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Abstract

Hydrological models offer the opportunity to evaluate wetland conservation networks as nature-
based solutions to mitigate hydrological extremes. To optimize the replication of a hydrological
model response (i.e., stream flows), the models rely on input data (land cover, hydrographic
network, soil types, topography, meteorological data) and parameters. However, the effect of
parametric uncertainty on the simulated variables and the spatio-temporal variability of this
sensitivity are insufficiently documented. This study presents an application of the novel global
sensitivity analysis method, the Variogram Analysis of Response Surface, to the isolated and
riparian wetland modules of HYDROTEL, a semi-distributed, process-based, deterministic model,
on two watersheds located in the province of Quebec, Canada. The analysis accounted for: (i) the
spatial variability by assessing the sensitivity at various locations in the watersheds and by
compiling sensitivity indices for wetland networks discretized following the Strahler order
classification which quantifies the structure of hydrographic networks and (ii) the temporal
variability of the sensitivity using the Generalized Global Sensitivity Matrix. The results indicate
that the parameters defining the geometry of wetlands (area, depth) are the most sensitive for
both isolated and riparian wetlands, and for all Strahler orders. The temporal assessment of
sensitivity highlights the seasonal controlling processes, including a peaking sensitivity of the
maximum water depth in wetlands during spring snowmelt, whereas the sensitivity of the
evapotranspiration parameter increases during summer, but is null during winter. Results also
indicate that the parameters of the isolated modules are more sensitive for wetlands located on
lower stream order (upstream/headwaters) while those of the riparian modules display a greater
sensitivity when wetlands are located on higher Strahler orders (downstream/main channel).
These findings deepen our understanding of the impact of wetland features on stream flows and
provide guidelines to plan future data acquisition campaigns in wetlandscapes.

Keywords
HYDROTEL, hydroconnectivity, time-varying sensitivity analysis, Variogram Analysis of Response
Surface, field data acquisition, Strahler order
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1. Introduction

The development of hydrological models has advanced our understanding of how landscape
features affect watershed hydrology. For example, the integration of wetland hydrology in
watershed-scale models has allowed researchers to investigate how river flows react to diverse
configurations of wetland coverage, location, typologies, and/or hydro-connectivity in various
climates and geological environments (Blanchette et al., 2022; Evenson et al., 2018; Fossey et
al., 2016; Goyette et al., 2022). Over the last decade or so, wetlands have been the subject of
increasing scientific and political attention, thanks to their key role in mitigating stream flows.
Nevertheless, it is essential to remain critical when drawing conclusions from model outputs.
Indeed, exhaustive sensitivity and uncertainty analyses of semi-distributed hydrological models
used to assess the impact of wetlands on hydrological variables have yet to be carried out
comprehensively. Consequently, although models were developed with the most up-to-date
scientific knowledge of wetland hydrology, it is still unclear how uncertainties in input data and
model parameters may affect simulation results. For instance, most semi-distributed hydrological
models rely on empirical power equations describing volume-area-depth relationships that are
governed by wetland geometry (Rahman et al., 2016). Among models, HYDROTEL, a semi-
distributed hydrological model (Fossey et al., 2015) assumes that maximum wetland extents can
be derived from remotely sensed land cover data. This maximum surface area, along with
parameters of the volume-area-depth relationships, subsequently intervene at every
computational time step to assess water storage and fluxes. Meanwhile, remotely-sensed data
are affected by antecedent meteorological and soil moisture conditions at the time of acquisition
— and conversely govern the spatial resolution of input data and wetland parameters; thus,
impacting model response. All these issues emphasize the need for an in-depth quantification of
the effect of any parameter-induced uncertainties on model outputs.

By definition, sensitivity analysis (SA) “studies how the uncertainty in the output of a model can
be apportioned to the different sources of uncertainty in the model input” (Saltelli et al., 2004). The
scientific community agrees that SA should be the first step of any new model implementation, as
it provides key insights on its performances to reproduce a given system. Razavi et al. (2021)
reported four overarching purposes of SA: (i) explore causalities, processes, and interactions of
the modelled system, (ii) reduce dimensionality, (iii) target data acquisition, and (iv) support
decision. Two main categories of SA coexist. First, local SA refers to methods where inputs are
modified around a nominal value to observe the effect on model response. Local methods provide
a simple and fast option to perform SA, but they are limited to assessing the impact of individual
parameters independently, not accounting for possible interactions. In this context, local methods
are inadequate when it comes to assessing complex models representing Earth and
environmental systems, including hydrological models. For these systems, global sensitivity
analysis (GSA) methods, such as derivative-based (Morris, 1991), distribution-based (Sobol,
1993), variogram-based (Razavi and Gupta, 2016a; Razavi and Gupta, 2016b), or regression-
based (Iman and Helton, 1988), are better suited as they “provide a ‘global’ representation of how
the different factors work and interact across the full problem space to influence some function of
the system output” (Razavi et al., 2021). Although it comes with high computational costs, GSA
remains a judicious means of comprehensively assessing the quality of model input approximation
and diagnosing any flaw in model structure.

Traditional sensitivity analysis applications rely on performance metrics, which aggregate the
propagation of uncertainties and may lead to a loss of information regarding sensitivity at finer
temporal scales (Pianosi and Wagener, 2016). In response to this loss of information, time-variant
GSA tools, where sensitivity metrics are computed at every time step, have been developed to
study how simulated processes dominance varies in time (Pianosi and Wagener, 2016; Razavi
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and Gupta, 2019). Among others (Bajracharya et al., 2020; Korgaonkar et al., 2020; Medina and
Mufioz, 2020; Razavi and Gupta, 2019), Pianosi and Wagener (2016) performed a time-variant
sensitivity analysis using PAWN (Pianosi and Wagener, 2015), a density-based SA method, on
the Hydrologiska Byrans Vattenbalansavdelning (HBV) model applied to three watersheds in the
USA: the English River in lowa, the French Broad River in North Carolina, and the Guadalupe
River in Texas. Their results confirmed that time-variant sensitivity analysis can reveal sensitivity
information that could be hidden in SA based on aggregated performance metrics.

