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Vegetated buff ers are a well-studied and widely used 
agricultural management practice for reducing nonpoint-
source pollution. A wealth of literature provides experimental 
data on their mitigation effi  cacy. Th is paper aggregated many 
of these results and performed a meta-analysis to quantify the 
relationships between pollutant removal effi  cacy and buff er 
width, buff er slope, soil type, and vegetation type. Th eoretical 
models for removal effi  cacy (Y) vs. buff er width (w) were derived 
and tested against data from the surveyed literature using 
statistical analyses. A model of the form - ×= ×(1- e )b wY K , 
(0 100K< ≤ ) successfully captured the relationship between 
buff er width and pollutant removal, where K refl ects the 
maximum removal effi  cacy of the buff er and b refl ects its 
probability to remove any single particle of pollutant in a unit 
distance. Buff er width alone explains 37, 60, 44, and 35% of 
the total variance in removal effi  cacy for sediment, pesticides, 
N, and P, respectively. Buff er slope was linearly associated with 
sediment removal effi  cacy either positively (when slope ≤ 10%) 
or negatively (when slope > 10%). Buff ers composed of trees 
have higher N and P removal effi  cacy than buff ers composed of 
grasses or mixtures of grasses and trees. Soil drainage type did 
not show a signifi cant eff ect on pollutant removal effi  cacy. Based 
on our analysis, a 30-m buff er under favorable slope conditions 
(≈ 10%) removes more than 85% of all the studied pollutants. 
Th ese models predicting optimal buff er width/slope can be 
instrumental in the design, implementation, and modeling of 
vegetated buff ers for treating agricultural runoff .
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Agricultural nonpoint-source pollution has been listed 

as one of the leading sources of pollution in rivers and 

water bodies throughout the world (World Resources Institute, 

1992). Th is pollution, which includes sediment, nutrients, and 

pesticides, can be transported off -site to surface waters via runoff  

events generated either by irrigation or natural precipitation. 

Agricultural management practices, such as vegetated buff ers, 

constructed wetlands, and conservation tillage, have been used to 

reduce the runoff  of these pollutants.

Vegetated buff ers are widely used in agricultural production 

for reducing agricultural nonpoint-source pollution and have 

been well-studied in the scientifi c literature. Th ey are designed to 

use vegetation to remove sediment, nutrients, and pesticides from 

surface water runoff  through fi ltration, deposition, adsorption, 

and infi ltration (Dillaha et al., 1989). A variety of terms are used 

in the literature to describe vegetated buff ers, including “vegeta-

tive fi lter strips”, “grass fi lters,” “vegetative buff er strips,” “fi lter 

strips,” or “buff er strips.” Th is paper uses the term “vegetated buf-

fers” to refer to all the buff ers represented by these terms.

Many studies suggest that vegetated buff ers are eff ective in re-

moving pollutants from runoff  (e.g., Dillaha et al., 1989; Vought 

et al., 1994; Syversen, 2002, 2005; Uusi-Kämppä et al., 2000). For 

example, Patty et al. (1997) found that buff ers with widths of 6, 12, 

and 18 m could reduce 87 to 100% of suspended sediment, 47 to 

100% of nitrate, 22 to 89% of soluble P and 44 to 100% of the her-

bicide atrazine from agricultural runoff . Th e pollutant mitigation 

effi  cacy of vegetated buff ers depends on three factors: (i) the physi-

cal properties of the buff er, such as width, slope, soil type, and veg-

etation cover; (ii) the properties of the pollutant in question, such 

as the sediment particle size, the form of N or P, or the biophysi-

cal properties of pesticides (e.g., water solubility and half-life); and 

(iii) the placement of the buff er, such as its proximity to pollutant 

sources (Norris, 1993). Th e relative importance of these factors var-

ies in the literature depending on the specifi c experimental settings 

of the studies. It is essential to quantify the impacts of these factors 

for eff ective design and implementation of vegetated buff ers.

Most studies investigating the pollutant removal effi  cacy of 

vegetated buff ers focused on fi eld or plot experiments which were 

set up under very specifi c conditions. Due to the specifi city of site 

conditions and experimental settings of these studies, the identi-
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fi ed relationships between buff er effi  cacy and associated factors 

were often inconsistent. To obtain a systematic understanding 

of vegetated buff er mitigation effi  cacy, results from studies con-

ducted under diff erent experimental settings and site condi-

tions should be compared with this in mind and synthesized to 

obtain general insights.

Due to the multi-pollutant nature of agricultural runoff , 

studies must also compare the buff er removal effi  cacy for mul-

tiple pollutants. Existing review papers addressing the effi  cacy of 

vegetated buff ers are either focused on a single type of pollutant 

such as sediment (Liu et al., 2008), N (Mayer et al., 2007), P 

(Dorioz et al., 2006), or pesticides (Reichenberger et al., 2007, 

Otto et al., 2008); or they cover multiple types of pollutants in a 

descriptive nature (Muscutt et al., 1993). Although these review 

papers synthesized information on the effi  cacy of vegetated buf-

fers, they did not provide a statistical analysis for the results of 

the studies reviewed, nor did they determine a theoretical frame-

work for the relationship between the pollutant removal effi  cacy 

of buff ers and their key design factors. Th erefore, the objectives 

of this paper were (i) to aggregate data from studies on the miti-

gation effi  cacies of vegetated buff ers for removing sediment, N, 

P, and pesticides; and (ii) to quantify the relationships between 

pollutant removal effi  cacy and buff er design factors through the-

oretical models and statistical analysis of the aggregated data.

