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Abstract: This paper reviews the characteristics, benefits, and drawbacks of agricultural 
ditches and wetlands, as well as strategies for applying agricultural best management prac-
tices (BMPs) at the watershed scale for improving water quality. This synthesis focuses on 
the Great Lakes Region and the Mississippi River Basin in the United States, and specifi-
cally crop production systems in watersheds with subsurface drainage. The USDA Natural 
Resources Conservation Service (NRCS) has developed conservation practice standards for 
open channels and wetlands, which mitigate nutrient and sediment loading to surface water 
bodies from agricultural lands. Practices that use agricultural ditches to improve water quality, 
such as the two-stage ditch, have emerged in the last two decades and are starting to see a 
greater application in the region. Using wetlands as water treatment systems has a long history 
in a range of settings and over the past several decades is seeing more widespread applica-
tion in agriculture. Water quality and watershed models are increasingly used to develop 
watershed strategies for reducing nutrient exports with agricultural BMPs. Models are also 
helpful in evaluating combinations of practices from the farm scale to the watershed scale. 
Application and limitations of several models commonly used in these regions of the United 
States are discussed. Finally, successful conservation strategies at the watershed scale must 
consider the human dimensions of watershed management, and we summarize the literature 
in this region on farmer perceptions and adoption of practices.

Key words: agricultural nutrients—best management practices (BMPs)—nutrient manage-
ment—two-stage ditches—watershed models—wetlands

Throughout the world, human develop-
ment drives eutrophication—or nutrient 
enrichment—in marine and freshwater 
systems, with particularly concerning 
impacts of harmful algal blooms (HABs) 
and hypoxia (NRC 2008; Diaz and 
Rosenburg 2008; Rabalais et al. 2010). 
HABs have increased in frequency and 
extent globally (Carmichael 2008), and 
blooms of harmful species, Microcystis spp., 
have been observed in every continent, 
including Antarctica (Jungblut et al. 2006). 
Similarly, hypoxic zones have increased 
exponentially in the past 50 years (Diaz and 
Rosenburg 2008), and agriculture is consid-
ered a primary contributor to the formation 
of hypoxic zones in many areas of the world. 

Agricultural impacts on water quality 
are a particular concern in the Mississippi 
River and Great Lakes basins, which con-

tribute some of the highest nitrogen (N) and 
phosphorus (P) loads and in-stream concen-
trations in the United States (figure 1). These 
excessive nutrient loads are likely drivers of 
HABs observed in waterbodies throughout 
the Mississippi River Basin and Great Lakes 
region, including the recurrence of HABs 
in Lake Erie, which are primarily attributed 
to increases in nonpoint source P loading 
(Michalak et al. 2013; Stow et al. 2015; Ward 
et al. 2015; Maccoux et al. 2016; Scavia et 
al. 2016; Watson et al. 2016). Agricultural 
nutrient loads are also a primary driver of 
hypoxia in the Gulf of Mexico (Dale et al. 
2010; Goolsby et al. 2001).

These water quality impacts are attributed 
to the extent and intensity of agricultural 
production in the region, including subsur-
face drainage (figure 1). These subsurface 
drainage networks have long been recog-

nized as a primary pathway for nitrate (NO3) 
transport to surface waters and more recently 
as a pathway for P as well (Strock et al. 2007; 
King et al. 2015). Worldwide, more than 
150 million ha (370 million ac) of agricul-
tural land have some form of drainage, and it 
is estimated that an additional 300 million ha 
(741 million ac) would benefit from drain-
age improvements (Ritzema et al. 2006; 
Birendra et al. 2011). In the United States 
and Canada, drainage is required to main-
tain crop yields on approximately a quarter 
of all cropland (Pavelis 1987; Shady 1989). 
Drainage may be needed to remove excess 
water from a field, lower water tables to 
promote aeration in the root-zone, improve 
trafficability during wet periods, prevent 
water logging in poorly drained soils, or 
manage soil salinity in irrigated arid and 
semiarid croplands (Skaggs et al. 2012a). 
Often more than one of these problems will 
occur in a crop production system. Types of 
agricultural drainage systems include grassed 
waterways, in-field open-ditches, subsurface 
drainage systems, edge-of-field ditches, and 
constructed or modified channels that serve 
as drainage collection and discharge systems 
for multiple fields. Usually, these systems 
will then discharge to rivers, wetlands, reser-
voirs, and lakes, before sometimes reaching 
the ocean.

Agricultural nutrient loading can be 
mitigated using best management practices 
(BMPs). BMPs can trap nutrients and sedi-
ments near their source—in farm fields and 
at the edge of fields—or further downstream. 
It is generally accepted that conserva-
tion actions should first be targeted to the 
source using, for instance, the 4R nutrient 
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(a)
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Figure 1
Spatial distribution of (a) land cover from Landsat data, (b) estimated extent of subsurface 
drainage, and (c) nitrate-nitrogen (NO

3
-N) concentrations estimated from STORET for the Upper 

Mississippi River and Ohio River basins (adapted from Crumpton et al. 2006).
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management principles (Vollmer-Sanders et 
al. 2016), but these source-specific practices 
may not be sufficient to reach nutrient goals 
(Scavia et al. 2017), and a systems approach to 
conservation often includes off-site practices. 
In landscapes with hydrology dominated by 
subsurface drainage, in-stream and in-ditch 
practices may be critical to intercepting 
nutrients that are difficult to capture through 
in-field and edge-of-field practices (King 
et al. 2015). This paper summarizes water 
quality BMPs in landscapes with subsurface 
drainage, focusing primarily on treatment of 
sediments, N, and P in drainage ditches and 
constructed wetlands, as well as considering 
challenges to implementing conservation 
practices at the watershed scale, including use 
of models and barriers to adoption of BMPs.