Among the models that are well suited for representing wetlands at the watershed scale, many
underwent a form of SA. While developing a SWAT extension module simulating riparian wetlands
(RW), Liu et al. (2008) conducted a partial and local SA on the wetland geometric parameters
(normal depth and ratio between normal and maximum surface areas) relative to stream flow. For
an application on the Upper Canagagigue Creek watershed (53 km?) in Southern Ontario, Canada,
their results highlighted the necessity of calibrating geometric parameters, especially when field
data are available. Building upon this work, Rahman et al. (2016) modified the RW extension
module of SWAT by replacing the unidirectional interaction between wetlands and river/aquifer
with a hydraulic-based bidirectional connection. To assess how these parameters affect the
sensitivity of stream flows and wetland storage, they analyzed the temporal dynamics of parameter
sensitivity (Reusser et al., 2011), based on the Fourier amplitude sensitivity test (FAST; Cukier et
al., 1973). They applied this method on two sub-basins (wetland drainage area > 96%) located in
the Barak-Kushiyara River transboundary watershed (35,563 km?2), shared by India and
Bangladesh. Their results revealed a high temporal variability in parameter sensitivity. To assess
the impact of geographically isolated wetlands (IWs) on water table and base flow variation,
McLaughlin et al. (2014) combined shallow-water table and soil moisture process-based models
with a wetland hydrology model. Their SA showed that wetland elevation and confining layer
elevation, which are driven by changes in the geometry of the wetland system, displayed a
significant sensitivity. As a first attempt to understand the relative sensitivities of the wetland
parameters of HYDROTEL, a semi-distributed hydrological model, Fossey et al. (2015) performed
a local SA using the Bécancour River watershed (2,597 km?, 12% of wetlands cover, including, 8
% of IWs and 4 % of RWSs). They used the local one-parameter-at-a-time method (Ben Nasr, 2014;
Bouda et al., 2014; Mailhot and Villeneuve, 2003) to evaluate how parameter variations affected
stream flows at three different locations within the watershed (following an upstream-downstream
gradient). Their results suggested that the parameters of the IW module are the most influential
ones when compared to those of the RW module, with some variability between the river reaches
of interest. Although quite informative, some questions have remained, especially regarding
interactions between parameters and large parameter space. More importantly, their investigation
raises questions regarding the spatio-temporal variability of sensitivity, including: (i) Are stream
flows equally sensitive to various wetland spatial configurations at the watershed scale? (ii) How
does sensitivity temporally vary? One way to provide answers to these questions is to perform a
spatio-temporal GSA. This would not only provide a more comprehensive understanding of the
influence of the wetland parameters of HYDROTEL, but also help us to interpret the modelling
results; in this instance to put in perspective the role of wetlands at the watershed scale. This
would be particularly relevant given the fact that the model has been used to assess the role of
wetlands: (i) during floods in the large Canada-USA Lake Champlain Richelieu River watershed
(Rousseau et al., 2022); (ii) as flood resilience landscapes in China (Wu et al., 2020b), (iii) in
regulating streamflows (Wu et al., 2020a), and (iv) the effect of river damming on their hydrological
functions (Wu et al., 2021). The model has also been used to investigate whether wetlands can
mitigate the impact of climate change in both Canada (Fossey and Rousseau, 2016a; Fossey and
Rousseau, 2016b) and China (Wu et al., 2022).
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In this paper, we present the results of a GSA on the IW and RW modules of HYDROTEL, using
a novel variogram-based method (Razavi and Gupta, 2016a; Razavi and Gupta, 2016b). We
combine this algorithm with the Generalized Global Sensitivity Matrix (GGSM) to account for the
sensitivity temporal variability. We also specifically address the spatial variability by: (i) carrying
out the SA on two distinct watersheds located in southeastern Canada, the St. Charles River and
the Bécancour River watersheds, and (ii) assessing the sensitivity at various locations in the latter
watersheds. Moreover, for both watersheds, we test how different spatial configurations of
wetlands at the watershed scale can affect parameter sensitivity.

2. Material and methods
2.1. Study area

Two watersheds with distinct characteristics of wetland cover, land use, and soils, were selected
to perform the SA: the St. Charles River watershed (554 km?) and the Bécancour River watershed
(2,597 km?), both located in Quebec, Canada (Fig. 1). The St. Charles River watershed comprises
five tributaries with a stream network ranging from 1 to 5 Strahler orders: Des Hurons (137 km?),
Jaune (82 km?), Nelson (74 km?), Lorette (72 km?) and Du Berger (57 km?). The watershed is
located on the North shore of the St. Lawrence River. Many lakes are found in the watershed, the
most important being Lake St. Charles which is used as a drinking water reservoir for more than
300,000 citizens of the region. To ensure long-term protection of the water quality and quantity,
Quebec City recently acquired a bio-hydrologically relevant wetland complex to help mitigate the
impact of accelerated anthropogenic development in some parts of the watershed. In this specific
watershed, there is indeed good synergy between wetland scientists and municipal authorities to
improve our understanding of wetland services and used them in urban planning. Wetlands and
their contributing areas (CA) cover 6% and 22% of the watershed, respectively. The Nelson sub-
watershed (Fig. 2 (d); 9%) has the highest wetland cover, followed by the Lorette sub-watershed
(Fig. 2 (9); 7%). While those two sub-watersheds are dominated by IWs, RWs dominate the other
sub-watersheds while, the majority of IWs are found in headwater hillslopes. The watershed is
mostly urbanized in the downstream part (southern portion), while the northern portion is mainly
covered with forests belonging to the balsam fir-yellow birch and balsam fir-white birch bioclimatic
region (Agence des foréts privées du Québec 03, 2001). The watershed is characterized by
subpolar temperatures, humid precipitation, and mean growing season in the north, and by
moderate temperatures, sub-humid precipitation, and long growing season in the southern part
(Fig. 3 (a, top and middle); Gerardin and McKenney, 2001; Litynski, 1988). The Kdppen-Geiger
climate classification places the watershed in the warm-summer humid continental climate (Dfb).
However, this classification could evolve to a hot-summer humid continental climate (Dfa) over
the 2071-2100 horizon (Beck et al., 2018). Based on 47 climate change projections, mean daily
temperatures are expected to increase between current (1980-2019) and future (2060-2099)
climate, and the snow:rain precipitation ratio will also decrease during winter and early spring for
the St. Charles watershed specifically (Goyette et al., 2022). Covered with sandy loam, clay loam
and loamy sand soil textures, most of the watershed unfolds on the Grenville geological province,
but some parts of the downstream region are located within the St. Lawrence platform and the
Appalachians geological province. The conjunction of these three geological provinces and their
fault line explains a rather complex topography. It is characterized by rounded and crystalline hills
on the Grenville province with slopes up to 60%, smaller monticules and terraces in the central
part with slopes lower than 10%, and the part located on the Appalachian province consists of a
hill with slopes from 11 to 15% (Brodeur et al., 2009).

The Bécancour River starts at the outlet of Lake Bécancour, which is in the city of Thetford Mines,
and ends on the southern shore of the St. Lawrence River, close to the City of Bécancour. The
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watershed has a rather high wetland cover (12%), draining 31 % of its territory (Fig. 2). Forested
peatlands (4.9%) and swamps (4.0%) dominate (Canards lllimités Canada and Ministére de
I'Environnement et Lutte contre les changements climatiques, 2020), but this watershed also has
an important cover of open ombrotrophic peatlands (1.1%). The hydrographic network includes
62 lakes (> 1 ha) and drains a territory that is mostly covered by forests (54%, eastern sugar
maple-basswood and sugar maple-yellow birch bioclimatic domains; Agence Forestiére des Bois-
Francs 2015) and agriculture (23%). The watershed has moderate temperatures, sub-humid
precipitations and a long growing season (Fig. 3 (b, top and middle); Gerardin and McKenney,
2001; Litynski, 1988). Under current climate conditions, mean precipitation is 1,297 mm in the
upper part and 1,085 mm at the outlet, while mean temperatures are 4 °C and 4.7 °C, at Thetford
Mines (1971-2000) and Bécancour, respectively (Morin and Boulanger, 2005). Beck et al. (2018)
predicted that the Kdéppen-Geiger climate classification will evolve from warm-summer humid
continental to hot-summer humid continental in the future. Rugged landforms, strong slopes and
altitude ranging between 100 and 600 m characterize the upper (southern) half of the watershed,
located within the Appalachians Mountains, while the lower (northern) half extends on the St.
Lawrence platform, where the topography is lightly undulated with gentler slopes and altitudes
below 100 m. The surface deposits are characterized as till with a loamy soil texture in the upper
part, while loamy sands cover the lower part. Since the majority of wetlands on the watershed are
located in this region and to increase computational efficiency, the SA was performed upstream
of hydrometric station 024014.

