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Efficiencies of Forestry Best
Management Practices for
Reducing Sediment and Nutrient
Losses in the Eastern United States

B Pamela J. Edwards and Karl W.J. Williard

Quantifying the effects of forestry best management practices (BMPs) on sediment and nutrient loads
is a crifical need. Through an exhaustive literature search, three paired forested watershed studies in

ABSTRACT

the eastern United States were found that permitted the calculation of BMP efficiencies—the percent
reduction in sediment or nutrients achieved by BMPs. For sediment, BMP efficiencies ranged from 53
to 94% during harvest and up to 1 year after harvesting. For nutrients, BMP efficiencies were higher
for total nitrogen (60—80%) and phosphorus (85—86%), which included particulate and sediment-
bound forms, than for nitrate-nitrogen (12%), which occurs primarily in the dissolved phase. Results
indicate forestry BMPs can significantly reduce sediment and nutrient loads; however, BMPs appear to

be more effective af reducing pollutants associated with surface runoff than with subsurface flow.

Keywords: harvesting, nitrogen, paired watersheds, phosphorus, water quality

multitude of studies have been

A published that have compared sedi-
ment or nutrient loads from undis-

turbed and managed watersheds in which
forestry best management practices (BMPs)
have been used (Aubertin and Patric 1974,
Hornbeck et al. 1986, Lynch and Corbett
1990, Martin et al. 2000, Swank et al. 2001,
Macdonald et al. 2003, McBroom et al.
2008) to estimate the effects of management
on water quality. The findings have been rel-
atively consistent, showing that both the
magnitude and the duration of effects on

water quality due to forest management are
quite limited as long as BMPs are fully and
properly used. Ironically, only a very few
studies have directly measured the effective-
ness of individual BMPs (e.g., Trimble and
Sartz 1957, Reinhart and Eschner 1962).
However, based on paired watershed studies
and the fact that most BMPs are based on
the laws of physics (Stuart and Edwards
2006), BMPs are generally accepted as being
capable of protecting water quality.

To gain a better understanding about
the effectiveness of forestry BMPs in the
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eastern United States, we have calculated
BMP efficiencies from the available, small
subset of paired watershed studies, in which
one watershed was harvested with BMPs and
the second was harvested without BMPs.
Thus, efficiency is the percent reduction in
sediment or a nutrient achieved by using
BMPs. Sediment and nutrient reductions
were based on in-stream water-column load-
ings because, presently, there are no pub-
lished studies/measurements that have mea-
sured and compared hillside delivery of
sediment or nutrients from harvesting with
and without BMPs. In this analysis, nutri-
ents are restricted to nitrogen and phospho-
rus, since these are the nutrients of most
concern associated with forest operations.

Methods

The data used to calculate sediment and
nutrient reductions were extracted from the
articles listed in Table 1. Associated data
used for calculating the sediment and nutri-
ent BMP efficiencies are shown in Tables 2
and 3, respectively. The study by Kochen-
derfer and Hornbeck (1999) is not a conven-

Pamela ]. Edwards (pjedwards@p.fed.us) is research hydrologist, US Forest Service, Northern Research Station, PO Box 404, Parsons, WV 26287. Karl W.J.
Williard (williard@sin.edu) is professor, Forest Hydrology, Forestry Department, Southern Illinois University, Carbondale, IL.

Journal of Forestry * July/August 2010

245



Table 1. Studies from which sediment and nutrient data were obtained for calculating forestry best management practices (BMPs)

efficiencies.

Reference

Treatment/watershed description

Location

Constituents measured

Kochenderfer and Hornbeck (1999)

One watershed (38.8 ha) diameter limit cut to
35.6-cm dbh with BMPs, one watershed (29.9

ha) clearcut to 12.7-cm dbh without BMPs;
hillside slopes averaged 40% in both watersheds

Wynn et al. (2000)

One watershed (8.5 ha) clearcut with BMPs, one

watershed (7.9 ha) clearcut without BMPs; fire
lines installed, herbicide applied, controlled burn
and hand planting followed; hillside slopes
averaged 2% over most of harvested areas, except
up to 30% slope along deeply incised streams

Arthur et al. (1998)

One watershed clearcut with BMPs, one watershed
clearcut without BMPs; watershed areas not

Kentucky

given; on both watersheds, commercial
sawtimber logs >35.5-cm dbh were cut and
removed and all stems <5-cm dbh were cut and
left on site; hillside slopes averaged 45%.