Open Channels (USDA Natural Resources 
Conservation Service Conservation 
Practice Standard Code 582)
Hydrology and Sediment Transport in 
Streams, Ditches, and Channels. It has been 
estimated that in parts of the Midwest at 
least 80% of the stream network has been 
channelized and modified to a trapezoidal 
geometry for agricultural purposes (Blann 
et al. 2009). Trapezoidal-shaped channels 
drain the soil profile and efficiently convey 
water downstream, yet they are often hydro-
logically disconnected from floodplains and 
sized to be wider and deeper (2 to 5 m [6.56 
to 16.4 ft]) than streams formed by natural 
fluvial processes. If left unmaintained, dis-
turbed headwater systems tend to develop 
stable geomorphic features, similar to nat-
ural streams, such as an inset channel, bars, 
and vegetated benches (figure 2) (Kuhnle et 
al. 1999; Rhoads et al. 1999; Frothingham 
et al. 2002; Landwehr and Rhoads 2003; 
Jayakaran et al. 2005; Jayakaran and Ward 
2007). If a ditch is too wide, the bottom 
of the ditch adjusts to a narrower width to 
form an inset channel by building benches 
(Landwehr and Rhoads 2003; Jayakaran and 
Ward 2007).

Progression to more stable geomorphol-
ogy can compromise the original purpose of 
drainage ditches—draining the soil profile to 
maintain crop yields—through burying sub-
surface drain outlets and increasing hydraulic 
residence times (Blann et al. 2009). They 
are, therefore, maintained every few years 
to remove vegetation and sediment depos-
its and restore the trapezoidal shape that 
sustains drainage capacity. In many cases 
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Figure 2
An agricultural drainage ditch in Ohio with naturally formed vegetated benches and a  
meandering inset channel.

maintenance activities lead to higher flow 
velocities, which destabilize channel beds 
and steepen unvegetated banks, resulting in 
further deepening and widening of channels 
(Daniels 1960; Emerson 1971; Nunnally 
1978; Ritter 1979; Simon and Rinaldi 
2006). The newly formed and still oversized 
channel fails to transport sediment, and as 
aggradation flattens the channel’s slope, the 
hydraulic residence time is again increased, 
perpetuating the fluvial cycle of imbalance.

Nutrient Reduction in Open Ditches. 
Considerable research establishes the dis-
ruptive role that channelization and channel 
maintenance plays in the natural buffering of 
nonpoint source pollutants (Kleinman et al. 
2007; Smith and Pappas 2007; Pappas and 
Smith 2007), and the simple act of vegetating 
open ditches can be a BMP for agricultural 
contaminants (Jayakaran et al. 2010; Strock 
et al. 2010). In contrast, Smith and Huang 
(2010) in a study of two ditches in Indiana, 
found that dredging improved nutrient 
reduction. Skaggs et al. (1994) reviewed 
the impact of drainage on water quality 
and found that land clearing, channelization 
of streams, and subsurface drainage affect 
peak flows, runoff, sedimentation, and N 
and P levels in stream systems. Agricultural 
streams may be capable of removing as 
much as 10% to 70% of NO3 loading in a 

watershed (Birgand et al. 2007), yet they 
transport most NO3 during high flow events 
when removal capacity is low (Royer et 
al. 2006). Retaining vegetated benches 
increases the surface area of ditches and 
retention time during high flows. In Ohio 
and Indiana, denitrification rates have been 
found to be greater in sediments on natu-
rally formed ditch benches than in sediments 
from side slopes of maintained trapezoidal 
ditches (Powell and Bouchard 2010), and 
having benches may influence in-stream 
denitrification rates (Roley et al. 2012a, 
2012b). Managing flow regimes in ditches 
can reduce N and moderate downstream P 
losses through greater capacity for sorption 
(Needelman et al. 2007; Strock et al. 2007, 
2010; Smith 2009). Managing floodplains of 
ditch systems, either in the channel (Powell 
et al. 2007a, 2007b) or adjacent to it (Evans 
et al. 2007; King et al. 2015), can be effec-
tive in reducing sediment and nutrient losses 
from agricultural watersheds.

Two-Stage Ditches
Hydrology and Sediment Transport in Two-
Stage Ditches. The two-stage ditch is a 
floodplain establishment design that is based 
on principles of fluvial geomorphology to 
be self-sustaining and reduce or eliminate 
the need for clean-out activities in trapezoi-

dal ditches (Jayakaran et al. 2005; Jayakaran 
and Ward 2007; Powell et al. 2007a, 
2007b; Rhoads and Massey 2012; Magner 
et al. 2012). They are particularly suitable 
for landscapes having subsurface drainage, 
which alters channel hydrology, forming 
inset channels in receiving ditch systems 
by discharges associated with high subsur-
face drainage flows. Jayakaran et al. (2005), 
using a logistic regression model, found that 
stable bench formation could be predicted 
by the width of the ditch and drainage area 
in northwest Ohio ditches, and that stable 
ditches can be sized to accommodate extreme 
events. Designing two-stage ditches requires 
sizing an inset—or main—channel to con-
vey bankfull discharge, as well as floodplain 
benches with the capacity to convey high 
flows without flooding surrounding cropland 
(figure 3) (Powell et al. 2007a, 2007b). The 
stage and width of the constructed flood-
plain benches are determined from regional 
curves that relate the expected bankfull 
geometry of the main channel to drainage 
area (figure 4). Figure 4 shows an example 
of regional curves that were developed based 
on surveys of ditches and modified head-
water streams that exhibited bench features. 
In theory, a two-stage geometry results in a 
channel sized by channel-forming processes 
that are in a stable, quasi-equilibrium state 
(Schumm 1981; Simon and Hupp 1986; 
Nanson and Croke 1992). Recurrence 
intervals of channel-forming discharges in 
modified low gradient watersheds domi-
nated by subsurface drainage are often less 
than the frequently reported 1.3-year to 
2-year recurrence interval, which are the 
published values commonly used for engi-
neering design (Jayakaran 2005; Powell et al. 
2006; Simon et al. 2004).

