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Abstract. Hydrological and pollutant fate models have long Gariépy et al., 2006) and the European Water Framework Di-
been developed for research purposes. Today, they find arective (Official Journal of the European Community, 2000)
application in integrated watershed management, as decisiompose specific objectives in terms of water resources in-
support systems (DSS). GIBSI is such a DSS designed tdegrity and have led to the creation of humerous watershed
assist stakeholders in watershed management. It includes@ganisations that try to apply integrated management prin-
watershed database coupled to a GIS and accessible througiples. These principles basically consist in conciliating all
a user-friendly interface, as well as modelling tools that sim-land and water uses while protecting and sustaining water re-
ulate, on a daily time step, hydrological processes such asources. This relies on the involvement of stakeholders and
evapotranspiration, runoff, soil erosion, agricultural pollu- the definition of operating rules. To facilitate the decision
tant transport and surface water quality. Therefore, GIBSImaking process, there is a need for high quality and acces-
can be used to assess a priori the effect of management scsible data. In this context, scientific research has shifted to-
narios (reservoirs, land use, waste water effluents, diffusavards the development of decision support systems (DSS)
sources of pollution that is agricultural pollution) on surface designed to support the implementation of integrated wa-
hydrology and water quality. For illustration purposes, this ter management. DSS are practical and user-friendly com-
paper presents several management-oriented applications ugdter tools that basically rely on a geographical information
ing GIBSI on the 6680 ki Chaudere River watershed, lo- system (GIS) and a relational database management system
cated near Quebec City (Canada). They include impact astRDBMS) that enable the display of information at any point
sessments of: (i) municipal clean water program; (ii) agri- in space and time, as well as transforming raw data into in-
cultural nutrient management scenarios; (iii) past and futureformation relevant to the decision making process (graphs,
land use changes, as well as (iv) determination of achievablenaps or tables). Most DSS are based on mathematical mod-
performance standards of pesticides management practicesls and can be used to assess a priori the effect of watershed
Current and future developments of GIBSI are also presentethanagement scenarios regarding urban, forestry or agricul-
as these will extend current uses of this tool and make it usetural issues, on water yield and quality at the watershed scale.
able and applicable by stakeholders on other watersheds. FMany DSS have been developed all over the world, suited
nally, the conclusion emphasizes some of the challenges thdbr specific conditions, scales and purposes. Borah and Bera
remain for a better use of DSS in integrated watershed manf2004) as well as Rousseau et al. (2005), to name a few, re-
agement. viewed and compared some DSS. For instance, while some
of them are more suited for urban water management, others
are specifically developed to assess the effect of agricultural
practices on hydrology. Even if most of them are still un-
der development and regularly upgraded, their development

is now advanced enough to envision concrete applications for
Integrated water management at the watershed scale has bé g bp

L . ~> “Water management purpose (e.g. see Borah and Bera, 2004;
come a priority in many countries all over the world. For in- 9 burp (e.9

stance, the U.S. Clean Water Act (see Clements et al., 1993_;|e’ _2003; F.eousseal.J etal,, 2005; Santhi etal., 2001).
With the intent to illustrate the structure, development and

Correspondence toA. N. Rousseau possible applications of a DSS, this paper focuses on GIBSI
(alain.rousseau@ete.inrs.ca) (Gestion Inégree des Bassins Versa@dt$aide d’'un Systme

1 Introduction
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GRAPHICAL USER INTERFACE dimensional elements that support watercourse simulation
| (data visualisation, scenario construction, simulation run and analysis of output data) | processes (| e StreamﬂOW and pollutant transport). and (")

Input Output: relatively homogeneous hydrological units (RHHUS) that is,
Daily meteorological data ) » [ e S LUEEEEEH ,, (“ Daily streamflow and .
Y stsorologis data processing water qualty data elements corresponding to elementary watersheds that sup-

1 1 port all the other simulation processes (i.e. runoff generation
monagement _’ —' and sediment and pollutant transport). These computational
| Lenouse l_ __| RUSLE |_ s elements are determined using PHYSITEL (Turcotte et al:,
—  exceeding water 2001), a complementary software program designed specif-
| SwaiERC dually stondards ically to prepare the physiographic database of distributed
Pont e L[ e hydrological models.
Scenario Management Models Data 2.2 Scenarios management modules

(dailv time step) Post-Processing

) . Four types of management scenarios can be defined:
Fig. 1. Representation of GIBSI components and structure.

