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Abstract
A saturated riparian buffer (SRB) is an edge-of-field conservation practice that

reduces nitrate export from agricultural lands by redistributing tile drainage as shal-

low groundwater and allowing for denitrification and plant uptake. We propose an

approach to improve the design of SRBs by analyzing a tradeoff in choosing the SRB

width, and we apply the approach to six sites with SRBs in central Iowa. A larger

width allows for more residence time, which increases the opportunity for removing

nitrate that enters the buffer. However, because the SRBs considered here treat only

a portion of the tile flow when it is large, for the same difference in hydraulic head, a

smaller width allows more of the total tile flow to enter the buffer and therefore treats

more of the drainage. By maximizing the effectiveness of nitrate removal, defined as

the ratio of total nitrate removed by the SRB to total nitrate leaving the field in tile

drainage, an equation for the optimal width was derived in terms of soil properties,

denitrification rates, and head difference. All six sites with existing SRBs consid-

ered here have optimal widths smaller than the current width, and two are below

the minimum width listed in current design standards. In terms of uncertainty, the

main challenges in computing the optimal width for a site are estimating the removal

coefficient for nitrate and determining the saturated hydraulic conductivity. Never-

theless, including a width that accounts for site conditions in the design standards

would improve water quality locally and regionally.

1 INTRODUCTION

Nitrate exported from agricultural lands through artificial

subsurface drainage, or tile, can impair the quality of sur-

face waters. Tile drainage is commonly used in U.S. mid-

western agriculture to improve row crop production by low-

ering the water table in the field to provide a well-aerated

root zone. Because nitrate is easily leached, tile drainage

typically has high nitrate concentrations: Baker and Johnson

Abbreviations: SRB, saturated riparian buffer; WSS, Web Soil Survey.
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(1981) reported concentrations up to 61 mg N L−1 in tile

drainage from a field in Iowa. This nitrate-rich water drains

into the Mississippi River and ultimately to the northern

Gulf of Mexico, contributing to the nation’s largest recurring

hypoxic zone. Nitrate export from agricultural tile drainage

has been identified as a major contributor to this hypoxic zone

(Goolsby, Battaglin, Aulenbach, & Hooper, 2001).

Because of the adverse effects of nutrient export, con-

servation practices have been developed to reduce nutrient

flux from agricultural lands to surface waters. In-field prac-

tices (e.g., cover crops, living mulches, extended rotations,
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fertilizer management, and nitrification inhibitors) reduce

nitrate loss; however, they can be difficult and costly to imple-

ment, and alone they cannot meet the targets of nutrient

reduction strategies (IDALS, IDNR, & ISU, 2017). There-

fore, edge-of-field practices (e.g., bioreactors, constructed

wetlands, and riparian buffers) are also used to reduce nitrate

flux to surface waters. Riparian buffers effectively remove

sediment and nutrients from surface runoff and nitrate from

shallow subsurface flow (Groh, Isenhart, & Schultz, 2020).

However, because riparian buffers and tile drainage are not

hydraulically connected, nitrate-rich tile drainage bypasses

treatment in the riparian buffer. Thus, traditional riparian

buffers are less effective for removing nitrate in regions with

tile drainage, which accounts for up to 50% of cropland in

U.S. midwestern states (Kalita, Cooke, Anderson, Hirschi, &

Mitchell, 2007).

Tile drainage can be treated with saturated riparian buffers

(SRBs), an edge-of-field conservation practice introduced in

2010 (Jaynes & Isenhart, 2014). Saturated riparian buffers

intercept tile drainage at a control structure that redirects a

portion of the flow into a perforated distribution pipe that runs

parallel to the receiving stream and distributes flow as shallow

groundwater through a vegetated riparian buffer. In this way,

SRBs facilitate nitrate removal through microbial denitrifi-

cation, plant uptake, and microbial immobilization (Jaynes

& Isenhart, 2014). Of these three processes, denitrification

is the primary removal mechanism in SRBs (Groh, Davis,

Isenhart, Jaynes, & Parkin, 2019a), and, because denitrifica-

tion depends on the available organic carbon (Hill & Cardaci,

2004), SRBs take advantage of the high organic carbon con-

centrations in the upper horizons of the soil profile (Jaynes

& Isenhart, 2014) by raising the water table using the control

structure.