Materials and Methods
Literature Review

A total of 73 studies published in peer reviewed journals 

provided quantitative results on pollutant removal by vegetated 

buff ers, of which 63 were original studies and 10 were literature 

reviews. Th ese papers were carefully examined to record detailed 

information on author, year, location, buff er width, slope, area 

to source ratio, pollutant type, soil type, vegetation type, infl ow 

pollutant mass and concentration, outfl ow pollutant mass and 

concentration, and percent of pollutants trapped by buff ers.

Surveyed data were compiled to perform meta-analyses for 

buff er design factors: width, slope, vegetation type, and soil 

drainage type (see Supplemental Table S1 in the supplemental 

information). A total of 81 data points were collected on buff er 

width, slope, vegetation type, and soil drainage type for sedi-

ment removal (Table 1). Few data were available on slope for 

removal of N, P, and pesticides, however, more than 49 data 

points were identifi ed for the other three variables. Diff erent 

forms of N and P were reported in surveyed studies and were 

pooled for statistical analysis to ensure power. Th e forms of N 

were total N (44%), nitrate (46%), and ammonium (10%). 

Th e forms of P were soluble P (48%) and total P (52%).

Theoretical Framework: Buff er Width
Both “width” and “length” have been used in the literature 

to describe the dimension of buff ers, depending on their shape. 

Here we defi ne “buff er width” as the dimension parallel to run-

off  fl ow. Studies on buff er effi  cacy frequently reported that wider 

buff ers removed more pollutants, but they often did not quantify 

the relationship between buff er width and pollutant removal effi  -

cacy. Qualitatively, one would expect that the pollutant reduction 

would increase as width increases, at some point reaching a limit 

where further increasing the buff er width will not substantially 

increase the effi  cacy. Th is expectation was based on two reasons. 

First, while infi ltration is taking place, pollution mass is lost to 

infi ltration with each successive unit of buff er width. Second, the 

most easily trapped forms (e.g., large sediments) of pollutants will 

be easily trapped in the upper buff er while the smaller particles (or 

soluble forms) will be more diffi  cult to trap. Th erefore, a point will 

be reached where eff ectively all of the pollutant has been removed 

and additional buff er width will make little diff erence.

Th e quantity we have chosen to model with respect to pol-

lutants is the total mass of the pollutant removed by the buff er. 

We chose mass over concentration because mass balance is of-

ten used to study environmental transport of pollutants. If data 

on actual pollutant mass measurement did not exist, mass was 

calculated by multiplying concentration and fl ow. Th e removal 

effi  cacy can be defi ned in the following equation:

-
= ×100% = 1- ×100%i f f

i i

m m m
Y

m m

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 [1]

where Y is the percent effi  cacy, m
i
 is the mass of the pollutant 

infl ow into the buff er, and m
f
 is the mass of the pollutant 

outfl ow from that same buff er (Fig. 1).

Assuming the runoff  water is a well mixed column and 

contains pollutants both in dissolved and adsorbed phases. We 

make the following assumption:

Th e probability that any given amount of pollutant will be 

removed by the buff er is constant for a given distance traveled 

through the buff er.

If the probability of removal is constant, then the decrease in 

pollutant mass with distance is proportional to the mass itself:

Table 1. Summary of collected data.

Variables Sediment Nitrogen Phosphorus Pesticides

Number of study sites 27 10 10 4

Number of buff ers 56 22 19 8

Data on buff er width 81 61 52 49

Data on buff er slope 79 12 8 0

Data on vegetation 81 61 52 49
Data on soil drainage 
type

81 61 52 12

Fig. 1.  Model variables in an illustrated vegetated buff er. mi is the mass 
infl ow of pollutant and mf is the mass outfl ow of the pollutant 
after exiting a buff er of width w.
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= -
dm

b×m
dx

 [2]

where m is the mass of the pollutant, x is the distance into the 

buff er, and b is the probability of removal per unit length for a 

given pollutant (here defi ned as constant with respect to x). Th e 

solution to this diff erential equation is of the form:

-= ×e bxm A  [3]

Using the following boundary conditions (from the defi nition 

of effi  cacy in Eq. [1]):

at x = 0, m = m
i
; at x = w, m = m

f
 [4]

where w is the total width of the buff er (Fig. 1), we fi nd that

imA =  and that

= e-b×wf

i

m
m

 [5]

Substituting Eq. [5] into Eq. [1] yields the following relationship 

between effi  cacy (Y) and buff er width (w):

( )-= 1- e ×100%b×wY  [6]

Th is equation should hold for each of the pollutants in question 

(with a diff erent value of b for each pollutant) as long as Eq. 