Considering their specific discharge (discharge divided by the total surface area of the watershed)
the St. Charles and Bécancour River watersheds have similar hydrographs (Fig. 3. a and b,
bottom). However, the St. Charles River watershed, which has a smaller area, a steeper
topography, and slightly higher mean precipitations, shows more reactivity than the Bécancour
watershed, including a higher spring snowmelt stream flow.

Fig. 1. Location and Strahler order of wetlands on the (a) St. Charles River watershed and (b) the
Bécancour River watershed.

Fig. 2. Total wetland (HEW) area and contributing area (CA) for each watershed and sub-watershed,
presented by Strahler order. A stands for “all wetlands”.

Fig. 3. Hydrometeorological conditions over the 2000-2020 period of the (a) St. Charles and (b)
Bécancour watersheds. The top figures present the minimum, mean, and maximum
temperatures. The middle figures present minimum, mean, and maximum
cumulatives of snow (P;), rain (P;), and total precipitation (P::). The bottom figures
present the minimum, mean, and maximum specific discharge hydrographs from
simulated streamflows.

2.2. PHYSITEL/HYDROTEL modelling platform, input data, processing steps and
wetland integration

We performed a SA on the IW and RW modules of the PHYSITEL/HYDROTEL modelling platform,
which is used by multiple institutions (Hydro-Québec, Yukon Energy) and universities (Ecole de
Technologies Supérieures, Université de Sherbrooke, Université Laval, Universidad Veracruzana
in Mexico, Northeast Institute of Geography and Agroecology in China, to mention a few). These
different applications of the model have confirmed its ability to reproduce accurately stream flows
in a variety of hydroclimatic and geological contexts. In Quebec, specifically, HYDROTEL is used
by the Water Expertise Division of the ministry of Environment, fight against Climate Change,
Fauna and Park to simulate the flows of the provincial Hydroclimatic Atlas
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(https://cehqg.gouv.qc.cal/atlas-hydroclimatique). Using HYDROTEL in this study was also
motivated by the availability of local expertise to analyze and interpret the results.

This platform includes a specialized geographic information system (GIS), PHYSITEL (Noél et al.,
2014; Rousseau et al., 2011; Turcotte et al., 2001), which is used to build and format a
physiographic database to support the implementation of distributed hydrological models.
HYDROTEL (Bouda et al., 2014; Bouda et al., 2012; Fortin et al., 2001; Turcotte et al., 2007;
Turcotte et al., 2003) is a semi-distributed, process-based, deterministic model, built around nine
computational modules simulating different components of the hydrological cycle. Among them,
meteorological data interpolation, snow accumulation and melt, soil temperature and freezing,
potential evapotranspiration, and vertical water budget are applied at the relatively hydrologically
homogeneous units (RHHUS s, i.e., hillslopes) scale, the computational unit of HYDROTEL. Runoff
routing relies on a geomorphological unit hydrograph (generated with a reference depth of water),
which performs a temporal distribution of the vertical water budget output. Finally, water routing in
the hydrographic network is computed at the river reach scale using as inputs water from the
upstream river reach and runoff from the adjacent hillslopes. The model accounts for the
contribution of wetlands to watershed hydrology via two wetland modules (representing IWs and
RWs) integrated at the hillslope scale by Fossey et al. (2015). The IW module is represented as
a control volume of the vertical water budget with its outlet connected to the runoff routing module.
The RW module is partially integrated to the vertical water budget and has a connection to the
river flow routing module.

For the St. Charles River watershed, a 20-m digital elevation model (DEM) and a vectorial river
network (1:50,000), both extracted from Geogratis (Natural Resources Canada, 2013;
https://maps.canada. ca/czs/index-en.html) were used. A 20-m resolution land cover map was
built by combining various datasets (Blanchette et al., 2022) and the soil textures were extracted
from the soil landscapes of Canada (Soil Landscapes of Canada Working Group, 2010). For the
Bécancour River watershed, we used a previous implementation of the watershed (Fossey et al.,
2016), which included: (i) a 30-m DEM from the Quebec Topographic Database, (ii) a vectorial
river network provided by the Quebec Hydrological Expertise Center (Centre d’expertise hydrique
du Québec, CEHQ), (iii) a 30-m resolution land cover map of 2012 provided by University of
Sherbrooke, and (iv) soil datasets from the Research and Development Institute for the Agri-
environment. Daily meteorological data, including precipitation, minimum and maximum
temperature covering the 1963-2020 period, were extracted from Environment and Climate
Change Canada’s database using the package weathercan in R (v.4.0.4). A radius of 75 km (St.
Charles) and 100 km (Bécancour) from the center of each watershed was used to select the
meteorological stations. A total of 28 stations were considered for the St. Charles watershed, while
63 stations were included for the Bécancour watershed. For the St. Charles, precipitation data
from 31 rain gauges operated by Quebec City were also included in the meteorological dataset.

To prepare the physiographic database, PHYSITEL.: (i) calculates the slope and flow direction for
each cell, (ii) processes the flow accumulation matrix, (iii) discretizes the watershed into hillslopes,
(iv) for each hillslope, determines the percentage of each land cover and the dominant soil texture.
Accounting for wetlands in HYDROTEL also requires PHYSITEL to: (i) identify wetlands from the
land cover map, (ii) calculate the maximum area of wetlands from the number of pixels associated
to the wetland class, (iii) delineate the CA of each wetland using the accumulation matrix, (iv)
differentiate IWs and RWs based on a river network adjacency threshold, and for each hillslope
(v) merge wetlands into one isolated and/or one riparian hydrologically equivalent wetland (HEW,
Wang et al., 2008). During the latter step, PHYSITEL provides the total area of all the wetlands
belonging to a specific typology (IW or RW) to calculate the wetland maximum surface area
(SAwetmax) and also the total CA of each HEW to assess the fraction of the hillslope that is
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contributing to the HEW (fr,..). In addition, PHYSITEL spatially connects the riparian HEWs at
specific locations on the river reaches.

For the HEW of the IW and RW computational modules, HYDROTEL computes the water budget
using Equations (1) and (2), respectively:

VwetZ = Vwetl + Vpcp - Vev - Vseep - Vfout + Vfin (1)
VwetZ = Vwetl + Vpcp - Vev - Vseep - Vex + Vfin (2)

where V. and V.1 are volumes of water stored at the end and beginning of a time step (m3;
Viwet1 = Vwernor at the first time step, see Equation (8)), V., is the volume of precipitation received
(m?3), V., is the volume of water lost to evapotranspiration, estimated as a percentage of the
evapotranspiration at hillslope scale, V., is the water transferred to a deep aquifer calculated
using Darcy’s law and transferred to the terrestrial flow (IW) or the river water routing (RW)
modules to close the hydrological budget, V. is the volume of water leaving the isolated HEW
and is calculated using an iterative scheme (see Fossey et al. (2015) for additional details), and
Ve is the volume of water exchanged between the riparian HEW and the river reach (calculated
by iteration, using Darcy’s law and assuming that the HEW and river water levels are equal at the
end of the time step). Finally, V;, (Equation (3)) is the water entering the HEW from the vertical
water budget:

Vfin= thllslope X (frwet X SAhillslope_SAwet) x 10 (3)

where Qniusiope is the sum of surface, lateral, and base flows (mm) calculated in the vertical water
budget, fry.: is the percentage of wetland CA for each hillslope, SApsiope is the area of each
hillslope (m?), and 10 is a conversion factor (SApisiope @and SA,.: are first converted to ha;
m3/(ha.mm)). SA,.: is the area of wetland updated at every computational time-step, using
Equation (4):

SAwet =B X Viet (4)
where a and S are:

