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Introduction 
 
The Maryland Power Plant Research Program (PPRP), which is housed within the 
Maryland Department of Natural Resources (MDNR), is responsible for conducting a 
consolidated review of all issues related to power generation including environmental 
considerations.  Fossil fuel power generation results in air emissions of several 
Environmental Protection Agency criteria pollutants, including NOx.  Atmospheric 
deposition of nitrogen to land and water surfaces introduces a significant amount of 
nitrogen to the Chesapeake Bay and contributes to an excess of nitrogen in both terrestrial 
and aquatic ecosystems.  PPRP is evaluating the effectiveness of vegetated riparian 
buffers for nitrogen removal.  A scientifically defensible and easily communicated 
method for calculating the nitrogen sequestration benefits is needed for the reforestation 
conditions placed on power plant license applicants.  Straughan Environmental Services, 
Inc. (SES), under the direction of Versar, Inc., conducted a literature search to identify 
the range of issues and information available to support the PPRP in evaluating the 
effects of the buffers on nitrogen removal.  Literature relating to the Mid-Atlantic coastal 
plain were specifically targeted, but also included more general resources when 
appropriate.  This literature review supports the PPRP goal of protecting Maryland’s 
natural resources while maintaining our power-generation infrastructure.     
   
 
Literature Search Methodology 
 
In conducting the research, SES used a variety of sources including the Internet, and 
numerous general references and scientific publications found in the National 
Agricultural Library.  SES found over 30 literature sources pertaining to riparian buffers 
and the transport of nitrogen in surface water and groundwater.  Several articles relate 
directly to the Chesapeake Bay, such as the Chesapeake Bay Program and the EPA’s 
publication, and “Chesapeake Bay Riparian Handbook: A Guide for Establishing and 
Maintaining Riparian Forest Buffers.”  SES specifically targeted the literature focused on 
the Mid-Atlantic coastal plain during the literature search, but included more general 
resources when appropriate.  The majority of the information gathered by SES had a 
large degree of consensus and was found in academic journals and institutions.   
 
   
Literature Search Findings 
 
The following table provides a compilation of summaries and data collected from the 
literature search.  SES organized the results of the literature search into the following 
categories: 
 

1. Roles and Functions of Buffers; 
2. Seasons; 
3. Influences on Effectiveness and Limiting Factors; 
4. Vegetation; 
5. Denitrification; 
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6. Statistics; 
7. Buffer Width and Zones; and 
8. Other 

 
The narrative that follows the table consolidates the research results by topic, with a 
summary preceding each topic list.  The narrative is followed by reprints of each piece of 
literature that is included in this review. 
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1  Roles/Functions of Buffers 
 
Buffers are considered vital ecological resources that serve many roles; their ability to 
remove nitrogen from ground and surface water is one important function.  Although it is 
widely accepted within the scientific community that buffers effectively trap pollutants, 
debate remains over the removal rate of efficiency.  The majority of nitrogen pollutants 
enter streams and rivers through groundwater, according to Peterjohn and Correll (1984).  
Buffers uptake nitrate as a plant nutrient, reduce it into nitrogen gas, and release this 
harmless gas into the atmosphere, limiting the nitrate concentration entering surface 
waters.  Riparian buffers play an essential role in protecting the health of our streams. 
 
 

Author Summary of Findings 
 
Alliance for the 
Chesapeake Bay 
 
 
 
 
 
 
 

 
Riparian buffers play a major role in preventing nitrogen from 
entering water.  There are three major functions of buffers:   
1) To control numerous elements of the stream environment, 
including temperature, light, habitat, the food web, and erosion.  
2) To slow water velocity so that sediment settles and buffers can 
then effecitively trap 80-90% of sediment and pollutants. 
3) To remove nitrate in groundwater with a removal rate of up to 
90% in shallow water, but with minimal removal in deeper paths. 
 

 
Chesapeake Bay 
Program, and US 
EPA 

 
Riparian forest buffers can reduce 30-90% of nutrients and 
sediments.  Benefits of buffers include:  

• leaf food for fish and aquatic organisms, when falling into 
the stream;  

• fish/wildlife habitat;  
• nutrient uptake- stored in woody vegetation and through 

denitrification;  
• canopy/shade- keeps water cool and full of dissolved 

oxygen; and  
• filtering runoff- slows water velocity- infiltration 10-15 

times more than grass turf and 40 times more than a 
plowed field. 

 
 
Eastern Canada Soil 
and Water 
Conservation Centre 

 
Buffer strips can be very effective in nutrient removal and 
storage. 
 

 
Gilliam, J.W., D.L. 
Osmond, and R.O. 
Evans 

 
Buffers can reduce nitrate into nitrogen gas, reducing the amounts 
of nitrogen in surface waters. 
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Jacinthe, Pierre-
Andre, Peter M. 
Groffman, Arthur J. 
Gold, and Arvin 
Mosier 

This study focused on proving the hypothesis that the majority of 
denitrification occurred in hotspots of microbial bacteria.  
“Patches comprised of decomposing roots were the most 
biologically active in this study, suggesting that there is a need to 
know which plants are capable of colonizing the subsurface, and 
the biogeochemical factors that influence this colonization.” 
 

 
Jordan, T.E., D.L. 
Correll, and D.E. 
Weller 

 
Riparian buffers, "seem to remove large amounts of NO3 from 
groundwater."  Further research needs to be conducted. 
 

 
Lowrance, Richard 

 
Riparian buffers serve as "important sinks for the removal and 
long-term storage of nutrients coming from agricultural 
drainage."  The entire riparian forest ecosystem is essential for 
nitrogen removal, not just the poorly drained soil. 
 