(i) Reservoirs: addition of new reservoirs at any river seg-
ment or editing of their characteristics;

Informatis), a Canadian DSS that was originally developed
to assist scientists and stakeholders in integrated water man
agement. The development of GIBSI began in 1995 and a
first version was released in 1998 (Villeneuve et al., 1998a).
A general description of GIBSI is presented in Sect. 2. Since
1998, several application studies have been conducted and

some of them are briefly described in Sect. 3. At the samgjiiiy Wastewater treatment plants: addition of new plants
time, this integrated modelling system (IMS) has been con-  at any river segment or editing of their characteristics
tinually upgraded by addition of new models, data post- (e.g. treatment types, effluent rates);

processing modules or model calibration guidelines. This is

presented in Sect. 4. Note that GIBSI has been compared t§v) Land use: change of a land use class to another one at
other DSS by Quilb et al. (2006) and Rousseau et al. (2005). any spatial scale (Fig. 2).

Once scenarios are defined, they are integrated into the
database and simulations can be run. In all studies, two sce-
o narios are used: (i) a reference scenario that corresponds to
2 General description of GIBSI the watershed configuration used for the model calibration,

) ) . _and (ii) a management scenario, integrating the changes de-
GIBSI is designed to help stakeholders to make decisions Mined by the user. Then, the simulation results obtained with

water management at the watershed scale. It can either bpo management scenario are always compared to those ob-
used as a data management system or as an impact assessraq with the reference scenario

ment tool to study the effect of management scenarios on

surface water quality using mathematical models. The gen2.3 Simulation modules

eral structure of GIBSI is depicted on Fig. 1. A detailed pre-

sentation of each component may be found in Villeneuve etGIBSI simulates hydrology, erosion, pollutant transport and

(i) Agriculture : editing of crop types, nutrient manage-
ment practices, pesticide treatments, dates of agricul-
tural practices, at any spatial scale (i.e. one or many
RHHUSs, subwatersheds or administrative units such as
municipalities);

al. (1998a). surface water quality. It is based on four existing semi-
distributed models: (i) HYDROTEL (Fortin et al., 2001a;
2.1 Data management modules Fortin et al., 1995), a physically-based hydrological model

compatible with GIS and remote sensing; (ii) RUSLE (Re-
As most DSS, GIBSI is basically composed of a databasenard et al., 1997; Wischmeier and Smith, 1978) comple-
a GIS, a RDBMS and a graphical user interface or GUImented by Yalin's equation (Yalin, 1963) to account for soil
(Fig. 2). Attribute data were originally managed using Mi- erosion and sediment transport capacity; (iii) the pollutant
crosoft Access™ (Simpson, 1994) but this RDBMS has nowtransport algorithms of SWAT (Arnold et al., 1996) and EPIC
been replaced by the MyS@_database management sys- (Arnold and Williams, 1995) to simulate the fate of nitro-
tem (Pedersen et al.,, 2005). The database contains spgen, phosphorus and pesticides on cropland (note that the
tial data (e.g. location of meteorological stations) and at-hydrological models of SWAT and EPIC are not used at all
tribute data (i.e. all data associated with spatial data, suclin GIBSI); (iv) QUAL2E (Brown and Barnwell, 1987) a wa-
as meteorological series). The GIS used is GRASSLANDter quality model that simulates the biological, physical and
(L.A.S., 1996). The watershed is discretized into two typeschemical processes controlling the fate of pollutants in sur-
of computational elements: (i) river segments that is, oneface water. The modeling time step is the day. Input data are
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Fig. 2. Example of GIBSI window for the definition of land use management scenario.

daily meteorological series (precipitations, minimum tem- have been performed on the Chaerei River watershed or

perature and maximum temperature). The user selects theub-watersheds. They dealt with : (i) the impact of a mu-
meteorological series, either by defining dates of start andicipal clean water program on water quality (Mailhot et al.,
end into the meteorological database, or by selecting charac2002, presented in Sect. 3.2); (ii) the effect of clear-cutting

teristic series. on the watershed hydrology (Lavigne et al., 2004); (iii) the
_ determination of environmental load allocations from point
2.4 Post-processing tools and diffuse sources (Rousseau et al., 2002a, b); (iv) the envi-