The first two-stage ditch designed using 
engineering principles and channel-forming 
concepts was constructed in Wood County, 
Ohio, in 2002 (Powell 2006; Powell et al. 
2007a, 2007b). The primary goal of the 
project was to increase the capacity of the 
undersized ditch and thereby reduce flood-
ing of adjacent fields after rain events. The 
project was considered a prototype for future 
two-stage channels, and it led to the devel-
opment of a nine-step procedure outlining 
the design of two-stage ditches (Powell et 
al. 2007a). Powell et al. (2007b) provide 
a case study review of the first eight two-
stage ditch projects in Ohio, Indiana, and 
Michigan, designed or constructed using this 

C
opyright ©

 2018 Soil and W
ater C

onservation Society. A
ll rights reserved.

 
w

w
w

.sw
cs.org

 73(1):62-74 
Journal of Soil and W

ater C
onservation

http://www.swcs.org


65JAN/FEB 2018—VOL. 73, NO. 1JOURNAL OF SOIL AND WATER CONSERVATION

Figure 3
Schematic comparing (a) conventional trapezoidal ditch design and (b) two-stage ditch design (D’Ambrosio et al. 2015). 
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Figure 4
Regional curves developed for agricultural drainage ditches in Indiana, Michigan, and  
Ohio used to size the main or inset channel of a two-stage ditch. Measured bankfull inset  
channel dimensions (D = depth, W = width, and A = cross-sectional area) are a function of  
drainage area.
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procedure. Ward et al. (2008) investigated 
floodplain ratios in constructed two-stage 
channels that would maximize bench stabil-
ity, provide floodplain benefits, and minimize 
lateral migration of the inset channel within 
the ditch, and concluded that benches 
should be constructed at a width of three 
to five times the expected bankfull width of 
the inset channel. At the time of publication 
only Indiana and Ohio have included two-
stage ditches in their open channel USDA 
Natural Resources Conservation Service 
(NRCS) Conservation Practice Standard 
Code 582, but several documents provide 
guidance on the design of two-stage ditches 
(USDA NRCS 2007; USDA NRCS 2014; 
Witter 2013).

D’Ambrosio et al. (2015) evaluated the 
evolution of two-stage channels in Ohio, 
Indiana, and Michigan that were designed 
and constructed using the nine-step pro-
cedure outlined in Powell et al. (2007a). 
They assessed where geomorphic changes 
were occurring over time (i.e., scour on 
ditch side slopes, scour or deposition on 
constructed benches, and aggradation or 
degradation of the inset channel), if ditches 
were maintaining drainage capacity, and 
what maintenance had been needed since 
construction. Three to eleven years after 
construction, D’Ambrosio et al. (2015) 
found little change in the dimensions of 
these ditches, as ditches had remained sta-
ble, required no traditional clean-out since 
construction, and sustained both their over-
all ditch capacity and an inset channel (figure 
5). Therefore, two-stage ditch modification, 
with a goal to improve bank stability and/
or reduce flooding into adjacent fields, had 
successfully achieved these goals.

A number of others have studied the 
hydrology and sediment transport in agricul-
tural two-stage ditches. Kallio (2009) found 

that low benches were flooded for 10 to 60 
days a year, and flooding tended to occur 
when streamflow exceeded 30% of the two-
year discharge. Fry et al. (2012) found that 
overbank flow was 1% to 4% of the total 
volume of flow in a small agricultural water-
shed with attached floodplains. Rhoads and 
Massey (2012) found that lateral migration 
of a naturally formed inset channel that had 
well-vegetated benches was small.

The two-stage ditch design has also been 
implemented and monitored in Europe. 
Västilä and Järvelä (2011) and Västilä et 
al. (2016), in a study of a two-stage ditch 

in Finland, concluded that appropriate 
vegetation maintenance in these ditches 
provides the potential to control sediment 
processes. In 2010, 850 m (2,789 ft) of 
the Ritobäcken Brook in Sipoo, Southern 
Finland, was modified to a two-stage ditch 
to convey high flows, and they found spa-
tially averaged deposition on the floodplain 
of 3.4% to 5.5% the total suspended sedi-
ment load, similar to agricultural floodplains 
in Denmark (Kronvang et al. 2009) and the 
United Kingdom (Walling and Amos 1999). 
This rate of floodplain deposition suggests 
stability, although seasonal erosion on the 
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Figure 5
A constructed two-stage ditch in Hillsdale County, Michigan, requiring no clean-out of the main 
channel six years after construction.floodplain is possible, similar to channel 

bed erosion from the growth and die-back 
of aquatic vegetation (Cotton et al. 2006; 
Heppell et al. 2009).

Nutrient Reduction Benefits of Two-Stage 
Ditches. Nutrient removal benefits of two-
stage ditches depend on the frequency the 
benches are saturated and the ability of the 
benches to serve as biological treatment sys-
tems. A simulation study found that if 1% 
of a watershed was converted to benches 
within ditches, the increased storage could 
remove up to 20% of NO3-N loading in 
the system (Kallio 2010). There is exten-
sive research on quantifying N removal rates 
and sediment dynamics in several ditches in 
Indiana, Michigan, and Ohio (Roley et al. 
2012a, 2012b; Roley et al. 2014; Davis et al. 
2015). At a constructed two-stage ditch in 
the Tippecanoe River watershed in Indiana, 
monitoring began one year prior to two-stage 
construction in both an upstream control 
and a downstream treatment reach and has 
continued for several years postconstruction. 
The two-stage ditch conversion improved 
reach-scale N removal by increasing biore-
active surface area through the construction 
of the floodplain benches. In comparing the 
two-stage treatment reach to the upstream 
control reach, there was a 43% decrease in 
mean daily turbidity in the two-stage reach 
in the two-year period postconstruction. 
They report that the reduction in turbidity 
is likely a combination of reduced stream 
erosion and increased particle deposition on 
floodplain benches. The results suggest that 
two-stage ditches can improve water quality 
through NO3 removal, due to greater sur-
face area from benches, and reduce turbidity, 
which may correspond to a reduction in P 
export from these systems.