[2] holds and the probability of removal per unit length (b) is 

constant within the buff er.

In practice, a constant (K) must be introduced to fi t the data:

e-b×wY = K×(1- ) , 0 100K< ≤   [7]

Th is constant refl ects the practical limit on the ability of a 

vegetated buff er to remove a pollutant from runoff . Th is 

quantity is developed further in the discussion section.

Th e assumption used to derive Eq. [2] is reasonable based on 

two reasons. First, removal of dissolved pollutants by infi ltration, 

which is the major mechanism, is proportional to the mass of water 

that infi ltrates. For example, when saturated hydraulic conductiv-

ity is attained, infi ltration becomes constant. In this case change in 

pollutant mass per unit width is also constant. Second, the main 

mechanism for removal of adsorbed pollutant is sedimentation and 

sorption. Both processes are dependent on initial pollutant mass.

However, this is a gross oversimplifi cation. Th e assumption 

does not hold on the following conditions where: (i) water to-

tally infi ltrates within a buff er and no outfl ow occurs at the end 

of the buff er; (ii) additional pollutant mass is released from the 

buff er itself; and (iii) the probability that the particle will be re-

moved depends on the runoff  velocity, particularly for the case 

of sediment, in which velocity decreases due to friction as the 

runoff  travels through the buff er. Nevertheless, this assumption 

captures the basic behavior of pollutants in the buff er and can 

be applied to all the pollutants studied in this meta-analysis.

Theoretical Framework: Eff ect of 

Buff er Slope on Sediment Removal
As buff er slope increases, runoff  velocity increases, reducing 

the residence time of runoff  in the buff er and reducing removal 

effi  cacy. Th ere is evidence, however, that a slight slope facilitates 

runoff  and encourages laminar fl ow across the buff er, increas-

ing removal effi  cacy (Wenger, 1999). Modeling the eff ects of 

slope on laminar fl ow and residence time are beyond the scope 

of this paper; however, the data can be fi t with a segmented lin-

ear model (broken-stick model) to refl ect the change in regime, 

such as increased laminar fl ow and decreased residence time. 

Th is is done by choosing a critical slope, S
c
, at which the latter 

eff ect dominates and the effi  cacy begins to decrease. Th e two 

regimes are then independently fi t to the data as follows;

Y = α + β1 × x – β2 × (x –Sc) × I  [8]

Where x is the slope of the buff er in percent, Y is the pollutant 

removal effi  cacy, and α, β
1
 and β

2
 are fi tting parameters. Th e 

breakdummy I = 1 if x is greater than the break value S
c
, or 0 

otherwise. Th e model can be rewritten to the following form:

1

1 2 2

+ × x when slope
=

+ ( - )× + × when slope >

α β ≤⎧
⎨α β β β⎩

c

c c

S
Y

S x S  [9]

Th is model constrains the two lines to join. Th e values of the 

break point S
c
, α, β

1
, and β

2
 can be estimated using a nonlinear 

algorithm (Piegorsch and Bailer, 2005).

Theoretical Framework: Vegetation and Soil 

Type Classifi cation
Diff erent vegetation types may remove diff erent pollutants 

with varying effi  cacies. Th e studies reviewed in this paper gave 

species names in many cases, but this study group vegetation 

using a functional classifi cation scheme. Many grasses will func-

tion similarly in a vegetated buff er, and many trees will function 

similarly in a buff er. In the analysis, vegetation type was classed 

as either grasses, trees, or a mixture of grasses and trees.

In the literature, soil type was described in a variety of ways, 

including ‘sandy’ or ‘clay’ and in a few cases information was 

given regarding percentage of sand, silt, and clay. To simplify this 

variable, the soil type was categorized by how well the soil drains. 

Th is classifi cation captures the functional eff ect of soil type on 

effi  cacy, because how well the soil drains will aff ect infi ltration of 

runoff  water. In the analysis, soil drainage types were classifi ed as 

well drained, moderately drained, and poorly drained.

Since the variables of vegetation type and soil drainage type 

are categorical, dummy variables were used in the analysis to 

indicate vegetation and soil drainage type: trees (Veg1 = 1), 

mixture of grasses and trees (Veg2 = 1), and grasses (Veg1 = 

Veg2 = 0); and well drained (Sol1 = 1), moderately drained 

(Sol2 = 1), and poorly drained (Sol1 = Sol 2 = 0).

Statistical Analysis
Th is section describes the statistical analyses which test the 

fi t of the aggregated data to Eq. [7] and [8]. Th e aggregated 

effi  cacy data extracted from the reviewed studies were analyzed 

using a set of statistical procedures. Boxplots were created to 

examine the distribution of effi  cacy values. Th e relationship 

between pollutant removal effi  cacy and buff er width was fi tted 

to the theoretical model as shown in Eq. [7] using nonlinear 
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regression analysis. Th e relationship between buff er slope and 

sediment removal effi  cacy was fi tted to the segmented linear 

regression model as shown in Eq. [8]. A preliminary statistical 

model with all the variables including buff er width, slope, veg-

etation type, soil drainage type, and site was built and tested for 

the signifi cance of each independent variable. Statistical tests 

were performed to test the interactions among these variables. 