 
Palone, Roxane S., 
and Albert H. Todd 
(editors) 

 
A riparian forest buffer is defined as "an area of trees and other 
vegetation located in areas adjoining and upgradient from surface 
water bodies and designed to intercept surface runoff, wastewater, 
subsurface flow, and deeper groundwater flows from upland 
sources for the purpose of removing or buffering the effects of 
associated nutrients, sediment, organic matter, pesticides, or other 
pollutants prior to entry into surface waters and ground water 
recharge areas." 
 

Peterjohn, William 
T., and David L. 
Correll 

Groundwater is the dominant pathway for nitrogen movement. 

 
Tjaden, Robert L., 
and Glenda M. 
Weber (a) 

 
A riparian buffer is an area of land bordering a body of water that 
is managed to “reduce the impact of adjacent land use.”  The 
primary role of a riparian buffer, therefore, is to filter sediment 
and pollution from surface runoff and groundwater before they 
enter a stream.   
 

 
Tjaden, Robert L., 
and Glenda M. 
Weber (e) 

 
Due to human population growth, the amount of runoff flowing 
directly into waterways has increased significantly.  Buffers are 
needed to slow runoff and allow excess water to be absorbed back 
into the soil.  This is important to recharge groundwater supplies 
and assist in controlling erosion and sediment, as well as reducing 
the amount of pollutants entering a stream.  A table in the original 
document shows the benefits of different types of vegetation 
found in the riparian buffer (see articles).   
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2  Seasons 
 
Numerous studies concluded there is seasonal variability associated with the rate and  
process of nitrogen removal in riparian buffers, but showed disagreement as to which 
seasons experienced the highest removal rates and why.  Laboratory studies revealed 
nitrogen removal is facilitated by microbial processes and denitrification during the 
winter months when plants are dormant.  During the growing season nitrogen removal 
has been linked directly to vegetative uptake.  Studies have proven denitrification occurs 
year long but plant uptake is the primary factor in nitrogen removal during the spring, 
with nitrogen concentrations being at their highest levels in September.  However, in 
moderately well drained soils this trend did not prevail; one study showed 36% of 
nitrogen being removed in the growing season, as compared to 50-78% nitrogen removal 
in the dormant season.   
 
Author Summary of Findings 
 
Fennessy, M.S., and 
J.K. Cronk 

 
The primary role of plants during the dormant season is as a 
carbon source.  Denitrification is the main mechanism of 
nitrate removal in the dormant season, and although 
denitrification occurs year round, plants are the main 
mechanism during the growing season. 
 

 
Groffman, Peter M., 
Arthur J. Gold, and 
Robert C. Simmons 

 
During the growing season, plants are the primary nitrogen 
removers (or sinks).  During the dormant season, nitrogen 
removal is attributed to microbial processes. 
 

 
Jordan, T.E., D.L. 
Correll, and D.E. 
Weller 

 
Groundwater NO3 rose in the spring and winter at the edge of 
the field.  Nitrogen removal is higher in the spring (0.9 mg/m2 
per hour) than in the fall (0.4 mg/m2 per hour), with a total of 
~60 kg NO3-N/ha per year. 
 

 
Lowrance, Richard 

 
Concentrations of nitrogen tend to be higher in wells in the 
drier months like September. 
 

 
Simmons, Robert C., 
Arthur J. Gold, and 
Peter M. Groffman 

In wetland areas with poorly and very poorly drained soils, 
high nitrogen removal was observed both in the growing and 
dormant seasons.  In transition zones between upland and 
wetlands with moderately well and somewhat poorly drained 
soils, during the growing season only 36% of nitrogen was 
removed; during the dormant season 50-78% of nitrogen was 
reduced.  The water table was 8- to 10-cm deeper during the 
growing season than in the dormant season in the upland 
zones, but with the rise in water, the soil was saturated.    
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3  Influences on Effectiveness and Limiting Factors 
 

Literature indicated widespread agreement that the effectiveness of buffers for nitrogen 
removal is dependent upon numerous factors.  Buffers are very complex and need a 
balance of soils, water, and other elements in order to achieve maximum nitrogen 
removal capacity.  For a buffer to remove nitrogen successfully, an adequate level of soil 
saturation, an abundant supply of carbon and nitrogen, and microbial organisms and 
vegetation must be present.  The buffer must also have the ability to slow runoff so that 
the water has time to infiltrate into the soil where nitrogen can be broken down by 
denitrification or absorbed by plant roots.  Although there is debate over which is the 
most important limiting factor, the availability of carbon, the hydrology in the buffer 
zone, and the land composition are commonly included.   
 
 

Author Summary of Findings 
 
Alliance for the 
Chesapeake Bay 

 
Nitrogen removal is most sensitive to land use, thus, different 
regions have varying nitrate removal effectiveness.  Regions:  
The inner coastal plain has the maximum potential for pollution 
control because shallow groundwater allows plant roots to 
absorb pollutants.  The outer coastal plain is divided into several 
sections, including the well drained upland, which has little 
uptake because water drains quickly through soil; the poorly 
drained upland which has better nitrogen uptake than the well 
drained upland; and the shoreline, which is affected by tide and 
does not uptake nutrients very well.  In the piedmont region 
removal capabilities vary.  Piedmont areas with thin soil and 
shallow groundwater remove nitrate well, areas with deep soils 
have longer flow paths and poor nutrient removal.  Geological 
differences in valley and ridge/Appalachian regions make 
effectiveness of buffers on nitrogen removal unknown.    
 

 
Ambus, Per, and 
Richard Lowrance 

 
Denitrification potential is limited by carbon availability.  The 
rate of denitrification is also influenced by the type of soil.  
Kinston soil was dependent on aquifer level, water levels had to 
be within 25-35 cm of the surface.  Alapaha was dependent upon 
mineralization of plants and availability of NO3.   
 

