, K. and Harrison, 726 
P., 2009. Indicators of biodiversity and ecosystem services: A synthesis across ecosystems and 727 
spatial scales. Oikos, 118 (12), 1862-1871 (https://doi.org/10.1111/j.1600-0706.2009.17860.x). 728 

 729 
Field, K., 2000. Measuring the need for primary health care: An index of relative disadvantage. 730 

Applied Geography, 20 (4), 305-332 (https://doi.org/10.1016/S0143-6228(00)00015-1). 731 
 732 
Floridi, M., Pagni, S., Falorni, S. and Luzzati, T., 2011. An exercise in composite indicators 733 

construction: Assessing the sustainability of Italian regions. Ecological Economics, 70 (8),  734 
1440-1447 (https://doi.org/10.1016/j.ecolecon.2011.03.003). 735 

 736 
Foley, J.A., DeFries, R., Asner, G.P., Barford, C., Bonan, G., Carpenter, S.R., Chapin, F.S., Coe, 737 

M.T., Daily, G.C., Gibbs, H.K., Helkowski, J.H., Holloway, T., Howard, E.A., Kucharik, C.J., 738 
Monfreda, C., Patz, J.A., Prentice, I.C., Ramankutty, N. and Snyder, P.K., 2005. Global 739 
consequences of land use. Science, 309 (5734), 570-574 740 
(https://doi.org/10.1126/science.1111772).  741 

 742 
Food and Agriculture Organization of the United States (FAO)., 2018. Ecosystem Services & 743 

Biodiversity: Supporting services. http://www.fao.org/ecosystem-services-744 
biodiversity/background/supporting-services/en/ (Accessed August 2018).  745 

 746 
Fournier, R.A., Poulin, M., Revéret, J.-P., Rousseau, A. and Théau, J., 2013. Outils d’analyses 747 

hydrologique, économique et spatiale des services écologiques procurés par les milieux 748 
humides des basses terres du Saint-Laurent : adaptations aux changements climatique. Final 749 
report for Consortium Ouranos financed by Fonds Vert of Québec government, 114 p. 750 

 751 
Fossey, M., Rousseau, A.N., Bensalma, F., Savary, S. and Royer, A., 2015. Integrating isolated 752 

and riparian wetland modules in the PHYSITEL/HYDROTEL modelling platform: model 753 
performance and diagnosis. Hydrological Processes, 29 (22), 4683-4702 754 
(https://doi.org/10.1002/hyp.10534) 755 

 756 
Geijzendorffer, I.R. and Roche, P.K., 2014. The relevant scales of ecosystem services demand. 757 

Ecosystem Services, 10, 49-51 (https://doi.org/10.1016/j.ecoser.2014.09.002). 758 



25 
 

 759 
Greene, R., Luther, J.E., Devillers, R. and Eddy, B., 2010. An approach to GIS-based multiple 760 

criteria decision analysis that integrates exploration and evaluation phases: Case study in a 761 
forest-dominated landscape. Forest Ecology and Management. 260 (12), 2102-2114 762 
(https://doi.org/10.1016/j.foreco.2010.08.052). 763 

 764 
Grenier, M., Demers, A.-M., Labrecque, S., Benoit, M., Fournier, R.A. and Drolet, B. 2007. An 765 

object-based method to map wetland using RADARSAT-1 and Landsat ETM images: test case 766 
on two sites in Quebec, Canada. Canadian Journal of Remote Sensing, 33 (1), S28-S45 767 
(https://doi.org/10.5589/m07-048). 768 

 769 
Haines-Young, R., Watkins, C., Wale, C. and Murdock, A., 2006. Modelling natural capital: The 770 

case of landscape restoration on the South Downs, England. Landscape and Urban Planning, 771 
75 (3-4), 244-264 (https://doi.org/10.1016/j.landurbplan.2005.02.012). 772 

 773 
Jobin, B., Beaulieu, J., Grenier, M., Bélanger, L., Maisonneuve, C., Bordage, G. and Filion, B., 774 

2004. Les paysages agricoles du Québec méridional. Le naturaliste canadien, 128 (2), 92-98. 775 
 776 
Kelly, M., Tuxen, K.A. and Stralberg, D., 2011. Mapping changes to vegetation pattern in a 777 

restoring wetland: Finding pattern metrics that are consistent across spatial scale and time. 778 
Ecological Indicators, 11 (2), 263-273 (https://doi.org/10.1016/j.ecolind.2010.05.003). 779 