Because SRBs are relatively new, questions remain regard-

ing the most effective design. The removal effectiveness, or

the ratio of nitrate removed by the SRB to the total nitrate

leaving the field in the tile, can be quite high; values from

six sites monitored in Iowa ranged from 7 to 92% (Jaynes &

Isenhart, 2019a). The effectiveness depends on the flow from

the field and site conditions such as SRB dimensions, soil

characteristics, site geology, and stream conditions. Saturated

riparian buffer design seeks to maintain an adequate residence

time to allow for nitrate removal. However, during periods

Core Ideas
∙ A wider saturated riparian buffer does not neces-

sarily mean more nitrate will be removed.

∙ The optimal width maximizes flow while main-

taining adequate residence time.

∙ The optimal width can be smaller than the width

listed in current design standards.

of high flow, the flow that the SRB can handle—which is

controlled by the width Lx of the SRB, saturated hydraulic

conductivity K, and the difference between the water level h1
at the distribution pipe and the water level h2 at the stream

(Figure 1)—might not be large enough. In that case, some

of the untreated tile drainage bypasses the SRB and flows

directly to the stream. For example, Jaynes and Isenhart

(2019a) found that, on average, 6–79% of the tile drainage

exceeded the capacity of the six SRBs studied and flowed to

the stream untreated.

Therefore, a tradeoff exists in choosing the SRB width Lx.
Because residence time increases with increasing width, a

larger width allows more time for nitrate removal. However,

assuming the initial hydraulic head set by the control structure

remains constant, a larger width reduces the hydraulic gradi-

ent and consequently the total flow received by the SRB. The

modeling of Jaynes and Isenhart (2019b) supports this intu-

ition: lateral infiltration rates were higher when the distribu-

tion pipe was located closer to the stream. The USDA-NRCS

Saturated Buffer Conservation Practice Standard (Code 604)

guides the design of SRBs and specifies a minimum buffer

width of 9.1 m (USDA-NRCS, 2016). It also specifies the

minimum design flow as “five percent of drainage system

capacity or as much as practical based on the available length

of the vegetated buffer.” However, low nitrate concentrations

in monitoring wells nearest to the stream (Jaynes & Isen-

hart, 2014) suggest that a narrower SRB could accommodate

greater flow while still removing most of the diverted nitrate.

In this study, this tradeoff was analyzed using a mass bal-

ance to determine the optimal width for SRB design by max-

imizing the effectiveness of nitrate removal. The width at

F I G U R E 1 Profile view of a saturated riparian buffer with parameters defined. The overflow pipe is not shown
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F I G U R E 2 Effectiveness is maximized when the saturated ripar-

ian buffer width Lx is equal to the optimal width Lx* (i.e., when Lx/Lx*
= 1)

six existing sites was compared with the theoretical optimal

width to determine how standard SRB design guidance could

be modified to increase the effectiveness and to what extent

the effectiveness can be improved. Challenges in estimating

the parameters needed to compute the optimal width are dis-

cussed, and approaches for estimating these parameters are

assessed.

2 MATERIALS AND METHODS

2.1 Theoretical calculations

The optimal SRB width is determined by maximizing the

nitrate removal effectiveness of the SRB (Figure 2), defined

as the ratio of total nitrate removed by the SRB to total nitrate

leaving the field in the tile drainage. If 𝑚̇in and 𝑚̇out are the

mass fluxes of nitrate entering the control structure and leav-

ing the SRB, respectively, then the removal effectiveness η is

η = 1 −
𝑚̇out
𝑚̇in

(1)

The mass flux of nitrate into the SRB consists of all of the

nitrate in the tile drainage that enters the control structure.

The mass flux of nitrate leaving the SRB includes nitrate that

bypasses the SRB and nitrate that is not removed in the SRB.