 
Dillaha, T.A., R.B. 
Reneau, S. 
Mostaghimi, and D. 
Lee 

 
The steepest plots and those with concentrated flow were least 
effective buffers.  Also, the more sediment that flows through the 
area, the more nitrogen will bind to particles and be washed 
through the buffer.   
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Eastern Canada Soil 
and Water 
Conservation Centre 

The slope of the river bank can affect the buffer strip.  If the 
bank is steeper than 12%, then the buffer will not be effective in 
nitrogen removal. 
 

 
Fennessy, M.S., and 
J.K. Cronk 

 
Fluctuating water levels influence nitrogen removal. The longer 
water and nitrogen remain in a buffer system, the more effective 
nitrogen removal processes will be. Other mechanisms of 
nitrogen removal include sedimentation, soil adsorption, and 
microbial transformation.          
 

 
Gilliam, J.W., D.L. 
Osmond, and R.O. 
Evans 

 
The most important factor in reducing nitrogen is hydrology.  An 
effective buffer requires that runoff be slowed so that sediment 
can settle.   
 

Groffman, Peter M., 
Eric A. Axelrod, 
Jerrell L. Lemunyon, 
and W. Michael 
Sulllivan 

Denitrification is limited by the presence of oxygen and by the 
absence of nitrogen and carbon. 
 

 
Groffman, Peter M., 
Arthur J. Gold, and 
Robert C. Simmons 

 
Plants and microbial pools either become saturated with nitrogen 
over time and unable to function, or the saturation may stimulate 
plant and microbe populations, leading to an increase in nitrogen 
removal. 
 

 
Haycock, N.E., and 
G. Pinay 

 
The two main mechanisms in nitrogen removal are vegetative 
biomass uptake and bacterial denitrification.  The rate of 
nitrogen removal depends on the amount of nitrogen present in 
the water, the width of the buffer, and the soil type.  A study 
comparing a poplar buffer and a grass buffer revealed the poplar 
buffer may have had a higher efficiency rate than the grass 
buffer because the trees increased carbon availability.  The more 
surface water flow there is, the less nitrogen retention there is.  
During the winter it is important that the surface flow be 
decreased so that water moves through soil instead of over it to 
achieve maximum retention. 
 

 
Inamdar, Shreeram, 
Lee Altier, Richard 
Lowrance, Randy 
Williams, and Robert 
Hubbard 

 
The presence of carbon is fundamental to nitrogen removal. 

Riparian Buffer Effectiveness 12 Straughan Environmental Services, Inc. 
Literature Review  January 2003 



 
Jacinthe, Pierre-
Andre, Peter M. 
Groffman, Arthur J. 
Gold, and Arvin 
Mosier 

 
The lack of organic carbon is the major limiting factor in 
nitrogen removal in soils and aquifers.  

 
Klapproth, Julia C., 
and James E. Johnson 

 
One of the most important influences in nutrient removal is the 
velocity of the running water through the buffer.  Water must be 
slowed in order for the water and nitrogen to be absorbed into 
the soil.  Where the water table is higher and soils are more 
organic, there is a more efficient reduction in nitrogen 
concentrations.  Carbon is an important limiting factor.   
 

 
Lowrance, Richard 

 
Factors increasing nitrogen removal in coastal plain riparian 
zones include year round root growth, leaf litter, and fine root 
biomass near the soil surface, as well as denitrification. 
 

 
Minnesota Pollution 
Control Agency 

 
Buffers work best in areas where groundwater is close to the 
surface so plant roots can absorb nutrients.   Nitrogen removal 
increased under the following favorable conditions: 

• permeable soils so the water can infiltrate; 
• shallow groundwater (3-10 feet); 
• uniform groundwater flow; 
• water with high concentrations of reduced sulfur to 

replace carbon; 
• more plants; and 
• a wider buffer zone. 

 
 
Simmons, Robert C., 
Arthur J. Gold, and 
Peter M. Groffman 

 
Groundwater NO3 can be removed by denitrification, plant 
uptake, and microbial immobilization.  Microbial activity and 
organic matter is concentrated near the surface and declines with 
depth (Parkin and Meisinger, 1989).  Spatial and seasonal 
variation of water table elevation strongly influences NO3 
concentrations in groundwater. 
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4  Vegetation 
 
There is widespread agreement that the functions of riparian buffers depend on the type 
of vegetation that will be planted in the area, and that some plants are more efficient at 
nitrogen removal than others.  Scientific literature has shown that vegetation can remove 
33% of nitrogen from shallow groundwater, however, certain plants like the poplar have 
been known to remove up to 99% of nitrogen in surface runoff.  Trees and grasses obtain 
nitrogen from the soil and groundwater, whereas legumes receive their nitrogen from the 
air.  Plant uptake and storage is an extremely important component in the reduction of 
nitrogen.  Although plants absorb and store nitrogen, when they die or lose their leaves, 
they deposit much of the stored nitrogen back into the soil and water through the 
remineralization process.  Experts encourage selective harvesting of mature trees within 
the buffer zone to reduce remineralization, as well as promote the growth of younger 
trees.  Although trees are more efficient at nitrogen removal than grasses, planting a 
mixture of both in different zones is suggested to maximize the overall potential of the 
buffer.  There are benefits to having both in a buffer, and the combination of trees and 
grasses enhances all functions of the buffer, making it a more stable environment.       
 
 

Author Summary of Findings 
 
Alliance for the 
Chesapeake Bay 

 
Growing trees absorb more nutrients than old trees; therefore, 
harvesting can be beneficial, in moderation. 
 

 
Ambus, Per, and 
Richard Lowrance 

 
In the coastal plain, vegetation can uptake 50 kg/ha/yr of 
nitrogen (Fail et al., 1986). 
 