10g10 (SAwet,max) TN 10g10 (SAwet,nor)
- lOglo (Vwet,max) - ]0g10 (Vwet,nor)

()

SAwet,max
B= @ (6)

Vive t,max

In Equations (5) and (6), SAwetmax is the area of a HEW (calculated in PHYSITEL) when the water
is at maximum level (WETDMAX) and SAyetnor IS the area when the water is at normal level (
WETDNOR), which corresponds to a percentage (FRAC) of SAyetmax- Vwetmax @Nd Viyernor are
calculated using Equations (7) and (8), respectively:

Vwet,max =WETDMAX X SAwet,max (7)

Vwetnor = WETDNOR X SAyetnor (8)
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2.3. Model calibration

The parameters of the HYDROTEL modules (Supplemental material, Table S1) were
automatically calibrated (budget of 250 iterations, 10 trials) using the Asynchronous Parallel multi-
objective optimization algorithm Pareto Archived Dynamically Dimensioned Search (ParaPADDS;
Asadzaded and Tolson, 2009; Tolson et al., 2014) provided with the Optimization Software Toolkit
for Research Involving Computational Heuristics (OSTRICH v17.12.19
http://www.civil.uwaterloo.ca/envmodelling/Ostrich.html; Matott, 2017). To minimize initialization
errors and account for the water balance warm-up, the first year was removed prior to the
calculation of the objective functions. In addition, winter stream flows (November to March; ice-on
period) were excluded from the calibration since the uncertainty related to measurements during
this period is high. Daily observed stream flows provided by the CEHQ (Fig. 1) were compared
with daily simulated stream flows using the KGE (Gupta et al., 2009) and NSE-LOG (Oudin et al.,
2006) as objective functions, calculated with the R package hydroGOF (R Core Team, 2020;
Zambrano-Bigiarini, 2020) and the Python package hydroeval (Hallouin, 2021). For the St. Charles
watershed, a sub-watershed calibration strategy was implemented, meaning that each sub-
watershed (except the St. Charles sub-watershed) was calibrated independently. The values of
the parameters of the Nelson, Des Hurons and Jaune River being set, the final calibration involved
the area between the outlets of the subwatersheds and that of the St. Charles sub-watershed
using the daily observed stream flows of station 090504 (Fig. 1). For this specific station, a water
intake was considered in the calibration process and an ecological stream flow (0.33 m?®/s) needed
to be met for the whole period of calibration. The Bécancour watershed was calibrated between
January 1t 2004 and December 31st 2015, using daily observed stream flows at station 024014
(Fig. 1; Ministére de I'Environnement et la Lutte contre les Changements Climatiques, 2021). For
this watershed, data on water withdrawals (which come from underground sources) or ecological
stream flow were unavailable, so they were not accounted for by HYDROTEL. The calibration
exercise was deemed satisfactory and characterized by good performance metrics for the different
river reaches under study (Table 1).

Table 1. Hydrometric station used for calibration purpose, period of data availability, and calibration
performance metrics for each watershed/sub-watershed. KGE: Kling and Gupta
Efficiency criteria (Gupta et al., 2009). NSE-LOG: Nash-Sutcliffe efficiency criterion
calculated on log-transformed flows (Oudin et al., 2006). PBIAS: percent-bias (Yapo
et al., 1996). RMSE: Root-mean square error (Singh et al., 2005).

Watershed/Sub-watershed Period KGE NSE-LOG PBIAS RMSE

(%) (m?3/s)

Des Hurons (050916) 2007-2020 0.74 0.76 -14.38 2.69

Jaune (050906) 1983-1994 0.78 0.69 -13.93 1.84
Nelson (050915) 2006-2020 0.79 0.77 -14.03 1.08
Lorette (050914) 2006-2009 0.83 0.79 -453  1.57
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Du Berger (050907) 1983-1995 0.72 049  -2167 1.14

St. Charles (050904) 2000-2020 0.75 0.73 -20.18  7.30

Becancour (024014) 2004-2015 0.91 0.87 -1.11 30.19

2.4. Sensitivity analysis
2.41. VARS toolbox theoretical background

Parameter sensitivity was assessed using the Variogram Analysis of Response Surface (VARS)
toolbox (Razavi et al., 2019), which is compatible with any model through a connection with
OSTRICH (Matott, 2017). Inspired by the variogram techniques that are of common usage in
geostatistical analyses, VARS is a recently developed GSA method where the response surface
of the model is considered as a spatially distributed dependent variable. It recognizes that there
is a spatial and continuous covariance structure in the model response. A variogram (y ; Equation
(9)) describes this spatial covariance structure for a given stochastic process:

Y0 = e e v Y = y@) (©)

where h is the variogram scale (distance between computational points), N(h) is the number of
pairs of points that are h-distant, y(x*) and y(x?) are the model responses in the parametric space
at location x4 and x®, respectively. In the context of a GSA, the VARS method consists of
generating a variogram for each parameter. Thus, higher y(h;) values indicate a higher sensitivity
in the direction of parameter i (Razavi and Gupta, 2016a). The sensitivity index associated with
the VARS method is the integrated variogram (IVAR; Equation (10)):

(H) = [y (h)dh (10)

for a scale interval from 0 to H; and for parameter i. As suggested by the authors, values
associated with a 50% interval (IVAR50) were used in this study. The relative sensitivity (IVAR50n)
presented throughout the paper is calculated as follows:

IVAR50;

IVAR50n = —
Zl. IVARS50;

(11)

2.4.2. Sensitivity analyses of the wetland modules

The SA focused on the parameters of the wetland modules. As a first step, the “star-based”
sampling strategy included in the VARS toolbox was used to generate the parameter sets,
according to the lower and upper bounds reported in Table 2. This framework generates
parameter sets covering all the parametric space and facilitates the computation of sensitivity
metrics (Razavi and Gupta, 2016b). The strategy consists of: (i) randomly generating m points
(star centers) across the factor space, and (ii) aligning equally spaced points along each
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dimension (i.e., parameters, n) in the factor space (based on a user defined sampling resolution;
Ah). Following these steps, the final number of parameter sets (r) is:

r:m(n(Aih—1)+1) (12)

In this study, we used 50 stars, a sampling resolution of 0.1, and the latin hypercube sampling to
generate the parameter sets. Second, for each parameter set we ran the model using the Model
Evaluation program integrated in the parallelized version of OSTRICH using supercomputers
Beluga and Narval, managed by Calcul Québec and the Digital Research Alliance of Canada. The
model was run from January 1st, 1999, to December 31st, 2020, and a 365-day spin-up period was
removed from the beginning of the resulting time series to minimize initialization errors. Third, to
account for sensitivity temporal variability, we calculated daily mean sensitivity indices over the
2000-2020 period (i.e., IVAR50) using VARS and the Generalized Global Sensitivity Matrix
(GGSM) in MATLAB (R2018b).