Therefore, the effectiveness can be expressed in terms of flow

rates and concentrations:

η = 𝑄

𝑄t

(
1 −

𝐶out
𝐶t

)
(2)

where Q is the flow entering the SRB, Qt is the flow from

the tile drainage in the field, Cout is the nitrate concentration

in groundwater leaving the SRB, and Ct is the initial nitrate

concentration of the tile drainage.We emphasize that, because

some flow can bypass the buffer and flow to the stream, Q/Qt

≤ 1. For steady one-dimensional flow through homogeneous

soil, Darcy’s law gives

𝑄 = 𝐾
ℎ21 − ℎ22
2𝐿𝑥

𝐿𝑦 (3)

where Ly is the length of the distribution pipe. Darcy’s law

applies because conservative estimates of the particle size

(0.5 mm), travel time (20 d), effective porosity (0.3), and SRB

width (24 m) yield a Reynolds number of 2 × 10−3, much less

than the limit of 1 for validity (Fetter, 2000). With removal

modeled as first-order with a removal coefficient λ, the con-

centration Cout is:

𝐶out = 𝐶texp
(
−λ𝑇u

)
(4)

where Tu is the time for water to travel a distance Lx in an

unconfined aquifer:

𝑇u =
4
3
𝑛e𝐿

2
𝑥

𝐾

ℎ31 − ℎ32(
ℎ21 − ℎ22

)2 (5)

and ne is the effective porosity. Equations 3–5 illustrate

the tradeoff discussed in the Introduction: a smaller width

Lx increases the flow through the SRB, but a larger width

increases the travel time and therefore decreases the con-

centration in cases that are not already nitrate limited. In

other words, when the width is smaller than optimal (i.e.,

left of the peak in Figure 2), the SRB cannot remove enough

nitrate. When it is larger than optimal (i.e., right of the peak

in Figure 2), it removes all of the nitrate before the end is

reached, and it could accommodate a larger fraction of the

tile flow.

The optimal width 𝐿∗
𝑥
is calculated by differentiating the

effectiveness with respect to Lx and solving for the value of

Lx that makes the derivative zero:

𝐿∗
𝑥
= 0.97

⎛⎜⎜⎝
𝐾

𝑛eλ

(
ℎ21 − ℎ22

)2
ℎ31 − ℎ32

⎞⎟⎟⎠
1
2

(6)

The value of the effectiveness at the optimal width η* is

η∗ = 0.37
𝐿𝑦

𝑄t

[
λ𝑛𝑒𝐾

(
ℎ31 − ℎ32

)] 1
2 (7)

When the difference in hydraulic head Δh = h1 − h2 is small,

the SRB can be treated as a confined aquifer, and the optimal
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T A B L E 1 Characteristics of the six study sites

Site
Characteristics BC-1 IA-1 B-T HG BC-2 SH
Installation date Oct. 2010 June 2013 Sept. 2014 Oct. 2015 Oct. 2015 May 2016

Drainage area, ha 10.1/5.9a 4.7 7.1 21.8 40.5 3.4

Saturated riparian buffer width, m 21 24 11 14 22 19

Distribution pipe length, m 335 308 115 125 168 266

Number of monitoring wells 18 16 9 6 9 6

Number of slug tests 24 4 3 1 14 12

Average annual flow and nitrate removal parameters

Precipitation, mm yr−1b 880 937 911 866 927 965

Days with tile flowb 143 145 101 206 280 197

Total tile flow, mm yr−1b 290 191 51 170 464 451

Tile flow diverted to the SRB,b % 42 94 51 23 21 49

Total NO3 load removed,b % 39 84 48 25 8 17

Diverted NO3 load removed,b % 97 91 92 99 35 36

Denitrification rate, mg N m−3 d−1c 0.00–2,465 0.04–243.9 NAd NA 0.08–141.8 1.44–110.2

aDrainage area was reduced in fall 2013. bFrom year of installation through 2017 (Jaynes & Isenhart, 2019a). cRange of denitrification rates from the subsurface (20–100

cm) (data from Groh et al., 2019a except SH [T. A. Groh, personal communication, 2019]). dNA, not available.

width in Equation 6 can be simplified to

𝐿∗
𝑥
= 1.12

(
𝐾Δℎ
𝑛eλ

) 1
2

(8)

The approximation leading to Equation 8 is accurate to 3%

when Δh/h2 < 0.85. All variables are listed in Supplemental

Table S1.