 
Eastern Canada Soil 
and Water 
Conservation Centre 

 
Some plants are more efficient than others in nitrogen removal, 
such as poplars, which can remove up to 99% of nitrate in runoff 
(Haycock and Pinay, 1993).  Grasses use the nitrogen available 
in soil, whereas legumes are more likely to get nitrogen from the 
air (Lemunyon, 1991). 
 

 
Fennessy, M.S., and 
J.K. Cronk 

 
Forested buffer strips are more efficient at nitrogen removal 
from groundwater than herbaceous buffers because tree roots 
produce more carbon at greater depths.  However, woody trees 
take a long time to reach maximum removal function, whereas 
herbaceous plantings can be established quickly.  Plants are 
essential to nitrogen removal because they: 

• promote sedimentation and decrease erosion; 
• take up nitrogen; 
• increase oxygen levels in soils; 
• create litter which provides habitat for microbial 
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organisms and an available source of carbon; and  
• help increase infiltration of water into soil.   

When nitrogen is available, plants often uptake more than 
needed for growth.  The woody parts of trees provide long-term 
nitrogen storage.  Although plants store nitrogen temporarily, the 
form of movement and timing of release changes with seasons 
and types of vegetation.    
 

 
Gilliam, J.W., D.L. 
Osmond, and R.O. 
Evans 

 
Plant roots are essential to absorb nitrate and provide energy for 
bacteria to encourage denitrification.     
 

 
Klapproth, Julia C., 
and James E. Johnson 

 
Uptake in vegetation removes nitrogen, however, plants 
eventually die and return some nitrogen to the soil.  Forests and 
grasses reduce nitrogen, forests more efficiently than grasses, but 
more importantly, the presence of carbon and the right soils are 
needed. 
 

 
 
Lowrance, Richard, 
Robert Todd, Joseph 
Fail, Jr., Ole 
Hendrickson, Jr., 
Ralph Leonard, and 
Loris Asmussen 

 
 
Periodic harvesting of mature trees in buffers is important to 
remove stored nitrogen. 
 

 
Minnesota Pollution 
Control Agency 

 
Vegetation can remove one-third of nitrogen from shallow 
groundwater and store it in its tissues. 
 

 
Palone, Roxane S., 
and Albert H. Todd 
(editors) 

 
Plants absorb nutrients when the water table is within the root 
zone.  Zones 1 and 2 with soils from Hydrologic Groups  A and 
B consist of native upland trees, and Groups D and C consist of 
native streamside trees.  
 

 
Peterjohn, William 
T., and David L. 
Correll 

 
Plant uptake is defined as, "the annual elemental increment 
associated with the bole, branches, and large roots, plus the 
annual loss in leaf litterfall and throughfall."  Nitrogen uptake by 
plants was 77 kg/ha/yr, with leaf litter returning 62kg/ha/yr + 3.7 
kg/ha/yr by throughfall.  Only 33% of nitrogen was removed by 
plants, suggesting that most nitrogen removal is by 
denitrification. 
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Simmons, Robert C., 
Arthur J. Gold, and 
Peter M. Groffman 

 
Plant uptake requires groundwater to be within the root zone 
during the growing season. 

 
Tjaden, Robert L., 
and Glenda M. Weber 
(b) 

 
This in-depth review suggests species of trees to plant in forested 
riparian buffer zones, and although it does not remark on 
nitrogen removal, it does provide a detailed table of tree 
information (see article).   
 

 
Tjaden, Robert L., 
and Glenda M. Weber 
(c) 

 
This in-depth review suggests species of shrubs to plant in 
forested riparian buffer zones, and although it does not remark 
on nitrogen removal, it does provide detailed tables of understory 
shrubs and tree characteristics (see article). 
 

 
Tjaden, Robert L., 
and Glenda M. Weber 
(d) 

 
This in-depth review suggests species of grasses to plant in 
forested riparian buffer zones to optimize nitrogen removal and 
encourage wildlife.  Planting and maintenance advice, as well as 
including many tables that may be useful for species selection, 
are found in the original document (see article). 
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5 Denitrification 
 
Research in the literature summaries consistently indicated that denitrification is the 
primary mechanism in nitrogen removal during the winter months when the plants are 
dormant, and continues breaking down nitrogen year round.  Denitrification is the process 
in which bacterial organisms use nitrate for food or respiration, then convert the nitrate to 
N2O, then to harmless N2 gas, when it is eventually released into the atmosphere.  The 
denitrifying bacteria require anaerobic conditions with a high soil saturation, at least 60% 
of soil pore space filled with water, and an abundant source of carbon and nitrogen.  The 
majority of studies show most denitrification occurring in the forested zone of the buffer 
in close proximity to a grass field, between 10 and 15 feet.  Not much activity occurs in 
the soil below six inches of the surface, however, in the top 2 centimeters as much as 
88% of the total denitrification process takes place. 
 
 

Author Summary of Findings 
 
Ambus, Per, and 
Richard Lowrance 

 
Denitrification rates vary by the depth of soil; for Alapaha soil 
88% of total denitrification potential of the top 10 cm of soil  
was within the first 2 centimeters, as compared to only 68% in 
the Kinston soil.  The top 1 cm of soil had significantly more 
denitrification potential than at other depths of soil.  
Denitrification potential is low for deeper soils; therefore, it is 
unlikely that denitrification is the major cause of nitrogen 
removal for the first 10-20 meters of flow through the buffer in 
Alapaha soil.   Due to denitrification, Kinston aquifer material 
can remove up to 224 kg/ha/yr of N2O for each 10 cm thickness 
of soil, compared to Alapaha soil which can remove 2 kg/ha/yr 
of N2O.  
 

 
Davidson, Eric A., 
and Wayne T. Swank 

 
Due to denitrification, the highest rates of N loss are likely to be 
found in riparian zones because soils are wetter and more 
organic matter is available.  The highest denitrification rates 
occurred at poorly drained sites with low ambient NO3. 
 

