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Wetland  ecosystems  are  considered  as  potential  ecological  solutions  for  increasing  the  capacity  of water-
sheds  to store  runoff  waters  upstream,  and  thereby,  decrease  risk  of  downstream  flooding.  Especially  in
tile-drained  agricultural  landscapes,  wetlands  constructed  to intercept  these  tiles  can  serve  as  storage
basins  for  agricultural  runoff,  leading  to  both  reduction  in  peak  runoff  flows  and  diminished  transport
of  agricultural  nutrients.  The  objective  of  this  study  was  to  develop  a watershed-scale  methodology  for
identifying  potential  sites  for wetlands  in  a tile-drained  landscape  in  the  Midwestern  USA,  and  for  opti-
etlands
imulation-optimization
ydrology
eographic information systems

mizing  the  spatial  distribution  of  these  wetlands  for reductions  in  peak  runoff  flows.  The  benefits  of  this
methodology  is  demonstrated  by  using  it for selecting  appropriate  wetland  restoration  and/or  creation
sites  in  Eagle  Creek  Watershed  (ECW),  located  10 miles  northwest  of  Indianapolis,  IN, USA.  Results  show
that a large  number  of  potential  sites  could  be  identified  (e.g.,  2953  sites  in  ECW),  and  with  a  choice  of
effective  wetland  design  parameters  and  with  spatial  optimization  of  their  areas,  locations,  and  drainage
areas,  it is  possible  to achieve  significant  peak  flow  reductions  with  fewer  sites  and  smaller  wetlands.
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. Introduction

The alteration of the natural hydrologic cycle due to human
ctivities including deforestation, artificial agricultural drainage
ystems, urbanization, and residential development, has been a
rime reason for the loss of multiple pre-existing ecosystem
ervices that were historically provided by various upland (or,
pstream) landscape features, such as wetlands, that intercept,
tore, and slow surface runoff in river basins and watersheds. For
xample, in the state of Indiana, USA, approximately 5.6 million
cres of wetlands existed on the landscape 200 years ago (before
uropean settlement) (Robb, 2002; Dahl, 1990, 2000; Dahl and
ohnson, 1991). By the mid-1980s, Indiana had lost more than 85%
f its wetland area due to urbanization and creation of artificial
rainage systems for agricultural production. With the loss of many
f these wetland systems in upland areas, most agricultural water-
heds in Indiana have lost their ability to use a network of upland

istributed water storage systems to reduce flood peak heights
r reduce the overall volume of downstream runoff by retaining
ater from the surface flows. In addition, these watersheds have

∗ Corresponding author.
E-mail address: meghna@oregonstate.edu (M. Babbar-Sebens).
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lso lost other ecosystem services related to water quality, carbon
equestration, wildlife habitat, and recreation.

With the current increase in early spring runoff and peak flows
n these watersheds, and an expected additional 10–20% increase
n runoff by 2041–2060 (U.S. Global Change Research Program,
009), it has become imperative to manage high volumes of runoff
ows and their downstream impacts, beyond infrastructural solu-
ions (e.g. flood control reservoirs). Restoration of degraded upland
torage capacities of watersheds by “re-creating” or restoring spa-
ially distributed networks of storage systems has been proposed
s a promising strategy for runoff management, and for suppor-
ing downstream runoff control structures. The main philosophy
f this strategy is to store the excess floodwater on the land in
etlands, basins, or soil (by increasing infiltration capacities of

oil) during high precipitation events, and, thereby, significantly
educe the cumulative runoff volumes incurred further down-
tream. Hey et al. (2004) report that the 80-day Mississippi River
ood in 1993 – which generated 39 million acre-feet of floodwa-
ers at St. Louis, MO – could have been contained within the 40

illion acre-feet storage that could have been provided by adding

torage capacities of the drained wetlands to the existing levees and
xisting wetlands. Recent work by Lemke and Richmond (2009) has
lso suggested that re-naturalization of the hydrologic cycle using
uch ecological solutions can solve both water quantity and water

dx.doi.org/10.1016/j.ecoleng.2012.12.085
http://www.sciencedirect.com/science/journal/09258574
http://www.elsevier.com/locate/ecoleng
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uality problems in mixed land use watersheds. Mitsch and
ay (2006) have reported that creation of a spatially distributed
etwork of farm runoff wetlands that lie between farms and
djacent streams, and river diversion wetlands that divert river
ater into adjacent constructed and restored wetlands along the
ain channels would not only assist with flood control in the
ississippi–Ohio–Missouri river basin, but also reduce total nitro-

en discharging to the Gulf of Mexico by 40%. Ogawa and Male
1986) used a watershed-scale hydrologic simulation approach to
valuate flood mitigation potential of inland wetlands and found
hat for 100+ year floods removal of wetlands led to significant
ncreases in peak stream flows in all sizes of streams. Though their
pproach was focused on evaluating the effects of encroachment of
xisting wetlands, their conclusions on the effect of wetland area
nd location of wetlands on the overall effectiveness of wetlands
o reduce downstream flooding are applicable to restored and/or
reated wetlands.

One of the biggest challenges that arise in implementing such
istributed upland-storage alternatives is that, given limited land
esources, it can be difficult to identify potential available areas
or restoring upland storage that could provide the greatest poten-
ial benefit to the entire watershed system. To ensure efficient
erformance of various ecosystem functions of upland storage sys-
ems (e.g., wetlands), any strategy used for mapping potential sites
hould include spatial analysis of location, size, classification, and
onnectivity in the landscape. A cost-benefit analysis that then
ncorporates the effect of these potential sites on the field-scale
nd watershed-scale hydrology, water quality, economics, ecology,
nd the social community can be extremely useful in assessment
f the potential sites for sustainable long-term restoration projects.
ultiple studies exist for siting and sizing storage strategies, such

s wetlands, at the field scale (e.g., Kadlec and Knight, 1996; Kadlec
t al., 2000; Cooper and Findlater, 1990; McBrien et al., 1998; etc.).
owever, fewer studies exist for identifying and simulating the
erformance of various functions and values of storage strategies
e.g. wetlands, ponds, etc.) at larger scales. For example, McAllister
t al. (2000) used a regional-level ranking scheme that incorpo-
ates an index value based on a conceptual model of marginal
ecrease in total downstream flood volume per restoration dollar.
his ranking scheme was then used to prioritize spatial landscape
nits for wetland restoration in the Prairie Pothole Region of the
nited States. Though the methodology provides a useful regional
ssessment tool, it did not consider the effect of spatial scales and
on-linear correlations between wetland sites and wetland func-
ions (e.g. restoring a particular wetland in a low priority area could
ossibly result in greater functional benefit than restoring a wet-

and in a high priority area). Palmeri and Trepel (2002) proposed a
IS-based land score system to identify the most suitable locations

or nutrient abatement using constructed or restored wetlands in
 watershed, based on climate, hydrology, geology, environmental,
nd socio-economic conditions. The score values for land pixels
hosen in this study was based on a qualitative assessment of the
patial data at that pixel and was then weighted (using arbitrary
ser-based values) to obtain the overall pixel suitability for wetland
unctions. Their study, however, uses a large set of spatial layers,

aking the efficiency of the method dependent on the availability
nd quality of this vast number of datasets, does not incorporate the
emporal response of wetlands to the various drivers, and does not
ncorporate other ecosystem services provided by wetlands (e.g.
ood control).