Results indicated that none of these interaction terms were sig-

nifi cant; therefore the models were built without them.

A fi nal model was built based on the independent variables 

that were found to be statistically signifi cant. To examine the dif-

ferences between and within study sites, a mixed eff ect model was 

fi rst built with a random error associated with site. However, the 

parameter of site and its associated random error were found to be 

not signifi cant with P values > 0.8 for all pollutant models. Th ere-

fore, site was removed from the models. Statistical diagnostics (in-

cluding the normal probability plot of residuals, a plot of the re-

siduals vs. the fi tted values, and a histogram of the residuals) were 

used to determine whether the residuals met the statistical analysis 

assumptions (in particular the normality and constant variance as-

sumptions). Models were selected based on their goodness-of-fi t 

measures such as the R2 value and adjusted R2 value. All the statis-

tical analyses were performed using SAS 9.1 (SAS Institute Inc., 

2004) and SigmaPlot 10 (Kuo and Fox, 1993).

Results and Discussion
Pollutant Removal Effi  cacy

Figure 2 shows the distribution of removal effi  cacy values of veg-

etated buff ers grouped by pollutants across a range of widths (0.5–

35 m) and slopes (2–16%). Th e median removal effi  cacy is highest 

for pesticides (88%), followed by sediment (86%), P (71.9%), and 

N (68.3%). Sediment removal effi  cacy has the lowest standard de-

viation (14.4) of the four pollutants with a range of 45 to 100% 

(Daniels and Gilliam, 1996; Patty et al., 1997). In contrast, N re-

moval effi  cacy has the widest range (2.2–99.9%) and standard de-

viation (21.1). Phosphorus removal effi  cacy has a smaller range (22–

96.3%) than N, but the same standard deviation (21.1). Pesticide 

removal effi  cacy varies the most (standard deviation = 28.5) with a 

wide range in effi  cacy (4.2–99.9%) (Murphy and Shaw, 1997; Patty 

et al., 1997; Watanabe and Grismer, 2001) (Fig. 2).

Eff ects of Buff er Width
Regression equations and parameter estimates from the fi t 

of the data to the theoretical model (Eq. [7]) are summarized 

in Table 2. Estimates of K, which represents the maximum re-

moval effi  cacy of the buff er, ranged from 89.5 to 93.2. Esti-

mates of parameter b, which refl ects the probability of removal 

per unit distance of a given particle of pollutant, ranged from 

0.157 to 0.446. All the models were statistically signifi cant 

(P < 0.001) with R2 values of 0.373, 0.597, 0.437, and 0.352 

for sediment, pesticide, N, and P, respectively (Table 2).

Figure 3 shows the relationship between buff er width and 

pollutant removal effi  cacy for sediment (Fig. 3a), pesticides 

(Fig. 3b), N (Fig. 3c), and P (Fig. 3d). In all cases, as is ex-

pected for an exponential function such as Eq. [7], the removal 

effi  cacy increases quickly with increase in buff er width and the 

rate of increase becomes smaller as the buff er gets wider until 

the effi  cacy approaches a maximum value (the removal capac-

ity). Of the buff ers studied for sediment removal, 97% were < 

20 m in width and more than 60% were <10 m. Buff er widths 

from pesticide removal studies range from 0.5 to 18 m. Re-

moval capacity for pesticides was the highest of the four pollut-

ants with pesticide removal effi  cacy reaching as high as 93.2% 

(Fig. 3b). More than 96% of the buff ers studied for N and P 

removal were < 20 m wide. Nitrogen and P removal effi  cacy 

showed a similar pattern, though N removal effi  cacy reaches 

Fig. 2.  Boxplot of pollutant removal effi  cacy values. The lower and upper 
boundary of the box indicates the 25th and 75th percentile, 
respectively. A line within the box marks the median. Bars above 
and below the box indicate the 90th and 10th percentiles. The 
hollow circles represent observations that are not within the 
range of the 10th to 90th percentile. The numbers displayed 
next to the boxes are the median value of removal effi  cacy. 
Sample sizes are 81, 49, 61, and 52 for sediment, pesticide, N 
(includes various forms of nitrogen), and P (includes various 
forms of P), respectively.

Table 2. Nonlinear regression models and parameter estimates using buff er width as the independent variable.

Pollutant

Y = K × (1 – e-bx) Estimate of K Estimate of b
N R2 SE† P K SE‡ P b SE§ P

Sediment 81 0.373 11.44  <0.001 90.9 1.96  <0.001 0.446 0.047  <0.001

Pesticide 52 0.597 18.30  <0.001 93.2 5.86  <0.001 0.215 0.045  <0.001

Nitrogen 61 0.437 15.94  <0.001 92.0 6.40  <0.001 0.160 0.028  < 0.001

Phosphorus 52 0.352 17.18  <0.001 89.5 7.47  <0.001 0.157 0.033  < 0.001

† Residual standard deviation of regression model.

‡ Standard error of the estimate of K.

§ Standard error of the estimate of b.
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a slightly higher removal capacity (92%) than P (89.5%) (Fig. 