Roley et al. (2012a) reported that the 
main factors that influenced NO3 removal 
efficiency were the organic matter content 
of the constructed floodplain (benches), the 
concentration of NO3, the length of time 
benches were flooded, and the size of the 
floodplain relative to the watershed (catch-
ment) area. For example, in 2008 floodplain 
inundation was 29 days and contributed to 
12% of the N removal as compared to 2009, 
in which floodplains were inundated for 132 
days and contributed to 47% of the N removal. 
The two-stage ditch system comprised only 
7% of the total ditch length and occupied less 
than 0.04% of the watershed area. Maximum 
NO3 removal of 28% occurred during base 

flow conditions, when NO3 loading was rel-
atively low (41 kg d–1 [90 lb day–1]). Using a 
N removal simulation tool developed at The 
Ohio State University, they predicted that if 
the entire ditch was converted to a two-stage 
ditch, annual NO3-N load would be reduced 
by approximately 10% from the watershed.

Estimating sediment and nutrient reten-
tion due to depositional processes that 
form the floodplain benches within natural 
two-stage ditches is a relatively new area 
of research. Results of a three-year study 
(Brooker et al. 2014) at 15 sites in Ohio and 
Indiana found sequestration of 50 to 150 kg 
m–3 (3 to 9 lb ft–3) of total carbon (C) and 
deposition of 2 to 11 kg m–3 (0.1 to 0.7 lb 
ft–3) of total N in floodplain bench sediments. 
While the mass of total C and N was not 
significantly different by site and across years, 
there was significant variation by the ecore-
gion location of sites. In a study of six sites 
in central Ohio, floodplain bench soil cores 
consisting of deposited sediments were col-
lected and analyzed for a suite of soil physical 
and chemical properties that serve as indi-
cators of ecological function (Mecklenburg 
and Witter 2012). Measured soil organic 
matter (57 to 283 g kg–1) and concentrations 
of total C (33 to 67 g kg–1) and N (1,082 
to 2,210 mg kg–1) in floodplain bench soils 
were similar to or exceeded published ranges 
in forested and constructed wetlands in the 
region (Mitsch et al. 2012; Rokosch et al. 
2009). Total P concentrations in floodplain 

bench deposits ranged from 67 to 319 mg kg–1, 
which is higher than values reported for field 
soils, but less than concentrations reported for 
wetland ecosystems (Mitsch and Gosselink 
1993). These preliminary results suggest that 
sediment and nutrient retention due to depo-
sition within agricultural channels may be an 
important mechanism for attenuating down-
stream transport of these constituents.

Two-stage ditches may be used as one part 
of a systems approach to reduce downstream 
exports of sediment, N, P, and pesticides, 
and we suggest it is a valuable tool in help-
ing to solve nutrient enrichment problems 
in the Gulf of Mexico and Great Lakes. A 
careful analysis should always be performed 
before installing a two-stage ditch to deter-
mine whether the approach is applicable 
to the site and priorities of land managers. 
For example, as stream NO3 concentrations 
increase, denitrification in a two-stage ditch 
treats a greater mass of NO3, yet the per-
centage reduction decays (Mulholland et al. 
2008). While two-stage ditches with grassed 
benches might be considered as part of an 
integrated systems approach to mitigating 
sediment, nutrient, and pesticide transport, 
the primary objectives should be to reduce 
the loads reaching the ditches. We have also 
found that the approach can run counter to 
societal desires and recommend that in cases 
where an unmaintained ditch has established 
natural grassed benches and is not negatively 
impacting subsurface drainage, a do-nothing 
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approach may provide greater benefits than a 
perceived need to clean out the ditch.

Wetlands (Natural Resources Conservation 
Service Conservation Practice Standard 
Codes 656, 657 Plus Other Programs)
Prior to settlement, the Upper Mississippi 
River Basin and Great Lakes region had 
extensive areas of wetlands, but most of 
these have been lost in agricultural regions 
because of extensive drainage improvements 
(figure 1). By the mid-1980s, wetland losses 
were near 90% for most of the US Corn Belt 
(Dahl 1990; Mitsch and Gosselink 2000). As 
a result, the region has considerable opportu-
nity for wetland construction and restoration 
and potential for strategically positioning 
wetlands to intercept nutrients transported in 
subsurface flow. Wetlands have the potential 
to remove a wide variety of contaminants 
(Howard-Williams 1985; Nixon and Lee 
1986; Kadlec and Wallace 2009; Kadlec 2012; 
Reddy et al. 1999, 2005) and have proven 
to be effective in reducing nutrient loads 
from agricultural drainage (Braskerud et 
al. 2005; Crumpton et al. 2008; Crumpton 
2001, 2005; Kovacic et al. 2000; Mitsch et al. 
2005a; Reddy et al. 1999). The capacity of 
wetlands as long-term, sustainable nutrient 
sinks depends upon either net storage, such as 
through accumulation in sediments, or upon 
gaseous losses, such as denitrification.