In another study, White and Fennessy (2005) also developed

 GIS-based ranking model to identify and prioritize potentially
ustainable wetland restoration sites at watershed-scale. The
ethodology was based on a linear-weighted summation of multi-

le land-use, soil, topographic, and stream water quality condition
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riteria scores, and was used for the Cuyahoga River watershed,
n northeastern Ohio, USA. Though they considered the effect of
patial scales on the selection of criteria (i.e. criteria related to
he local characteristics of the wetland, and neighborhood land-
cape parameters that affect wetland functions), their weighted
coring method ignored the non-linear relationships between the
riteria, and is susceptible to providing distinctively different and
difficult to compare” restoration site plans based on the weight
alues. In addition, their method, similar to Palmeri and Trepel
2002), did not consider economic costs and other wetland function
uch as flood mitigation, ecological benefits, and used a sim-
listic hydrologic model to simulate runoff. On the other hand,
ewbold (2005),  unlike the other researchers, used a simulation-
ptimization approach to search for spatial arrangements of sites
or wetland restoration that would maximize nutrient removal and
abitat for mallard duck breeding. Though Newbold’s work can
e used as an important preliminary research tool on the benefits
f using simulation-optimization algorithms for selecting wetland
estoration sites, it solved for the site selection problem one objec-
ive at a time and did not investigate the effect of potential wetlands
n runoff and peak flow reductions.

In this paper, we propose a combined GIS-simulation-
ptimization based approach that can provide a practical tool for
dentifying and prioritizing potential farm runoff wetlands and
iver diversion wetlands sites (depending on their location) in a
atershed, when multiple conflicting objectives exist during the

unoff management process. Unlike Palmeri and Trepel (2002) and
hite and Fennessy (2005),  we do not use a scoring or weight-

ng system, and instead of evaluating all hydrologic, socioeconomic
onditions, etc. at the scoring step, we  only use GIS to assess the
uitability of three most important primary factors to identify a
arge set of wetland areas. Later we use a hydrologic model and

ulti-objective optimization analysis to reduce the set to the most
uitable set based on wetland area and peak flow reduction criteria.
he research also investigates the effect of wetland scales and the
onnectivity of these sites on the peak flow reductions in individ-
al sub-basins and the overall watershed system. Though in this
aper we  only investigate the effect of such a distributed system of
etlands on the flow rates in streams, the simulation-optimization

ramework described here could be expanded to include other
riteria (e.g. water quality benefits, ecological impacts, etc.). The
emaining sections in this paper describe the proposed methodol-
gy, followed by sections on the various results and conclusions.

. Methodology

.1. Eagle Creek Watershed Study Area

Eagle Creek Watershed (Fig. 1) is located in Central Indiana,
SA, about 10 miles (16 km)  northwest of downtown Indianapo-

is. Approximately 162 miles2 (419 km2) of its drainage area drains
nto the Eagle Creek Reservoir, which is a major source of drinking

ater for Indianapolis and the surrounding region. The water-
hed can be divided into 10 subwatersheds that vary in size from
0.4 miles2 (27 km2) to 20.9 miles2 (54 km2). The watershed topog-
aphy is relatively flat to undulating, with some dissection near
agle Creek reservoir. Soil type consists of productive soils devel-
ped in glacial till and loess. Elevations in the watershed range from
40 m above sea level in School Branch sub-watershed to 299 m
bove sea level in Fishback Creek sub-watershed (see Fig. 2 for the

0 m digital elevation map  obtained from United States Geolog-

cal Survey (USGS)). Agriculture is the dominant land-use in the
atershed (approximately 60%), with corn and soybeans being the
redominant crops. However, high and low density land-use is also
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Fig. 1. Streams, sub-watersheds and political boundaries of the HUC-11 Eagle Creek
Watershed, IN, USA.

Fig. 2. Digital elevation model for Eagle Creek Watershed, IN, USA, based on a 10-m
grid.
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Fig. 3. 2008 land use – land cover map of Eagle Creek Watershed, IN, USA.

urrently increasing due to the increasing Indianapolis population
nd associated increases in urban/suburban infrastructure devel-
pments. Fig. 3 shows the 2008 land use – land cover map  for the
atershed obtained from U.S. Department of Agriculture’s (USDA)

rop data layers database.
The dominant soil associations in Eagle Creek watershed con-

ist of the Crosby–Treaty–Miami association in the headwaters, and
iami–Crosby–Treaty association along the downstream areas.

he headwater dominant soils are generally deep, poorly drained,
nd nearly level to gently sloping soils formed in a thin silty layer
verlying glacial till, whereas, the downstream dominant soils
re generally deep well drained to somewhat poorly drained, and
early level to moderately steep soils formed in a thin silty layer
nd the underlying glacial till. The minor soil associations consist
f the Sawmill–Lawson–Genesee association are found in the Eagle
reek Valley, and the Fincastle–Brookston–Miamian association
nd the Mahalasville–Starks–Camden association are found along
he northwestern watershed boundary. The minor soils also vary
n their drainage characteristics based on the composition. Fig. 4
hows the distribution of various soils based on their drainage char-
cteristics in the watershed, as defined in the USDA’s Soil Survey
eographic Data Base (SSURGO).

The climate in this area (Newman, 1997; Clark, 1980) is pre-
ominantly temperate continental and humid, with an average
nnual temperature of approximately 52◦F (11 ◦C). The average
nnual precipitation varies from 38′′ to 40′′ (i.e. 97–102 cm), with
ate spring being the wettest seasonal period and February being
he driest. Most of this average annual precipitation (more than
alf) occurs during the 5–6 months frost-free growing season.
vidences of climate change in this area indicate a trend toward

ncreases in high intensity precipitation in spring followed by hot,
ow-precipitation summers. With these occurring and predicted
recipitation and temperature changes (Milly et al., 2008), man-
gement of surface water quantity due to flooding events and
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Table 1
Spatial analyst commands for calculating compound topographic index.