To assess wetland parameter sensitivity at the hillslope scale as well as the watershed scale, we
then performed two categories of SAs (Fig. 4). First, to assess how a variation in the value of
parameters affects the outflow of the wetland modules (V.. and V.y), that is the hillslope/HEW
scale, a SA was conducted for specific HEWSs located in the Jaune River sub-watershed. Based
on the definition of wetland networks suggested by Blanchette et al. (2022) which is described in
terms of specific wetland area and CA criteria, four isolated HEWSs and four riparian HEWs were
selected (Fig. 5). For each typology (i.e., isolated and riparian), the four wetlands belonged to one
of the following networks: small wetland with small CA into the small wetlands group (PI), small
wetland with large CA into the small wetlands group (PII), large wetland with small CA into the
large wetlands group (PIIl), and large wetland with large CA into the large wetlands group (PIV).
The selected wetlands were hydrologically independent from each other. Then, HYDROTEL was
run using 2750 and 2300 parameter sets and IVARS50 was computed on Vs, and Ve, for IWs
and RWs, respectively. Second, SAs were performed at both the watershed scale and the sub-
watershed scale, using 5000 parameter sets. The parameters of both wetland modules were
varied simultaneously for this analysis. For the St. Charles River watershed, VAR50 was
calculated using the simulated outlet flows of the watershed and each sub-watershed. Moreover,
in line with the calibration strategy, for the simulated stream flows at the outlet of the watershed,
a water withdrawal (data provided by Quebec City) was removed from simulated data and a
minimum ecological flow of 0.33 m3/s was enforced. For the Bécancour River watershed, IVAR50n
was calculated on simulated stream flows at station 024014. To account for the impact of wetland
location on the variability of wetland parameter sensitivities, we divided the wetlands of each study
watershed by Strahler order. The Strahler order classification (Strahler, 1957) is used to quantify
the structure of a hydrographic network and the relative location of each river reach. It can be used
as an indicator of stream size (Hughes et al., 2011). The reaches head are assigned a value of 1
which goes up at each branch. We identified the Strahler order of each river reach and assigned
it to the corresponding hillslopes, using ArcMAP (v10.6.1, www.esri.com; Environmental Systems
Research Institute (ESRI), 2018). We used the list of hillslopes to assign a Strahler order to each
isolated HEW and each riparian HEW. We then created HYDROTEL projects containing only the
wetlands corresponding to specific Strahler orders by modifying the files describing wetlands
(comma-separated files listing wetland parameters and HEW spatial characteristics for each
hillslope or river reach, for IWs and RWs respectively). For example, in the case of wetlands
associated with 1st order river reaches, only them were included in the simulation, that is wetlands
of Strahler order 2 or higher were not simulated in the model. This resulted in five SA projects for
the Bécancour River watershed (all wetlands, Strahler order 1 to 4) and six projects for the St.
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Charles River watershed (all wetlands, Strahler order 1 to 5). All those projects were evaluated
with the same list of 5000 parameter sets using the supercomputers.

Table 2. Description of the wetland parameters in HYDROTEL, and lower and upper bounds used for

the sensitivity analyses.

Category Bounds
Parameters Description
FRAC-IW Geometry [0.20;

0.60] Ratio defining the relationship between the HEW
surfaces at the wetland maximum and normal water
levels, respectively (%)

KSATBS-IW [0.25; Saturated hydraulic conductivity of the soil beneath the
Hydrogeology  0.75] HEW (mm/h)
WETDNOR- [0.05; Threshold values of water depth in the HEW
w Geometry 0.25]  corresponding to the normal level (m)
WETDMAX- [0.25; Threshold values of water depth in the HEW
w Geometry 1.30] corresponding to the maximum level (m)
CEV-IW [0.30; Evaporation from HEW defined as a percentage of
Hydrology 0.90] potential evapotranspiration calculated at RHHU scale
(%)
CPROD-IW [5.00; Contribution of HEW to terrestrial flow defined as a
Hydrology 15.00] percentage of wetland water volume when the water
level is between the normal and maximum levels (%)
FRAC-RW [0.20; Ratio defining the relationship between HEW surfaces
Geometry 0.60] at the wetland maximum and normal water levels,
respectively (%)
KSATBS-RW [0.25; Saturated hydraulic conductivity of the soil beneath the
Hydrogeology = 0.75] HEW (mm/h)
WETDNOR- [0.05; Threshold values of water depth in the HEW
RW Geometry 0.25] corresponding to the normal level (m)
WETDMAX- [0.25; Threshold values of water depth in the HEW
RW Geometry 1.30] corresponding to the maximum level (m)
KSATBK-RW [12.50; Bank saturated hydraulic conductivity (mm/h)
Hydrogeology  37.50]
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Fig. 4. Methodological flow chart of the two categories of sensitivity analysis.

Fig. 5. Location of the HEWs selected to assess parameter sensitivity at hillslope/HEW scale.
3. Results

3.1. Parameter sensitivity at the hillslope/HEW scale

The parameter sensitivity at the hillslope/HEW scale varies for IWs and RWs. For both wetland
modules (Fig. 6), the geometry parameters, defined by FRAC-IW, FRAC-RW WETDNOR-IW,
WETDNOR-RW, WETDMAX-IW, and WETDMAX-RW largely explains the parametric sensitivity
of wetland outflow. For IWs and RWs, they explain 59-67% and 83-97% of the sensitivity,
respectively. Indeed, the geometry of wetlands directly affects the volume of water they can store
and modulates hillslope hydrology (local scale) and watershed hydrology (Jones et al., 2018;
McLaughlin et al., 2014). For IWs, CEV-IW and CPROD-IW explain 6-25% of the sensitivity, which
indicates the low sensitivity of the geometric parameters for this specific typology. Soil parameters
(KSATBS-IW, KSATBS-RW, and KSATBK-IW) account for 15-28% of the sensitivity for IWs and
2-17% for RWs.

The contribution of each parameter to the global sensitivity at the outlet of the HEWSs is variable
across the wetland spatial configurations, and even intra-typologies (i.e., IW or RW). For IWs,
WETDMAX-IW has a much higher sensitivity for wetlands with larger CAs (IVAR50n = 0.57 and
0.53, for PIl and PIV respectively), suggesting that the outflow from IWs hydrologically fed by a
large area is closely related to their maximum water depth. Moreover, IWs with larger CAs are
more sensitive to CPROD-IW (contribution of HEW to terrestrial flow). Conversely, for IWs with
smaller CAs, the outflow is more sensitive to FRAC-IW (IVAR50n = 0.32 and 0.29, for Pl and PIII,
respectively) and WETDNOR-IW (IVAR50n = 0.23 and 0.21, for Pl and PIIl, respectively), two
parameters related to normal flow conditions. IWs with smaller CAs highly rely on precipitation
input to store water, as they cannot rely on runoff from their CAs. Consequently, their surface area
strongly affects their capacity to store water and the volume of outflows. For RWs, WETDNOR-
RW is more sensitive for small wetlands with small CAs (PI) and large wetlands with large CAs
(PIV), while wetlands with average spatial characteristics (PIl and Plll) are more sensitive to
WETDMAX-RW. Additionally, only large wetlands with large CAs are sensitive to KSATBK-RW.
These results highlight the impact of the spatial configuration (area/CA) of a wetland on its
hydrological behavior at the hillslope scale.

Fig. 6. Relative sensitivity index (IVAR50n) for the wetland scale sensitivity analysis project. Pl: small
wetland, small contributing area (CA). Pll: small wetland, large CA, PIIl: large wetland,
small CA, PIV: large wetland, large CA.

3.2. Parameter sensitivity at the watershed scale

At the outlet of the St. Charles watershed (6% wetland cover), considering all typologies of
wetlands and all Strahler orders, the most sensitive parameters are FRAC-RW, WETDNOR-RW
and KSATBS-RW, which all belong to the RW module (Table 3). These dominant parameters are
in line with the surface area of RWs (3.2%), which is 1.4 times more abundant than that of IWs
(2.5%) at watershed scale (CAs are 13% for both). The least sensitive parameters are FRAC-IW,
CEV-IW and WETDNOR-IW.