 780 
Kirby, J. and Beaulieu, J., 2006. Rapport méthodologique de la cartographie des milieux humides 781 

du territoire de la Communauté métropolitaine de Québec. Canards Illimités Canada - Québec, 782 
54 p (ISBN: 978-2-923725-23-9). 783 

 784 
Kindlmann, P. and Burel, F., 2008. Connectivity measures: A review. Landscape Ecology, 23 (8), 785 

879-890 (https://doi.org/10.1007/s10980-008-9245-4). 786 
 787 
Kremen, C., 2005. Managing ecosystem services: What do we need to know about their ecology? 788 

Ecology Letters, 8 (5), 468-479 (http://doi.org/10.1111/j.1461-0248.2005.00751.x). 789 
 790 
Li, T. and Ducruc, J.-P., 1999. Les provinces naturelles. Niveau I du cadre écologique de 791 

référence du Québec. Ministère de l’Environnement, 90 p (ISBN: 2-551-19303-6). 792 
 793 
Hanson, C., Ranganathan, J., Iceland, C., and Finisdore, J., 2012. The Corporate Ecosystem 794 

Services Review: Guidelines for identifying Business risks and opportunities arising from 795 
ecosystem Change. Version 2.0. Washington, DC: World Resources Institute, 48 p (ISBN: 796 
978-1-56973-785-9). 797 

 798 
He, J., Moffette, F., Fournier, R., Revéret, J.-P., Théau, J., Dupras, J., Boyer, J.-P. and Varin, M., 799 

2015. Meta-analysis for the transfer of economic benefits of ecosystem services provided by 800 
wetlands within two watersheds in Quebec, Canada. Wetlands Ecology and Management, 23 801 
(4), 707-725 (http://doi.org/10.1007/s11273-015-9414-6). 802 

 803 



26 
 

Hoeltje, S.M. and Cole, C.A., 2009. Comparison of function of created wetlands of two age 804 
classes in central Pennsylvania. Environmental management, 43 (4), 597-608 805 
(http://doi.org/10.1007/s00267-008-9180-9). 806 

 807 
Joly, M., Primeau, S., Sager, M. and Bazoge, A., 2008. Guide d'élaboration d'un plan de 808 

conservation des milieux humides. Ministère du Développement durable, de l’Environnement 809 
et des Parcs, Direction du patrimoine écologique et des parcs, Québec, 31 p (ISBN: 978-2-550-810 
53636-9). 811 

 812 
Lautenbach, S., Kugel, C., Lausch, A. and Seppelt, R., 2011. Analysis of historic changes in  813 

egional ecosystem service provisioning using land use data. Ecological Indicators, 11, 676-687 814 
(https://doi.org/10.1016/j.ecolind.2010.09.007). 815 

 816 
Lavorel, S., Bayerb, A., Bondeauc, A., Lautenbachd, S., Ruiz-Fraue, A., Schulpf, N., Seppeltg, 817 

R., Verburgf, P., van Teeffelenf, A., Vanniera, C., Arnethb, A., Cramerc, W. and Marba, N., 818 
2017. Pathways to bridge the biophysical realism gap in ecosystem services mapping 819 
approaches. Ecological Indicators, 74, 241-260 820 
(https://doi.org/10.1016/j.ecolind.2016.11.015). 821 

 822 
Maes, J., Liquete, C., Teller, A., Erhard, M., Paracchini, M.L., Barredo, J.I., Grizzetti, 823 

B.,Cardoso, A., Somma, F., Petersen, J.-E., Meiner, A., Gelabert, E.R., Zal, N.,Kristensen, P., 824 
Bastrup-Birk, A., Biala, K., Piroddi, C., Egoh, B., Degeorges, P.,Fiorina, C., Santos-Martín, F., 825 
Naruˇseviˇcius, V., Verboven, J., Pereira, H.M.,Bengtsson, J., Gocheva, K., Marta-Pedroso, C., 826 
Snäll, T., Estreguil, C.,San-Miguel-Ayanz, J., Pérez-Soba, M., Grêt-Regamey, A., Lillebø, 827 
A.I., Malak,D.A., Condé, S., Moen, J., Czúcz, B., Drakou, E.G., Zulian, G. and Lavalle, C., 828 
2016. An indicator framework for assessing ecosystem services in support of the EU 829 
Biodiversity Strategy to 2020. Ecosystem Services, 17, 14–23 830 
(https://doi.org/10.1016/j.ecoser.2015.10.023). 831 

 832 
Martínez-Harms, M.J. and Balvanera, P., 2012. Methods for mapping ecosystem service supply: a 833 

review. International Journal of Biodiversity Science, Ecosystem Services & Management, 8 834 
(1-2), 17-25 (https://doi.org/10.1080/21513732.2012.663792). 835 