1. Flow direction grid, fd = flowdirection([dem])
2.  Flow accumulation grid, sca = flowaccumulation([fd])
3.  Slope in radians, slope = (slope([dem]) * 1.570796)/90
4.  Tangent of slope, tanslp = con([slope] > 0, tan([slope]), 0.001)
5.  Correction of flow accumulation, corrsca = ([sca] + 1) * dem size

•  Note dem size is equal to 10.0 m for the Eagle Creek Watershed
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of water received via surface runoff and tile drains, a 0.1 ha wet-
ig. 4. Distributions of soil classes based on drainage characteristics in Eagle Creek
atershed, IN, USA.

ssociated water quality impacts have become critical for Eagle
reek Watershed, among other Midwestern watersheds.

.2. Identification of potential wetland sites using a geographical
nformation systems (GIS) based approach

The main aim of this initial analysis was to delineate multi-
le polygons in the watershed that lie on agricultural and related

and use-land cover, have poor soil drainage characteristics, and
re present in upland areas that tend to collect runoff. Once delin-
ated, these polygons could then be considered as potential sites
or wetland construction and/or restoration. This spatial analysis
as achieved by using various tools in ArcMap and ArcHydro in

he following manner:
Step 1: The main aim of this project is to install these wetlands

n private farm land in order to mitigate flooding impacts on agri-
ulture, and provide opportunities for supporting installation of
uch systems via cost-share incentives provided by the Farm Bill
nd other state and local programs. Though not considered during
ptimization (see Section 3 of Methodology), installation of these
etlands on/near farm land could also potentially improve water

uality impacts of agriculture practices on the receiving streams. To
ocus sites on agricultural lands, all pixels in the land use land cover
IS layer (Fig. 3) that were nonagricultural – i.e. of the type NLCD

National Land Cover Database) Barren, NLCD – deciduous forest,

LCD – developed/high intensity, NLCD – developed/low intensity,
LCD – developed/medium intensity, NLCD – open space, NLCD –
vergreen forest, NLCD – grassland herbaceous, NLCD – herbaceous

l
s
s

DEM grid.
6.  Compound Topographic Index, CTI = ln([corrsca]/[tanslp])

etlands, NLCD – open water, NLCD – shrubland, NLCD woody
etlands, wetlands, and woodland were removed.

Step 2: In this step, the soil raster layer was processed by remov-
ng all pixels except those that were somewhat poorly drained,
oorly drained, and very poorly drained, as classified in Soil Survey
eographic Data Base (SSURGO). This was  done to limit possible

ocations to those suitable for wetland development.
Step 3: This step involved identifying upland areas in the water-

hed that tend to collect water. This was achieved by calculating
he compound topographic index from the 10-m DEM (Fig. 2). This
ndex is a steady state wetness index (also known as the topo-
raphic wetness index), and is a function of slope (ˇ, radians) and
pecific catchment area (i.e. upstream contributing area per unit
idth orthogonal to the flow direction, As, m2). It is given by the

ollowing relationship (Gessler et al., 1995):

TI = ln
(

As

tan ˇ

)
(1)

TI has been found to have high correlations with several soil
ttributes such as horizon depth, silt percentage, organic matter
ontent, and phosphorus (Moore et al., 1993). Also, locations with
igh values of CTI are considered as potential wet  zones where
opographic factors will contribute to accumulation of water. In
his study the pixels with CTI values higher than 11.5 were assigned
s locations with high CTI values that would provide good topo-
raphic locations for wetlands. Small values of CTI generally depict
pper catenary positions and large values lower catenary positions
ith an overall range typically from 2 to 12 for zero-order (head-
ater) upland areas (Gessler et al., 2000). Table 1 gives the various
rcMap’s Spatial Analyst and raster calculator commands used in

he given order to estimate the CTI from the DEM raster grid.
Step 4: Once the raster layers for soil, land use-land cover, and

TI were obtained, the pixels that were common in all the three
aster layers were extracted to obtain a new map  that consisted
f CTI pixels existing on agriculture land and over poorly drained
oil. These raster pixels were then converted into vector data (poly-
ons) and used as the database for selecting wetlands based on site
pecific characteristics.

Step 5: Most historic Indiana wetlands, which have been
emoved from the landscape, used to be of multiple sizes with val-
es even lower than 1 ha (10,000 m2) area. To control the drainage
atterns in these landscapes and improve agriculture productivity,
he natural drainage hydrology has been modified in these agri-
ulture lands by installing artificial drainage pipe networks (tile
rains). However, the installation of these pipes has significantly

ncreased the runoff volumes in the streams and deteriorated water
uality. Hence, it is estimated that by restoring or constructing new
etlands, drainage in some of the tile drains can be intercepted

nd treated in the wetlands before being released to downstream
ater bodies or subsurface aquifers. To treat the estimated volumes
and (1000 m2, 0.2 acre) was decided to be a reasonable minimum
ize for selecting various wetland polygons for Eagle Creek Water-
hed. This size was selected for both treatment potential as well
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Fig. 5. 2953 potential sites for wetland (blue polygons) with area greater than
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000 m2 in Eagle Creek Watershed, IN, USA. Box on the right side shows a zoomed-
n image of the polygons. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

s financial feasibility. Fig. 5 shows all the 2953 identified poten-
ial wetland polygons in the watershed with areas larger than or
qual to 1000 m2. These potential wetlands occupy approximately
.5% of the total Eagle Creek watershed area. The drainage areas
f these wetlands (Fig. 6) were then delineated to estimate the
rainage basins of these polygons. The ArcHydro tool for delin-
ating watershed basins of polygons was used to estimate these
rainage basins from the 10 m DEM. These drainage basins covered
pproximately 29% of the watershed area, indicating a potential for
anagement of runoff from 29% of the land by converting only 1.5%

f the watershed into wetlands.

.3. Prioritization of potential wetland sites using a
imulation-optimization approach

The GIS methodology described in the previous section provided
n initial set of multiple (2953 polygons, each larger than 1000 m2,
or this watershed) storage polygons in the watershed that could
e used to “re-naturalize” the historic landscape and create/restore
etland sites in the watershed, and thereby, control flooding

mpacts. However, due to restoration cost limitations, it is desir-
ble to find an optimal subset of these sites for creating/restoring

etlands that would meet various goals of the restoration project.
ence, a simulation-optimization based approach was adopted to

earch for an optimal subset of sites and evaluate the performance
f these sites with respect to land area converted to wetlands (that

ig. 6. Drainage area (yellow polygons) of the 2953 potential wetland sites. Box on
he right side shows a zoomed-in image of the polygons. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
he  article.)
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ffects the costs for restoration/construction) and overall impact on
unoff in streams. The methodology below describes the approach
ndertaken to create the hydrologic simulation model and priori-
ize sites based on a multi-objective optimization formulation.