3c, 3d).

Interpretation of K and b
Th e meta-analysis results demonstrate that the relationship 

between pollutant removal effi  cacy and buff er width can be de-

scribed by a model of the form - ×= ×(1- e )b wY K , (0 1K< ≤ 00). 

Although the maximum removal capacity K can be 100 accord-

ing to the model, the estimate of K is always smaller. Th ere are 

several reasons for this fi nding. First, the variance of data for 

statistical estimates of K is essentially the mean of the removal 

capacities of many diff erent buff ers built under various experi-

mental designs. For a given pollutant, some designs may have a 

low probability for pollutant removal and therefore have a low 

effi  cacy for a given width, pulling down the overall removal av-

erage. Second, if our simplifi ed model has overlooked mecha-

nisms that have a signifi cant impact on effi  cacy as a function 

of distance, the inadequacy of the model itself may result in a 

low value of K for a given pollutant. For instance, additional 

nutrients may be released from vegetation or soil during trans-

port through the buff er (Chaubey et al., 1995; Lowrance and 

Sheridan, 2005), and this may cause nutrient mass in outfl ows 

to be higher than our theoretical model can predict because it 

assumes no new pollutant is added within the buff er. Finally, 

chemical partitioning between the water and sediment column 

maintains pollutant residues in water as long as the amount of 

runoff  water is not zero.

Although K is an estimate of the practical limit on the effi  cacy 

of a buff er, some of our data points reach 100% effi  cacy. Th ese 

data might be from situations where no runoff  water fl ows out of 

the buff er, in which our model does not hold. Another possible 

reason is that there is an analytical detection threshold for each 

pollutant below which no pollutant will be detected despite the 

continued presence of the pollutant in runoff . Th is threshold 

indicates that the pollutant may be present at low concentrations 

despite the fact that the analytical analysis does not detect it.

Although our analysis is based on the assumption that the prob-

ability of pollutant removal by the buff er is constant with respect 

to distance traveled through the buff er, more sophisticated models 

can be built by more realistically modeling the probability of re-

moval as a function of x. Many studies have shown that removal 

effi  cacy may be high in the fi rst few meters of a buff er but decreases 

as pollutants travel through the buff er. For example, accumulation 

of sediment changes the microtopography of a buff er and turns 

the runoff  fl ow from laminar to concentrated fl ow (Gharabaghi et 

al., 2006). In this case, b could be described as a function of micro-

topography and fl ow rate. In addition, the estimates of b increase 

in the order of P, N, pesticide, and sediment indicating that b may 

be associated with solubility of the pollutant. Further research is 

needed to investigate the underlying source/sink processes for each 

pollutant to model the effi  cacy when the probability of pollutant 

removal in a buff er is not constant throughout the buff er. Th is can 

be realized when more data become available in the future.

Eff ects of Buff er Slope
In the literature reviewed, buff er slope varied from 2% (Dan-

iels and Gilliam, 1996, Van Dijk et al., 1996) to as high as 16% 

(Dillaha et al., 1989). Th e break point (S
c
) where the relation-

ship between buff er slope and sediment removal effi  cacy changes 

from positive to negative is estimated to be 10% with a 95% of 

confi dence interval of 8.14 to 11.72%. Figure 4 shows the fi t of 

the data to the proposed model (Eq. [8]) which is as follows:

Fig. 3.  Pollutant removal effi  cacy vs. buff er width for each pollutant. Black dots are data and lines are model predictions. Dotted red lines indicate 
95% confi dence band. The limiting value of K is shown in pink with a dotted line. Details of the model are given in each fi gure for (a) sediment, 
(b) pesticides, (c) N, and (d) P.
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71.02 + 2.49× when slope 10%
=

134.09 -3.86× when slope > 10%

≤⎧
⎨
⎩

x
Y

x
 [10]

As shown in Eq. [10], the parameters α, β
1
, and β

2
 are estimated to 

be 71.02 (SE = 3.65), 2.49 (0.67), and –3.86 (1.14), respectively. 

All the estimates are statistically signifi cant with P values < 0.001. 

Sediment removal effi  cacy increases as slopes increase from 0 

to 10%. Buff ers steeper than 10% become less eff ective with 

increasing slope (Fig. 4). Th e fi t to our aggregated data suggests 

that with 95% confi dence, a slope between 8.14 and 11.72% is 

optimum for removing sediments by vegetated buff ers.

Eff ects of Vegetation Type and Soil Drainage Type
Th e impacts of vegetation type on pollutant removal effi  cacy 

were statistically signifi cant for all pollutants except pesticides. 

Buff ers composed of only grasses or trees remove more sediment 

than that with mixed grasses and trees (Table 3). For N and P 

removal, vegetation composed of trees has a higher removal ef-

fi cacy than vegetation composed of grasses or mixed grasses and 

trees (Table 3). Th e impact of soil drainage type on pollutant 

removal effi  cacy was not statistically signifi cant (Table 3) and 

therefore, soil drainage type was not included in the fi nal model. 