 
Eastern Canada Soil 
and Water 
Conservation Centre 

 
Denitrification has been shown to be effective enough alone to 
remove all nitrogen from water. 
 

 
Fennessy, M.S., and 
J.K. Cronk 

 
Denitrification removes nitrogen permanently from a system by 
breaking it down into gas.  Most activity occurs in the top 6 cm 
of soil.  Denitrification removes most nitrogen from subsurface 
water and is the primary mechanism for nitrate removal. 
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Gilliam, J.W., D.L. 
Osmond, and R.O. 
Evans 

 
Denitrification occurs almost exclusively in water-saturated 
zones where organic matter is present.  Denitrification occurs 
within a narrow area, between 10 to 50 feet from grassy zone of 
the buffer.  The majority of denitrification occurs within the first 
15 feet of forested buffer.     
 

 
Groffman, Peter M., 
Eric A. Axelrod, 
Jerrell L. Lemunyon, 
and W. Michael 
Sulllivan 

 
Bacteria use NO3 for respiration in anaerobic conditions. 
 

 
Groffman, Peter M., 
Arthur J. Gold, and 
Robert C. Simmons 

 
Denitrification is a microbial process which permanently 
removes nitrogen from the soil by breaking NO3 into N2 gas, 
which is then released into the atmosphere.  Plants release 
nitrogen back into the soil through remineralization.   
 

 
Haycock, N.E., and 
G. Pinay 

 
During the winter months when plants are dormant, 
denitrification is believed to be the primary factor in nitrogen 
removal.   
 

 
Inamdar, Shreeram, 
Lee Altier, Richard 
Lowrance, Randy 
Williams, and Robert 
Hubbard 
 

 
Denitrification occurs after soil pore spaces fill with more than 
60% water. 
 

 
Jacinthe, Pierre-
Andre, Peter M. 
Groffman, Arthur J. 
Gold, and Arvin 
Mosier 

 
Very low rates of denitrification can remove large amounts of 
NO3 if groundwater is moving very slowly through a large 
volume of material, as is frequently the case in riparian forests. 
 

 
Klapproth, Julia C., 
and James E. Johnson 

 
The primary mechanism for nitrogen removal is denitrification, 
which is when NO3 is changed to N2O and N2 gas and goes back 
into the atmosphere.  This process requires a high water table, 
aerobic and anaerobic conditions, a large amount of denitrifying 
bacteria, and carbon (Lowrance and others, 1995). 
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Lowrance, Richard 88% of denitrification potential occurs in the top 2 centimeters of 
soil, thus, little denitrification is expected in shallow 
groundwater. 
 

 
Lowrance, Richard, 
Robert Todd, Joseph 
Fail, Jr., Ole 
Hendrickson, Jr., 
Ralph Leonard, and 
Loris Asmussen 

 
"Denitrification outputs alone were enough to remove all the N 
inputs from upland fields to the riparian zone."  Riparian forests 
have ideal conditions for denitrification, including high organic 
matter from forest litter, seasonal waterlogging, and large inputs 
of NO3-N in subsurface groundwater. 
 

 
Minnesota Pollution 
Control Agency 

 
In denitrification, bacteria use NO3 as a food source and turn the 
nitrogen into harmless gas. 
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6  Statistics 
 
Many studies and much research has focused on trying to determine the effectiveness of 
riparian buffers on nitrogen removal.  Both field and laboratory studies have been 
conducted to quantify the amount of nitrogen that enters a buffer compared to the amount 
of nitrogen that exits into the water body.  Although laboratory studies provide insight 
into how a buffer works, it is difficult to replicate the exact makeup of a buffer in the lab, 
and the results are consequently often varied.  Both field and laboratory studies have 
revealed the high potential of buffers in nitrogen removal:  a 30-foot vegetated filter strip 
(VFS) removed 96-99.9% of nitrogen from water; another 30-foot VFS only removed 
76% of nitrogen, 57% of NO3 and 72% of NH4; a 62-foot buffer removed 60.4% of 
nitrogen in surface runoff; and on the eastern shore of Maryland, a buffer removed 95% 
of NO3 runoff.  Numerous studies have developed such statistics, and many are in 
conflict with each other.  Additionally, there are numerous factors that influence the 
effectiveness of riparian buffers and it is extremely difficult to measure the buffers both 
in and out of the laboratory. 
 
 

Author Summary of Findings 
 
Alliance for the 
Chesapeake Bay 

 
Newly established buffer zones will reach maximum functioning 
in 15-20 years, but within 5-10 years their functions can still 
have a “substantial impact.” 
 

 
Ambus, Per, and 
Richard Lowrance 

 
The riparian buffer consisting of Alapaha soil was 50 meters 
wide with poorly drained soil.  The Kinston soil buffer was 300 
meters wide, and was subject to more flooding and organic 
matter than Alapaha soil.  The Kinston buffer had higher rates of 
denitrification for treatments including when NO3 and carbon 
was added, NO3 alone, and at different depths.  With the addition 
of NO3, the rate of denitrification in the Kinston soil buffer 
increased 23-fold, and 8-fold in the Alapaha soil buffer.  The 
rates doubled again for both buffers with the addition of NO3 and 
carbon.  The Kinston soil buffer had three times the rate of 
nitrogen removal than the Alapaha buffer.              
   