The processes governing transforma-
tion of N in wetlands are similar to those 
in soils and in other aquatic systems with 
similar biogeochemical conditions (Bowden 
1987; Crumpton and Goldsborough 1998; 
Howard-Williams 1985; Kadlec 2012; 
Kadlec and Wallace 2009; Reddy and Graetz 
1988). Under anaerobic conditions that are 
typical of wetland soils, NO3 serves as a ter-
minal electron acceptor for heterotrophic 
oxidation of organic C, primarily through 
denitrification. Wetlands have some capac-
ity for storage of unmineralized organic N 
associated with soil accretion. However, 
denitrification is the primary mechanism for 
long-term, sustainable N removal in wetlands 
and will largely determine the effectiveness 
of wetlands in reducing nonpoint source N 
loads from agricultural landscapes.

Unlike N, wetlands reduce P loads pri-
marily through retention, which is mainly 
controlled by three processes. The first of 
these is the sorption or release of P by wetland 
soils, the second is P accumulation associated 
with the formation of new biomass, and 

the third is P accumulation resulting from 
the accretion of new wetland soils (Reddy 
et al. 2005). Neither of the first two pro-
cesses contributes to the capacity of wetlands 
for sustainable P retention. Wetlands have a 
finite capacity for either P sorption on exist-
ing sediments or the accumulation of P in 
new biomass. The capacity of wetlands for 
long-term, sustainable retention of P is due 
primarily to the accumulation of inorganic 
and unmineralized organic P associated with 
the accretion of newly formed wetland soil 
(Anderson et al. 2005; Mitsch et al. 2005b).

Depending on prior land use and wetland 
management, newly constructed or restored 
wetlands can initially be net exporters of P. In 
some cases, wetlands on former agricultural 
land can have relatively high levels of soil 
P, and with lower redox conditions, newly 
flooded soils can at least initially release sig-
nificant amounts of P (Reddy et al. 2005). 
Similarly, when wetlands are allowed to go 
dry intermittently, the P associated with 
newly accreted and highly organic soils can 
mineralize through oxidation. When these 
wetlands are subsequently reflooded and 
lower redox conditions return, this P is more 
susceptible to release (Reddy et al. 1999, 
2005). Iron (Fe) and aluminum (Al) content 
largely control the sorption and release of P in 
acid soils, in contrast to alkaline soils in which 
calcium (Ca) and magnesium (Mg) content 
exert significant control over the P exchange. 
Phosphorus retention can decrease under 
reducing conditions in wetland soils with 
the release of P from Fe complexes following 
reduction of Fe from Fe+3 to Fe+2 (Patrick 
et al. 1973), and under sufficiently reducing 
conditions, the binding of Fe by sulfides can 
further enhance P release (Brigham et al. 
2001; Caraco et al. 1989). Under the anaer-
obic conditions needed for effective removal 
of NO3 through denitrification, wetlands 
with high levels of calcite and exchangeable 
Ca are more likely to retain P due to insol-
uble, Ca-bound P (Bruland and Richardson 
2006; Richardson 1999). However, wetlands 
can become P sources if sediments are remo-
bilized (Mitsch et al. 2005b), and additional 
research is needed to document the long-
term effectiveness of wetlands as P sinks and 
to understand conditions under which stored 
P might be released.

Wetland Performance. The effectiveness 
of nutrient load reduction in wetlands is 
influenced by a variety of factors including 
the timing and magnitude of loads, residence 

times, nutrient concentrations, and the par-
ticular chemical species and form of nutrients. 
On a percentage basis, the nutrient reduction 
is greatest when residence times are lon-
gest and hydraulic loading rates are lowest. 
However, this is not necessarily true for mass 
reductions. Although percentage reductions 
are lower during periods with high loads 
and short residence times, mass reductions 
can be very high (i.e., a smaller fraction of 
a much higher mass load). In addition, both 
percentage reductions and mass reductions 
of nutrients associated with suspended sedi-
ments can be high during periods of elevated 
loading and short residence time.

In addition to external drivers related to 
patterns in nutrient and hydrologic loads, 
conditions within wetlands including soils, 
vegetation, and water temperature, can sig-
nificantly affect nutrient transformation and 
load reduction. In general, processes respon-
sible for P retention are less temperature 
dependent than those involved in the trans-
formation and removal of NO3 (Kadlec and 
Reddy 2001). For example, potential rates 
of denitrification would be higher at warmer 
summer temperatures than during cooler 
periods of spring and fall. However, in the 
Upper Mississippi River Basin and Great 
Lakes region, NO3 loads are generally high-
est during high flow periods in late winter 
and spring (Crumpton et al. 2006).

The effectiveness of wetlands in reduc-
ing watershed-scale nutrient loads depends 
primarily on the following factors: wetlands 
should be placed where they intercept a con-
siderable fraction of the watershed’s nutrient 
loads and should have sufficient size and 
residence time to significantly reduce these 
loads. The importance of residence times and 
hydraulic loading rates were confirmed by a 
review of nutrient retention results for over 
200 wetlands, primarily in North America 
and Europe, receiving treated wastewater 
or urban or agricultural runoff (Land et 
al. 2016). That review concluded that cre-
ated and restored wetlands can significantly 
reduce N and P loads (~40% to 50%) and 
that removal efficiencies were significantly 
correlated with hydraulic loading rate and 
temperature. Crumpton et al. (2006) summa-
rized the performance of a dozen wetlands 
treating nonpoint source NO3 loads in Iowa 
(Crumpton et al. 2006; Davis et al. 1981), 
Illinois (Hey et al. 1994; Kovacic et al. 2000; 
Phipps 1997; Phipps and Crumpton 1994), 
and Ohio (Mitsch et al. 2005a; Zhang and 
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Mitsch 2000, 2001, 2002, 2004). On average, 
these systems reduced NO3 loads by 44%, 
and a nonlinear function based on hydraulic 
loading rate explained 69% of the variability 
in percentage mass NO3 removal, under-
scoring the importance of residence time 
and hydraulic loading rates (Crumpton et al. 
2006, 2008; Dale et al. 2010).