 836 
McHattie, B., Henshaw, B., Normand, L. and Sherman, K., 2004. How much habitat is enough? : 837 

a framework for guiding habitat rehabilitation in Great Lakes areas of concern. Environment 838 
Canada, 88 p (ISBN: 0-662-35918-6). 839 

 840 
Meyer, B.C. and Grabaum, R., 2008. MULBO: Model framework for Multicriteria Landscape 841 

Assessment and Optimisation. A support system for spatial land use decisions. Landscape 842 
Research, 33 (2), 155-179 (http://doi.org/10.1080/01426390801907428).  843 

 844 
Millennium Ecosystem Assessment, 2005. Ecosystems and Human Well-Being: Wetlands and 845 

Water. World Health Organization, 80 p (ISBN: 1-56973-597-2). 846 
 847 
Mitra, S., Wassmann, R. and Vlek, P.L.G., 2005. An appraisal of global wetland area and its 848 

organic carbon stock. Current science, 88 (1), 25-35 (http://www.jstor.org/stable/24110090). 849 



27 
 

 850 
Mitsch, W.J. and Gosselink, J.G., 2000. The value of wetlands: Importance of scale and landscape 851 

setting. Ecological Economics, 35 (1), 25-33 (http://doi.org/10.1016/S0921-8009(00)00165-8). 852 
 853 
Moctezuma-Malagón, A., González-Esquivel, C.E., De la Lanza-Espino, G. and González-854 

Rebeles Islas, C., 2008. A methodology for evaluating the sustainability of inland wetland 855 
systems. Aquaculture International, 16 (6), 525-537 (http://doi.org/10.1007/s10499-007-9163-856 
5). 857 

 858 
Müller, F. and Burkhard, B., 2012, The indicator side of ecosystem services. Ecosystem Services, 859 

1 (1), 26-30 (https://doi.org/10.1016/j.ecoser.2012.06.001). 860 
 861 
Nielsen, J., Noble, B. and Hill, M., 2012. Wetland assessment and impact mitigation decision 862 

support framework for linear development projects: The Louis Riel Trail, Highway 11 North 863 
project, Saskatchewan, Canada. Canadian Geographer, 56 (1), 117-139 864 
(http://doi.org/10.1111/j.1541-0064.2011.00398.x). 865 

 866 
Niemelä, J., Saarela, S.-R., Söderman, T., Kopperoinen, L., Yli-Pelkonen, V., Väre, S. and Kotze, 867 

D.J., 2010. Using the ecosystem services approach for better planning and conservation of 868 
urban green spaces: a Finland case study. Biodiversity Conservation, 19, 3225-3243 869 
(https://doi.org/10.1007/s10531-010-9888-8). 870 

 871 
NWWG (National Wetland Working Group), 1997. The Canadian wetland classification system. 872 

Edited by Warner W.G. and C.D.A. Rubec. Canadian Wildlife Service, Environment Canada, 873 
68 p (ISBN: 0-662-25857-6). 874 

 875 
Paracchini, M.L., Pacini, C., Jones, M.L.M. and Pérez-Soba, M., 2011. An aggregation 876 

framework to link indicators associated with multifunctional land use to the stakeholder 877 
evaluation of policy options. Ecological Indicators, 11 (1), 71-80 878 
(https://doi.org/10.1016/j.ecolind.2009.04.006).  879 

 880 
Pinzger, M., Gall, H., Fischer, M. and Lanza, M., 2005. Visualizing multiple evolution metrics. 881 

Proceedings SoftVis '05 - ACM Symposium on Software Visualization, 67-75 882 
(http://doi.org/10.1145/1056018.1056027). 883 

 884 
Price, J.S., Branfireun, B.A., Waddington, J.M. and Devito, K.J., 2005. Advances in Canadian 885 

wetland hydrology, 1999-2003. Hydrological Processes, 19 (1), 201-214 886 
(https://doi.org/10.1002/hyp.5774). 887 

 888 
Quétier, F., Lavorel, S., Daigney, S. et de Chazal, J., 2009. Assessing ecological and social 889 

uncertainty in the evaluation of land-use impacts on ecosystem services. Journal of Land Use 890 
Science, 4 (3), 173-199 (https://doi.org/10.1080/17474230903036667). 891 

 892 
Ramsar., 2011. The Ramsar convention and its mission: About. www.ramsar.org (Accessed 893 

November 2011).  894 
 895 



28 
 

Rebelo, L.-M., Finlayson, C.M. and Nagabhatla, N., 2009. Remote sensing and GIS for wetland 896 
inventory, mapping and change analysis. Journal of environmental management, 90 (7), 2144-897 
2153 (https://doi.org/10.1016/j.jenvman.2007.06.027). 898 