.3.1. Simulation model development
Soil and Water Assessment Tool 2005 (SWAT; Arnold et al.,

998; Neitsch et al., 2005), a continuous-time and physically based
istributed hydrologic model, was calibrated and used to simu-

ate watershed hydrology and wetland hydrology in Eagle Creek
atershed. SWAT divides the watershed into multiple sub-basins

hat are connected via stream networks. The sub-basins are fur-
her sub-divided into hydrologic response units (HRUs) that are
nique combinations of land use land cover, slope, and soil type.
RUs do not interact with each other, but are used as basic spa-

ial units for the mass balances of flows and contaminants. Outputs
rom HRUs are summed together across all HRUs in a sub-basin,
nd then routed through channels, ponds, wetlands, and/or reser-
oirs to the watershed outlet. The Eagle Creek Watershed SWAT
odel was  built on a daily time step for a period of five years (i.e.

004–2008) and the watershed landscape was divided into 130
ub-basins (average area of 327.41 ha) and 130 reaches (Fig. 7a)
ased on the topographic maps published by USGS. Sub-basin #128
as designated as the Eagle Creek reservoir. Reservoir bathymetry

nd daily reservoir data on city water consumption was  obtained
rom the water utility (Indianapolis Water Co. now owned by Cit-
zens Water). Daily flow measurements at the USGS station at
lermont (# 03353460) were used to represent dam releases. This
SGS station at Clermont was  used because complete recordings
f daily flow measurements at the USGS station # 03353451 just
elow the reservoir were not available. Based on the proximity of
he two stations and similarity in their runoff area, the assumption
f using Clermont station to represent dam releases was considered
ppropriate. Clermont station is only 1.13 km downstream of USGS
tation # 03353451. In addition, Clermont station # 03353460
eceives runoff from only 1.4% additional sub-basin land area com-
ared to the USGS station # 03353451 below the reservoir. The
ater consumption data and dam release data were then used to

alculate model inputs for overall daily reservoir outflows.
Other spatial datasets used in the model consisted of the USGS

0 m digital elevation data (Fig. 2), USDA 2008 land use land cover
ata obtained from the crop data layers database (Fig. 3), and
SDA SSURGO soil data (Fig. 4). The daily climate data for precip-

tation and temperature was obtained from the National Oceanic
nd Atmospheric Administration (NOAA) stations at Whitestown,
N (Station ID GHCND: USC00129557, latitude 39.996◦, longitude
86.354◦) and Indianapolis Eagle Creek, IN (Station ID GHCND:
SC00124249, latitude 39.920◦, longitude −86.313◦). Existing
oint sources with National Pollutant Discharge Elimination Sys-
em (NPDES) permits were added in sub-basins 16, 42, 54, 59, 61,
1, 72, 74, 81, 87, and 128. Empirical observations of contaminants

oadings reported in the NPDES systems were used to estimate daily
oadings for these point sources.

SWAT model performs water balance on individual hydrologic
esponse units (HRU) that are multiple spatial zones in sub-basins
ith unique soil, slope, and land-use characteristics. To define these
RUs, the slope was initially classified into three classes (0–1%,
–2%, and 2–999%) and a threshold of 10% was used for land use, soil
lass, and slope class in order to eliminate minor land use, minor
oil class and minor slope class with less than 10% areal cover-
ge. Since this watershed is heavily tile drained, all agricultural

RUs with hydric soils were assigned tile drainage parame-

ers (i.e. SWAT model parameters: Depth to impermeable layer
DEPIMP) = 2500 mm,  Depth to tile drains (DDRAIN) = 1000 mm,
ime to drain soil to field capacity (TDRAIN) = 24 h, and Drain tile lag
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ig. 7. (a) Eagle Creek Watershed SWAT model features and various sources and sta
i.e.  Wet  Fraction in gray colored sub-basins).

ime (GDRAIN) = 96 h) based on existing typical tile characteristics
ound in Central Indiana. The curve number method was  chosen
or estimating runoff, and Muskingum routing method was chosen
or channel routing.

The wetland module in the SWAT hydrologic model was used
o simulate new potential wetlands identified using the GIS-based

ethodology. Since, SWAT simulates wetlands as only one water
ody at the outlet of the sub-basin, it was decided to aggregate the
reas of all the 2953 potential wetlands into one large wetland per
ub-basin, across all sub-basins. This resulted in 108 possible aggre-
ated wetlands at the outlets of their respective sub-basins (Fig. 7a).
y aggregating the wetland polygons within every sub-basin in this
anner, a coarse representation of wetlands at sub-basin scales
as obtained that allowed us to test the effect of sub-basin-scale
ecisions on watershed-scale impacts. Representation of wetlands

n the SWAT model also needs estimation of fraction of sub-basin
rea that drains into its wetland (WET FR), surface area of wet-
and at maximum water level (WET MXSA), volume of water stored
n wetlands when filled to maximum water level (WET MXVOL),
nitial volume of water in wetlands (WET VOL), and hydraulic con-
uctivity through bottom of wetland (WET K or Ksat). The variable
ET  FR for aggregated wetland in every sub-basin was estimated

y calculating the total drainage area of all wetland polygons in
 sub-basin (see Figs. 6 and 7b)  and dividing it by the total area of
he sub-basin area containing these wetland polygons. The variable

ET  MXSA for every aggregated wetland was estimated by sum-
ing all the areas of the wetland polygons within its sub-basin

Fig. 7b). To calculate the variable WET  MXVOL, two approaches
ere explored. In the first approach, the volume based on the

natural depth” of the depressions was estimated by filling up

he depressions to their maximum depths (by using ArcHydro
ool). Individual maximum volumes of the wetland polygons in

 sub-basin were then summed to obtain an estimate of maxi-
um  “natural” depression volume of the aggregated wetland in

m
o
c
a

. (b) Maximum area of aggregated wetlands and corresponding maximum WET  FR

hat sub-basin. It is important to note here that these maximum
rea and maximum volume calculations reflect natural topographic
onditions under which the depression polygons were identified
or water storage. Substantial variation could be expected in wet-
and depths if a wetland basin is constructed at these sites based on

 different design storage volume or area. Hence, a second approach
as explored in which a typical “design depth” of 0.5 m was mul-

iplied by the total aggregated wetland area in every sub-basin to
stimate average design volumes of aggregated wetlands in every
ub-basin. The simulation time period was set to a 5 year period
rom 2004 to 2008, where it was assumed that the new wetlands
ould come into function at the beginning of 2004, and their per-

ormance is then estimated in hindcast for the 4 years 2005–2008
assuming 2004 as the model “warm-up” period). Hence, WET  VOL
as set to 0. Multiple values of saturated hydraulic conductivities

WET K) were tested for this model, described later in Section 3.