Performance expectations for wetlands 
must take into account landscape position 
and geographic patterns of precipitation, 
water yields and hydraulic load, NO3 loads, 
and temperature. Loading patterns vary 
considerably depending on position in the 
landscape and location in the Great Lakes 
Region, which has a gradient of land use, 
precipitation, and runoff. Nonpoint source 
loading rates to wetlands can be expected 
to vary by more than an order of magnitude 
across the region, with significant implications 
for the performance of individual wetlands. 
Combining a model of wetland NO3 removal 
efficiency based on hydraulic loading rate 
with spatially explicit estimates of water yield 
and NO3 loads across the Upper Mississippi 
and Ohio River basins showed considerable 
potential for NO3 load reductions if wetlands 
were targeted to areas with the highest NO3 
concentrations and loads (Crumpton et al. 
2006; Crumpton 2005).

Best Management Practices at the 
Watershed Scale
It is expected that the use of nutrient man-
agement practices at all scales (in-field, 
edge-of-field, and beyond-the-field) will be 
beneficial. However, it is difficult to evalu-
ate the effectiveness of conservation practices 
at the watershed scale and to relate nutrient 
discharges at a watershed outlet to the var-
ious practices that have been implemented 
within the watershed. The USDA-funded 
Conservation Effects Assessment Project 
(CEAP) sought to detect water quality 
improvements from conservation actions in 
over a dozen watersheds across the United 
States. This large, coordinated effort provides 
an excellent synthesis of approaches and 
challenges to assessing conservation effec-
tiveness at the watershed scale (Osmond et 
al. 2012; Tomer and Locke 2011).

Lag times between conservation actions 
and environmental outcomes pose a chal-
lenge to monitoring the effectiveness of 
conservation at the watershed scale (Sharpley 
et al. 2009). Only three of the CEAP 
watersheds were able to detect water qual-

ity change with monitoring, and this took 
about 10 years of data collection (Osmond 
et al. 2012). In a global review, Meals et al. 
(2010) found lags between adoption of con-
servation and detection of measurable water 
quality improvements to be on the order 
of decades for sediment, NO3, and P run-
off. Other climatic and land management 
changes could mask the effects of conserva-
tion practices; for instance, in the Maumee 
River watershed, which covers a heavily 
subsurface-drained portion of northwest 
Ohio, water quality monitoring shows sig-
nificant and unexplained trends of increasing 
dissolved reactive P loading to Lake Erie 
(Stow et al. 2015), despite greater levels of 
conservation implementation in the region 
(USDA NRCS 2016).

Because of the challenges to monitoring 
conservation effectiveness, watershed model-
ing is frequently used in combination with 
monitoring, and this pairing was found to be 
successful in CEAP (Osmond et al. 2012). For 
example, targeting conservation to pollutant 
hotspots, also called critical source areas, is 
a prevailing concept in watershed manage-
ment (Tomer and Locke 2011; Osmond et al. 
2012), but it can be difficult to know where 
these source areas are without an intensive 
monitoring effort. Modeling can aid in this 
determination, but models also require high 
quality data for inputs and calibration. Still, 
when watersheds lack long-term and inten-
sive monitoring, watershed modeling is often 
the only mechanism for assessing conser-
vation effectiveness at the watershed scale 
(Osmond et al. 2012).

Multiple watershed and water qual-
ity models have been used to address these 
challenges. Moriasi et al. (2012b) provide 
an overview of 22 manuscripts in a special 
issue of the Transactions of the American Society 
of Agricultural and Biological Engineers, which 
presented 25 hydrologic and water quality 
models. Their manuscript included discus-
sion on the Soil and Water Assessment Tool 
(SWAT) model (Arnold et al. 1998, 2012), 
Agricultural Policy Environmental Extender 
(APEX; Williams and Izaurralde 2006; Wang 
et al. 2012), and DRAINMOD (Skaggs et 
al. 2012b), which are watershed and water 
quality models commonly used in subsur-
face-drained agricultural lands. Each of these 
models has somewhat different scales and 
applications, but is capable of representing 
many conservation and management actions 
in subsurface-drained lands. Another com-

monly used model is Spatially Referenced 
Regression On Watershed Attributes 
(SPARROW; Alexander et al. 2004), which 
is a statistical model and is quite distinct from 
the others as it does not represent land man-
agement as the physical and process-based 
models do. SPARROW has been used exten-
sively for analysis of hotspots in the region 
(Tuppad et al. 2010a; David et al. 2010; 
Robertson and Saad 2011; Robertson and 
Saad 2013), but is not able to simulate most 
conservation practices.

A variety of in-field, edge-of-field, and 
in-stream conservation practices have been 
simulated in SWAT (Arabi et al. 2008) and 
APEX (Tuppad et al. 2010b). Several stud-
ies have used SWAT in subsurface-drained 
watersheds to simulate in-field management 
practices, such as the effect of rates, place-
ment, and timing of fertilizer application (Jha 
et al. 2010; Kalcic et al. 2016; Muenich et al. 
2016a; Gildow et al. 2016), the influence of 
tillage (Bosch et al. 2013; Kalcic et al. 2016), 
planting a cereal rye (Secale cereale) cover crop 
(Kalcic et al. 2016), and changing rotations 
or land use (Jha et al. 2010; Muenich et al. 
2016a; Scavia et al. 2017). Vegetated filter 
strips are an edge-of-field practice frequently 
simulated in SWAT (Kalcic et al. 2015b, 
2016; Muenich et al. 2016a), while practices 
beyond the field, such as wetlands, are occa-
sionally included in modeling efforts (Kalcic 
et al. 2015b; Scavia et al. 2017).