) ] ronmental benefit-cost analysis of manure management (Sal-
Tools have been developed to analyse simulation resultsyang et al., 2004, 2006, presented in Sect. 3.3); (v) the in-
First, data can be visualized using tables, graphs or mapsjyence of past and future land use on hydrology and ero-
Regarding pollutant concentrations data, the frequency of exsjon (Quilke et al., 2007; Savary et al., 2007, presented in
ceeding a water quality standard can be calculated or visusect. 3.4), and (vi) the definition of achievable agroenviron-
alised using graphs, which is useful when simulations con-mental performance standards for pesticides (Rousseau et al.,
cern the effect of management practices on specific watepoog, presented in Sect. 3.5).
uses such as swimming or drinking water. Finally, an en- 4 ain, of this section is not to describe all of the above
vironmental beneﬂt-cost analysis can be performed f°‘f a0Mcase studies in detail but rather to provide an overview of
cultural scenarios based on the cost of implementation Ogome of them with an emphasis on the range of possibilities
agricultural beneficial management practices and the envi;,jmd limitations of use of GIBSI
ronmental benefits from recovering potential water uses due '
to water quality improvement (see Salvano et al., 2004). Not . .
that simulation results obtained from the management sc;}' 1 The Chaudire River watershed
nario are always interpreted and analysed in relative terms

with respect to those obtained with the reference scenario. | e Chaudire River is a tributary of the Saint-Lawrence
River, located south of G@bec City (Fig. 3). It drains a

watershed of 6680 kfy mainly forested (64%) and used for
agriculture (33%). This watershed was selected for the ap-
plication and development of GIBSI due to the variety of
Several applications of GIBSI have been performed since théand uses, agricultural and industrial activities, available data
first version was released in 1998. All of these applicationsand because it is representative of many watersheds in the

3 Applications of GIBSI
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nitrate and phosphorus concentrations to measured data and

® found that errors were, in majority, less than 0.1 mgN/L and
0.01 mgP/L respectively. Results were less satisfactory, yet
acceptable within a management scenario framework, for
BOD5. Note that improvements and further calibration of
these models are in progress (see Sect. 3.1).

3.2 Impact of municipal clean water program

BIVER 3.2.1 Context, objectives and general approach
RV ? In 1978, a provincial municipal clean water program

(MCWP) was implemented in @bec to control point-
source pollution and restore the province’s surface water
guality. On the Chaueére River watershed, 35 waste wa-
ter treatment plants (WWTP) were built and the population
being connected reached 95% in 1997. The objective of this
study (Mailhot et al., 2002) was to assess the effect of this

- P Y 3 program on water quality. The first step was to characterize
b ' WWTP properties (i.e. affluent and effluent water discharge,
ks \Kf\ et - chemical and physical parameters). Po_IIL_Jtant loads from in-
ontaidt Q“‘-‘bei dustrial plan'gs not connected to a mummpal sewer network
ouebeccméx'-'_ = as well as diffuse sources of pollution from urban area or
h A //4:’ agricultural land were not considered in this study.
Ot ke qeve 3.2.2 Scenarios and simulations

Two scenarios were defined in GIBSI: the first one was asso-
Fig. 3. Chaudere River watershed. ciated with the 1983 year corresponding to the pre-MCWP

period, and the second one was associated with the 1994

year describing the post-MCWP period. Simulations were
Saint-Lawrence valley. Soils vary from loamy sand in the performed with both scenarios using meteorological data of
downstream portion of the watershed to clay loam in the mid-years 1983 (dry year) and 1994 (wet year) — two simulations
dle portion and loam in the upstream portion (Duchemin etfor each scenario.
al., 2001). Agriculture is dominated by animal production,
especially pig and dairy farming. That implies that most of 3.2.3 Results
the cropland is dedicated to forages and pasture (75% of agri-
cultural land in 1995). It is also important to note that it Simulations results showed that the annual probability of ex-
was identified by the Gebec government as the pilot wa- ceeding phosphorus water quality standard (WQS) at the wa-
tershed for the implementation of integrated watershed mantershed outlet decreased from 0.53 to 0.40 after MCWP, un-
agement in 1993. The population is now around 180 000 in-der 1994 meteorological conditions (wet year). That corre-
habitants. Meteorological data come from forty stations dis-sponds to a gain of 49 days under the phosphorus WQS. The
tributed all over the watershed. Calibration of the hydrolog- results are similar under dry conditions (1983 series), even if
ical model HYDROTEL was performed on the whole water- phosphorus concentrations remain almost always larger than
shed (Fortin et al., 2001b) considering measured and simuthe WQS during summer, and at the other control points
lated streamflows at the outlet. The model efficiency was saton the watershed. Regarding biological oxygen demand
isfactory with Nash-Sutcliffe coefficients of 0.88 and 0.83 for (BOD5), the WQS was usually exceeded during several days
1989-1990 and 1993-1994, respectively. Spatial validatiorin the year before MCWP. However, after MCWP, the stan-
was performed for the Famine and Beaurivage subwatershed$ard was never exceeded, neither under wet nor dry condi-
with similar results. Temporal validations were also per- tions. Finally, we observed a decrease in median concentra-
formed for years 1987-1988 and 1990-1991 as well as ovetion but the concentrations were always less than the WQS,
a 10-yr period (see detailed results in Fortin et al., 2001b). Aeven before MCWP. We can conclude from this study that
first calibration of the erosion model was performed in 2002MCWP had a drastic effect on BOD5 and phosphorus but
(unpublished). Regarding the nutrient transport and watethat urban wastewater is still responsible for high probabili-
quality model, Villeneuve et al. (1998b) compared simulatedties of exceeding phosphorus WQS in the ChatelRiver.
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3.2.4 Discussion 3.3.2 Scenarios and simulations