Allegheny Plateau, north central
West Virginia

Coastal Plain, Virginia

Cumberland Plateau, eastern

Sediment

Sediment, nitrogen, phosphorus

Sediment, nitrogen, phosphorus

tional paired watershed study, because the
harvest without BMPs occurred approxi-
mately 30 years before the harvest with
BMPs, but it is included in this analysis be-
cause of the lack of available data of this
type. The difference in timing of the harvest-
ing without and with BMPs may have af-
fected the results, but the study periods were
relatively comparable so the effects on the
results may be small. Both harvests were
completed during years of about average
precipitation and number of significant pre-
cipitation events, and precipitation over the
next several years was well below average in
both cases (US Forest Service, unpublished
data, 1999). In addition, both harvested wa-
tersheds had the same soil series and average
hillside slopes.

For each of the studies, percent effi-
ciency for each year or time period of avail-
able data was calculated from

%Efficiency
no BMPs — with BMPs

= * 100

no BMPs

where no BMPs is the load measured from
the watershed in which BMPs were not
used, and with BMPs is the sediment or nu-
trient load measured from the watershed in
which BMPs were used.

In the United States, forestry BMPs can
be either mandatory under applicable state
laws or voluntary, depending on the state.
Of the three states included in this study,
both West Virginia and Kentucky have
mandatory BMPs (Stringer and Perkins
2001, West Virginia Division of Forestry
2005). However, the Arthur et al. (1998)
study was completed before forestry BMPs
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becoming mandatory in Kentucky via the
1998 Kentucky Forest Conservation Act
(Stringer and Perkins 2001). The state of
Virginia has voluntary forestry BMPs except
for practices associated with road construc-
tion and maintenance, which are mandatory
(Virginia Department of Forestry 2002).

Results and Discussion

Sediment

Even though the studies by Kochender-
fer and Hornbeck (1999) and Wynn et al.
(2000) were performed in very different
physiographic regions (Table 1) with differ-
ent topographic conditions, similar high
BMP efficiency values for sediment were
achieved during approximately the first 6 or
12 months after harvesting (Table 2). These
efficiencies of 96 and 94%, respectively, are
in contrast to much smaller values obtained
by Arthur et al. (1998) in Kentucky (Table
2). During the year of harvesting, the BMP
efficiency for sediment was only 53%, which
then declined to 34% during the first ap-
proximate 1.5 years after harvesting (Table
2). However, Arthur and her colleagues
noted that sediment increases resulting from
harvesting in the watershed without BMPs
probably would have been greater had their
logging crew not been well trained in BMPs;
their crew used BMPs in some instances
even though they were not required to do so.
For example, their crews never skidded logs
downhill, even though this is a common
practice when BMPs are ignored (e.g., Rein-
hart et al. 1963, Kochenderfer and Horn-
beck 1999). If no BMPs had been used, the
actual BMP efficiency presumably would
have been higher than 53%.

In the two studies involving harvesting
alone, BMP efficiencies declined quickly af-
ter harvesting. In West Virginia, the 2nd
year postharvest efficiency dropped about 20
percentage points to 76%, and in Kentucky
sediment exports from the paired watersheds
were approximately equal within 2.5 years of
harvesting, so the BMP efficiency was effec-
tively zero (Table 2). Over time, the actual
reductions in sediment loads were much
greater in the Kentucky watershed in which
no BMPs were used compared with the one
in which they were used (Table 2). That was
probably because sediment loads in the
former watershed were initially elevated
more by the disturbance. By water year 1988
(approximately 4.5 years after harvest), the
BMP efficiencies became more erratic (rang-
ing from —94 to 53%), suggesting that the
variations were then being influenced by
conditions other than residual harvest ef-
fects.

BMP efficiencies remained high (Table
2) when site preparation activities occurred
7 months after harvesting (Wynn et al.
2000). Respective soil losses were approxi-
mately the same after site preparation as they
were after harvesting on both of the water-
sheds harvested with and without BMPs
(Table 2). However, stormflow volumes un-
expectedly decreased below predicted levels
after both harvesting and site preparation on
the no-BMP watershed (Wynn et al. 2000),
which acted to control the calculated sedi-
ment loads during those periods. Because
the streamflow component comprises a sub-
stantial portion of the sediment load value
and the majority of sediment is exported
during storm events (Beasley 1979, Edwards



Table 2. Sediment loads resulting from harvesting with and without best management practices (BMPs) and associated efficiencies (i.e.,
percent reduction) resulting from using forestry BMPs.