2.2 Study sites

Six existing SRBs (BC-1, IA-1, B-T, HG, BC-2, and SH), all

located in central Iowa, were investigated to compare their

current width with their optimal width. All six SRBs receive

tile drainage from fields in a corn (Zea mays L.) and soy-

bean [Glycine max (L.) Merr.] rotation, and they are simi-

lar in their intended function and the monitoring equipment

at the site. However, the SRBs vary in width, distribution

pipe length, drainage area, topography, flow rates, and nitrate

removal parameters (Table 1). The variety of parameters and

conditions in the study sites means that the optimal width will

also vary by site.

2.3 Determining values of parameters

Computing the optimal width and effectiveness in general

requires estimates of the tile flow from the field, K, effective
porosity, hydraulic heads, and removal coefficient. Because

our analysis involves the ratio of the effectiveness at the orig-

inal width and the effectiveness at the optimal width, the

tile flow is not needed. Saturated hydraulic conductivity was

determined through slug tests using the Hvorslev method

(Hvorslev, 1951). Slug tests measure the local K by displacing

water in a well and monitoring the change in water level over

time. The Hvorslevmethod involves fitting the water level dis-

placement versus time data to determine t37, which is the time

required for the water level to equal 37% of the change from

the static water level. Saturated hydraulic conductivity is then

computed as

𝐾 =
𝑟2 ln

(
𝐿

𝑅

)
2𝐿𝑡37

(9)

where r is the radius of the well, and L andR are the length and

radius of the well screen, respectively. The effective porosity

ne was assumed to be equal to values used in previous stud-

ies in the watershed containing sites BC-1 and BC-2 (Fowle,

2003; D.B. Jaynes, personal communication, 2019).

Estimating the hydraulic head is challenging because the

depth of the confining layer is difficult to determine. However,

if Equation 8 applies, then only the difference in hydraulic

head is needed. To assess the validity of Equation 8, Δh/h2
was calculated for BC-1 because it has the most available

data. The difference in head between the distribution pipe

and the stream was calculated using the design head depth

and depth to the stream surface in Table 1 of Jaynes and

Isenhart (2019a). The depth to the confining layer—and

thus h2, the hydraulic head at the stream—was estimated by
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analyzing electrical resistivity, which correlates to soil types

(Wineland, 2002). The value of Δh/h2 for BC-1 is approxi-

mately 0.3; therefore, applying Equation 8 will result in less

than a 3% error. The other five sites are assumed to also have

Δh/h2 < 0.85, and the aquifers are treated as confined.

The removal coefficient λ was determined from measure-

ments of nitrate concentrations in the monitoring wells at each

site using

𝐶 = 𝐶t exp
(
−λ𝑥
vl

)
(10)

whereC is the nitrate concentration at distance from the distri-

bution pipe x, and vl is the average linear velocity of ground-

water, which is calculated as

vl =
𝐾Δℎ
𝑛e𝐿𝑥

(11)

The removal coefficient was calculated for each date in

which nitrate samples were collected. Mean values of λ are

highest in fall and lowest in either spring or winter; to obtain

a representative removal coefficient, the values of λ for all

available sampling dates were averaged. Only values from fits

with R2 > .3 were used; the amount of data used ranged from

67 to 100% at each of the sites.