This application study was relatively easy to implement sinceThis application concerned the Beaurivage River watershed
all the required data were available. However, it was basedtributary of the Chaugire River) on which numerous river

on several assumptions and simplifications that have to b&e€gments were identified for existing or potential recreational
taken into account. For instance, the possible overflow ofctivities (swimming, canoeing, kayaking, hiking). Two sce-
unitary network as well as some natural sources of pollutantdiarios were defined: (i) a base case scenario assuming appli-
might have an influence on water quality but could not pecation of all available manure; and (ii) an on-farm nutrient
taken into account by GIBSI. Moreover, the calibration of Management scenario based on meeting phosphorus crop re-
pollutant transport and water quality models of GIBSI was quirements with manure and treating any manure surpluses
only partial at the moment of this study due to a lack of high- (so called RROA scenario). The cost associated with the im-
resolution water quality data, with most of parameter valuesPlementation of this manure management practice was calcu-
having generic values reported in literature. For instancelated based on livestock production costs and revenues, ma-
as indicated in Sect. 3.1, the BOD5 measured data were ndture storage and treatment costs, and fertilization costs for
well simulated by the water quality model during calibration @ Spatial unit, as compared to the base case scenario. A re-
process. Thus we have to make the assumption that this pigduction of benefit is considered as an opportunity cost that is
remains the same for the reference scenario and the mardded to other costs. Total cost was then obtained by mul-
agement scenario for the interpretation of simulation results!iPlying the unit cost by cropland area within management
Despite these limits, the use of a DSS like GIBSI was use-units of interest. Two types of spatial management units were
ful in this context to assess the efficiency of the municipal considered to evaluate and compare the effect of these sce-
clean water program, at a lower cost than an extensive wateparios: a group of three contiguous municipalities and two
quality survey. subwatersheds corresponding to two river segments of the
Beaurivage River watershed with existing or potential water
uses. As the prime period for recreational activities is the
summer, simulations were performed using summer meteo-
rological data for years 1977 through 1986 independently.

3.3 Environmental benefit-cost analysis of manure
management

3.3.1 Context, objectives and general approach 3.3.3 Results

This study (Salvano et al., 2004, 2006) illustrates the im-Simulations with the management scenario induced an in-
portance of valuing environmental benefits associated withcrease of the number of days of potential activities (i.e. for
an improvement of water quality when assessing and im-which phosphorus concentration is lower than phosphorus
plementing new agricultural nutrient management plans. Inaesthetic WQS) as compared to the base-case scenario, for
the province of Qaébec, the Qebec Regulation Respecting the two river segments and the three management units (be-
Agricultural Operations (RRAO) was implemented in 2002 tween 248 and 499 days vs. 213 days for base case scenario).
(and modified in 2005) to ensure the protection of water andThe results of the environmental benefit-cost analysis are
soil, as well as aquatic life and human health from agricul-given in Table 1. We can see that benefits were similar for
tural pollution. The rationale behind this regulation is to all management units but that costs were higher when imple-
reach a balance between the soil's phosphorus support camenting the scenario at the scale of the municipalities. It re-
pacity and the amount of fertilizers. The objective of this sults in higher benefit-cost ratios, especially for the upstream
study was to evaluate potential benefits generated from wateniver segment, due to the fact that it focuses on a problem-
quality improvements within a benefit/cost analysis frame-atic area. Note that all benefit-cost ratios were smaller than
work. As most of human services provided by water are notone, but a sensitivity analysis showed that this ratio could be
priced in markets, their economic values first have to be estarger than one when reducing manure treatment costs, which
timated using non-market methods. In this case, a benefits technically achievable.

transfer procedure was used (see Salvano et al., 2004, 2006

for details). As a first approximation, only the monetary ben-3.3.4 Discussion

efits associated with water-based recreational activities were

evaluated. First, willingness-to-pay and participation dataThe methodology used to estimate the benefits is based on
(number of persons and days per person) were determineseveral assumptions and does not take into account intrin-
based on a survey from Environment Canada (Environmensic values that would certainly increase the benefit-cost ra-
Canada, 2001). Then, the number of days exceeding th&os. Thus, once again, the results have to be interpreted in a
phosphorus aesthetic WQS obtained from simulations waselative way by comparison of the different scenarios rather
used to calculate the total benefit of the management scethan as absolute values. However, the proposed environmen-
nario. tal benefit-cost analysis methodology represents a first step
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Table 1. Results of the environmental benefit-cost analysis