Sediment load
Reference Time period Without BMPs With BMPs Calculated efficiency (%)
Kochenderfer and Hornbeck (1999) Ist yr postharvest 3.23 Mg/ha 0.12 Mg/ha 96
2nd yr postharvest 0.32 Mg/ha 0.08 Mg/ha 76
Wynn et al. (2000) Postharvest (6 mo) 9.76 Mg/ha per yr 0.56 Mg/ha per yr 94
Post-site preparation (14 mo) 7.67 Mg/ha per yr 0.62 Mg/ha per yr 91
Arthur et al. (1998) During harvest (10 mo) 1.18 Mg/ha 0.55 Mg/ha 53
1st 17 mo. Postharvest” 0.64 Mg/ha 0.42 Mg/ha 34
Water year 1986° 0.38 Mg/ha 0.37 Mg/ha 2
Water year 1988 0.10 Mg/ha 0.05 Mg/ha 53
Water year 1989 0.20 Mg/ha 0.39 Mg/ha —94
‘Water year 1990 0.31 Mg/ha 0.07 Mg/ha 78

“ Postharvest period ended October 1985.
* Water year 1986 began November 1985.

Table 3. Nutrient loads resulting from harvesting with and without best management practices (BMPs) and associated efficiencies (i.e.,
percent reduction) resulting from using forestry BMPs.

Nutrient load

Without BMPs With BMPs
Nutrient/reference Time period” (kg/ha per yr) (kg/ha per yr) Calculated efficiency (%)
Total nitrogen
Wynn et al. (2000) Postharvest (6 mo) 104.7 41.8 60
Post-site preparation (14 mo) 85.4 17.1 80
Nitrate—nitrogen
Arthur et al. (1998) Postharvest (17 mo) 1.45 1.27 12
Total phosphorus
Wynn et al. (2000) Postharvest (6 mo) 12.61 1.72 86
Post—site preparation (14 mo) 10.82 1.60 85
Phosphate—phosphorus
Arthur et al. (1998) Postharvest (17 mo) 0.38 0.21 45

“ Loading values were adjusted to a per year basis for each of these time periods if not already expressed that way in the original reference.

and Owens 1991, Kochenderfer and Ed-
wards  1991), without this hydrologic
change, sediment exports on the no-BMP
watershed may have been greater, and possi-
bly much greater. This change would have
increased the BMP efficiencies even more.

Because no data are available beyond 14
months after site preparation, it is not possi-
ble to determine how quickly BMP efficien-
cies would have declined on these water-
sheds. But based on the speed of recovery
after only harvest at the other sites, one
would expect a similar rapid decline in the
efficiencies after site preparation. This is par-
ticularly true because the watershed hydrol-
ogy of the no-BMP watershed apparently
was tempered by the harvesting and site
preparation activities.

Nutrients

Only the studies by Arthur et al. (1998)
and Wynn et al. (2000) directly measured
nutrient reductions attributable to BMP im-
plementation. They monitored responses of
phosphorus and nitrogen compounds, be-

cause these are the nonpoint source nutri-
ents that most commonly limit primary pro-
duction in freshwater ecosystems (Carpenter
etal. 1998). The studies focused on different
forms of phosphorus and nitrogen, and be-
cause they behave differently based on their
chemical affinities to bond or dissolve, the
different forms are described individually.
Total Phosphorus and Phosphate-
Phosphorus. Total phosphorus includes all
orthophosphates and condensed phosphates
that exist in dissolved and particulate and
organic and inorganic forms. Most phos-
phorus is transported as particulates bound
to sediment. Thus, the efficiencies for total
phosphorus should approach those for sedi-
ment; and, indeed, the efficiencies calcu-
lated from the Wynn et al. (2000) study
were 86% after harvesting and 85% after site
preparation (Table 3), which are similar to
the 94 and 91% efficiencies for sediment for
the respective periods (Table 2). The study
by Arthur et al. (1998) in Kentucky resulted
in a BMP efficiency for phosphate-phospho-

rus of 45% (Table 3). This analysis was per-
formed using a spectrophotometer, so the
values pertain only to the inorganic fraction.
The analyses were performed on unfiltered
samples (Dr. Mary Arthur, pers. comm.,
University of Kentucky, September 2008),
which would suggest that much of the phos-
phorus would have been bound to sediment.
The phosphorus efficiencies supported this,
in that they are similar to the sediment effi-
ciencies that year (Table 2).