On the other hand, the proportion of land cover by isolated and riparian HEWs also clearly drives
the Bécancour sensitivity rankings. At the hydrometric station of the Bécancour River, the most
sensitive parameters all belong to the IW module (WETDNOR-IW, KSATBS-IW and CPROD-IW)
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while the five least sensitive parameters are those of the RW module. This reflects a clear
correlation with the dominant typology of wetlands at watershed scale, where IWs (7.5% draining
28% of the watershed) are 3.75 times more abundant than RWs (2% draining 7% of the
watershed). For both watersheds, KSATBK-RW is the least sensitive parameter. The contribution
of this parameter is limited to a specific case of the iterative scheme (Fossey et al., 2015); it
weakens its sensitivity compared to the other parameters.

Table 3. Rank of IVAR50nN sensitivity index on the parameters of the wetland modules of HYDROTEL
for the simulated stream flows at the outlet of the St. Charles River watershed, and
at station 024014 of the Bécancour River.

Parameters St.Charles Bécancour
FRAC-IW 9 4
KSATBS-IW 7
WETDNOR-IW 8
WETDMAX-IW 4 5
FRAC-RW 8
KSATBS-RW 9
WETDNOR-RW 7
WETDMAX-RW 5 10
CEV-IW 10 6
CPROD-IW 6
KSATBK-RW 11 11
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3.21. Spatial variability of parameter sensitivity at watershed and sub-watershed
scales

Fig. 7 IVAR50n wetland module sensitivity indices for the simulated stream flows of wetlandscapes
defined by Strahler order at (a) the outlet of the St. Charles River watershed, and (b)
at station 024014 of the Bécancour River.

At the outlet of the St. Charles River (Fig. 7 (a)), when considering the wetlands associated with
river reaches of Strahler order |, WETDMAX-IW and CPROD-IW present the highest sensitivities
with IVAR50n values reaching 0.23 and 0.17, respectively. These two parameters become
impactful during high precipitation events and/or snowmelt season. Additionally, the high
sensitivities of those parameters for IWs related to headwater streams suggests their wetlands
might have a strong impact on mitigating downstream peak flows. For wetlands of Strahler orders
I, Il and V, the RW parameters display a substantially high sensitivity, with FRAC-RW being the
most sensitive parameter with IVARS0n values of 0.25, 0.28 and 0.25, respectively. As mentioned
previously, FRAC is a very important parameter for both wetland modules, as it connects SA, et max
to SAyetnor » two variables that interact in the calculation of SA,,.; at every time-step and ultimately
to the volume of stored water. For Strahler order I, WETDNOR-RW is also among the most
sensitive parameters, followed by WETDMAX-RW, which highlights the importance of the
geometric parameters once more. Considering Strahler order Ill wetlands, the most sensitive
parameters are FRAC-RW (0.28), KSATBS-RW (0.21) and WETDNOR-RW (0.20). First, these
results reveal that while increasing stream order, RW parameters become more sensitive
compared to the IW parameters. Second, they also depict that for RWs located on stream order
lll, river flows are less influenced by changes in their maximum capacity to store water (defined
by WETDMAX-RW) but seem rather driven by parameters associated with average (WETDNOR-
RW) or low (KSATBS-RW) flow conditions, compared to RW located on Strahler order Il. For
Strahler order IV, the most sensitive parameters are shared between the two wetland typologies:
KSATBS-IW (0.15), WETDMAX-RW (0.14), and FRAC-IW (0.13) and WETDNOR-IW (0.13) are
ranked in the top three. The dominant typology for each Strahler order seems to drive the spectrum
of sensitivity among parameters of the two modules. Indeed, RWs are dominant for Strahler orders
II, Il and V (see total wetland area; Fig. 2), while the ratio of IW to RW areas for Strahler order |
and IV is close to 1:1. However, the ratio of CA is highly dominated by IWs, which could explain
the high sensitivity of IW parameters for these Strahler orders.

For the Bécancour River watershed (Fig. 7 (b)), parameters related to the IW module are more
sensitive among all Strahler orders than those of the RW module. This is expected, considering
the higher land cover of IWs on this watershed, which is always at least twice that of RWs. For the
Strahler orders Il and Il with nearly a 2:1 ratio, IVAR50n indices for RWs are slightly higher than
those for Strahler orders | and IV. Conversely, for Strahler IV wetlands, there is only 0.03% of
RWs for 1.85% of IWs. That is reflected in the values of IVAR50nN, reaching the maximum value
(0.29) among all HYDROTEL projects at watershed scale for WETDNOR-IW and KSATBS-IW.
Finally, considering all Strahler order projects and for both watersheds, the time-aggregated value
of KSATBK-RW relative sensitivity is consistently lower than 0.01.

The effect of wetland typology on sensitivity rankings is even more convincing at the sub-
watershed scale. For sub-watersheds where there is a clear dominant typology, the parameters
related to this type of wetlands consistently have higher sensitivities when compared to those of
the non-dominant typology. When ordering the results for each sub-watershed/Strahler order
project in ascending order of the ratios between IW and RW areas (Fig. 8), this behavioral

15



521
522
523
524
525
526
527

528
529
530
531

532

533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568

relationship becomes even more obvious. This representation also highlights a threshold
corresponding to a 1:1 ratio, above which IWs become dominant, as do their parameters. The
results also suggest that, although KSATBS-RW was not highly sensitive at wetland scale (section
3.1), its relative sensitivity metric increases considerably when investigating its impact at the
watershed and sub-watershed scales. These results highlight the impact of location (wetland vs
watershed scale, upstream vs downstream gradient) and especially typology on parameter
sensitivity.

Fig. 8 IVAR50n wetland module sensitivity indices for simulated stream flows of wetlandscapes
defined by Strahler order at the outlet of the St. Charles River sub-watersheds: HUR:
des Hurons, NEL: Nelson, JAU: Jaune, DUB: du Berger, LOR: Lorette. |, Il, lll and IV
refer to the Strahler order.