.3.2. Multi-objective optimization problem setup
Construction or restoration of all identified potential wet-

ands (Fig. 5) can be a very expensive proposition, and can lead
o multiple logistical hurdles in getting landowners to agree to
onvert all sites identified on their land into wetlands. An opti-
ization approach to further decrease the potential sites into a

maller subset of sites was, therefore, performed in order to design
lternatives that consisted of most effective sites and covered least
mount of land area. This was  attained by using a multi-objective
imulation-optimization approach that integrates simulation mod-
ls with optimization techniques (Andradóttir, 1998; Fu, 1994,
002; Gosavi, 2003; Law and Kelton, 2000). In this study, we inte-
rated the optimization algorithm with the wetland simulation

odel in SWAT, to evaluate and search for optimal alternatives

f spatially distributed wetlands. The optimization problem setup
onsisted of setting up of the wetland simulation model (described
bove), the various decision variables that were used to generate
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lternatives of the spatial design of wetlands in the watershed, and
he multiple objective functions and constraints that were used
o test the performance of the various alternatives based on the
utputs of the wetland simulation model. This problem setup is
escribed in detail below:

(i) Decision variables: Six possible formulations of decision vari-
ables representing these SWAT wetlands were proposed:
(a) Binary Wetlands, Design Depth:  The decision variables were

binary numbers xi, where i represented the ith sub-basin in
the set of 108 sub-basins where wetlands had been identi-
fied by the GIS approach. A value of 1 for xi indicated that
the entire aggregated wetland was installed in the ith sub-
basin, whereas a value of 0 indicated no aggregated wetland
existed in that sub-basin. When a potential aggregated wet-
land was installed in the ith sub-basin, the maximum area
(SWAT variable WET  MXSAi) and the fraction of sub-basin
area draining into the aggregated wetland (SWAT vari-
able WET  FRi) were estimated by the GIS methodology. A
design depth of 0.5 m for all aggregated wetlands was used
to estimate cumulative wetland volumes (SWAT variable
WET  MXVOLi), in all sub-basins.

(b) Binary Wetlands, Natural Depth:  This formulation was  simi-
lar to that of “Binary Wetlands, Design Depth”,  except that the
cumulative wetland volumes (SWAT variable WET  MXVOLi)
for aggregated wetlands were estimated based on the nat-
ural topography and natural existing depression volumes.

(c) Variable Area Wetlands, Design Depth:  The decision variables
were real numbers xi, where x represented the maxi-
mum  area of the aggregated wetlands (SWAT variable
WET  MXSAi) and i represented the ith sub-basin in the set
of 108 sub-basins where wetlands had been identified by
the GIS approach. Values of xi varied from 0 to the aggre-
gated areas of all potential wetland polygons estimated by
the GIS methodology. This formulation of decision variables
allowed variation in the area of land allocated to wetlands
in the sub-basins, in comparison to the binary formulations
(i.e. “Binary Wetlands, Design Depth” and “Binary Wetlands,
Natural Depth”) above that only allowed either all wetlands
or no wetlands to make up the aggregated wetlands in
every sub-basin. When a potential aggregated wetland of
area WET  MXSAi = xi was installed in the ith sub-basin, the
fraction of sub-basin area draining into the aggregated wet-
land (SWAT variable WET  FRi) was set to the maximum
value of WET  FRi estimated by the GIS methodology using
all potential wetland polygons (same as the values cho-
sen in the binary formulations above). In this manner, it
was possible to simulate smaller-sized aggregated wetlands
that received the same runoff as that received by maximum
area wetlands in the sub-basins. A design depth of 0.5 m
for all aggregated wetlands was used to estimate cumula-
tive wetland volumes (SWAT variable WET  MXVOLi), in all
sub-basins.

(d) Variable Area Wetlands,
Natural Depth:  This formulation was similar to that
of “Variable Area Wetlands, Design Depth”,  except that the
cumulative wetland volumes (SWAT variable WET  MXVOLi)
for aggregated wetlands were estimated based on the
natural topography and natural existing depression
volumes.

(e) Variable Area-Wetfr Wetlands, Design Depth:  The decision

variables were real numbers xi and yi, where x represented
the maximum area of the aggregated wetlands (SWAT vari-
able WET  MXSAi), y represented the fraction of sub-basin
area draining into the aggregated wetland (SWAT variable
ngineering 52 (2013) 130– 142

WET  FRi), and i represented the ith sub-basin in the set of
108 sub-basins where wetlands had been identified by the
GIS approach. Values of xi varied from 0 to the aggregated
areas of all potential wetland polygons estimated by the GIS
methodology and values of yi varied from 0 to maximum
value of WET  FRi estimated by the GIS methodology using
all potential wetland polygons (same as the values chosen
in the binary formulations above). This formulation of deci-
sion variables allowed variation in the area of land allocated
to wetlands in the sub-basins, along with the variation in
fraction of sub-basin land that drained into these smaller
aggregated wetlands. A design depth of 0.5 m for all aggre-
gated wetlands was used to estimate cumulative wetland
volumes (SWAT variable WET MXVOLi), in all sub-basins.

(f) Variable Area-Wetfr Wetlands, Natural Depth: This formula-
tion was similar to that of “Variable Area-Wetfr Wetlands,
Design Depth”,  except that the cumulative wetland volumes
(SWAT variable WET  MXVOLi) for aggregated wetlands
were estimated based on the natural topography and natu-
ral existing depression volumes.

ii) Objective functions: Two conflicting, quantitative objectives
chosen for this problem. The first one was to maximize peak
flow reductions (PFR), or equivalently Minimize (−(PFR)), given
by the following equation.

inimize{−[PFR = maxi,n(peakflowi,n,baseline − peakflowi,n,alternative)]} (2)

here PFR is the overall maximum peak flow reduction across all
ub-basins during the modeled time period, i is the sub-basin, n is
he day in years 2005–2008, peakflowi,n,baseline is the modeled base-
ine flow when no potential wetlands exist in the sub-basins, and
eakflowi,n,alternative is the modeled flow after wetlands have been
nstalled in the sub-basins. The peakflow in the equation above is
efined as:

f flowi,n,baseline or alternative > flowi,n−1,baseline or alternative, and

flowi,n,baseline or alternative > flowi,n+1,baseline or alternative

hen peakflowi,n,baseline or alternative = flowi,n,baseline or alternative,

lse, peakflowi,n,baseline or alternative = 0.