R. Quile and A. Rousseau: Sample applications and current developments of GIBSI

Scenario Management unit  Total Ben¥i$) Net Benefité () Net Costs ($) Benefit-Cost Ratio

Reference  Watershed 34932318 - - -

RRAO Municipalities 39879554 4947236 13358754 0.37
Subwatershed 1 39343865 4411547 6017 262 0.73
Subwatershed 2 40168706 5236388 9282867 0.56

1 The benefits are for recreational activities associated with water use for both river segments.
2 That is the difference between the benefits of the scenario RRAO for the management unit with the benefits of the base-case scenario.

3 The costs were calculated for a management period of one-year.

o
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Fig. 4. Evolution of land use on the Chagde River watershed
from 1976 to 2004.

towards the estimation of all monetary benefits of improving
water quality (Yang et al., 2007).

3.4 Influence of past and future land use evolution on hy-

drological regime

3.4.1 Context, objectives and general approach

3.4.2 Scenarios and simulations

First, seven satellite images (Landsat) were acquired to re-
configure the evolution of land use over the last 30years
(1976, 1981, 1987, 1990, 1995, 1999, 2004). After treat-
ment and classification, the evolution of land use was quan-
tified (Fig. 4). Agriculture and forest (including bush land)
followed opposite tendencies, with an increase in agricul-
tural land in the seventies, stagnation in the eighties and a
decrease in the nineties. The seven images were integrated
into the GIBSI database. For each land use configuration,
simulations were run using 30 years of meteorological data
(1970-1999), each year being considered independently.

For the prospective approach, the first step was to deter-
mine future meteorological sequences that would be used
as input data in GIBSI. Three methods were used, based on
general circulation models (GCM): delta method, statistical
downscaling and a mix of both. Three GCMs were con-
sidered for the delta method and only one for the statistical
downscaling method. Several gas emission scenarios (GES)
were also considered for each case. Three land use scenar-
ios were defined. First, the land use of 1995 was used as
reference. Secondly, scenario A was driven by economical
criteria, by extrapolating the last decade tendency regarding
pig production increase. This results in deforestation to cre-
ate more agricultural fields for feed production and manure
application. Finally, scenario B considers the land use distri-
bution as it was in 1976, implying reforestation. It also con-
siders a spatial dispersion of agricultural lands over the wa-

In general, land use all over the world has evolved a lot overtershed. Simulations were run with each scenario over 30 yrs
the last decades, and it is important to understand and quarfonsidered as independent, for reference period (1970-1999)
tify the influence of these changes on hydrology in the past tc@nd future period (2010-2039).

be able to anticipate the future, especially in a climate change

context. This is the objective of this study based on the ap3-4-3 Results

plication of GIBSI in the Chauéire River watershed (Savary

et al., 200%; Quilbé et al., 2008). Regarding the retrospective approach, the mean annual water

discharge, as well as critical low flow sequences (Q2-7, Q10-
7 and Q5-30), were strongly correlated with agricultural land
savary, S., Rousseau, A. N. and Q&illR. Assessing the im- US€ evolution, with determination coefficients of 0.97, 0.95,
pact of past land use changes on runoff and low flows using remot&-92 and 0.93, respectively. This can be explained by the fact
sensing and distributed hydrological modeling — a case study for théhat the increase in agricultural land to the detriment of for-
Chaudere River watershed (Quebec, Canada), under review, 2007est induces less evapotranspiration, and thus more available
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water for overall runoff. Moreover, soil surface is more likely
to produce faster runoff.

For the future, the results first show that, without any mod-
ification in land use (base case scenario), climate change
would induce a decrease of annual water discharge at the
outlet of the watershed (mean-eR.7%, with delta method).
However, this value can be very different from a GCM/GES
combination to another (from-14.1% to +13.8%), point-
ing out the large uncertainties that are still linked to these
methods. Water discharge would strongly increase in winter
due to higher temperatures and earlier snow melt (on average
+68.5%), and decrease the rest of the year (Fig. 5). When
integrating land use evolution scenarios into GIBSI simula-
tions, we obtained opposite effects between the two scenar:
ios, with an increase and a decrease of water discharge ir
summer and fall, respectively. This is illustrated on Fig. 5
which shows the mean monthly water discharge obtained
with GCM ECHAM4, GES A2 and the three land use sce-
narios (base case, A and B). These results suggest that in
tensification of agriculture (Scenario A) would mitigate the
effect of climate change in summer and fall by generating
more runoff and thus higher streamflow in river.