Models which include all selected factors are shown in Table 3, 

with R2 values of 0.654, 0.492, 0.475, and 0.597 for sediment, 

N, P, and pesticides, respectively. Th e P values of these models 

show that the models were all highly signifi cant (Table 3).

Sediment Removal Effi  cacy
Vegetated buff ers are generally eff ective in removing sediment 

from runoff . Buff er width, slope, and vegetation type are impor-

tant factors for designing an eff ective buff er. Buff er effi  cacy is more 

sensitive to a change in width at smaller widths, as expected for an 

exponential relationship. Table 4 shows that, increasing the buff er 

width from 5 to 10 m would increase sediment removal effi  cacy 

by 10 to 15%. With a 10% slope, a 20-m buff er composed of 

only grasses or trees would remove almost all the sediment from 

runoff  (Table 4). Th e results illustrated that increasing width to 

more than 20 m does not appreciably increase removal effi  cacy. 

Th is is due to the fact that large soil aggregates (> 40 μm in diam-

eter), sand and silt particles are deposited by sedimentation within 

the fi rst few meters of the buff er (Gharabaghi et al., 2006), while 

small aggregates and fi ne clay particles are removed by infi ltration 

in a wider buff er. When the infi ltration rate is lower than fl ow rate, 

fi ne particles are unlikely to be removed from the water column.

A vegetated buff er with a slope of about 10% (8.1–11.7%) 

is optimum for sediment removal. Increasing buff er slope from 

5 to 10% would increase sediment removal effi  cacy by about 

10%, while increasing slope from 10 to 16% would reduce the 

sediment removal effi  cacy by about 20% (Table 4). A slight slope 

(≤ 10%) may facilitate runoff  and laminar fl ow over the buff er. 

In contrast, increased steepness (> 10%) could increase the fl ow 

velocity of the runoff  water, reducing residence time of runoff  

water and therefore reducing sediment trapping effi  cacy.

Buff ers composed of only grass species or trees remove more 

sediment as compared with buff ers composed of a mixture of 

grasses and trees. Th e data for mixed grasses and trees were main-

ly from two studies, Schmitt et al. (1999) and Väänänen et al. 

(2006). Schmitt et al. (1999) planted young trees and shrubs in 

the lower half of vegetated buff ers and found no impact on fi lter 

performance, while the buff ers in the Väänänen et al. (2006) 

study had very low effi  cacies due to high runoff  volume and 

velocity. Th ese signifi cantly lower effi  cacies might be caused by 

other factors such as placement of trees and runoff  velocity.

R2 values for sediment removal increased from 0.373 to 0.654 

when vegetation and slope were added as additional independent 

variables, indicating the signifi cant impact of slope and vegetation 

in addition to buff er width in accounting for variation in the data. 

Th e full model with buff er width, vegetation type, and slope ex-

plained 66% of the total variance in buff er effi  cacy. Since the non-

linear model contains linear components (slope, vegetation type, 

and soil type), it is inevitable to have predictions of Y over 100. In 

this case, the value of 100 was assigned to the removal effi  cacy.

Th e unexplained variation in sediment removal effi  cacy could be 

due to other factors, such as the type of runoff  fl ow. For example, 

shallow, uniform fl ow is essential in maintaining a high pollutant 

Fig. 4. Correlation between sediment removal effi  cacy and buff er slope.
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removal effi  cacy in vegetated buff ers. Helmers et al. (2005) found 

through modeling buff er sediment trapping that as the convergence 

of overland fl ow increases, sediment-trapping effi  cacy is reduced. 

Dosskey et al. (2002) revealed that the “eff ective buff er area”, which 

is the area of the buff er that fi eld runoff  would encounter, accounted 

for 6 to 81% of the total buff er area. Th e modeled sediment trap-

ping effi  cacy ranged from 15 to 43% for the eff ective area compared 

to 41 to 99% for the total area (Dosskey et al., 2002). Th ese results 

refl ected the extent of concentrated fl ow and its subsequent impact 

on sediment-trapping effi  cacy (Dosskey et al., 2002). Th erefore, the 

maintenance of sheet fl ow, which is typically diffi  cult, is very impor-

tant in maintaining sediment removal effi  cacy. Because our model 

does not include this factor, the higher degree of variance which is 

not accounted for is expected. Th e actual sediment removal effi  cacy 

may be lower than predicted under concentrated fl ow conditions 

and we did fi nd a lower sediment removal effi  cacy at the watershed 

scale compared to the fi eld scale.

Nitrogen and Phosphorus Removal Effi  cacy
Vegetated buff ers are eff ective for removing N and P, with re-

moval effi  cacy of 92% and 89.5%, respectively. Th e models sug-

gest that buff er width and vegetation together explain about 50% 

of the variation in N removal effi  cacy and 48% of the variation in 

P removal effi  cacy (Table 3). Increasing the buff er width from 5 to 

10 m would increase the removal effi  cacy by about 20% and 18% 

for N and P, respectively (Table 4). A 20-m buff er removes about 

91 to 100% and 97 to 100% of N and P, respectively (Table 4).