3.2.2. Temporal variability of parameter sensitivity at watershed scale

At watershed (and sub-watershed) scales, the sensitivity of stream flows to wetland parameters
reveals a strong temporal variability, which follows the seasonality of the different hydrological
processes occurring in HEWSs. For the St. Charles watershed (Fig. 9), while FRAC-IW, FRAC-RW,
KSATBS-IW, KSATBS-RW, WETDNOR-IW, and WETDNOR-RW exhibit high frequency
variations (daily), they also present a substantial decrease in mean sensitivity (calculated over the
2000-2020 period) during the spring snowmelt season (= DOY 120), where WETDMAX-IW and
WETDMAX-RW peak. Although WETDMAX-IW and WETDMAX-RW are not in the top three
parameters when considering the watershed scale time-aggregated sensitivity index (WETDMAX
is ranked 4" and 5" for IW and RW, respectively, Table 3), the daily mean IVAR50n shows the
strong influence of this parameter during spring. In temperate regions, during spring, snowmelt is
the dominant hydrological process. During this time of the year, wetland storage is generally at
capacity and any exceeding inflow leads to wetland overflow that will reach the river network and
affect stream flows. Therefore, the maximum water table depth is highly sensitive under these
conditions because it directly affects the capacity of the HEW to store water. This not only confirms
the relevance of investigating temporal sensitivity (Gupta and Razavi, 2018; Razavi and Gupta,
2019), but it also implies that, at the peak of the spring snowmelt, the variability in stream flows at
the outlet of this watershed highly depends on the capacity of wetlands to store water.
Consequently, increasing or reducing this capacity (hereby characterized by its maximum depth)
will influence output flows. The peak sensitivity for WETDMAX-IW is delayed (= day of the year,
DQY, 150) compared with the peak sensitivity for WETDMAX-RW which occurs around DOY 125.
This suggests that IWs may retain water longer than RWs, the latter being directly connected to
the hydrographic network. Therefore, when the water level in a RW reaches a certain threshold,
water transfers to the river. The proximity and connection between RWs and the river imply a high
reactivity during the spring snowmelt season. However, this delayed peak in sensitivity does not
appear for the Bécancour River (Fig. 10). For this watershed, most of the sensitivity relies on the
parameters of the IWs, which account for 79% of wetland area at watershed scale. Accordingly,
WETDMAX-IW sensitivity peak is much higher than that of WETDMAX-RW. Considering
hydrogeological parameters (KSATBS-IW, KSATBS-RW and KSATBK-RW), results show that
IVARS50N remains stable for KSATBS-IW and KSATBS-RW for the St. Charles watershed during
most of the year, except during the spring snowmelt, where, as mentioned previously, WETDMAX-
RW becomes the dominant parameter. For the Bécancour watershed, IVAR50n ranges from 0.00
to 0.50 for KSATBS-IW, with slightly higher values during winter, and values lower than 0.10 for
KSATBS-RW. For both watersheds, KSATBK-RW is null throughout the year, which confirms that
this parameter could be set in the RWs module. Finally, looking more precisely at parameters
related to the hydrological budget, the relative sensitivity of CPROD-IW increases during spring
and fall. The relative sensitivity ranges between 0 and 0.30 for CEV-IW in both watersheds, with

16



569
570
571
572
573
574
575

576
577
578
579
580
581
582
583
584
585
586

587
588
589
590
591
592

593
594
595
596
597
598

599
600
601
602
603
604
605

606
607
608
609

610

611
612
613
614

almost null sensitivity beyond summer. In Canada, 65% of the annual evapotranspiration occurs
over three months, that is June, July, and August, and in the Boreal Shield ecozone,
evapotranspiration peaks in July (Wang et al., 2013). Thus, during summer, substantial loss of
water through evapotranspiration affects stream flows. While CEV-IW represents the percentage
of evapotranspiration at the RHHU scale, varying the value of this parameter directly affects the
volume of water lost to the atmosphere at the HEW scale (V,,), which in return, has an impact on
stream flows at the watershed scale.

Comparing the relative sensitivities between the St. Charles and the Bécancour watersheds, it
becomes evident that the stream flows at the outlet of the St. Charles River has a higher sensitivity
to parameters characterizing high hydrological conditions (WETDMAX-IW and WETDMAX-RW),
while stream flows on the Bécancour seem more sensitive to parameters related to normal (FRAC-
IW, FRAC-RW, WETDNOR-IW, and WETDNOR-RW) and low (KSATBS-IW) hydrological
conditions. Aside from their different surface area ratios of IWs versus RWs, this outcome might
be explained by an insufficient wetland cover in the St. Charles River watershed to maintain so-
called normal wetland hydrological conditions. Wetlands of this watershed may therefore fill and
overflow faster than those of the Bécancour River. Consequently, wetlands of the St. Charles
watershed are more sensitive to WETDMAX. Repeating a similar methodology on watersheds
characterized by a variety of wetland covers could help refine these assumptions.

Fig. 9. Daily IVAR50n mean values (black line) and interval between 10t and 90* quantiles (grey
areas), calculated over the 2000-2020 period, considering all wetlands, on stream
flows at the outlet of the St. Charles River watershed for: (a) the isolated wetlands
parameters, and (b) the riparian wetlands parameters. The vertical bold, white, dotted
lines mark the beginning of hydrometeorological seasons: March 15t (spring), June
1st (summer), September 15t (fall), and December 15t (winter). DOY: day of year.

Fig. 10. Daily IVAR50n mean values (black line) and interval between 10t and 90t quantiles (grey
areas), calculated over the 2000-2020 period, considering all wetlands, on stream
flows at the station 024014 of the Bécancour River for: (a) the isolated wetlands
parameters, and (b) the riparian wetlands parameters. The vertical bold white dotted
lines mark the beginning of hydrometeorological seasons: March 15t (spring), June
1st (summer), September 1st (fall), and December 15t (winter). DOY: day of year.

Observing the sensitivity temporal variability for WETDMAX-IW specifically along a Strahler order
(STR) gradient, we can see that IVAR50Nn peak occurs during spring, decreases from STR1 to
STR4, and disappears completely with STRS (Fig. 11 (a)). WETDMAX-RW shows the opposite
behavior (Fig. 11 (b)): peak sensitivity increases from STR1 to STR3 and stabilizes for STR4 and
STRS5. These results corroborate those of Fossey et al. (2016) regarding wetlands of the
Bécancour River watershed, where upstream IWs had a greater effect on modulating stream
flows, while downstream RWs connected to the main stream were more efficient.

Fig. 11. Daily IVAR50n mean value for the parameters WETDMAX-IW (left) and WETDMAX-RW (right)
for each Strahler order related wetlands, at the outlet of the St. Charles River
watershed (black line), and at station 024014 of the Bécancour River (grey line). See
Fig. S1 for the outlet of the St. Charles River sub-watersheds. DOY: day of year.

4. Discussion

Understanding how parameters interact in a model and affect outputs is essential to support the
interpretation of simulation results. Not only can it help refine model parameterization, but it also
provides key insights on the modelled system. In this paper, we presented the results of a GSA
performed on the wetland modules of the hydrological modelling platform PHYSITEL/HYDROTEL.
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Using two case-study watersheds along with the recently developed VARS toolbox, we
implemented a spatio-temporal GSA to quantitatively assess how wetland parameters affect
simulation outputs and to guide future data acquisition field campaign to improve the
representation of wetland-related processes in the model.

Our study demonstrated the dominant impact of geometric parameters at both the wetland scale
(i.e., hillslope/HEW scale) and the watershed scale. These parameters, which include FRAC,
WETDMAX and WETDNOR, participate in the calculation of the wetland water storage and
wetland surface area at every computational time-step. Such findings corroborate those of
McLaughlin et al. (2014), among others (Fossey et al., 2015; Liu et al., 2008), who highlighted the
importance of wetland geometry on stream flows. However, our results suggest that the relative
sensitivity among these parameters varies with wetland configurations (i.e., wetland extent and
CA), when investigating parameter sensitivity at the wetland scale. In terms of wetland
management, this raises important questions, as wetlands with different spatial configurations
could respond differently to similar changes in their areas (FRAC) or depth (WETDNOR and
WETDMAX). Although we previously performed a quantitative assessment of how wetland area
and CA affect stream flows (Blanchette et al., 2022), performing an exhaustive GSA on scenarios
of various wetland spatial configurations could prove to be useful to transfer our conclusions at
watershed scale.