 
Castelle, A.J., A.W. 
Johnson, and C. 
Conolly 

 
A 15-foot Vegetated Filter Strip (VFS) reduced nitrogen by 90% 
and a 30 foot VFS trapped 96-99.9%.  However, a VFS greater 
than 30 feet did not increase efficiency (Madison et al., 1992).  
In the North Carolina Piedmont, a 10-meter herbaceous and 
forested strip reduced nitrogen levels from 764 mg NO3-N kg-1 
to 0.5 mg NO3-N kg-1 (Xu et al. 1992).  Forest buffers in the 
Maryland coastal region removed 89% of excess nitrogen within 
the first 62 feet of buffer (Shisler et al., 1987). 
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Davidson, Eric A., 
and Wayne T. Swank 

 
Nitrogen removal rates in eastern hardwood forests dominated 
by black locusts were estimated at 30 kg/ha/year. 
 

 
Dillaha, T.A., R.B. 
Reneau, S. 
Mostaghimi, and D. 
Lee 

 
Several plots of cropland were divided into 5.5 x 18.3-foot areas 
with either no VFS, or sections of VFS 4.6 meters or 9.1 meters 
long.  The 4.6-m VFS reduced nitrogen by 63% and the 9.1-m 
VFS by 76%.  NO3 was reduced by 27% and 57%, and NH4 by 
50% and 72%, respectively.   
 

 
Eastern Canada Soil 
and Water 
Conservation Centre 

 
One hectare of forested buffer can remove 45 kg of nitrogen in 
one year.  A 19-meter strip was shown to remove 60.4% of 
nitrate/nitrogen from surface runoff (Peterjohn and Correll, 
1984). 
 

 
Gilliam, J.W., D.L. 
Osmond, and R.O. 
Evans 

 
One forested buffer in the coastal plain removed up to 263 lb 
nitrogen per acre/per year by the process of denitrification.  On 
average, removal rates are between 18-55 pounds of nitrogen per 
acre/per year. 
 

 
Groffman, Peter M., 
Eric A. Axelrod, 
Jerrell L. Lemunyon, 
and W. Michael 
Sulllivan 

 
Grass plots had a higher rate of denitrification than forest plots 
when NO3 or NO3 + glucose was added in aerobic and anaerobic 
conditions, suggesting that fertilizer and lime from agriculture 
create favorable soil chemistry.  Sites with higher pH’s tended to 
have a higher rate of denitrification.  Therefore, wetland forests 
did better at nitrogen removal than upland forests.  Carbon is 
important, but whether because it increases substrate availability, 
depletes oxygen levels, or both, is unknown.                
 

 
Groffman, Peter M., 
Arthur J. Gold, and 
Robert C. Simmons 

 
A higher rate of denitrification enzyme activity (DEA) occurs in 
poorly drained soils and a lesser rate in moderate/somewhat 
poorly drained soils.  Carbon is more abundant in wetlands than 
in transitional zones.  There was “significant spatial variation in 
microbial processes,” with more DEA occurring in wetlands 
with high levels of carbon and anaerobic conditions.  Also, there 
was more microbial biomass and activity in these areas as well. 
 

 
Hanson, Gay C., 
Peter M. Groffman, 
and Arthur J. Gold 

 
Opposite stream banks were examined for nitrogen removal 
efficiency, one with a residential development upland (east 
bank), and the other with relatively no development (west bank).  
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A previous study by Simmons et al. (1992) determined the 
groundwater on the east side had high concentrations of NO3.  
The residential side of the stream had a higher rate of 
denitrification than the undeveloped side.  The differences were 
significant in all types of soils, except for the moderately drained 
soil.  The wetland end had more denitrification activity than the 
upland, but not significantly more.  In the undeveloped soil, the 
highest rate of denitrification occurred in the very poorly drained 
soil.  In the developed site, there were higher concentrations of 
water and NO3 than at the undeveloped site. Therefore, 
subsurface NO3 levels influence amount of denitrification that 
will occur.  In the enriched site, there was a 59% removal of 
NO3. 
 

 
Haycock, N.E., and 
G. Pinay 

 
A grass buffer strip was compared to a poplar buffer strip to 
evaluate the effectiveness of each at nitrogen removal.  The 
poplar buffer had almost 100% retention efficiency of the 
applied NO3 load, whereas the grass buffer only retained about 
84% of the NO3.  Both riparian zones had the greatest decrease 
in nitrogen levels within the first 10 meters of the buffer.  During 
storms, the grass buffer retention levels dropped to 20-30% until 
peak discharge, when efficiency climbed back to 80-90% 
retention. 
 

 
Jacinthe, Pierre-
Andre, Peter M. 
Groffman, Arthur J. 
Gold, and Arvin 
Mosier 

 
There are discrepancies between lab studies on NO3 removal and 
field-based studies.  Microbial hotspots in soils, which are hard 
to replicate in the laboratory, are major sites of N removal. 
 

 
Jordan, T.E., D.L. 
Correll, and D.E. 
Weller 

 
Groundwater nitrate concentrations dropped from 8 mg/L to 0.4 
mg/L halfway through a riparian forest on a floodplain in 
Centreville, MD (95%).  Most change occurred 25-35 meters 
from the edge of the cornfield.  Dissolved organic nitrogen and 
NH4 rose less than 0.1 mg/L moving away from the cornfield. 
 

 
Klapproth, Julia C., 
and James E. Johnson 

 
In Maryland, the study indicated that the first 62 feet of buffer 
removed 89% of nitrogen on the Chesapeake Bay’s western 
shore (Peterjohn and Correll, 1984).  On the eastern shore, 
buffers removed 95% of NO3 runoff (Jordan and others, 1993).  
In Maryland, a forest buffer took up 69 lbs of nitrogen per 
acre/yr but returned 55 lbs of nitrogen per acre/yr (Peterjohn and 
Correll, 1984). 
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Lowrance, Richard Within the first 10 meters of the forest buffer, NO3 and the  
NO3 /Cl ratio decreased by a factor of 8 to 9.  Nitrate increased in 
the middle of the forest to 3 mg/L, but then decreased to less 
than 1 mg/L 5 meters from the stream. 
 