Mean monthly water discharge (mm)

Mean monthly water discharge (mm)

3.4.4 Discussion
Fig. 5. Effect of climate change and land use evolution on mean
This approach regarding the effect of climate change on hymonthly water discharge. Only the two GCM/GES combinations
drology has several limitations due to the methodology. Firstthat give the extreme effects among all GCM/GES are considered
only tendencies can be pointed out because of the uncertaintyere: HadCM3-A2l(a) and ECHAM4-A2(b). In both cases, the
linked to the methods and tools used. Moreover, even if stabold line with squares represents the reference conditions as sim-
tistical downscaling captures precipitation occurrence, it isulated by the model. Other lines represent future water discharge
weaker at predicting rainfall amounts and extremes in our reconsidering base case land use evolution scenario (thin line, cir-
gion (Gachon et al., 2005). Finally, short-term predictions cles), scenario A (dotted line, triangles) and scenario B (dotted line,
provide a slight effect of climate change on hydrology which stars).
is difficult to distinguish from the GCM output variability.
However, this study illustrates how a DSS like GIBSI, that
includes a hydrological model and a land use scenario mandetermine APSs, it is necessary to assess a priori the effect
agement module, enables to quantify the influence of pasof several BMPs on water quality by using a mathematical
and future land use on the water regime of a river. model that simulates the fate of pollutants at the watershed
scale. This approach was first applied for pesticides. After
3.5 Definition of achievable agroenvironmental perfor- a review and multicriteria comparative analysis of existing
mance standards for pesticides at the watershed scalepesticide fate models at the watershed scale, GIBSI was se-
lected together with the SWAT and BASINS/HSPF models
3.5.1 Context, objectives and general approach (Quilbé et al., 2006). Pesticide concentrations data as well
as representative agricultural practices were identified with a
The Canadian National Agri-Environmental Standards Ini-survey in the Beaurivage River watershed. However, due to
tiative (NAESI) program aims to develop water quality stan- the size of the area, it was impossible to identify precisely
dards at the watershed scale, in order to lead the developmetttese practices at the farm scale. Therefore, a large uncer-
and application of best management practices (BMPs) at théainty remains about the locations, dates and rates of pesti-
farm scale. This includes: (i) ideal performance standardside applications. This uncertainty represents an important
(IPSs) that are based on ecotoxicological data and speciffimitation for the calibration of the pesticide models. To ac-
the desired level of environmental state needed to maintairtount for this uncertainty during the simulations, a stochas-
ecosystem health, and (ii) achievable performance standardfc process was introduced in GIBSI to determine for each
(APSs) which represent more realistic standards that coul®RHHU: (i) the year of crop rotation which determines the
be achieved using recommended available processes, pracrop and thus what kind of pesticides are applied; and (ii) the
tices and technologies, including BMPs. This means that, talate of application within the period of time defined. Then,
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Table 2. Q90 values (ing/L) of Atrazine, MCPB and Metolachlor cumulative frequency curves obtained from GIBSI simulations.

Scenario
Base case 1 2 1+2
(1-mfilter strip)  (application rate)
Atrazine 0.454 0.080 0.060 0.026
MCPB 1.913 1.086 0.833 0.484
Metolachlor 0.423 0.179 0.133 0.000

several simulations with different stochastic configurationscan be linked to the ecotoxicologal impact by the use of a
for crops and application dates provide a range of pesticidespecies sensitivity distribution (the one used for the determi-
concentrations in surface water. nation of IPS) as a means to assess a priori the percentage of

potentially affected species.
3.5.2 Scenarios and simulations

3.5.4 Discussion
This study is described by Rousseau et al. (2006). A base
case scenario was defined based on current agricultural prahe main difficulty encountered in this study was the lack
tices. We considered that pesticide applications were donef data regarding agricultural practices. Indeed, due to the
between 1 and 15 June (16 days). The application rates wersize of the application watershed, it was impossible to know
0.65, 0.06 and 1.6 kg/ha for Atrazine (on corn), MCPB (on precisely the rates and dates of pesticide application all over
cereals) and Metolachlor (on corn), respectively. Then threghe watershed. Thus, random variables had to be incorpo-
BMP scenarios were created based on this base case so@ted in the model so that a high-resolution calibration with
nario: (1) implementation of a 1-m filter strip all along the measured pesticide concentrations was not possible. Never-
river network; (2) a 30% reduction in the pesticide applica- theless, this approach can be easily transposed to other pes-
tion rate; and (3) a combination of both. Simulations wereticides and other rivers and watersheds, since it does not de-
performed over thirty years (1979-1999), each year beingpend on watershed characteristics but only on data availabil-
considered independently. Three different stochastic configity. The study shows the utility of tools like GIBSI to de-
urations for crops spatial distribution and application datestermine a priori the efficiency of management plans at the
were considered for each year, resulting in 90 simulations forwatershed scale and to define APSs. It also shows that such
each scenario. The effect of BMPs was examined at the outtools have to be easily adaptable to the user’s needs.
let of the Beaurivage River subwatershed, which is the most
affected by pesticide pollution.