The second function consisted of minimizing total wetland areas
n a watershed, given by Eq. (3) below:

inimize

{
i=108∑

i=0

WET  MXSAi

}
(3)

iii) Optimization algorithm:  In this study, since multiple objec-
tives exist, we  used Non-dominated Sorting Genetic Algorithm
(NSGA II) to search for optimized alternatives. NSGA II has been
widely tested for multiple watershed planning and manage-
ment problems (e.g., Dorn and Ranjithan, 2003; Bekele and
Nicklow, 2005, 2007; Maringanti et al., 2009, etc.). NSGA II
is based on Genetic Algorithms (GA), which are heuristic and
population-based optimization algorithms. GAs emulate natu-
ral selection mechanism to perform the optimization task. GAs
work with “strings” of decision variables (also called “chromo-
somes”), and search from a population of possible alternatives

(“individuals”) using the information provided by the objective
function (“fitness function”). GAs use three operators – repro-
duction, crossover, and mutation, which are used to evolve the
population of alternatives to alternatives with higher fitness,
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Fig. 8. Comparison of manually delineated and GIS methodology for identifying
potential wetland sites in a portion of the School Branch watershed, Hendricks
County, Indiana. The red lines indicate manually delineated potential streams or
wetlands. The purple areas are wetland storage polygons >1000 m2 while the light
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Table 2
Flow calibration parameters, ranges of parameter values, and final calibrated values.

Parameter (input file) Parameter range Calibrated value

ALPHA BF (.gw) 0–1 0.048
CH K2 (.rte) 0–150 10
CH N2 (.rte) 0–1 0.01
CN FROZ (.bsn) 0 or 1 1 (active)
CN2 (.mgt) Specific to land use AGRR, CORN, SOYB:

0.8075 * CN2default

HAY:
1.045 * CN2default

Rest of the
land-use:
0.95 * CN2default

ESCO (.hru, .bsn) 0–1 0.95
GW DELAY (.gw) 0–50 31
GW REVAP (.gw) 0.02–0.2 0.02
GWQMN (.gw) 0–5000 0
HRU SLP (.hru) Specific to HRU 2 * HRU  SLPdefault

LAT TTIME (.hru) 4
SLSUBBSN (.hru) 10–150 (Specific to HRU) 2 * SLSUBBSNdefault

SMFMN  (.bsn) 0–10 1.4
SMFMX  (.bsn) 0–10 6.9

n
fl
w
a
t
t
m
o
e
a
e
m
a
i
t

3

t
s
U
N
a
M
e
u
u
o
a

N

P

[∑ ]0.5[∑ ]0.5
lue areas are wetland storage polygons <1000 m . The purple and light blue areas
ere derived using the GIS methodology. (For interpretation of the references to

olor in this figure legend, the reader is referred to the web version of the article.)

until the algorithm converges to optimal or near-optimal solu-
tions. Multiple types of genetic algorithms currently exist that
optimize problems with one or multiple objectives. Commonly
used multi-objective genetic algorithms [e.g., MOGA, Fonseca
and Fleming, 1993; NSGA II, Deb et al., 2002; NPGA, Horn et al.,
1994; VEGA, Schaffer, 1984; etc.] converge the population to a
set of non-dominated solutions (Pareto set).

In this study, we used a population size of 104, maximum num-
er of generations equal to 100, crossover rate of 0.9, and mutation
ate of 0.05 for the NSGA II used to optimize the six formulations
f wetland decision variables.

. Results and discussion

.1. methodology with a manual identification of potential
etlands and drainage patterns

To assess the performance of the Multi-Criteria Geographical
nformation Systems (GIS) Methodology, a comparison was  made
etween manually delineated and field checked potential wetland

ocations and those derived from the GIS methodology. Fig. 8 shows
etland areas and drainage features (specifically tile drainage areas

r overland flow areas located in surface depressions) that were
anually digitized from a combination of aerial photography and

atellite imagery (in red). The process was laborious and costly. It
ook a team of research assistants approximately 200 h to manu-
lly delineate the School Branch sub-watershed (in Fig. 1). Similar
esults were obtained for the same watershed using the Multi-
riteria Geographical Information Systems (GIS) Methodology in
bout a day. Processing time will be hardware dependent. The
IS results are shown in light blue and light purple. Note that the
IS method identifies more sites than can be visually interpreted.
he correlation of manually delineated features with those gener-
ted by GIS is very strong, especially when considered in light of

ur understanding of the site. Numerous areas delineated by GIS
ollow the manually delineated drainage network. This indicates
hat the GIS has identified the topographically lower areas where
ater collects – thus requiring the farmer to install the tile drainage

w
t

SOL AWC  (.sol) 0–1 (Specific to HRU) 1.5 * SOL AWCdefault

SURLAG (.bsn) 0–10 6

etworks. We  do not anticipate that all tile drainage or overland
ow areas (red lines) would have a corresponding GIS identified
etland area since the farmer is likely to route the tile network

cross topography and soil sites. There are a number of GIS iden-
ified wetland storage polygons (both greater than 1000 m2 and
hose smaller than 1000 m2). This indicates the power of the GIS

ethodology. We  would not expect all of these areas to have either
verland flow or tile drainage (red lines) because they may  be subtle
nough that there is not enough of a drainage problem to warrant
ctive management. Farmers utilize a host of other measures to
nhance drainage including amending the soils. Field verification of
any of the GIS identified wetland polygons has shown that these

reas do pond water during extreme rainfall events further validat-
ng the effectiveness of the GIS methodology as a rapid and effective
ool to identify potential wetland restoration or construction sites.

.2. SWAT model calibration

The SWAT model was  calibrated for daily stream flows for
he period of 2004–2008 based on two USGS flow stations (USGS
tation at Zionsville (# 03353200) in SWAT sub-basin 70 and
SGS station at Clermont (# 03353460) in SWAT sub-basin 130).
ash–Sutcliffe efficiency (Nash and Sutcliffe, 1970) given by Eq. (4)
nd Pearson’s product-moment correlation coefficient (Legates and
cCabe, 1999) given by Eq. (5) were used to estimate calibration

fficiencies. The year 2004 was  designated as the model warm-
p period, hence, flow prediction for only 2005–2008 period were
sed to estimate the calibration efficiencies. Table 2 lists the vari-
us SWAT model parameters adjusted for calibration, their range,
nd their calibrated values.

ash–Sutcliffe efficiency, ENS = 1 −
∑n

i=1(Oi − Pi)
2∑n

i=1(Oi − Oavg)2
(4)

earson’s correlation coefficient,  R2

=
{ ∑n

i=1(Pi − Pavg)(Oi − Oavg)
}2

(5)

n
i=1(Pi − Pavg)2 n

i=1(Oi − Oavg)2

here O is an observed value, P is a model prediction, and n are
he number of observations available for calibration. While ENS
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Fig. 9. Observed versus simulated daily flows

nd R2 vary from −∞ to 1 and 0 to 1 respectively, higher values
lose to 1 denote better model performance for both the efficiency
stimators.