Although nitrate data were available in this study because

the SRBs were already installed, these data will not likely be

available during the SRB design phase. Therefore, because

denitrification is the primary mechanism of nitrate removal

in SRBs (Groh et al., 2019a), a denitrification model can be

used to estimate the removal coefficient λ. Reviewing more

than 50 models, Heinen (2006a) provided two versions of

the actual denitrification rate Da: for saturated conditions in

which 6 < pH < 8, the actual denitrification rate is

𝐷a = 𝐷p
𝐶

𝐾s + 𝐶
𝑓T (12a)

if the reaction follows Michaelis–Menten kinetics and

𝐷a = 𝑘d𝐶𝑓T (12b)

if the reaction is first order. In Equations 12a and 12b,Dp is the

potential denitrification rate (i.e., at optimal conditions), Ks is

the half-saturation constant, and fT is a function accounting

for effects of temperature. When the nitrate concentration is

large (C ≫ Ks), Equation 12a predicts that the denitrification

rate is constant, or zeroth-order, but when C ≪ Ks, Equations

12a and 12b are similar, so that the removal coefficient can be

written as

λ = 𝑘d𝑓T =
𝐷p

𝐾s
𝑓T (13)

where kd is a first-order denitrification coefficient.

Heinen (2006a) specified the temperature function as

𝑓T = 𝑄
(𝑇−𝑇r )∕10
10 , where T is the soil temperature (˚C), Tr is a

reference temperature (˚C), and Q10 is a factor with typical

values of between 2 and 3. We use Equation 13 in computing

the optimal width and discuss its applicability in the next

section. We take Q10 = 2.5 and Tr = 20 ˚C. Table 3 of Heinen

(2006a) presents values of kd used in six different models,

ranging from 0.001 to 1.08 d−1.

Because the input parameters are uncertain, the uncertainty

of optimal width was computed by propagating the uncer-

tainty in parameters in Equation 8 with a first-order analysis:

(
Δ𝐿∗

𝑥

)2 = 𝑛∑
𝑖−1

(∂𝐿∗
𝑥

∂𝑦𝑖
Δ𝑦𝑖

)2
=

𝑛∑
𝑖−1

(
𝑆𝑦𝑖

Δ𝑦𝑖
𝑦𝑖

)2
(14)

where yi indicates the dependent parameter, Δyi is the uncer-
tainty in yi, and 𝑆𝑦 = (𝑦𝑖∕𝐿∗

𝑥
)(∂𝐿∗

𝑥
∕∂𝑦𝑖) is the sensitivity of

the optimal width to parameter yi. Because the magnitude

of the relative sensitivity is 1/2 for all four parameters used

to compute the optimal width in Equation 8, differences in

contributions to the overall uncertainty in the optimal width

depend only on the uncertainty in the parameters. To account

for error from measurements and assumptions in the model,

relative uncertainties of 100, 50, 20, and 10%were introduced

for λ, K, ne, and Δh, respectively.

3 RESULTS AND DISCUSSION

The optimal width and its dependence on the parameters have

a physical explanation that agrees with intuition. As noted

in the Introduction, the optimal width arises from a balance

between making the SRB wide enough that nitrate is removed

and making it narrower to increase the hydraulic gradient and

the flow diverted to the SRB. Therefore, the width should

yield a travel time that is comparable to the removal time, orTu
∼ λ−1. This balance reproduces the optimal width in Equation

8, up to a multiplicative coefficient, and the full calculation

shows that the coefficient is order one. The dependence of the

optimal width on the parameters also makes physical sense.

A wider SRB is needed when the removal time is larger (i.e.,

λ is small) than the travel time. Water will flow most quickly

through buffers with more conductive and less porous soils

with larger head differences. The analysis provides physical

basis for setting the minimum SRB width.

For all six sites, the optimal width is smaller than the cur-

rent width of the SRB (Figure 3). The widths at four of the six

sites exceed the upper limits of the optimal width ranges. For

example, the SRB at BC-1, which is 21 m wide, is at least

4 m too wide to remove nitrate optimally. As noted in the

discussion of Figure 2, at these sites nitrate concentrations
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F I G U R E 3 Current versus optimal saturated riparian buffer (SRB)

width for the six study sites. Error bars on the optimal width result from

the uncertainty analysis; each SRB has a 57% uncertainty in the optimal

width. The minimum buffer width specified by current Code 604 is 9.1 m

(USDA-NRCS, 2016)