 
Lowrance, Richard, 
Robert Todd, Joseph 
Fail, Jr., Ole 
Hendrickson, Jr., 
Ralph Leonard, and 
Loris Asmussen 

 
There was a 68% retention rate of nitrogen in the buffer area.  
The most NO3 was removed  in the first 10-20 meters of shallow 
groundwater flow in the forest. 
 

 
Minnesota Pollution 
Control Agency 

 
Forest buffers work best, with 99% nitrogen removal, as 
compared to 85% for grass buffers. 
 

 
Peterjohn, William 
T., and David L. 
Correll 

 
An agricultural watershed showed that 14.2 kg/ha of total 
nitrogen was delivered into the watershed by bulk precipitation 
(34% nitrate-N, 20% ammonium-N, and 46% organic N).  The 
discharge was 17% of nitrate-N, 2 % of ammonium-N, and 4% 
of organic-N.  Peak output for each was winter, spring, and 
summer, respectively.  Within the first 19 meters of the buffer, 
79% of nitrate, 73% ammonium-N, and 62% of organic-N 
surface runoff were reduced.  Concentrations of organic-N on 
sediment increased after moving through the buffer zone from 
0.3-0.64%.  Annual removal from groundwater was estimated to 
be 45.5 kg/ha/yr of nitrate-N, with releases of 0.917 and 0.194 
kg/ha/yr of ammonium-N and organic-N respectively.  Total 
nitrogen exports from cropland consisted of 64% from harvested 
crops, 9.2% in surface runoff, and 26% in groundwater flow.  
The cropland only retained 8% of nitrogen.  For forest, nitrogen 
came 17% from precipitation, 61% from groundwater, and 22% 
in surface runoff.  89% of the nitrogen was retained by the forest.
 

 
Simmons, Robert C., 
Arthur J. Gold, and 
Peter M. Groffman 

 
Wetland soils are consistently more efficient at nitrogen removal 
than transitional zones (with P<0.05).  However, during the 
dormant season, somewhat poorly drained soil had 78% nitrogen 
reduction and very poorly drained soil had 97%.  
 

 
Welsch, David J. 

 
Nitrogen concentrations in water can be reduced by 80% after 
going through a streamside forest.  Estimates show that 25% of 
nitrogen removed is stored in woody vegetation for extended 
periods of time.    
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7  Buffer Width and Zones  
 

According to dozens of literature sources, the most commonly suggested way to plant a 
buffer that will successfully remove nitrogen from ground and surface water is to use a 3-
Zone system.  Zone 1, nearest to the stream, is comprised of native trees to provide shade 
and shelter to the stream, as well as to prevent erosion.  Zone 2 consists of forest with 
trees selectively harvested to remove stores of nitrogen.  Zone 3 consists of grasses, and 
its primary job is to slow the surface water velocity so that it infiltrates into the soil.  
There are differing opinions on where most nitrogen removal occurs, with some saying 
that the Zone 2 is the primary site for nutrient removal and others saying the first few 
meters of the buffer (Zone 3) are the most effective.  There are some discrepancies 
regarding width requirements for a buffer, but most agree that the buffers should be no 
less than 75 feet wide on each side of the stream.  Generally, the following widths are 
proposed for each zone:  Zone 1 should be 15 feet wide, Zone 2 is 60 feet wide, and Zone 
3 is 20 feet wide.  These widths are also going to change depending on the adjacent land 
use and physical characteristics of the surrounding land. 

 
 
Author Summary of Findings 

 
Alliance for the 
Chesapeake Bay 

 
The three-zone buffer system recommends that Zone 1 consist of 
permanent trees to control stream area; Zone 2 be managed for 
optimal pollutant removal; and Zone 3 be planted with grasses to 
slow runoff velocity.  Buffer widths should be from 75-100 feet 
on each side of the stream. 
 

 
Castelle, A.J., A.W. 
Johnson, and C. 
Conolly 

 
VFSs have been known to be very efficient at removing 
nitrogen, depending on their widths.  Buffers need to be between 
3-200 meters wide, depending on conditions.  The minimum 
width is 15-30 meters. Adequate buffer size depends on resource 
functional value, adjacent land use, buffer characteristics, and 
buffer function.  
 

 
Chesapeake Bay 
Program, and US 
EPA 

 
Potential reduction of nitrogen with varying widths and types of 
buffers:  

• A 15-foot grass buffer can remove up to 4%;  
• 30 feet of grass removes 22.7%;  
• 62 feet of forest removes 74.3%;  
• 76 feet of forest and grass removes 75.3%; and  
• 95 feet of forest and grass removes 80.1% of nitrogen. 

Recommends the 3-zone buffer system: Zone 1 should be 
undisturbed; Zone 2 is managed; and Zone 3 is the outer edge of 
grasses. 
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Eastern Canada Soil 
and Water 
Conservation Centre 

 
This organization’s 3-zone concept recommends buffers should 
be divided into sections 5 meters, 18 meters, and 6 meters wide, 
as you move away from the river.  The USDA gives a 25-30 
meter width total (Welsch, 1991). 
 

 
Fennessy, M.S., and 
J.K. Cronk 

 
As buffer width increases to 20-30 meters, nitrate removal in 
subsurface flows increases.  The bulk of nutrient removal occurs 
in the first few meters of the buffer.  Buffer widths of 30 meters 
can remove nearly 100% of nitrate. 
 

 
Gilliam, J.W., D.L. 
Osmond, and R.O. 
Evans 

 
A 3-Zone Buffer is recommended.  Zone 1 should be 15 feet 
wide; Zone 2, 60 feet; and Zone 3, 20 feet wide, at a minimum.  
Zone 1 should be undisturbed, Zone 2 should be harvested to 
promote growth, and Zone 3 can have controlled grazing.   
 