Modeling studies can provide insight 
on the influence of historical management 
changes in a region. A recent CEAP effort 
that involved the application of APEX in 
the western Lake Erie watersheds concluded 
that current farm management is a substan-
tial improvement over historical practices 
(USDA NRCS 2016). Others have used the 
SWAT model for understanding the drivers 
of historical nutrient loading trends (Daloglu 
et al. 2012). Also, several have applied SWAT 
to predict the impact of conservation actions 
on in-stream water quality, particularly 
for wildlife benefits (Einheuser et al. 2012; 
Herman et al. 2015; Keitzer et al. 2016; 
Muenich et al. 2016b).

An important advantage of watershed 
models is the ability to predict the effects of 
“what if ” scenarios. While intensive moni-
toring can show water quality improvements 
in a given location with a given set of 
practices, watershed modeling enables assess-
ments of combinations of practices at a range 
of temporal and spatial scales and across 
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geographies, management regimes, and cli-
mates. In addition, models can be used with 
an optimization approach to choose conser-
vation practices for water quality benefit at 
least cost (Gitau et al. 2004; Arabi et al. 2006; 
Maringanti et al. 2011; Kaini et al. 2012; 
Artita et al. 2013; Kalcic et al. 2015b). Others 
have tested targeting approaches or other 
predefined watershed management strategies 
(Jha et al. 2010; Scavia et al. 2017). There is a 
growing literature of climate change research 
using the SWAT model, and some studies 
have looked at conservation effectiveness 
under changing climates (Bosch et al. 2014; 
Woznicki and Nejadhashemi 2014). The 
testing of combinations of practices can 
show the effectiveness of stacked practices, 
revealing either synergies or diminishing 
returns of applying multiple conservation 
practices simultaneously (Kalcic et al. 2016).

Limitations of Watershed Modeling. 
While modeling may, in many cases, be 
the best way to estimate conservation 
effectiveness at larger scales, it has limita-
tions. For one, watershed and water quality 
models are complex and require signifi-
cant resources and expertise to develop and 
maintain (Osmond et al. 2012). They are 
best constructed with care, perhaps itera-
tively over time, and through collaboration 
with regional stakeholders who can help the 
modeler understand the practices occurring 
across the watershed (Kalcic et al. 2016).

Not all practices can be fully represented 
in models, if at all. Take the SWAT model as 
an example, the most widely used model for 
simulating agricultural watersheds because 
of its representation of so many land man-
agement operations, including conservation 
practices (Arabi et al. 2008): there are cur-
rently no routines for simulating floodplain 
wetlands, and while there are two options for 
simulating headwater wetlands, one—called 
“wetlands”—does not currently accept 
flows from subsurface drainage (Kalcic et al. 
2015b), and the other—referred to as “res-
ervoirs”—only work for headwater wetlands 
that intercept the main channel in a subbasin. 
SWAT can simulate a lack of tillage, but does 
not represent the soil health improvements 
from no-tillage. Similarly, the long-term soil 
tilth from cover crops is not captured; newer 
routines, like drainage water management, 
are in need of validation against field-scale 
monitoring data; and two-stage ditches, bio-
reactors, saturated buffers, and many other 
practices are not currently represented in the 

model. These areas are ripe for future model-
ing development and validation.

Watershed models may not accurately 
predict conservation effectiveness, and in 
some cases have been found to over-predict 
performance (Osmond et al. 2012). This 
may be because they have, to an extent, 
built-in conservation practice effectiveness, 
which may not match a given geography or 
practice implementation. In some cases, they 
simulate practices to be effective immedi-
ately, thereby ignoring the lag time between 
implementation and water quality improve-
ment. This would be even more likely if 
existing legacy nutrient and sediment pools 
on land or in streams is not considered by 
the model. Time lags such as soil P deple-
tion under reduced fertilization have been 
demonstrated in the SWAT model (Muenich 
et al. 2016a), but P stored in streams, rivers, 
and reservoirs may be more difficult to sim-
ulate. Continued efforts to validate practice 
effectiveness at the field and reach scales will 
be needed to verify if models are correct 
(Tomer and Locke 2011).

There are many sources of model error 
and uncertainty, and they can severely limit 
the use of models in assessing conservation 
effectiveness. Model prediction at gaging sta-
tions, where calibration occurs, can be fairly 
uncertain if there is a lack of measured data. 
The level of uncertainty increases into the 
headwaters, where there is unlikely to be data 
to verify model performance, and may be 
greatest at the field scale, where assumptions 
about land management practices are made. 
Watershed models cannot reliably predict 
conservation effectiveness without inclusion 
of correct land management data, which 
are often proprietary or difficult to obtain 
(Osmond et al. 2012). It is rare for watershed 
models to represent individual farm fields, so 
it can be difficult to relate farm management 
data to the model inputs, or tie model results 
to the field scale (Daggupati et al. 2011; 
Kalcic et al. 2015b; Teshager et al. 2016).

Finally, some climates and land uses are 
more accurately predicted than others. 
Fortunately for the Mississippi River Basin 
and Great Lakes Region, the SWAT model 
has shown to be robust in wetter climates 
(Van Liew et al. 2007), and model devel-
opment has improved considerably in areas 
with subsurface drainage (Du et al. 2005; 
Moriasi et al. 2012a; Boles et al. 2015). 
Overall, large watersheds and ungauged 
watersheds may have greater uncertainty 

than smaller, more heavily monitored ones, 
and further work in smaller, well-monitored 
watersheds, with model validation at the 
field scale, can inform work at larger scales 
(Tomer and Locke 2011).