The methodological framework presented in this study also demonstrated that the ratio of surface
area of IW to RW strongly affects the ranking of sensitivity among wetland parameters at the
watershed scale. Accordingly, in watersheds dominated by IWs, the sensitivity of stream flows will
be mostly attributed to IW parameters, while watersheds where the extent of RWs exceed IW area
they will exhibit higher sensitivity for RW parameters. This finding nuances results found in the
literature giving more impact to upstream IW compared to RW for mitigating high flows (Fossey et
al., 2016), and underlines the importance of wetland hydroconnectivity. Our results also indicate
that wetland hydroconnectivity appears to impact stream flow sensitivity differently along a
continuum of Strahler orders, especially when considering geometric parameters (e.g.,
WETDMAX). Indeed, IWs display higher sensitivities upstream (low Strahler order) than
downstream (high Strahler order), while RWs display the opposite behavior. Notwithstanding
these findings were expected, notably considering recent studies performed using HYDROTEL
(Fossey et al., 2015; Fossey et al., 2016), they are highly relevant in the context where setting
wetland conservation and restoration targets at watershed scale remains a challenge. For
instance, protecting IWs located upstream constitutes an efficient mean of attenuating high flows
and supporting low flows. Keeping in mind that changing geometrical characteristics of wetlands
influences wetland outflows and river flows, any wetland management strategy affecting the
geometry of a wetland (depth, area, subsurface geometry) will impact stream flows more strongly
if upstream IWs are targeted, while changes in IW geometry downstream will have a lesser impact.

All the above findings are particularly relevant in the context where model improvements rely on
field data acquisition. Knowing that geometric parameters are the most sensitive, data acquisition
campaign should focus on water level monitoring, subsurface delineation, and extent mapping
under various conditions. Considering that IWs located upstream are more sensitive to their
geometric characteristics than downstream IWs, HYDROTEL could benefit from field data
monitoring targeting IWs located on headwater RHHUs. Conversely, the geometric parameters of
the RW module revealed a higher sensitivity for wetlands adjacent to the main channel (>= STR3).
Thus, water level monitoring should focus on downstream sites. Additionally, the high relative
sensitivity of WETDMAX during the spring snowmelt points towards monitoring water levels at that
time of the year especially. Inversely, saturated hydraulic conductivity measurements (KSATBS)
should take place under low hydrological conditions (e.g., summer or winter) since this parameter
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shows higher sensitivity metrics during these seasons. Other parameters, such as FRAC remain
highly sensitive throughout the year since they are involved in the computation of wetland area at
every time-step. This confirms the relevance of having access to high-resolution wetland maps.
Nowadays, the refinement of remotely sensed technologies has enabled the development of earth
imaging with increased precisions. For example, Xi et al. (2022) released an ensemble of 28
gridded maps of monthly global/regional wetland extents for 1980-2020 with a spatial resolution
of 0.25°. In combination with water-level time series, these maps could improve the quantification
of FRAC, WETDMAX and WETDNOR in various landscapes.

The spatial variability of wetland parameter sensitivity emphasizes the need to reproduce this
exercise for any new model implementation. Nevertheless, the extraction of general rules based
on the dominant typology and location in the watershed to refine wetland parameter calibration
deserves to be explored. Replicating this method under different geological conditions could help
refine our understanding of the spatio-temporal variability of the wetland parameters sensitivity.
Nonetheless, a total of seven (sub-) watersheds, located in two different geological provinces of
southeastern Canada, were considered in this study, which represents an excellent starting point
to draw conclusions on how wetland characteristics (parameters) affect stream flows.
Alternatively, multivariate statistical methods such as principal component analyses could help
comprehend as well which characteristics of a wetlandscape are the most influential on stream
flow. While we are confident about our findings, it is noteworthy they are model specific. Although
we report similar results from the few related studies, comparable studies are encouraged to
evaluate the model-related variability of wetland parameters sensitivity. Moreover, uncertainty
associated with input data such as land cover (including wetland mapping) and hydrometric data,
model structure and calibration method influence simulated stream flows and wetlands outflows.
Although we achieved good calibration performances of the general parameters of HYDROTEL
(Table 1), our sensitivity analysis focused on a unique representation of each watershed and a
single calibration solution. That being mentioned, we did not account for the uncertainty associated
with the input data because this would have required replicating computationally-intensive work.
Although we believe this would be relevant as a future step, this was beyond the scope of this
paper.

5. Conclusion

In this study, we investigated the spatio-temporal variability of wetland parameter sensitivities
using an experimental design for different configurations and locations of wetlandscapes. Our
findings emphasize the importance of the geometric parameters on outflows of wetlands at both
the hillslope/HEW scale and the watershed scale. The GSA results confirmed that the spatial
configuration of wetlands has an effect at the wetland and watershed scales (as previously
discussed by Blanchette et al., 2022), which seems mainly driven by the ratio between isolated
and riparian wetland surface areas (e.g., wetlandscapes dominated by IWs display higher
sensitivity indices for their parameters). Our results also depict a higher sensitivity for IWs located
upstream and for RWs located downstream. Finally, we recognize a strong temporal variability, in
relation with the various processes dominating the hydrological budget of wetlands, from daily to
seasonal time scales. These outcomes can assist model diagnosis and quantitatively investigate
the rankings of hydrological processes occurring in wetlands for a given period of the year or
specific meteorological events. Although the temporal variability was expected, it is, to our
knowledge, the first time a time-varying GSA is performed on the wetland modules of a semi-
distributed hydrological model. Knowing that seasonal hydrological processes highly affect
wetlands, accounting for this temporal variability is essential to further understand the complexity
of model behavior. Our findings will help design field studies where wetland parameters are
monitored more intensely during their peak sensitivities. For example, water level monitoring could
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focus on the spring snowmelt season to provide a better estimation of WETDMAX. It is rather
important to notice that our study also contributed to enhance modeling practices as it
demonstrated that the parameter KSATBK should be set for RW for lack of sensitivity. All results
will prove useful for land management practices and ever-growing wetland conservation programs
that require the identification of high-value wetlands.
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Abstract

Hydrological models offer the opportunity to evaluate wetland conservation networks as nature-
based solutions to mitigate hydrological extremes. To optimize the replication of a hydrological
model response (i.e., stream flows), the models rely on input data (land cover, hydrographic
network, soil types, topography, meteorological data) and parameters. However, the effect of
parametric uncertainty on the simulated variables and the spatio-temporal variability of this
sensitivity are insufficiently documented. This study presents an application of the novel global
sensitivity analysis method, the Variogram Analysis of Response Surface, to the isolated and
riparian wetland modules of HYDROTEL, a semi-distributed, process-based, deterministic model,
on two watersheds located in the province of Quebec, Canada. The analysis accounted for: (i) the
spatial variability by assessing the sensitivity at various locations in the watersheds and by
compiling sensitivity indices for wetland networks discretized following the Strahler order
classification which quantifies the structure of hydrographic networks and (ii) the temporal
variability of the sensitivity using the Generalized Global Sensitivity Matrix. The results indicate
that the parameters defining the geometry of wetlands (area, depth) are the most sensitive for
both isolated and riparian wetlands, and for all Strahler orders. The temporal assessment of
sensitivity highlights the seasonal controlling processes, including a peaking sensitivity of the
maximum water depth in wetlands during spring snowmelt, whereas the sensitivity of the
evapotranspiration parameter increases during summer, but is null during winter. Results also
indicate that the parameters of the isolated modules are more sensitive for wetlands located on
lower stream order (upstream/headwaters) while those of the riparian modules display a greater
sensitivity when wetlands are located on higher Strahler orders (downstream/main channel).
These findings deepen our understanding of the impact of wetland features on stream flows and
provide guidelines to plan future data acquisition campaigns in wetlandscapes.
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HYDROTEL, hydroconnectivity, time-varying sensitivity analysis, Variogram Analysis of Response
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Highlights
e Geometry dominates the sensitivity at both the wetland and the watershed scale.

o Hydroconnectivity strongly influences the sensitivity among wetland parameters.
e The sensitivity of wetland parameters display a high temporal variability.
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987 e Sensitivity analysis can support site selection and timing for field monitoring.
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