Total Nitrogen and Nitrate-Nitro-
gen. Wynn et al. (2000) examined total ni-
trogen, which they defined as the sum of
total Kjeldahl nitrogen (TKN) and ammo-
nium. TKN is a measure of organic nitrogen
compounds and ammonium. BMP efficien-
cies for total nitrogen calculated by the data
reported by Wynn et al. (2000) were 60% 6
months after harvesting alone but increased
to 80% during the 14 months after site prep-
aration (Table 3). The increase after site
preparation may have been caused by in-
creases in in-stream particulate matter levels
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resulting from the herbicide and controlled
burning (Table 1). In disturbed forested wa-
tersheds, streams can export significant
amounts of particulate organic matter
(Webster and Swank 1985). Because the ex-
cess organic matter associated with the har-
vest was treated with herbicides and it and
the slash then were combusted during site
preparation, the sources of organic nitrogen
would have been removed quickly. Thus,
the total nitrogen levels may have returned
to preharvest levels more quickly than if har-
vesting had been performed without subse-
quent site preparation. Consequently, BMP
efficiencies would have declined rapidly af-
ter site preparation was completed.

Nitrate is the dominant inorganic
nitrogen species that leaches from soils to
receiving waters. It is considered a mobile
anion because of its exclusive nonspecific
adsorption characteristics (Bohn et al. 1985)
and it exists primarily in dissolved form.
Nitrate leaching can increase after timber
harvesting because of loss of vegetative up-
take of nitrogen and enhanced microbial ni-
trification rates because of increased soil
moisture, temperature, and physical distur-
bance (Vitousek and Melillo 1979, Huttl
and Schaaf 1995). Most harvesting studies
showed short-term increases in stream ni-
trate, with nitrate exports returning to pre-
harvest levels in 3—4 years because of uptake
by regrowing vegetation and soil nitrifica-
tion returning to predisturbance rates
(Hornbeck et al. 1986, Lynch and Corbett
1991, Pardo et al. 1995).

Arthur et al. (1998) found nearly iden-
tical nitrate exports with and without BMPs
after harvesting (Table 3). As a result, the
BMP efficiency for nitrate-nitrogen was
only 12%. If the logging crew had not been
as careful as they were on the watershed har-
vested without BMP, this efficiency may
have been slightly higher. However, most
forestry BMPs were developed to control
surface water movement and energy; they
were not intended to affect subsurface pro-
cesses, other than to encourage infiltration
of surface flows to the extent possible. Thus,
because dissolved nutrients, such as nitrate,
commonly travel by subsurface pathways,
BMPs would not be expected to have a sub-
stantial influence on them, and lower efh-
ciencies would be expected.

Streamside management zones or ripar-
ian buffers are important BMPs that can sig-
nificantly affect dissolved nutrient losses.
Depending on their characteristics, includ-
ing slope, width, the species and density of
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vegetation present, soil characteristics, and
hydrologic characteristics, riparian buffers
have varying degrees of success in attenuat-
ing nutrients before surface runoff, soil wa-
ter, and groundwater are discharged to
streams. In the Kentucky study (Arthur ecal.
1998), a 15.2-m-wide riparian buffer was
used on each side of the stream in the water-
shed harvested with BMPs compared with
no buffer in the no-BMP watershed. Given
the low BMP efficiency for nitrate-nitrogen,
wider buffers may be warranted to improve
nitrate attenuation on these steep slopes, al-
though buffer width may not be the most
important factor in determining buffer ef-
fectiveness. A recent study in the upper pied-
mont of Virginia showed that narrow
streamside management zones (7.6 m) are
just as effective at protecting water quality
than 15- or 30-m-wide buffers (Lakel et al.
2006). In the Georgia piedmont, Rivenbark
and Jackson (2004) found that the presence
of concentrated flow paths were more im-
portant in determining streamside manage-
ment zone effectiveness than buffer width.
Also, the annual nitrate-nitrogen export
even with no BMPs (Arthur et al. 1998) was
within the moderate range (1.0-2.0 kg ha™"
per year) of undisturbed forested watersheds
in the mid-Appalachian region (Williard et
al. 1997). Thus, there is probably little jus-
tification solely from a nitrate loss perspec-
tive to increase buffer widths.