Influencing Adoption of Conservation in 
a Watershed. Complex agricultural settings 
consist of intertwined nutrient management 
and reduction practices at in-field, edge-of-
field, and beyond-the-field scales. Practices 
at the field scale are best understood by the 
farmer and have the highest likelihood of 
providing success and an economic benefit 
to the farmer. Edge-of-field practices are 
typically more complex, have shorter and 
less comprehensive knowledge bases, and 
have uncertain sustainability. However, they 
are a quick fix to reducing nutrient dis-
charges and primarily consist of treatment 
strategies. Knowledge on the performance of 
beyond-the-field strategies is quite variable. 
Wetlands as treatment systems are widely 
used and researched, but their performance 
in reducing exports is complex and highly 
site specific. Two-stage ditches are a new 
practice, and knowledge on this practice is 
in its infancy. Another issue with two-stage 
ditches is that they remove additional land 
from agricultural production. As we move 
further from the field, acceptance by the 
farmer of any practice diminishes. Therefore, 
implementing conservation at the water-
shed level is not a simple task, and it involves 
cooperation of a multitude of private land-
owners and operators.

Most conservation practices are voluntarily 
adopted in the United States, and the chief 
policy instruments used to encourage adop-
tion are incentive payments. In the United 
States, the importance of understanding farm-
ers’ attitudes towards conservation was one of 
the lessons learned by CEAP (Osmond et al. 
2012). Social scientists and economists have 
sought to understand the motivations for 
adoption of practices throughout the world 
(Knowler and Bradshaw 2007; Prokopy et al. 
2008; Baumgart-Getz et al. 2012). They find 
many different factors can influence adop-
tion rates, depending on social and political 
contexts (Knowler and Bradshaw 2007). At 
the smaller scale, the type of practice and its 
compatibility with a given farm operation are 
important predictors of uptake (Reimer et al. 
2012). Motivations also differ by farm operator 
and are predicted by positive environmental 
attitudes, access to information, land tenure, 
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and connection to networks (Prokopy et al. 
2008; Baumgart-Getz et al. 2012).

Several studies on adoption have taken 
place in the US Midwest. Reimer et al. 
(2012) used qualitative methods to deter-
mine specific conservation practice factors 
influencing adoption in two watersheds in 
Indiana. In analyzing conservation tillage, 
cover crops, grassed waterways, and filter 
strips, they found that in addition to prac-
tice compatibility to farm operations, relative 
advantage—the perception of economic 
or soil health benefits—and the ability to 
observe benefits differed among practices 
and influenced rates of adoption. Valentin 
et al. (2004) surveyed farmers in Kansas and 
found in-field practices that saved nutrients 
increased farm profitability, while practices 
designed to save soil did not influence prof-
itability. Wilson et al. (2014) found that a 
perception of risk to either profitability or 
water quality was the best predictor of farmer 
attitudes towards adopting a new practice in 
northwest Ohio and emphasized the impor-
tance of efficacy, or a belief that specific farm 
management changes can make a difference. 
Also in Ohio, Campbell et al. (2011) used 
a mixture of qualitative and quantitative 
methods to analyze the role of collaboration 
in driving behavior change and found that 
those participating in grass-roots partnerships 
had increased levels of adoption. In Iowa, 
Arbuckle’s (2013a) farmer surveys found sup-
port for two alterative conservation funding 
approaches: proactive targeting and conser-
vation compliance (Arbuckle 2013a, 2013b). 
Kalcic et al. (2014) interviewed farmers in 
Indiana and found that while they agreed 
conservation money should be targeted to 
areas of greatest need, they had differing per-
spectives on how this should be done and the 
role of governmental intervention.

Overall, these studies conclude that con-
servation adoption is complex and differs 
across conservation practices, the needs of 
individual operators, regional perspectives, 
and existing policy frameworks. Encouraging 
conservation adoption is not simply a matter 
of providing monetary incentives—indeed, 
such incentives can be counter-produc-
tive (Baumgart-Getz et al. 2012; Kalcic et 
al. 2014). Effective networks and channels 
for outreach and extension training are 
also critical (Baumgart-Getz et al. 2012). 
Conservation programs should be tailored 
to a region, and practices must be relevant 
to the needs of the land and its operator. 

Adoption is context-specific, and research 
suggests conservation programming should 
be flexible and focused on environmental 
outcomes (Reimer et al. 2014).

Conclusions
Despite the many options for prevent-
ing nutrient and sediment loss at the field 
scale, the reality is that not all farmland will 
receive these treatments, and the only (and 
sometimes best) options for improving water 
quality will be within streams. In-stream 
treatment and watershed-scale approaches 
are an important piece of the conservation 
toolbox. Both wetlands and two-stage ditches 
have been used in this region to treat flows 
from subsurface-drained agricultural areas, 
and they show promise in capturing both 
N and P. In addition to wetlands and two-
stage ditches, in-stream approaches include 
using control structures, P filters, or biore-
actors within ditches. However, knowledge 
on how to design these systems to provide 
a specific performance requirement is inad-
equate for most settings. To some extent we 
face this same problem with all beyond-the-
field practices, partly because the complexity 
of the system increases as we move further 
away from a single source, such as a field, and 
a single farmer. Typically, within a state there 
are a few experts with sufficient knowledge 
to design and estimate the performance 
of beyond-the-field strategies, but ade-
quate knowledge is not ubiquitous. Indeed, 
as some of the approaches are fairly new, 
site-specific knowledge is often inadequate, 
and our current body of literature contains 
mixed information that is not easy to trans-
late into separate or bundled BMP strategies. 
Efforts to address these short-comings are 
occurring in most states, but further work is 
needed to assess current knowledge and pri-
oritize knowledge gaps. As technical designs 
for these practices become more established, 
clear messaging through education and 
extension will be imperative to see successful 
implementation at the scales needed to treat 
water quality needs in the Mississippi River 
Basin and Great Lakes regions.
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