4 Current and future developments of GIBSI
3.5.3 Results

In parallel to these application studies, GIBSI has been con-
A cumulative frequency curve (CFC) of pesticide concentra-tinuously upgraded since the first version released in 1998.
tion was determined for the month of June since any pesticiderhis concerned database management, interface, scenario
level in the stream network beyond this month remains undemanagement, post-processing tools and models.
tectable. We proposed to define the 90th centile (Q90) of this
distribution as a possible value for APS. This means that thist.1 Model development and calibration
value is exceeded only 10% of the time. The results show
that this value decreases with the implementation of BMPsRegarding models, only the calibration of the hydrologi-
(Table 2). For Atrazine, we observed a reduction of 81.7%,cal model has been reported in the literature (Fortin et al.,
85.8% and 91.9% for scenarios 1, 2 and 3. For MCPB, the2001b). This explains why most of the applications presented
effect is weaker with a decrease of 41.4%, 47.5% and 74.7%n this paper concern the effect of watershed management
respectively. Finally, for Metolachlor, Q90 was reduced of on water discharge. Regarding the pollutant transport mod-
57.6%, 68.6% and 100%, respectively. It is noteworthy thatels (erosion, nutrients, pesticides), an important work was
all these concentrations values are all lower than the WQ%erformed to improve them over the last three years, and
for aquatic life protection (1.8g/L, 7.3ug/L and 8ug/Lre-  their thorough calibration is currently in the process and re-
spectively for Atrazine, MCPB and Metolachlor; MDDEP, sults will be submitted for publication soon. Moreover, a
2006). These results mean that the effect of BMPs on pespathogen transport model has been developed (Rogel, 2007).
ticides concentrations may be very different from one pesti-It simulates the fate of fecal coliforms resulting from ma-
cide to another. It should be noted that the final APS valuenure application on crops as well as pasture, accounting for
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bacterial mortality, partitioning and transport in erosion andno adaptation is required). Moreover, it should be always
runoff. kept in mind that all models are based on simplification hy-
Finally, an indicator of ecological integrity is currently un- potheses that have to be considered in the end of the process,
der development (Grenier et al., 2006a). Indeed, physical ande. when interpreting the results and conclusions. Therefore,
chemical data are not sufficient to determine the quality of anin order to allow stakeholders to apply GIBSI on other water-
aguatic medium. For instance, high nitrogen and phosphorusheds, an application protocol is being developed, explaining
concentrations in a stream or a lake indicate a risk for euthe different steps to follow and giving tools to clarify the
trophication but do not give information on the real state of procedure. It includes an inventory of needed data, a dic-
the aquatic environment, which depends on many other factionary of the database and a guide on how to construct the
tors such as pH or dissolved oxygen. This indicator will be database, discretize the watershed, apply and calibrate the
based on benthic diatoms and macro-invertebrate communimodels. Moreover, these two documents (user’s guide and
ties. In a previous study (Grenier et al., 2006b), referenceapplication protocol) as well as the GUI will eventually be
conditions of each stream type sampled in Southern Quebetranslated in English and Spanish.
(Canada) were defined using benthic diatoms and environ- Meanwhile, applications on other watersheds abroad have
mental variables characterizing streams and watersheds (redready begun: GIBSI is now being implemented on a Mexi-
gional reference site approach). Two diatom reference comean watershed (Arcediano watershed, Santiago River) by the
munities were sufficient to define reference conditions, onelnstituto Mexicano de Tecnoldg del Agua (IMTA). The ob-
for neutral conditions and one for alkaline conditions. Basedjective is to improve water management on this watershed,
on these results, classification tree models (prediction modin collaboration with the watershed management committee.
els) were created using reference sites to identify watershetloreover, GIBSI is also in the implementation process on
characteristics responsible for the discrimination between théour watersheds throughout Canada to determine APSs for
two reference communities (neutral and alkaline). The modepesticides (see Sect. 3.8): Yamaska river (QC), Wilmot-Dunk
was then used to predict which diatom reference commu{PEI), South Nations (ON) and Salmon Arm (CB).
nity should be present in an impacted stream under poten-
tial natural conditions. The results from this study were used
to develop a diatom-based index that can be used to evallb Discussion and conclusion
ate the degradation status of a site by comparing the actual
ecological conditions with appropriate reference conditions.The practical applications of GIBSI presented in this paper
The same approach is now being applied for benthic macroHlustrate the wide range of possibilities offered by such a
invertebrate communitiés Finally, the developed models tool to assess the effect of land use management, wastewa-
will be integrated into GIBSI to predict the structure of di- ter treatment or agricultural practices on water quantity and
atoms and macro-invertebrate communities in rivers baseduality at the watershed scale. They also illustrate the dif-
on simulated physical and chemical variables. ficulties and limitations that can be encountered when us-
ing a DSS, due to modeling or methodological assumptions,
4.2 Development of an application protocol of GIBSI and scenario construction, and lack of data or unsatisfying cal-
implementation on other watersheds ibration results. Thus, it is very important to identify and
. _consider these limitations, which are specific to each DSS,
GIBSI has been developed and applied on the Ckaadi \yhen, at first, choosing a DSS that is suited to user’s needs
River watershed. A user's guide already exists (Villeneuvegng when, at last, interpreting simulations results. These two
et al., 2003) but it only explains how to use GIBSI once it sieps are certainly the most difficult and crucial ones in the
is implemented. However, the implementation and applicayhole application procedure. Note also that, due to these
tion procedure of GIBSI, like many DSS, is still complex and |imijtations, results interpretation should always be done in a
follows several steps that have to be done carefully, for examyg|ative way, comparing a management scenario to a refer-
ple: identification of user’s needs, model selection, data acznce scenario, and not as absolute results.
quisition, database construction, model adaptation if needed, T application of a DSS is a dynamic process since most
model calibration, scenario definition, simulations and resultyf them are constantly upgraded or complemented by new
analysis. Thus, the amount of effort varies a lot dependingyqqyles. In the case of GIBSI, current and future works in-