F I G U R E 4 Ratio of effectiveness at the optimal width η* versus

effectiveness at the current width η. A value >1 indicates a greater effec-

tiveness at the optimal width

fall to zero before the end of the buffer is reached and the

buffers could accommodate more of the tile flow. As a result,

the effectiveness of nitrate removal could be about 50–120%

greater at these four sites (Figure 4). The widths of the SRBs

at the other two sites (BC-2 and SH) fall within the optimal

width range (Figure 3), and the effectiveness is close to opti-

mal (Figure 4). Two of the study sites (B-T and HG) have opti-

mal widths below the current minimum buffer width listed in

USDA-NRCS Code 604 (Figure 3). Because the upper limit

for the optimal width of these sites is also below the 9.1 m

minimum, these sites could not have been designed for maxi-

mum nitrate removal under existing design guidance. In these

cases, current standards and the common practice of making

SRBs wide reduce SRB effectiveness.

The trends in the optimal width and effectiveness align

well with the results from a study of the denitrification poten-

tial at three of the sites. When Groh, Davis, Isenhart, Jaynes,

and Parkin (2019b) added carbon as dextrose to soil cores

from BC-1, BC-2, and IA-1, denitrification potential rates

increased significantly for BC-2 but not for IA-1 or BC-1

cores taken further from the distribution pipe. They concluded

that carbon limited denitrification at BC-2, whereas nitrate

limited denitrification at BC-1 and IA-1. Calculations of the

optimal width and effectiveness support these conclusions:

BC-2 is operating at near-optimal effectiveness, whereas BC-

1 and IA-1 could remove more nitrate (Figure 4). The nitrate-

limited sites may benefit from having a distribution pipe

closer to the stream (Figure 3).

The overall uncertainty of the optimal width is quite large

because of uncertainty in the parameters used to calculate

the optimal width. In relative terms, the optimal width is

equally sensitive to all parameters in the approximate expres-

sion, Equation 8. Combining the uncertainty of all param-

eters yields an overall 57% uncertainty in 𝐿∗
𝑥
. The removal

coefficient λ contributes 77% of the uncertainty in 𝐿∗
𝑥
. There-

fore, the most effective way to reduce uncertainty in 𝐿∗
𝑥
is

to improve methods of determining the removal coefficient.

The second-largest source of uncertainty in 𝐿∗
𝑥
is K, with a

19% contribution to the total uncertainty, whereas ne and Δh
contribute only 3 and 0.8%, respectively. These percent uncer-

tainties apply to each site. Although the resulting uncertainty

is large, Equation 8 still provides guidance for designing effec-

tive SRBs.

Determining the removal coefficient is difficult because

of the substantial uncertainty in the parameters for the den-

itrification model. For the sites considered in this study, the

removal coefficient could be determined with greater cer-

tainty using nitrate samples from the monitoring wells. For

a new site, this type of data will not likely be available, and a

denitrificationmodel such as Equation 13must be used.Meth-

ods of measuring potential denitrification rates Dp are quite

difficult and time consuming, and the wide range of values

they yield, especially in areas with heterogeneity, make spec-

ifying a single representative value challenging. For example,

the denitrification rates for the 20-to-100-cm depth at BC-1,

BC-2, and IA-1 were in the ranges of 0.00–2,465, 0.08–141.8,

and 0.04–243.9 mgNm−3 d−1, respectively (Table 1). A deni-

trification model applied to eight different data sets with sand,

loam, and peat soils gave potential denitrification rates rang-

ing from 2,679 to 38,500 g N ha−1 d−1 and values of half-

saturation coefficient Ks ranging from 0.46 to 135.3 mg N

kg−1; ranges for the two parameters were large even within

the same soil types (Heinen, 2006b). The removal coefficient

λ can also be estimated using Equation 13 and Table 3 of

Heinen (2006a), which gives kd in the range 0.001–1.08 d−1
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T A B L E 2 Optimal width parameters