Buff ers composed of trees generally remove more N from run-

off . Th e signifi cant diff erence indicates that subsurface removal 

of N may be an important mechanism since trees could better 

remove N with their deeper rooting system. Th e potential impor-

tance of subsurface hydrology and biogeochemistry for N remov-

al has been suggested in a previous study (Mayer et al., 2007). 

Denitrifi cation rates are often greatest when the groundwater 

table is near the surface and when microbially-labile carbon and 

nitrate N are in good supply (Bradley et al., 1992; DeSimone and 

Howes, 1996; Groff man et al., 2002). Th e presence of oxygen is 

often the controlling factor for nitrate removal since denitrifi ca-

tion is an anaerobic process and oxygen inhibits the reaction.

However, the impacts of vegetation on P removal are more 

complicated. Our study found that trees generally remove 

more P than grasses. Phosphorus removal also diff ers between 

diff erent grass species. A study by Abu-Zreig et al. (2004) in a 

fi eld near Elora, ON, Canada suggested that native grass spe-

cies were more eff ective in removing P than ryegrass and red 

fescue, and McFarland and Hauck (2004) found that coastal 

Table 3. Eff ects of selected variables and model statistics.

Sediment Nitrogen Phosphorus Pesticide

Buff er width Exponential Exponential Exponential Exponential

Vegetation Grasses/trees > mixed grass and trees† Trees > grasses/mixed 
grasses and trees

Trees > grasses/mixed 
grasses and trees

Not signifi cant

Soil drainage 
type

Not signifi cant Not signifi cant Not signifi cant Not available

Slope Positive when slope ≤ 10%
Negative when slope > 10%

Not available Not available Not available

Full model (a) Slope ≤ 10%; mixed grasses and trees
Y = 6.9 + 2.0 × Xslope + 61.0 × (1 – e-0.35 × xwidth)

(b) Slope ≤ 10%; grasses/trees only:
Y = 21.7 + 2.0 × Xslope 

+ 61.0 × (1 – e-0.35 × xwidth)
(c) Slope > 10%; mixed grasses and trees

Y = 64.9 – 3.8 × Xslope 
+ 61.0 × (1 – e-0.35 × xwidth)

(d) Slope > 10%; grasses/trees only
Y = 79.7 – 3.8 × Xslope + 61.3 × (1 – e-0.35 × xwidth)

 (a) Mixed grasses and 
trees/grasses only

Y = 10.2 + 91.4 × (1 – e-0.11 × xwidth)
(b) Trees only

Y = 23.9 + 91.4 × (1 – e-0.11 × xwidth) 

 (a) Mixed grasses and trees/
grasses only

Y = 30.5 + 147 × (1 – e-0.03 × xwidth)
(b) Trees only

Y = 59.8 + 147 × (1 – e-0.03 × xwidth)

Y = 93.2 × (1 – e-0.22 × xwidth)

Statistics R2 = 0.654 N = 81
P < 0.001

R2 = 0.492 N = 61
P < 0.001

R2 = 0.475 N = 52
P < 0.001

R2 = 0.597 N = 49
P < 0.001

†  This means that buff ers with grasses only or trees only vegetation had higher pollutant removal effi  cacy compared to buff ers with mixed grasses and 

trees vegetation.

Table 4. Predicted pollutant removal effi  cacy.

Predicted removal effi  cacy, %

Buff er width = 5 m 10 m 20 m 30 m

Sediment (a) Slope = 5%; mixed grass and trees 67 76 78 78

(b) Slope = 5%; grass/trees only 82 91 93 93

(c) Slope = 10%; mixed grass and trees 77 86 88 88

(d) Slope = 10%; grass/trees only 92 100† 100 100

(e) Slope = 15%; mixed grass and trees 58 67 68 68

(f ) Slope = 15%; grass/trees only 73 81 83 83

Nitrogen (a) Mixed grass and trees/grass only 49 71 91 98

(b) Trees only 63 85 100 100

Phosphorus (a) Mixed grass and trees/grass only 51 69 97 100

(b) Trees only 80 98 100 100

Pesticide 62 83 92 93

† If predicted values exceed 100, the value of 100 was assigned instead.
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Bermuda grass was more eff ective in trapping P than sorghum 

[Sorghum bicolor (L.) Moench] or wheat (Triticum aestivum L.).

Even though some studies indicated that soil properties can 

aff ect P removal effi  cacy, we did not fi nd a signifi cant eff ect as-

sociated with soil drainage type. Cooper et al. (1995) revealed 

that in riparian zones the degradation of soil structure follow-

ing compaction by grazing resulted in a decrease in buff er ef-

fi cacy. Studies found higher retention effi  cacy for total P and 

dissolved P by sandy soil than silty clay (Magette et al., 1989; 

Schwer and Clausen, 1989). However, soil drainage type as an 

independent variable was not signifi cant in any of our models.

Although we were not able to obtain enough data on slope 

for N and P removal, we suspect that slope would have had 

signifi cant impacts on buff er effi  cacy given the signifi cant 

contribution of slope to the sediment removal model. Further 

research on the eff ects of slope is needed to obtain a more thor-

ough understanding of N and P removal by vegetated buff ers.