Figs. 9 and 10 show the calibrated time series of flows (m3/s) at
ionsville and Clermont USGS gages, for the period of 2005–2008
nd based on the calibrated parameter values in Table 2. A com-
arison of flows in these figures indicate that while at Clermont
he simulated peaks and low flows match very well, the SWAT

odel generally underestimates the peaks (though there are some
eak flow events when the SWAT model over-estimates the peaks)
t Zionsville. The baseflows for both stations match well with
bserved base flows. Overall the Nash–Sutcliffe model efficien-
ies attained for daily flows at Zionsville and Clermont stations
ere highs of 0.67 and 0.95, respectively. The Pearson’s correla-

ion coefficients at the two stations were also high values of 0.83
nd 0.98, respectively. Hence, the SWAT model was considered
alibrated for these two stations, for the period 2005–2008.

.3. Effect of saturated hydraulic conductivities and depths on
eak flow reductions by potential wetlands

Most Brookston soil types present in wetlands in this
egion (Eagle Creek watershed) have hydraulic conductivity
arying from 5 mm/h  to 50 mm/h  (Indiana soil survey reports,
ttp://www.in.nrcs.usda.gov). Other studies have observed appar-
nt hydraulic conductivities of constructed/created wetlands to
e as high as 82 mm/h  to 143 mm/h  (Larson et al., 2000). Hence,
e decided to test the performance (based on peak flow reduc-

ion using Eq. (2)) of these aggregated wetlands for a range of
aturated hydraulic conductivities (WET K): 0.5 mm/h, 5 mm/h,
5 mm/h, 25 mm/h, 50 mm/h. Fig. 11a and b shows the maximum
alue of peak flow reductions possible at USGS station at Zionsville
nd reservoir inflows over the period 2005–2008, if all the 108
ggregated wetlands had been created/restored using either natu-
al depth (i.e. MX  VOL based on natural topography, as discussed
arlier) or by using the design depth, and with various values of

ET K. It can be seen that for all values of hydraulic conductivities,

he design depth gives higher peak flow reductions than the natural
epth based on the natural topography. Additionally, higher values
f hydraulic conductivities give higher reductions in peak flows. For
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Fig. 10. Observed versus simulated daily flows at U
GS station #03353200 at Zionsville, Indiana.

xample, at the USGS station in Zionsville, wetlands with WET  K of
0 mm/h  would give maximum watershed peak flow reductions
f 15.6 m3/s (14.6% reduction) when their volume is based on the
atural depth and 21.5 m3/s (19.7% reduction) when the wetland
olumes is based on the design depth, whereas WET  K of 0.5 mm/h
ives maximum peak flow reductions of only 3.2 m3/s (6.5% reduc-
ion) and 8.5 m3/s (17.2% reduction) for wetlands with natural
epth and design depth respectively. Similarly, at the entry of the
ownstream reservoir, WET  K of 50 mm/h  would give maximum
atershed peak flow reductions of 21.5 m3/s for wetlands with nat-
ral depth and 27.8 m3/s for wetlands with design depth, whereas
ET  K of 0.5 mm/h  gives maximum peak flow reductions of only

.1 m3/s and 8.4 m3/s for wetlands with natural depth and design
epth respectively. Hence, for maximum peak flow reduction ben-
fits it was decided to choose a value of 50 mm/h  for WET  K in the
WAT wetland model, based on the assumption that the bottom
f the created/constructed wetlands would consist of Brookston
oil types with hydraulic conductivities in the higher end of the
bserved range.

.4. Spatial optimization of wetlands in watershed

Fig. 12 shows the non-dominated sets or Pareto fronts of opti-
ized alternatives, obtained via the six formulations of wetland

ecision variables. A summary of findings based on these experi-
ents are listed below:

a) For all the optimal Pareto fronts, there is less variation in maxi-
mum  peak flow reductions that can be obtained via the various
formulations, when wetland areas are in the lower range (e.g.,
Region A for alternatives with total wetland areas less than
150 ha). On the other hand, as the total amount of wetland
area increases, the maximum peak flow reductions obtained
vary greatly between all the six formulations. For example, for
total wetland area approximately equal to 200 ha, the max-
imum peak flow reductions obtained by “Binary Wetlands,

Natural Depth” formulation is approximately 9 m3/s, whereas
for “Variable Area-Wetfr Wetlands, Design Depth” formula-
tion the maximum peak flow reduction obtained has a value
more than two  times higher (i.e. approximately 20 m3/s). From

3/12/20 07 9/28/2007 4/15 /2008 11/1/2008
e

SGS station #03353460 at Clermont, Indiana.

http://www.in.nrcs.usda.gov/
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b)  Effect of saturated hydraulic conductivities on the ability of all 108 potential agg

a policy and management perspective, these findings indicates
that there is a specific threshold of total wetland area in a water-
shed, below which the peak flow reduction benefits cannot be
increased drastically just by varying the locations or individual
sizes of the wetlands in the sub-basins.

b) Varying the fraction of sub-basin area drained into the wet-
lands along with varying the areas of aggregated wetlands can
help attain better peak flow reduction benefits. For example,
maximum peak flow reduction benefits for “Variable Area-
Wetfr Wetlands” formulations are higher than the maximum
peak flow reduction benefits when “Variable Area Wetlands”
or “Binary Wetlands” formulations are used. Similarly, in order
to obtain a maximum peak flow reduction of approximately
15 m3/s, one would need to invest in only a total 137 to140 ha
of wetland areas if smaller wetlands with smaller WET  FR
(i.e. for formulations “Variable Area-Wetfr Wetlands, Natural
Depth” and “Variable Area-Wetfr Wetlands, Design Depth”)
are installed in comparison to a total of 412 ha (i.e., 3 times
higher than 137 ha) that are required if aggregated wetlands
are installed at their maximum areas, by varying only their
locations, and by using natural depths to provide volume stor-
age (i.e. “Binary Wetlands, Natural Depth” formulation). From a
policy perspective, this finding indicates that smaller wetlands
in all the 108 potential sub-basins that have been strategically
sized with respect to each other can actually obtain higher peak
flow reductions if the fractions of the sub-basin areas that drain
into these wetlands are also smaller and strategically sized.