on available data or required adaptation. In the simplest casgq|ye addition and calibration of models as well as develop-
when all needed data are available in the correct formats, ithent of a water ecological integrity indicator.

take_s about three months for a team of_two full-time research More generally, this paper demonstrates how a DSS may
assistants to set up the database to calibrate the models (WhgR | sad to incorporate sound science into legislative and

2Grenier, M., Pelletier, L., Rousseau, A. N., and Campeau'polit.ical deqisions regarding water management.'Howv.ever,
S.: Establishing Benthic Macroinvertabrate Reference Communithe integration and the use of a DSS for operational inte-

ties for the Evaluation of Aquatic Ecosystem Degradation: compar-grated watershed management issues still face major chal-
ison of a priori and a posteriori approaches, under review, 2007  lenges. One of them is that DSS are often too complex for
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operational purposes. Indeed, if stakeholders do need tool&nvironment Canada: The importance of Nature to Canadians:
that are sound science based, they also need them to be easyThe economic significance of Nature-related activities, Federal-

to use, apply and understand. Thus, this requires a simpli- Provincial-Territorial Task Force for the Importance of Nature to
fication as well as the development of tools and guides that Canadians, En 47-312/2000E, Ottawa, 2001.

facilitate the technical transfer from research to managemenf

as it is being done for GIBSI. Also, new concepts based on

user needs and receptivity have to be investigated (see Jake-

man and Letcher, 2003; Mclintosh et al., 2007). Moreover.

ortin, J., Turcotte, R., Massicotte, S., Moussa, R., Fitzback, J., and

Villeneuve, J.-P.: A distributed watershed model compatible with
remote sensing and GIS data, Part I: Description of the model, J.
Hydraulic Eng., 6(2), 91-99, 2001a.

'Fortin, J. P., Moussa, R., Bocquillon, C., and Villeneuve, J.-P.:

the uncertainty in model outputs has to be quantified to make ygrotel, un mole hydrologique distribis pouvant Bréficier
the DSS more reliable and the decision making Process eas- des donses fournies par laétedetection et les sysmes

ier (Mannina et al., 2006; Wu et al., 2006). Even so, it is
clear that DSS application will always need a close dialogue

d’information ¢eographique, Revue des Sciences de I'Eau, 8(1),
97-124, 1995.

between users and developers, i.e. between stakeholders aRdrtin, J. P., Turcotte, R., Massicotte, S., Moussa, R., and Fitzback,

scientists, within an interdisciplinary framework, and this is
certainly one of the greatest interests of such tools.
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