Site
K from
slug tests

K from Web
Soil Survey ne Δh λ kd

m d−1 m d−1

BC-1 0.52 0.49 0.1 1.38 8.34 × 10−2 2.75 × 10−1

IA-1 1.35 0.33 0.1 1.80 2.49 × 10−1 8.18 × 10−1

B-T 4.76 0.26 0.1 1.34 4.66 × 100 1.53 × 101

HG 1.53 0.75 0.1 2.83 2.22 × 100 7.30 × 100

BC-2 0.40 0.78 0.1 1.59 2.59 × 10−2 8.53 × 10−2

SH 0.43 0.42 0.1 1.59 4.01 × 10−2 1.32 × 10−1

Note. K, saturated hydraulic conductivity; Δh, difference in hydraulic head; kd, first-order denitrification coefficient computed from the nitrate removal coefficient λ using

Q10 = 2.5, T = 7 ˚C, and Tr = 20 ˚C; ne, effective porosity.

and lists several sources for kd ≈ 0.1 d−1. For four of our study

sites, kd computed from Equation 13 was within the range

of 0.085–0.818 d−1 (Table 2), which lies in the range from

Heinen (2006a). The other two sites yield a much larger kd
(7.3 and 15.3 d−1) because the removal coefficient was one to

two orders of magnitude larger at these sites.

Two assumptions add to the uncertainty in the removal

coefficient. The calculations of λ assume that nitrate removal

occurs by a first-order reaction. As noted in the discussion

of Equations 12a and 12b, first-order kinetics requires nitrate

concentrations much smaller than the half-saturation coef-

ficient Ks; in particular, the error in the actual denitrifica-

tion rate is about 17% when C/Ks = 0.5 and 50% when

C/Ks = 1, and accounting for the plateau in the denitrification

rate at high concentrations would yield a larger required buffer

width. In a study of denitrification beds (Ghane, Fausey, &

Brown, 2015) and in a study of wetlands (Messer, Burchell,

& Bírgand, 2017), a first-order model better fit nitrate removal

than a zeroth-order model did. Many values of Ks in soil

have been reported, including 0.5 mg L−1 (Kinzelbach &

Schäfer, 1991), 0.89 mg L−1 (Killingstad, Widdowson, &

Smith, 2002), and 10 mg L−1, which is used in three of the

models reviewed by Heinen (2006a). The value Ks = 10 mg

L−1 is comparable to or lower than many concentrations mea-

sured in the field tile and closest well in the dataset presented

by Jaynes and Isenhart (2014), but most concentrations farther

from the control structure are much lower and often below the

0.3 mg L−1 detection limit. Therefore, although the removal is

better modeled with Michaelis–Menten kinetics near the con-

trol structure, a first-order model works well in most of the

SRB.

Another assumption that affects uncertainty in the removal

coefficient involves unsteadiness in the fate and transport of

nitrate. Equation 10, which was used to compute λ, holds for

steady state. Because it was applied to concentration profiles

measured on several days, the analysis essentially assumes a

quasi-steady state in which flow and contaminant processes

were constant over the time required to establish the concen-

tration profile. For these sites, that time is about 10–20 d. Con-

tinuous records at BC-1, for example, show periods in which

the flow and water levels are approximately constant for times

on this order (Jaynes & Isenhart, 2014); however, many high-

runoff events with rapidly varying flow and water levels also

occur. Accounting for these variations in more detail would

involve deriving an unsteady form of Equation 10 by solv-

ing a one-dimensional diffusion equation for the head (e.g.,

de Marsily, 1986, section 8.5), computing the average linear

velocity, and solving the transport equation for nitrate, likely

with a numerical method.