Adjustments to Efficiency Values

The efficiencies presented here provide
an indication of the reductions in sediment
and nutrients that can be expected by proper
and full implementation of forestry BMPs.
However, one should use care in applying
these specific values, even if the region to
which they are applied is the one in which
they were developed. Obvious variability in
characteristics that exist among watersheds
may result in different sediment and nutri-
ent transport and, therefore, calculated
BMP efficiencies. In addition to those differ-
ences, other factors need to be considered
because these efficiencies were obtained
from in-stream concentrations at the mouth
of their respective watersheds.

In-stream concentrations and subse-
quent loadings are indirect measures of ac-
tual BMP effectiveness (Edwards 2003).
They do not provide measures of sediment
or nutrient delivery to water bodies resulting
from all BMPs applied to the harvest area.
In-stream measurements ignore several spa-
tial and temporal factors, especially those in-

volving sediment delivery or chemical con-
stituents for which transport largely depends
on sediment transport, such as phosphorus.

Some eroded sediment originating
from management activities may be stored
on the hillside or in the channel during at
least the time in which monitoring was per-
formed. If the area of storage was a riparian
buffer and if storage is permanent, then the
attribution of the reduction of the constitu-
ent delivery is fully appropriate in the calcu-
lation of the BMP efficiency. If storage was
not by the riparian buffer or it was not per-
manent, attributing the entire efficiency
value to the BMPs is not fully appropriate.
Because substantial amounts of sediment
delivered to a stream channel can be stored
for decades and perhaps longer before being
flushed from the watershed (Trimble 1981,
Reid 1982), sediment efficiencies may be
greatly overestimated in some situations.
Given this long-term sediment storage po-
tential in the watershed, the source of in-
stream sediment may be previous timber
harvesting operations or agricultural activi-
ties (Jackson et al. 2005).

Sediment BMP efficiencies also may be
overestimated or underestimated because of
the types of flow conditions that occur dur-
ing monitoring. Most suspended sediment
exports occur during large or intense storm
events (Beasley 1979, Edwards and Owens
1991), which occur infrequently and ran-
domly. So, even if sediment is delivered to a
channel and remains relatively available, it
may not be flushed from the watershed dur-
ing the period of stream water monitoring.
This would result in an overestimate of a
BMP efficiency because the temporary stor-
age would be interpreted as better BMP
effectiveness than actually occurred. Analo-
gously, flushing that includes a dispropor-
tionate load of long-term stored sediments
during one or more infrequent high flows
that occurred during monitoring may be
misinterpreted as poorer BMP efficiency
than actually existed.

Finally, there must be a recognition
that BMP effectiveness may change in the
future, including well past the closeout of
the management activity. Road or culvert
washouts are not uncommon because of a
lack of maintenance and can lead to large
and chronic loadings of sediment and nutri-
ents to water bodies. In this type of situation,
water quality protection from high BMP ef-
fectiveness and efficiencies in the short term
could be more than negated by the effects of
BMP failure in the long-term.



Conclusion

Direct accounting of the impacts of
BMPs on sediment and nutrient loads is an
increasing need as our nation moves toward
regulatory and modeling frameworks (e.g.,
total maximum daily loads and Chesapeake
Bay Model) that rely on sediment and nutri-
ent budgets. In three forested watersheds in
the eastern United States, BMP implemen-
tation significantly reduced sediment loads
and particulate- and sediment-bound nutri-
ent loads compared with watersheds with no
BMPs. BMPs reduced dissolved nutrients,
such as nitrate, to a much lesser extent. This
finding was somewhat expected, because
BMP guidelines focus primarily on limiting
sediment transport, which is the nonpoint
source pollutant of primary concern in for-
ested watersheds. BMP efficiencies for sedi-
ment generally decreased over time, as sedi-
ment loads from the watersheds harvested
without BMPs decreased in subsequent
postharvest years. The three paired water-
shed studies referenced in this metadata
analysis measured sediment and nutrients
only in-stream at the watershed outlet.
There is significant need to determine the
important sources of sediment and nutrients
within watersheds to more effectively design
appropriate BMPs. Also, these studies were
designed to evaluate the impact of a suite of
applied BMPs on water quality. Load-based
water quality impacts of individual forest
BMPs, such as streamside management
zones, remain unknown at the watershed
scale.
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