 
Haycock, N.E., and 
G. Pinay 

 
A 26-meter-wide forested buffer removed almost 100% of 
nitrogen from subsurface water that contained initial inputs of 2-
9 mg/L.  A 27-meter buffer strip had a residence time, or 
remained in the soil, for 12 to 1,000 days.   
 

 
Inamdar, Shreeram, 
Lee Altier, Richard 
Lowrance, Randy 
Williams, and Robert 
Hubbard 

 
Zone 2 in the 3-zone buffer system is most effective at removing 
nitrate concentrations in subsurface flow.  Zone 3 is effective at 
reducing nutrients in surface runoff and sediment.  There does 
not appear to be much difference in the reduction of nitrate 
concentrations between Zone 2 and Zone 1.  This does not 
necessarily mean that Zone 1 is ineffective, but mineralization 
and other processes may be occurring. 
 

 
Klapproth, Julia C., 
and James E. Johnson 

 
Buffers work best in a 3-Zone system, with a width of at least 75 
feet on each side of the stream (Welsch, 1991). 
 

 
Minnesota Pollution 
Control Agency 

 
The width of a buffer zone should be at least 60 feet plus 20 feet 
of grassland, and have a tree density of 35% of the total area. 
 

 
Palone, Roxane S., 
and Albert H. Todd 
(editors) 

 
Buffers should be divided into 3 zones.  Zone 1 is closest to the 
stream and is 15 feet wide, providing shade and stream bank 
stability, and can only filter sheet flow/subsurface water.  This 
zone is protected from human activity and has mostly native 
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trees and shrubs planted.  Zone 2 is 60 feet wide, providing 
carbon energy and a site for nutrient removal, and can only filter 
sheet flow/subsurface water.  Wood harvesting is encouraged to 
remove nitrogen concentrations and promote growth; native trees 
and shrubs should be planted.  Zone 3 is 20 feet wide, providing 
filtering and nutrient uptake and slowing down water velocity.  
Vegetation includes mostly grasses that need to be maintained 
and grazed consistently. (Widths are minimums).  Refer to 
original text for Land Capability Class widths.     
 

 
Simmons, Robert C., 
Arthur J. Gold, and 
Peter M. Groffman 

 
A 9-meter strip of  forest buffer with subsurface water retained 
61-97% of nitrogen with an inflow of 180 mg/L. 
 

 
Tjaden, Robert L., 
and Glenda M. Weber 
(a) 

 
A buffer should be at a minimum between 35 to 100 feet in 
width, depending on other factors such as slope and vegetation.  
The Three-zone Buffer Concept details the different types of 
vegetation to be planted near the stream to optimize the 
efficiency of the buffer.  Zone 1 should incorporate native trees 
that are flood tolerant to assist with streambank stability and 
shading.  Zone 2 includes shrubs as well as large trees and is 
most essential for nutrient absorption and wildlife diversity.  
Zone 3 is comprised primarily of grasses to provide ground 
cover and to slow the velocity of surface runoff. 
 

 
Welsch, David J. 

 
Literature recommends the 3-Zone buffer system.  The width of   
Zone 1 should be 15 feet; Zone 2, 60 feet; and Zone 3, 20 feet. 
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8  Other 
 
The literature indicated widespread consensus that the increases in urbanization and 
farming have drastically impacted forests and streams.  Nearly 50% of streamside forests 
in the Chesapeake Bay watershed have been lost due to human population growth, with 
some counties clearing 80% of their forests.  Without trees and forests protecting our 
streams,  the levels of nitrogen and other pollutants entering water sources have increased 
dramatically.  The establishment of riparian buffers and streamside forests can decrease 
the concentrations of nitrogen entering the water.  However, it takes up to 20 years for a 
forest buffer to mature and become fully functioning. 

 
 

Author Summary of Findings 
 
Alliance for the Chesapeake Bay 

 
In 1987, the Chesapeake Bay Agreement 
stated its goal to reduce nitrogen and 
phosphorous concentrations in the Bay by 
40% by the year 2000.  In the early 1900’s, 
30-40% of the Bay watershed was forested, 
that is decreasing due to agricultural 
clearing and urbanization.   
 

 
Chesapeake Bay Program, and US EPA 

 
Almost 50% of streamside forests in the 
Bay watershed have been lost. 
 

 
Correll, Dave 

 
A list of references, including literature on 
buffer strips, nitrogen removal, and 
scientific studies. 
 

 
Fennessy, M.S., and J.K. Cronk 

 
Forested riparian buffers may take more 
than 20 years to mature.  Table 3 on page 
309 of the original document (included in 
the appendix) entitled Considerations for 
Establishment and Use of Buffer Zones, 
provides useful information on how to 
build and manage a successful buffer. 
 

 
Gardner, R.H., M.S. Castro, R.P. Morgan, 
and S.W. Seagle 

 
This article focuses on nitrogen in general, 
and does not discuss the role riparian 
buffers play in the removal of nutrients. 

 
 

 
 

Riparian Buffer Effectiveness 27 Straughan Environmental Services, Inc. 
Literature Review  January 2003 



Haycock, N.E., and G. Pinay The study uses the term "retention" to 
explain the decrease of nitrogen in the 
groundwater, because the study cannot 
demonstrate that denitrification has 
occurred. 
 

 
Peterjohn, William T., and David L. 
Correll 

 
The study area had 1.76 times more 
cultivated land than riparian forest.  The 
research indicated that the first 19 meters 
of the buffer removed the most nitrogen.     
7.4 mg/L of N was released into a forested 
19-meter buffer strip through subsurface 
water, and the buffer was able to remove 
93% of that nitrogen.  A forested 19-meter 
buffer strip removed 60% of surface water 
nitrogen with initial inputs of 4.5 mg/L.     
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