The saturated hydraulic conductivity plays a significant

role in determining the optimal width, yet it can be challeng-

ing to determine, especially in regions with heterogeneity. In

the design of a new SRB, the saturated hydraulic conductivity

could be estimated from the Web Soil Survey (WSS) of the

USDA-NRCS. Saturated hydraulic conductivities from slug

tests matched those fromWSSwell at BC-1 and SH, theywere

within a factor of about 2 at BC-2 and HG, and they differed

bymore at IA-1 and B-T (Table 2). The differences at IA-1 and

B-T could be due to the straightening of the channel at these

two sites and the smaller number of slug tests available (n =
3 at B-T, n = 4 at IA-1; Table 1). Although the analysis lead-

ing to Equations 6 and 8 treats the aquifer as homogeneous,

alluvial soils tend to be layered, and meanders can lead to hor-

izontal heterogeneity. To some extent, the slug tests provide

an effective conductivity that accounts for vertical variations

in soil properties, but, because they typically measure within

a few meters of the well (Fetter, 2000), they can miss horizon-

tal variations. The good agreement between the slug tests and

WSS at sites BC-1 and SH, at which every well was sampled

at least twice (Table 1), suggests that if soil testing is done at

a candidate site, it should be done at several locations in the

buffer.

In deriving the equation for the optimal width, dispersion

was neglected. Hydrodynamic dispersion in groundwater is

quantified by the longitudinal dispersivity aL, and, because
it depends on the scale of the flow (Schulze-Makuch, 2005;

Xu & Eckstein, 1995), a calculation of the optimal width of

the SRB that includes dispersion would be iterative. The error
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in determining the removal coefficient λ with Equation 10 is

proportional to the parameter 𝑎Lλ∕vl; applying the formula of

Schulze-Makuch (2005) to the six SRB sites suggests an error

of 8–75% in λ. However, because the scatter in dispersivities

is large (Schulze-Makuch, 2005) and the resulting underpre-

diction of the optimal width, which depends on λ1/2 (Equa-

tion 8), is 4–32%, dispersion is omitted from the analysis for

simplicity.

Allowing SRBs to be narrower than the width of 9.1 m

specified in Code 604 would result in removing more of the

nitrate load because it would reduce the constraints for design-

ing SRBs to remove nitrate most optimally. A smaller width

is beneficial at sites with less conductive soils, little topo-

graphic relief, large effective porosities, and/or large removal

rates. Although the length of the distribution pipe and the tile

flow rate do not affect the optimal width, they do control the

SRB’s effectiveness. A longer distribution pipe and a lower

tile flow rate increase SRB effectiveness. In other words, for

high flow spread through a short distribution pipe, the SRB

can be operating optimally, but the flowmight be large enough

that the effectiveness is low due to nitrate bypassing the SRB.

Although obtaining the parameters required to compute the

optimal width is challenging, using Equation 8 to approximate

the optimal width would be useful in determining an effective

design.

Designing SRBs to be narrower may cause concerns related

to treating runoff, providing habitat for wildlife, andmaintain-

ing the slope stability of the streambank. Because the width

of a riparian buffer can differ from the width of the SRB,

both practices can be optimally designed at the same site: the

distribution pipe does not need to be located at the edge of

the riparian buffer. Therefore, surface runoff treatment and

wildlife habitat can be preserved as functions of a site for a

saturated riparian buffer. Increased flow and an elevated water

table can reduce the stability of a slope, but an assessment of

slope stability for five SRB sites (BC-1, IA-1, B-T, BC-2, and

SH) showed that four of the slopes would be stable at widths

greater than 3 m (Dickey et al., 2020), a distance smaller than

all of the optimal widths in Figure 3. The fifth site (BC-2) has

a factor of safety below the acceptable threshold for slope sta-

bility even without added flow. We recommend not placing

SRBs on slopes already prone to failure.

4 CONCLUSIONS

We have described an approach for choosing the width of

a saturated riparian buffer more systematically than under

current standards. Intuition suggests using a larger width to

remove nitrate most effectively because a larger width will

allow more time for denitrification, plant uptake, and micro-

bial immobilization to take place and will increase the likeli-

hood of hitting hot spots and hot moments of denitrification.

We have shown that although a larger width will decrease the

nitrate concentration of the drainage that leaves the SRB as

groundwater, it will also increase the nitrate load that will

overflow to the stream without treatment. Balancing the time

to remove nitrate and the time for water to flow through the

SRB leads to a quantitative expression for the optimal width.

A key remaining challenge is to develop better ways to predict

nitrate removal so that more effective SRBs can be designed

and implemented.
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