c) In all formulations, the optimal Pareto fronts obtained for wet-
lands with design depths of 0.5 m are able to obtain higher
maximum peak flow reductions than Pareto fronts for wetlands
with natural depths. Two exceptions to this observation occurs

in region B where “Variable Area Wetlands, Design Depth” has
slightly lower maximum peak flow reductions than the “Vari-
able Area Wetlands, Natural Depth” and “Variable Area-Wetfr
Wetlands, Design Depth” has slightly lower maximum peak
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Fig. 12. Pareto fronts (non-dominated fronts) of opt
aggregated wetlands to reduce maximum peak flows at USGS station at Zionsville.
ed wetlands to reduce maximum peak flows at the entry of Eagle Creek Reservoir.

flow reductions than the “Variable Area-Wetfr Wetlands, Nat-
ural Depth” for all alternatives with total wetland areas lower
than approximately 200 ha. From a policy perspective, this indi-
cates that with a design depth, it is generally possible to obtain
larger water storage in the upland areas in these wetlands and
hence, some amount of excavation in shallow depression areas
might be required to obtain water storage benefits that can be
achieved by 0.5 m average wetland depths. Since most naturally
occurring hydric soils in this area are present for up to depths of
1.5 m,  it is likely that excavation will retain the observed native
soil types at the bottom of these 0.5 m deep wetlands.

Fig. 13 below compares the actual spatial distribution of wet-
ands for alternatives on the six Pareto fronts in Fig. 12 that had

aximum peak flow reductions of 15 m3/s (i.e. alternatives on the
lack, horizontal, dashed line). A summary of findings based on the
omparison of these alternatives on the basis of the actual spatial
istribution of wetlands in the watershed are listed below.

a) Compared to Fig. 7b that shows the maximum size and
maximum wet  fractions for identified potential aggregated
wetlands, the optimization algorithm using the binary wet-
land formulation identified wetlands with areas higher than
10.5 ha mostly in the northern half of the watershed (Fig. 13a
and b), and multiple sub-basins with zero wetlands (white sub-
basins with no aggregated wetlands on their outlets). Variable
area wetlands (Fig. 13c  and d), on the other hand, focused on
much smaller wetland sizes and identified all wetlands smaller
than 10.5 ha aggregated areas across the entire watershed in
all the 108 potential sub-basins. Variable Area-Wetfr Wetlands

(Fig. 13e and f) also had mostly smaller sized wetlands with only
two wetlands larger than 10.5 ha when natural depth was  used
to size the wetland volumes. Hence, binary wetland formula-
tions were able to obtain the same peak flow reductions as the

0060050040

Area, Hec tares

Bina ry Wet land s, Design Depth
Bina ry Wet land s, Nat ural Depth
Variable Area Wetland s, Design Depth
Variable Area Wetland s, Natural Dept h
Variable Area-We� r We tland s, Design Depth
Variable Area-We� r We tland s, Nat ura l Depth

imal alternatives in objective functions space.
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(

Fig. 13. Spatial distribution of optimized distribution wetlands that ha

variable area and Variable Area-Wetfr Wetlands by investing

more in larger wetlands.

b) The Variable Area-Wetfr Wetlands (Fig. 13e  and f) formula-
tion identified multiple northern and central wetlands with
smaller fractions of sub-basins areas (WET FR) draining into
 same peak flow reduction of ∼15 m3/s. Wetland areas are in hectares.

them, compared to the variable area wetlands (Fig. 13c and d)

formulations that identified smaller wetlands with larger frac-
tions of sub-basin area draining into them. This indicates that
by strategically varying the WET  FR, alternatives can be found
that expect landowners to commit less of their runoff into the
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receiving wetlands, and still achieve the same desired peak flow
reduction goal.

c) Ogawa and Male (1983, 1986) in their study found that increas-
ing wetland area leads to increase in peak flow reduction.
However, they investigated existing wetlands in the water-
sheds to report their findings. New wetlands do not have to
be large wetlands, as seen by the results of this optimization
study. For example, if only few sub-basins are used to imple-
ment new wetlands (in the case of Fig. 13a and b) then larger
wetlands (total wetland area in the watershed = 235.6 ha in
Fig. 13a, and 412.1 ha in Fig. 13b) could be required to attain the
desired peakflows, similar to Ogawa and Male’s assessments.
However, if all the potential sub-basins are used to implement
new wetlands (such as in the cases of Fig. 13c–f), then smaller
wetlands (total wetland area in the watershed = 162.0, 152.3,
140.0, 136.6 ha in Fig. 13c, d, e, and f, respectively) can be used
to achieve the same desired peakflow reductions by identifying
the strategic areas and locations where they are most effec-
tive; this is converse to what Ogawa and Male (1983,1986)
suggested.

. Conclusions

A combined GIS-simulation-optimization based approach was
eveloped to identify, prioritize and design upland new/restored
etlands that give maximum peak flow reductions in watershed

unoff. The approach uses easily available spatial data, simulation
odels, and optimization algorithm to allow practitioners to use

he approach for their watersheds. The results of the implemen-
ation of the approach in the Eagle Creek Watershed, in central
ndiana, USA highlighted the following findings:

1) Eagle Creek Watershed has 2953 potential sites where wet-
lands with areas greater than 1000 m2 could be restored and/or
created for capturing runoff from tile drains or surface runoff.
These potential wetlands cover only 1.5% of the entire water-
shed area, but capture runoff from 29% (almost a third) of the
watershed area.

2) Saturated hydraulic conductivities of wetlands can make signif-
icant differences in peak flow reductions achieved by wetlands
located in upland areas. Higher hydraulic conductivities have
higher peak flow reductions (for example, peak flow reductions
obtained by wetlands with WET  K = 50 mm/h  was  four to five
times higher than peak flow reductions obtained by wetlands
with WET  K = 0.5 mm/h). However, when the wetland depth
was modeled deeper than the natural topography, the ability of
wetlands to increase peak flow reductions improved. For exam-
ple, when the watershed had all its wetlands with hydraulic
conductivity of 0.5 mm/h  and design depth of 0.5 m,  the flow
gage station at Zionsville would be expected to have a higher
peak flow reduction than the case when the watershed had
wetlands with saturated hydraulic conductivities of 0.5 mm/h
and depth based on the natural topography.

3) An optimization formulation that allows wetland area and frac-
tion of sub-basin area draining into the wetlands (i.e. WET  FR)
to be varied in the form of decision variables is better at identi-
fying optimal solutions that use smaller wetlands and smaller
fractions of sub-basins that drain into the receiving wetlands.
This study focused on the effect of spatial design of wetlands
n the reductions in peak flows. Future studies will include addi-
ional criteria such as water quality, etc. in the design of these
estored/new wetlands.
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