 899 
Smith, L.M., Euliss Jr., N.H., Wilcox, D.A. and Brinson, M.M., 2008. Application of a 900 

geomorphic and temporal perspective to wetland management in North America. Wetlands, 28 901 
(3), 563-577 (https://doi.org/10.1672/07-155.1). 902 

 903 
Théau, J., Bernier, A. and Fournier, R.A., 2015. An evaluation framework based on 904 

sustainability-related indicators for the comparison of conceptual approaches for ecological 905 
networks. Ecological Indicators, 52, 444-457 (http://doi.org/10.1016/j.ecolind.2014.12.029). 906 

 907 
Turner, R.K., Van den Bergh, J.C.J.M., Soderqvist, T., Barendregt, A., Van der Straaten, J., 908 

Maltby, E. and Van Ierland, E.C., 2000. Ecological-economic analysis of wetlands: Scientific 909 
integration for management and policy. Ecological Economics, 35 (1), 7-23 910 
(http://doi.org/10.1016/S0921-8009(00)00164-6).  911 

 912 
Uuemaa, E., Antrop, M., Roosaare, J., Marja, R. and Mander, Ü., 2009. Landscape metrics and 913 

indices: An overview of their use in landscape research. Living Reviews in Landscape 914 
Research, 3 (1), 5-28 (http://dx.doi.org/10.12942/lrlr-2009-1). 915 

 916 
United Nations, European Union, Food and Agriculture Organization of the United Nations, 917 

International Monetary Fund, Organisation for Economic Cooperation and Development, & 918 
World Bank, 2014. System of environmental-economic accounting 2012-Central Framework 919 
[SEEA-CF]. New York, NY: United Nations, 177 p (ISBN: 978-92-1-161575-3). 920 

 921 
Van Hecken, G. and Bastiaensen, J., 2010. Payments for ecosystem services: justified or not? A 922 

political view. Environmental science & policy 13 (8), 785-792 923 
(https://doi.org/10.1016/j.envsci.2010.09.006). 924 

 925 
Varin M., 2013. Cartographie de trois fonctions écologiques des milieux humides à l’aide 926 

d’indicateurs spatiaux dans un contexte d’aide à la décision. Master thesis, Department of 927 
Applied Geomatics, Université de Sherbrooke, 95 p 928 
(http://savoirs.usherbrooke.ca/handle/11143/81). 929 

 930 
Wang, Y.Z., Hong, W., Wu, C.Z., He, D.J., Lin, S.W. and Fan, H.L., 2008. Application of 931 

landscape ecology to the research on wetlands. Journal of Forestry Research, 19 (2), 164-170 932 
(http://doi.org/10.1007/s11676-008-0029-0).  933 

 934 
Wardrop, D.H., Kentula, M.E., Stevens Jr., D.L., Jensen, S.F. and Brooks, R.P., 2007. 935 

Assessment of wetland condition: An example from the upper juniata watershed in 936 
Pennsylvania, USA. Wetlands, 27 (3), 416-431 (http://doi.org/10.1672/0277-937 
5212(2007)27[416:AOWCAE]2.0.CO;2). 938 

 939 
Weller, D.E., Snyder, M.N., Whigham, D.F., Jacobs, A.D. and Jordan, T.E., 2007. Landscape 940 

indicators of wetland condition in the Nanticoke River Watershed, Maryland and Delaware, 941 



29 
 

USA. Wetlands, 27 (3), 498-514 (https://doi.org/10.1672/0277-942 
5212(2007)27[498:LIOWCI]2.0.CO;2). 943 

 944 
Wolff, S., Schulp, C.J.E. and Verburg, P.H., 2015. Mapping ecosystem services demand: A 945 

review of current research and future perspectives. Ecological Indicators, 55, 159-171 946 
(http://dx.doi.org/10.1016/j.ecolind.2015.03.016). 947 

 948 
Xin, Z., Li, C., Lio, H., Shang, H., Ye, L., Li, Y. and Zhang, C., 2018. Evaluation of Temporal 949 

and Spatial Ecosystem Services in Dalian, China: Implications for Urban Planning. 950 
Sustainability, 10 (4), 1247 (https://doi.org/10.3390/su10041247). 951 

 952 

 953 

 954 

 955 

 956 

 957 

 958 

 959 

 960 

 961 

 962 

 963 

 964 

 965 

 966 

 967 

 968 

 969 

 970 