Pesticide Removal Effi  cacy
Vegetated buff ers showed high removal effi  cacy for pesti-

cides. Based on our model, a buff er of 30 m could remove 93% 

of the pesticides from runoff . Buff ers wider than 30 m do not 

appreciably improve the removal effi  cacy. Th is prediction is 

mainly based on a model built with studies performed on her-

bicides, with soil and water partition coeffi  cients (K
oc

) ranging 

from 100 to 1000. Pesticides with K
oc

 > 1000 (strongly hydro-

phobic), such as pyrethroids and many organophosphates, can 

adsorb strongly to organic carbon in sediment. Since sediments 

are easily removed by buff ers, these pesticides are more eas-

ily removed by vegetated buff ers. Th is indicates that vegetated 

buff ers could be even more eff ective in removing these hydro-

phobic pesticides than the model predicts because the model is 

based on pesticides with contrasting K
oc

.

Buff er width alone explained over half of the variation in pes-

ticide removal effi  cacy, while vegetation type did not show a sig-

nifi cant impact on pesticide removal effi  cacy. Although we were 

not able to obtain enough data on slope and soil type for pesticide 

removal, we suspect that adding slope and soil type to the model 

would help explain additional variation. Th e unexplained variation 

could also be due to physiochemical properties of pesticides such as 

K
oc
. For water soluble pesticides, infi ltration was expected to be the 

main retention process, while sorption to sediments was expected 

to be the main retention process for hydrophobic pesticides. How-

ever, due to the extremely skewed distribution of K
oc
 values for the 

pesticides used in the studies, we were unable to perform statistical 

analyses on the eff ect of K
oc
. Nevertheless, the R2 value of 0.597 

confi rmed that buff er width was a very important factor governing 

the effi  cacy of pesticide removal by vegetated buff ers.

Model Uncertainties
Although our models captured a reasonable amount of vari-

ance in buff er removal effi  cacy, the model predictions contain 

uncertainty due to three primary reasons. First, our model is 

an oversimplifi cation of a complex set of processes. In addition 

to the factors studied, the area of the fi eld which is the source 

of the runoff , irrigation amount (simulated or natural rainfall) 

and duration of the studies (days vs. months vs. years) may also 

play important roles. Seasonality of vegetation within buff ers 

may also cause the effi  cacy to vary during diff erent times of 

year. While buff ers are typically eff ective when newly installed, 

their effi  cacies may decrease as they age (Wenger, 1999).

Second, the environmental settings and management scenarios 

of the studies vary considerably. Buff ers installed under diff erent 

climate conditions may perform diff erently and require diff erent 

management. Increased infi ltration by buff ers may allow pollut-

ants to reach groundwater in areas with highly permeable soil and 

shallow groundwater tables. Finally, the models for N, P, and pesti-

cide removal would be greatly improved had there been enough in-

formation on buff er slope available in the literature. Th e optimum 

buff er width and slope to achieve reduction for multiple pollutants 

may diff er from the predictions presented in this paper. However, 

the model revealed the quantitative relationships between miti-

gation effi  cacies of vegetated buff ers and their width, vegetation 

type, and slope. Th is information could serve as baseline data for 

setting guidelines for buff er implementation and installation. In 

addition, estimated parameters could facilitate further investiga-

tions on buff er effi  cacy beyond fi eld scale. Researchers have initi-

ated modeling eff orts to evaluate diff erent scenarios to implement 

best management practices at the watershed scale. Th eir modeling 

results have been limited by lack of knowledge of the relationships 

between buff er effi  cacy and key buff er design factors (Arabi et al., 

2007). Th e results of this paper could be a valuable addition to the 

current knowledge base and thus assist in future modeling eff orts 

to study the mitigation effi  cacy of vegetated buff ers.

Conclusions
Th is study quantifi ed the relationship between pollutant re-

moval effi  cacy and key buff er design factors, concluding that 

effi  cacy is largely infl uenced by the buff er width, slope, and veg-

etation type. Statistical models found that buff er width was a 

signifi cant factor in the removal of all the pollutants, explaining 

37, 60, 44, and 35% of the total variance in removal effi  cacy 

for sediment, pesticides, N and P, respectively. Buff er slope was 

shown to be signifi cantly associated with sediment removal ef-

fi cacy, with slopes in the range of 8.14 to 11.72% being optimal. 

Regarding vegetation type, buff ers composed of trees have higher 

N and P removal effi  cacy than other vegetation types. Th e mod-

els established in this analysis are highly useful not only in the 

prediction of the removal effi  cacy of various pollutants, but also 

in the creation of the optimal buff er design to achieve a desired 

reduction of multiple pollutants simultaneously. Th ese models 

can therefore provide valuable information for simulating veg-

etated buff er effi  cacy at the watershed scale, which is increasingly 

becoming a useful scientifi c tool for making eff ective policy and 

regulation decisions to reduce nonpoint-source pollution.

Supplemental Information Available
Aggregated data from the literature review on buff er width, 

vegetation type, soil drainage type and slope, as well as the 

sources of the data are available as supplemental information 

(Supplemental Table S1) at http://jeqscijournals.org.
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